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Preface to ”Biocultural Restoration in Hawai‘i”

The period of Euro-American colonization across the globe, commencing some three centuries
prior to the industrial revolution, devastated Indigenous countries, societies, and cultures. This
period ushered in an era of population collapses and extinctions across the whole social-ecological
spectrum that was not limited to biodiversity, but included a loss of cultures, languages, knowledge
and practices, and this trend of co-extinction continues to this day. Of paramount importance is
the accompanying loss of the social-ecological systems that Indigenous societies developed and
managed, along with the biodiversity within them. Functionally, the process of colonization severed
relationships between Indigenous People and their ancestors, their ancestral places, their resources,
and the biodiversity that shaped their cultural identity. The historic record and most scholarship
indicate that few Indigenous cultures avoided the most devastating impacts of colonization. None
were left untouched. In the later part of the 20th century, conversations about ‘decolonization” began
to emerge, fueled by the ideas of philosophers such as Ngtigi wa Thiong’o, poets such as John
Trudell, and other dynamic thinkers around the world. These conversations identified the negative
impacts of imposing foreign world views and languages on Indigenous Peoples, and they called for
shedding those in order to pave the way for a reawakening and revival of Indigenous ontologies,
epistemologies, and languages. Such conversations created an opportunity to highlight another
path, one that illuminates the many positive outcomes of the place-based approaches of Indigenous
cultures.

The focus of this book on ‘biocultural restoration,” could be viewed as a restorative stage
of the decolonization process. Biocultural restoration endeavors to reconnect the relationships of
Indigenous people and their environment with the goal of restoring health and function to both
People and Place. The restoration of Indigenous ontologies, epistemologies, and languages is an
inherent part of the process. These ways of knowing, often embedded in Indigenous environmental
stories and oral histories, perpetuate ancestral memory in knowledge systems that convey virtues,
morals ideals, and philosophies. Biocultural restoration, therefore, entails a revival of Indigenous
practices at various scales from the individual, to the family, to the community; and when carried out
on a landscape scale, such efforts have broader impacts across the social-ecological system.

More than four decades into an Indigenous cultural renaissance, Hawai‘i has emerged as a
globally recognized model for biocultural restoration. This societal movement is a major reason why
Hawai‘i was chosen as the host of the World Conservation Congress in 2016. The event brought nearly
10,000 international scholars and policy makers who desired tangible examples of the effectiveness
of biocultural restoration. A paucity of publications in Hawai‘i and elsewhere served as an impetus
for a 2019 Special Issue in Sustainability focusing on this topic. The collection of manuscripts reflect
conversations among various grassroots sharing networks. The topics range from philosophical to
theoretical to empirical, and collectively reflect the current dynamics of Hawaiian social-ecological
systems within the context of temporal ecology. Every contribution to this volume involved Kanaka
‘Oiwi (Indigenous Hawaiians), which is cumulatively the largest collection of scientific publications
by Kanaka ‘Oiwi. Moreover, more than half the authors are women, and two of the manuscripts
had a 100% women authorship. Perhaps it is not a coincidence that a collection of work regarding
caring for and restoring our mother earth is created by Indigenous peoples and women in particular.

As Indigenous scholars endeavor to translate ancestral wisdom for a contemporary global audience,



science is increasingly becoming one of the more effective ways of doing so. This volume is a tangible

example of such efforts.

Kawika B. Winter, Kevin Chang, Noa Kekuewa Lincoln
Editors
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Abstract: As an introduction to the special issue on “Biocultural Restoration in Hawai‘i,”
this manuscript provides background for term ‘biocultural restoration,” and contextualizes it within
the realms of scholarship and conservation. It explores two key themes related to the topic.
First, “Earth as Island, Island as Earth,” scales up an island-borne concept of sustainability into a global
context. Second, “Hawai‘i as a Biocultural Leader,” examines the reasons behind the global trend
of looking to the most isolated landmass on the planet for solutions to global sustainability issues.
We conclude by summarizing the content of the special issue and pointing out the historic nature of its
publication. It is the largest collection to date of scientific papers authored by Native Hawaiians and
kama’aina (Hawai‘i-grown) scholars, and more than 50% of both lead and total authorship are women.
This Special Issue, therefore, represents a big step forward for under-represented demographics
in science. It also solidifies, as embodied in many of the papers in this Special Issue, indigenous
methodologies that prioritize working relationships and practical applications by directly involving
those on the front lines of biocultural conservation and restoration.

Keywords: Native Hawaiian; social-ecological system; agro-ecology; ‘dina momona

1. Introduction to the Special Issue

“It is seeing that establishes our place in the surrounding world; we explain that world with words
but words can never undo the fact that we are surrounded by it. The relation between what we see and
what we know is never settled . .. . The way we see things is affected by what we know or what we
believe . .. .. We never just look at one thing; we are always looking at the relation between things
and ourselves.”

—John Berger, Ways of Seeing [1]

The term ‘biocultural’ recognizes humanity as part and parcel of the environment. We are not
from another planet. In an esoteric manner that is true to some words, ‘biocultural’ is an etymological
and epistemic step towards recognizing symbiotic relationships between societies and environment in
the real world. As the late art critic John Berger mentions, it is an expansion of our perspective to how
we relate. The term recognizes that even as humanity shapes the environment, the environment shapes
us. It also helps us recognize that those who have developed a long-term experience of ‘relationship
with place” may help root us back to our home and guide us in living on this planet in a more just and
sustainable way.

Sustainability 2019, 11, 283; doi:10.3390/su11010283 1 www.mdpi.com/journal/sustainability
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Biocultural diversity is the diversity of life in all its manifestations—biological and cultural.
Biocultural approaches to conservation have been defined by Gavin et al. [2] (p. 140) as “conservation
actions made in the service of sustaining the biophysical and sociocultural components of dynamic,
interacting, and interdependent social-ecological systems”. It is a dynamic, integrative approach to
understanding the links between nature and culture and the interrelationships between humans and
the environment [3].

Biocultural heritage, as discussed in this Special Issue, encompasses indigenous and local
community knowledge innovations, and practices that developed within their social-ecological
context [4]. Biocultural approaches emphasize co-evolution of people with their biophysical
environment [5], and the importance of language in symbolizing and cementing that relationship [6,7].
To speak of the biocultural is to recognize the existence of multiple worldviews as the foundation for
different ways of seeing and different ways of knowing [8]. Such diversity can provide society with a
greater adaptive capacity to deal with current and future changes [4,9,10].

The related nature of environment and society is captured in a variety of conceptual
frameworks which assert that humans—and their behaviors—are integral elements of all environments
and ecosystems. For example, Ingold’s “dwelling perspective” elaborates on the concept of
humans-in-nature, as involving the “skills, sensitivities, and orientations that have developed through
long experience of conducting one’s life in a particular environment” [11] (p. 25). Berkes and Folke [12]
used the term “social-ecological system” to emphasize the integrative concept of humans-in-nature,
and to stress that the delineation between social and ecological systems is artificial and arbitrary.
Social-ecological systems are integrated complex systems that include social (human) and ecological
(biophysical) subsystems in a two-way feedback relationship. The term emphasizes that the two
parts (social subsystem and ecological subsystem) are equally important, and they are coupled,
interdependent, and co-evolutionary.

The outcome of these frameworks ultimately is that all ecosystems are what Barton et al. [13] calls
socioecosystems or contingent landscapes. These terms refer to “the intertwined social and natural
landscapes that are the context of human societies and are contingent on the socioecological history
as well as the physical conditions under which that history took place” [14]; they are landscapes
that emphasize the interrelatedness of the social and the biophysical elements of the environment.
The recognition of the dynamics and importance of the human role in ecosystems goes under a variety
of names depending on the academic discipline—biocomplexity, new ecology, historical ecology,
environmental history, human ecology, and as used in this Special Issue, biocultural relationships.
Under any of these names, investigators are essentially concerned with how contingent landscapes
interact with societies.

While the dominant academic perspective in the United States during the 20th century viewed
humanity as not only separate from, but also inherently destructive to nature, the philosophy of
viewing humanity and nature as intrinsically interconnected is not new. In the 5th century BC,
the Greek philosopher Herodotus voiced his observation that events shape both people and nature,
and that people and nature interact and evolve together through these events. Natural and social
scientists re-discovered this unity of people and nature well known to indigenous societies through
such concepts as aski of the Cree people in northeast Canada (the integrated concept of land, consisting
of living landscape, humans, and spiritual beings), vanua in Fiji (a named area of land and sea,
considered an integrated whole with its human occupants) [8], and ahupua’a in Hawai‘i as discussed in
several papers in this Special Issue.

In recent decades—out of the dialogue around environmental determinism, in which
environmental constraints were thought to shape the evolution of human societies; and cultural
ecology, which emphasized the influence of humans over their environments—the idea of the unity of
people and nature, redeveloped and theorized over several iterations. A merger of these viewpoints
led first to a recognition of two-way interactions between humans and the environment, and finally to
an acceptance of co-evolution between people and their places. In the 21st century, this notion has
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revived and is now a part of mainstream conversations embodied in indigenous and local community
movements, scholarship, academia, and the professional spheres.

This co-evolutionary perspective addresses the temporal aspects of this two-way influence, in the
words of Barton et al. [13], accepting that:

“ ... humans cannot be viewed either as passive consumers or rapacious exploiters of ecosystems;
conversely ecosystems are more than a backdrop for human agency or a larder to fuel human
economies. 'Pristine” ecosystems have not existed anywhere for millennia, and humans and cultural
systems have played an integral role in the development and maintenance of ecosystems worldwide.
Yet humans—even in the context of complex society—are still subject to a wide variety of ecological
constraints. This means that human society is constantly reshaping the intertwined cultural and
natural components of the socioecological landscape on which its members and their descendants
must operate.”

This perspective is a common thread and a key part of the existential foundation of the people of
Hawai‘i. Indeed, today our constitution and legal system recognize and have begun to re-invigorate
the common law of our land, the indigenous public trust doctrine of malama ‘dina (to care for that which
feeds). Human-nature systems, indigenous knowledge, and biocultural heritage gain significance in
this context.

2. Earth as Island, Island as Earth

As the earth moves into a new age—the Anthropocene—islands, like those in Hawai‘i, have
much to offer our global society. When the first astronaut to orbit Earth returned home, it was not
the wonders of space that struck him the most, but rather the view of the earth as an isolated sphere
within that space. Subsequent photos of the earth, such as “Earthrise” and “Blue Marble”, arguably
had a great impact on environmentalism. They hit home the indisputable fact that our earthly home is
indeed a tiny island in the ocean of space, and that that our planet has clear boundaries and limits to
its resources.

This is not a new concept for island cultures. Since time immemorial, island communities
recognized the constraints of unfettered growth on natural resources. They not only adapted to live
within what the environment could reasonably offer, but also discovered innovative and ingenious
ways to manage their land and seascapes. Our Hawaiian ancestors sought to stabilize and expand key
biomes and ecotones to enhance the provision of ecosystem services from natural systems. This strategy
recognizes that the environment has its own mana—its own authority to make decisions, its own power
to provide outputs, and its own spirit that enhances the world around it. To work with the environment,
rather than in imposition to it, is a more efficient means to multiple ends. However, it requires that
we adapt ourselves to the land as much as we adapt the land to ourselves. Health of the land and the
health of community is inextricably linked.

Our Hawaiian ancestors developed a variety of ways to obtain higher returns from ecosystem
services. This Special Issue documents the use of certain agro-ecological concepts that maximize
returns. In particular, these systems tend to enhance ecosystems on the margins, the so-called edge
effects of ecology that are often highly productive. Examples include:

o  Flooded-field agro-ecosystems that demonstrate features of riparian areas and wetlands, and that
were extensively developed. The expanded agro-ecological zone retains much of the ecosystem
services of the natural areas—flood control, erosion mitigation, habitat for freshwater fauna and
birds, groundwater recharge—while at the same time providing for greater cultural necessities
such as preferred flora and fauna species for food, medicine, and ceremonies.

e Nearshore aquaculture that utilize walled fishponds to more efficiently provide marine resources
and simultaneously maintain ecosystem services of estuaries, such as habitat protection and water
filtration. These ponds also enhance nutrient efficiency that ultimately produces marine resources
that can be obtained efficiently at a high catch per unit of effort.
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e  Agroforestry systems that maintain much of the ecosystem services of a natural forest such
as nutrient cycling, biodiversity, soil creation, and erosion control, while increasing societal
necessities such as resilience and abundance.

The island perspective is borne out of the necessity of limits. Here in Hawai‘i, we can see the
horizon just out beyond our shoreline. We are the most isolated land mass on the planet, more than
2,000 miles from anywhere else. Island communities are worlds in themselves, bounded by the vast
ocean to a finite area of land and resource base. On a remarkably short time scale, many islands in
Oceania reached their carrying capacity, forcing their societies to adapt. Survival within a paradigm of
perceived limits requires humans to think in an entirely different framework, to make difficult decisions
about what is truly needed and desirable. How many people are too many? What standard of living
is appropriate? Every island has dealt with its given limits in different ways—some by choice and
foresight, others by harsh social restrictions, and some by extreme environmental regulation. As our
global island rushes towards its own limits there is much to learn from the Hawaiian experience.

One illustration of an island perspective is in the Hawaiian words for water—wai; and wealth,
worth, or presiding—uwaiwai. The relationship between these two concepts, within a Hawaiian world
view, implies that natural resources—particularly water—was of great importance to prosperity.
To protect water resources, prohibitions on private ownership of land and water existed, and resources
held in common as a public trust. Large-scale land divisions were generally based on watersheds.
Spatial division and prioritization applied to the use of water for drinking, bathing, and irrigation.
Agricultural water diversion designs directed flow back into the river to preserve the water flow
downstream. As fresh water flowed into the ocean, managed areas inland helped maximize the
productivity built on precious nutrients. The allocation of stream resources was very important to each
ahupua’a, or social-ecological community [15,16]. The practicality of Hawaiians’ relationships to nature
was, and to a large extent still is, culturally reinforced. Concepts of conservation woven into religion,
politics, the economy, and social structures, communicated a kinship with the natural environment.
Deities assumed plant and animal forms; every aspect of the world was infused with mana—spiritual
power to be appropriately respected.

Another illustration of the island perspective is the incorporation of the sacred into conservation
practice [17]. In Hawai‘i, this includes various kinds of sacred sites such as wao akua (sacred forests),
wahi pana (storied places), and wahi kapu (holy places). An example of an area encompassing all
three is Mauna Kea, the tallest mountain in the world as measured from its volcanic base on the
seafloor. It is one of the holiest places in the Hawaiian archipelago with slopes covered in sacred
forest, and its summit home to revered deities, a sacred lake, ancient shrines, the highest burial site in
Polynesia, and a foundation for Native Hawaiians’ creation story. Biocultural restoration encompasses
the restoration of such sacred sites, as they combine both ecological and cultural values. The process of
restoration in Hawai‘i includes a re-examination of ourselves, our identity, our knowledge systems and
our relationship to our place on the path toward re-invigorating a sense of community and righting
the canoe.

Despite the onslaught on Hawaiian culture and state of the environment, the sentiment of nature
as the provider, and humans as the protector, is still strong. Hawai‘i is an island embedded in island
earth. The importance of studying, understanding, and unpacking biocultural restoration here is
important for conservation in the present, and for the evolving and climatically changing future.

3. Hawai‘i as a Biocultural Leader

Hawai‘i is an emerging leader and global touchstone in biocultural restoration, knowledge
generation, development of both theory and philosophy, and action—partly as a consequence of a
revitalization movement that started in the 1970s [6]. Hawai‘i is home to many projects to restore
the health and function of systems that exist in the confluence of nature and humanity. In this
endeavor, multifaceted approaches to facilitate the return to a state of resource abundance—known
in the Hawaiian language as ‘@ina momona—emerge. Several of the more successful attempts in this
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movement merged the ancestral and contemporary in the realms of science, technology, and philosophy
to inform adaptive practices in multiple fields and initiatives that aim to restore biocultural resource
abundance. More broadly, this is a movement to restore Native Hawaiian epistemologies, language,
cultural practices, and connection to place. Part of this includes the restoration of cultural landscapes
that encompass sacred sites, biocultural resources, and traditional practices—as documented in several
papers in this Special Issue.

However, getting to this point has been an uphill battle, and there is a historical and political
context for this struggle. The dominant view of nature and ecosystems for the past century and
more—imposed on indigenous people in indigenous places—have often been through the eyes of
Western European and North American travelers, settlers, nature enthusiasts, observers, activists,
or conservation professionals. Towards the last half of the 20th century, ‘conservation” had become
the modern incarnation of colonization—providing a kinder and gentler, but no less condescending,
vision of a foreign worldview imposed on indigenous people and ancestral places. Some contemporary
reflections on the history of conservation show that the ‘fathers” of the modern U.S. conservation
movement might have articulated a very different, and perhaps better, vision of ecosystem management
if they had consulted with the native people and advocated for their right to exist in their homelands.
Instead, in many cases, they contributed to their displacement.

However, the past two or three decades ushered in a new paradigm. Many conservationists have
moved closer to indigenous visions and world views, and some have developed strong collaborative
partnerships with indigenous groups. At the forefront of biocultural restoration in Hawai‘i—and across
the globe—are consultations with, and the participation and perspectives of, the native and local people
who inhabit and /or have a deep and long-term relationship with their places. Hawai‘i’s revitalization
movement also owes a great deal to Native Hawaiian scholars who documented indigenous knowledge
before it was lost e.g., [18-20]; and to researchers who drew from multiple sources to unravel the
cultural complexities of Hawaiian society e.g., [21-23]. Moving forward it will increasingly rely
on multi-disciplinary approaches that reveal the landscape complexities of Hawai‘i, e.g., [5,24-26].
We have reached a maturation point in Hawai‘i where both kiipuna (respected elders) and senior
scholars have mentored in a new generation of researchers and practitioners who work with both the
people and the place. Instead of being expansive, this approach starts in situ with measurable units of
place, and incorporates native and local perspectives and relationships.

As an example of the far-reaching depth of these perspectives and efforts, a friend, and young
indigenous scientist, Dr. Kiana Frank recently informed us how her study and understanding of
her Hawaiian culture and the community mo’olelo (stories) helps her to see a nuanced Hawaiian
eco-understanding all the way down to the microbial level. She can tie her community and her
students directly to this knowledge as a part of their heritage and source of well-being.

On a macro-level, examples of environmental justice and social transformation grow and
compound. Grassroots networks caring for Hawai‘i’s environment have burgeoned and pushed
collective interest of a long tradition of community-based natural resource management. Growing
and impactful networks include E Alu P (a statewide, community-based stewardship network), Hui
Malama Loko I'a (a statewide, fishpond restoration network), Maui Nui Makai Network (focused
on community nearshore management efforts in Maui County), Kai Kuleana (a community-based
nearshore management network in Kona, Hawa‘i), and Hui Loko (a fishpond and anchialine-pond
restoration network on the island of Hawaii). These networks, along with their membership
organizations—both individually and collectively—have stoked long-glowing embers of Hawai‘i’s
biocultural heritage, and the fire now burns on every island in the archipelago.

These networks create alliances, and the impacts of their collaboration and coordination
culminated in 2015 when their collective support was a critical component in the State’s adoption of the
first community-based subsistence fishery area (CBSFA) rules in Ha’ena (Kaua‘i). This ground-breaking
initiative—tantamount to a ‘first ever’ achievement in a global context—created the governance
structure for an approach to fishery co-management that is inclusive and sustainability-oriented [7,27].
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This effort was guided by teachings carried in the stories of elders, which helped a community
understand the way their ancestors related to the environment, while contextualizing the role
of researchers in community-based efforts. Support for this accomplishment was inspired by
community-based natural resource management efforts and shared lessons learned that were borne
out of efforts in Mo‘omomi (Moloka‘i). Ha’ena’s CBSFA success was a touchstone event that has
opened the door for a statewide movement to better care for nearshore resources in rural Hawaiian
communities—such as those like Mo’omomi (Moloka‘i), Kipahulu (Maui), and Miloli‘i (Hawai‘i Island),
among others—who have been navigating bureaucracy and politics towards this same goal for more
than two decades.

Themes of community-based stewardship are being incorporated into the education system at the
primary and secondary level inspired, in part, by the efforts described above. The notion that Hawai‘i
needs education programs that produce future elders as much as they produce future professionals
has taken root. As such, curriculum development and community efforts are beginning to merge.
In charter schools, Hawaiian language education and grassroots environmental stewardship efforts—to
care for and nurture the relationship between people and their places—have been embedded in the
curriculum. Educational networks are budding forth as well, such as Ko‘olau ‘Aina Aloha (a region
education and environmental stewardship network in the Ko’olaupoko region of O‘ahu) and others.
These networks feed each other and continue to grow in size, strength, and influence as they stand on
a firm foundation of biocultural heritage.

The networks described above are composed of people who use their culture, ecological
knowledge, and ancestral practice to inform their relationships with, and care for, the environment.
This is the approach that will ultimately transform the way Hawai‘i is cared for in the future.
Communities are stepping up to remind us that we have a kuleana (right and responsibility) to care for
Hawai‘i. This includes not just a right to benefit from Hawai‘i’s environment (food, recreation, tourism
or otherwise), but a duty to both malama (care for) Hawai‘i, and to ensure the people’s concomitant
right to do as much to assure abundance and well-being for unborn generations.

4. This Special Issue

Our goal with this Special Issue was to produce a well-rounded collection of papers documenting
the state of biocultural restoration in Hawai'i from a scholarly perspective. We very much view this
as an opportunity to professionally raise up some of Hawai‘i’s thought leaders. The Issue highlights
viable models of biocultural conservation in the larger effort to restore ‘aina momona, with some focus
on the management of forests, streams, nearshore fisheries, traditional crop diversity, and traditional
food systems. Although none of the papers directly address health and wellness, and issues related
to legal and policy matters, restoring ‘@ina momona builds a foundation that can facilitate change in
these areas as well. We want to emphasize the biocultural foundation of both ecological and cultural
restoration. Conserving biocultural diversity and restoring the health of social-ecological systems can,
as illustrated herein, be founded on cultural values and aligned with community priorities.

