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ABSTRACT

Indigenous communities in the Pacific West of North America have long depended on fire to steward their en-
vironments, and they are increasingly asserting the importance of cultural burning to achieve goals for ecological
and social restoration. We synthesized literature regarding objectives and effects of cultural burning in this re-
gion within an ecosystem services framework. Much scholarly literature focuses on why various species har-
vested from burned areas were important historically, while tribes and recent research increasingly stress a wide
range of ecological and cultural benefits afforded by contemporary cultural burning. These tribal values
generally align with broader ecological restoration objectives, although Indigenous practitioners espouse holistic
views on the benefits of burning rather than focusing narrowly on fuel reduction and wildfire mitigation. While
government agencies are motivated to treat more and larger areas to reduce fire risk (expanding pace and scale),
tribal practitioners have tended to burn comparatively small areas at one time, and cumulatively due to various
constraints. However, they would like to burn more widely and frequently to promote resilience to wildfire and
drought; conserve biocultural diversity, maintain traditional knowledge and spiritual values; and provide ma-
terial goods such as foods, medicines, and fiber materials. Much of the experimental research on the effects of
cultural burning has been conducted as graduate research and has tended to look at single burns (sometimes
agency prescribed burns or wildfires rather than tribally-led cultural burns) for short periods in very limited
contexts. Such studies have found that treatments often promote desirable plant qualities, including reduced
incidence of pests and structural qualities that facilitate weaving and other crafts. However, effects on understory
plant diversity, wildlife, fruit production, parasites, and other key aspects of resource quality have been more
difficult to evaluate due to complex interactions and scale considerations. Expanding long-term tribal collabo-
ratives, including designating cultural management areas with frequent burning, would help to understand the
potential to achieve ecocultural restoration objectives.

1. Introduction

Western Klamath Restoration Partnership (Kelly et al., 2019). Conse-
quently, there is heightened interest in how Indigenous approaches to

Indigenous communities in the Pacific West of North America have
long depended on fire to steward their environments (Boyd, 1999;
Turner, 1999; Anderson, 2009; Lightfoot and Parrish, 2009; Anderson,
2018). Indigenous communities in this region have expressed their in-
terest in reasserting their traditional fire stewardship practices (Goode
etal., 2018; Clark et al., 2021). Federal and state agencies have sought to
increase their engagement with tribes and other Indigenous organiza-
tions to support restoration, including collaboratives such as the
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burning can integrate with broader ecosystem restoration policies and
investments.

1.1. Cadlls for increased use of fire
Scientists and land managers have increasingly called for greater use

of fire, including both prescribed and naturally-ignited fires, to expand
the “pace and scale” of restoration and promote resilience of social-
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ecological systems (Kolden, 2019; McWethy et al., 2019; Spies et al.,
2019). These calls have become stronger as uncharacteristically large
and severe wildfires have become more common (Miller and Safford,
2012; Miller et al., 2012; Reilly et al., 2017) and more disruptive to
ecological and social values, including public health (O’ Dell et al., 2019)
and cultural resources (Welch, 2012). National forests in this region
have initiated the process of revising their land management plans to
expand the role of intentional fire (Spies et al., 2019), while the State of
California has committed to sweeping new initiatives (Forest Manage-
ment Task Force, 2021) that include support for tribal cultural burning.
However, significant policy obstacles, including liability concerns and
air quality regulations, may hinder these efforts (Clark et al., 2021).

1.2. Intent and scope of this review

In this paper we review and synthesize publications about Indige-
nous use of fire in the Pacific West in the present-day United States to
explain its importance to tribal communities, its utility in advancing
social and ecological well-being now and in the future, and key impli-
cations for research and management. Our review concentrates on the
forested regions of Northern California and southern Oregon, which
represent a center of Indigenous burning, as the place where the
Indigenous Peoples Burning Network (http://www.conservationgatewa
y.org/ConservationPractices/FireLandscapes/Pages/IPBN.aspx) origi-
nated. However, we also reference studies from the wider regions of
Western North America that are associated with frequent fire regimes.

We considered a variety of sources, including previously published
review articles and synthesis reports, publications derived from social
science research including interviews and ethnographies, articles and
theses that report findings from monitoring/observational studies, as
well as recent reports produced by and for tribal entities that have a
policy orientation (Goode et al., 2018; Clark et al., 2021; Sloan and
Hostler, 2014; Norgaard and Tripp, 2019). Older academic publications
often focus on historical practices and intentions described by cultural
practitioners to non-Indigenous researchers (e.g., Stewart 2002), while
more recent documents help to understand contemporary needs and
constraints often as part of tribal collaborative efforts. Our approach
complements a recent review of Indigenous fire management across the
globe that was limited to articles published in peer-reviewed journals
since 2000 to reflect contemporary knowledge (Nikolakis and Roberts,
2020). Older literature and tribal reports can highlight objectives that
are pertinent to our region, but which may not be well-represented in
recent peer-reviewed articles.

We begin by briefly summarizing debates over the past importance of
Indigenous burning and the implications for addressing contemporary
challenges. Next, we consider how an ecosystem services framework can
help to identify important benefits of cultural burning, while also
acknowledging how such classification could also misrepresent more
holistic tribal perspectives. We then consider implications for manage-
ment and research. Throughout the paper, we include figures that
illustrate examples of contemporary Indigenous burning and their
associated targets.

1.3. Evolving debates over the past influence of Indigenous burning

After modern land management institutions in the USA were estab-
lished over a century ago, some land managers decried Indigenous
burning, then derided by some as “Paiute forestry”, as harmful to forests
(Harley, 1918; Greeley, 2000). Early U.S. Government records include
derogatory references to “old superstitious Indians” (Crouse, 1902),
“renegades” (Harley, 1918), and the “hand of the incendiary” with
“selfish and malicious motives” (Lake, 2007) (p. 273). Over the past
century, academics have debated the importance of Indigenous burning
versus climate on fire regimes. Whitlock and Knox (2002) provided a
review for the Pacific Northwest that considered paleoecological evi-
dence over thousands of years and historical accounts and which
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highlighted the extensive influences in the Willamette Valley of Oregon.
Focusing on ethnoecology research in the same region, Boyd (1999)
highlighted regional features associated with fire use, including huck-
leberry patches, ponderosa pine forests, oak woodlands, and prairies.
Other scientists have contended that the influence of Indigenous burning
in the Pacific West was confined to localized areas around settlements
(Vale, 2002). These claims have been challenged by researchers who
have found evidence that changes in fire regimes coincide with inter-
ruption of Indigenous practices (Fry and Stephens, 2006; Skinner et al.,
2009; Taylor et al., 2016; Metlen et al., 2018). They have also been
challenged by other researchers who have engaged directly with
Indigenous communities to document their use of fire (Anderson, 2009;
Lake, 2013; Anderson, 2018). Recent research using paleoecological
reconstruction and landscape modeling has found that Indigenous
burning shaped the environment, including promoting oaks, over large
areas around meadow sites in the southern Sierra Nevada (Kli-
maszewski-Patterson and Mensing, 2020).

Debates over the influence of Indigenous burning have occurred in
other regions of North America, leading some scientists to note how
conventional paleoecology approaches may fail to recognize the influ-
ence of Indigenous burning. For example, Oswald et al. (2020b) recently
synthesized paleoecological research and historical documents and
concluded that “Native people did not use fire to shape New England’s
landscape” (Oswald et al., 2020a) and that fire was not an appropriate
management tool in that region. That work generated several responses
that explained why the effects of Indigenous burning may be difficult to
resolve at landscape scales and why it is important to carefully consider
such evidence and Indigenous knowledge (Abrams and Nowacki, 2020;
Leonard et al., 2020; Roos, 2020).

Recent studies in other regions, many of which have involved part-
nerships with tribes, have also documented legacies of Indigenous
burning. In a study in the Northern Great Plans that involved the
Blackfeet Nation, Roos et al. (2018) concluded that small groups of
Indigenous bison hunters used fire in response to favorable climate
conditions, thereby enhancing climate impacts in ways that might be
difficult to distinguish from Indigenous burning. A study in the high
plateaus of Utah using archaeological data and modeling found that fire
activity was more strongly correlated with ancient Indigenous farming-
foraging systems than the climate factors that dominate more recent
wildfire activity (Carter et al., 2021). In the Jemez Mountains of the
Southwest, a recent study by Roos et al. (2021), which involved several
tribes in the region, documented the ecological influence of patchy
Indigenous burning and wood collection around an ancestral Jemez
community. This work added to research by Liebmann et al. (2016), who
provided fine-grained evidence of the impacts of Spanish colonization
on Native Jemez populations and the indirect changes on fire regimes
and forest regeneration. These recent studies contrast with older
ecological research in the Southwest that discounted Indigenous influ-
ence on fire regimes and instead emphasized the influence of lightning
(Allen, 2002).

This evolving science demonstrates the importance of engaging with
tribes to interpret records and understand implications of research. In
many of the more recent publications that were informed by collabo-
rations with Indigenous peoples, researchers have noted that methods
need to be sensitive to the finer-scale, more subtle signatures of Indig-
enous burning (Lake, 2013; Roos et al., 2019). We return to research
issues later in this paper, while turning our focus to understanding how
and why Indigenous burning can help confront present and future social
and ecological challenges.

1.4. Definition and objectives of cultural burning

Cultural burning has been recently defined by Clark et al. (2021) as
the “purposeful use of fire by a cultural group (e.g., family unit, Tribe,
clan/moiety, society) for a variety of purposes and outcomes” (p. 3).
Other terms such as Indigenous fire management (Nikolakis and
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Roberts, 2020), Indigenous burning, and Indigenous stewardship
encompass cultural burning. Practitioners note that cultural burns are
generally preceded by extensive site preparation and followed by
monitoring and additional cultural practices as part of a land steward-
ship tradition. Agency-led prescribed burns may be informed by cultural
practitioners to achieve cultural objectives (Fig. 1). However, cultural
burners contend that typical agency-led prescribed burns tend to be
more focused on reducing fuels and avoiding canopy mortality, while
relying more on climatological metrics, constructed fire lines, and sup-
pression technology (Marks-Block and Tripp, 2021).

Scholars have previously catalogued the many objectives of cultural
burning (Table 1). Williams (2005) condensed 70 different reasons for
Indigenous burning documented by Lewis (1973) into 11 categories. A
recent review of international burning across temperate and tropical
biomes around the work identified 18 categories of objectives (Trauer-
nicht et al., 2015). Recent reviews from chaparral ecosystems in Cali-
fornia (Anderson and Rosenthal, 2015; Anderson and Keeley, 2018)
identify particular organisms that were targeted in Indigenous burning,
while then explaining how those practices support social engagement
and ecosystem-level functions.

1.5. Present-day priorities

Priorities for cultural burning have shifted in response to the present-
day challenges facing tribal communities. A recent article reported that
tribes in British Columbia had goals of strengthening cultural connection
and well-being, restoring the health of the land, and respecting tradi-
tional laws (Nikolakis et al., 2020). Another recent review from British
Columbia (Lewis et al., 2018) found that cultural burning continues to
follow traditional rationales, but that debris control and hazard abate-
ment have become more predominant while foodstuff amelioration has
become less predominant. Recent reports in California directed toward
policy change (Goode et al., 2018; Clark et al., 2021) focus on present-
day needs and intentions that emphasize social values including the
right to burn and cultural integrity, as well as material benefits and
community safety. Such forward-looking approaches are an expression
of tribal adaptive capacity and self-determination (Mauer, 2020).
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2. Ecosystem services frameworks
2.1. Millenium ecosystem assessment framework and revisions

Ecosystem services are commonly defined as benefits that ecosys-
tems provide to people, or more precisely as those functions of ecosys-
tems that benefit humans (Kremen, 2005). Scholars have noted that
humans have to make some investment (for example, harvest and pro-
cessing) to convert the services into actual benefits (Willot et al., 2019).
The United Nations’ Millennium Ecosystem Assessment (MEA) featured
a function-based typology that included “provisioning”, “regulating”,
and “cultural” services that directly affect people, as well as the “sup-
porting services” that maintain the system (Patterson, 2014). Scholars
have tried to update these frameworks to avoid problems such as double
counting by not using a supporting services category (Willot et al.,
2019). Despite these issues, ecosystem services frameworks like the MEA
are increasingly structuring agency land management planning,
including revision of national forest plans in the U.S. (Armatas et al.,
2018), as well as international vulnerability assessments of forest and
communities (Paudyal et al., 2015; Long and Steel, 2020). Conse-
quently, an ecosystem services framework may be useful in relating
values important to tribes to these institutional processes. In Table 1, we
crosswalk these categories to ones previously suggested in reviews of
Indigenous burning with different spatial scopes, while acknowledging
that objectives often relate to multiple kinds of services.

2.2. Services for ecosystems and other modifications to better reflect
Indigenous worldviews

While applying an ecosystem services framework, we recognize that
its utilitarian emphasis may conflict with worldviews commonly held by
Indigenous people. Applications of the framework often emphasize
services that are amenable to economic valuation (Binder et al., 2017);
however, for many cultural ecosystem services, quantification and
monetization may be difficult or objectionable (Fish et al., 2016).
Indigenous communities often maintain more holistic, reciprocity-based
philosophies, which reflect a deontological, or duty-based, framework

Fig. 1. A prescribed burn project led by a crew from Greenville Rancheria, with guidance from elders, to promote beargrass (Xerophyllum tenax) near Canyon Dam on

the Plumas National Forest.
Photo by Reina Rogers.
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Table 1
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Services associated with Indigenous cultural burning in this study and others with different spatial scopes.

Source and region

Service category Pacific West USA (this paper) USA (Williams,

2005)

Global (Trauernicht et al., 2015), with numbers
ranked from most frequent (1) to least frequent

California (Anderson, 2018; Anderson and
Keeley, 2018)

Services for ecosystems ~ Duties to places and non-human
relatives

Non-material cultural Maintenance of lifeways Clearing areas for
travel

Clearing riparian

areas

services

Economic
extortion
Warfare &
signaling
Transmission of knowledge
Ceremonies and spiritual well-
being
Sense of place
Foods, medicines, and materials
from plants, fungi, and animals

Material cultural-
provisioning services

Improve growth
and yields
Crop management

Felling trees

Hunting
Insect gathering

Regulating and
supporting services

Species biodiversity

Ecosystem biodiversity

Pollination

Regulating pests and diseases Pest management
Soil health

Hydrology

Regulating wildfire Fireproof areas

15. Ownership/ responsibility

1. Clean/clear landscape

13. Communication
17. Warfare/conflict

14. Ceremonial/medicinal

2. Manipulate plant traits
4. NTFP harvest
6. Cultivation

10. Forest management
16. Firewood collection
3. Drive game animals
5. Attract game

18. Fishing

7. Pasture management
11. Animal safety

12. Animal gathering

Keeping the country open

Retaining traditional knowledge
Ceremonial and medicinal purposes,
including tobacco and wild celery

Creating plant material for the
manufacture of baskets and other cultural
items

Enhancing food production (plants and
fungi)

Firewood and structures

Managing and hunting wildlife

9. Pest management

8. Prevent destructive fires

Increased patchiness of plant populations
Higher species diversity

Increase landscape heterogeneity

Expand special plant community types (e.
g., ponds, marshes, meadows, and
prairies)

Promote butterflies

Combat insects and diseases

Increase nutrient cycling and soil moisture
Increase water resources, including spring
flows

Reduce the chance of catastrophic fires

(Whyte, 2018). This philosophy of stewardship has been described as
“reciprocal restoration” (Kimmerer, 2011), a “caretaker responsibility”
(Deur, 2009), and “human services for ecosystems” (Lake, 2021).
Members of Indigenous communities have emphasized both benefits and
a sense of duty as motivations for cultural burning (Deur and Turner,
2005; Strass, 2010). Many Indigenous practitioners view cultural
burning as fulfilling their stewardship responsibilities to the land, while
suggesting that such practices will in turn benefit the people who depend
on those ecosystems (Kimmerer and Lake, 2001). Therefore, frameworks
that emphasize measurable goods and ends may reinforce consumerism
and fail to appreciate the importance of maintaining proper ways of
living and the well-being of whole systems to Indigenous peoples.

