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The primacy of past human activity in triggering change in earth’s ecosystems
remains a contested idea. Treating human-environmental dynamics as a dichotomous
phenomenon — turning “on” or “off” at some tipping point in the past — misses
the broader, longer-term, and varied role humans play in creating lasting ecological
legacies. To investigate these more subtle human-environmental dynamics, we propose
an interdisciplinary framework, for evaluating past and predicting future landscape
change focused on human-fire legacies. Linking theory and methods from behavioral
and landscape ecology, we present a coupled framework capable of explaining how
and why humans make subsistence decisions and interact with environmental variation
through time. We review evidence using this framework that demonstrates how human
behavior can influence vegetation cover and continuity, change local disturbance
regimes, and create socio-ecological systems that can dampen or even override, the
environmental effects of local and regional climate. Our examples emphasize how a
long-term interdisciplinary perspective provides new insights for assessing the role of
humans in generating persistent landscape legacies that go unrecognized using a simple
natural-versus-human driver model of environmental change.

Keywords: human legacy, interdisciplinary, anthropogenic fire, behavioral ecology, paleoecology

INTEGRATING THE ECOLOGIES TO EXPLAIN PAST
HUMAN-ENVIRONMENTAL DYNAMICS

Increasing attention on the recent and significant impact of humans (e.g., Anthropocene) has
focused ecological research on identifying how and when humans began to influence earth’s
ecosystems at geologic-scales (e.g., Zalasiewicz et al., 2008). There is a mounting urgency to identify
sustainable solutions using historical contexts to shed light on how humans interacted with nature
through time. The unprecedented environmental degradation now occurring around the globe
has encouraged research into the complex linkages in time and space regarding how humans
respond to change (see Costanza et al., 2007; Zhang et al., 2016). The growing evidence that
humans have long had subtle (and even not so subtle) impacts on local and regional environmental
variability is an emerging cross-disciplinary theme. Explaining this more subtle variation in past
human-environmental dynamics (HED) is important if we are to uncover the true cause of human
landscape legacies. Doing so requires a framework that can link evidence across human and
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biophysical ecology (i.e., behavioral ecology, community ecology,
landscape ecology, historical ecology, and paleoecology) to
identify the temporal and spatial scales of human impacts, and
how behavior-environment interactions influence environmental
legacies (Figure 1). While there is growing appreciation that
large herbivores and predators can regulate ecosystem structure,
humans are often overlooked as agents that influence trophic
interactions, even at low densities with relatively simple
technologies. There is increasing interdisciplinary (e.g.,
paleoecologists,  ecologists, anthropologists, geographers)
scholarship that is specifically targeting questions that might
illuminate the antiquity and extent of human impacts and
ecosystem engineering (Allendorf and Hard, 2009; McWethy
et al,, 2010; Bliege Bird, 2015; Boivin et al., 2016; Bull and Maron,
2016; Sullivan et al., 2017).

This growing body of work has identified important questions
concerning the socio-ecological contexts that shape, and are
shaped by, the use of natural resources by people. Behavioral
ecology provides a core theoretical framework to evaluate
assumptions on how humans interact with environmental
variation based on short term, sometimes instantaneous,
decisions about resource use (Bird et al., 2016). The aggregate
of these decisions and their environmental outcomes are
evident in archeological records over millennia and across
continents (Codding and Bird, 2015). However, determining
how and explaining why humans shape local environments
requires linking these theoretical insights with new trans-
disciplinary approaches in environmental analysis. Specifically,
integrating the social and ecological factors that shape how
resource acquisition and consumption structure community
assembly and biodiversity, can provide an explanation of
how humans construct ecosystems (Stiner and Kuhn, 2016).
Community and landscape ecology can be used to apply these
insights to across coarser scales, and establish how human
behaviors alter broad environmental patterning of habitat
abundance and diversity (Mouillot et al, 2013). Methods
and approaches from archeology and historical ecology (e.g.,
dendroecology) provide a framework to begin to explore
these observations into the past, and contextualize human-
environment interactions during recent centuries (e.g., Liebmann
et al.,, 2016; Swetnam et al.,, 2016; Taylor et al., 2016). Finally,
quaternary geology and paleoecology operate across a diverse
array of spatiotemporal scales and captures environmental
variation from the community to the continent from the
recent past to deep time (Briicher et al, 2015). Notably,
pollen analysis provides a cornerstone for understanding past
vegetation and climate dynamics (e.g., Wright, 1974; Birks
and Birks, 1980), including human landscape legacies (e.g.,
Foster et al., 1998; Delcourt and Delcourt, 2004; McWethy
et al, 2010), that provide a foundation to contribute to
conservation goals (Willis et al, 2010; Seddon et al, 2014).
Combining these ecologies in a systematic framework provides
a means to predict human behaviors that alter environments
providing an opportunity to unpack the range of past human-
environment interactions that ultimately elucidate the long-term
and more subtle role of human-legacies in the earth system.
Here we emphasize how this can be accomplished by combining