A common theme amongst the efforts examined in this Special Issue is the re-creation of landscape
mosaics that included agro-ecological systems designed and managed for cultural and social benefit in
such a way that did not irreparably compromise the integrity of native ecosystems. This overarching
management approach was at the foundation of indigenous adaptation to island resource scarcity
and long-term sustainability. These lessons were not learned lightly—as several island failures can be
seen across the Pacific; nor were these systems maintained lightly—many successful islands had strict
systems of enforcement put in place to ensure that land use was prioritized in order to provide for the
needs of the community above the individual. In our own humble way, we hope this issue helps to
translate some of the knowledge accumulated by our island ancestors in a way to not only contribute
to the growing momentum in Hawai‘i, but also to provide viable solutions to global issues for our
greater island earth as well.
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This Special Issue is the largest collection to date of scientific papers authored by Native Hawaiian
and kama’dina (Hawai‘i-grown) scholars. Each of the more than one dozen papers is co-authored by at
least one Native Hawaiian scholar, with collective contributions from nearly one hundred kama‘aina
scholars, which represents an ancestral multi-ethnic mosaic and experience of living in these islands.
As expressed in the “Acknowledgements’ sections of each of the papers, this Special Issue embody
the perspectives and teachings of several dozen elders, cultural practitioners, and community leaders.
It is no surprise these papers have all coalesced around the common theme of biocultural restoration
in Hawai‘i. In the legacy of Papa-hanau-moku (Earth mother), more than 50% of lead authors and
co-authors are wahine (female), a reflection of this Special Issue which is ultimately focused on how we
better nurture and care for our island home.

Also significant is that many of the papers in this Issue employ indigenous methodologies that
prioritize working relationships and practical applications by directly involving those on the front
lines of biocultural conservation and restoration. Under a different research paradigm, many of these
individuals may have served as ‘informants’ or human ‘subjects’ for information extraction, rather
than as co-authors of the papers. This engaging approach allows those who are ‘living” biocultural
restoration to tell their own stories, coupled with scientific research that provides both experiential
and experimental evidence. This approach to writing and documenting the biocultural restoration
efforts in Hawai‘i parallels efforts on the ground, efforts that critically rely on strong, multifaceted
relationships between communities, organizations, scientists, and policy-makers to create successful
collaborative partnerships.

You will find in this Issue an exploration of various themes of biocultural restoration in Hawai'i.
Some touch on philosophical aspects, such as the value system at the foundation of Hawaiian biocultural
resource management [28], as well as on theoretical aspects, such as examinations of the structure and
function of the Hawaiian social-ecological system [5]. It also includes a comprehensive overview of the
systems-based approach to Hawaiian biocultural resource management [15], a multi-faceted approach
to rain-fed agro-ecological systems [29], and a case study on monitoring biocultural resources [30].
Historical ecology is utilized in two papers to provide insights into how the Hawaiian archipelago was
transformed from an ecosystem into a social-ecological system with the first arrival of Polynesians,
and how these social-ecological systems, in turn, underwent a regime shift once Europeans colonized
these islands [5,31]. Traditional approaches to biocultural resource management in the 21st century are
explored from two angles. One [27] looks at it from a community-based natural resource management
perspective, whereas the other [32] looks at it from the perspective of an ali‘i (royal) trust organization
that is Hawai‘i’s largest private land owner and benefactor of the Native Hawaiian community. An
important contribution by Kealiikanakaoleohaililani et al. [17] highlights the spiritual foundations
and the role of ritual in biocultural restoration in indigenous places. The issue also includes papers
that quantify ecosystem services and cultural services that are the products of biocultural restoration,
including flooded field systems [33], agroforestry systems [34], and aquaculture systems [35].

In closing, it is important to ground this Special Issue in its historic and political context. Our effort
is just one product of the long-term culmination of collective energies concerning biocultural survival
and justice following the overthrow of the Hawaiian Kingdom by business interests and the United
States in 1893. It is fueled by the spirit that gave birth to a cultural and civic revival, which ultimately
ushered in the Hawaiian renaissance that began in the 1970s. It was then when the call to malama
‘aina began to gather strength. It is the same spirit that subsequently inspired occupations that led to
repatriations of history, language, land, of iwi (bones), and cultural artifacts among others, as well as
the development and growth in influence of semi-sovereign entities like the Office of Hawaiian Affairs,
and the maturation of ali’i trusts that were originally developed by Hawaiian royal families.

Each of these progressive threads (language, culture, history, education, law and policy, etc.)
became part of an ever-thickening and sturdy rope, which brought our island community into a
new era. Our focus on biocultural restoration is just one common thread. On our shores, our home,
our community, and our biocultural approach took the center stage at the 2016 World Conservation
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Congress in Honolulu where the ‘culture-nature/nature-culture’ journey in conservation was launched,
and then carried forward around the world. The context in which many of the authors in this Special
Issue have grown up in the last two generations represent an era of increasing empowerment for a
thoughtful, deliberate, and grounded restoration mindset. This mindset not only helps steward our
home, but also creates new institutional approaches and practical rewards in the form of jobs and
opportunities to allow for the culture and people of Hawai‘i to thrive.

Biocultural restoration in the long run will have to be in situ, at the confluence of people and
place, and in reality where theory does not always stick and laboratory controls are not available.
The process of scientifically documenting the state of biocultural restoration in Hawai‘i has provided
valuable insight into the past as much as into the present. Restoration is an active term. In Hawai‘i it is
about reviving the virtues of aloha ‘Gina and the practice of malama ‘aina, to love and care, respectively,
for the ‘@ina, that which feeds. This is the foundation upon which this Special Issue on “biocultural
restoration in Hawai‘i” is built.
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Abstract: Through research, restoration of agro-ecological sites, and a renaissance of cultural awareness
in Hawai'i, there has been a growing recognition of the ingenuity of the Hawaiian biocultural resource
management system. The contemporary term for this system, “the ahupua‘a system”, does not accurately
convey the nuances of system function, and it inhibits an understanding about the complexity of the
system’s management. We examined six aspects of the Hawaiian biocultural resource management system
to understand its framework for systematic management. Based on a more holistic understanding of this
system’s structure and function, we introduce the term, “the moku system”, to describe the Hawaiian
biocultural resource management system, which divided large islands into social-ecological regions
and further into interrelated social-ecological communities. This system had several social-ecological
zones running horizontally across each region, which divided individual communities vertically while
connecting them to adjacent communities horizontally; and, thus, created a mosaic that contained forested
landscapes, cultural landscapes, and seascapes, which synergistically harnessed a diversity of ecosystem
services to facilitate an abundance of biocultural resources. “The moku system”, is a term that is more
conducive to large-scale biocultural restoration in the contemporary period, while being inclusive of the
smaller-scale divisions that allowed for a highly functional system.

Keywords: Hawaii; biocultural resource management (BRM); ahupuaa; social-ecological community;
social-ecological zone
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1. Introduction

The small size of many Pacific Islands, coupled with the frequency of catastrophic natural
events (i.e., hurricanes, tsunami, drought, flooding, lava flows, etc.) resulted in the development of
social-ecological systems around the anticipation of and rapid recovery from environmental change.
For this reason, Pacific Islands have been a focus of research into social-ecological system resilience,
especially in light of global climate change [1-3]. Understanding traditional approaches to resource
management has been a key component of such research. It is apparent that some Pacific Island
cultures exceeded resource limits and exhausted their island’s carrying capacity early on, while others
adapted to resource limitations by adopting conservation measures and, therefore, persisted [4,5].
The Hawaiian archipelago in the era prior to European contact in 1778 (pre-contact era) is a prime
example of the latter, making Hawaiian resource management in that era a particular topic of interest
with global ramifications.

The “biocultural resource management” (BRM) approaches developed and employed by
Hawaiians to manage an archipelago-scale social-ecological system—in the pre-contact era—sustained
an abundance of resources for more than a millennium [6]. This state of biocultural resource abundance

s

is known in the Hawaiian language as, ““aina momona”, and is a term that was particularly attributed
to lands that employed aquaculture technologies to increase fish biomass [7]. The word, “‘@ina”, is a
derivation from the word, “*
literally mean, “that which feeds” [8], but is generally used as a noun meaning, “Land, earth” [9].
The word, “momona”, is an adjective meaning, “Fat; fertile, rich, as soil; fruitful...”, [9]. Thus, the term
‘aina momona is commonly translated in the contemporary period as, “fat land”, or, “abundant land”,
in the context of food production. ‘Aina momona was achieved and maintained through careful
management on a landscape scale, which extended from the mountains to the sea [6,10].

Through research, restoration of agro-ecological systems, and a renaissance of cultural awareness
in Hawai‘i, there has been a growing recognition of the ingenuity of Hawaiian biocultural resource
management systems. These systems effectively adapted to local conditions, while accumulating a
body of knowledge in response to observed effects of management—both successes and failures—in
order to sustain resource abundance over time. Researchers [11-16], policy makers, K-12 educators, and
others, frequently refer to the Hawaiian system of biocultural resource management as, “the ahupua’a
system.” In this vein, ahupua’a are frequently described as self-sustaining units, and put forth as
models for sustainability in Hawai‘i today [17,18]. Ahupua’a have been equated with watersheds,
and described as being in alignment with Western scientific management approaches such as “ridge
to reef”, and ecosystem-based management [19,20]. Our research indicates that while some of the
notions aligning Western scientific approaches to resource management with Hawaiian approaches
to biocultural resource management may be valid, attributing them to the ahupua‘a scale does not
stand up to scrutiny. For example, some key resources (e.g., adze for felling trees and carving
canoes) did not naturally exist within each ahupua’a, and the population dynamics of key species
managed for the survival of human populations were not confined to ahupua‘a boundaries. In fact,
there are many examples of biocultural resources that were often managed at the scale of larger
land divisions. These nuances, discussed in more detail below, refute the notion that ahupua’a were
self-sustaining. Furthermore, only 5% of ahupua’a have boundaries that actually corresponded with
watershed boundaries [15], whereas other land-division scales more closely align with this concept
(discussion below). There are also land-locked ahupua’a, which do not have boundaries that touch
the ocean, and coastal ahupua’a, which do not have boundaries that extend to the mountains [15].
Therefore, the notion that ahupua’a were watershed-based, self-sustaining units is not supported.
As such, limiting the contemporary application of Hawaiian biocultural resource management to the
ahupua’a scale is not conducive to effective, large-scale restoration.

In recognition of knowledge gaps in the understanding of how Hawaiian biocultural resource
management strategies functioned and adapted on a system level, this research aims to fill those gaps by
synthesizing 21st century research on the topic and coupling that with contemporary understandings

ai” ,which means, “food, or to eat”, with the nominalizer “na” added to
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about population dynamics of key biocultural resource species. We aim to build a more nuanced
understanding of the inner workings of the Hawaiian biocultural resource management system in the
pre-contact era, and how it was able to foster long-term biocultural resource abundance. We do this
through an examination of six aspects of biocultural resource management. We also aspire to use a
more complete understanding to determine a more accurate term to describe this complex system as
to be applicable in the contemporary period for large-scale (i.e., system level) biocultural restoration.

2. Methods

The authors of this paper operate in the realms of both biophysical and social science,
and have a combined study of various aspects of the social-ecological system in Hawai‘i that adds
up to well over a century of work. The group includes multi-disciplinary ecologists, botanists,
aquatic biologists, and geographers, along with scholars of Hawaiian resource management and
governing policy. In this paper we draw upon our collective research that has employed various
methods such as archival resource analysis (including maps, governing documents of the Hawaiian
Kingdom, Hawaiian language newspapers, etc.), elder interviews, spatial modeling, remote sensing,
and biological mapping/monitoring from the mountains to sea. Recent advances in our collective
work include several inter-disciplinary projects in the biocultural realm, which have allowed us to
synergistically engage with one another’s research in the pursuit of better understanding the depth
and the breadth of the Hawaiian biocultural resource management system. These collaborations have
been key to the development of this article.

3. Results

Our research yielded information that can be grouped into six aspects of biocultural
resource management that are relevant to what Winter et al. [21] referred to as the “Hawaiian
social-ecological system”.

Aspect 1: Nested land divisions provided the framework for systematic management of
biocultural resources.

The genesis of landscape-scale biocultural resource management, within the social-ecological
system of the Hawaiian archipelago, was born out of necessity when human-population growth began
to put a strain on natural resources. Hawaiian historians of the 19th century, such as Kamakau [7]
and Malo [22], recounted that at the height of human population in the ali'i era, the land was divided
into various scales—such as moku, ‘okana, kalana, ahupua‘a, ‘ili, mo‘o, pauku, and further into various
types of agricultural plots (Table 1). Of these land divisions, the moku and the ahupua‘a were key
political boundaries in the pre-contact system of governance, managed by positions in the ruling
class known as ali’i ‘ai moku and ali’i ‘ai ahupua’a respectively. Land divisions below the ahupua’a
(social-ecological community) level were primarily derived through kinship and cared for by specific
extended families [23]. While biocultural resources were managed within the context of those scaled
boundaries, there is insufficient understanding of the interplay between the nested land divisions
within the biocultural resource management system.

Table 1. Categories of land divisions within an island documented in the 19th century by Kamakau [7]
and Malo [22], with contemporary descriptions of the units they represented as interpreted by
the authors.

Land Division Term Unit within the System
moku A social-ecological region
Intermediate category being either a group of ahupua’a within a moku that
‘okana/kalana collectively compose a larger watershed; or a smaller watershed within a single,
large ahupua‘a
ahupua’a A social-ecological community
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Table 1. Cont.

Land Division Term Unit within the System
“ili A division within an ahupua‘a, often associated with an extended family
mo'o A section of land within an “ili
pauku A strip of land within an mo‘o
kihapai and others Various types of cultivated plots

The first land division made to manage biocultural resources under the strain of a growing human
population was that of moku (district or region), and continued population growth later necessitated
the subdivision of moku into ahupua’a (a community-level division) for more localized resource
management [6,7,24]. This approach to biocultural resource management was not standardized
in a cookie cutter approach, but rather depended on biophysical aspects of the land- and sea-scape [16].
Historical maps and Hawaiian language records detail the proper names and boundaries of some units
below the ahupua‘a level, such as ‘ili. While these place names have been mapped for some individual
ahupua’a [14], comprehensive mapping of these land divisions for all the islands in the archipelago has
yet to be completed.

Aside from the biophysical differences across islands, as well as the regions within them,
land divisions varied over time, being shaped by the dynamic and varied needs of each island’s human
population, as well as the political structure needed to govern people and manage biocultural resources.
It is not clear how many times moku were re-subdivided into ahupua‘a in order to manage the needs of
a growing human population. The names of some ahupua‘a seem to indicate that they were at one time
larger ahupua’a that were later subdivided into two. This is evident by the occasional occurrence of
adjacent ahupua’a having binomial names that are differentiated only by the epithet, being descriptors
of opposing characteristics; whereas all other ahupua’a names are monomials. For example, on Kaua‘i,
Kalihi-wai (Kalihi of fresh water) is adjacent to Kalihi-kai (Kalihi of salt water), and Nu‘alolo-kai
(Nu‘alolo of the sea) is adjacent to Nu’alolo-‘aina (Nu‘alolo of the land) [16]; and on Hawai‘i Island,
Pakini-nui (Pakini major) is adjacent to Pakini-iki (Pakini minor) [15]. This may be evidence that
ahupua’a were subdivided to adjust to the needs of the people. A similar trend is observed in adjacent
moku of similar aspect—such as Kona ‘Akau and Kona Hema on Hawai'‘i Island, and Ko’olau Loa and
Ko’olau Poko on O’ahu—although it is unknown whether or not these are the result of a historical
subdivision process for which records have been lost to time.

All of the Hawaiian terms for land divisions (Table 1), with the exception of two—'okana and
kalana—were primarily political boundaries associated with governance and systematic biocultural resource
management as discussed above [7,22]. Both of these terms are somewhat cryptic, intermediate level
social-ecological divisions. Each has a unique definition, but both seem to be applied to the same situation
in different places in the archipelago; and, therefore, we suspect that these two terms are synonymes.
Synonymy has been documented between the varying classification systems utilized in the pre-contact
era [25], including for terms used to classify land designations within the Hawaiian biocultural resource
management system [16]. Such synonymy can lead to confusion, which is particularly true for terms that
have fallen out of common usage in the contemporary period, and especially for classifications that—by
their cryptic nature—do not fit well into tables developed by scholars.

Both ‘okana and kalana were units smaller than a moku that could have either contained several
small ahupua‘a [9,26], or were distinct areas within large ahupua‘a [27]. The intermediary nature of this
land division has led to confusion about what this unit was, exactly, and how this concept fits into
contemporary restoration efforts. It is seemingly more related to biophysical realities and regional
identity of the community rather than governance and resource management. “’Okana”, is a contraction
of, “’oki,” and ““ana”, meaning, “cutting off”, [26] in reference to the partition of a larger land division
into smaller units. While its synonym, “kalana”, can be broken down into, “kala”, and its nominalizing
suffix, “na”, to literally mean, “that which loosens, frees, releases, removes, unburdens” (translation
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by authors), in reference, perhaps, to a watershed. These divisions were based upon the biophysical
characteristics of the area, rather than the political needs for governance.

There are a few known examples that can inform our contemporary understanding of these terms.
The term kalana has been applied to the Hanalei region of northern Kaua‘i, which includes the ahupua‘a
of Hanalei, Waioli, Waipa, and Waikoko [28]. This appears to reference lands that collectively release
wai (fresh water) into Hanalei Bay. Other examples are observed on the dry leeward side Hawai‘i
Island, where the moku of Kona is divided into the kalana of Kekaha, Kona Kai‘6pua, and Kapalilua [29].
The kalana of Kekaha (a contraction of the term, “ke-kahawai-‘ole”, meaning, “land without streams”)
in the northern area of Kona is characterized by arid lands with neither streams nor abundant rainfall,
but instead has subterranean freshwater flow. Kona Kai‘6pua (Kona of the puffy clouds above the
ocean), in the middle section of Kona, is where the ‘Opua (cumulus) clouds commonly rest in the field of
vision in region just off shore. Kapalilua (the double cliff), in the southern region of Kona, is composed
of several ahupua’a which encompass a region in Kona with a unique topography that is dominated by
large sections of sea cliffs.

Uncertainties remain relating to the boundaries of various land divisions, as described above.
This arises from several factors: (1) While Hawaiians quickly adopted paper-based mapping, after
contact with Europeans, as a crucial means of documenting and asserting knowledge and rule over
lands, they did not make such maps in the pre-contact era [30]; (2) several volcanic eruptions have
modified or destroyed ahupua‘’a and/or moku boundaries; (3) boundaries were well established at
the shoreline, but were more ambiguous offshore; (4) the conquest and unification of the islands
destroyed sovereign boundaries established by prior dynasties; and (5) current boundaries set by
various indigenous and historical authorities are sometimes in conflict [15]. More research into historic
land divisions and how their boundaries shifted over time is needed.

Aspect 2: Designation of social-ecological zones (wao/kai) allowed for the management of
population dynamics for key resource species across social-ecological regions (moku).

Terrestrial social-ecological zones (wao) within a social-ecological region (moki) were designated
by a two-word term beginning with “wao” and followed by an epithet that described their primary
purpose and indicated appropriate activities within each zone [16] (Table 2, Figures 1 and 2).
Social-ecological zones in the marine environment (kai) have been historically documented within
this system [7,29] (Table 3), but these have yet to be comprehensively examined or explored with
spatial modeling. Both wao and kai spanned across the moku, which effectively divided each individual
social-ecological community (ahupua‘a) vertically, while connecting it horizontally to adjacent ahupua’a
within a moku (Figure 1). The vertical divisions allowed for system-based management within each
ahupua’a, while the horizontal connections between ahupua’a allowed for coordinated management
of the population dynamics of key resource species between ahupua‘’a within each zone spanning
a moku. This was achieved, in part, by a rotating system of harvest restrictions (described below),
which ultimately facilitated management for maximum cumulative abundance and benefit of the
entire system—a point that is elaborated below (Aspect 3).

Table 2. The five terrestrial social-ecological zones (wao) that appear to have been recognized on the
island of Kaua‘i. Management implications for each zone are provided (based on Table 3 in Winter and
Lucas [16]).

Social-Ecological Zone Translation Management Implications
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Table 2. Cont.

Social-Ecological Zone Translation Management Implications

Primary function: Maximize habitat for native birds.
A forest zone that was minimally-tended (generally
remote upland, mesic forest) and left as a
native-dominant plant community.

Impractical for access except by bird catchers and
feather gatherers.

Primary function: Maximize the availability of
timber and non-timber forest products.

A zone allowing for the management of a
highly-tended forest via an integrated agroforestry
(native and introduced plants) regime:

Native and introduced hardwood timber
Introduced food trees

Native and introduced biofuel sources
Maximization of native biodiversity for
non-timber forest products
Cordage and weaving material
Medicine and dyes

Ceremonial and adornment plants

wao nahele Remote Forest

Table 3. An abridged list of select social-ecological zones (kai) within the marine environment as

documented by Maly and Maly [29]. Translations of the meaning of these zones are provided by
the authors.

Marine Social-Ecological Zone Translation by Authors

Fringing reef with breaking waves
(representing the seaward boundary of ahupua‘a)
Sea for fishing with octopus lures

ka po'ina nalu

kai lithe’e
(outer reefs)
. _ Sea frequented by humpback whales (Megaptera novaeangliae)
kai kohola .
(submerged volcanic shelves)
Kai ‘ele Black sea
(deep-sea area, possibly between volcanic shelves)
Kai uli Dark sea

(deep-sea area, possibly beyond the islands’ volcanic foundations)
Sea along the horizon that gets the first touch of the sun’s light
(deep-sea area)

Distant, dark sea associated with the travels of Kane

(deep-sea area beyond sight of land)

kai pualena

kai popolohua-a-Kane-i-kahiki
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Figure 1. A schematic model depicting the layout of a single social-ecological region (moku)
including the structure of both social-ecological zones (wao and kai, designated horizontally) and
of social-ecological community boundaries (ahupua‘a, designated vertically) to convey the framework
for the biocultural resource management of the moku system in the Hawaiian archipelago in the
pre-contact period. This framework provided for management in both the horizontal and vertical
dimensions. Social-ecological zones are based on those identified from the island of Kaua‘i [16].

