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Local-scale human—environment relationships are fundamental to energy sovereignty, and in many
contexts, Indigenous ecological knowledge (IEK) is integral to such relationships. For example, Tribal
leaders in southwestern USA identify firewood harvested from local woodlands as vital. For Diné people,
firewood is central to cultural and physical survival and offers a reliable fuel for energy embedded in local
ecological systems. However, there are two acute problems: first, climate change-induced drought will
diminish local sources of firewood; second, policies aimed at reducing reliance on greenhouse-gas-
emitting energy sources may limit alternatives like coal for home use, thereby increasing firewood
demand to unsustainable levels. We develop an agent-based model trained with ecological and
communitygenerated ethnographic data to assess the future of firewood availability under varying
climate, demand and IEK scenarios. We find that the longterm sustainability of Indigenous firewood
harvesting is maximized under low-emissions and low-to-moderate demand scenarios when harvesters
adhere to IEK guidance. Results show how Indigenous ecological practices and resulting ecological legacies
maintain resilient socio-environmental systems. Insights offered focus on creating energy equity for
Indigenous people and broad lessons about how Indigenous knowledge is integral for adapting to climate
change.

This article is part of the theme issue ‘Climate change adaptation needs a science of culture’.
1. Introduction

The world is undertaking a global energy transition in its attempt to stem emissions from the burning of
fossil fuels [1,2]. Just as people who face the direst consequences of anthropogenic climate change
contributed least to its cause [3—7], so are marginalized communities at most risk of accruing more costs
than benefits during this energy transition [8—10]. However, these same communities often hold place-
and culturally appropriate expertise relevant to adapting to ecological change due to shifting climate
conditions.

Indigenous communities throughout the world are at higher risk of environmental hazards from climate
change compared with other demographics due to a suite of vulnerability factors, including political
marginalization, economic and health inequality, and diminishment of access to traditional lands that
constrain possibilities for making a living [11,12]. At the same time, many such communities’ long tenure
in place mean they hold intergenerational expertise about how to understand and adapt to local
environmental change and continuously engage in adaptive processes that derive from that expertise [13—
15]. Knowledge and practice developed over generations of interactions tethered to specific places and
environments is integral to cultural adaptations to climate change since such knowledge represents
adaptive strategies tested against past times of change. Such knowledge is often referred to as Indigenous
Ecological Knowledge (IEK) [16—20]. This paper explores the conditions that either facilitate or prohibit
communities from successfully applying community-held expertise, such as IEK, to adapt to climate
change.

The dynamics between national energy policy, trends in energy economics, and issues around Indigenous
land tenure and Tribal sovereignty converge to create a landscape where IEK practitioners may be helped
or hindered. On one hand, sovereignty over traditional lands and land-based practices allow Indigenous
communities to maintain access to traditional resources [21-26]. Around the world, movements to return
traditional lands to the jurisdiction of Indigenous governance or to co-manage such lands has been on the
rise in recent decades [27,28]. On the other hand, national energy policies and economics tend to focus
on industrialized energy sources, creating obstacles to adaptive strategies that incorporate traditional



energy sources. Energy is a key resource often exported from Native lands while community members
themselves struggle to meet energy needs due to a combination of historically forced reliance on—and
disenfranchisement from—industrialized energy systems, particularly (but not limited to) fossil fuels [29—
31]. Energy is intertwined with issues of access, traditional cultural practice and knowledge, and
continuing fights to achieve energy sovereignty [30-32]. Community-based adaptations are diverse, and
often include weaving the application of new technologies with longheld knowledge and practice. Much
discussion focuses on the development and deployment of new technologies, such as those that generate
electricity from solar panels. This discourse often overlooks the enduring role of IEK as an element of
climate adaptation, and mitigation. Firewood and charcoal are an important source of traditional energy
that roughly a third of the world relies on [33]. Importantly, firewood is fundamental to IEK-based
practices and Indigenous self-determination [32,34,35]. And, critically, the woodlands upon which
individuals rely are threatened by climate change [36,37].

Our work on the northern part of Navajo Nation and surrounding lands exemplifies these dynamics. Here
we examine convergent influences of climate change and energy policy on Diné wood-hauling practices.
We begin by describing the cultural and ecological context of wood hauling in northern Diné communities.
We explore local expertise, collected through ethnographic methods and previous analysis, about the
influence on IEK exerted by exogenous factors of climate change and shifting trends in the energy industry.
Finally, we present the results of an agent-based modelling (ABM) experiment, trained with the expertise
contributed by Diné Tribal members, current environmental conditions, and projected future climate
scenarios to explore the conditions where IEK facilitates adaption to changing conditions by promoting
sustainable firewood harvesting and healthy woodland ecosystems into the future.

2. Geographical, cultural and climate context of wood hauling

Diné ‘woodhaulers’—the local term for folks who gather their own firewood from regional woodlands and
forests— are situated in a diverse and dynamic ecological, cultural and economic context. Prior to the
arrival of European explorers, and later Euro-American colonists, Diné people moved seasonally among a
variety of ecological contexts ranging across arid canyons and plateaus to alpine forests, alongside
numerous neighbouring Indigenous cultures. These traditional lands include large portions within the
current political boundaries of Utah, Arizona, Colorado and New Mexico within the USA. Successive waves
of Euro-American expansion into the region spurred ever-increasing limits on access to traditional lands
for Indigenous people, enforced by numerous colonial practices. These practices include many codified
by varying levels of non-Indigenous governments (for a more expansive treatment of this history, see
[32]). Although IEK continues to evolve, the ability of IEK practitioners to fully exercise this knowledge is
constrained by a suite of structurally discriminatory social geographies, policies and practices. For
example, the reservation system distances people from traditional lands, and government systems (such
as state and federal land management) frequently further disenfranchises people. The legal requirement
for firewood permits is one example [32].