Researchers have proposed alternative frameworks for examining
cultural services, especially to better integrate Indigenous perspectives
(Fish et al., 2016). The MEA and other frameworks apply the term
“cultural ecosystem services” only to non-material benefits, including
aesthetic, spiritual and existence values, in contrast with more tangible
services (Fish et al., 2016). However, associating cultural services only
with intangible benefits is awkward because material provisions are so
critical to maintaining Indigenous cultures. In response, Fish et al.
(2016) (p. 212) instead defined cultural services as “contributions eco-
systems make to human well-being in terms of the identities they help
frame, the experiences they help enable and the capabilities they help
equip.”

2.3. Non-material cultural services

Non-material cultural services are one of the least studied di-
mensions of Indigenous fire stewardship, but they are particularly
important in explaining why Indigenous people assert the need to
conduct burning themselves. We discuss several examples of non-
material cultural services, while noting that these benefits intersect
synergistically with each other and with the physical effects that also
support tribal cultures.

2.3.1. Maintenance of lifeways

After living in fire-prone landscapes for millennia, many tribes across
the Pacific West have become culturally dependent on fires to obtain
benefits from their ecosystems. They developed practices to modify fire
regimes that responded to climate and other environmental factors
(Anderson, 2005; Eriksen and Hankins, 2014; Lake, 2021). These re-
lationships vary across and among tribes and at different levels of or-
ganization, including individuals, families, clans/groups, and villages/
towns. Differences among practices are associated with gender,
specialized trades (e.g., basketweaver, hunter, food gatherer, regalia
maker), and cultural roles (e.g. ceremonial leader, defender of sacred
areas) (Lake, 2021). Some uses of fire reported from historical literature
(e.g., smoke signaling, felling trees, driving game, and economic war-
fare) have been displaced by adoption of alternative technologies and
other social changes. As discussed further under provisioning services,
to yield good returns on their investments of labor, Indigenous
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practitioners target areas that are accessible and expected to be pro-
ductive (Long et al., 2016). Burning remains important for clearing areas
and enhancing resource quality in ways that make it sufficiently
worthwhile to invest time in tending and harvest (Anderson, 2018; Long
and Lake, 2018). Accounts from more than a century ago noted the lack
of fire and effects of non-Indigenous forest practices were reducing op-
portunities for traditional harvest (Editor, 1916; Thompson, 1916).

2.3.2. Transmission of knowledge

Indigenous knowledge is derived from observations of the environ-
ment, ecological processes and species life histories and interactions; it is
also taught continually as members engage in ritual, subsistence, and
other domestic activities that provide opportunities for intergenera-
tional exchange (Huffman, 2013). When environmental conditions
deteriorate in ways that no longer support traditional lifeways, the
associated knowledge and social structures are likely to erode (Willette
etal., 2016; Norgaard et al., 2017; Long and Lake, 2018). Cultural burns
are a mechanism for reversing this erosion, as they draw in members
from many tribal communities who share their knowledge of using fire
and tending resources while reaffirming shared obligations. Such burns
are conducted to create more open and safer areas that facilitate access
by elders and youth (Anderson and Rosenthal, 2015). Burning and
associated stewardship practices maintain culturally important tradi-
tions including intergenerational learning and place-making (LeCompte-
Mastenbrook, 2016; Norgaard, 2019).

2.3.3. Ceremonies and spiritual well-being

Cultural use of fire is important for sustaining Indigenous spiritual
values, including fulfilling obligations in Tribal belief systems and
practices (Eriksen and Hankins, 2014). For example, among the South-
ern Paiute, “oral history states that the Creator charged them with
balancing the land, which is sentient and considered a close relative, at
different points in time”, and fire is one of the tools they are expected to
use to maintain that balance (Spoon et al., 2015). Cultural burns are
featured in ceremonies (Kimmerer and Lake, 2001), and they are typi-
cally conducted with offerings of ceremonial plants like tobacco (Nico-
tiana spp.), wild celery (Lomatium spp.) and sage (Salvia spp. and
Artemisia spp.) and sharing of songs. Many Indigenous practitioners
consider fire to be “medicine” for both humans and the land, and
traditional medicine persons have a key role in using fire (Norgaard,
2019; Wynecoop et al., 2019; Lake, 2021). Some individuals received
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special training and acquired knowledge of fire, winds, and responses of
dead and living plants to fire. Stewart (2002) described such a chosen
individual among the Karuk Tribe as a “formulist”: “When setting a fire,
the fire setter said formula (made incantations?) for a big fire, yet one
which would do no harm.... Then the formulist blows in all four di-
rections to keep the fire from spreading. The formulist is a fire setter who
knows the proper medicine” (p. 277). Today such individuals become
recognized as cultural burning specialists and serve in roles comparable
to a “burn boss” in agency-led prescribed burns.

Areas that have been used to manage wildfires are often located in
places of ceremonial and spiritual importance. For example, fire lookout
towers were placed upon sacred peaks, which are often used for making
medicines and are associated with weather and fires (Norgaard, 2019),
and culturally important plants and sites are located along trails and
ridges that have been co-opted for agency wildfire management, chiefly
suppression (Fig. 2). These places are culturally significant for many
reasons, including having long been sites for gathering ceremonial and
medicinal plants and instructing youth in the use of fire, as explained by
Karuk Tribal member Charlie Thom: “When they [US Forest Service]
first come to this country, they start putting lookouts all over...
[Mountain peaks named]...I can’t make Indian Doctors without [named
Mountain peak]...that we go up there, [via] Indian trail, not other trail,
but Indians” (p. 13). Failure to recognize the cultural significance of
locations being used for wildfire control could reinforce negative im-
pacts to tribal cultures.

2.3.4. Sense of place especially at gathering sites

Indigenous tending and gathering often occurs in places that have
enduring organisms and cultural associations. Low-intensity fire regimes
help ensure the survival of many legacy, “specimen”, or “elder” trees
that maintain a sense of place and community well-being (Figs. 3, 4, and
5). For many tribes in the Sierra Nevada and Klamath mountains, sugar
pine (Pinus lambertiana) groves were managed as tribal family-owned
resource sites: “the places where the sugar pines grow are owned by
individuals. When it is time to gather the cones, each owner invites his
family and friends to come with him, and then, when the cones are
gathered, they are divided equally among the relatives and guests”
(Schenck and Gifford, 1952)(p. 378). Many open old-growth hardwood
forests and woodlands support rare wildlife and distinctive architec-
tures, including broad crowns and low branches (Fig. 4) (Long et al.,
2016). Fire suppression has spurred conifer encroachment in these

Fig. 2. Historical tribal trail (upper right) along a ridge, which was maintained using bulldozers as a fire line within the Red-Salmon Complex, August 2020, Klamath

National Forest, near Forks of Salmon, California, USA.
Photo by Frank Lake, USDA Forest Service.
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Fig. 3. An elder sugar pine (Pinus lambertiana) provides special cultural values
including sense of place in addition to producing edible seeds.
Photo by Frank Lake, USDA Forest Service.

areas, resulting in development of narrow-crowned trees with high
branches that are less conducive for harvesting nuts (Fig. 5). These ex-
amples illustrate the difficulty in segregating cultural services from
provisioning services.

2.4. Material cultural-provisioning services

2.4.1. Plants and fungi used for foods, medicines, and materials
Provision of material benefits, often summarized as foods, medicines,
and fibers, remain central objectives of Indigenous burning. Several
species of hardwood trees, including tanoak, California black oak
(Quercus kelloggii), and giant chinquapin (Chrysolepis chrysophylla) and
some conifers such as sugar pine are associated with low-moderate fire
regimes and yield staple foods for tribes throughout the region (Bowcutt,
2013; Long et al., 2018a). Many tribes rely upon cultural burning to
stimulate production of berry-producing shrubs, including huckle-blue-
bilberries (Vaccinium spp.); geophytes, also known as “root crops” or
“Indian potatoes” that propagate from underground storage organs that
are edible; and many seed-producing forbs and grasses (Anderson, 1997;
Anderson and Rowney, 1999). Many foods, such as roots and berries, are
also regarded as medicines (Lynn et al., 2013) and have prominent roles
in ceremonies and celebrations of the annual return of “first foods”
(Long et al., 2018b). Mushrooms are another tribal resource that may be
promoted by cultural burning (Anderson and Lake, 2013). Some fungi
including morels and cap mushrooms commonly produce fruiting bodies

Forest Ecology and Management 500 (2021) 119597

Fig. 4. This elder canyon live oak tree (Quercus chrysolepis) has a distinctive,
low-branching architecture growing within an area of Indigenous use that likely
moderated fire regimes and facilitated its endurance.

Photo by Michael Hentz, Mid Klamath Watershed Council.

following disturbances that include fire, although only a few species
appear to depend more exclusively on fire (Pilz et al., 2004; Larson et al.,
2016). Declines in many of these species have been attributed to fire
exclusion, lack of tribal cultivation, and associated growth of competing
vegetation (Anderson and Rowney, 1999).

Tribes have long utilized wood for a variety of purposes, including
fuel for heating and material for construction. Large trees, especially
redwood (Sequoia sempervirens), have long been important for con-
structing structures, furnishings, and canoes (Thompson, 1916; Hunt-
singer et al., 1994). Frequent, low-intensity Indigenous burning may
have promoted development and retention of old-growth redwood
(Stephens and Fry, 2005) and therefore, promoted the supply of large
logs needed to support tribal traditions. Access to such logs has made
traditional canoes available for ceremonies and jumpstarted economic
enterprises such as the Yurok Tribe’s recently established redwood
canoe tours.

Many plants utilized for weaving materials have traditionally been
cultivated through burning and associated horticultural practices
(Anderson, 1999, 2005; Lake and Long, 2014). Several kinds of plants
have been the subjects of recent collaborative research on burning,
including beargrass (Xerophyllum tenax) (Shebitz et al., 2009b; Hummel
et al., 2012; Hart-Fredeluces et al., 2021), sandbar willow (Salix exigua)
(Lake, 2007; Ross et al., 2008), and hazel (Corylus cornuta var. cal-
ifornica) (Marks-Block et al., 2019). Thompson (1916) described how
Yurok people “take the greatest care of the hazel nut flats” (p. 29) using
fire to stimulate nut production and the vast quantities of young shoots
needed for baskets.

2.4.2. Harvest of animals
Cultural burning has long been used to facilitate harvest of wild
animals, including large and small animals used for meat, tools, regalia,
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Fig. 5. An elder tanoak (Notholithocarpus densiflorus) tree at a cultural heritage
site in the Western Klamath Restoration Project area, where lack of fire and
stand densification have accumulated surface fuels and resulted in a loss of
lower tree limbs, both of which limit opportunities for gathering nuts.

Photo by Kenny Sauve, Karuk Tribe.

and other material uses (Long and Lake, 2018). While diets in many
communities have shown a reduction in the harvest of wild game
(Kuhnlein and Receveur, 1996; Norgaard, 2019), burning to promote
game animals remains an objective in tribal plans (Norgaard and Tripp,
2019). Burns were used both to facilitate hunting and to encourage
important forage plants, including bracken fern (Pteridium aquilinum)
relished by deer (Odocoileus hemionus) in prairies of the Olympic
peninsula (Norton, 1979). Burning has also been important for harvest
of small animals such as insects; for example, Anderson (1996) noted
accounts of burning to harvest grasshoppers. A recent collaborative
investigation with Northern Paiute Tribes indicated that bark charring
encouraged egg deposition of the pandora moth (Coloradia pandora), the
larvae of which remain a desired traditional food resource (Slaton et al.,
2019). Burning was also important in maintaining accessibility for
fishing, “Fishing in small streams possible formerly; now completely
choked out by brush” (Stewart, 2002) (p. 282).

2.4.3. Multiple dimensions of material productivity

While material uses are considered more straightforward to observe
and quantify than other services, measuring provisioning services
associated with cultural burning can be very complex. Many products,
including traditional foods, medicines, and regalia, may be passed
down, traded or gifted rather than sold in markets; often, only finished
products such as baskets are priced rather than the component materials
harvested from the forest (Marks-Block et al., 2019). Furthermore, wild-
harvested products are valued based upon multi-dimensional, non-
standardized qualities that resist simple evaluation based upon quantity.
For example, several studies have tried to quantify the criteria used by
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Indigenous basketweavers, who prize the long, pliable and defect-free
shoots or leaves that grow after burns (Lake, 2007; Hummel et al.,
2015; Marks-Block et al., 2019). While fruit size is not a common
measurement in ecological studies, some practitioners suggest that
burning could enhance the size of berries. For example, a cultural
facilitator, Wally Morgan (Gitxsan) said, “this place was recently
burned, that’s why the berries are so juicy and the size of marbles”
(Armstrong and Anderson, 2020). In a field study, Wynecoop et al.
(2019) reported observing large huckleberries in burned plots. These
examples illustrate why commonly measured metrics, such as plant
canopy cover and frequency, may not capture the many benefits of
cultural burning.

2.4.4. Non-substitutable effects of fire on provisioning services

While many of the species mentioned previously can also be pro-
moted by non-fire disturbances, fire is considered both an efficient tool
and one that is not well-substituted. For example, smoke can enhance
germination of plants such as tobacco and beargrass (Preston and
Baldwin, 1999; Shebitz et al., 2009a). Tobacco is a featured product of
cultural burning in both historical literature and contemporary projects
(Harrington, 1932; Boyd, 1999; Baldy, 2013; Tushingham et al., 2013;
Aldern and Goode, 2014). In the Klamath region, tobacco has been
sowed into burns by individual cultivators, as described by Lucy
Thompson over a century ago (1916). As discussed further below,
burning also has distinctive effects in regulating insect pests that reduce
quality of forest foods and materials.