Figure 2. A spatial model depicting the layout for the social-ecological region (moku) of Halele’a on
the island of Kaua’i, including the social-ecological zones (wao ) that dictated resource management
in each social-ecological community (ahupua‘a), as determined by Winter and Lucas [16]. Each wao
is represented by a different color as indicated in the key. This moku contains nine ahupua‘a, each of
which are labeled here by name. Not all ahupua’a modeled here have all five wao documented from the
island of Kaua‘i, which indicates that each ahuapua’a had varying levels of access to and amounts of
biocultural resources.
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Aspect 3: Population management of key biocultural resources operated on an ecoregion scale.

Moku provide ideal units for examining management systems for key resources [31]. While they
are often understood as political boundaries, their alignment facilitated decentralized resource
management under ali‘i ‘ai moku, the royal title for those who administered resources in a moku.
Moku boundaries encompass land- and sea-scapes and are aligned with biophysical attributes
of island ecosystems—such as landscape aspect, topography, climate regime, wave exposure,
watershed classification, forest distribution, substrate type, and aquifer boundaries (Figures 3 and 4).
In this regard, moku boundaries are more closely aligned with the scientific understanding of an
archipelago-scale ecoregion than any other unit of land division recognized in pre-contact Hawai‘i.
Ecoregions are relatively large units of land containing a distinct assemblage of natural communities
and species, with boundaries that approximate the original extent of natural communities prior to
major land-use change [32]. While usually referred to on a global scale, we use this term on an
archipelago scale. This concept is explored in more detail below.

Owing to Hawai‘i’s orthographically driven climate patterns across the landscape and shoreline,
bio-physical resources—such as sunlight, rainfall, temperature and wave energy [33,34]—ultimately
drive natural resource abundance and the potential for cultivating biocultural resources via
agro-ecological and aquaculture systems. While there are climatic similarities across moku, there are
also key differences between moku. These differences can be seen with an RGB visualization of
equalized temperature (°C), solar radiation (W/ m?), and rainfall (mm) [35,36] respectively (Figure 3).
This can also be visualized in data distributions in histograms of climatic and landscape variables
island wide, across moku, and within social-ecological zones (Figure 4). The overlay of moku boundaries
in Figures 3 and 4 reveal clear patterns of climatic similarity within each moku. This suggests these
divisions optimized land uses and had the potential to contain specialized biocultural resources. In
particular, wao kanaka zones (including coastal areas) are primarily differentiated between moku by
solar radiation, rainfall, temperature, and wave energy. This suggests that human interaction with
the environment in these areas helped to further distinguish the moku from one another and inform
appropriate uses. This is evident in the varying forms and intensification of agriculture associated
with each moku [8], as well as coastal resource development or extraction [29]. This research does not
assume that only these physical variables strictly dictated moku or wao boundaries while disregarding
social and cultural drivers; however, an examination of the patterns of both similarities and differences
across these spaces does suggest a logical grouping of resource uses as dictated or limited by some
bio-physical constraints. Moku boundaries also correspond well with the population dynamics of key
biocultural resources—such as fish, birds, invertebrates, and plants—that could be more effectively
managed in the context of their natural ranges, and in their respective gene pools within ecoregions.
Specific examples of key species in these life-form categories are given below.

Fresh-, brackish-, and salt-water vertebrate and invertebrate species were important components
of traditional food systems in pre-contact Hawai‘i [29]. At the local (ahupua’a) and district (moku)
levels, fishing activities and catch distribution were strictly disciplined by a system of rules and
regulations—born out of an understanding about the life cycles of various aquatic species—that were
embedded in socio-political structures and religious systems (discussed below). Harvest management
was not based on a specific amount of fish, but on identifying the specific times and places that fishing
could occur so as not to disrupt basic life-cycle processes and habitats of important food resources [37].
Many of these laws provided protection for important species and allowed Hawaiians to derive
sustenance from the ocean for centuries [38]. Knowledge about fish habitat needs, behaviors, and life
cycles paved the way for the development of various aquaculture technologies that both increased and
stabilized the production of fish biomass [29,39] in the social-ecological system.

Watersheds that contained perennial streams flowing from the mountains to the sea were provided
with important vertical dimensions of instream food resources in the form of various species of
native fish (‘O‘opu) and macroinvertebrates (‘Opae and Hihiwai) (Table 4). ‘O‘opu were the most
commonly-referenced fish listed as a traditional food source by native Hawaiians on islands with
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perennial streams in the middle of the 19th century, which alludes to the importance of these freshwater
protein sources in that era [29]. This was particularly true for families living inland from the coast.
Hawai‘i’s native stream species are all amphidromous [40] in that they move out to sea as larvae and
return to freshwater as sub-adults to complete their juvenile and adult phases [41,42]. For ‘O‘opu, eggs
are laid and fertilized in nests, often close to stream mouths. Newly hatched larvae passively drift
with stream currents into nearshore areas as marine plankton [43], then metamorphose and recruit
into streams as juveniles [44]. The recruiting ‘O’opu are known in Hawaiian as hinana, which is the first
size class recognized as edible [39]. Adults of each species predictably distribute themselves into high
densities along elevational zones in the stream continuum [45], where they may be reliably collected
seasonally. Given their amphidromous life histories, sustaining native ‘O’opu, ‘Opae (an ethnogenus
comprising Atyoida and Macrobrachium), and Hihfwai (Neritina granosa) larval production from streams
within and among watersheds is important to replenish oceanic planktonic populations as cohorts
mature to enter streams as juveniles. An ecoregional-scale of resource management, consisting of
multiple adjacent streams combined into an ecoregion management unit (moku) would, therefore,
serve to optimize larval production regionally and be beneficial in sustaining native food resources in
streams on all islands.

Halele‘a

Rainfall
Abundant

Kilometers

Figure 3. A visual interpretation of climate as delineated by histogram-normalized color combinations
of red, green, and blue to simultaneously visualize gradients and combinations of temperature,
solar radiation, and rainfall (red: mean annual temperature (°C); green: mean annual solar radiation
(W/m?2); blue: mean annual rainfall (mm)). Social-ecological region (moku) boundaries (thick
black lines), and social-ecological zone (wao) boundaries (thin dashed lines) representing the data
produced by Winter and Lucas [16] are overlaid atop the island of Kaua‘i. All climate data are from
Giambelluca [35,36]. Areas with blue dominance represent relative rainfall abundance, areas of green
dominance represent relative solar radiation abundance, and areas of red dominance represent relative
warmer temperatures. This results in color mixes that demonstrate these climatic variables, with the
Venn diagram providing a color key for visual interpretation of the mean annual climatic variability.
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Figure 4. Histograms of climate and landscape variables (columns) for the example island of Kaua‘i.
From left to right: mean annual rainfall (mm), mean annual temperature (°C), mean annual solar
radiation (W/m?), long-term wave power (Kw/m), and landscape aspect. Rows display island-wide
data distribution (bottom) and subsets of socio-ecological zones. Grey histograms represent all data
in the zone or island with color coordinated distribution lines display distribution of each according
to moku. Base-layer image of Kaua‘i indicating social-ecological zones is from Winter and Lucas [16].
The boundaries of each of the five moku (Halele’a, Ko’olau, Napali, Kona, and Puna) for Kaua’i are
indicated in separate colors.

Nearshore fish species were also important as a protein source, particularly for people living
along the coast, and were managed on an archipelago-based ecoregion scale for abundance [29].
Management tools included the use of temporal and seasonal closures, a practice widely used in
traditional Pacific marine tenure systems. Such closures most often applied to reduce intensive
harvest of spawning fish or aggregations that occurred during lunar, seasonal, or annual cycles [4,46].
A number of pelagic and migratory species were heavily relied on as food sources, and effective
management of their populations was more appropriately addressed at the noku level. An example
of such management is evident in the ancient fishing regulation of ‘Opelu (mackerel scad,
Decapterus spp.)—in the moku of Kona Hema, Hawai‘i Island, which happened beyond the seaward
boundary of the ahupua’a in that ecoregion. This regulation mandated that ‘Opelu be actively fed
(hanai ‘ia) in their natural aggregation areas (ko‘a) during the restricted (kapu) season, which was
associated with their spawning period. Each fishing family had a designated ko‘a to hanai during
the kapu season. If they fulfilled that responsibility they were allowed to fish within any of the ko‘a
during the unrestricted (10a) season, after first harvesting from the one they tended. If, however, a
family did not fulfill their responsibility to hanai their designated ko’a in the kapu season, they then
lost their privilege of fishing for ‘Opelu in the following noa season. This is recalled in the proverb,
“Hanai a ‘ai”, [29] that roughly translates to, “Feed [the fish], and [you may] eat”, (translation by
authors). Regulations that restricted the fishing of key species during their spawning season and
calling for the active feeding of them during this period likely increased the fecundity of key resource
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fish species for the entire moku. The six-month kapu season for ‘Opelu was the noa season for Aku
(skipjack tuna, Katsuwonus pelamis), a predator of juvenile ‘Opelu [29], therefore this restriction/feeding
season for ‘Opelu corresponded with a shifted dietary reliance of Hawaiians to top-predator species
as a protein source. As such, in addition to limiting pressure on key lower trophic level fish species,
harvesting their predators reduced their natural mortality. When the kapu was lifted for ‘Opelu fishing,
the six-month kapu for Aku fishing commenced [7,29,39], thus allowing for population recovery of that
species. The rotating kapu /noa, noa/kapu seasons alternated between these two species on an annual
basis. Another important nearshore fish, ‘Anae holo (striped mullet, Mugil cephalus), was a prized
species that migrates along coastal areas and into estuaries within an archipelago-scale ecoregion, and
was a focal species in aquaculture systems. Not only were ‘Anae holo fished for as they passed through
the coastline of an ahupua’‘a, they were also attracted into aquaculture systems, which were designed
to create or enhance habitat for key resource species in a contained area. This included six classes of
fishponds [29,39]. The replenishment of fishponds was dependent on the spawning success of this and
other species, which happens on a scale that is more closely aligned with moku boundaries than any
other scale of land division in ancient Hawai‘i.

Birds—including forest birds, waterfowl, seabirds, and other migratory species—were another
key biocultural resource group as a source of both food for sustenance, and feathers for adornment.
As with pelagic and migratory fish, the population dynamics of native birds extended beyond ahupua‘a
boundaries. Hawaiian honeycreepers (Fringillidae: Drepanidinae), a highly diverse passerine group
relied upon for their feathers, can have home ranges of up to 12 ha [47]. In the context of inland forest
at or near the apex of ahupua’a home ranges of native honeycreepers could most certainly go beyond
ahupua’a boundaries, while staying well within the social-ecological zones (Figure 2) that spanned
multiple ahupua’a—such as the wao akua and the wao nahele in the case of forest birds. The Koloa
(Hawaiian duck, Anas wyvilliana), once an important source of food associated with the wao kanaka
zone [8], has been documented to fly between wetland systems in the same moku [48]. Ground-nesting
seabird colonies—such as those of the ‘Ua"u (Hawaiian petrel, Pterodroma sandwichensis), which was
another food source when abundant—encompass the upland forest of entire moku. An example of this
is the colony at Honoonapali [49]—the region of montane cloud forest encompassing the entire wao
akua zone in the moku of Napali on the island of Kaua‘i. Therefore, given that key resource birds have
home ranges and population dynamics, which existed in social-ecological zones that spanned across
many ahupua’a yet remained within moku boundaries, managing their populations for abundance
would have been more effective if done at the moku scale.

Species ranges and population dynamics of native plants—as opposed to cultivated crops—were
also not limited to ahupua’a boundaries. Native plants co-evolved with three natural vectors of
dispersal—wind, birds (either internally or externally), and ocean currents. Coastal plants tend
to be distributed by ocean currents, whereas inland species tend to be distributed by wind or
wing [50]. “Ohi‘a lehua (Metrosideros polymorpha), the native tree with the highest biocultural value [51],
has wind-born seeds that can be dispersed great distances. As for culturally-important trees with fleshy
fruits—such as Mamaki (Pipturus spp.), ‘Alahe’e (Psydrax odorata), and many others—avian dispersers
are critically important, and such birds are responsible for the structure and diversity of forests in
Hawai‘i [52]. Therefore, diversity of culturally-important native plants, as well as the structure of
forests depended on physical and ecological factors that existed on a scale more closely aligned with
those of the moku than any other scale of land division in ancient Hawai‘i.

The abundance of biocultural resources, needed by stewards of the ahupua‘a for their sustenance
and well-being, depended on ecological factors, including life cycles of key resource species,
that operated on scales larger than that associated with ahupua‘’a boundaries. This makes the larger
moku a more practical unit for management.
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Aspect 4: Ensuring high levels of biodiversity resulted in resilient food systems.

Hawaiians in the pre-contact era used taxonomy to attribute names to specific units of biodiversity
in their social-ecological system [25], which provided a means to manage the components at the
foundation of a diverse range of sociocultural traditions. The management of biocultural diversity
has been identified as an important aspect of maintaining—and potentially restoring—the structure,
function, and resilience of social-ecological systems [21]. The same concept can be applied to food
systems. There is a word in the Hawaiian language for famine—uw7 [9]—which indicates that food was
not perpetually abundant in all areas. Periods of famine are noted to have followed natural disasters,
such as hurricanes, or climatic shifts which resulted in extended periods of drought [53]. This evidence
suggests occasional short-term declines in food abundance, yet points to the importance of biodiversity
for resilience of the food system. Some species of plants are referred to as “famine foods” [8,54],
and the same is true for some species of marine life [39]. Resource managers had to maintain high
levels of biodiversity (Table 4) throughout the social-ecological system as a means to facilitate resilience
in the food system. Resource managers had tools to maintain abundance and biodiversity in the food
system. These tools included various types of kapu, or harvest/access restrictions, to allow for the
recovery of populations of key species [29]. When certain species had kapu placed upon them, many
others in the system could be relied upon as substitutes—as indicated in the alternating kapu between
‘Opelu and Aku (discussed above). The high levels of redundancy in wild food sources is indicative
of a resilient food system, one that identified food sources that were relied on primarily in periods
of scarcity.

Table 4. The amount of native biodiversity functionally relied upon as food sources in the pre-contact

era Hawai'i.
Life Form Edible Species Source
Freshwater vertebrates 5 Maly and Maly 2003 [27]
Freshwater invertebrates 4 Maly and Maly 2003 [27]
Ocean vertebrates 231 Maly and Maly 2003 [27]
Ocean invertebrates 57 Maly and Maly 2003 [27]
Macro-algae 29 Abbott 1996 [55]
Birds 38 Keauokalani 1859-1860 [56]

Aspect 5: Rotations of harvest restrictions were tools to manage for abundance of biocultural resources.

Maly and Maly [29] comprehensively documented Hawaiian fishing traditions from the
pre-contact era, through the Kingdom period, and into the territorial period—based on a compilation
of historical records and oral histories. They documented rotating harvest restrictions (kapu) that
were placed and lifted (making an area noa or free from restriction) on either a regular or intermittent
basis. The Hawaiian biocultural resource management system employed various kinds of harvest
and access restrictions (kapu). The punishment for breaking a kapu was swift and severe [7,22].
A summary of the types of kapu employed in Hawaiian biocultural resource management strategies
is described below (Table 5). These various kinds of kapu were employed in concert with each
other—on both a temporal and spatial scale—to manage for the long-term abundance of key biocultural
resources, while at the same time ensuring that local communities could access resources for their
daily survival and well-being. The process for deciding which kind of kapu to employ and when,
with the goal of managing population dynamics within a moku, was done by implementing a
multi-criteria decision-making process—such as that which is described below (Aspect 6).
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Table 5. A list of various types of kapu (restriction) along with associated descriptions compiled from

Maly and Maly [29] and examples for each.

Kapu Type

Description of kapu

Examples

Seasonal harvest restriction
associated with
spawning periods

Monthly harvest restriction
associated with particular
moon phases

Occasional access restriction,
associated with
particular areas

Occasional harvest
restriction, associated with a
particular taxa

Occasional harvest
restriction, associated with a
particular life-stage of a
specific taxa

Placed an annual ban on the harvest of key fish
species during their spawning season, which
helped to ensure healthy populations for future
fishing seasons.

Regulated either specific harvest practices or
harvest of particular species on named moon
phases, which effectively staggered harvesting
pressure throughout the month and protected
spawning events occurring on certain moons.
Intermittently imposed to restrict human access
into areas that needed immediate recovery, or
in areas being saved for a planned large harvest
in the foreseeable future.

Intermittently imposed to temporarily rest
harvest of specific taxa observed to be in
decline as a means to facilitate

population recovery.

Prevented harvest of particular species at key
stages in their life cycles, as a means to manage
population demographics of that species and
enhance reproduction. These restrictions only
protected certain life stages while other life
stages of that same species could be harvested.

Annual six-month kapu on ‘Opelu
(Decapterus spp.)

No fishing allowed on the 27th phase
of the moon (Kane).

Lawa’i (an ahupua‘a in Kona, Kaua‘i) is
a place-name commemorating the
lifting of a kapu over the entire bay
fronting that ahupua’a.

Kapu placed on “Ula (lobster, Panulirus
marginatus) when population
observed to be in decline.

Kapu placed on Moi li‘i (juvenile
threadfin, Polydactylus sexfilis) only,
while allowing for the harvest of other
life stages of the same species.

Aspect 6:
resource problems.

Systematic approaches towards holistic evaluation of solutions to biocultural

In resource management, solutions born out of a narrow view of a problem have the potential
to unintentionally create new problems in other areas of a system. Multi-criteria decision-making
processes can be used as a tool to determine the best possible solution to a complex problem [57].
Hawaiians employed such tools in the approach of managing biocultural resources to attain abundance
(“aina momona) in their social-ecological system.

Knowledge of an evaluation process relating to the system-level management of biocultural
resources has been documented from the island of Moloka‘i—as developed in the pre-ali‘i era prior
to the voyage of Pa‘ao to Hawai‘i (approximately 800 years BCE). This evaluation process operated
on both the temporal and spatial planes, and in the spiritual realm. It was utilized as a tool by
decision-making councils that were composed of recognized experts who were valued for their
unique skills and experience—whether that be in agro-ecology, aquaculture, hydrology, meteorology,
phenology, etc. The councils operated along certain guiding principles, and themselves guided
resource management to ensure the health and integrity of eight resource realms [6,58]. The council’s
decision-making process entailed consideration of the impact of a proposed solution on each of the
eight realms (i.e., the spatial scale, Table 6) as to arrive at solutions that addressed the problems of
a specific realm without causing harm to any of the other realms. Once a decision was arrived at, it
was implemented by the people in a manner that honored the ancestral past while addressing present
needs, and establishing more abundance for future generations (i.e., the temporal scale) [6,58].
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Table 6. The eight main components of the systematic evaluation process that was developed on the
island of Moloka‘i to ensure abundance in all resource realms of the social-ecological system [6,58],
with descriptions and contextual interpretations provided by the authors.

Component of Decision Matrix Component Description and Contextual Interpretation

The sea from the shoreline to the horizon, as seen from the highest vantage point
in the area; and all associated biota.

The area extending from the place where the ocean meets the land to the place
where soil exists. This includes the splash zone where algae, crabs, and other

moana-nui-akea

kahakai i X .
anaraipepeao shellfish may be located; sands where turtles nest; dunes where seabirds nest and
coastal strand vegetation exists; sea cliffs; and all associated biota.
maika The area from where soil begins, extending all the way to the mountaintops; and

all associated biota.
All the sources of fresh water—artesian springs, streams (including coastal
namuliwai springs that create brackish-water and contribute to healthy and productive
estuarine environments); and all associated biota.
The realm inclusive of everything above the land—the air, winds, sky, clouds,
rain, rainbows, birds, atmosphere, sun, moon, planets, and stars. This
kalewalani encompasses all the elements and celestial bodies that influence the tides and
ocean currents, which directed traditional navigation and guided fishing and
planting seasons.
The needs of the people. This included the kanawai (laws) that governed
kanakahonua behaviors and ensured a functioning society which contributed to the people’s
health and well-being.
The intellect and cumulative knowledge built up over generations. This is the
knowledge of kahuna (keepers of priestly knowledge), knowledge about the
papahelolona connections across the social-ecological system and the correlations between the
cycles of nature, and knowledge of expert practitioners in astronomy, healing,
and other schools of knowledge.
The spiritual realm and the ceremonies needed to maintain pono (balance) in the
ke'ihi‘ihi ‘aina. These included elements of nature, ancestral deities, and religious protocols
needed to maintain sanctity in the landscape.

The implementation of biocultural resource management tools, such as the coordination of
various types of kapu (harvest restrictions) across the moku (as discussed above), were the kind of issues
decided upon by systematic evaluations of both problems and potential solutions. The unilateral
placement of kapu on the scale of a single ahupua’a would not be as effective as collaborative and
coordinated efforts between multiple adjacent ahupua‘a. Various types of rotating kapu were employed
in concert—between ahupua’a within the context of the moku—to synergistically yield long-term
abundance of key biocultural resources. For example, when a key species was closed in one ahupua’a,
it might be open in the adjacent ahupua‘a, with shared harvest rights across both, so that residents
could continue to access that resource even while it was rested and rejuvenating in their own home
area. The designation of social-ecological zones, which maintained horizontal connections between
ahupua‘a facilitated this management approach, and allowed for the continual replenishment of key
species in the archipelago-scale ecoregion without compromising the ability of ahupua‘a tenants to
feed themselves. This was true for key biocultural resources in oceans, estuaries, streams, wetlands,
and forested areas. Similar evaluation processes were likely employed in the ali‘i era—between the
arrival of Pa‘ao from Tahiti and the arrival of Europeans in 1778—although records of this are not
known to exist.

4. Discussion

An analysis of various aspects of managing biocultural resources on a system level has provided
some insight into the pathways that pre-contact Hawaiians followed to attain the state of abundance
known in the Hawaiian language as ‘aina momona. However, an abandonment of traditional resource
management practices in the post-contact era led to a decline in biocultural resources. A good example
of this can be seen by the loss of kapu (restrictions) as resource management tools.