Figure 1. Biomass—the total amount of plant material—in pinyon-juniper woodlands will decrease in the
coming decades [41,47]. The dashed line shows what is likely under a low climate change future scenario
if human society drastically reduces global CO2 emissions. The black line shows what is likely under a high
climate change future scenario if global CO2 emissions continue at current rates. Further detail about how
these scenarios are derived is given in electronic supplementary material S2, §3.1.1.



Firewood (chizh in Diné) is an important aspect of the energy economy of Diné, providing a medium for
participation in local ecology—mediated through IEK—as well as a primary source of household energy.
Two types of trees provide most of the firewood harvested; pinyon (called chad’ol in Diné, Pinus edulis)
and juniper (frequently called cedar in English, or gad in Diné, Juniperus spp). In many Diné households,
particularly in the northern and western parts of Navajo Nation, firewood is supplemented with coal to
fully meet energy needs. This dynamic between the burning of coal and firewood is complex: many Diné
acknowledge a reluctance to burn coal at home because of the well-known negative environmental and
health effects [38], but at the same time, it is often the only accessible option, in combination with
firewood, to meet household needs. Many rural Diné households are not connected to the electrical grid
[39], and meeting home energy needs via household solar is frequently not sufficient to maintain the high-
energy draw of heating. A coal mining complex on Black Mesa, Arizona, including what were known as the
Black Mesa and Kayenta Mines, provided public coal fields beginning in the 1970s. Diné, along with
neighbouring Hopi households, from the region gathered coal from these public piles and purchased coal
by the truckload for relatively low cost (approx. 70-100$/truckload, depending on the weight). This coal
provided cheap and reliable fuel to burn in household appliances to supplement firewood. The last mining
operation on Black Mesa closed in late 2019 and the public piles were shuttered. Although ongoing efforts
seek to add electrical capacity to Diné households by connecting them to existing electrical grids or
donating off-grid household photovoltaic systems, these efforts fall far short of supplanting the need for
burning solid fuels. Gridded electricity is still absent from large swaths of Navajo Nation, and participants
in this study reported frequent outages even where connections exist. Household photovoltaic solar
systems are often promoted as an energy solution; however, study participants report that low-energy
generating capacity of many such systems means that high-draw appliances such as those involved with
heating cannot be supported by current installations. Also, although numerous non-profits match
donations of off-grid solar power technology to households in need, a lack of capacity for tending to
ongoing maintenance results in short lifespans for these systems. Many of these investments, while
welcomed and often desired by Diné community members, are also frequently not community-generated.
Study participants cite some hope for adopting solar technologies, but nearly all believe that firewood is
the most reliable and culturally appropriate way to ensure homes are kept warm and ceremonies are able
to continue. Thus, under current conditions, without coal readily and cheaply available, the demand for
firewood increases. Firewood harvest practices that adhere to IEK involve avoiding the harvest of green
wood and provide for sustainable resource use; however, the increasing pressure on woodland resources,
coupled with the climate-driven decrease in those resources over time, may limit the ability to practice
IEK in the absence of viable alternatives such as accessing additional woodlands, decreasing energy needs
or supplementing firewood with other energy sources.

In addition to systemic political and social restrictions to accessing firewood, climate change is also
impacting regional woodlands in ways that will reduce future potential firewood harvest. Drought has
already instigated a series of arboreal mortality events in the pinyon-juniper woodlands of southeast Utah
in the last two decades [40] and such conditions are expected to continue and intensify in this century
[41-47]. Our prior work shows that live biomass in pinyon-juniper woodlands in San Juan County, Utah,
are expected to decrease between 13 and 21% by the end of this century, including in places important
to Diné wood haulers (figure 1, [41,47]). Increasing drought conditions also impact Diné communities in
myriad additional ways. Many elders note decreasing snowfall, increasing dust and wind storms,
decreasing plant and animal diversity, and decreasing availability of surface water across Navajo Nation
[48].



Shifts in temperature and precipitation patterns are predicted to bring substantial consequences for the
world’s arboreal ecosystems, especially arid forests and woodlands [49]. Woody biomass from the pinyon-
juniper woodlands is distributed heterogeneously throughout the study region. While the distribution of
biomass influences where people harvest firewood, other social, economic and cultural factors, including
the application of IEK, also dictate where firewood is harvested. We consider these factors as part of a
broad human-ecological system which, in this case, forms the basis of decisions people make about when
and where to harvest firewood.

We examine the potential of energy-oriented IEK to buffer Indigenous communities against climate-
induced threats to energy security and sovereignty. Using a mixed methods approach, we

(i) detail a system of interactions between people and woodlands mediated through IEK,
including how this system is likely to be impacted by climate change,
(ii) demonstrate how IEK, when free of constraints in application, creates adaptive outcomes

for human-ecological systems, and

(iii) explore how changes in demand caused by broader energy transitions impact the ability
to adhere to IEK and thus, practice and develop locally appropriate climate adaptation
practices.

3. Methods

Figure 2. We explore how IEK and energy transitions influence energy security and sovereignty through a
systems model summarized in this figure. The distribution of harvestable wood on the landscape
influences where people harvest firewood. Climate change will lead to decreased tree growth in
woodlands where firewood is gathered over the next century, causing changes to the distribution of
harvest. IEK also influences the distribution of firewood harvest through informing the condition of trees
that are appropriate for harvest. The local consequences of national energy policy and economics
influence the distribution and intensity of firewood harvest by influencing access to alternative energy
sources such as coal. The ability of individuals to access firewood through harvest influences individual
energy security. Finally, the dynamics of this system influence energy sovereignty alongside other factors
beyond this framework.