2.4.5. Managing fire frequency to enhance provisioning services

Indigenous practitioners have long managed the intensity, fre-
quency, and spatial arrangement of fires to promote provisioning ser-
vices. Indigenous peoples in the region have long considered how fire
severity influences mushroom production and the relationships between
fungi and host shrubs and trees of cultural importance (Anderson and
Lake, 2013). Native Americans in southwest Oregon sometimes burned
hazel shrubs at low intensity to “scorch” and “roast” the nuts on the bush
as they were harvested (Pullen, 1996). Many roots crops and basketry
plants, including those mentioned above and deergrass (Muhlenbergia
rigens), were burned frequently (1 to 15 years, but often less than 5
years) to cultivate desired forms and to maintain their abundance in
openings (Anderson, 1996). Recent burning is critical for maintaining
the supply for weavers (Anderson, 1996). As one elder explained, “you
find out the places that burned the year before, because that means next
year there will be many good materials waiting for you” (Baldy, 2013).
Similarly, groves of nut trees were also burned regularly to clear debris
and make it easier to collect and separate good acorns from infertile or
infested ones (Lake, 2019). Sierra mountain misery (Chamaebatia folio-
losa) forms dense foliage that impedes acorn harvest (Anderson, 2005),
and experimental research has shown the burning can temporarily
reduce its abundance (Kauffman and Martin, 1985). Frequent burning to
foster open understory forest conditions and grasslands facilitates the
gathering of roots and bulbs (Anderson, 2005; Anderson and Lake,
2016). In a study of multiple prescribed burns in Washington State (Orr,
2014), camas (Camassia quamash), an important root crop, was more
abundant in recently burned areas while strawberry (Fragaria virginiana)
was more abundant in less recent burns. In response to such complex
temporal dynamics, practitioners vary the timing of burns in forests and
account for overstory tree cover to promote desired products. Hazel
yields high quality basketry materials after recent burns under closed
canopy conditions (Marks-Block et al., 2019), but hazel nut production
requires more exposure to sun and longer time between fires. In addition
to the frequency of burning, the seasonality of burning controls the
quantity and quality of hazel shoots for weaving (Marks-Block et al.,
2021).
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2.5. Regulating and supporting services

We combine regulatory and supporting services because they are
difficult to distinguish and both involve ecological processes such
pollination, hydrology, and soil development. While anthropologists
have long documented how tribes burned to promote species that
afforded material and cultural benefits, the effects of cultural burning on
ecosystem functions are not as well documented. One reason is that
these broad-scale climate factors are likely to overwhelm the effects of
small-scale cultural burns in many studies. Reflecting this challenge, the
review by Anderson (2018) begins by detailing how Indigenous people
have used fire to promote individual species and later considers the
likely effects of burning on biodiversity, water, and fire regimes at a
landscape scale. Some of these effects on ecological processes have also
been suggested by field experiments and/or modeling of prescribed
burns and wildfires as proxies for cultural burns.

2.5.1. Species biodiversity

Indigenous practitioners emphasize the importance of supporting the
wide variety of species (including plants, animals, and fungi, and often
described as “relations™) that are connected through complex food webs
and interconnected life cycles (Anderson and Lake, 2013; Long et al.,
2016). Consistent with that perspective, Bowman and Legge (2016)
asserted that restoration of degraded ecosystems needs to focus on the
influence of fire management on food webs and biodiversity. Such
expansive views contrast with management systems that focus heavily
on conserving or mitigating impacts to rare and threatened species
(Long et al., 2020).

Burning can enhance localized diversity, especially compared to
areas that have been encroached by trees due to fire suppression. For
example, Livingston et al. (2016) reported more understory species in
sites within oak woodlands that had been treated with fire than in
encroached sites. Studies of fall cultural burns in chaparral and oak
woodlands reported greater abundance and diversity of herpetofauna
and small mammals (Hankins, 2009; Hankins, 2013). Another study in
blue oak (Quercus douglasii) woodland found an increase in native plant
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species cover, but not in an isolated valley oak (Quercus lobata) wood-
land surrounded by agricultural fields (Hankins, 2015).

Cultural burning practices may target relatively common resources
to enhance their quality rather than to simply make them more abun-
dant. They may focus on single species that dominate patches, including
sedge (Carex spp.) beds, oatgrass (Danthonia spp.) meadows, and
sandbar willow thickets (Fig. 6). Frequent burning may favor certain
plant groups that have fire resistant and resilient traits, such as annual
forbs, open bunchgrasses, and rhizomatous and resprouting perennials
(Kerns and Day, 2018). Maintenance of fire regimes can also help some
vegetation communities to resist invasion by non-native species,
including Scotch broom (Cytisus scoparius), that can displace native
plants (Hamman et al., 2011).

2.5.2. Ecosystem biodiversity

Cultural burning may augment the diversity of communities within a
landscape (Anderson, 2018), particularly at a finer grain than occurs
under wildfires (Bowman and Legge, 2016). Recent field studies of
wildfires are finding evidence that a diversity of fire characteristics, or
“pyrodiversity” supports plant and pollinator diversity by sustaining a
wide variety of successional communities and associated nesting habi-
tats (Ponisio et al., 2016). However, field studies of wildfires with
varying severities may not account for the diversity associated with
frequent, predominantly low-severity cultural burning. In the Pacific
Northwest, cultural burning over time can enhance landscape diversity
by maintaining rare species associated with open habitats such as
prairies (Fig. 7), including western lily (Lilium occidentale) (Long et al.,
2018b), Howell’s triteleia (Triteleia howellii) (Douglas and Penny, 2004)
and certain butterflies (Hamman et al., 2011). Frequent fires are
important for curbing the encroachment of conifers (Engber et al., 2011)
and shrubs into open, herbaceous-dominated or savanna communities.
For example, one historical account described such conditions within an
area in modern day Mendocino County in northern California (which
was recently burned in the enormous August Complex of 2020) “Lassik
burned a hell-of-a-lot. [Tribal] Informant said country was kept burned
off completely—almost a prairie.... Did not harm oak trees. Kept brush

Fig. 6. A US Forest Service burner and Yurok tribal member (right), uses a propane torch to burn at sandbar willow at Tishunick, a Karuk village near Orleans, CA,

with guidance from a Karuk/Yurok cultural adviser, Laverne Glaze.
Photo by Frank Lake, USDA Forest Service.
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Fig. 7. Prescribed burn conducted by the Confederated Tribes of Grande Ronde at Champoeg Prairie to curb invasive plants and facilitate future harvest of camas,

yampa, tarweed, and other culturally important plants.
Photo by Andy Neill, Institute for Applied Ecology.

from getting too thick or higher...Indians complain about modern
[Government fire] restrictions.” (Stewart, 2002) (p. 282). In the Yurok
country, Thompson (1916) observed that “our Legends tell when they
arrived in Klamath River country, that there were thousands of acres of
prairie lands and with all the burning they could do the country has been
growing up to timber more and more.” (p. 31). Skinner (1995) also
attributed the loss of forest openings in the Klamath mountains to fire
exclusion, while Lake (2007, 2013) described the landscape as the
product of tribally-mediated cultural fire regimes. Tribes today have
highlighted the impacts of losing these open grasslands and associated
biodiversity (Anderson, 2009; Norgaard and Tripp, 2019; Sloan and
Hostler, 2014). Some initiatives, such as the prescribed burning program
in Redwood National Park, reflect these concerns, with research sug-
gesting that the savanna areas of the Little Bald Hills are the legacy of
fire stewardship by the Tolowa people (Varner et al., 2012).

2.5.3. Pollination

Indigenous traditional knowledge and teachings often relate the
interconnectedness between host plants, pollinators, and tribal uses
(Charnley and Hummel, 2011; Underwood, 2020; Hill et al., 2019).
Many pollinators, including hummingbirds, bees, and butterflies,
depend upon resources found in recent fires, including plant flowers,
exposed mineral soil patches, and dead wood that serves as nesting
burrows. Fire diversity in forests managed with intentional fire can
buffer pollinator communities against the scarcity of floral resources
during droughts (Ponisio et al., 2016). Declines in several rare butterfly
species have been linked to the combination of long-term declines in
fire, loss of prairie habitat, and reductions in Indigenous stewardship
such as tending of camas, which is an important nectar source (Schultz
et al., 2011). The California tortoiseshell butterfly (Nymphalis cal-
ifornica) and ceanothus silk moth (Hyalophora euryalus) are examples of
two culturally important pollinator species that may benefit from cul-
tural burning of shrub areas (Anderson and Keeley, 2018). Some of the
field studies of prescribed burns in butterfly habitat have revealed

challenges in minimizing potential short-term negative impacts of pre-
scribed burns while restoring the benefits of fire-maintained habitats
(Trudeau, 1996; Schultz et al., 2011). Such findings point to the value of
understanding how to use fires of different intensities and scales to
promote multiple objectives.

2.5.4. Regulating pests and diseases

Indigenous people have long used fires to reduce the incidence of
pests that degrade the quality of plant products for food and basketry
materials (Anderson, 2005; Anderson and Rosenthal, 2015). This
objective is prominent in early discussion of Indigenous burning in the
region (Editor, 1916; Harley, 1918). These pests include filbertweevils
(Curculio spp.) and filbertworms (Cydia latiferreana) in acorns, hazel,
chinquapin, and other nuts (Anderson, 2005; Bowcutt, 2013; Halpern,
2016). Recent research has illustrated how burning can modulate insect
levels in contemporary tanoak groves (Halpern, 2016). Indigenous
burners have also asserted that burning can reduce mistletoe (Phor-
adendron spp.) infestations through smoke fumigation (Anderson,
2018), and some studies have shown such effects on dwarf mistletoe
(Arceuthobium ssp.) in pines (Zimmerman and Laven, 1987; Harrington
and Hawksworth, 1990). Research has also indicated that burning
sandbar willow can reduce insects that render stems unsuitable for
weaving (Lake, 2007). Although most of these examples refer to har-
vested species, pest control was related to general forest health. For
example, one individual reported in 1933 that the “smoke kept the bugs
down and kept the country healthy” (Stewart, 2002) (p. 283). In a more
recent example, Earl Scrub Albury (a Karuk elder) explained that when
fir trees were weeping pitch, that indicated a need to burn to rejuvenate
the area (Lake, 2007). The introduced Sudden Oak Death pathogen
(Phytophthora ramorum) has impacted fire-prone coastal forests,
including many hardwoods of special cultural importance to tribes.
Recent research has suggested that intense wildfires can reduce the
incidence of that introduced disease, but with costs to healthy forests
and other values (He et al., 2021). Researchers have begun to investigate



J.W. Long et al.

how tribal stewardship practices including prescribed burning and
silviculture to promote large hardwoods may reduce spread of the dis-
ease and resulting tanoak mortality (Cobb et al., 2017).

2.5.5. Soil health

Similar to other Indigenous cultures around the world, the re-
lationships among fires, soils, plants, and fungi are recognized by tribes
of the Pacific West region (Sillitoe, 1998). The combination of burning
and other horticultural practices can increase organic matter, promote
soil fertility and aeration, facilitate nutrient cycling, maintain mycor-
rhizae networks, and generate biochar (a product of incomplete com-
bustion of coarse woody material) (Norton, 1979; Anderson and
Rowney, 1999; Anderson and Lake, 2013; Anderson and Lake, 2016).
Burning can stimulate growth of various species that support nitrogen-
fixation including deerbrush (Ceanothus spp.) and lupines (Lupinus
spp.) (Story, 1974; Anderson and Keeley, 2018). Such plants are often
important food sources for rare butterflies (Trudeau, 1996; Goergen and
Chambers, 2009; Schultz et al., 2011). Biochar can enhance soil quality
in ways that promote plant growth (Lehmann et al., 2006) and con-
sumption of biochar by animals can improve their health (Schmidt et al.,
2019). Authors Ron Goode and Frank Lake note that Indigenous prac-
titioners incorporate charred material into the soil to enhance plant
growth and have long observed that animals also use it to rid themselves
of parasites.

2.5.6. Enhanced hydrology

Cultural burning has been practiced to reduce vegetation density and
increase water availability. Tribes have recognized that burning can
increase water levels in springs and meadows that favor many culturally
important plants (Anderson and Rosenthal, 2015). Historical research
documented an example of this intention on the Trinity River, “He
[Indian informant circa 1933] told me that they [Indians] were sure that
the burning made the springs run better” (Stewart, 2002) (p. 283). Such
hydrologic effects of prescribed burning received attention by pioneer-
ing fire researcher Harold Biswell (1999). Research has documented
increased water flows in a forested montane watershed that has been
managed with extensive use of wildland fire (Boisramé et al., 2019).
Furthermore, Indigenous burners indicated that smoke would benefit
salmon and other fish by reducing summer water temperatures (Nor-
gaard and Tripp, 2019). A recent study reported that wildfire smoke had
such beneficial effects in the Klamath River valley (David et al., 2018).

2.5.7. Wildfire regulation

A recent global review found that intentional burning to protect re-
sources by preventing high-intensity, destructive fires was common in
both ethnographic studies (49%) and all studies (36%) in their analysis
(Trauernicht et al., 2015). Within the past century in the Pacific West
region, tribal members reported setting fires to inhibit spread of wild-
fires. For example, Johnny Bennett (Karuk, Forks of Salmon, 1977) said
“when the lightning hit they [old Indians] never put it out, push them
[fires] back, [Indians] make a fire line, let them go back up the moun-
tain. Take sticks out there, burn up against it” (Karuk Tribe and Cultural
Solutions, 1999) (p. 25). Indigenous burning was conducted to maintain
open conditions around villages, harvesting sites, and processing sites,
and other favored areas, and to facilitate travel along ridges, riparian
areas, and trails between those locations (Boyd, 1999; Lake et al., 2018;
Lake and Christianson, 2019) (Fig. 2). In the western Sierra Nevada
foothills, such dispersed but spatially extensive burning by different
tribal communities cultivated a mosaic of fuel conditions that would
curtail large wildfires (Anderson and Rosenthal, 2015; Spoon et al.,
2015; Anderson and Keeley, 2018), Furthermore, intensive fuelwood
gathering, plant pruning and cleaning of areas used for gathering acorn
and other resources would have reduced fuel amounts and continuity.

Researchers have used modeling and understanding of these spatial
patterns to demonstrate that Indigenous burning was a major influence
on fire regimes in areas such as the southern Sierra Nevada
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(Klimaszewski-Patterson et al., 2018). Fire ecology modeling has sug-
gested that reducing fuels within relatively small portions of a land-
scape, such as 10-20% of a landscape per decade, can greatly moderate
extreme fire outcomes in parts of our region (Finney et al., 2007; Collins
et al., 2013). Finney et al. (2007) suggested that those effects would be
achieved with some areas repeatedly treated and others left untreated,
that patch size was generally not a key driver of outcomes, and that
strategic placement would result in greater benefits. Analysis of histor-
ical photography had indicated that high heterogeneity, including areas
of very open forests and low fuel continuity, promoted landscape resil-
ience to severe fire (Lydersen and Collins, 2018). These findings suggest
how widespread application of cultural burning would support wildfire
mitigation efforts.

Many tribal resources including homes and infrastructure; ancestral
villages, camps, petroglyphs, and sacred sites; and populations of plants
used for a range of traditional purposes can be damaged by high-severity
fire through both direct consumption and impacts from high heating
(Ryan et al., 2012). However, high-severity burn patches were also
essential to promoting tribal values, as they often become dominated by
shrubs such as hazel, manzanita (Arctostaphylos spp.), deerbrush
(Ceanothus spp.), and gooseberry (Ribes spp.) that provide food for
wildlife and Indigenous people (Anderson, 2018).

Tribal practitioners emphasize that their treatments are not intended
to stop fires with stark fuel breaks, but rather to facilitate control of fires
and to moderate their intensity and severity. Treatments along ridge-
lines and in wildlife-urban interface areas have been designed to temper
fires while supporting other values, including production of acorns
(Harling and Tripp, 2014). This approach is relevant to the wildland fire
management strategies of developing Potentially Operational

Fig. 8. This large tanoak tree featured an archaeological site along a historical
trail being used as a containment line during the Somes Fire on the Six Rivers
National Forest, near Somes Bar, California, USA.