Kapu were born out of and engrained in the ancient Hawaiian religion in the pre-contact era.
These restrictions regulated many aspects of society and human behavior, not just use and management
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of biocultural resources [7,22,59]. When the ancient Hawaiian religion was abolished in 1819—forty
years after Western contact—the kapu system was dissolved. With it went a system of regulations
for resource extraction, and the authority to enforce violations [29]. Regulations and enforcement
were key tools used to manage for long-term abundance of biocultural resources. Loss of the kapu
system left valuable species unprotected as Hawai‘i, an important stop on shipping routes across the
Pacific, entered the global trade economy of the 19th century. The massive over-harvesting of ‘Iliahi
(Sandalwood, Santalum spp.) for export to China contributed to the near extinction of these trees [60].
The example of ‘Iliahi shows how not only key species, but entire ecosystems, were vulnerable to the
pressures of capitalism without the kapu system in place to protect biocultural resources. After the
word “kapu” took on a negative connotation in the Christian era—due to its association with the ancient
religion—some forms of resource extraction regulations continued under a different term, “ho‘omalu”,
which means, “to rest;” and were codified into law during the Kingdom Era. This was applied locally
within ahupua’a to particular species or areas, as needed and identified by the designated konohiki [29].

The abolishment of the kapu system was just one of many changes that undermined the Hawaiian
system of biocultural resource management during the 19th century. Depopulation from introduced
diseases in the century following European contact was a major contributing factor to the abandonment
of agro-ecological systems [61]. Changes in land tenure from the 1840s through the overthrow of
the monarchy in 1893 created private ownership in place of communal land holdings [14,30,62,63].
Nearshore fisheries, and local rights to harvest and manage them, were gradually condemned, starting
with the Act that annexed Hawai‘i as a territory in 1900. This opened fisheries to public access and
shifted resource management authority from the ahupua’a level to centralized bureaucracies under
the territorial and then state governments, and decoupled nearshore resource management from
land-based resource management [64,65]. However, in spite of all the change, some ahupua‘a tenants
continued modified forms of biocultural resource management tools into the 20th century, such as
the continued practice of designating species and areas for protection (ho’omalu). These informal
“rests” were designated by respected elders, but were not codified or enforceable except by social
pressures [37]. Andrade [14] documents some specific examples of informal community agreements to
rest certain areas, or to rotate harvest in the ahupua’a of Ha’ena (Halele’a, Kaua‘i). Ha‘ena is just one
of many Hawaiian communities that found novel ways of adapting to continue traditional resource
management practices well into the 20th century.

5. Conclusions

Of all the scales of land division in ancient Hawai‘i, the moku unit is the scale most
closely aligned with archipelago-scale ecoregions that encompass population dynamics of key
biocultural resources—such as fish, birds, and plants. Biocultural resource management on this scale
involved spatial management in both the horizontal and the vertical planes via the designation of
social-ecological zones, as well as the concentric scaling of nested land divisions. All of this was done
in concert with knowledge about temporal patterns associated with the cycles of lunar months and
solar years, which were correlated with life cycles and population dynamics of key resource species.
Given the success of this traditional resource management system in ancient Hawai‘i, a return to this
approach would be an essential component of large-scale biocultural restoration in the 21st century.

We introduce the term “the moku system” to describe the Hawaiian biocultural resource
management system, practiced in the pre-contact era, which divided large islands into social-ecological
regions (moku) and further into interrelated social-ecological communities (ahupua’a)—each of
which contained a network of scaled kinship-derived sections (‘ili, mo‘o, etc.) nested within them.
Each moku had several social-ecological zones (e.g., wao and kai) running horizontally as belts across
the region. These wao divided individual ahupua‘a vertically while connecting them to adjacent
ahupua’a horizontally, allowing for holistic management of biocultural resources across human
communities. These delineated social-ecological zones created a mosaic that contained forested
landscapes, cultural landscapes [66], and seascapes which synergistically harnessed a diversity of
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ecosystem services to facilitate an abundance of biocultural resources. The richest (waiwai) ahupua’a
cycled enough fresh water (wai) through them to allow for aquaculture via various classes of fresh-
and/or brackish-water fishponds. Such ahupua’a were labeled with the term ““gina momona’ (abundant
lands) due to the amount of food and other biocultural resources they were able to sustainably produce
over successive generations.

The contemporary trend of framing biocultural conservation efforts around the scale of ahupua‘a
can be effective in some localized instances, such as the creation of Indigenous and Community
Conserved Areas (ICCAs). Successful examples of these in the contemporary period include the Ha’ena
Community-based Subsistence Fishing Area (CBSFA) on the island of Kaua‘i, and the Ka‘apilehu Fish
Replenishment Area on Hawai‘i Island, which employs marine management rules and regulations
(e.g., closed areas, closed seasons, size restrictions, restricted entry), within single ahupua‘a, that have
been used for thousands of years by Pacific Islanders [67]. However, limiting discussions of biocultural
resource management to the ahupua‘a scale may not be conducive for the success of large-scale efforts
to restore and maintain biocultural resource abundance. While the scale of ahupua’a is key, there
are multiple additional scales of divisions within moku boundaries (‘okana/kalana, ahupua‘a, ‘ili, mo’o,
pauku) that need to be considered. More research is needed to understand the interplay between
these divisions, the organization of human communities in ancient Hawai‘i, and to allow for further
insight into the historic management of biocultural resources as a means to inform contemporary
restoration efforts.

Author Contributions: Conceptualization, K.B.W. and K.B.; Methodology, K.B.W., K.B.,, M.B.V,, and M.P.L.;
Validation, AM.F, M.HK.,, AN.W,, N.K. and M.K.H.A.; Formal Analysis, K.B.W and M.P.L.; Investigation, K.B.W.,
and K.B.; Data Curation, B.N., and M.P.L.; Writing—Original Draft Preparation, K.B.W.; Writing—Review &
Editing, KB.W.,, K.B.,, M.B.V, M.HK,, AM.E, N.K,, AN.W, and M.P.L.; Visualization, M.P.L, and B.N.; Funding
Acquisition, K.B.W.

Funding: The APC was funded through the generous support of Hawai‘i Community Foundation.

Acknowledgments: We would like to acknowledge those whose teachings and endeavors have laid the foundation
for this research. In particular we express our gratitude to Edward Kaanaana and John Ka‘imikaua (both now
passed), who were lineal keepers of knowledge, wisdom, and practice that descended from ancient times. We also
have deep appreciation for Carlos Andrade, a native Hawaiian practitioner, scholar, and philosopher who has
provoked our thoughts and challenged our thinking for decades. A special thanks go out to S. Kekuewa Kikiloi,
Ka’eo Duarte, Kanekoa Kiikea-Schultz, and others who have shaped our thoughts on the inner workings and
management of the Hawaiian social-ecological system. Hawai‘iFinally, we thank the communities of the E Alu Pa
Network whose continued work in the traditional and customary practice of malama ‘aina inspires us all and gives
us hope for the future. Mahalo.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. McMillen, H.; Ticktin, T.; Friedlander, A.; Jupiter, S.; Thaman, R.; Vietayaki, J.; Giambelluca, T.; Campbell, J.;
Rupeni, E.; Apis-Overhoff, L.; et al. Small islands, valuable insights: systems of customary resource
management and resilience in the Pacific. Ecol. Soc. 2014, 19, 44. [CrossRef]

2. Delevaux, ].M.S.; Whittier, R.; Stamoulis, K.A.; Bremer, L.L.; Jupiter, S.; Friedlander, A.M.; Poti, M.;
Guannel, G.; Kurashima, N.; Winter, K.B.; et al. A linked land-sea model framework to inform ridge-to-reef
management in high oceanic islands. PLoS ONE 2018, 13, €0193230. [CrossRef] [PubMed]

3. Ticktin, T.; Dacks, R.; Quazi, S.; Tora, M.; McGuigan, A.; Hastings, Z.; Naikatini, A. Significant linkages
between measures of biodiversity and community resilience in Pacific Island agroforests. Conserv. Biol. 2018,
in press. [CrossRef] [PubMed]

4. Johannes, R.E. The renaissance of community-based marine resource management in Oceania. Annu. Rev.
Ecol. Syst. 2002, 33, 317-340. [CrossRef]

5. Tainter, J.A. Archaeology of overshoot and collapse. Anni. Rev. Anthropol. 2006, 35, 59-74. [CrossRef]

6.  Minton, N.; Ka’imikaua, J.K. A Mau A Mau: To Continue Forever; Oshita, R., Minton, N., Eds.; Na Maka o ka
‘Aina (Vid): Na‘alehu, HI, USA, 2000.

7. Kamakau, S.M. Ka Hana a Ka Poe Kahiko; Bishop Museum Press: Honolulu, HI, USA, 1976.

26



Sustainability 2018, 10, 3554

10.
11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.
25.

26.

27.

28.

29.

30.

Handy, E.S.C.; Handy, E.G.; Pukui, M.K. Native Planters in Old Hawaii: Their Life, Lore, and Environment;
Bishop Museum Press: Honolulu, HI, USA, 1972.

Elbert, S.; Pukui, M.K. Hawaiian Dictionary; University of Hawaii Press: Honolulu, HI, USA, 1986.

Kelly, M. Ahupua‘a Fishponds and Lo’i: A Film for Our Time; Na Maka o ka ‘Aina: Na‘alehu, HI, USA, 1992.
Kelly, M. Changes in Land Tenure in Hawaii, 1778-1850. Master’s Thesis, University of Hawaii, Honolulu,
HI, USA, 1956.

Minerbi, L. Indigenous management models and protection of the ahupua‘a. Soc. Process Hawaii 1999,
39, 208-225.

Mueller-Dombois, D. The Hawaiian Ahupua’a Land Use System: Its Biological Resource Zones and the
Challenge for Silvicultural Restoration. Bishop Mus. Bull. Cult. Environ. Stud. 2007, 3, 23-33.

Andrade, C. Hi'ena: Through the Eyes of Ancestors; University of Hawaii Press: Honolulu, HI, USA, 2008.
Gonschor, L.; Beamer, K. Towards an inventory of ahupua‘a in the Hawaiian Kingdom: A survey
of nineteenth- and early twentieth-century cartographic and archival records of the island of Hawai'i.
Hauwaii. ]. Hist. 2014, 48, 53-67.

Winter, K.B.; Lucas, M. Spatial modeling of social-ecological management zones of the ali’i era on the island
of Kaua‘i with implications for large-scale biocultural conservation and forest restoration efforts in Hawai‘i.
Pac. Sci. 2017, 71, 457-477. [CrossRef]

Kaneshiro, K.Y.; Chinn, P.; Duin, K.N.; Hood, A.P;; Maly, K.; Wilcox, B.A. Hawaii’s mountain-to-sea
ecosystems: Social-ecological microcosms for sustainability science and practice. EcoHealth 2005, 2, 349-360.
[CrossRef]

Jokiel, PL.; Rodgers, K.S.; Walsh, W.]J.; Polhemus, D.A.; Wilhelm, T.A. Marine resource management in the
Hawaiian archipelago: the traditional Hawaiian system in relation to the western approach. J. Mar. Biol.
2011, 2011, 151682. [CrossRef]

Bridge, T.C.; Hughes, T.P.; Guinotte, ].M.; Bongaerts, P. Call to protect all coral reefs. Nat. Clim. Chang. 2013,
3, 528. [CrossRef]

Oleson, K.; Falinski, K.; Audas, D.M.; Coccia-Schillo, S.; Groves, P.; Teneva, L.; Pittman, S. Chapter 11:
Linking Landscape and Seascape Conditions: Science, Tools and Management. In Seascape Ecology; Wiley:
Hoboken, NJ, USA, 2017; pp. 319-364.

Winter, K.B.; Lincoln, N.K.; Berkes, E. The Social-Ecological Keystone Concept: A quantifiable metaphor for
understanding the structure, function, and resilience of a biocultural system. Sustainability 2018, 10, 3294.
[CrossRef]

Malo, D. Ka Mo’olelo Hawai'i: Hawaiian Traditions; Translation by Malcolm Chun; First People’s Productions:
Honolulu, HI, USA, 2006; p. 274.

Handy, E.C.S.; Pukui, M.K. The Polynesian Family System in Ka'u, Hawai'i; Bishop Museum Press: Honolulu,
HI, USA, 1958.

Beamer, K. Huli Ka Palena. Master’s Thesis, University of Hawaii, Honolulu, HI, USA, 2005.

Winter, K.B. Kalo [Hawaiian Taro, Colocasia esculenta (L.) Schott] Varieties: An assessment of nomenclatural
synonymy and biodiversity. Ethnobot. Res. Appl. 2012, 10, 423-447.

Andrews, L. A Dictionary of the Hawaiian Language: To Which is Appended an English-Hawaiian Vocabulary and a
Chronological Table of Remarkable Events; HM Whitney: Honolulu, HI, Hawai‘i, 1865.

Maly, K.; Maly, O. He Wahi Mo‘olelo No Na Lawai‘a Ma Kapalilua, Kona Hema, Hawai'i: A Collection of Historical
Interviews with Elder Kama’aina Fisher-People from the Kapalilua Region of South Kona, Island of Hawai'i; A
Kumu Pono Associates report for The Nature Conservancy of Hawai‘i; The Nature Conservancy of Hawai‘i:
Honolulu, HI, USA, 2003.

Kimura, L.K.; Mahuiki, R.N. Ka Leo Hawai’i; A Hawaiian language program on KCCN 1420AM, archived at
University of Hawai‘i at Manoa under HV24.14; University of Hawai‘i at Manoa: Honolulu, HI, USA, 1972.
Maly, K.; Maly, O. Ka Hana Lawai‘a a me na Ko'a o na Kai ‘Ewalu: Summary of Detailed Findings from Research
on the History of Fishing Practices and Marine Fisheries on the Hawaiian Islands; A Kumu Pono Associates
report for The Nature Conservancy of Hawai‘i; The Nature Conservancy of Hawaii: Honolulu, HI, USA,
2003. Available online: http:/ /www.kumupono.com/Ocean%?20Resources/HiPae74_Vol-I_b_reduced.pdf
(accessed on February 2, 2018).

Beamer, K. No Makou ka Mana: Liberating the Nation; Kamehameha Publishing: Honolulu, HI, USA, 2014.

27



Sustainability 2018, 10, 3554

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Friedlander, A.M.; Donovan, M.K.; Stamoulis, K.A.; Williams, I.; Brown, E.; Conklin, E.J.; DeMartini, E.E.;
Rodgers, K.S.; Sparks, R.T.; Walsh, W.J. Human-induced gradients of reef fish declines in the Hawaiian
Archipelago viewed through the lens of traditional management boundaries. Agquat. Conserv. Mar.
Freshw. Ecosyst. 2018, 28, 146-157. [CrossRef]

Olson, D.M.; Dinerstein, E.; Wikramanayake, E.D.; Burgess, N.D.; Powell, G.V.N.; Underwood, E.C.;
D’amico, J.A.; Itoua, I.; Strand, H.E.; Morrison, J.C.; et al. Terrestrial Ecoregions of the World: A New
Map of Life on Earth: A new global map of terrestrial ecoregions provides an innovative tool for conserving
biodiversity. BioScience 2001, 51, 933-938. [CrossRef]

Wedding, L.M.; Lecky, J.; Gove, ].M.; Walecka, H.R.; Donovan, M.K.; Williams, G.J.; Jouffray, J.B.;
Crowder, L.B.; Erickson, A.; Falinski, K.; et al. Advancing the integration of spatial data to map human and
natural drivers on coral reefs. PLoS ONE 2018, 13, e0189792. [CrossRef] [PubMed]

Li, N.; Cheung, K.F; Stopa, J.E.; Hsiao, F.; Chen, Y.-L.; Vega, L.; Cross, P. Thirty-four years of Hawai‘i wave
hindcast from downscaling of climate forecast system reanalysis. Ocean Model. 2016, 100, 78-95. [CrossRef]
Giambelluca, TW.; Chen, Q.; Frazier, A.G.; Price, ].P; Chen, Y.-L.; Chu, P--S.; Eischeid, ] K.; Delparte, D.M.
Online Rainfall Atlas of Hawai‘i. Bull. Am. Meteorol. Soc. 2013, 94, 313-316. [CrossRef]

Giambelluca, T.W.; Shuai, X.; Barnes, M.L.; Alliss, R.J.; Longman, R.J.; Miura, T.; Chen, Q.; Frazier, A.G.;
Mudd, RG.; Cuo, L; et al. Evapotranspiration of Hawai’i; Final report; U.S. Army Corps of
Engineers—Honolulu District, and the Commission on Water Resource Management, State of Hawai‘i:
Honolulu, HI, USA 2014.

Poepoe, K.; Bartram, P.; Friedlander, A. The use of traditional Hawaiian knowledge in the contemporary
management of marine resources. In Fishers” Knowledge in Fisheries Science and Management; Haggan, N.,
Neis, B., Baird, I., Eds.; UNESCO: Paris, France, 2007; pp. 117-141.

McClenachan, L.; Kittinger, ].N. Multicentury trends and the sustainability of coral reef fisheries in Hawai‘i
and Florida. Fish Fish. 2013, 14, 239-255. [CrossRef]

Titcomb, M.; Pukui, M.K. Native Use of Fish in Hawaii, 2nd ed.; University of Hawaii Press: Honolulu, HI,
USA, 1972.

McDowall, R.M. Hawaiian stream fishes: The role of amphidromy in history, ecology and conservation
biology. Bishop Mus. Bull. Cult. Environ. Stud. 2007, 3, 3-9.

Kinzie, R.A. Habitat utilization by Hawaiian stream fishes with reference to community structure in oceanic
island streams. Environ. Biol. Fishes 1988, 22, 179-192. [CrossRef]

Fitzsimons, ].M.; Nishimoto, R.T.; Devick, W.S. Maintaning biodiversity in freshwater ecosystems on oceanic
islands of the tropical Pacific. Chin. Biodivers. 1996, 4, 23-27.

Kido, M.H.; Heacock, D.E. The spawning ecology of ‘o‘opu nakea (Awaous stamineus) in Wainiha River and
other selected north shore Kauai rivers. In New Directions in Research, Management and Conservation of
Hawaiian Freshwater Stream Ecosystems: Proceedings of the 1990 Sympo; Technical Report 96-01; Department of
Land and Natural Resources: Honolulu, HI, USA, 1991; pp. 142-157.

Radtke, R.L.; Kinzie, R.A., III; Folsom, S.D. Age at recruitment of Hawaiian freshwater gobies.
Environ. Biol. Fishes 1988, 23, 205-213. [CrossRef]

Kido, M.H. A persistent species assemblage structure along a Hawaiian stream from catchment-to-sea.
Environ. Biol. Fishes 2008, 82, 223-225. [CrossRef]

Johannes, R.E. Traditional marine conservation methods in Oceania and their demise. Annu. Rev. Ecol. Syst.
1978, 9, 349-364. [CrossRef]

VanderWerf, E.A. Breeding biology and territoriality of the Hawaii Creeper. Condor 1998, 100, 541-545.
[CrossRef]

Engilis, A., Jr.; Pratt, T.K. Status and population trends of Hawaii’s native waterbirds, 1977-1987. Wilson Bull.
1993, 105, 142-158.

Troy, J.R.; Holmes, N.D.; Veech, J.A.; Raine, A.F; Green, M.C. Habitat suitability modeling for the
endangered Hawaiian petrel on Kauai and analysis of predicted habitat overlap with the Newell’s shearwater.
Glob. Ecol. Conserv. 2017, 12, 131-143. [CrossRef]

Wagner, W.L.; Herbst, D.R.; Sohmer, S.H. Manual of the Flowering Plants of Hawai'i, Vols. 1 and 2 (No. Edn 2);
University of Hawai‘i and Bishop Museum Press: Honolulu, HI, USA, 1999.

28



Sustainability 2018, 10, 3554

51. Burnett, K.; Ticktin, T.; Bremer, L.; Quazi, S.; Geslani, C.; Wada, C.; Kurashima, N.; Mandle, L.; Pascua, P.;
Depraetere, T.; et al. Restoring to the Future: Environmental, Cultural, and Management Tradeoffs in
Historical versus Hybrid Restoration of a Highly Modified Ecosystem. Conserv. Lett. 2018, 2018, e12606.
[CrossRef]

52.  Chimera, C.G.; Drake, D.R. Patterns of seed dispersal and dispersal failure in a Hawaiian dry forest having
only introduced birds. Biotropica 2010, 42, 493-502. [CrossRef]

53. Businger, S.; Nogelmeier, M.P.; Chinn, PW.; Schroeder, T. Hurricane with a history: Hawaiian newspapers
illuminate an 1871 storm. Bull. Am. Meteorol. Soc. 2018, 99, 137-147. [CrossRef]

54.  Abbott, L. A. La’au Hawai'i: Traditional Hawaiian Uses of Plants; Bishop Museum Press: Honolulu, HI, USA, 1992.

55. Abbot, LA. Limu: An Ethnobotanical Study of Some Hawaiian Seaweeds; Pacific Tropical Botanical Garden:
Lawai, HI, USA, 1996.

56. Keauokalani, Z. Birds, by Kepelino; Hawaiian Ethnographic Notes; Bishop Museum Archive: Honolulu, HI,
USA, 1859-1860; Volume 1, pp. 1127-1155.

57.  Kiker, G.A.; Bridges, T.S.; Varghese, A.; Seager, T.P.; Linkov, I. Application of multicriteria decision analysis
in environmental decision making. Integr. Environ. Assess Manag. 2005, 1, 95-108. [CrossRef] [PubMed]

58. Akutagawa, M.K.H. The “Aha Moku Rules of Practice and Procedure: Weaving ‘Oiwi Governance and
Expertise in Malama ‘Aina. Hiilili 2019. accepted.

59. Kamakau, S.M. Ka Po’e Kahiko; Bishop Museum Press: Honolulu, HI, USA, 1991.

60. Morgan, T. Hawaii: A Century of Change (1778-1876); Harvard University Press: Cambridge, UK, 1948.

61. Kurashima, N.; Jeremiah, J.; Ticktin, A.T. I Ka Wa Ma Mua: The Value of a Historical Ecology Approach to
Ecological Restoration in Hawai‘i. Pac. Sci. 2017, 71, 437-456. [CrossRef]

62. Kame’eleihiwa, L. Native Land and Foreign Desires; Bishop Museum Press: Honolulu, HI, USA, 1992.

63. Beamer, K.; Tong, W. The Mahele Did What? Native Interest Remains. In Hulili: Multidisciplinary Research on
Hawaiian Well-Being; Kamehameha Publishing: Honolulu, HI, USA, 2016; Volume 10.

64. Kosaki, R.H. Konohiki Fishing Rights; Report No. 1, June 1954 (Request No. 3642); Legislative Reference
Bureau, University of Hawai‘i: Honolulu, HI, USA, 1954.