This study was initiated by the native-lead non-profit organization, Utah Diné Bikéyah (UDB), who was
informed about the importance of firewood to traditional lifeways of the region’s Tribes through a series
of elder interviews begun in 2009. Academic researchers and UDB formed a collaborative team that
included IEK experts, wood haulers, geographers, biologists, atmospheric scientists, environmental justice
scholars and anthropologists. Representatives from these teams comprise the authorship of this paper.
Community members whose lived experiences and IEK involve wood hauling guided the development of
the methods and provided iterative feedback, facilitating a community-based approach to the
conventional ethnographic methods described below. Our methods and results sections first report on
our community-based ethnographic data collection, followed by the ABM experiment. A schematic of how
data collected interfaces with the ABM and conceptual interpretations is given in figure 2. Essentially, we
combine ecological and ethnographic models, trained by empirical observations, to explore how
adherence to IEK might impact future outcomes for Diné communities and pinyon-juniper woodlands.

(a) Compiling expertise of Diné wood haulers



We apply mixed methods to quantify the shifting access to energy for Diné over time and contextualize
these dynamics in the cultural, historical, economic and ecological legacy in which they occur. Through
this combined approach, we describe how IEK operates in ways that provide adaptive flexibility [50], but
which is also constrained by ongoing exogenous factors such as the combined impacts of climate change
and shifts in industrial energy economy.

Tribal members communicated their knowledge and experience about firewood harvest and use through
9 interviews, 120 survey responses and 54 focal follows. Both the University of Utah Institutional Review
Board (IRB no. 00090654) and the Navajo Nation Human Research Review board reviewed the study,
including sample questionnaires, and exempted the study from specific oversight. A cultural resources
investigation permit was approved by the Navajo Nation Heritage and Historic Preservation Department
(permit no. C18024-E). The Navajo Utah Commission also passed a resolution in support of this research
(resolution no. NUCFEB-714-18). Surveys asked respondents to quantify wood harvest and uses by species
and to map wood harvest areas in relation to home sites. Survey information was digitized from paper
forms into excel spreadsheets and GIS software. Semi-structured interviews were conducted to explore
ideas and experiences related to wood harvest, and were recorded and transcribed then coded and
compiled using NVivo [51]. Focal follows (where researchers joined wood haulers as they harvested wood)
allowed for the collection of directly observed information and in situ informal interviews. This
information included details of IEK and its application, species selection and quantified aspects of wood
harvesting such as travel times, the amount of wood per load, and more details about species selection.
These data inform both qualitative and quantitative aspects of firewood harvest.

The primary findings from this work involve characterizing the main expressions of IEK in the practice of
firewood harvest and community experiences on the impact of the closing coal mine on firewood demand.
Details on data flows used in the model are given in the electronic supplementary material S2, §5.

(b) Agent-based modelling of firewood harvest decisions given changes in exogenous variables

To understand complex emergent patterns in how changes in the supply of woody biomass, increasing
levels of demand driven by energy transitions, and adherence to IEK impact the pinyon-juniper woodlands
and household energy security for wood haulers, we employ an agent-based modelling (ABM) approach
[52-54]. We felt this the most appropriate modelling tool given the ability of ABMs to: (i) incorporate
spatial variation in vegetation distributions, which is necessary for understanding emergent outcomes for
species selection and travel costs; (ii) track emergent outcomes for both woodland and human agent
populations, including spatial dimensions; and (iii) be easily adaptable to future analyses which add
dynamics that we or other scholars might wish to explore. Using Netlogo [55], we constructed the ABM
to enable interactions between tree populations and firewood harvesting dynamics where we examine
the effect of a range of levels of adherence to IEK as demand and supply varies. Electronic supplementary
material S1 provides a Netlogo file and electronic supplementary material S2 provides an Overview,
Design Concepts and Details summary (ODD, following the standard set by Grimm et al. [56-58]). Key
independent variables in the model are IEK (valuation of live wood), demand (impact of addition or loss
of alternate energy streams) and climate-driven supply. Climate-driven supply is estimated as the impact
on live biomass resulting from three possible CO2 emission scenarios: (i) stable supply, (ii) supply
diminished to an extent possible in a low climate change scenario (the dashed line in figure 1), and (iii)
supply diminished to the extent possible in a high climate change scenario (the solid line in figure 1).



Section 3.1 in electronic supplementary material S2 offers greater detail of how climate change induced
decreases in biomass are operationalized in the ABM.

The model is trained with empirical observations and community-reported information including which
species are the primary focus of firewood harvest and the average amount of wood needed per year
(reported below and in [32]). Validation of the model was conducted by observing the minimum time
intervals required for each state to reach equilibrium and choosing those parameters as reasonable for
model runs. Additional validation measures involved perturbing variables beyond designed ranges and
observing whether model outcomes violated theoretical expectations. Further detail about model
validation are given in electronic supplementary material S2. Owing to stochasticity in woodland initiation,
tree recruitment, tree death and tree growth, 100 model runs are conducted for each combination of the
independent variables: (i) level of adherence to IEK, (ii) variation in demand for firewood, and (iii) variation
in firewood supply. The experiment therefore consists of 270 model runs. Outputs from the model runs
were compiled into comma delimited values and imported into R for analysis (electronic supplementary
material S3 contains the data table; [59]). The response variables examined are: (i) the proportion of
foragers in the model meeting their firewood demand, (ii) the distance travelled by foragers as they access
firewood (a proxy for cost of harvest), (iii) the total biomass and mean live tree age of pinyon, and (iv) the
total biomass and live tree age of juniper. Output variables are evaluated using standard response plots.
For more detailed descriptions of the model, see electronic supplementary material 1:4.