Photo courtesy of USDA Forest Service.
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Delineation Units (PODs), which are bounded by linear control features,
such as trails (Fig. 8), within which fires can be managed (Wei et al.,
2019).

3. Implications for management and research

3.1. Recognizing the many ecological and social benefits of cultural
burning

Indigenous communities have repeatedly championed the impor-
tance of burning as a means of restoring ecosystems and revitalizing
their cultures (Anderson, 2009; Goode et al., 2018; Norgaard and Tripp,
2019; Clark et al., 2021; Sloan and Hostler, 2014). A goal of restoring
reference fire regimes, including Indigenous influence, is guiding pre-
scribed burning programs (Thornburgh et al., 2000) and remains a topic
of great importance for research (Varner and Jules, 2017). The
ecosystem services framework may help to highlight the many positive
aspects of fire in ways that can advance burgeoning forest restoration
initiatives. Practitioners contrast their holistic approach with strategies
that focus on reducing fuels and wildfire impacts. Cultural burning is
intended to reduce fuels and rejuvenate and reconfigure shrubs and
other understory plants, but not to eliminate those plants. Indigenous
practitioners acknowledge both the benefits and risks associated with
vegetation. Despite the salience of cultural burning to tribal commu-
nities and to broader restoration outcomes, recent strategy documents
paid little attention to the subject. For example, the National Cohesive
Wildland Fire Management Strategy does not specifically address tribal
interests in using fire (Wildland Fire Leadership Council, 2014). Related
academic works proposing strategies to promote more resilient socio-
ecological systems (Abrams et al., 2015; Schoennagel et al., 2017)
similarly do not discuss Indigenous fire stewardship. These omissions
may in part reflect an ingrained emphasis on combating the negative,
destructive aspects of wildfires, in contrast to more holistic tribal
frameworks.

low branches for

Forest Ecology and Management 500 (2021) 119597

3.1.1. Holistic understanding of overlapping benefits for social-ecological
well-being

Indigenous burners use fire with multiple, overlapping benefits in
mind (Anderson and Keeley, 2018). For example, burning hazel under-
neath a canopy of hardwood trees may reduce nuisance diseases and
pests, generate stems used for basketry or tools, stimulate flowering for
pollinators, enhance nut quality and abundance, enhance browse and
forage for game animals, increase hunting efficiency, and reduce risks of
severe fire (Marks-Block et al., 2019). Tribal practitioners tune the
tending and burning regimes to promote a desired mix of benefits. For
example, the Karuk Tribe has prioritized treatments to reduce fuels and
threats of wildfire in community areas, while promoting hazel sticks and
retaining mature yew (Taxus brevifolia) and dogwood (Cornus nuttallii)
(Diver, 2016; Norgaard and Tripp, 2019). Within California black oak
groves, cultural burning similarly has a multiplicity of effects that pro-
mote conditions that support tribal harvest and many other ecosystem
services (Fig. 9) (Long et al., 2016). Species like Pacific fisher (Pekania
pennanti), California condor (Gymnogyps californianus), and pileated
woodpecker (Dryocopus pileatus) are valued in terms of material uses of
their fur or feathers, their supporting roles (e.g., predation, cavity
excavation), and their roles in stories and ceremonies (Norgaard and
Tripp, 2019; Jordan, 2015; Long and Lake, 2018). These multiple ben-
efits cross ecosystem service categories and make it more challenging to
evaluate the cumulative benefits of treatments because they involve
many effects at different scales. Furthermore, categorizing services may
obscure the conjoined nature of socio-ecological values. Previous
scholars have noted that culture, ecology and place are inextricably
woven together (Berkes, 2012), which complicates efforts to understand
changes in community systems (Tremblay et al., 2020).

In the Klamath region, community-based research has revealed how
suppression of cultural burning and other Indigenous stewardship
practices has led to declines in diet and social well-being (Norgaard,
2019). Understanding how to use fire to restore culturally important
resources helps young people to understand both the ecology of their
homelands, and their own place within their communities (Norgaard
et al., 2017; Norgaard, 2019). Such approaches could shift Indigenous
practitioners from being considered “outlaws” or malicious arsonists

* Reducingdead surface fuels to facilitate
control of wildfires and use of intentional
fire
Promoting the survival of large, old oak
trees that produce the most acorns and
form large cavities for wildlife
Promoting broad crowns and open stands
with grassy understories by inhibiting
overtopping by conifer trees
Maintaininglow branches by keeping flame
lengths low
Rejuvenatingyoung oak sprouts and other
plants consumed by deer
Reducingincidence of filbert weevils and
filbertworms that infest acorns

easier harvest

deer
burden basket
morels

native grasses

6.
R

b

Making gathering more efficient by clearing
the ground
Enhancingsafety for harvesting families by
removing dead branches and promoting
more open forests

* Stimulating production of edible
mushrooms
Increasing moisture availability to adjacent
meadows

Fig. 9. Relationships between various objectives of cultural burning and conditions desired by tribes for black oak ecosystems.
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and turn them into “valued food service employees” (Sowerwine et al.,
2019). Such reframing moves the discussion about the need for cultural
burning beyond narrow evaluations of ecological conditions and into a
broader examination of socio-ecological well-being.

Indigenous peoples also burn to stimulate growth of various plants
with medicinal values, although research on this topic is likely to be
limited by concerns over protecting sensitive information regarding
their use and location. An example of a medicinal plant appearing
following a recent early spring cultural burn is Pacific sanicle (Sanicula
crassicaulis) (Fig. 10). Researchers have reported on its historical use to
treat snakebite (Barrett and Gifford, 1933), its use as food by Indigenous
people (Anderson and Keeley, 2018), and its value for bees (Wray and
Elle, 2017). The plant’s ability to store energy in its taproot, intolerance
of shade, and association with oak savannas are all traits that explain
why it would respond favorably to cultural burning. Indeed, conserva-
tionists have identified a decline in Indigenous stewardship as one of the
threats to a rare relative in Canada, snakeroot sanicle (Sanicula arcto-
poides) (Zevit and Fairbarns, 2010). Therefore, this plant represents just
one of many opportunities to better appreciate the multifaceted effects
of cultural burning.

3.1.2. Promoting diverse fire mosaics

Indigenous practitioners seek to cultivate a diversity of conditions
within a patchy arrangement to ensure that surrounding lands maintain
sustainable supplies for current and future needs. These arrangements
consider ecological variation across large landscapes; for example, in the
Klamath region, tribes cultivated huckleberries, bilberries, tanoaks, and
black oaks in lower and mid-elevation forests, while relying on blue-
berries and acorns in more intermixed shrub-dominated patches
following higher severity fire at higher elevations (Pullen, 1996). When

Fig. 10. Pacific sanicle (Sanicula crassicaulis) emerging between burned swaths
in a March 2021 cultural burn near Mariposa, California, USA.
Photo by Ron Goode.

12

Forest Ecology and Management 500 (2021) 119597

staggered across watersheds, elevation ranges, and time, treatments
promote food production, facilitate harvest, and enhance food security
in the face of drought, wildfire, and other disturbances.

A strategy that emphasizes cultural burning may contrast with ones
that favor treating large areas in ambitious individual projects that
require lengthy environmental reviews (or wildfires managed for
resource objectives that are not governed by such reviews). It reflects the
“small is beautiful” concept, which holds that small groups working
locally can achieve better conservation outcomes than large corporate
entities (Schumacher, 1973). This concept has been widely incorporated
into natural resources management (Lovell et al., 2002). In addition to
relying on smaller treatments, a strategy geared toward cultural burning
would also require retreating sites more frequently than national forest
managers in the Pacific West region have typically achieved (Kolden,
2019; North et al., 2021). In California, despite calls to rely on greater
use of fire, there are few examples of restored fire regimes in frequent
fire vegetation types outside of areas that have experienced managed
wildfires for resource objectives (North et al., 2021). However, current
tribal plans such as one advanced by the Western Klamath Restoration
Partnership emphasize the role of cultural burning, along with greater
use of managed wildfires, in protecting communities from the detri-
mental effects of uncharacteristically large and severe wildfires (Harling
and Tripp, 2014). The intent is not to exclude fire from the landscape but
to moderate wildfires so they will not damage vast areas and harm
communities.

3.2. Addressing challenges between Indigenous objectives and government
agency objectives

There appears to be strong alignment between the benefits of cultural
burning and agency restoration strategies, but there are some challenges
in implementing both and in making them mutually supportive.

3.2.1. Addressing policy constraints on cultural burning

Constraints on prescribed burning, such as air quality regulations
and liability concerns, also have constrained cultural burning by
Indigenous practitioners (Clark et al., 2021). Other constraints on
restoration treatments include concerns for rare wildlife, including
spotted owls (Strix occidentalis) and Pacific fisher, which have been
translated into requirements to maintain higher levels of forest canopy
cover than were historically widespread (Lydersen et al., 2019) and to
avoid burning during especially sensitive denning, nesting, and breeding
periods in the spring (Thompson and Purcell, 2016). Traditional burning
was generally a fall or late winter activity, and tribes have sometimes
expressed concerns that burning outside of those traditional seasons
could be harmful to wildlife (Halpern, 2016). However, contemporary
practitioners may desire flexibility to use fire to advance restoration
objectives through an adaptive process.

3.2.2. Recognizing that thinning complements, but does not substitute for,
cultural burning

Forest management intended to support tribal values has in many
cases relied more on thinning than burning (LeCompte-Mastenbrook,
2016). Researchers have found that both tree cutting and fire will likely
benefit both biodiversity conservation and fire management in current
mixed conifer forests (Abella and Springer, 2015). However, field
studies have found larger effects on plant communities from moderate-
to high-severity fires than from low-severity prescribed burning (Kerns
and Day, 2018), or from canopy thinning treatments followed by pre-
scribed burns. Such responses are especially likely in forests that are
highly departed from historical fire regimes—they may require greater
and different forms of disturbance to reset their trajectories. However,
even where thinning is effective in increasing light, nutrients, and water
to understory plants, it may not accomplish other objectives such as pest
reduction and desirable growth forms. Moreover, practitioners have
reported contexts in which some traditional plants, such as huckleberry
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and western redcedar (Thuja plicata), are favored by fire but not by
mechanical thinning (Wynecoop et al., 2019).

3.2.3. Avoiding negative effects

Prescribed burning has potential for negative effects, and some of
those risks could also apply to cultural burning. However, the likelihood
of negative outcomes may be greatly reduced due to practices adhered to
by cultural practitioners. Any kind of wildland fire has potential to result
in other unintended and undesirable effects including escape, con-
sumption of snag habitats, undesired mortality of large trees, and
nuisance levels of smoke (Ryan et al., 2013). In general, however, cul-
tural burns may have lower potential for such effects than other kinds of
fire for several reasons. First, individual cultural burns are often inten-
ded to result in small, patchy, low-moderate severity burns. Second,
cultural burning is often practiced as an intergenerational endeavor with
both young people and elders. Burning and tending are often planned to
enhance safety for family gatherings. When burners purposefully limit
their operations to relatively traditional technologies, they have in-
centives to avoid conducting risky burns. Cultural practitioners tend
their burns closely, with attention to effects on understory plants,
wildlife, community health, and protecting legacy resources. The small,
patchy scale of cultural burning is likely to inhibit the delivery of heavy
smoke to large populations, especially as compared to wildfires (Long
et al., 2018c). Furthermore, the preparation that precedes cultural burns
reduces the likelihood that a fire escape or an infestation of invasive
plants will occur.

Despite such precautions, reintroduction of indigenous burning may
be complicated in areas that have undergone transformations resulting
from Euro-American colonization, including invasion by non-native
species and increases in accidental ignitions. In such systems, such as
chaparral in southern California, some managers and ecologists are
concerned that burning too frequently could negatively impact native
vegetation (Keeley and McGinnis, 2007). In an extreme example, a study
in Washington state found that five decades of annual burning resulting
from artillery fire transformed the dominant vegetation in a prairie from
native fescue to non-native grasses; in contrast, prescribed burning on a
3-5 year rotation for two decades reduced cover of most non-native
species while inhibiting conifer encroachment on oaks (Tveten and
Fonda, 1999). Potential for increases in non-native species following
prescribed burning has been reported from a variety of vegetation types
in the region, including chaparral and grasslands (Safford and Harrison,
2008), ponderosa pine forest (Keeley and McGinnis, 2007; Kerns and
Day, 2018), and riparian areas (Hankins, 2013), although outcomes
often vary greatly. The potential for undesirable increases in non-native
species is often associated with the existing level of non-natives within
or adjacent to the treatment areas. Research in Arizona forests showed
that burning in an area with high levels of cheatgrass promoted the
invasive, while burning in a native-dominated site did not (McGlone
et al., 2012). Hankins, an Indigenous practitioner and scholar, observed
a similar dynamic when comparing outcomes following burning in two
oak-grassland sites in the north-central Sacramento Valley (Hankins,
2015). He speculated that reintroducing cultural burning over time
could help to gradually restore the native composition.

3.2.4. Explaining the relevance of services

Different categories of services may be associated with different
challenges and opportunities for advancing cultural burning. Many of
the benefits of cultural burning may be devalued within market-based
frameworks; however, the value of some provisioning services can be
estimated. For example, researchers have estimated the volume of ma-
terials needed to produce products such as baskets that command high
prices (Anderson, 2018; Marks-Block et al., 2021). Furthermore, provi-
sioning services may be afforded special leverage where the federal
government recognizes off-reservation tribal rights to gather, fish, and
hunt, especially in Washington and Oregon (Bernholz and Weiner,
2008). Because the ability to exercise such rights depends on the
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availability of resources of suitable quality and quantity, those legal
levers could support cultural burning. On the other hand, the effects of
burning on provisioning services may be difficult to measure easily since
resource quality of root crops, acorns, and shoots may be best evaluated
upon harvest by tribal gatherers (Hummel et al., 2015).

Regulating and supporting systems including wildfire protection,
water availability, pollination, food webs, biodiversity, carbon seques-
tration, and soil tilth, have all been a focus of management and research
(Nikolakis and Roberts, 2020). However, quantifying such services can
be challenging because of the broad spatial and temporal scales needed
to understand them. Burning affects a tremendously wide variety of
species and their interactions, including not only biomass removal but
also more complex effects on air, soil, water, food webs, and parasitic
and symbiotic associations. This complexity poses substantial challenges
in selecting metrics and scales for evaluation. Cultural services are even
more challenging to integrate into institutional processes since they tend
to be non-quantified, non-fungible, less openly discussed, and yet more
contested. For example, court decisions have often denied protection to
tribal sacred sites on public lands (Carpenter, 2004). Resistance to
formal co-management arrangements may impede the ability of Indig-
enous people to directly steward places on public lands. The concepts of
cultural services and services for ecosystems elucidate why Indigenous
people want to directly apply fire themselves.

An ecosystem services framework can help to integrate Indigenous
perspectives more fully within planning frameworks (Armatas et al.,
2018). Such approaches depart from past efforts that often focused on
tribal concerns for archaeological sites (Long et al., 2020). Recognizing
the interconnections between ecological and social services can help to
identify opportunities to unravel persistent effects of colonialism (Long
and Lake, 2018).