behavioral models with empirical proxies of human impacts on
fire regimes.

THEORY AND METHODS FOR A NEW
TRANS-DISCIPLINARY HED
PERSPECTIVE

When considering human populations through time, theoretical
frameworks that explain human behavior can be coupled with
methods from the environmental sciences to explain human
environmental dynamics. In this example we use models of
behavioral ecology that provide clear predictions of when and
why people should use fire to increase encounter rates with high
profitability resources (Codding and Bird, 2015), and examine
the consequences of those decisions on vegetation dynamics.
The benefits of burning likely outweigh costs in two particular
contexts: low productivity environments where resources
are naturally scarce, and high productivity environments
where dense populations deplete resources (Figure 2). In low
productivity environments such as hummock grasslands of
Australia, Aboriginal foragers apply fire to increase encounter
rates with small prey (Bliege Bird et al,, 2013); while in high
productivity tropical forests in Mesoamerica, Maya people apply
fire to increase agricultural yields (Nigh and Diemont, 2013).
While there will certainly be exceptions, these productivity
extremes illustrate conditions where human fires have large
influences on local ecosystems since wildfire frequencies are low
where fuels are limited on one hand and climate conditions are
limiting on the other (Pausas and Ribeiro, 2013; see Figure 2). In
these examples, burning practices strongly influence ecosystem
structure and increase biodiversity (Bliege Bird et al., 2013; Nigh
and Diemont, 2013; Bird et al., 2016).

Building on this framework, trans-disciplinary case studies
provide an opportunity to investigate human-environment
interactions in the past. Integrating research that pairs
archeological records with proximal paleoecological records
(e.g., dendrochronology, fossil plant-, pollen- and charcoal-based
sediment histories, phytolith and starch grain analysis, stable
isotope analysis) and ethnographic research, could transform
our understanding of the drivers of regional biodiversity
and environmental change across a range of environments with
varying levels of productivity. If validated, this approach provides
a general framework to explain where, when, and how human
subsistence generate lasting ecosystem legacies.

AN EXAMPLE: VALIDATING
HUMAN-FIRE-LANDSCAPE DYNAMICS
IN THE PAST

Using this integrated approach, we propose to untangle
population-climate-subsistence-fire  disturbance  dynamics
during the historic- prehistoric transition periods in western
North America to test both the behavioral models with empirical
proxies of human impacts on fire regimes.
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FIGURE 1 | Potential human-fire legacies may occur over a range of spatial and temporal domains. On the finest scales, ecological and ethnographic information
provide local-to-continental site-specific knowledge from seasons-to-years. Ethnographic observations expand our temporal knowledge of human impacts to
decades or longer. Understanding potential human-fire landscape changes over centuries, requires integrating historical archives that may include social, economic
and environmental data, but are often spatially and temporally constrained. Tree-ring archives coupled with archeological and paleoecological records promote
exploration of potential legacies across broader temporal and spatial domains. By combining disciplinary knowledge, a more robust representation of human

legacies across space and time should emerge.
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Two examples of such work emerge from recent case studies
by Swetnam et al. (2016) and Taylor et al. (2016) where regional
networks of fire-scarred tree-ring chronologies were linked
to historical and archeological data in northern New Mexico
and north-central California, respectively. They evaluate the
interactions of people, forests and fire by exploring prehistoric
and historic human land-use in parallel with ecological and
climatic factors to provide a synthetic view of the drivers of
fire regimes during the past ~700 years. Key findings indicate
that fuel (vegetation cover) abundance and continuity were key
controlling variables regulating frequent surface fire in pine-
dominant forests, and that human effects on fuel over-rode
climate effects on fire regimes during periods with the highest
human populations (e.g., changing the socio-ecological system)
when resource competition and intensity of land use would be
highest.