65. Vaughan, M.B.; Ayers, A.L. Customary Access: Sustaining Local Control of Fishing and Food on Kaua‘i’s
North Shore. Food Cult. Soc. 2016, 19, 517-538. [CrossRef]

66. Molnar, Z.; Berkes, E. Role of traditional ecological knowledge in linking cultural and natural capital in
cultural landscapes. In Reconnecting Natural and Cultural Capital: Contributions from Science and Policy;
Paracchini, M.L., Zingari, P.C., Blasi, C., Eds.; European Union: Luxembourg, 2018; pp. 183-193.

67. Delevaux, J.; Winter, K.; Jupiter, S.; Blaich-Vaughan, M.; Stamoulis, K.; Bremer, L.; Burnett, K.; Garrod, P.;
Troller, J.; Ticktin, T. Linking Land and Sea through Collaborative Research to Inform Contemporary
applications of Traditional Resource Management in Hawai‘i. Sustainability 2018, 10, 3147. [CrossRef]

® © 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).

29






a“r sustainability m\p\py

Article

‘Aina Momona, Honua Au Loli—Productive Lands,
Changing World: Using the Hawaiian Footprint to
Inform Biocultural Restoration and Future
Sustainability in Hawai'i

Samuel M. Gon III *, Stephanie L. Tom and Ulalia Woodside

The Nature Conservancy of Hawai‘i, Honolulu, HI 96817, USA; stom@tnc.org (S.L.T.);
ulalia.woodside@tnc.org (U.W.)
* Correspondence: sgon@tnc.org or hawaii@tnc.org

Received: 1 August 2018; Accepted: 21 September 2018; Published: 25 September 2018

Abstract: Pre-Western-contact Hawai‘i stands as a quintessential example of a large human
population that practiced intensive agriculture, yet minimally affected native habitats that comprised
the foundation of its vitality. An explicit geospatial footprint of human-transformed areas across the
pre-contact Hawaiian archipelago comprised less than 15% of total land area, yet provided 100%
of human needs, supporting a thriving Polynesian society. A post-contact history of disruption
of traditional land use and its supplanting by Western land tenure and agriculture culminated in
a landscape less than 250 years later in which over 50% of native habitats have been lost, while
self-sufficiency has plummeted to 15% or less. Recapturing the ‘aina momona (productive lands)
of ancient times through biocultural restoration can be accomplished through study of pre-contact
agriculture, assessment of biological and ecological changes on Hawaiian social-ecological systems,
and conscious planned efforts to increase self-sufficiency and reduce importation. Impediments
include the current tourism-based economy, competition from habitat-modifying introduced species,
a suite of agricultural pests severely limiting traditional agriculture, and climate changes rendering
some pre-contact agricultural centers suboptimal. Modified methods will be required to counteract
these limitations, enhance biosecurity, and diversify agriculture, without further degrading native
habitats, and recapture a reciprocal Hawaiian human-nature relationship.

Keywords: human land use footprint; traditional ecological knowledge; biocultural restoration;
social-ecological system; Hawaiian Islands; biocapacity; sustainability

1. Introduction

E Kane-au-loli-ka-honua

Honu ne’e pii ka ‘dina

O Kane-who-transforms-the-world

Like a sea-turtle crawling, so the land (changes)

The opening lines out of a traditional pule (prayer) for cultivation evokes a Hawaiian god who
transforms the world, an acknowledgement of the dynamic nature of ecosystems. The second line
is evocative of the nature of changes; occurring slowly over the course of generations, but, as a sea
turtle’s surges of movement upward from the shore towards her nesting site, sometimes more abrupt,

noticeable, dramatic. The wisdom incorporated within oral traditions in Hawai‘i (and elsewhere in
the world) may be, at first blush, obscure and incomprehensible, but ultimately a huge wealth of
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information pertinent to today’s challenges can be found within them. This paper describes how an
effort to combine biological monitoring, archeological databases, and oral traditions created the first
geospatially explicit rendering of the human land use footprint in the pre-contact Hawaiian archipelago.

While this geospatial footprint allowed for a variety of very useful extrapolations, including better
estimates of the pre-contact human population in Hawai‘i, not only for the entire archipelago, but per
island, it also offered a milestone in the story of landscape changes in Hawai‘i from those times to
present, and can inform future strategies for biocultural restoration and sustainability.

Hawaiian biological diversity has seen losses and changes as a result of the presence of people
and their biological introductions. So too has Hawaiian culture seen losses, in language, knowledge,
and sovereignty; yet traditional knowledge provides some of our best sources directly describing the
pre-contact world. Our efforts to understand the magnitude of changes to natural systems in Hawai‘i
led us, at about the turn of the millennium, to model the patterns of major ecosystems in Hawai‘i, so
that we have a fair idea of the pre-human ecological settings to contrast with the sometimes startling
and staggering losses of our natural heritage in today’s world.

1.1. The Rich Ecological Setting in the Hawaiian Islands

A variety of sources have documented the biotic richness of the Hawaiian Archipelago,
recognizing it as a unique Biogeographic Ecoregion whose isolation has generated extremely high
levels of endemism in both terrestrial and marine realms (e.g., ~90% endemism of native flowering
plants; >98% endemism of native terrestrial invertebrates; 25% endemism of native reef fishes) [1,2].
An estimated 15,000 species are found nowhere else [3]. When a Holdridge Lifezone analysis [4] was
conducted for the Hawaiian Islands by the U.S. Forest Service [5] it revealed that of the 38 lifezones
defined in a system designed to cover the full range of terrestrial ecosystems on Earth, 27 could be
found in the 17,400 sq km land area of the Hawaiian archipelago, making the archipelago the single
most ecosystem-rich known on the planet [6]. This explains the many natural communities endemic to
Hawai‘i that comprise its broad native habitat zones.

Biocapacity, defined as the ability of an area of land or sea to provide for natural resources [7], is
acknowledged as varying site by site according to a number of factors, including ecological richness.
The extremely high diversity of biophysical conditions in Hawai‘i suggests strongly that its biocapacity,
although never formally determined numerically, is higher than the global average. This has probably
facilitated both the prominent adaptive radiations of endemic Hawaiian species into a broad range
of ecological niches, as well as the remarkably large pre-contact Hawaiian population supported by
the archipelago. As a social-ecological territory, it was as close as possible to being an independent
unit—relying on no external trade for survival.

1.2. The Current Loss of Major Terrestrial Native Habitats in Hawai'i

Recent mappings of the remaining native-dominated vegetation in Hawai‘i have been conducted
(e.g., Figure 1), and largely agree on the areal extent of remaining native-dominated habitats [8-11].
They point to major losses of certain broad categories of natural communities, such as the Lowland
Dry Communities, which have been almost entirely lost on smaller islands, and have been reduced
to 31% of their original extent on the largest island of Hawai‘i. In contrast, certain zones, in large
part much less suitable for human occupation or uses, have retained much larger percentages of
their original cover, as seen in Table 1. Geospatial documentation of the remaining native-dominated
areas have guided conservation efforts of both public (Federal and State) as well as private agencies
and organizations, focusing efforts on the maintenance of intact areas, augmented by restoration of
damaged or destroyed ecosystems [12].

It is apparent that the elevation and moisture zones most compatible with human residence
and uses, such as agriculture, have resulted in a bias toward loss of lowland native ecosystems in
Hawai‘i. With few exceptions, areas below 600 meters elevation have been almost entirely displaced by
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a growing human footprint of land use, and by that of the non-native plant and animal introductions
that have naturalized and spread, further displacing native species habitats [13].

Island of O‘ahu

Current

Island of O'ahu

Pre-human

(a) (b)

Figure 1. (a) Native habitats on O‘ahu before humans. (b) Current extent of native habitats (via [10]).
Pink = human footprint. Over 80% of native habitat has been lost.

Table 1. Example remaining native habitat zones on Hawai’i Island, the largest island in
Hawaiian archipelago.

Native Habitat Remaining Extent as of 2015
Montane Mesic 73%

Montane Dry 59%

Lowland Wet 45%
Lowland Mesic 28%

Lowland Dry 30%

The history of social-ecological landscape change in Hawai‘i occurred over the course of about
1000 years, beginning with the initial migration of Polynesians from the nearest archipelagoes of
Oceania, those of the Marquesas and Tahiti. For centuries, the human population grew and spread
across the Hawaiian archipelago and developed a unique indigenous Hawaiian culture, marked by
an epistemology that regarded the surrounding biotic community as familial and ancestral, thereby
establishing a strongly biocultural society [14-18]. The rich ecosystems of the Hawaiian Islands
generated an equally rich cultural system in the pre-contact society that developed within it.

Another major milestone occurred in 1778 when the Hawaiian Islands were encountered by
Captain James Cook and this initial contact with the Western World resulted in increasing presence
and influence of Western culture and land uses in the islands, establishing a different social-ecological
context based on commodification of land and natural resources, culminating in the footprint of the
early 21st Century. Although there have been discussions of the pre-contact and post-contact impacts
of humans on the native biota and ecosystems of Hawai‘i [19], there had been no geospatially-explicit
reconstructions of landscape change offered specifically focusing on native habitat loss. Many of those
early observations by Westerners were made from the ocean with limited geographic view plane and
often by those with no familiarity with Hawaiian vegetation. Instead, we had only the reconstructions
of the pre-human extent of terrestrial native-dominated vegetation zones in Hawai‘i [20] to compare
against the current extent (see example for Island of O‘ahu below). O’ahu offers one of the more
dramatic examples of the impacts that our human presence has wrought on native habitats.

However, for every “before and after” situation that spans centuries of time, it is instructive to
provide intermediate stages that speak to the human factors, such as population growth, changes in
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religion, economic systems, and land tenure, and key introductions of both species and activities that
influenced the trajectory, rate, and intensity of social-ecological change.

2. Materials and Methods

Mapping of the Human Land Use Footprint in Pre-Contact Hawai'i

Models of pre-Western contact agriculture in Hawai‘i were combined with archeological and oral
tradition to create an explicit geospatial footprint of human-occupied and transformed areas across
the pre-contact Hawaiian archipelago. The goal was to determine the explicit geospatial areas that,
by 1770 (the decade of Western contact), had been chronically occupied, directly manipulated, and
significantly changed from pre-existing native ecosystem types into traditional Hawaiian uses: house
sites, agricultural fields, fishponds, religious sites, major roads, and trails.

At the onset, we point out that this is not to be confused with the ecological footprint used in
modern assessments of human sustainability [7,21,22], but is related to it because it describes explicitly
the geospatial extent of human land uses related to elements of ecological assessments: agricultural
use, resource areas utilized for shelter, energy, medicines, material resources, and other needs of a
human population. It is also the inverse of the presence of pre-human ecosystems, and allows for
assessments of impacts on ecosystem services and their historic decline in the course of increasing
human modification and displacement of those native ecosystems. The Hawaiian social-ecological
system of land management has been described as the ahupua’a system [23,24], and in this issue,
as the moku system [18], based on units of land and sea that typically included a cross section of
ecosystems from the summit of an island to the coast, and outward to include nearshore marine
habitats. Nested within the ahupua’a were smaller units, while both clusters of ahupua’a and larger-scale
units called moku comprised the major basis for Hawaiian social-ecological regions and management
communities. Integration of human society and its processes with the endemic biota and a small set
of transported Polynesian plant and animal introductions, shown in Appendix A, created a system
in which biological resources were deeply woven via explicit genealogical ties, rendering them as
biocultural relationships [25].

We recognized that Hawaiian management of ahupua‘a and moku in the pre-contact era tended to
minimize the human footprint by delineating portions of the landscape as wao kanaka (realm of human
influence, typically in coastal and lowland areas) and designating sacred (typically upland) habitats
such as the wao akua (realm of deities) [18,26].

Pertinent to the impacts of intensive agriculture on this social-ecological system, we incorporated
the work of Ladefoged et al. [27] who created a geospatial model expressing the optimal conditions for
the cultivation of the two major staple crops in Hawai'i: kalo (taro, Colocasia esculenta) and ‘uala (sweet
potato, Ipomoea batatas). It was tested and refined via comparison to known archeological complexes
associated with agriculture [27,28]. Because practically all of the lands of greatest potential for
agriculture had been developed for agriculture (as seen by high congruence of agricultural archeology
with the agriculture models), applying formulae for deriving human population estimates from
agricultural area for Pacific Island nations yielded a pre-contact Hawaiian population of 400,000
to 800,000, with the largest populations on the islands of Hawai’i, Maui, O‘ahu and Kaua‘i [27].
For this paper we explicitly derived population estimates for the eight main islands by applying
the island footprint percentages to a total population of 500,000. The uneven populations of the
islands were further discussed in Kirch 2011 [29] in terms of the population basis of the great
Hawaiian chiefdoms of the four most populous islands, supported by their exceptional agricultural
and biocultural potential. Such highly productive agricultural lands, the basis for not only political
power but cultural proliferation, were called ‘aina momona, sweet/productive lands [30,31]—the most
important lands for maintaining biocultural vitality and biocapacity in those times, and an important
focus for restoration of social-ecological systems and biocultural revitalization today.
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From 2009 to 2012, working in cooperation with the research staff of the Office of Hawaiian Affairs
(OHA), we expanded on the agricultural model by mapping known loko i‘a (estuarine walled fishponds,
a major source of protein foods), and continuing the reviews of archeological geospatial databases
compiled by the State of Hawai‘i Historic Preservation Division (SHPD) [28] of the Department of
Land and Natural Resources (DLNR), as well as historical maps from the Department of Accounting
and General Services (DAGS).

Major compilations of oral history out of a variety of sources in both English and Hawaiian were
gleaned for further information on wahi pana (storied localities), terrestrial trail systems, religious
sites, including heiau (temples) and ko’a (shrines), to set against the emerging geospatial depiction
of areas of habitation, agriculture, or other traditional uses listed in Appendix B. Because the oral
traditional accounts were extremely place-specific, and because current land boundaries retained the
ahupua’a designations largely intact from pre-contact times [32], descriptions of places in oral accounts
were readily placed geospatially, to corroborate models and archeological mappings. It is becoming
apparent that in terms of indigenous knowledge archives in written form, the millions of pages of
Hawaiian language newspapers represent the single largest of such first-peoples archives known in
the world [33]. Appendix B offers an overview of some of the major sources that were consulted.

We applied the agricultural model, augmented by documentation of the historical trails and
fishponds, locations of heiau and other archeological geospatial data, and corroborated this with
traditional accounts of the chiefly centers of governance and famous population centers. We unified all
the layers, buffered them, and created the Hawaiian footprint.

3. Results

What emerged from this multidisciplinary combination of sources was the first geospatially explicit
footprint of pre-contact human activity that modified or displaced the original native terrestrial habitats in
the Hawaiian Islands, as seen in Figures 2-7. It was coined “the Hawaiian Footprint Project”. This process
was applied to all of the eight main Hawaiian Islands, and an example is available for public scrutiny
online [34], with GIS layers provided by request via The Nature Conservancy of Hawai'i.

We demonstrated that the footprint affected pre-existing native ecosystems in an uneven manner,
with the largest impacts in wetlands that were converted into lo’i kalo (flooded field system) agriculture
and loko i'a (estuarine walled fishponds), in lowland dry and mesic areas, where wood was collected
for houses, cooking fires, tools, and other needs, and land was cleared for habitation, with regular
fires set to promote pili grass fields for thatching. Other native ecosystems at higher elevations were
negligibly affected.

A similar analysis of land uses one century later, applied to the Island of Hawai‘i, documented
greatly increased disruption of native vegetation [35]. Table 2 lists selected extents of habitats displaced
by the 1870 human footprint and their current status. The geospatial depiction comparing these same
pre- and post-contact situations, seen in Figure 7, clearly demonstrates the greatly accelerated rate of
social-ecological disruption and loss of the original biocultural landscape.

Table 2. Extensive native habitat loss on the Island of Hawai‘i in the first 100 years after Western contact
by 1870 was driven primarily by large-scale ranching and the advent of sugarcane monoculture.

. . 1770 % 1870 % 2015 %
Native Habitat Loss (ha) Lost (ha) Lost (ha) Lost
Lowland Mesic 14,400 21% 29,900 44% 48,800 72%
Lowland Dry 42,200 19% 93,100 43% 151,300 70%
Lowland Wet 20,700 9% 27,500 12% 124,600 55%
Montane Dry 2100 1.4% 55,400 37% 61,000 41%
Montane Mesic 800 1% 12,900 17% 19,400 26%
Alpine/Subalpine 1300 <1% 13,600 6% 18,700 9%
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Kava‘i 1770
Pre-contact Footprint

12% Na Pali
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>2,350 ha
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>15,900 ha

Ni‘ihau 1770

Pre-contact Footprint

(A)

Kaua‘i 2015
Modern Footprint

96% Na Pali
Human >

Footprint
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72%

Modern Footprint Human
Footprint
>98,300 ha

Ni‘ihau 2015

(B)

Figure 2. (A) Hawaiian footprint, prior to Western contact, resulted in <12% native habitat loss on
the islands of Kaua‘i and Ni‘ihau. (B) Modern footprint resulted in 72% and 96% native habitat loss,
respectively. Key: dark pink = pre-contact footprint; light pink (for comparison) = modern footprint;
white line = moku, districts and ahupua’a; colored basemap = major native vegetation zones, after the
Hawai‘i Ecoregion Plan [36].
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O‘ahu 1770
Pre-contact Footprint

7 .+ Ko'olauloa

Footprint
>21,450 ha

O‘ahu 2015
Modern Footprint

Wai'anae

83%
Human
Footprint

>128,000 ha

Figure 3. (A) Hawaiian footprint, prior to Western contact, resulted in 14% native habitat loss on the
island of O'ahu. (B) Modern footprint resulted in 83% native habitat loss. Key: dark pink = pre-contact
footprint; light pink (for comparison) = modern footprint; white line = moku (districts) and ahupua’a;
dotted white line = historical nearshore fisheries, makai part of ahupua’a; colored basemap = major
native vegetation zones, after the Hawai‘i Ecoregion Plan [36].
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Moloka‘i 1770

Pre-contact Footprint
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Footprint
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Moloka‘i 2015
Modern Footprint

Halawa
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Human

Footprint
>56,250 ha

(B)

Figure 4. (A) Hawaiian footprint, prior to Western contact, resulted in <9% native habitat loss on the
island of Moloka‘i. (B) Modern footprint resulted in 84% native habitat loss. Key: dark pink = pre-contact
footprint; light pink (for comparison) = modern footprint; white line = ahupua’a; colored basemap =
major native vegetation zones, after the Hawai‘i Ecoregion Plan [36].
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Lana‘i 1770
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Footprint
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Figure 5. (A) Hawaiian footprint, prior to Western contact, resulted in <14% native habitat loss on the
islands of Lana‘i and Kaho’olawe. (B) Modern footprint resulted in >78% native habitat loss. Key: dark
pink = pre-contact footprint; light pink (for comparison) = modern footprint; white line = ahupua’a;
dotted white line = historical nearshore fisheries, makai part of ahupua’a; colored basemap = major
native vegetation zones, after the Hawai‘i Ecoregion Plan [36].
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Ka‘anapali

11%
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Figure 6. (A) Hawaiian footprint, prior to Western contact, resulted in 11% native habitat loss on the
island of Maui. (B) Modern footprint resulted in 70% native habitat loss. Key: dark pink = pre-contact

footprint; light pink (for comparison) = modern footprint; white line = moku (districts) and ahupua’a;
colored basemap = major native vegetation zones, after the Hawai‘i Ecoregion Plan [36].
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Figure 7. Cont.
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Hawai‘i Island 2015
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Figure 7. (A) Hawaiian footprint, prior to Western contact, resulted in 8% native habitat loss on
the island of Hawai‘i. (B) The human footprint tripled 100 years after Western contact. (C) Modern
footprint resulted in 41% native habitat loss. Social-ecological change over two centuries reflects the
effects of commodification of land and resources, and loss of pre-contact biocultural relationships.
Key: dark pink = pre-contact human footprint; medium pink (for comparison) = 1870 footprint, light
pink (for comparison) = modern footprint; white line = moku (districts) and ahupua’a; colored basemap =
major native vegetation zones, after the Hawai'i Ecoregional Plan [36].

The pattern of wet valley occupation and working of large seasonal fields applies across the
archipelago. Using the population estimate methods described in Ladefoged et al. [27] and Kirch [29]
which yielded population estimates of 400,000 to 800,000, we derived, using the pre-contact footprint
for individual islands, population estimates for each of those islands. Table 3 depicts the distribution
of the population among islands when using a total population of 500,000. As might be expected, the
majority of the population was on the large Island of Hawai‘i. It is remarkable to look on these results
in terms of the human geography of ancient Hawai‘i; when used as a backdrop for traditional stories
and accounts, every prominent place name and every celebrated place was included, as shown in
Appendix B.

Table 3. Pre-contact Hawaiian population estimates for the main Hawaiian Islands. A total population
of 500,000 was selected for this table as it falls within the 400-800k range and simplifies presentation.

Island Footprint (Ha) % Est. Population
Hawai‘i 81,800 53.0 265,000
O‘ahu 21,600 14.0 70,000
Maui 21,100 13.6 68,000
Kaua‘i 16,000 10.3 51,500
Moloka‘i 5600 37 18,500
Lana‘i 5200 34 17,000
Ni‘thau 2300 15 7500
Kaho’olawe 700 0.5 2500
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4. Discussion

4.1. The Hawaiian Social-Ecological System As a Model of Sustainability and Self-Sufficiency

Based on the best available data at the time, the two major conclusions of the Hawaiian Footprint
Project were that prior to Western contact in 1778, a substantial human population in the Hawaiian
archipelago (estimated at 400,000-800,000 people) had affected less than 15% of the original area of
native terrestrial ecosystems, and was necessarily 100% self-sufficient, that is, did not rely on any
significant external inputs from the rest of global humanity. Thus pre-contact Hawai‘i stands as a
quintessential sustainability example of a large human population that practiced intensive agriculture,
yet minimally displaced the native habitat that was the foundation of its vitality and development.
This example of human sustainability in a finite (but extremely rich) high island setting was achieved
because of a Hawaiian worldview that regarded nature as familial and ancestral, sacred and of immense
value [17,18].