3.3. Addressing limitations of paleoecological research

As noted in the introduction, ecologists have explained that methods
used to reconstruct environmental histories, including sampling of
charcoal deposits in lakes and fire scars on trees, may have poor ability
to detect Indigenous influences (Klimaszewski-Patterson et al., 2018;
Abrams and Nowacki, 2020). This methodological challenge is acute in
areas where fires would be naturally frequent in the absence of human
influence (Roos et al., 2019). Tree rings can sometimes help to distin-
guish wildfires from Indigenous burning based upon time of year, but
even they are likely to underrepresent light Indigenous burning (Whit-
lock et al., 2004). However, analysis of tree-ring records can also be
modified to be more sensitive to patchy burning (Roos et al., 2019). Roos
et al. (2018) explain that Indigenous burning may have either enhanced
or buffered climate impacts on fire regimes at different scales, and it is
difficult to separate those influences without considering multiple types
of evidence. Responding to the exclusion of Indigenous values and
knowledge in this field, researchers have called for more trans-
disciplinary efforts including collaborations with Indigenous experts to
interpret paleoecological evidence and to inform contemporary forest
management (Lake, 2013; Lightfoot et al., 2013; Leonard et al., 2020).

3.4. Addressing shortcomings of controlled experiments

Many experimental research studies on cultural burning have been
set up as relatively short-term investigations, often as part of graduate
studies, with limited resources to obtain environmental clearances
needed for treatments. While many projects have been conducted in
partnership with tribal practitioners (Shebitz, 2006; Lake, 2007; Shebitz
et al., 2008; Hankins, 2013; Halpern, 2016), they may not have recre-
ated traditional burning regimes due to such external constraints. For
example, Halpern (2016) noted that practitioners wanted to study fall
burning, but she had to examine spring burns to comply with federal and
state prescribed burning regulations. Similarly, environmental review
requirements initially constrained Lake (2007) to study relatively small
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burns using propane torches to evaluate effects of burning on willow
shoots (Fig. 6). He later was able to study a larger prescribed burn,
which he found to be more effective in controlling insect pests. Mean-
while, a tribal-Forest Service collaborative research study (Wynecoop
et al., 2019) considered how burning treatments could benefit culturally
important plants by comparing areas burned in a wildfire, treated with a
combination of mechanical thinning and prescribed fire, or not having
been treated within 10 years. While these studies advance our knowl-
edge, they reveal a lack of studies that explicitly incorporate cultural
burning practices.

The complexity associated with scale and potential shadow effects of
treatment are some of the challenges in delineating “treatment” and
“control” units. Studies of single burns are not likely to be representative
of cultural burning regimes for several reasons. First, the strong influ-
ence of precipitation on plant growth makes the effects of burning more
difficult to resolve (Hankins, 2015). Second, single burns in long-
unburned areas may be more intense than would be typical for cul-
tural burns. For example, a recent study of ceramic sherds in an ancient
village site in northern New Mexico found that a that a large prescribed
burn during mild October weather, but following 119 years of fire
exclusion, burned more intensively than any fires in the previous 900
years (Roos et al., 2020). Third, fire effects are likely to change as cul-
tural burning is reintroduced, because consumption rates, fuels, and
vegetation composition change with repeated burning (Levine et al.,
2020). Establishment of long-term studies could address many of these
shortcomings.

3.5. Establishing long-term collaborative studies

Indigenous peoples are rightfully concerned about potential for
traditional ecological knowledge to be extracted and used by non-
Indigenous contractors or scientists in ways that do not directly
advance tribal stewardship and sovereignty (Klenk et al., 2017). Some
collaboratives, such as the Western Klamath Restoration Partnership,
have enjoyed success in fostering tribal engagement (Kelly et al., 2019).
Tribal influence in other collaboratives, including the Dinkey Landscape
Collaborative, is less apparent (Butler et al., 2015). Establishing longer-
term experimental studies with Indigenous communities would help to
better understand effects of cultural burning and other traditional
stewardship practices. For example, a research study on former uni-
versity lands in Missouri revealed how differences in forest composition
and structure can develop under contrasting fire regimes, including
frequent fires, over 60 years (Knapp et al., 2015). Tribes and land
management agencies could similarly explore opportunities to establish
stewardship areas that would support long-term investigations of cul-
tural burning. Many research natural areas (and some wilderness areas)
in California have experienced a shortage of fires, yet they also
discourage “manipulative” vegetation treatments (Coppoletta et al.,
2019). Nevertheless, a recent tribal-agency collaboration in the Indiana
Summit Research Natural Area demonstrated how traditional practices
and return of fire could safeguard cultural resources and facilitate tribal
harvesting of pandora moth larvae (Slaton et al., 2019).

4. Conclusions

Rooted in historical practices and traditional values, tribal cultural
burning continues to adapt to meet contemporary challenges. Indige-
nous people are asserting their rights and responsibilities to burn to
maintain their well-being. The overlap between cultural burning and
contemporary agency forest management can encourage mutually
beneficial outcomes rather than perpetuating the harmful legacy of fire
exclusion. The framework of ecosystem services can relate the goals of
Indigenous practitioners to government management systems, while
expanding awareness of the many diverse benefits of cultural burning
beyond its potential to regulate wildfires. The many benefits of cultural
burning are the results of a complex web of material/immaterial and
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direct/indirect effects. This understanding illustrates why the many
benefits are difficult to quantify or evaluate with market-based systems.
Nevertheless, scientific approaches can be adapted to better detect and
measure many of the physical effects, and collaborative efforts can
better reveal the benefits of restoring cultural burning to tribal com-
munities and to wider society. Distinctive ecological communities that
have evolved with Indigenous use of frequent fire in the Pacific West
region are especially important to study at long-term and broader spatial
scales. Expanding long-term tribal collaboratives, including designating
Indigenous stewardship areas with frequent burning, would advance our
understanding of restoration in forested landscapes.

CRediT authorship contribution statement

Jonathan W. Long: Conceptualization, Writing — review & editing.
Frank K. Lake: Conceptualization, Writing — review & editing. Ron W.
Goode: Conceptualization, Writing — review & editing.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgments

The authors acknowledge the many knowledge keepers whose ideas
and support of tribal traditional practices contributed to this research.
Support for the preparation of this article was provided by the USDA
Forest Service Pacific Southwest Research Station. The findings and
conclusions in this manuscript are those of the authors and should not be
construed to represent any official determination or policy by the U.S.
Government, U.S. Department of Agriculture, or the North Fork Mono
Tribe.

References

Abella, S.R., Springer, J.D., 2015. Effects of tree cutting and fire on understory vegetation
in mixed conifer forests. For. Ecol. Manage. 335, 281-299.

Abrams, J.B., Knapp, M., Paveglio, T.B., Ellison, A., Moseley, C., Nielsen-Pincus, M.,
Carroll, M.S., 2015. Re-envisioning community-wildfire relations in the U.S. West as
adaptive governance. Ecol. Soc. 20 (3), 34.

Abrams, M.D., Nowacki, G.J., 2020. Native American imprint in palaeoecology. Nat.
Sustain. 3 (11), 896-897.

Aldern, J.D., Goode, R.W., 2014. The stories hold water: learning and burning in North
Fork Mono homelands. Decolonization: Indigeneity, Educ. Soc. 3 (3), 26-51.

Allen, C.D., 2002. Lots of lightning and plenty of people: an ecological history of fire in
the upland Southwest. In: Vale, T.R. (Ed.), Fire, Native peoples, and the natural
landscape. Island Press, Washington DC, pp. 143-193.

Anderson, K., 2009. The Ozette prairies of Olympic National Park: their former
Indigenous uses and management. USDA Natural Resources Conservation Service,
Davis, CA.

Anderson, M.K., 1996. The ethnobotany of deergrass, Muhlenbergia rigens (Poaceae): Its
uses and fire management by California Indian tribes. Econ. Bot. 50, 409-422.
Anderson, M.K., 1997. From tillage to table: the indigenous cultivation of geophytes for

food in California. J. Ethnobiol. 17, 149-169.

Anderson, M.K., 1999. The fire, pruning, and coppice management of temperate
ecosystems for basketry material by California Indian tribes. Hum. Ecol. 27, 79-113.

Anderson, M.K., 2005. Tending the wild: Native American knowledge and the
management of California’s natural resources. University of California Press,
Berkeley, CA.

Anderson, M.K., 2018. The use of fire by Native Americans in California. In: van
Wagtendonk, J.W., Sugihara, N.G., Stephens, S.L., Thode, A.E., Shaffer, K.E., Fites-
Kaufman, J. (Eds.), Fire in California’s ecosystems. University of California Press,
Berkeley, CA, pp. 381-398.

Anderson, M.K., Keeley, J.E., 2018. Native peoples’ relationship to the California
chaparral. In: Valuing Chaparral. Springer, pp. 79-121.

Anderson, M.K., Lake, F.K., 2013. California Indian ethnomycology and associated forest
management. J. Ethnobiol. 33, 33-85.

Anderson, M.K., Lake, F.K., 2016. Beauty, bounty, and biodiversity: the story of
California Indian’s relationship with edible native geophytes. Fremontia 44 (3),
44-51.

Anderson, M.K., Rosenthal, J., 2015. An ethnobiological approach to reconstructing
Indigenous fire regimes in the foothill chaparral of the western Sierra Nevada.

J. Ethnobiol. 35 (1), 4-36.


http://refhub.elsevier.com/S0378-1127(21)00687-3/h0005
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0005
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0010
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0010
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0010
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0015
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0015
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0020
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0020
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0025
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0025
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0025
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0030
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0030
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0030
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0035
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0035
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0040
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0040
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0045
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0045
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0050
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0050
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0050
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0055
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0055
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0055
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0055
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0065
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0065
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0070
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0070
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0070
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0075
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0075
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0075

J.W. Long et al.

Anderson, M.K., Rowney, D.L., 1999. The edible plant Dichelostemma capitatum: its
vegetative reproduction response to different indigenous harvesting regimes in
California. Restor. Ecol. 7, 231-240.

Armatas, C.A., Campbell, R.M., Watson, A.E., Borrie, W.T., Christensen, N., Venn, T.J.,
2018. An integrated approach to valuation and tradeoff analysis of ecosystem
services for national forest decision-making. Ecosyst. Serv. 33, 1-18.

Armstrong, C.G., Anderson, E.N., 2020. Ecologies of the heart. In: Archaeologies of the
heart. Springer, pp. 39-58.

Baldy, C.R., 2013. Why we gather: traditional gathering in native Northwest California
and the future of bio-cultural sovereignty. Ecol. Process. 2, 17.

Barrett, S., Gifford, E., 1933. Miwok material culture. Bull. Public Museum City
Milwaukee 2, 117-376.

Berkes, F., 2012. Sacred ecology. Routledge, New York, NY.

Bernholz, C.D., Weiner, R.J., 2008. The Palmer and Stevens “Usual and Accustomed
Places” treaties in the opinions of the courts. Government Inform. Quart. 25,
778-795.

Binder, S., Haight, R.G., Polasky, S., Warziniack, T., Mockrin, M.H., Deal, R.L.,
Arthaud, G., 2017. Assessment and valuation of forest ecosystem services, NRS-GTR-
170. USDA Forest Service Northern Research Station, Newtown Square, PA.

Biswell, H., 1999. Prescribed burning in California wildlands vegetation management.
University of California Press, Berkeley, CA.

Boisramé, G.F.S., Thompson, S.E., Tague, C.N., Stephens, S.L., 2019. Restoring a natural
fire regime alters the water balance of a Sierra Nevada catchment. Water Resour.
Res. 55, 5751-5769.

Bowcutt, F., 2013. Tanoak landscapes: Tending a Native American nut tree. Madrono 60,
64-86.

Bowman, D.M., Legge, S., 2016. Pyrodiversity—why managing fire in food webs is
relevant to restoration ecology. Restor. Ecol. 24, 848-853.

Boyd, R., 1999. Indians, fire and the land. Oregon State University Press, Corvallis, OR.

Butler, W.H., Monroe, A., McCaffrey, S., 2015. Collaborative implementation for
ecological restoration on US public lands: implications for legal context,
accountability, and adaptive management. Environ. Manage. 55, 564-577.

Carpenter, K.A., 2004. A property rights approach to sacred sites cases: asserting a place
for Indians as nonowners. UCLA Law Review 52, 1061.

Carter, V.A., Brunelle, A., Power, M.J., DeRose, R.J., Bekker, M.F., Hart, L., Brewer, S.,
Spangler, J., Robinson, E., Abbott, M., Maezumi, S.Y., Codding, B.F., 2021. Legacies
of Indigenous land use shaped past wildfire regimes in the Basin-Plateau Region,
USA. Commun Earth Environ 2, 72.

Clark, S.A., Miller, A., Hankins, D.L., 2021. Good fire: current barriers to the expansion of
cultural burning and prescribed fire in California and recommended solutions. Karuk
Tribe, Happy Camp, CA. https://karuktribeclimatechangeprojects.files.wordpress.
com/2021/03/karuk-prescribed-fire-rpt_final-1.pdf.

Charnley, S., Hummel, S., 2011. People, plants, and pollinators: the conservation of
beargrass ecosystem diversity in the Western United States. In: Lopez-Pujol, J. (Ed.),
The importance of biological interactions in the study of biodiversity. IntechOpen,
Rijeka, Croatia, pp. 127-154.

Cobb, R.C., Hartsough, P., Ross, N., Klein, J., LaFever, D.H., Frankel, S.J., Rizzo, D.M.,
2017. Resiliency or restoration: management of sudden oak death before and after
outbreak. Forest Phytophthoras 7, 1-14.

Collins, B.M., Kramer, H.A., Menning, K., Dillingham, C., Saah, D., Stine, P.A,,
Stephens, S.L., 2013. Modeling hazardous fire potential within a completed fuel
treatment network in the northern Sierra Nevada. For. Ecol. Manage. 310, 156-166.

Coppoletta, M., Safford, H.D., Estes, B.L., Meyer, M.D., Gross, S.E., Merriam, K.E.,
Butz, R.J., Molinari, N.A., 2019. Fire regime alteration in natural areas underscores
the need to restore a key ecological process. Nat. Areas J. 39, 250-263.

Crouse, C.W., 1902. Report of Fort Apache. In: Annual report of the Commissioner of
Indian Affairs to the Secretary of the Interior for the year 1902. U.S. Government
Printing Office, Washington, D.C., USA, pp. 147-151.

David, A.T., Asarian, J.E., Lake, F.K., 2018. Wildfire smoke cools summer river and
stream water temperatures. Water Resour. Res. 54, 7273-7290.

Deur, D., 2009. “A caretaker responsibility”: Revisiting Klamath and Modoc traditions of
plant community management. J. Ethnobiol. 29, 296-322.

Deur, D., Turner, N.J., 2005. Keeping it living: traditions of plant use and cultivation on
the Northwest Coast of North America. University of Washington Press, Seattle, WA.

Diver, S., 2016. Co-management as a catalyst: pathways to post-colonial forestry in the
Klamath Basin, California. Hum. Ecol. 44, 533-546.