Disentangling the contribution of natural forcing and human
activities on fire activity in the past requires this type of

trans-disciplinary approach and supports our HED model.
Historical and contemporary evidence of humanized ecosystems
that utilize fire as a disturbance process to promote resource
diversity is challenging our understanding of landscape change
through time (e.g., Bird et al,, 2016). In practice, combining
disciplines that incorporate biotic and abiotic components
with natural and human-driven processes to understand and
interpret geographical landscapes is challenging. Regional studies
that capture people, places, events, and processes in time
provide limited insight when the cross-fertilization of knowledge
is absent. The recent pairing of anthropology, archeology
and dendroecology (e.g., Swetnam et al., 2016; Taylor et al.,
2016), provide a powerful examples of integration of multiple
disciplines to understand prehistoric cultures and how they
interacted with their environment. Clearly, merging more
disciplines within this theoretically informed approach will
provide new opportunities for collaborative insight, creating
a more comprehensive understanding of ecosystem dynamics
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motivation and opportunity for significant human landscape legacies.

low — > Environmental Productivity — high

FIGURE 2 | Idealized patterns of (a) wildfire frequency and (b) profitable resource encounters, which drives (c) the benefits for applying fire, across the continuum of
environmental productivity. Solid red line illustrates the empirically validated relationship (see Pausas and Ribeiro, 2013) noting that wildfire frequency is highest at
intermediate levels of productivity, suggesting that human fires may have more room to influence ecosystems at the extremes of productivity (darker shaded areas).
Dashed blue line illustrates proposed encounter rates small-scale human populations have with highly profitable resources, suggesting (¢) motivations to burn in low
productivity environments where resource are naturally scarce, and in high productivity environments once humans outstrip their food supply, presenting both the

through time, and result in a more precise characterization of
how and why human activities shape past, modern, and future
landscapes.

LOOKING TO THE FUTURE:
MANAGEMENT IMPLICATIONS

Establishing the scale of environmental impact by prehistoric
societies has critical implications not only for archeology,
anthropology and paleoecology, but also for ecology and
conservation efforts geared toward restoring the ecological
function of prehistoric people (Bliege Bird and Nimmo,
2018). In regions where people impact local biodiversity
by selectively harvesting or promoting edible species or
economically important species over others (e.g., Codding et al.,
2014; Bird et al., 2016), local diversity may ultimately be a legacy

of the past (e.g., Willis et al., 2007). A fundamental question
in biology - what controls the distribution and abundance
of species - may also be answered by considering human
environmental dynamics. Four critical factors that likely limit the
distribution of species, including, climate, species interactions,
habitat and dispersal, are influenced by humans and contingent
on spatial and temporal scale (e.g., McGill, 2010). A key
message emerging from ecological research across multiple scales
concludes that scale is relative to the specific organism and
processes being considered.

The increasing prominence of fire with global change as
temperatures continue to rise and regional droughts intensify
(Moritz et al., 2012; Dennison et al., 2014) is forcing novel
management approaches. In the case of reconstructing past fire
regimes, a deeper understanding of human behavior is needed
to improve predictive models of vegetation, biodiversity, and
novel fire regimes under changing climates. Human activity can
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both override and amplify climate effects, but the ability to
detect and evaluate human influence across multiple geographic
scales (e.g., local to regional) remains a central challenge (e.g.,
Bowman et al., 2009; Mcwethy et al., 2013). As disciplines merge
under a framework capable of explaining human environmental
dynamics, research will provide more robust management
strategies that consider the ecological position of fire in
promoting and preserving biodiversity and human livelihoods in
the future.

CONCLUDING REMARKS

Humans are now the most important agent of change on
the planet; yet deciphering the role of humans on landscape
change over the past millennia remains an elusive challenge.
Here we have outlined a conceptual and empirical framework
based on scale and opportunity to identify potential human
legacies of landscape manipulation using the example of fire.
Greater efforts are needed across disciplines to untangle the
agents of change through time, and we hope the model
presented here provides a springboard for biophysical and
cultural scientists to engage with conservationists and land
managers to identify the contribution of human legacies on
today’s landscapes.
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