4.2. Using Pre-Contact Models of Sustainability in Transformed Landscapes

When the models for pre-contact agriculture were published and made publicly available [32],
it generated many inquiries regarding the use of the mapped extent of pre-contact agriculture as
guidance for revitalization of current biocultural restorations. To the extent that areas of pre-contact
agriculture remain available for agricultural use in our times, it stands to reason that the model
could indicate areas of greatest potential for successful social-ecological revitalization of Hawaiian
traditional agriculture.

4.3. Post-Contact Changes to the Social-Ecological Landscape of Hawai'i

In the 240 years that followed initial contact with the Western world, much has changed in both
the social-ecological setting and the biocultural setting of Hawai‘i. The acceleration of native ecosystem
loss since Western contact has been dramatic with the smaller, drier islands such as Ni‘ihau losing
essentially everything. Hawai‘i Island, by virtue of relatively vast and remote interiors, too high
and cold for cultivation, retains the highest percentage in modern times, the only island with less
than a 50% footprint today. Several different reviews of these changes point to the imposition of
Western worldviews that viewed land and natural resources as commodities to be exploited to feed
capitalist economies, leading to practices such as large-scale ranching and mono-crop agriculture
of sugarcane and pineapple that supplanted multi-crop and semi-wild systems of the pre-contact
Polynesian social-ecological system and induced wholesale erasure of native biodiversity across
hundreds of thousands of hectares. [37-39]. Our recent geospatially explicit review of land use changes
on Hawai‘i island between 1770 (pre-contact) and 1870 (one century after contact), demonstrated
that the human footprint had more than tripled in size. These changes entirely transformed lowland
social-ecological landscapes, and extended high into the montane zones on the highest islands of Maui
and Hawai‘i, displacing biocultural resources there and reducing inherent biocapacity. This is a trend
that has continued into the 21st Century, resulting in the modern human footprint that is more than
five times larger than the pre-contact Hawaiian Footprint on the Island of Hawai‘i. Self-sufficiency,
expressed as a lack of importation of goods, has plummeted from 100% in pre-contact times to 15% or
less in the 21st century [40,41].

The same phenomenon noted when assessing the biocapacity of urban areas, such as large cities,
can be applied to Hawai‘i. Any given city’s biocapacity is largely appropriated from areas outside of
the city limits [21], and treats the metropolitan core as a social-ecological island that has low inherent
biocapacity and extremely high population density, compensated for via importation of resources from
other areas both within immediately adjacent regions and increasingly more broadly. In like manner,
the economy of Hawai‘i, currently driven by tourism, sees both an increased effective population
size made up of a varying stream of transient visitors (1.4 million permanent residents, +7-10 million
additional visitors per year in Hawai‘i) whose demands far exceed local biocapacity, and has created a
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growing urbanization in many areas that were once prime agricultural lands, further limiting efforts to
increase self-sufficiency and sustainability [40]. This is compensated for by a high importation rate,
and contributes to our low self-sufficiency.

4.4. Non-Native Species

During the 1000 years of the pre-contact period, perhaps 50-60 species of plants had been
introduced into the highly endemic Hawaiian Islands terrestrial flora, summarized in Appendix A [41].
The majority of these Polynesian introductions were agricultural crops, plants used in cordage and
plaiting, other ethnobotanical species, and a handful of agricultural weeds inadvertently introduced.
Nearly all of these were largely confined to agricultural settings, and did not naturalize readily into
surrounding native vegetation. Kukui (Aleurites moluccana), and possibly hau (Hibiscus tiliaceus), are
exceptions and have naturalized readily, frequently as canopy dominants in lowland riparian situations
on all of the larger islands [37,42]. The otherwise non-invasive nature of the majority of the Polynesian
plant introductions meant that even in areas completely converted to croplands, any fallow areas
would have converted back into native successional communities. Even in those areas dominated
by kukui, native subcanopy and groundcover diversity would have remained, and a mixed forest
with strong native composition would still be present. The greater impact of Polynesian introduced
animals, in particular “iole, the Polynesian rat (Rattus exulans), is undeniable see: [37,43,44], but the
same patterns of native vegetation recovery and dominance in response to this disturbance would
hold true.

Two-hundred and forty years of plant introductions without adequate biosecurity measures
since Western contact have completely changed that picture and disrupted the process of vegetation
succession in Hawai‘i. Perhaps 15,000 or more taxa of vascular plants had been introduced to
Hawai‘i [45]. Among these are hundreds of habitat-modifying species that not only degrade native
vegetation composition and structure, but can disrupt traditional agriculture and greatly increase
the labor required to remove aggressive weeds and successfully grow desired crops. Introduced
animals, including wetland invertebrates such as Apple snails (Pomacea canaliculata) and crayfish
(Procambarus clarkii) damage both the plants and the traditional infrastructure of lo’i kalo (flooded field
system), adding further impediments to biocultural restoration of traditional agriculture. Introduced
bacterial and fungal diseases are another major challenge to kalo and other traditional crops [46].
The post-contact introduction and spread of non-native ungulates, such as cattle, goats, and sheep,
and their wholesale denudation of the forested watershed on all islands created the watershed crisis of
the turn of the 20th century [47].

It becomes more and more clear that inadequate biosecurity stands as one of the greatest
current and future impediments to biocultural restoration and sustainability in Hawai‘i [48]. Invasive
non-native species have already caused significant harm to natural and cultural resources, economy,
and way of life; for example, they affect critical native ecosystem services, such as long-term reliability
of freshwater resources, as well as agricultural productivity, human health and community well-being.
We must support, implement and augment efforts to establish stronger biosecurity in Hawai‘i as
the current context of highly appropriated biocapacity to support a tourism economy continues
into the future. Moreover we must develop more effective tools for dealing with a long history of
intentional and unintentional introductions of habitat modifying non-native species that greatly impair
the potential for biocultural restoration.

4.5. Climate Change

In an era of increasing climate change affecting both marine and terrestrial systems, predicted
effects on precipitation and temperature could affect the potential for biocultural restoration. The high
islands of Hawai‘i exhibit elevation zonation in both temperature and moisture, as seen in Figure 7,
and it is anticipated that zones will shift in their placement, and that novel zones currently not present
will come into being [49]. Because the models for both kalo and ‘uala are sensitive to precipitation
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(‘uala particularly so), the archeology of sweet potato agriculture on Maui already demonstrates a
mismatch: archeological complexes associated with seasonal ‘uala agriculture on the western slope
of Haleakala extend into areas with annual precipitation that is currently insufficient for the crop, as
shown in Figure 8. It is a clear indication that over 240 years ago, slopes that are currently too hot and
dry for growing sweet potatoes were seasonally worked for that crop. This means that in the decades
to come, with warming and drying trends predicted for the lowlands of the Hawaiian Islands, the
model generated for the pre-contact Hawaiian footprint will have to be adjusted in various ways to
track the optimal rainfall conditions of the future.

Maui
Agricultural Model Predictions &
Archaeological Sites

Figure 8. Map showing mismatch of ‘uala agricultural model prediction (red) with archeological
complexes (dots) on the west flank of East Maui (yellow oval).

In a somewhat less direct manner, drying trends may convert streams that are currently continuous
and perennial (and therefore suitable for kalo) into intermittent streams that may provide insufficient
water for the crop. If the predicted trends are for warming and drying, this likely means an overall
reduction in the potential area for wet lo’i kalo production.

In similar manner, each of the traditional crops of Hawai‘i, and indeed all future potential crops,
should be assessed for their optimal climate envelopes, and plans made to shift the areas designated
for those crops according to shifting climate patterns in the decades to come. A similar analysis was
already conducted for every native flowering plant in Hawai‘i [50], and this tool is already being
promulgated and applied in conservation efforts involving assisted migration of rare plants out of
habitat that is becoming climatically suboptimal. This has broad relevance to biocultural restoration
planning, adding another complex factor to consider in the geographic placement and selection of
species involved, anticipating future optimal climate envelopes.

4.6. Diversification

One of the major advantages of the broad range of life zones in Hawai‘i is the great potential for
diversification of agriculture, enhancing biocapacity. While the models for the pre-contact footprint
were based on the optimal range of the two major staple crops of those times, modern agriculture in
Hawai‘i has already seen an expansion to include a wide variety of agricultural products, including
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coffee, macadamia nuts, tropical fruit, ornamentals, and vegetable crops that were not available in
pre-contact times. While we should likely never again consider a large-scale monoculture approach
that was the signature of the sugarcane and pineapple eras of agriculture in Hawai‘i, the future offers
a broad range of possibilities. It may be feasible to develop agroforestry models such as those used
traditionally and successfully in other island nations (e.g., Pohnpei) and gain both agricultural diversity
as well as the benefits of ecosystem functions that derive from maintaining forest cover and diverse
understory structure. These have the potential to minimize erosion and sedimentation of our streams
and nearshore marine habitats, increasing both terrestrial and marine habitat viability and the potential
for food production and biocultural restoration.

5. Conclusions

Reconstructions of pre-contact agricultural hotspots are instructive in demonstrating the potential
for a closed island social-ecological system to sustainably support a large human population in
an entirely self-sufficient manner while creating a relative small land-use footprint that allows for
maintenance of strong native biological diversity and vital ecosystem processes and services. While it
might be desirable to recapture that ancient situation, several factors have imposed themselves over
the last 240 years of post-contact history and greatly complicate any simple schemes to restore that
pre-contact state. One is the presence of thousands of non-native plants and animals that impose
their own ecological influences that impede agricultural success via competition, predation, and
pathologies that did not exist in pre-contact times. Another is the irreversible land developments
that have displaced many areas of formerly rich agricultural production. A third is the effect of sheer
numbers of people present in the islands, far exceeding the estimated 400,000-800,000 Hawaiians that
comprised the archipelagic human population prior to contact. Finally, the anticipated changes in
climate, including temperature and precipitation, will require adjustments of the models of optimal
agricultural output, and may render some of the original areas unusable, while other areas may emerge
as optimal in the future. Knowing these limitations is a vital step toward addressing and surmounting
them. While we may not be able to turn the clock back, we are more able than ever to take intelligent
action to frame our future.

More importantly however, is the lesson of the thousand years of pre-contact Hawaiian presence,
and the social-ecological system that developed as a result of a worldview with a strong foundation
of biocultural relationships. These regarded the natural world as family in a reciprocal and caring
relationship wherein human health and welfare was viewed as one with the health and welfare of the
surrounding living community. In such a context, humans stand not intrinsically apart from nature,
and not solely as a threat to nature, but acknowledge that we are a force of nature with potential to
damage or to repair. The consequences of shifting from this social-ecological system into one of land
and resources as economic commodities has clearly resulted in a post-contact history of loss of native
habitats, sustainability, and self-sufficiency. Recapturing and reestablishing those traditional island
values in a modern context is a core underpinning in biocultural restoration.

In our analyses of pre-contact Hawai‘i we see that it is possible to support a thriving human
population, practice intensive sustainable agriculture, and establish a social-ecological system that
maintained the native habitat that was the foundation of ‘@ina momona. It becomes clear that a future
shift that strives to recapture the best of the pre-contact social-ecological system is sorely needed in
Hawai'i and by extension, Planet Earth. Achieving this biocultural restoration will take the best of
indigenous values combined with the best of 21st Century knowledge to realize.
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Appendix A

Known and Potential Polynesian Introductions of Plant Species to the Hawaiian Archipelago [42]
including well-known species of Polynesian biocultural significance as well as others potentially
introduced (questionably indigenous or early post-contact introductions). Status and scientific names

as listed in Wagner et al.

Hawaiian Name

Biocultural Relationship

Status

Scientific Name

kou wood, lei Polynesian introduction Cordia subcordata
kamani lei, wood Polynesian introduction Calophyllum inophyllum
‘uala staple crop Polynesian introduction Ipomoea batatas
ipu containers, music Polynesian introduction Lagenaria siceraria
kukui oil, medicinal, wood, lei, relish, dye Polynesian introduction Aleurites moluccana
‘auhuhu fish poison Polynesian introduction Tephrosia purpurea
‘ulu staple food crop, medicinal, sap, wood Polynesian introduction Artocarpus altilis
wauke fiber, clothing Polynesian introduction Broussonetia papyrifera
‘ohi‘a ‘ai fruit Polynesian introduction Syzygium malaccense
‘awa ritual drink, medicinal Polynesian introduction Piper methysticum
noni medicinal, dye Polynesian introduction Morinda citrifolia
ki food, medicinal, ritual Polynesian introduction Cordyline fruticosa
‘ape famine food Polynesian introduction Alocasia macrorrhiza
kalo mainstay food crop Polynesian introduction Colocasia esculenta
niu food, wood, fiber Polynesian introduction Cocos nucifera
uhi secondary crop, not naturalized Polynesian introduction Dioscorea alata
hoi famine food, naturalized Polynesian introduction Dioscorea bulbifera
pi‘a famine food, naturalized Polynesian introduction Dioscorea pentaphylla
mai‘a he't wild food source Polynesian introduction Musa troglodytarum
mai’‘a (varieties) staple crop Polynesian introduction Musa x paradisiaca
ko food Polynesian introduction Saccharum officinarum
pia food Polynesian introduction Tacca leontopetaloides
‘olena dye, medicinal, ritual Polynesian introduction Curcuma longa
‘awapuhi medicinal Polynesian introduction Zingiber zerumbet
pa‘ihi‘ihi uncommon medicinal, accidental? Polynesian introduction? Rorippa sarmentosa
kamole wetland, accidental w/kalo? Polynesian introduction? Luduwigia octovalvis
‘ihi medicinal; indig? seeds in pre-contact sites Polynesian introduction? Oxalis corniculata
— cultiv. central Pac, 3 records from HI Polynesian introduction? Solanum viride
‘ohe Kahiki tools, wood, music, container; indig? Polynesian introduction? Schizostachyum glaucifolium
— seeds in pre-contact sites; indig NA, SA naturalized? Daucus pusillus
pohe indig NA; pre 1871 HI records naturalized? Hydrocotyle verticillata
koali ‘ai famine food, poss indig? naturalized? Ipomoea cairica
koali kuahulu pantropical, indig? naturalized? Merremia aegyptia
kakalaioa indig/early intro; also hihikolo naturalized? Caesalpinia major
maunaloa indig Honduras; 1st record HI 1825 naturalized? Dioclea wilsonii
papapa native to tropical Asia? edible naturalized? Lablab purpureus
— pantropical weed naturalized? Sida rhombifolia
kamole accidental w/kalo? naturalized? Polygonum glabrum
poniu also haleakai’a; medicinal naturalized? Cardiospermum halicacabum
‘aka’akai also kaluha, indigenous to NA & SA naturalized? Schoenoplectus californicus
— cosmop., accidental on kalo? naturalized? Lemna aequinoctialis
— cosmop., accidental on kalo? naturalized? Spirodela polyrrhiza
— indig Asia, Malesia; 1st HI coll pre 1871 naturalized? Garnotia acutigluma
“ili'ohu once noted near kalo fields; extinct? indigenous? Cleome spinosa
— widespread in the S. Pacific indigenous? Ipomoea littoralis
kakalaioa indig/early intro; lei, medicinal indigenous? Caesalpinea bonduc
— widesp trop Indo-Pac, but 1st HI rec 1920 indigenous? Entada phaseoloides
pakaha indig NA, pretty flowers, no descr uses indigenous? Lepechinia hastata
pitkamole 1st HI record 1794; medicinal indigenous? Lythrum maritimum
ma‘o indigenous NA indigenous? Abutilon incanum
hau wood, fiber, medicinal indigenous? Hibiscus tiliaceus
milo wood indigenous? Thespesia populnea
papolo medicinal, dye, food indigenous? Solanum americanum
whaloa medicinal indigenous? Waltheria indica
‘ahu’awa fiber, plaiting indigenous? Cyperus javanicus
— prob indigenous indigenous? Carex thunbergii
kohekohe low elev marshes indigenous? Eleocharis calva
hala brought, but also indig; plaiting, food indigenous? Pandanus tectorius
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Hawaiian Name Biocultural Relationship Status Scientific Name
manienie ‘ula 1st HI record 1819, widespread indigenous? Chrysopogon aciculatus
pili thatch indigenous? Heteropogon contortus
mau’u laiki no rec uses; post-contact Hawn name indigenous? Paspalum scrobiculatum
— accidental w /kalo? leafy pondweed indigenous? Potamogeton foliosus
— accidental w/kalo? long-leaved pondweed indigenous? Potamogeton nodosus

Key: Hawaiian name (— = no known Hawaiian name); Biocultural relationship (Hawaiian uses, other salient info);
Status (indigenous? = possibly indigenous; naturalized? = possibly early naturalized post-contact introduction).

Appendix B

Some major sources of Hawaiian oral tradition, place names, and agricultural areas consulted and

incorporated into the Hawaiian Footprint Project:

a. Beckwith, M. 1951. The Kumulipo; University of Chicago Press: Chicago, IL. (The Hawaiian chant of creation.)
b. Cordy, R. 2002. An Ancient History of Wai‘anae—Ka Moku o Wai‘anae: He Mo’olelo o ka Wa Kahiko,

Mutual Publishing: Honolulu.

c. Dibble, S. 1838 (1984). Ka Mo‘olelo Hawai’i; University of Hawai'i Press: Honolulu. (In original Hawaiian

language, with English translations.)

d. Ellis, W. 1825 (2004). A Narrative of an 1823 Tour Through Hawai‘i or Owhyhee, with remarks on the
History, Traditions, Manners, Customs and Language of the inhabitants of the Sandwich Islands; Mutual

Publishing: Honolulu.

e. Emerson, N. 1906 (2013). Unwritten Literature of Hawaii: The Sacred Songs of the Hula; Charles Tuttle: Tokyo.

(Includes text of hundreds of chants in original Hawaiian, with translations and discussion in English.)
f. Emerson, N. 1915. Pele and Hi‘iaka: A Myth from Hawaii. Charles Tuttle, Tokyo.

g. Fornander, A. 1880. An Account of the Polynesian Race: Its Origin and Migrations and the Ancient History

of the Hawaiian People to the Times of Kamehameha I. Vol. II. Trubner, London.

h. Fornander, A. 1916-1920. Fornander Collection of Hawaiian Antiquities and Folklore. Memoirs of the

Bernice Pauahi Bishop Museum, Vols. 4-6. Honolulu. (In original Hawaiian and English translation.)

i. Handy, E.S. 1940. The Hawaiian Planter—Volume 1. Bishop Mus. Bull. 161. Bishop Museum Press: Honolulu.
j- Handy, E.S., Handy, E.G. and Pukui, M.K. 1972. Native Planters in Old Hawaii: Their Life, Lore, and

Environment. Bishop Mus. Bull. 233. Bishop Museum Press: Honolulu.

k. Hawaiian Historical Society. 2001. Na Mele ‘Aimoku, Na Mele K@ipuna, a me Na Mele Pono’i o ka
Mo'1 Kaldkaua I. Dynastic Chants, Ancestral Chants, and Personal Chants of King Kalakaua I. Hawaiian

Language Reprint Series, Honolulu.

L Hawaiian Studies Institute. 1987. Map: O‘ahu Pre-Mahele Moku and Ahupua‘a. Kamehameha Schools,

Honolulu.
1'i, J.P. 1959. Fragments of Hawaiian History. Bishop Museum Press, Honolulu.
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Kamakau, S.M. The People of Old. Bishop Museum Press, Honolulu. (A series of compilations of Hawaiian

traditional knowledge contributed to the Hawaiian language newspapers, published in three volumes: Ka
Po’e Kahiko: The People of Old 1964; Ka Hana a Ka Po’e Kahiko: The Works of the People of Old 1976; Na Mo’olelo a

Ka Po’e Kahiko: Tales and Traditions of the People of Old. 1991.)

o. Kamakau, S.M. 1961. Ruling Chiefs of Hawai'i. Kamehameha Schools Press, Honolulu. (A series of
articles focused on the exploits of the ali‘i (ruling chiefs) of Hawai’i from ancient times to the time of the

establishment of the Hawaiian Kingdom.)

p- Kanahele, G. 1995. Waikiki 100 BC to 1900 AD: An Untold Story. privately published, Queen Emma Land

Co.: Honolulu.

q. Kepelino. 1932 (2007). Traditions of Hawai‘i. Bishop Museum Press, Honolulu. (In original Hawaiian

language and English translation.)
I. Luomala, K. Voices on the Wind. Polynesian Myths and Chants. Bishop Museum Press.

s. Malo, D. Ka Mo’o’olelo Hawai'i. Bishop Museum Press, Honolulu. (Original Hawaiian language volume,

companion volume in English entitled Hawaiian Antiquities.)

t. Manu, M. 1884-85. He Moolelo Kaao no Keaomelemele. Bishop Museum Press, Honolulu. (Extracted from the
Hawaiian language newspaper Ka Nupepa Kuokoa and published as a compilation, in original Hawaiian

language with English translation.)

u. Multiple authors. 1856-1885. He Lei No Emmalani: Chants for Queen Emma Kaleleonalani. (200+ Hawaiian
chants and songs composed by as many authors, compiled, translated and edited by Mary Kawena Pukui,

Theodore Kelsey, and M. Puakea Nogelmeier, in original Hawaiian language with English translations.)

V. Nakuina, M.K. 1902. Mo‘olelo Hawai‘i o Paka‘a a me Ka-a-Paka‘a, Na Kahu Iwikuamo’o o Keawenuia‘umi,
ke ali‘i o Hawai'i, a ‘o na mo‘opuna a La’amaomao! Compiled and reprinted by Kalamaku Press, Honolulu.

(In original Hawaiian language, with English translation in a separate partner volume.)

w.  Office of Hawaiian Affairs. 2011-1018. Papakilo Database: Kikulu ka ‘ike i ka ‘Opua. (A database of land
grant data, Hawaiian language Newspapers, Place Name databases, and other sources of information on

Hawaiian lands.) https:/ /www.papakilodatabase.com/main/about.php

X. Pukui, M.K. & A. Korn. 1973. The Echo of Our Song: Chants and Poems of the Hawaiians. University of Hawai'i

Press, Honolulu. (In Hawaiian language with English translations.)
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y. Pukui, M.K,, S. Elbert, & E. Mookini. 1976. Place Names of Hawaii. University of Hawai‘i Press, Honolulu.

z. Pukui. M.K. 1983. ‘Olelo No‘eau. Bishop Museum Press, Honolulu. (A compilation of 2942 Hawaiian

proverbs and poetical sayings, in Hawaiian language, with English translations.)

aa. Pukui, MK, & L. Green. 1995. He Mau Ka'ao Hawai'i: Folktales of Hawai'i. Bishop Museum Press, Honolulu.