4. Results
(a) Ethnographic findings

Firewood-related IEK is embedded in a suite of human-ecological connections to the woodlands where
wood is harvested. One aspect of IEK relates to selecting wood appropriate for burning as firewood, as
exemplified in one interviewee’s statement, ‘we don’t bother the live trees’. All practitioners interviewed,
surveyed, or who participated in focal follows reported that firewood should only be taken from dead
wood, ideally from recently deceased trees which are frequently recently fallen, but sometimes still
standing. The collection of live wood is acceptable only for specific construction and ceremonial purposes
and is taboo when the use is for firewood. Despite this taboo, some Diné wood haulers shared that they
have observed the harvest of live trees for firewood. Most of these observations were reported to occur
on Tribal lands in regions where woodland cover is extremely limited. We interpret this contradiction as
stemming from the exact convergence of factors we seek to explore— limited supply combined with high
demand. Travel costs to woodlands where firewood is available are frequently high (up to 120 km, [32]),
and to harvest a truckload of firewood requires a substantial investment in time and resources. The costs
of harvesting firewood are multiplied by the number of trips required to meet each year’s needs, reported
by survey respondents to be seven truckloads on average. In areas where people have little alternative
for heat, and little opportunity to pay the costs associated with alternatives, people are more likely to
abandon IEK out of necessity.

In early 2019, wood haulers alerted us to the planned closure of the public coal piles at the Kayenta mine,
scheduled and eventually executed in autumn of 2019. Study participants expressed deep concern about
the implication of this closure for people’s ability to meet their energy needs as well as the potential
impact of the likelihood that many would make up the resulting shortfall by increasing their demand for
firewood or simply be cold. One interviewee notes, ‘[...] how’s everybody gonna stay warm during the
winter now since there’s no more [coal]? [...] all we’re using is just the wood [...], and it’s okay but like, it



doesn’t stay on and stay warm for quite a long time.’ The interviewee refers to the fact that many people
rely on coal not only to reduce their need for firewood, but to also reduce the amount of fire tending
required when coal is available. Many use longer-burning coal in home heating appliances overnight to
ensure consistent heating while asleep.

We operationalized two aspects of this community expertise into our ABM: (i) that full adherence to IEK
involves the harvest only of dead wood for firewood and (ii) that reducing access to coal for home heating
would increase demand for firewood.

(b) Agent-based model results

The results of each ABM scenario are summarized in figure 3. Values show the yearly mean over all runs
in each model scenario. For each parameter combination, we are interested in identifying outcomes
where (i) harvesters are able to meet their needs, while (ii) paying the lowest travel costs, and where (iii)
woodland biomass persists into the future. Below we unpack these outcomes relative to the main
parameter combinations relating IEK, climate-driven supply and household demand.

Figure 3. Patterning in the mean annual response variables given different levels of IEK adherence and
variation in supply and demand. The demand for firewood varies on the x-axis across the three IEK
scenarios. Supply varies on the y-axis as a function of emissions scenario, where ‘stable’ refers to a
scenario without climate change (the highest supply level), ‘low’ refers to a low-emissions scenario where
supply is only reduced slightly, and ‘high’ refers to a high-emissions scenario where supply is reduced
substantially. Coloured dots in each parameter space represent measures for the outcome variable shown
to the right of each row.

(i) Meeting household need

The proportion of foragers meeting their household need is maximized under scenarios with greater
adherence to IEK, when climate is stable or experiencing low-level climate change, and when demand is
low. Importantly, strict adherence to IEK practices results in all or nearly all households meeting demand
under all but the most pessimistic climate and demand scenario combinations. Additionally, nearly all
households can meet their need under low community demand scenarios even when emissions are high
and IEK practices are not followed. This suggests that access to alternative energy sources can successfully
mitigate failures to curb global emissions and a lack of adherence to IEK.

(ii) Acquisition costs

Long-term travel costs are minimized under scenarios where individuals adhere strictly to IEK, climate is
stable or experiencing low-level climate change, and demand is low. The highest average travel costs are
incurred under strict IEK, the high climate change scenario and high demand. This result emerges due to
the climate- and demand-driven constraints on the availability of dead wood, which forces individuals
following IEK to travel further, indicating potential conflict between preferred harvesting strategies and
economic self-interest, and thus a scenario where IEK is unlikely to be able to be maintained. Interestingly,
travel costs are moderate to high under all scenarios when harvesters do not adhere to IEK, because
harvesting live wood results in local deforestation radiating out from the central place, thereby requiring
longer, and longer travel times through model runs. Keeping demand lower appears to have the greatest
effect on keeping travel times low.



(iii) Woodland biomass

Long-term pinyon and juniper biomass is greatest under scenarios where agents strictly adhere to IEK,
and climate is stable or experiencing low-level climate change. This suggests that woodland health
benefits most from IEK practices. Biomass is lowest under scenarios where wood haulers remove live
wood, especially when demand and climate change are at high levels. Interestingly, the greatest pinyon
biomass emerges under high IEK, stable climate and high-demand scenarios. The greatest juniper biomass
similarly emerges under high IEK, and high demand, but under the low climate change scenario. This
suggests a complex dynamic where IEK can promote woodland health even under pessimistic future
scenarios.

5. Discussion
(a) Implications for future socio-environmental systems in pinyon-juniper woodlands

Results indicate that both woodlands and wood haulers do better over the long term if harvesting
strategies follow IEK, especially if global greenhouse gas emissions and local demand for wood are
lowered. Importantly, this socio-environmental system appears resilient even under the high climate
change scenario, at least within the projections of biomass considered here (and long-term biomass
projections are generally quite uncertain in the USA, [47]), as long as harvesting incorporates IEK to focus
on dead wood and demand is kept to current or lowered levels. In this local context, keeping demand low
may necessitate a suite of solutions that should include improvements to home structures to increase
energy efficiency, planning for an increase in access to both short- and long-term alternative household
energy sources when retiring conventional sources such as coal, and facilitating the practice and
transmission of IEK. These dynamics are complex and elaborated on usefully for Navajo Nation elsewhere
(e.g. [31,32,44,60]). The central point of this paper is that IEK is a necessary component of an actively
adaptive human—environment system in pinyon-juniper woodlands.