Douglas, G.W., Penny, J.L., 2004. Conservation evaluation of Howell’s Triteleia, Triteleia
howellii, an endangered lily in Canada. The Canadian Field-Naturalist 118, 174-178.

Editor, 1916. An Indian’s view of burning, and a reply. California Fish Game J. 2,
194-196.

Engber, E.A., Varner, J.M., Arguello, L.A., Sugihara, N.G., 2011. The effects of conifer
encroachment and overstory structure on fuels and fire in an oak woodland
landscape. Fire Ecol. 7, 32-50.

Eriksen, C., Hankins, D.L., 2014. The retention, revival, and subjugation of indigenous
fire knowledge through agency fire fighting in eastern Australia and California. Soc.
Nat. Resour. 27, 1288-1303.

Finney, M.A., Seli, R.C., McHugh, C.W., Ager, A.A., Bahro, B., Agee, J.K., 2007.
Simulation of long-term landscape-level fuel treatment effects on large wildfires. Int.
J. Wildland Fire 16, 712-727.

Fish, R., Church, A., Winter, M., 2016. Conceptualising cultural ecosystem services: A
novel framework for research and critical engagement. Ecosyst. Serv. 21, 208-217.

Forest Management Task Force, 2021. California’s wildfire and forest resilience action
plan. California Department of Water Resources, Sacramento, CA.

Fry, D.L., Stephens, S.L., 2006. Influence of humans and climate on the fire history of a
ponderosa pine-mixed conifer forest in the southeastern Klamath Mountains,
California. For. Ecol. Manage. 223, 428-438.

15

Forest Ecology and Management 500 (2021) 119597

Goergen, E.M., Chambers, J.C., 2009. Influence of a native legume on soil N and plant
response following prescribed fire in sagebrush steppe. Int. J. Wildland Fire 18,
665-675.

Goode, R.W., Gaughen, S., Fierro, M., Hankins, D.L., Johnson-Reyes, K., Middleton, B.R.,
Owl, RedT., Yonemura, R., Lucero, S., Ganion, J., 2018. Summary report from Tribal
and Indigenous communities. In: Fourth Climate Change Assessment. California
Governer’s Office of Planning and Research, California Natural Resources Agency,
and the California Energy Commission, Sacramento, CA.

Greeley, W.B., 2000. “Piute forestry” or the fallacy of light burning. Fire Manage. Today
60, 21-26.

Halpern, A.A., 2016. Prescribed fire and tanoak (Notholithocarpus densifolius) associated
cultural plant resources of the Karuk and Yurok people of California. Dissertation.
University of California, Berkeley, CA.

Hamman, S.T., Dunwiddie, P.W., Nuckols, J.L., McKinley, M., 2011. Fire as a restoration
tool in Pacific Northwest prairies and oak woodlands: challenges, successes, and
future directions. Northwest Sci. 85, 317-328.

Hankins, D., 2009. The effects of indigenous prescribed fire on herpetofauna and small
mammals in two Central Valley California riparian ecosystems. California
Geographer 49, 31-50.

Hankins, D.L., 2013. The effects of indigenous prescribed fire on riparian vegetation in
central California. Ecol. Process. 2, 1-9.

Hankins, D.L., 2015. Restoring indigenous prescribed fires to California oak woodlands.
In: Standiford, R.B., Purcell, K.L. (Eds.), Proceedings of the seventh California oak
symposium: managing oak woodlands in a dynamic world, PSW-GTR-251. USDA
Forest Service Pacific Southwest Research Station, Albany, CA, pp. 123-129.

Harley, F.W., 1918. Letter dated January 30, 1918, from District Ranger F.W. Harley to
the Supervisor of the Klamath National Forest. National Museum of Forest History,
Missoula, MT. http://ppolinks.com/forestservicemuseum/M2000_5_174.pdf.

Harling, W., Tripp, W., 2014. Western Klamath Restoration Partnership: a plan for
restoring fire adapted landscapes. Report for the Klamath National Forest. Mid-
Klamath Watershed Council and the Karuk Tribe. http://www.mkwc.org/files/6814
/3449/6658/2014_WKRP.pdf.

Harrington, J.P., 1932. Tobacco among the Karuk Indians of California. US Government
Printing Office, Washington DC.

Harrington, M.G., Hawksworth, F.G., 1990. Interactions of fire and dwarf mistletoe on
mortality of southwestern ponderosa pine. In: Krammes, J.S. (Ed.), Effects of fire
management of Southwestern natural resources. USDA Forest Service, Rocky
Mountain Forest and Range Experiment Station, Fort Collins, CO, pp. 234-240.

Hart-Fredeluces, G.M., Ticktin, T., Lake, F.K., 2021. Simulated Indigenous fire
stewardship increases the population growth rate of an understorey herb. J. Ecol.
109, 1133-1147.

He, Y., Chen, G., Cobb, R.C., Zhao, K., Meentemeyer, R.K., 2021. Forest landscape
patterns shaped by interactions between wildfire and sudden oak death disease. For.
Ecol. Manage. 486, 118987.

Hill, R., Nates-Parra, G., Quezada-Euan, J.J.G., Buchori, D., LeBuhn, G., Maués, M.M.,
Pert, P.L., Kwapong, P.K., Saeed, S., Breslow, S.J., Carneiro da Cunha, M., Dicks, L.
V., Galetto, L., Gikungu, M., Howlett, B.G., Imperatriz-Fonseca, V.L., O'B. Lyver, P.,
Martin-Lépez, B., Oteros-Rozas, E., Potts, S.G., Roué, M., 2019. Biocultural
approaches to pollinator conservation. Nature Sustain. 2, 214-222.

Huffman, M.R., 2013. The many elements of traditional fire knowledge: synthesis,
classification, and aids to cross-cultural problem solving in fire-dependent systems
around the world. Ecol. Soc. 18 (4), 3.

Hummel, S., Foltz-Jordan, S., Polasky, S., 2012. In: Natural and cultural history of
beargrass (Xerophyllum tenax), PNW-GTR-864. US Department of Agriculture, Forest
Service, Pacific Northwest Research Station, Portland, OR.

Hummel, S., Lake, F.K., Watts, A., 2015. Using forest knowledge: How silviculture can
benefit from ecological knowledge systems about beargrass harvesting sites. In: ,
PNW-GTR-912. US Department of Agriculture, Forest Service, Pacific Northwest
Research Station, Portland, OR.

Huntsinger, L., McCaffrey, S., Watt, L., Lee, M., 1994. A Yurok forest history. Report
presented to the Bureau of Indian Affairs. University of California, Berkeley,
Berkeley, CA. https://nature.berkeley.edu/huntsingerlab-wp/wp-content/uploads/
2013/08/Yurok-Forest-History-1994.pdf.

Jordan, T., 2015. Reciprocity & Hupa woodpeckers. In: California Cultures: A
monograph series v. 2. Land of Oaks Institute, Oakland, CA.

Karuk Tribe and Cultural Solutions, 1999. Karuk forest management perspectives:
interviews with tribal members, Vol. 2: Appendices. Report prepared for USDA
Forest Service, Klamath National Forest. Karuk Tribe, Yreka, CA.

Kauffman, J.B., Martin, R., 1985. A preliminary investigation on the feasibility of
preharvest prescribed burning for shrub control. In: Proceedings of The 6th Forest
Vegetation Management Conference, Redding, CA, pp. 89-114.

Keeley, J.E., McGinnis, T.W., 2007. Impact of prescribed fire and other factors on
cheatgrass persistence in a Sierra Nevada ponderosa pine forest. Int. J. Wildland Fire
16, 96-106.

Kelly, E.C., Charnley, S., Pixley, J.T., 2019. Polycentric systems for wildfire governance
in the Western United States. Land Use Policy 89, 104214.

Kerns, B.K., Day, M.A., 2018. Prescribed fire regimes subtly alter ponderosa pine forest
plant community structure. Ecosphere 9, e02529.

Kimmerer, R., 2011. Restoration and reciprocity: the contributions of Traditional
Ecological Knowledge. In: Egan, D., Hjerpe, E.E., Abrams, J. (Eds.), Human
Dimensions of Ecological Restoration: Integrating Science, Nature, and Culture.
Island Press/Center for Resource Economics, Washington, DC, pp. 257-276.

Kimmerer, R.W., Lake, F.K., 2001. The role of indigenous burning in land management.
J. For. 99, 36-41.


http://refhub.elsevier.com/S0378-1127(21)00687-3/h0080
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0080
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0080
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0085
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0085
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0085
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0095
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0095
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0100
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0100
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0105
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0110
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0110
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0110
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0115
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0115
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0115
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0120
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0120
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0125
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0125
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0125
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0130
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0130
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0135
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0135
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0140
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0145
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0145
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0145
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0150
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0150
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0155
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0155
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0155
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0155
https://karuktribeclimatechangeprojects.files.wordpress.com/2021/03/karuk-prescribed-fire-rpt_final-1.pdf
https://karuktribeclimatechangeprojects.files.wordpress.com/2021/03/karuk-prescribed-fire-rpt_final-1.pdf
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0160
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0160
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0160
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0160
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0170
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0170
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0170
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0175
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0175
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0175
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0180
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0180
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0180
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0185
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0185
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0185
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0190
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0190
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0195
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0195
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0200
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0200
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0205
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0205
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0210
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0210
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0220
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0220
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0220
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0225
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0225
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0225
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0230
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0230
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0230
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0235
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0235
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0240
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0240
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0245
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0245
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0245
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0250
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0250
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0250
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0255
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0255
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0255
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0255
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0255
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0260
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0260
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0265
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0265
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0265
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0270
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0270
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0270
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0275
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0275
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0275
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0280
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0280
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0285
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0285
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0285
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0285
http://ppolinks.com/forestservicemuseum/M2000_5_174.pdf
http://www.mkwc.org/files/6814/3449/6658/2014_WKRP.pdf
http://www.mkwc.org/files/6814/3449/6658/2014_WKRP.pdf
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0300
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0300
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0310
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0310
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0310
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0315
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0315
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0315
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0325
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0325
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0325
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0330
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0330
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0330
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0335
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0335
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0335
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0335
https://nature.berkeley.edu/huntsingerlab-wp/wp-content/uploads/2013/08/Yurok-Forest-History-1994.pdf
https://nature.berkeley.edu/huntsingerlab-wp/wp-content/uploads/2013/08/Yurok-Forest-History-1994.pdf
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0370
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0370
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0370
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0375
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0375
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0380
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0380
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0385
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0385
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0385
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0385
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0390
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0390

J.W. Long et al.

Klenk, N., Fiume, A., Meehan, K., Gibbes, C., 2017. Local knowledge in climate
adaptation research: Moving knowledge frameworks from extraction to co-
production. Wiley Interdiscip. Rev. Clim. Change 8, e475.

Klimaszewski-Patterson, A., Mensing, S., 2020. Paleoecological and paleolandscape
modeling support for pre-Columbian burning by Native Americans in the Golden
Trout Wilderness Area, California, USA. Landscape Ecol. 35, 2659-2678.

Klimaszewski-Patterson, A., Weisberg, P.J., Mensing, S.A., Scheller, R.M., 2018. Using
paleolandscape modeling to investigate the impact of Native American-set fires on
pre-Columbian forests in the southern Sierra Nevada, California, USA. Ann. Am.
Assoc. Geograph. 108, 1635-1654.

Knapp, B.O., Stephan, K., Hubbart, J.A., 2015. Structure and composition of an oak-
hickory forest after over 60 years of repeated prescribed burning in Missouri, U.S.A.
For. Ecol. Manage. 344, 95-109.

Kolden, C.A., 2019. We’re not doing enough prescribed fire in the western United States
to mitigate wildfire risk. Fire 2, 30.

Kremen, C., 2005. Managing ecosystem services: what do we need to know about their
ecology? Ecol. Lett. 8, 468-479.

Kuhnlein, H.V., Receveur, O., 1996. Dietary change and traditional food systems of
indigenous peoples. Annu. Rev. Nutr. 16, 417-442.

Lake, F.K., 2007. Traditional ecological knowledge to develop and maintain fire regimes
in northwestern California, Klamath-Siskiyou bioregion: management and
restoration of culturally significant habitats. Dissertation. Oregon State University,
Corvallis, OR.

Lake, F.K., 2013. Trails, fires and tribulations: tribal resource management and research
issues in Northern California. Occasion: Interdisciplinary. Stud. Humanities 5, 22 p.

Lake, F.K., 2019. A sustainable future for use of Notholithocarpus densiflorus acorns.
International Oaks 30, 283-288.

Lake, F.K., 2021. Indigenous fire stewardship: Federal/Tribal partnerships for wildland
fire research and management. Fire Manage. Today 79 (1), 30-39.

Lake, F.K., Christianson, A.C., 2019. Indigenous fire stewardship. In: Mazello, S. (Ed.),
Encyclopedia of wildfire and Wildland-Urban Interface (WUI) fires. Springer Nature,
Switzerland.

Lake, F.K., Long, J.W., 2014. Fire and tribal cultural resources. In: Long, J.W., Quinn-
Davidson, L.N., Skinner, C.N. (Eds.), Science synthesis to support socioecological
resilience in the Sierra Nevada and southern Cascade Range. USDA Forest Service,
Pacific Southwest Research Station, Albany, CA, pp. 173-185.

Lake, F.K., Parrotta, J., Giardina, C.P., Davidson-Hunt, I., Uprety, Y., 2018. Integration of
Traditional and Western knowledge in forest landscape restoration. In:
Mansourian, S., Parrotta, J. (Eds.), Forest landscape restoration: integrated
approaches to support effective implementation. Routledge, New York, pp. 198-226.

Larson, A.J., Cansler, C.A., Cowdery, S.G., Hiebert, S., Furniss, T.J., Swanson, M.E.,
Lutz, J.A., 2016. Post-fire morel (Morchella) mushroom abundance, spatial structure,
and harvest sustainability. For. Ecol. Manage. 377, 16-25.

LeCompte-Mastenbrook, J.K., 2016. Restoring Coast Salish foods and landscapes: a more-
than-human politics of place, history and becoming. Dissertation. University of
Washington, Seattle, WA.

Lehmann, J., Gaunt, J., Rondon, M., 2006. Bio-char sequestration in terrestrial
ecosystems — a review. Mitig. Adapt. Strat. Glob. Change 11, 403-427.

Leonard, K., Aldern, J.D., Christianson, A., Ranco, D., Thornbrugh, C., Loring, P.A.,
Coughlan, M.R., Jones, P., Mancini, J., May, D., Moola, F., Williamson, G.J., Stoof, C.
R., 2020. Indigenous conservation practices are not a monolith: Western cultural
biases and a lack of engagement with Indigenous experts undermine studies of land
stewardship. EcoEvoRxiv (preprint). https://ecoevorxiv.org/jmvqy/.

Levine, J.I., Collins, B.M., York, R.A., Foster, D.E., Fry, D.L., Stephens, S.L., 2020. Forest
stand and site characteristics influence fuel consumption in repeat prescribed burns.
Int. J. Wildland Fire 29, 148-159.

Lewis, H.T., 1973. Patterns of Indian burning in California: ecology and ethnohistory.
Ballena Press, Ramona, CA.

Lewis, M., Christianson, A., Spinks, M., 2018. Return to flame: reasons for burning in
Lytton First Nation, British Columbia. J. For. 116, 143-150.