(In Hawaiian language and English translations.)
bb.  Stokes, J. 1991. Heiau of the Island of Hawai‘i: A Historic Survey of Native Hawaiian Temple Sites. Bishop
Museum Press, Honolulu.

cc.  Sterling, E. & C. Summers. 1978. Sites of O‘ahu. Bishop Museum Press, Honolulu.

dd. Summers C. 1971. Moloka‘i: A Site Survey. Pac. Anthropological Records 14. Bishop Museum, Honolulu.

ee.  Sterling, E. P. Sites of Maui. Bishop Museum, Honolulu.

ff. Ulukau.org (Hawaiian Electronic Library, a Hawaiian language compilation site, searched for numerous

Hawaiian language newspaper articles too numerous to list (nupepa.org), providing descriptions of the
biocultural geography of pre-contact and early post-contact Hawai‘i). Maintained by Alu Like, Inc., Hale
Kuamo’o, and the Bishop Museum, Honolulu.
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Abstract: Globally, there is growing recongition of the essential role indigneous people have in
biocultural conservation. However, there are few cases of applied indigenous resource management
today, especially from the indigenous standpoint. In this paper, we provide an example of the
maintenance and adaptation of an indigenous resource management system in Hawai‘i from the
perspective of an instrumental ‘Oiwi (Indigenous Hawaiian) social institution, Kamehameha Schools.
Kamehameha Schools is not only the largest private landowner in Hawai‘i, but is uniquely tied to
a lineage of traditional ali‘i (chiefs) resulting in present-day influence, decision-making authority,
and wealth to fund a perpetual vision for its ancestral lands and communities. Notably, we share
our journey from the perspective of indigenous resource managers, using the ‘Oiwi methodology
of mo‘ok@i‘auhau (genealogy and continuity) to guide our (re)discovery of what it means to
steward in an indigenous way. First, we ground ourselves in ‘Oiwi worldviews, recognizing our
genealogical and reciprocal connections to ‘aina (land and sea). Then, we examine the functions of
the traditional institution of the ali‘i and the chiefly principle of ‘aina kaumaha—a heavy obligation
to steward the biocultural health of lands and seas in perpetuity. We detail how ‘aina kaumaha
has manifested and transferred over generations, from traditional ali‘i to the royal Kamehameha
line, to Kamehameha Schools as an ali‘i institution. Finally, we discuss how we endeavor to
meet inherited obligations through Kamehameha Schools’ resource management approach today,
which includes active stewardship of vast tracts of native ecosystems and Hawai‘i’s most important
cultural sites, influencing biocultural well-being through representing ‘Oiwi perspectives in diverse
industries, and developing the next generation of ‘Oiwi stewards. We provide a guide for indigenous
organizations (re)defining their ancestral ways of stewardship, as well as for the many non-indigenous
agencies with obligations to native lands and people today working to incorporate indigenous systems
into their current management. Given that much of the world’s lands are indigenous spaces, we argue
that the restoration of effective biocultural resource management systems worldwide requires the
maintenance, and in some cases reestablishment, of indigenous institutions at multiple levels.

Keywords: indigenous resource management; Hawai‘i; biocultural conservation

1. Introduction

As indigenous people are increasingly recognized as critical to biocultural resource conservation
globally [1-4], some indigenous communities and organizations are regaining management of their
ancestral lands and resources [5-9]. Yet, the question remains, how can the world manage biocultural
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land and seascapes in an indigenous way in the 21st century, given the immense environmental and
social changes that indigenous systems have endured over the last several hundred years. Hawai‘i
exemplifies intense socio-ecological change. The archipelago has some of the highest rates of endemism
on land [10] and in the sea [11] in the world, but is challenged with extreme threats of invasive species
and habitat loss, leading to high degrees of extinction [12]. Kanaka ‘Oiwi (Indigenous Hawaiian
people) who have stewarded the lands and seas of Hawai‘i for a millennium, have been systematically
dispossessed of sovereign governance, including loss of stewardship and access to ancestral lands
as well as loss of traditional management and tenure of shoreline and ocean resources [13], and face
disproportionately high rates of poverty, homelessness, health issues, abuse, and incarceration [14,15].
As the health and well-being of indigenous people are inextricably linked to the health of their ancestral
places [16-18], it is critical to understand past and current systems of indigenous stewardship not only
for potential resource management benefits, but for the plethora of interrelated social values which
drive collective well-being.

We know that indigenous management systems are by their nature responsive, adaptive to
social and ecological change, and transform over time [19], and therefore could be applicable to
address today’s sustainability challenges that fundamentally bridge disciplines, such as climate
change adaptation [13]. Moreover, many indigenous resource management institutions and their
governance have been shown to be especially sustainable and resilient over long periods of
time [20]. Yet, there is a scarcity of examples of applied indigenous resource management [21-23].
Furthermore, existing models of application and integration of indigenous knowledge in resource
management often focus on data-oriented knowledge that can easily fit into western science
frameworks such as knowledge of weather and climate [24,25], animal ecology [26], phenology [27]
or management practices like marine prohibitions [28], forest patch protection [29], agroecological
practices [30], and watershed-based management [31]. Focusing on knowledge and management
practices alone ignores the fact that indigenous knowledge is inextricably nested within systems of
practice and belief [19], and successful application of indigenous knowledge systems for resource
management depends on the conservation of these through the system’s social institutions and
worldviews [29,32,33].

Additionally, the socio-ecological literature championing indigenous systems of stewardship
lacks cases from the perspective of indigenous authors, although there are a few examples [34-36].
When working to understand and bridge indigenous systems of resource management, it is critical to
learn directly from the indigenous point of view. Beyond that, indigenous-led examples allow for a
self-determined approach and expression grounded in ancestral ways of knowing [36-38]. In this paper,
we provide an example of the maintenance and adaptation of an indigenous resource management
system in Hawai‘i from the perspective of an influential ‘Oiwi (Indigenous Hawaiian) social institution,
Kamehameha Schools. Kamehameha Schools is not only the largest private landowner in Hawai‘i,
but as we explain below, is tied to a lineage of traditional chiefs resulting in unique influence and
wealth today.

1.1. Brief History of Kamehameha Schools

Shortly after Western Contact in 1778, the famous ali‘i (chief) Kamehameha I, united the Hawaiian
Islands under his rule for the first time in Hawai‘i history, forming the Hawaiian Kingdom [39].
This consolidation of power allowed for the hereditary passing of lands to his descendants, who would
remain the dominant chiefs through the Hawai‘i Kingdom era. Even throughout the process of
Western-based land privatization in the mid-1840’s, Kamehameha'’s descendants retained control of
vast tracts of lands. These lands were passed down within the family until the last direct descendant
of the Kamehameha line, Bernice Pauahi Bishop. During her lifetime (1831-1884), Pauahi witnessed a
substantial 35% decline in the Native Hawaiian population mainly due to Western disease. With that
decline came a loss of ‘Oiwi lifeways and tradition. Because Pauahi believed that education would offer
her people the best future, she left her entire estate, nine percent of the Hawaiian Islands, to establish
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the Kamehameha Schools. At her passing, Pauahi’s estate totaled 375,500 acres of land assessed at
about $474,000. Today, Kamehameha Schools’ estate includes nearly 365,800 acres or ten percent of
Hawai‘i’s land (Figure 1), and combined with other assets, is valued at $11.5 billion [40]. As a result of
Pauahi’s vision, Kamehameha Schools” mission focuses on the creation of educational opportunities in
perpetuity to improve the capability and well-being of people of Kanaka ‘Oiwi ancestry.

Legend
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Figure 1. Map showing distribution of Kamehameha Schools lands (blue) along with lands managed
by the Counties (orange), the State (green), and the Federal (pink) governments.

1.2. Development of Kamehameha Schools” Natural and Cultural Resource Management

In 2002, the department responsbile for Natural and Cultural Resources stewardship was created.
We, the authors of this paper, currently make up this team at Kamehameha Schools, which is responsible
for the stewardship of all of the native ecosystems and cultural sites and landscapes within the
institution’s 365,800 acre landholdings. At its inception, our team was charged with the task of
“malama i ka ‘aina”, an ‘Oiwi concept literally translated as “care for the land”, which the institution
defines as “ethical, prudent, and culturally-appropriate stewardship of lands and resources” [41].
Those of us who were there at the time, along with our predecessors and former leaders (Neil Hannahs,
Ulalia Woodside, and Kekuewa Kikiloi), set out to understand and (re)discover what it means to
steward Kamehameha Schools’ land in an ‘Oiwi way, something that was customary in our history,
but had been largely lost within the institution in the recent century. Since 2002, we have taken
deep dives into resources, including within historical documents, ‘Oiwi scholarship, and our own
institutional archives, so that we could understand why and how to do our work of appropriate
‘Oiwi stewardship of Kamehameha Schools land.

Of the authors, five of us are Kanaka ‘Oiwi and all of us are kama‘aina (born and raised in
Hawai‘i; literally “land child” [42]) with collectively over 40 years of experience managing resources
at Kamehameha Schools from an indigenous institutional perspective. This figure is even more
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extraordinary when considering the fact that our team’s average age is currently just 35 years
old. Our backgrounds include training in both ‘Oiwi and Western knowledge systems in the fields
of: Ritual, Oli (the practice of chant), ‘Olelo Hawai‘i (Hawaiian Language), Traditional Hawaiian
Land Use, Biocultural Resource Management, Ethnoecology, Botany, Archaeology, Anthropology,
Hawaiian Studies, Urban and Regional Planning, Agroecology. We consistently bridge these
complementary systems and disciplines in our work directing the maintenance and restoration of
biocultural integrity on Kamehameha Schools’ lands. This paper is a result of our personal experience
of years developing an indigenous way of stewardship through on-the-ground natural and cultural
resource management.

As an indigenous organization, Kamehameha Schools is unique, in Hawai‘i and within the
broader global context, because it is (1) a large-scale owner and steward of ancestral lands with (2)
substantial decision-making authority and (3) financial wealth to fund a perpetual vision for its lands
and communities. Albeit, within a larger colonial hierarchy (U.S. state, federal, and international
regulations and law). So, what does it look like, when an indigenous organization has the power to
be in full control of resources for the betterment of their native communities in perpetuity? There are
far-reaching implications of sharing our story, for other indigenous organizations around the world
that are (re)discovering their own ways of stewardship. Moreover, there are state, federal, and other
non-governmental organizations that do not have indigenous-focused missions in Hawai‘i and
around the world, but are now responsible for the management of former indigenously-stewarded
lands and seas. In Hawai‘i, those include some of the most bioculturally important lands that were
originally bestowed to the Hawaiian Kingdom Government or to the Crown, including the summits
of sacred mountains (e.g., Mauna Kea (see [43]), Mauna Loa, Kilauea, Haleakala, Ka‘ala) as well as
the majority of the watersheds, and all of the nearshore and marine seascapes across the archipelago
(Figure 1). Because of the growing recognition of the value of biocultural resource management [44],
many of these agencies are working towards incorporating ‘Oiwi ways of knowing into their current
management [45,46]. Our case study can provide a potential roadmap for these non-indigenous
agencies working to bridge multiple knowledge systems to manage or restore biocultural abundance
in the lands and communities they are responsible for today.

In this case study of applied indigenous resource management, we have used ‘Oiwi methodologies
to define for ourselves what it means to steward ‘@ina (land and seascapes) in an ‘Oiwi way. Therefore,
this paper does not follow the standard Introduction, Methods, Results, and Discussion format of
a scientific journal article, but rather is framed by the ‘Oiwi concept of mo’okiiauhau (genealogy).
First, we work to understand our mo‘oktiauhau, our continuity in our positions as ‘aina stewards
of an ali’i institution. We look to indigenous worldviews and traditional institutions particular
to us as Kamehameha Schools land stewards through examining primary ‘Oiwi sources, such as
mele (chants) and ka‘ao (cosmologies), mo‘olelo (life stories) and ‘clelo no‘eau (wise sayings of
biocultural significance), as well as secondary source interpretations of traditional concepts from early
Kanaka ‘Oiwi scholars. Second, we examine the transference of obligation genealogically and through
landscapes. We look to chiefs of the Kamehameha lineage and how they related to their land holdings
during their lifetime through chants written for them, mo‘olelo in Hawaiian language newspaper
articles of their time, as well as documentation of their land stewardship in their letters and land reports.
The task is to figure out who we are, not in the sense of our name, or title, but what is our function? We
do this by determining where we sit in the genealogical framework of the institution. Third, we discuss
the ways in which our resource management predecessors took on the responsibility, to both our
‘aina and our Kanaka ‘Oiwi communities, again examining internal land documents and letters of our
institutional predecessors. Fourth, we consider our research and resource management experiences to
discuss how we as an indigenous institution endeavor to meet these genealogical obligations through
our resource management program today. We seek to answer the question, how do we serve to
continue the function of those before us our institutional genealogy in today’s socio-ecologic context?
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2. ‘Oiwi Worldview: Mo’okii‘auhau & Aloha (Genealogy & Reciprocity)

First we had to understand how and where we as humans sit in relation to the rest of our Hawaiian
universe, including the natural and cultural resources we steward, through an ‘Oiwi worldview.
From this perspective, kanaka (people) have a shared ancestry with ‘aina (land and sea), inclusive of
the earth, sky, the celestial bodies, all living things in the sea, on land and in the atmosphere, as well as
the dynamic processes that sustain these systems [47-51]. In the Kumulipo cosmology, which details
the creation of the Hawaiian universe, in the first wa (time) there is only darkness [48]. The chant
states that all life originates from the primordial slime. First is born Kumulipo, a male, and Po’ele
a female, then the “‘ukuko’ako’a (coral polyp), the many creatures and algae of the ocean and their
counterpart plants on land. The two thousand line chant recognizes the birth of all our fish and
invertebrates and their plant counterparts, the insects, forest and seabirds, turtles, lobsters, those that
cling, the pig, the rat, and the dog. In the eighth wa, the female La‘ila’i and the male Ki‘i were born
and the gods Kane and Kanaloa were born. It is from La‘ila’i and Ki‘i that generations of ali‘i and
then commoners were born. The Kumulipo also recognizes the genealogy of Haloa—the first kalo and
elder brother of the Hawaiian people, who came from Wakea (expansive sky), Papa (earth foundation),
and Ho’ohokiikalani (star establisher). In this single chant, one can see the intimate kinship that the
people of Hawai'i share with the Hawaiian universe, from the tiny coral polyp to every fish or plant or
animal, each is foundational to our genealogy as kanaka.

“I ola ‘oe, i ola makou nei.”
When you live, so do we.
—Hi'iakaikapoliopele to an ‘Ohi‘a (Metrosideros polymorpha) forest [52]

In genealogies such as the Kumulipo, we recognize that ‘aina—inclusive of all the native lifeforms
and ecological processes, came before us as kanaka, and have created the foundations upon which
we live and thrive. Thus, we all have inherited the responsibility through our genealogy as Kanaka
‘Oiwi to ensure the continuation of such foundations. The health of ‘aina is inherently and reciprocally
related to the health and well-being of its people [18,53]. For example, our existence depends on the
health and existence of the forest, all lifeforms and ecological processes therein, which provides us
with fresh water, climate regulation, materials for construction, and medicine, as well as our ancestral
plants like the endemic and bioculturally foundational ‘Chi‘a (Metrosideros polymorpha), which also
provides cultural inspiration, reminding us how to adapt and flourish in harsh conditions, while also
nourishing those around us. The opposite is true as well—that the forest’s health depends on our
health. We must ensure that our human activities do not adversely affect the forest, not overharvest
any of its elements, protect it from weeds and invasive animals, and continue to chant, sing, and dance
to honor its existence. Within this worldview, we participate in a reciprocal relationship with the
natural world—to take and give in kind, as a sound and necessary means to ensure our collective
well-being inclusive of ‘aina.

3. The Ali‘i Institution

In order to understand where we sit in Kamehameha Schools’ continuity as an ali‘i institution
stewarding lands, we must first understand the basic traditional systems of how ali‘i related to and
were responsible for ‘aina. It is outside of the scope of this paper to give a comprehensive summary
of the ali‘i institution. Here, we provide our understanding of the ali‘i particularly in regards to
stewardship of ‘aina in the past, so that we can think about application of these concepts today.
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3.1. Reciprocal Relationships between ‘aina, ali‘i, and maka‘Ginana

“I1i‘ili o Haloa.”

Pebbles of Haloa.

Descendants of chiefs of Haloa, grandson of Wakea and Papa, or any chiefs descended from the
gods. [54] #1227.

In this section we discuss the social institution of the ali‘i class in traditional Hawai‘i, describing the
reciprocal relationships between (1) the ‘aina, (2) the ali‘i, and (3) the maka’ainana (commoners)
(Figure 2). In the ‘Oiwi worldview, the ali'i were recognized as close descendants of the akua (elemental
deities or natural phenomena often translated as gods) because they came before maka‘ainana
genealogically [48,55]. The high ali‘i were considered to be direct descendants of akua [56], with some
accounts calling highest ni‘aupi‘o chiefs “gods among men” [48]. Akua are natural forces and elements
that sustain life. For example the major akua Kane and his many forms include fresh water, the sun,
air currents, as well as the associated forces such as the gathering of clouds, the red-hued setting
sun, or the dark density within a storm [47] (p. 104-105). Akua are also the lifeforms on earth,
including the animals, rocks, and plants, such as the ‘ie‘ie (Freycinetia arborea), the climbing monocot
in the forest also associated with Kane due to the ways in which it intercepts and distributes rain
into the forest understory [57]. One can see that akua are ‘aina, as they make up the land and seas
and all of the processes therein [33,44]. ‘aina, the term we use for land and seascapes, is translated
as “that which feeds” physically, spiritually, mentally. Akua, and ‘Oiwi spirituality more generally,
cannot be separated from ‘aina.

AKUA

ALI‘l

MAKA‘AINANA

Figure 2. Hierarchical and reciprocal relationships between akua, ali‘i, and maka‘ainana.

Akua were described by Pukui, Haertig, and Lee as “the impersonal gods of Hawaii, powerful,
distant deities whose origins were lost in dim corridors of time” [56] (p. 23). However, because of
their close genealogical relationship, the alii could maintain an intimate connection with higher level
akua, that maka‘ainana could not. Although, there were other less significant personal gods that
maka‘ainana had access to [56].

“Hanau ka “aina, hanau ke ali‘i, hanau ke kanaka.”
Born was the land, born were the chiefs, born were the commoners.
The land, the chiefs, and the commoners belong together [54] #466.

Unlike Western feudal relationships between chiefs and commoners, in traditional Hawai‘i, ali‘i
had a close kinship with the maka‘ainana. The maka‘ainana considered the ali‘i, an elder sibling [53].
They needed one another, while the maka‘ainana cultivated abundance on both land and sea with
expert skills spanning realms of engineering, botany, medicine, navigation, psychology, sport, fishing,
farming, architecture, etc. [58], and the ali‘i provided access to akua, protection from war, enforcement
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of social norms, as well as the maintenance of land and seascape integrity. Because of the genealogical
relationship to akua (wWho came before) and maka‘ainana (who came after), the ali‘i had a duty to care
for both akua/‘aina and their people. There were many types of ali‘i situated within a hierarchical
structure, correlating to various scales of resource management. The highest ali‘i (e.g., Ali‘i Nui)
was entrusted with the coordination of the largest scale of resource management at the scale of the
island. While the ali‘i below him were in charge of the stewardship according to various smaller
socio-ecological divisions [50] (Figure 3).

Ali‘i e + Management Unit

Ali‘i Nui Mokupuni (Island[s])

Ali‘i ‘Ai Moku Moku (District)

Ali‘i “Ai Ahupua‘a (Traditional land

Ahupua‘a division within a district)

Kaukau Alfi |l.l K.upono(land division
within an ahupua‘a)

Figure 3. The various scales of socio-ecological management by ali‘i in traditional Hawai‘i [50].
3.2. Kaumaha-Chiefly Obligation to Steward in Perpetuity

As we (re)understood the relationship ali‘i had with ‘aina and maka‘ainana, we thought more
about the vast responsibility that the ali‘i shouldered to ensure the functioning of the socio-ecological
system. We enlisted Kanaka ‘Oiwi scholars at the indigenous organization, the Edith Kanaka’ole
Foundation (EKF) to assist us in understanding these profound concepts. We describe the weighty
or heavy burden of ali‘i to safeguard and perpetuate resources in perpetuity for his or her people as
kaumaha [47,57]. We use kaumaha to describe a deep, imperative responsibility that one cannot easily
relinquish, such as that of landscape-level ‘aina stewardship.

The word kaumaha is colloquially most often understood as the feeling of sadness, grief and
sorrow, and contemporarily, students often learn this word early in ‘6lelo Hawai'i classroom training as
an example stative verb in sentences like: “Kaumaha au, I am sad.” However, connotations of grief and
sadness are not what we wish to convey in this context of ‘aina stewardship. Pukui, Haertig and Lee
(2002) explain that kaumaha as grief and sorrow is derived from the “original use of kaumaha meaning
weight or heavy weight and from use of the separate syllables, kau (place, put, set) and maha (relief or rest).
From the most literal connotation, that holding a physical weight is followed with relief when it is set down,
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came the abstract idea that grief is a heavy weight followed by relief.” [56] (p. 132). The literal and figurative
kaumaha is somewhat like the English word burden, which refers to a heavy load that one carries,
but figuratively and colloquially is understood as misfortune or hardship. In our context describing the
perpetual duty to maintain and steward ‘aina, we refer to the original meanings of kaumaha: heavy,
weighty, profound, deep and significant, and not its subsequent often cited figurative definitions.

Furthermore, we contrast the concept of kaumaha—an ali‘i obligation of stewardship, with the
more familiar term kuleana, meaning right, privilege, responsibility [42]. Traditionally, when a new
Ali’i Nui ascended to power, all of the lands of the Island would be redistributed to the various ali‘i
allies under him or her. The rights and responsibilities (or kuleana) that maka‘ainana had on those
lands would not change through these conversions. On the other hand, the rights and obligations
(or kaumaha) that individual ali‘i had to steward lands given to him or her could change drastically [59].
We view the right and responsibility maka‘ainana had to live on and care for their lands and seas
as a kuleana, and indeed this is the name given to the lands that maka‘dinana claimed during the
land privatization process of the 1840’s [45]. Both kaumaha and kuleana are inherited responsibilities
through land and mo’okii‘auhau, however, we argue that because of the intimate interdependence that
ali‘i had with akua and maka‘dinana across various landscape scales, they carried a different obligation
to maintain critical ‘aina functions for all (i.e., water cycling—discussed below).