Additionally, as long as demand is kept to current or lower levels, and wood haulers mostly adhere to IEK-
informed strategies, then individuals will experience lower average long-term acquisition costs. This is
because strategies that ignore IEK and take standing live wood deplete local stands, resulting in longer
average travel times over the long term. This finding suggests that wood haulers benefit in the long run
by following IEK, despite the short-term costs of having to travel further. The woodlands themselves
benefit as well since biomass persists best with IEK, suggesting this socio-environmental system may result
from long-term coevolutionary dynamics common in other regions [61-64].

(b) Indigenous ecological knowledge as adaptive practice that supports energy security and sovereignty

As discussed above, Diné wood hauling today exists in a complex economic and political landscape that
marginalizes Diné communities from ‘industrialized’ energy sources. However, it would be inaccurate to
cast this marginalization solely in a framework of ‘energy poverty’ [65] because of the strong cultural
values associated with firewood. These cultural values range across important aspects of Diné identity
(without firewood, we would not be Diné) to concerns about the environmental impacts of industrialized
energy sources [66]. IEK is embedded in these cultural values and sustains a system wherein Diné cultural
identity, including firewood harvest and use, can be sustained. Because of how IEK sustains characteristics
of this human-ecological system, Diné wood haulers can depend on access to firewood even as access to
other energy sources for household use are unreliable. Up till now, the reliability of firewood supports



energy security by allowing individuals to heat their homes in culturally relevant ways. Firewood buffers
the risk of energy shortfalls when electricity or other resources are economically or institutionally out of
reach, due to unaffordability and disenfranchisement from systems of industrialized energy
infrastructure, respectively. When sovereignty is defined as being driven by self-determination, culturally
appropriate energy sources such as firewood, sustained through IEK-driven practice is integral to
sovereignty. Thus, when exogenous forces push people to abandon IEK out of necessity for meeting short-
term needs, both energy security and sovereignty are at risk.

Exogenous factors can help to relieve the pressures that may push people away from IEK. Such factors can
include those directly related to global efforts to decarbonize while supporting marginalized communities,
such as the Interagency Working Group on Coal & Power Plant

Communities & Economic Revitalization [67] which identifies the very communities represented by this
work as eligible for investment in new economic opportunities in the wake of departing fossil-fuel-based
economic engines. The present work suggests that such an intervention, a climate adaptation itself on the
national scale, will succeed best if it is applied by those who know how to weave it with ongoing cultural
processes such as IEK. These successes would likely be measured in outcomes far beyond the economic
and ecological ones mostly mentioned here. The details we explore in this paper capture only some
dimensions of how Diné households respond to these continued and increasing pressures on their energy
and cultural systems. Weaving IEK as a form of cultural identity integral to the future would shift the heavy
psychological and emotional burden carried by Diné—and many other Native communities—to an
empowering form of both continued cultural life and a significant contribution to the global community
as we grapple with how to confront climate change. Such culturally informed practices are not limited to
the harvest of firewood guided by IEK, but extend to how firewood is shared throughout communities,
supported by the relationships tended by ceremonies, hauling wood together and numerous other
important activities.

In addition to the ways in which fostering IEK promotes desirable outcomes for human communities, it
also may mitigate impacts of climate change on arboreal ecosystems. The ability of the world’s forests
and woodlands to sustain their function as carbon sinks while undergoing climate-induced change is
currently unclear [41]. The role of local human— woodland interactions continues to be debated, but
frequently focuses on land-use change [68,69] rather than the importance of maintaining human-
ecological legacies [70]. Our findings support the notion that IEK-informed woodland management
strategies will not only yield the most desirable humanitarian outcomes, but also sustain important
characteristics of a resilient woodland ecosystem. Decisionmakers at all levels should consider how the
consequences of larger trends may produce conditions that reduce the likelihood of IEK practitioners to
succeed in maintaining necessary elements of human-ecological legacies.

Ethics. Utah Institutional Review Board (IRB no. 00090654) and the Navajo Nation Human Research
Review board reviewed the study, including sample questionnaires, and exempted the study from specific
oversight. A cultural resources investigation permit was approved by the Navajo Nation Heritage and
Historic Preservation Department (permit no. C18024-E). The Navajo Utah Commission also supported a
resolution in support of this research (resolution no. NUCFEB-714-18).

Data accessibility. Data are available from the Dryad Digital Repository:
https://doi.org/10.5061/dryad.xwdbrvik8 [71]. Data and code are provided in the -electronic
supplementary material [72].



Declaration of Al use. We have not used Al-assisted technologies in creating this article.

Authors’ contributions. K.M.: conceptualization, data curation, formal analysis, investigation,
methodology, project administration, supervision, visualization, writing—original draft, writing—review
and editing; K.W.: conceptualization, formal analysis, methodology, software, validation, writing—original
draft; S.C.: conceptualization, data curation, investigation, methodology, writing—
original draft; M.J.C.: data  curation, formal analysis, methodology, resources,
writing—review and editing; V.B.: investigation, methodology, writing—reviewand editing; P.E.D.:
conceptualization, funding acquisition, investigation, methodology, project administration, writing—
review and editing; W.R.L.A.: conceptualization, funding acquisition, investigation, methodology, project
administration, writing—review and editing; A.C.: data curation, formal analysis, writing—original draft,
writing—review and editing; S.B.: conceptualization, formal analysis, funding acquisition, investigation,
methodology, project administration, resources, software, validation, writing—original draft, writing—
review and editing; B.F.C.: conceptualization, formal analysis, funding acquisition,
investigation, methodology, project administration, resources, software, supervision, validation,
visualization, writing—original draft, writing—review and editing.