Liebmann, M.J., Farella, J., Roos, C.I., Stack, A., Martini, S., Swetnam, T.W., 2016.
Native American depopulation, reforestation, and fire regimes in the Southwest
United States, 1492-1900 CE. Proc. Natl. Acad. Sci. 113, E696-E704.

Lightfoot, K.G., Cuthrell, R.Q., Striplen, C.J., Hylkema, M.G., 2013. Rethinking the study
of landscape management practices among hunter-gatherers in North America.
Amer. Antiq. 78, 285-301.

Lightfoot, K.G., Parrish, O., 2009. California Indians and their environment: an
introduction. Univ. of California Press, Berkeley, CA.

Livingston, A.C., Varner, J.M., Jules, E.S., Kane, J.M., Arguello, L.A., 2016. Prescribed
fire and conifer removal promote positive understorey vegetation responses in oak
woodlands. J. Appl. Ecol. 53, 1604-1612.

Long, J., Gray, A., Lake, F., 2018a. Recent trends in large hardwoods in the Pacific
Northwest, USA. Forests 9, 651.

Long, J.W., Anderson, M.K., Quinn-Davidson, L.N., Goode, R.W., Lake, F.K., Skinner, C.
N., 2016. Restoring California black oak ecosystems to promote tribal values and
wildlife. PSW-GTR-252. USDA Forest Service Pacific Southwest Research Station,
Albany, CA.

Long, J.W., Lake, F.K., 2018. Escaping social-ecological traps through tribal stewardship
on national forest lands in the Pacific Northwest, United States of America. Ecol. Soc.
23, 10.

Long, J.W., Lake, F.K., Goode, R.W., Burnette, B.M., 2020. How traditional tribal
perspectives influence ecosystem restoration. Ecopsychology 12, 71-82.

Long, J.W., Lake, F.K., Lynn, K., Viles, C., 2018b. Tribal ecocultural resources and
engagement. In: Spies, T., Stine, P., Gravenmier, R., Long, J., Reilly, M. (Eds.),
Synthesis of science to inform land management within the Northwest Forest Plan

16

Forest Ecology and Management 500 (2021) 119597

area. USDA Forest Service, Pacific Northwest Research Station, Portland, OR, USA,
pp. 851-917.

Long, J.W., Steel, E.A., 2020. Shifting perspectives in assessing socio-environmental
vulnerability in the United States and Southeast Asia. Sustainability 12, 2625.

Long, J.W., Tarnay, L.W., North, M.P., 2018c. Aligning smoke management with
ecological and public health goals. J. For. 116, 76-86.

Lovell, C., Mandondo, A., Moriarty, P., 2002. The question of scale in integrated natural
resource management. Ecol. Soc. 5, 25.

Lydersen, J.M., Collins, B.M., 2018. Change in vegetation patterns over a large forested
landscape based on historical and contemporary aerial photography. Ecosystems 21,
1348-1363.

Lydersen, J.M., Collins, B.M., Hunsaker, C.T., 2019. Implementation constraints limit
benefits of restoration treatments in mixed-conifer forests. Int. J. Wildland Fire 28,
495-511.

Lynn, K., Daigle, J., Hoffman, J., Lake, F., Michelle, N., Ranco, D., Viles, C.,

Voggesser, G., Williams, P., 2013. The impacts of climate change on tribal traditional
foods. Clim. Change 120, 545-556.

Marks-Block, T., Lake, F.K., Bliege Bird, R., Curran, L.M., 2021. Revitalized Karuk and
Yurok cultural burning to enhance California hazelnut for basketweaving in
northwestern California, USA. Fire Ecol. 17, 6.

Marks-Block, T., Lake, F.K., Curran, L.M., 2019. Effects of understory fire management
treatments on California Hazelnut, an ecocultural resource of the Karuk and Yurok
Indians in the Pacific Northwest. For. Ecol. Manage. 450, 117517.

Marks-Block, T., Tripp, W., 2021. Facilitating prescribed fire in northern California
through Indigenous governance and interagency partnerships. Fire 4, 37.

Mauer, K.W., 2020. Unsettling resilience: colonial ecological violence, Indigenous
futurisms, and the restoration of the Elwha River. Rural Sociology. https://doi.org/
10.1111/ruso0.12365.

McGlone, C.M., Stoddard, M.T., Springer, J.D., Daniels, M.L., Fulé, P.Z., Covington, W.
W., 2012. Nonnative species influence vegetative response to ecological restoration:
Two forests with divergent restoration outcomes. For. Ecol. Manage. 285, 195-203.

McWethy, D.B., Schoennagel, T., Higuera, P.E., Krawchuk, M., Harvey, B.J., Metcalf, E.
C., Schultz, C., Miller, C., Metcalf, A.L., Buma, B., Virapongse, A., Kulig, J.C.,
Stedman, R.C., Ratajczak, Z., Nelson, C.R., Kolden, C., 2019. Rethinking resilience to
wildfire. Nat. Sustain. 2, 797-804.

Metlen, K.L., Skinner, C.N., Olson, D.R., Nichols, C., Borgias, D., 2018. Regional and local
controls on historical fire regimes of dry forests and woodlands in the Rogue River
Basin, Oregon, USA. For. Ecol. Manage. 430, 43-58.

Miller, J.D., Safford, H., 2012. Trends in wildfire severity: 1984 to 2010 in the Sierra
Nevada, Modoc Plateau, and southern Cascades, California, USA. Fire Ecol. 8, 41-57.

Miller, J.D., Skinner, C.N., Safford, H.D., Knapp, E.E., Ramirez, C.M., 2012. Trends and
causes of severity, size, and number of fires in northwestern California, USA. Ecol.
Appl. 22, 184-203.

Nikolakis, W., Roberts, E., 2020. Indigenous fire management: a conceptual model from
literature. Ecol. Soc. 25, 11.

Nikolakis, W., Roberts, E., Hotte, N., Ross, R.M., 2020. Goal setting and Indigenous fire
management: a holistic perspective. Int. J. Wildland Fire 29, 974-982.

Norgaard, K.M., 2019. Salmon and acorns feed our people: colonialism, nature, and
social action. Rutgers University Press, New Brunswick, NJ, ISBN 9780813584225.
https://doi.org/10.36019/9780813584225. https://www.jstor.org/stable/j.
ctvsexrxd.

Norgaard, K.M., Reed, R., Bacon, J., 2017. How environmental decline restructures
indigenous gender practices: what happens to Karuk masculinity when there are no
fish? Sociol. Race Ethnicity 4, 98-113.

North, M.P., York, R.A., Collins, B.M., Hurteau, M.D., Jones, G.M., Knapp, E.E., Kobziar,
L.N., McCann, H., Meyer, M.D., Stephens, S.L., Tompkins, R.E., Tubbesing, C.L.,
2021. Pyrosilviculture needed for landscape resilience of dry Western U.S. forests. J.
For. fvab026.

Norgaard, K.M., Tripp, W., 2019. Karuk climate adaptation plan. Karuk Tribe, Happy
Camp, CA https://www.karuk.us/images/docs/dnr/FINAL KARUK CLIMATE
ADAPTATION PLAN_July2019.pdf.

Norton, H.H., 1979. The association between anthropogenic prairies and important food
plants in western Washington. J. Northwest Anthropol. 13, 175-200.

O’Dell, K., Ford, B., Fischer, E.V., Pierce, J.R., 2019. Contribution of wildland-fire smoke
to US PM2.5 and its influence on recent trends. Environ. Sci. Technol. 53,
1797-1804.

Orr, A., 2014. The effect of prescribed burning on the abundance of Fragaria virginiana
(wild strawberry) and Camassia quamash (blue camas) in Glacial Heritage Preserve.
Western Washington University. https://cedar.wwu.edu/ssec/2014ssec/Day2/316/.

Oswald, W.W., Foster, D.R., Chilton, E.S., 2020a. Native people did not use fire to shape
New England’s landscape. The Conversation. https://theconversation.com/native-
people-did-not-use-fire-to-shape-new-englands-landscape-129429.

Oswald, W.W., Foster, D.R., Shuman, B.N., Chilton, E.S., Doucette, D.L., Duranleau, D.L.,
2020b. Conservation implications of limited Native American impacts in pre-contact
New England. Nat. Sustainability 3, 241-246.

Patterson, T.M., 2014. Ecosystem services. In: Long, J.W., Quinn-Davidson, L.N., Skinner,
C.N. (Eds.), Science synthesis to support socioecological resilience in the Sierra
Nevada and southern Cascade Range. U.S. Department of Agriculture, Forest Service,
Pacific Southwest Research Station, Albany, CA, p. 543-568.

Paudyal, K., Baral, H., Burkhard, B., Bhandari, S.P., Keenan, R.J., 2015. Participatory
assessment and mapping of ecosystem services in a data-poor region: Case study of
community-managed forests in central Nepal. Ecosyst. Serv. 13, 81-92.

Pilz, D., Weber, N.S., Carter, M.C., Parks, C.G., Molina, R., 2004. Productivity and
diversity of morel mushrooms in healthy, burned, and insect-damaged forests of
northeastern Oregon. For. Ecol. Manage. 198, 367-386.


http://refhub.elsevier.com/S0378-1127(21)00687-3/h0395
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0395
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0395
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0400
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0400
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0400
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0405
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0405
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0405
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0405
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0410
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0410
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0410
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0415
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0415
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0420
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0420
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0425
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0425
http://refhub.elsevier.com/S0378-1127(21)00687-3/h902111
http://refhub.elsevier.com/S0378-1127(21)00687-3/h902111
http://refhub.elsevier.com/S0378-1127(21)00687-3/h902111
http://refhub.elsevier.com/S0378-1127(21)00687-3/h902111
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0435
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0435
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0440
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0440
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0445
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0445
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0450
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0450
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0450
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0460
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0460
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0460
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0460
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0465
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0465
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0465
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0470
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0470
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0470
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0475
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0475
https://ecoevorxiv.org/jmvqy/
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0485
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0485
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0485
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0490
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0490
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0495
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0495
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0500
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0500
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0500
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0505
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0505
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0505
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0510
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0510
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0515
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0515
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0515
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0520
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0520
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0525
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0525
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0525
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0525
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0530
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0530
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0530
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0535
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0535
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0545
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0545
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0550
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0550
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0555
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0555
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0560
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0560
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0560
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0565
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0565
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0565
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0570
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0570
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0570
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0575
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0575
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0575
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0580
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0580
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0580
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0585
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0585
https://doi.org/10.1111/ruso.12365
https://doi.org/10.1111/ruso.12365
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0595
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0595
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0595
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0600
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0600
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0600
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0600
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0605
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0605
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0605
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0610
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0610
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0615
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0615
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0615
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0625
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0625
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0630
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0630
https://doi.org/10.36019/9780813584225
https://www.jstor.org/stable/j.ctvscxrxd
https://www.jstor.org/stable/j.ctvscxrxd
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0645
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0645
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0645
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0350
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0350
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0350
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0655
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0655
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0660
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0660
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0660
https://cedar.wwu.edu/ssec/2014ssec/Day2/316/
https://theconversation.com/native-people-did-not-use-fire-to-shape-new-englands-landscape-129429
https://theconversation.com/native-people-did-not-use-fire-to-shape-new-englands-landscape-129429
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0675
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0675
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0675
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0685
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0685
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0685
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0690
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0690
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0690

J.W. Long et al.

Ponisio, L.C., Wilkin, K., M’Gonigle, L.K., Kulhanek, K., Cook, L., Thorp, R., Griswold, T.,
Kremen, C., 2016. Pyrodiversity begets plant-pollinator community diversity. Global
Change Biol. 22, 1794-1808.

Preston, C.A., Baldwin, I.T., 1999. Positive and negative signals regulate germination in
the post-fire annual, Nicotiana attenuata. Ecology 80, 481-494.

Pullen, R.J., 1996. Overview of the environment of native inhabitants of southwestern
Oregon, late prehistoric era. USDA Forest Service Rogue River Siskiyou National
Forest and USDI Bureau of Land Management, Medford, OR.

Reilly, M.J., Dunn, C.J., Meigs, G.W., Spies, T.A., Kennedy, R.E., Bailey, J.D., Briggs, K.,
2017. Contemporary patterns of fire extent and severity in forests of the Pacific
Northwest, USA (1985-2010). Ecosphere 8, e01695.

Roos, C.I., 2020. Scale in the study of Indigenous burning. Nat. Sustainability 3,
898-899.

Roos, C.1., Rittenour, T.M., Swetnam, T.W., Loehman, R.A., Hollenback, K.L., Liebmann,
M.J., Rosenstein, D.D., et al., 2020. Fire suppression impacts on fuels and fire
intensity in the western U.S.: Insights from archaeological luminescence dating in
northern New Mexico. Fire 3, 32.

Roos, C.I., Swetnam, T.W., Ferguson, T., Liebmann, M.J., Loehman, R.A., Welch, J.R.,
Margolis, E.Q., Guiterman, C.H., Hockaday, W.C., Aiuvalasit, M.J., 2021. Native
American fire management at an ancient wildland-urban interface in the Southwest
United States. Proc. Natl. Acad. Sci. 118, e2018733118.

Roos, C.I., Williamson, G.J., Bowman, D.M.J.S., 2019. Is Anthropogenic pyrodiversity
invisible in paleofire records? Fire 2, 42.

Roos, C.I., Zedeno, M.N., Hollenback, K.L., 2018. Indigenous impacts on North American
Great Plains fire regimes of the past millennium. Proc. Natl. Acad. Sci. 115,
8143-8148.

Ross, J., Brawley, S., Lowrey, J., Hankins, D.L., 2008. Creating common ground: a
collaborative approach to environmental reclamation and cultural preservation. In:
Wilmsen, C., Elmendorf, W., Fisher, L., Ross, J., Sarathy, B., Wells, G. (Eds.),
Partnerships for empowerment: participatory research for community-based natural
resource management. Earthscan, London, UK, pp. 105-126.

Ryan, K.C., Jones, A.T., Koerner, C.L., Lee, K.M., 2012. Wildland fire in ecosystems:
effects of fire on cultural resources and archaeology. RMRS-GTR-42-vol. 3. USDA
Forest Service Rocky Mountain Research Station, Fort Collins, CO.

Ryan, K.C., Knapp, E.E., Varner, J.M., 2013. Prescribed fire in North American forests
and woodlands: history, current practice, and challenges. Front. Ecol. Environ. 11,
el5-e24.

Safford, H.D., Harrison, S., 2008. The effects of fire on serpentine vegetation and
implications for management. In: Narog, M.G., tech. coord. (Ed.), Managing fire and
fuels in the remaining wildlands and open spaces of the southwestern United States.
USDA Forest Service, Albany, CA, pp. 321-327.

Schenck, S.M., Gifford, E.W., 1952. Karok ethnobotany. University of California
Anthropological Records 13, 377-392.

Schmidt, H.-P., Hagemann, N., Draper, K., Kammann, C., 2019. The use of biochar in
animal feeding. PeerJ 7, e7373.

Schoennagel, T., Balch, J.K., Brenkert-Smith, H., Dennison, P.E., Harvey, B.J.,
Krawchuk, M.A., Mietkiewicz, N., Morgan, P., Moritz, M.A., Rasker, R., Turner, M.G.,
Whitlock, C., 2017. Adapt to more wildfire in western North American forests as
climate changes. Proc, Natl. Acad. Sci. USA 114, 4582-4590.