All authors gave final approval for publication and agreed to be held accountable for the work performed
therein.

Conflict of interest declaration. We declare we have no competing interests.

Funding. This work was funded by an NSF Award (grant no. 1714972). We are also grateful to the
Resources Legacy Fund for early support.

Acknowledgements. This work would not have been possible without the valuable time and knowledge
of the many Diné wood haulers who participated in this work. Staff and board members of Utah Diné
Bikéyah, especially Jonah Yellowman, Angelo Baca and Gavin Noyes, offered continuous guidance.
Undergraduate students working with the SPARC Environmental Justice lab from 2017 to 2022 helped
move this work forward by assisting with various data handling efforts and offered perspectives that
opened new avenues of inquiry. Piper Christiansen, Sarah Buening, Anna Johnson and Sam Enke played
particularly helpful roles.

References

1. United Nations. 1997 Kyoto protocol to the United Nations framework convention on climate
change. 2303 UN Treaty Series 162. See https://treaties.un.
org/Pages/ViewDetails.aspx?src=IND&mtdsg_no= XXVII-7-a&chapter=27&clang=_en.

2. United Nations. 2015 Paris Agreement. See https:// unfccc.int/sites/default/files/english_paris_
agreement.pdf.

3. Althor G, Watson JEM, Fuller RA. 2016 Global mismatch between greenhouse gas emissions and
the burden of climate change. Sci. Rep. 6, Article 1. (doi:10.1038/srep20281)

4, Chen C, Noble I, Hellmann J, Coffee J, Murillo M, Chawla N. 2015 University of Notre Dame Global
Adaptation Index: Country Index Technical Report. See
https://gain.nd.edu/assets/254377/nd%20gain_ technical_document_2015.pdf.

5. Ikeme J. 2003 Equity, environmental justice and sustainability: incomplete approaches in climate

change politics. Glob. Environ. Change 13, Article 3. (doi:10.1016/50959-3780(03)00047-5)



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Mattoo A, Subramanian A. 2012 Equity in climate change: an analytical review. World Dev. 40,
Article (doi:10.1016/j.worlddev.2011.11.007)

Mearns R, Norton A. 2009 Social dimensions of climate change: equity and vulnerability in a
warming world. Washington, DC: World Bank Publications.

Carley S, Konisky DM. 2020 The justice and equity implications of the clean energy transition. Nat.
Energy 5, Article 8. (d0i:10.1038/s41560-020-0641-6)

Miller CA, lles A, Jones CF. 2013 The social dimensions of energy transitions. Sci. Cult. 22, Article
2. (doi:10.1080/09505431.2013.786989)

Piggot G, Boyland M, Down A, Torre AR. 2019 Realizing a just and equitable transition away from
fossil fuels. Stockholm, Sweden: Stockholm Environment Institute. See https://www.jstor.org/
stable/resrep22996.

International Energy Agency. 2017 Energy technology perspectives: catalysing energy technology
transformations. International Energy Agency. See
https://www.iea.org/reports/energytechnology-perspectives-2017.

Macchi M. 2008 Indigenous and traditional peoples and climate change. International Union for
Conservation of Nature. See https://www?2.ohchr.
org/english/issues/climatechange/docs/IUCN.pdf.

Egeru A. 2012 Role of indigenous knowledge in climate change adaptation: a case study of the
Teso sub-region, Eastern Uganda. Ind. J. Trad. Knowl. 11, 217-224.

Leonard S, Parsons M, Olawsky K, Kofod F. 2013 The role of culture and traditional knowledge in
climate change adaptation: insights from East Kimberley, Australia. Glob. Environ.Change 23,
623-632. (doi:10.1016/j.gloenvcha.2013.02.012)

Nakashima D, Galloway McLean K, Thulstrup H, Ramos Castillo A, Rubis J, Traditional Knowledge
Initiative. 2012 Weathering uncertainty: traditional knowledge for climate change assessment
and adaptation; 2012. See https://policycommons.net/ artifacts/2102482/weathering-
uncertainty/2857780/.

Houde N. 2007 The six faces of traditional ecological knowledge: challenges and opportunities for
Canadian co-management arrangements. Ecol. Soc.12, 34. (doi:10.5751/ES-02270-120234)

Hunn E. 1993 What is traditional ecological knowledge. In Traditional ecological knowledge:
wisdom for sustainable development, vol. 15 (eds N Williams, G Baines). Canberra, Australia:
Australian National University.

Johannes RE. 1989 Traditional ecological knowledge: a collection of essays. Gland, Switzerland:
ICUN.

Ladio AH, Lozada M. 2009 Human ecology, ethnobotany and traditional practices in rural
populations inhabiting the Monte region: resilience and ecological knowledge. J. Arid Environ. 73,
222-227.(d0i:10.1016/].jaridenv.2008.02.006)

Ludwig D, Macnaghten P. 2020 Traditional ecological knowledge in innovation governance: a
framework for responsible and just innovation. J. Respons. Innov. 7, 26-44.
(d0i:10.1080/23299460.2019.1676686)

Cobb AJ. 2005 Understanding tribal sovereignty: definitions, conceptualizations, and
interpretations. Amer. Stud. 46, 115-132.

Coffey W, Tsosie R. 2001 Rethinking the tribal sovereignty doctrine: cultural sovereignty and the
collective future of Indian Nations Symposium. Stanf. Law Policy Rev. 12, Article 2.

Feinberg J. 1983 Autonomy, sovereignty, and privacy: moral ideals in the constitution. Notre
Dame Law Rev. 58, 445-492.

Maddison S. 2008 Indigenous autonomy matters: What’s wrong with the Australian government’s
‘intervention’ in Aboriginal communities. Aust. J. Hum. Rights 14, Article 1.



25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Reyes A, Kaufman M. 2011 Sovereignty, indigeneity, territory: Zapatista autonomy and the new
practices of decolonization. South Atlant. Quart. 110, 505-525. (d0i:10.1215/00382876-1162561)
United Nations. 2007 United Nations declaration on the rights of Indigenous Peoples. General
assembly resolution 61/295. See https://www.un.org/
development/desa/indigenouspeoples/declarationon-the-rights-of-indigenous-peoples.html/.
Craig D. 2002 Recognising indigenous rights through co-management regimes: Canadian and
Australian experiences. New Zealand J. Environ. Law 6, 199-254.
(doi:10.3316/informit.361026172121914)

US Department of Interior. 2015 Land buy-back program for tribal nations. Washington, DC: US
Department of the Interior. See https://www.doi. gov/buybackprogram.

Cintron-Rodriguez IM. 2021 Energy transition on tribal nations: from energy insecurity to energy
sovereignty. Madison, WI: Outrider. See https:// outrider.org/climate-
change/articles/energytransition-tribal-nations-energy-insecurity-energysovereignty.

Curley A, Lister M. 2020 Already existing dystopias: Tribal sovereignty, extraction, and
decolonizing the Anthropocene. In Handbook on the changing geographies of the state: new
spaces of geopolitics (eds S Moisio, N Koch, AEG Jonas, C Lizotte, J Luukkonen), pp. 251-262.
Cheltenham, UK: Edward Elgar Publishing. See  https://www.elgaronline.com/
display/edcoll/9781788978040/9781788978040.00035.xml.

Powell DE. 2018 Landscapes of power: politics of energy in the Navajo Nation. Durham, NC: Duke
University Press. See http://ebookcentral.proquest. com/lib/utah/detail.action?docID=5208904.
Magargal K, Yellowman J, Chee S, Wabel M, Macfarlan S, Codding B. 2023 Firewood and energy
sovereignty on Navajo Nation. Hum. Ecol. 51, 497-511. (d0i:10.1007/s10745-023-00411-2)
Smith KR et al. 2014 Millions dead: how do we know and what does it mean? Methods used in
the comparative risk assessment of household air pollution. Annu. Rev. Public Health 35, 185—
206. (doi:10.1146/annurev-publhealth-032013-182356)

Doumecq MB, Jiménez-Escobar ND, Morales D, Ladio A. 2023 Much more than firewood: woody
plants in household well-being among rural communities in Argentina. J. Ethnobiol. 43,
02780771231176065. (doi:10.1177/02780771231176065)

Mazzone A, Cruz T, Bezerra P. 2021 Firewood in the forest: social practices, culture, and energy
transitions in a remote village of the Brazilian Amazon. Energy Res. Soc. Sci. 74, 101980.
(d0i:10.1016/j.erss.2021.101980)

Brack D. 2019 Background analytical study: forests and climate change. United National Forum on
Forests. See https://static.un.org/esa/forests/wpcontent/uploads/2019/03/UNFF14-
BkgdStudySDG13-March2019.pdf.

Hartmann H et al. 2022 Climate change risks to global forest health: emergence of unexpected
events of elevated tree mortality worldwide. Annu. Rev. Plant Biol. 73, 673-702.
(doi:10.1146/annurevarplant-102820-012804)

Bunnell JE, Garcia LV, Furst JM, Lerch H, Olea RA, Suitt SE, Kolker A. 2010 Navajo coal combustion
and respiratory health near Shiprock, New Mexico. J. Environ. Public Health 2010, e260525.
(d0i:10.1155/2010/260525)

Tarasi D, Alexander C, Nania J, Gregory B. 2011 18,000 Americans without electricity: illuminating
and solving the Navajo energy crisis. Colorado J. Int.Environ. Law and Policy 22, 263-282.
Anderegg WRL et al. 2015 Pervasive drought legacies in forest ecosystems and their implications
for carbon cycle models. Science 349, 528-532.(doi:10.1126/science.aab1833)

Anderegg WRL, Chegwidden OS, Badgley G,Trugman AT, Cullenward D, Abatzoglou JT, Hicke JA,
Freeman J, Hamman JJ. 2022 Future climate risks from stress, insects and fire across US forests.
Ecol. Lett. 25, 1510-1520. (doi:10.1111/ele.14018)



42.

43,

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54,

55.

56.

57.

58.

59.

Campbell MJ, Dennison PE, Tune JW, Kannenberg SA,Kerr KL, Codding BF, Anderegg WRL. 2020 A
multi-sensor, multi-scale approach to mapping tree mortality in woodland ecosystems. Remote
Sens. Environ. 245, 111853. (d0i:10.1016/j.rse.2020.111853)

Gao Y, Leung LR, Salathé EP, Dominguez F, Nijssen B, Lettenmaier DP. 2012 Moisture flux
convergence in regional and global climate models: implications for droughts in the southwestern
United States under climate change. Geophys. Res. Lett. 39, L09711.
(d0i:10.1029/2012GL051560)

Guiterman CH, Margolis EQ. 2019 Vulnerabilities of Navajo Nation forests to climate change. See
https:// chguiterman.github.io/Nav_report/index.html.

IPCC. 2021 Climate change 2021: the physical science basis. Contribution of working group | to
the 6th assessment report of the Intergovernmental Panel on Climate Change. International Panel
on Climate Change. See https://www.ipcc.ch/report/ar6/wgl/.