Schultz, C.B., Henry, E., Carleton, A., Hicks, T., Thomas, R., Potter, A., Collins, M.,
Linders, M., Fimbel, C., Black, S., 2011. Conservation of prairie-oak butterflies in
Oregon, Washington, and British Columbia. Northwest Sci. 85, 361-388.

Schumacher, E.F., 1973. Small is beautiful: economics as if people mattered. Harper &
Row, New York, NY.

Shebitz, D.J., 2006. The historical role and current restoration applications of fire in
maintaining beargrass (Xerophyllum tenax (Pursh) Nutt.) habitat on the Olympic
Peninsula, Washington State. Dissertation. University of Washington, Seattle, WA.

Shebitz, D.J., Ewing, K., Gutierrez, J., 2009a. Preliminary observations of using smoke-
water to increase low-elevation beargrass Xerophyllum tenax germination. Native
Plants J. 10, 13-20.

Shebitz, D.J., Reichard, S.H., Dunwiddie, P.W., 2009b. Ecological and cultural
significance of burning beargrass habitat on the Olympic Peninsula, Washington.
Ecol. Restor. 27, 306-319.

Shebitz, D.J., Reichard, S.H., Woubneh, W., 2008. Beargrass (Xerophyllum tenax) on the
Olympic Peninsula, Washington: Autecology and population status. Northwest Sci.
82, 128-140.

Sillitoe, P., 1998. Knowing the land: soil and land resource evaluation and indigenous
knowledge. Soil Use Manag. 14, 188-193.

Skinner, C.N., 1995. Change in spatial characteristics of forest openings in the Klamath
Mountains of northwestern California, USA. Landscape Ecol. 10, 219-228.

Skinner, C.N., Abbott, C.S., Fry, D.L., Stephens, S.L., Taylor, A.H., Trouet, V., 2009.
Human and climatic influences on fire occurrence in California’s North Coast Range,
USA. Fire Ecol. 5, 73-96.

Slaton, M.R., Holmquist, J.G., Meyer, M., Andrews, R., Beidl, J., 2019. Traditional
ecological knowledge used in forest restoration benefits natural and cultural
resources: the intersection between pandora moths, Jeffrey pine, people, and fire.
Nat. Areas J. 39 (4), 461-471.

Sloan, K., Hostler, J., 2014. Utilizing Yurok traditional ecological knowledge to inform
climate change priorities. Report to the NW Climate Adaptation Science Center.
Yurok Tribe Environmental Program, Klamath, CA.

Sowerwine, J., Sarna-Wojcicki, D., Mucioki, M., Hillman, L., Lake, F.K., Friedman, E.,
2019. Enhancing food sovereignty: A five-year collaborative tribal-university
research and extension project in California and Oregon. J. Agric. Food Sys.
Community Dev. 9 (2), 167-190.

Spies, T.A., Long, J.W., Charnley, S., Hessburg, P.F., Marcot, B.G., Reeves, G.H.,
Lesmeister, D.B., Reilly, M.J., Cerveny, L.K., Stine, P.A., Raphael, M.G., 2019.

17

Forest Ecology and Management 500 (2021) 119597

Twenty-five years of the Northwest Forest Plan: what have we learned? Front. Ecol.
Environ. 17, 511-520.

Spoon, J., Arnold, R., Lefler, B.J., Milton, C., 2015. Nuwuvi (Southern Paiute), shifting
fire regimes, and the Carpenter One Fire in the Spring Mountains National
Recreation Area, Nevada. J. Ethnobiol. 35, 85-110.

Stephens, S.L., Fry, D.L., 2005. Fire history in coast redwood stands in the northeastern
Santa Cruz Mountains, California. Fire Ecol. 1, 2-19.

Stewart, O.C., 2002. Forgotten fires: Native Americans and the transient wilderness.
University of Oklahoma Press, Norman, OK.

Story, M.T., 1974. Nitrogen fixation by Ceanothus fendleri and Lupinus argenteus as a
function of parent material and vegetal cover. Thesis. University of Arizona, Tucson,
AZ.

Strass, K., 2010. Huckleberry harvesting of the Salish and Kootenai of the Flathead
Reservation. Report for UNDERC West: Practicum in Field Biology. University of
Notre Dame Environmental Research Center, Land O’Lakes, WI.

Taylor, A.H., Trouet, V., Skinner, C.N., Stephens, S., 2016. Socioecological transitions
trigger fire regime shifts and modulate fire-climate interactions in the Sierra
Nevada, USA, 1600-2015 CE. Proc. Natl. Acad. Sci. USA 113, 13684-13689.

Thompson, C.M., Purcell, K.L., 2016. Conditions inside fisher dens during prescribed
fires; what is the risk posed by spring underburns? For. Ecol. Manage. 359, 156-161.

Thompson, L., 1916. To the American Indian: reminiscences of a Yurok woman.
Cummins Print Shop, Eureka, CA.

Thornburgh, D.A., Noss, R.F., Angelides, D.P., Olson, C.M., Euphrat, F., Welsh, H., 2000.
Managing redwoods. In: Noss, R.F. (Ed.), The redwood forest: history, ecology, and
conservation of the coast redwoods. Island Press, Covelo, CA, pp. 229-261.

Trauernicht, C., Brook, B.W., Murphy, B.P., Williamson, G.J., Bowman, D.M.J.S., 2015.
Local and global pyrogeographic evidence that indigenous fire management creates
pyrodiversity. Ecol. Evol. 5, 1908-1918.

Tremblay, R., Landry-Cuerrier, M., Humphries, M., 2020. Culture and the social-ecology
of local food use by Indigenous communities in northern North America. Ecol. Soc.
25, 8.

Trudeau, M., 1996. The short-term effect of fire on Lupinus perennis (L.). Nat. Areas J. 16,
41-48.

Turner, N.J., 1999. “Time to burn™: traditional use of fire to enhance resource production
by aboriginal peoples in British Columbia. In: Boyd, R. (Ed.), Indians, fire and the
land in the Pacific Northwest. Oregon State University Press, Corvallis, OR,
pp. 185-218.

Tushingham, S., Ardura, D., Eerkens, J.W., Palazoglu, M., Shahbaz, S., Fiehn, O., 2013.
Hunter-gatherer tobacco smoking: earliest evidence from the Pacific Northwest
Coast of North America. J. Archaeol. Sci. 40, 1397-1407.

Tveten, R.K., Fonda, R., 1999. Fire effects on prairies and oak woodlands on Fort Lewis,
Washington. Northwest Sci. 73, 145-158.

Underwood, E., 2020. Sacred pollinators: An interview with Frank K. Lake. Flora
Magazine. California Native Plant Society. https://www.cnps.org/flora-magazi
ne/frank-lake-interview-19690.

Vale, T., 2002. Reflections. In: Vale, T. (Ed.), Fire, native peoples, and the natural
landscape. Island Press, Washington DC, pp. 295-302.

Varner, J., Jules, E., Engber, E., Sahara, A., Sullivan, C., Sarr, D., 2012. Ecology of the
Bald Hills and Little Bald Hills of Redwood National Park: An assessment of
vegetation change. Technical Report. National Park Service, Ashland, OR.

Varner, J.M., Jules, E.S., 2017. The enigmatic fire regime of coast redwood forests and
why it matters. In: Standiford, Richard B., Valachovic, Yana (Eds.), Coast redwood
science symposium—2016: Past successes and future direction, PSW-GTR-258.
USDA Forest Service Pacific Southwest Research Station, Albany, CA, pp. 15-18.

Wei, Y., Thompson, M.P., Scott, J.H., O’Connor, C.D., Dunn, C.J., 2019. Designing
operationally relevant daily large fire containment strategies using risk assessment
results. Forests 10, 311.

Welch, J.R., 2012. Effects of fire on intangible cultural resources: Moving toward a
landscape approach. In: Ryan, K.C., Jones, A.T., Koerner, C.L., Lee, K.M. (Eds.),
Wildland fire in ecosystems: Effects of fire on cultural resources and archaeology.
USDA, Forest Service, Rocky Mountain Research Station, Fort Collins, CO, pp.
157-170.

Whitlock, Cathy, Knox, M.A., 2002. Prehistoric burning in the Pacific Northwest: human
versus climatic influences. In: Vale, Thomas (Ed.), Fire, native peoples, and the
natural landscape. Island Press, Washington DC, pp. 195-231.

Whitlock, C., Skinner, C.N., Bartlein, P.J., Minckley, T., Mohr, J.A., 2004. Comparison of
charcoal and tree-ring records of recent fires in the eastern Klamath Mountains,
California, USA. Can. J. For. Res. 34, 2110-2121.

Whyte, K., 2018. Critical investigations of resilience: a brief introduction to Indigenous
environmental studies & sciences. Daedalus 147, 136-147.

Wildland Fire Leadership Council, 2014. The National Strategy: the final phase in the
development of the National Cohesive Wildland Fire Management Strategy. US
Departments of Agriculture and Interior, Washington, DC.

Willette, M., Norgaard, K., Reed, R., Tribe, K., 2016. You got to have fish: families,
environmental decline and cultural reproduction. Families, Relationships Societies 5,
375-392.

Williams, G.W., 2005. References on the American Indian use of fire in ecosystems.
Natural Resources Conservation Service, pp. 1-130. https://www.nrcs.usda.gov/Inte
rnet/FSE_DOCUMENTS/nrcs144p2_051334.pdf.

Willot, P.-A., Aubin, J., Salles, J.-M., Wilfart, A., 2019. Ecosystem service framework and
typology for an ecosystem approach to aquaculture. Aquaculture 512, 734260.

Wray, J., Elle, E., 2017. Pollen preference of two Andrenid bees in British Columbia’s
oak-savannah ecosystem. J. Entomol. Soc. B. C. 113, 39-48.


http://refhub.elsevier.com/S0378-1127(21)00687-3/h0695
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0695
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0695
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0700
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0700
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0710
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0710
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0710
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0715
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0715
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0725
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0725
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0725
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0725
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0730
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0730
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0735
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0735
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0735
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0740
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0740
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0740
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0740
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0740
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0745
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0745
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0745
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0750
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0750
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0750
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0760
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0760
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0765
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0765
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0770
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0770
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0770
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0770
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0775
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0775
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0775
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0780
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0780
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0785
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0785
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0785
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0790
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0790
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0790
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0795
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0795
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0795
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0800
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0800
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0800
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0805
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0805
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0810
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0810
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0815
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0815
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0815
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0820
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0820
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0820
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0820
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0830
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0830
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0830
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0830
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0835
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0835
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0835
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0835
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0840
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0840
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0840
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0845
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0845
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0850
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0850
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0855
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0855
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0855
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0860
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0860
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0860
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0865
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0865
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0865
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0870
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0870
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0875
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0875
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0880
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0880
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0880
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0885
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0885
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0885
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0890
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0890
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0890
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0900
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0900
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0905
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0905
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0905
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0905
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0910
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0910
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0910
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0915
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0915
https://www.cnps.org/flora-magazine/frank-lake-interview-19690
https://www.cnps.org/flora-magazine/frank-lake-interview-19690
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0925
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0925
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0930
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0930
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0930
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0935
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0935
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0935
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0935
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0940
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0940
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0940
http://refhub.elsevier.com/S0378-1127(21)00687-3/optIFli03oT2w
http://refhub.elsevier.com/S0378-1127(21)00687-3/optIFli03oT2w
http://refhub.elsevier.com/S0378-1127(21)00687-3/optIFli03oT2w
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0955
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0955
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0955
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0960
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0960
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0965
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0965
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0965
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0970
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0970
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0970
https://www.nrcs.usda.gov/Internet/FSE_DOCUMENTS/nrcs144p2_051334.pdf
https://www.nrcs.usda.gov/Internet/FSE_DOCUMENTS/nrcs144p2_051334.pdf
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0980
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0980
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0985
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0985

J.W. Long et al. Forest Ecology and Management 500 (2021) 119597

Wynecoop, M.D., Morgan, P., Strand, E.K., Sanchez Trigueros, F., 2019. Getting back to Program. https://ibis.geog.ubc.ca/biodiversity/factsheets/pdf/Sanicula_arctopo
fire sumés: exploring a multi-disciplinary approach to incorporating traditional ides.pdf.
knowledge into fuels treatments. Fire Ecol. 15, 17. Zimmerman, G.T., Laven, R.D., 1987. Effects of forest fuel smoke on dwarf mistletoe
Zevit, P., Fairbarns, M., 2010. Snake-root sanicle (Sanicula arctopoides). In: BC’s Coast seed-germination. Great Basin Nat. 47, 652-659.

Region: Species & Ecosystems of Conservation Concern. South Coast Conservation

18


http://refhub.elsevier.com/S0378-1127(21)00687-3/h0990
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0990
http://refhub.elsevier.com/S0378-1127(21)00687-3/h0990
https://ibis.geog.ubc.ca/biodiversity/factsheets/pdf/Sanicula_arctopoides.pdf
https://ibis.geog.ubc.ca/biodiversity/factsheets/pdf/Sanicula_arctopoides.pdf
http://refhub.elsevier.com/S0378-1127(21)00687-3/h1000
http://refhub.elsevier.com/S0378-1127(21)00687-3/h1000

	The importance of Indigenous cultural burning in forested regions of the Pacific West, USA
	1 Introduction
	1.1 Calls for increased use of fire
	1.2 Intent and scope of this review
	1.3 Evolving debates over the past influence of Indigenous burning
	1.4 Definition and objectives of cultural burning
	1.5 Present-day priorities

	2 Ecosystem services frameworks
	2.1 Millenium ecosystem assessment framework and revisions
	2.2 Services for ecosystems and other modifications to better reflect Indigenous worldviews
	2.3 Non-material cultural services
	2.3.1 Maintenance of lifeways
	2.3.2 Transmission of knowledge
	2.3.3 Ceremonies and spiritual well-being
	2.3.4 Sense of place especially at gathering sites

	2.4 Material cultural-provisioning services
	2.4.1 Plants and fungi used for foods, medicines, and materials
	2.4.2 Harvest of animals
	2.4.3 Multiple dimensions of material productivity
	2.4.4 Non-substitutable effects of fire on provisioning services
	2.4.5 Managing fire frequency to enhance provisioning services

	2.5 Regulating and supporting services
	2.5.1 Species biodiversity
	2.5.2 Ecosystem biodiversity
	2.5.3 Pollination
	2.5.4 Regulating pests and diseases
	2.5.5 Soil health
	2.5.6 Enhanced hydrology
	2.5.7 Wildfire regulation


	3 Implications for management and research
	3.1 Recognizing the many ecological and social benefits of cultural burning
	3.1.1 Holistic understanding of overlapping benefits for social-ecological well-being
	3.1.2 Promoting diverse fire mosaics

	3.2 Addressing challenges between Indigenous objectives and government agency objectives
	3.2.1 Addressing policy constraints on cultural burning
	3.2.2 Recognizing that thinning complements, but does not substitute for, cultural burning
	3.2.3 Avoiding negative effects
	3.2.4 Explaining the relevance of services

	3.3 Addressing limitations of paleoecological research
	3.4 Addressing shortcomings of controlled experiments
	3.5 Establishing long-term collaborative studies

	4 Conclusions
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Acknowledgments
	References