Park Williams A et al. 2013 Temperature as a potent driver of regional forest drought stress and
tree mortality. Nat. Clim. Change 3, 292-297. (doi:10.1038/nclimate1693)

Wu C, Coffield SR, Goulden ML, Randerson JT, Trugman AT, Anderegg WRL. 2023 Uncertainty in
US forest carbon storage potential due to climate risks. Nat. Geosci. 16, Article 5.
(d0i:10.1038/s41561-023-01166-7)

Redsteer MH, Kelley KB, Francis H, Block D. 2014 Increasing vulnerability of the Navajo People to
drought and climate change in the southwestern United States: accounts from Tribal elders. In
Special report on indigenous people: marginalized populations and climate change (eds D
Nakashima, J Rubis, | Krupnik), p. 37. Cambridge, UK:Cambridge University Press.

Shriver RK, Yackulic CB, Bell DM, Bradford JB. 2022 Dry forest decline is driven by both declining
recruitment and increasing mortality in response to warm, dry conditions. Glob. Ecol. Biogeogr.
31,2259-2269. (doi:10.1111/gebh.13582)

Denscombe M. 2008 Communities of practice: a research paradigm for the mixed methods
approach. J. Mixed Methods Res. 2, 270-283. (doi:10.1177/1558689808316807)

QSR International Pty Ltd. 2020 NVivo (released in March 2020) [Computer software]. See https://
www.gsrinternational.com/nvivo-qualitative-dataanalysis-software/home?_ga=2.262803020.
174502946.1669746792-837857018.1669746792.

An L et al. 2021 Challenges, tasks, and opportunities in modeling agent-based complex systems.
Ecol. Modell. 457, 109685. (doi:10.1016/j. ecolmodel.2021.109685)

Kohler TA, Gumerman GG. 2000 Dynamics in human and primate societies: agent-based modeling
of social and spatial processes. Oxford, UK: Oxford University Press.

Railsback SF, Harvey BC. 2020 Modeling populations of adaptive individuals. Princeton, NJ:
Princeton University Press.

Wilensky U. 1999 Netlogo [Computer software]. Evanston, IL: Center for Connected Learning and
Computer-Based Modeling. See http://ccl. northwestern.edu/netlogo/.

Grimm V et al. 2006 A standard protocol for describing individual-based and agent-based models.
Ecol. Modell. 198, 115-126. (d0i:10.1016/]j. ecolmodel.2006.04.023)

Grimm V, Berger U, DeAngelis DL, Polhill JG, Giske J, Railsback SF. 2010 The ODD protocol: a review
and first update. Ecol. Modell. 221, 2760-2768. (doi:10.1016/j.ecolmodel.2010.08.019)

Grimm V et al. 2020 The ODD protocol for describing agent-based and other simulation models:
a second update to improve clarity, replication, and structural realism. J. Artif. Soc. Soc. Simul. 23,
7.(doi:10.18564/jasss.4259)

R Core Team. 2022 R: a language and environment for statistical computing. Vienna, Austria: R
Foundation for Statistical Computing. See https:// www.R-project.org/.



60.

61.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Curley A. 2023 Just energy transitions? Social inequities, vulnerabilities and unintended
consequences. Tucson, AZ: University of Arizona Press. See https://uapress.
arizona.edu/book/carbon-sovereignty.

Alvard M. 1993 Testing the ‘Ecologically Noble Savage’ hypothesis: interspecific prey choice by
Piro hunters of Amazonian Peru. Hum. Ecol. 21, 355-387. 62. Codding BF, Bliege Bird R, Kauhanen
PG, Bird DW. 2014 Conservation or co-evolution? Intermediate levels of aboriginal hunting and
burning have positive effects on kangaroo populations in Western Australia. Hum. Ecol. 42, 659—
669. (doi:10.1007/ s10745-014-9682-4)

Moritz M, Scholte P, Hamilton IM, Kari S. 2013 Open access, open systems: pastoral management
of common-pool resources in the Chad Basin. Hum. Ecol. 41, 351-365. (doi:10.1007/s10745-012-
9550-z)

Moritz M et al. 2018 Emergent sustainability in open property regimes. Proc. Natl Acad. Sci. USA
115, 12 859-12 867. (d0i:10.1073/pnas.1812028115)

Bednar DJ, Reames TG. 2020 Recognition of and response to energy poverty in the United States.
Nat.Energy 5, Article 6. (doi:10.1038/s41560-020-0582-0)

Necefer L, Wong-Parodi G, Jaramillo P, Small MJ. 2015 Energy development and Native Americans:
values and beliefs about energy from the Navajo Nation. Energy Res. Soc. Sci. 7, 1-11.
(d0i:10.1016/j. erss.2015.02.007)

National Energy Technology Laboratory. 2023 Energy Communities. See https://energy
communities.gov/.

Li W, Guo W-Y, Pasgaard M, Niu Z, Wang L, Chen F, Qin Y, Svenning J-C. 2023 Human fingerprint
on structural density of forests globally. Nat. Sustain. 6, 1-12. (doi:10.1038/s41893-022-01020-5)
Pan Y et al. 2011 A large and persistent carbon sink in the world’s forests. Science 333, 988—993.
(doi:10.1126/science.1201609)

Power MJ, Codding BF, Taylor AH, Swetnam TW, Magargal KE, Bird DW, O’Connell JF. 2018 Human
legacies on ecological landscapes. Front. Earth Sci. 6, 151. (doi:10.3389/feart.2018.00151)
Magargal K et al. 2023 Data from: The impacts of climate change, energy policy and traditional
ecological practices on future firewood availability for Diné (Navajo) People. Dryad Digital
Repository. (doi:10.5061/dryad.xwdbrv1k8)

Magargal K et al. 2023 The impacts of climate change, energy policy, and traditional ecological
practices on future firewood availability for Diné (Navajo) People. Figshare.
(d0i:10.6084/m9.figshare. c.6806499)