‘O ke akua ke komo, ‘a’oe komo kanaka
The gods may enter, man cannot enter

‘O ke kane huawai, he akua kéna

Man with the water gourd, he is the god
Kumulipo, Lines 111-112 [48]

In the Kumulipo lines above, the man with the kane huawai (water gourd) is refered to as an
akua. Why does this kane huawai elevate this man to akua status? We understand this passage to be
about the maintenance of the water cycle, and that the man who perpetuates the sources and driving
forces of water is not a merely a man but is an ali‘i and god-like [57]. The ali‘i as the principle land
steward had the kaumaha or imperative duty to maintain the water cycle that sustains all life—the
streams, the groundwater, the forested watershed, evaporation, condensation, precipitation [57].
The maintenance of the function of the watershed ensured that all lifeforms in the Hawaiian realm
would be supported, including people. This involved the protection of the geologic formations that
drive weather systems, the large trees that interact with the atmosphere to produce rain and cloudfall,
the multi-layered forest that slows the force of descending raindrops, the groundcovers that absorb
moisture and prevent erosion, as well as the aquifers and conduits that hold and distribute fresh water
throughout the landscape.

In order to fulfill the kaumaha to ensure maintenance of ‘aina in perpetuity, the ali‘i imposed
rules for resource interaction, which included kanawai (laws, rules, or protocols) and kapu (sacred,
prohibitions, taboos) at different scales [42,60,61]. Kanawai and kapu are both essential elements of
‘Oiwi religion more broadly. Kanawai and kapu indicate the relationship between natural phenomenon
and natural phenomenon, Kanaka and natural phenomenon, and Kanaka to Kanaka”, [47] (p. 45),
meaning these concepts tell us (1) how different elements of the environment will interact, (2) how we
as people and the environment should interact, and (3) how we as people should interact with one
another. All three relationships are vital for biocultural resource health. The ali‘i, as the institutors of
kapu and kanawai in traditional Hawai‘i, governed through these relationships. First, they understood
environmental element interactions and cycles through careful observation over generations. Second,
using this expert scientific understanding of their environments, they understood resources had specific
kapu or a sacredness which prohibited kanaka to access those resources at specific times. Ali‘i enacted
kanawai of how kanaka should access those kapu resources. For example, seasonal kanawai were put
upon many kapu fish according to observations of their spawning times, knowledge of their maturity
rates, food abundance and availability, and other information [49,50,62]. And third, ali‘i created and
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enforce rules of how people should interact with one another, an example being Kamehameha I's
famous Kanawai Mamalahoe, or Law of the Splintered paddle, which declared protections for all
people, young and old, from violent assault [63].

3.3. Kaumaha Inherited Throughout the Kamehameha Line

As we began to understand kaumaha as a foundational concept of traditional ali‘i stewardship,
we wanted to determine how the alii who came before us demonstrated kaumaha in their
‘aina management and how kaumaha was transferred. At the start of this journey to (re)discover our
function, the genealogy of Kamehameha Schools’ lands was forgotten. We knew that lands originally
were consolidated under Kamehameha I and eventually were bequeathed to Bernice Pauahi, yet we
did not know which other ali‘i had kaumaha for these lands, and thus how they stewarded. One of the
first tasks taken on by our predecessors was to determine which ali‘i are connected to lands in the over
70 ahupua‘a we have tenure for today. This was done by looking through the institutions property title
archives, historic maps, as well as Mahele records (documents from land privatization in the 1840’s),
most of which are now electronically available online (see kipukadatabase.com, papakilodatabase.com,
Avakonohiki.org). The results of this research are shown in Figure 4.

Island of Maui

Figure 4. Map depicting ‘dina hooilina or inherited lands from Bernice Pauahi Bishop's ali‘i. ancestors.

More recently, we have looked to specific ali‘i predecessors to understand how they carried
kaumaha to steward the same lands we manage today. We found that the kaumaha that the
alii held to ensure the persistence and prosperity of ‘aina, including its flora, fauna, and human
communities for generations to come are illustrated throughout the Kamehameha line of chiefs,
starting with Kamehameha I. We found the principle of kaumaha evident even through Western
contact and colonization, and the vast socio-ecological changes in Hawai‘i. Stories of Kamehameha'’s
life originally printed in Hawaiian language newspapers in the 19th and 20th centuries, often layout
his accomplishments in stewardship and restoration of biocultural integrity [64—67]. One mo‘olelo
found in multiple accounts showed us how he managed resources during his rule, at a time just after
first Western contact. When seeing his people harvesting small sandalwood (Santalum spp.; ‘iliahi)
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trees from upland forests in the early 1800’s at the behest of other lower-ranking ali’i who were taking
advantage of new capitalistic economies, Kamehameha said to them:

“No ke aha la oukou i mana‘o ai e kua i kéia la‘au‘ala 1iili’i, ‘oiai e nui aku ana ‘o ia
ma kéia mua aku? Ua pane mai la na kakau ali’i me na kanaka. Ua elemakule ‘oe a ua
kokoke mai na la hope o kou ola “ana, a na wai la ia mau la’au’ala, ‘a’ole makou i ‘ike i ka
mea nana ia la‘au’ala ma kéia mua aku. Ia wa pane aku ‘o Kamehameha ia lakou penei:
‘A’ole anei ‘oukou i ‘ike i ka‘u po’e keiki? ‘O lakou auane’i ka po‘e nana ia mau la‘au‘ala,
a o lakou nd auane’i ko‘u po’e kaulana “aina ma keéia hope aku, ke huli a’e na 1a o ko'u
ola ‘ana ma kéia ao.”

Why did you folks think to cut these small sandalwood when it still has yet to grow? The royal scribe
and the people replied, You are getting old and the end of your life is getting near, and for who are these
sandalwoods? We don’t see the ones who these sandalwoods belong to from here on out. Kamehameha
responded to them: You folks don’t see my future descendants? From this time, they are the ones these
sandalwoods belong to, and they are indeed my land stewards hereafter, my living days are turning
over in this realm.

(Rev. J.F. Pokuea in Ke Aloha Aina 1896 [64]; Translated and diacriticals added by author)

This account suggests that Kamehameha may have instituted a kapu on sandalwood harvest
during this time, as would be custom for an ali‘i of his status. The story alludes to Kamehameha'’s
(1) responsibility to manage of the forest resources at a landscape scale, larger than areas that are the
responsibility of lesser ali‘i; (2) recognition of the mutual dependence of kanaka and the sandalwood
tree, (3) and that he is considering this mutla dependence not only in the current generation but for the
numerous of generations of kanaka ‘6iwi, even those still unseen to us today.

Because ali‘i, including Kamehameha maintained a close relationship with the akua, they were
often called upon by their maka‘ainana to serve as an intermediary in times of need [47]. Kamehameha
exhibits his relationship during the 1801 lava flow in the Kekaha region of Kona, Hawai‘i Island where
he is asked by his maka‘ainana to intercede with Pele (the Hawaiian deity of volcanism, fire, lava,
eruption) as a lava flow was threatening the lands in the region. Even a century after Western contact,
the people still looked to the ali‘i as the social institution that communicated with natural phenomena,
the akua. For example, the kaumaha to communicate with akua continues on to Kamehameha’s
great-granddaughter Ruth Ke’elikolani (Figure 5). In 1881, Ke’elikolani is also called upon by the
people of Hilo to intercede with Pele in upper Hilo, where she successfully entreats with Pele to stop a
lava flow heading towards Hilo [68].

Keku‘iapoiwa II @ = A Kedua
Kanekapolei @ = A Kamehameha

Keoua @ = A Ka'oleioki = @ Luahine

e N

Pauahi @) = A Keki'anao’a = Kina'u@) @ZKonia = A Abner Paki

@ Ruth Ke'elikolani A Moses Kekiiaiwa @ Bernice Pauahi= A Charles Reed Bishop
@ Victoria Kamamalu
A Alexander Liholiho (Kamehameha IV)
A Lota Kapuaiwa (Kamehameha V)

Figure 5. Mo’okii‘auhau showing the ancestry of kaumaha from Kamehameha to his great-granddaughters
Ruth Ke’elikolani and Bernice Pauahi.
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In this same era of the 1800’s, we see the kaumaha of the alii being passed down from chief to
their heirs not just genealogically, but also through the land tenure. When Ke’elikolani, the largest
landowner in Hawai‘i, passes away in 1883, her land lineage from the Kamehameha line as well as
the responsibility of the ali‘i to be the link to akua is passed down to our organization’s founder,
Bernice Pauahi Bishop. Pauahi’s name, inherited from her aunt (Ke’elikolani’s mother) translated as
“destroyed by fire” [69], suggests a relationship between her kaumaha as a Kamehameha ali‘i and the
fire or Pele [47]. In Hawai‘i tradition, mele inoa (name chants) were created to honor a newborn’s
genealogy from the baby’s human family to the ancestral deities that came before them [55,68] Pauahi’s
name chant (a portion below) provides information codifying her connection with the akua Pele as
well as her kaumaha to protect and maintain the water, and her connection as an ali‘i to the akua [47].

He kapu he moe wai no ka uka

The taboo is the taboo of “water storage” for the uplands

Kahu ka “ena, kai mu i kai ko“o, o Nauahi loa

Steward the heat, from silent seas to billowing seas, longevity of all manner of uahi (smoke)

(He Inoa No Pauahi -Birth Chant of Bernice Pauahi Bishop), Lines 12 and 81 [68]; Translated in [47])

3.4. Kamehameha Schools Inherits Kaumaha

Throughout her life, Pauahi inherited lands from her ali‘i family members (Figure 4), with the
largest set of lands from Ruth Ke’elikolani at her death in 1883. At that time, Pauahi was the last
reamining heir of the Kamehameha line, and her estate of over 370,000 acres of land represented
the lands once controlled by Kamehameha. In the same year, Bernice Pauahi completed her will,
which bequeathed all of her estate to create and maintain the Kamehameha Schools. She died just one
year later [68]. This relationship and responsibility of the ali‘i is passed on even after the biological end
of the Kamehameha line at Pauahi’s death, through the creation of the Kamehameha Schools. In this
establishment of the Kamehameha Schools as an “ali‘i institution”, as the steward and keeper of the
Kamehameha line’s ali‘i lands, Kamehameha Schools serves the ali‘i function, with the kaumaha to
care for its resources and people in perpetuity.

In the late 19th and early 20th century, extractive land use practices were widespread across
Hawai‘i, and included largescale clearing of lands for pasture, sugar, and pineapple. Despite this,
early Kamehameha Schools Trustees instead made decisions to ensure the protection of resources on
the estate’s landholdings. The quote below from Charles Reed Bishop, Pauahi’s husband and one
of the first Trustees of Kamehameha Schools, demonstrates his understanding of the ali‘i kaumaha
to maintain the natural resources, not only for the short-term utilitarian benefits to the institution,
but more importantly also for the maintenance of climate regulation, erosion control, water supply
and quality into the future.

So much is already known regarding the great value of forests, not only for furnishing fuel,
building material and furniture woods, but in preserving the rainfall, restraining the violence of
freshets, perpetuating the springs and rivulets of water, tempering the atmosphere and preventing
the waste of the soil... It would be well for large landowners to reserve suitable localities—Hhilltops
... for tree planting. The results, if not directly profitable in a pecuniary point of view, would be
advantageous in the local effects upon the climate, and protection against landslides and storms. It has
come to be a necessity.

—Charles Reed Bishop, 1883 [69]

The actions of Kamehameha Schools’ early Trustees recognize the ali‘i responsibility of
maintaining the water cycle, as explained earlier. Agents of the alii institution at that time voluntarily
set aside vast tracts of native forest lands for the express purpose of watershed and forest resource
protection. They chose not to convert lands to pasture by clearcutting, as many other large landowners
were doing, and instead chose to maintain these forested uplands for generations to come. Beginning
in the 1890’s, they allocated resources to fencing, removal of livestock, establishment of nurseries,
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and replanting of trees, years before the creation of the United States Forest Service (1905) or the
territory of Hawai‘i’s Board of Commissioners of Agriculture and Forestry (1903) [70]. The forethinking
by these early Trustees has resulted in many native forested landscapes that serve as primary
watersheds for many communities today. For example, in the leeward district of Kona, Hawai‘i Island,
we currently actively steward much of the remaining mesic and wet native-dominated forest in the
region (Figure 6), which continue to serve as vital sources for much of the community’s drinking water.

Figure 6. Results of early KS decisions to manage forests. An aerial view of KS forested lands in
Honaunau, Kona, Hawai‘i Island on the left, and neighboring lands that were converted to pasture use.

In the same era, Charles Reed Bishop, as an agent of the alii institution, recognized that the lands
held by Kamehameha's lineage hold arguably some of the most sacred and spiritual sites in all of
Hawai‘i. Yet, as culture, language and practices, were being extinguished across Hawai‘i, and whole
cultural landscapes erased by practices such as plantation agriculture and logging, he identified the
ali‘i Trust’s responsibility to protect cultural resources. He wrote,

There is a matter that should not be lost sight of. I mean the acquisition and control of the Heiaus
[religious temples] and Puuhonuas [religious complex; place of refugel, say those of Mookini in Kahala
[Kohala], of Puukohola at Kawaihae, of Pakaalana in Waipio, of Honaunau in Kona, and perhaps one
of the Islets of Mokuola in Hilo Bay, and any others of interest and worth preserving ... once in the
control of the Museum they should be protected perpetually . ..

—Charles Reed Bishop to Henry Holmes, 1897 [71]

The “museum” referenced here is the Bishop Museum, Hawai‘i’s largest museum today.
Founded by Bishop at the request of his wife Pauahi as a perpetual place to house the many cultural
items of her family, and as this quote suggests, maintain the wahi kiipuna (ancestral spaces) that are
critical to ‘Oiwi identity. It is important to note is that Charles Reed Bishop was an American as well
as a Hawaiian Kingdom citizen, however not Kanaka ‘Oiwi by ancestry. Yet, as a representative of the
ali‘i institution, he inherits and carries the kaumaha to maintain the biocultural health of Kamehameha
Schools’ resources in perpetuity. This idea is powerful. We are not biological descendants of the ali‘i
who originally held and cared for the lands we are responsible for today, but, we have inherited the
kaumaha held in the mo‘oka‘auhau of the ‘aina. We carry the kaumaha of our predecessors irrelevant
of our biological ancestry or cultural background. Our team has personally come to these realizations
through our research and through our physical, mental, and spiritual work within these lands day in
and day out, year in and year out.
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4. The 21st Century: Returning to Ancestral Principles

4.1. Remembering our Foundations

Though we found references and examples of prudent management of natural and cultural
resources and perpetual vision by early leaders at Kamehameha Schools, these concepts were not
widespread within the institution for much of the 20th century. In fact, one of the main reasons we
undertook this exercise to understand our function through genealogy is because there are even more
cases in the recent memory of the institution’s damaging decisions [72]. For example, long-term leases
to vast sugar plantations (i.e., Kawailoa, O‘ahu); transformation of biodiverse forests to pasture and
agriculture (i.e., Keauhou-Ka’'t, Hawai‘i Island); residential developments in traditionally abundant
agroecosystems and aquaculture areas (i.e., Ka’elepulu and He’eia, O‘ahu), commercial and resort
development in areas with widespread and important cultural sites (i.e., Ka'aptlehu, Kahalu‘u,
and Keauhou, Hawai‘i Island); legacy land sold then subsequently bulldozed (i.e., Kapu’a, Hawai'i
Island which held one of the most diverse mesic forests in the area). Kamehameha Schools was “land
rich, and cash poor”, and at that time, and its ‘aina was viewed solely as an economic resource to fund
the educational mission. Yet, this approach completely ignored the ‘Oiwi worldview that kanaka and
‘aina are ancestrally and reciprocally connected and disregarded the mo’ok@i‘auhau of Kamehameha
Schools’ ali‘i lands including the kaumaha transferred within. There were many other Kamehameha
Schools proposals to monetize ali‘i lands for marinas, resorts, golf courses, gentlemen estates, and even
an amusement park in the late 1900’s, however, these were met with opposition from kanaka ‘6iwi
communities around the Islands. These communities are analogous to maka‘ainana, as they continued
to care for and live on their ancestral lands. Ultimately, it was the voices of the community that
compelled Kamehameha Schools into transformative realignment evident in its 2000 Strategic Plan
centered around Kanaka ‘Oiwi community discussions and concerns [41].

Goal 6: Kamehameha Schools will malama i ka ‘Gina: practice ethical, prudent and culturally appropriate
stewardship of lands and resources.

6.1—Manage lands and other resources to optimize their support of the educational mission.

e Manage the portfolio of resources to derive an overall balance of economic, educational, cultural,
environmental and community returns.

o Develop and incorporate educational programs and curricula into resource stewardship programs.

o Develop and incorporate resource stewardship into educational programs and curricula.

o Inventory and manage Kamehameha Schools’ nonfinancial resources (e.g., historic, cultural, human,
and intellectual).

6.2—Manage lands to protect and enhance ecosystems and the wahi kiipuna (ancestral sites inclusive of all
cultural resources and iwi [burials]) they contain.

o [ntegrate Hawaiian cultural values and knowledge into resource stewardship practices.

e Incorporate ahupua’a—land division—management principles which recognize the interdependencies of
ecosystems and create a synergy of uses in land use decisions.

e Promote a broad understanding of stewardship efforts and, as appropriate, cultural resource management
programs. (Kamehameha Schools Strategic Plan 2000-2015)

In this new era, decisions around lands and resources returned, for the first time in a generation,
to the ancestral principle that kanaka are part of a larger “’ohana (family) that includes the rest
of the universe: land; sky; fresh water; salt water; plants and animals” [73]. Around this time,
the Kamehameha Schools leadership made successful financial investments, resulting in a shift from a
land rich and cash poor entity, to a Trust that was “land rich” and growing a diverse endowment of
real estate and financial assets. This wealth allowed Kamehameha Schools the opportunity to once
again make strategic investments into the stewardship of its landholdings.
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Today, Kamehameha Schools is an $11.5 billion trust, and the organization as a whole recognizes
that our institutional genealogy is deeply tied to our ‘aina, which we can directly attribute our current
economic, educational, and biocultural wealth to [41]. We recognize that because of its inheritance
from our ali‘i (Pauahi, Ke’elikolani, to Kamehameha I and beyond), our landbase (ten percent of
Hawai‘i), and now our financial wealth, our kaumaha or profound responsibility to both steward
‘aina and reciprocally support community is even greater. Kamehameha Schools continues to be looked
at by many beneficiaries to be the ali‘i that provides for community in a modern context beyond just
education, but for community and social programming, agricultural opportunities, natural and cultural
resource management, publishing, political advocacy, and commercial real estate development.

4.2. The Manifestation of ‘Oiwi Principles in Stewardship Today
I Hawai‘i nO na Hawai'i i ka ‘aina
Huawaiians are Hawaiians because of the land [74]

How do we continue the function of the ali‘i and leaders of our institutional genealogy in today’s
socio-ecological context? In 2008, our department composed the adage above. The saying recognizes (1)
the shared ancestry that kanaka have with all of the elements of ‘aina and (2) our reciprocal relationship
and interdependence. Just as the ‘Oiwi lifeforms evolved over many years to create the unique native
ecosystems and landscapes of Hawai‘i, so too have those ecosystems shaped the cultural identity,
traditions and practices of Kanaka ‘Oiwi as a people. These concepts of mo‘okit‘auhau and aloha are
at the foundation of our stewardship—which includes natural and cultural resource management,
advocacy, community engagement, and beyond.

Additionally, we hold kaumaha as a programmatic principle and basis for many of our decisions,
as we strive to meet our obligation as an ali‘i land steward by contributing to biocultural resource
stewardship across Hawai‘i. Twelve percent of Hawai'i’s remaining native ecosystems are on
Kamehameha Schools” lands and over half of all of Hawai‘i’s threatened and endangered species
depend on increasingly rare native habitats within these landholdings. Like our predecessors,
we recognize that healthy, functioning native ecosystems provide critical ecosystem services that
sustain life and quality of life in our islands, for native plants and animals, and all those who drink our
water, breathe our air, and are inspired by our landscapes. Though we are not mandated to do so by
any governmental authority, we know our function is to maintain the summits, headwaters, forests,
coastal zones, hills, as sources of our ancestral identity for the benefit of our ‘Oiwi communities forever.
An entire one fifth of the watershed forests that sustain Hawai’is aquifers are on Kamehameha Schools
lands. We manage these vital watershed resources in association with regional watershed partnerships,
voluntary alliances of private landowners and governmental agencies, who agree to work together to
steward resources across landownership boundaries. Due to our extensive landholdings, we belong to
7 of Hawai‘i’s 10 watershed partnerships and are one of the very few private landowners that provide
financial resources to support the critical watershed conservation work of these partnerships.

Over the past generation, we’ve shifted over 100,000 acres of land from pasture back into
management for ecosystem health. Our approach is to protect intact native communities; enable natural
regeneration, where possible, by suppressing priority threats; and, where necessary, reintroduce
biocultural diversity. For example, at Keauhou, Ka‘@i, we are restoring native forests and shrublands
on 30,000 acres of former cattle pasture. We have installed protective fencing and removed cattle,
goats, sheep, and pigs. Native canopy is being restored through replanting. Our communities
participate in stewardship through ‘aina-based education and community engagement programs that
are strengthening and reestablishing ancestral connections to forested landscapes. Most recently, we’ve
formalized our commitment to stewardship in this area through a Safe Harbor Agreement with the
State of Hawai‘i Department of Land and Natural Resources and the U.S. Fish and Wildlife Service.
The agreement is a cooperative effort that supports recovery of threatened and endangered species.
It is the first of its kind in Hawai‘i, the longest term in the United States, and the first to cover 7
species of native birds, the ‘Ope‘ape‘a (Lasiurus cinereus semotus; Hawaiian hoary bat), and 25 species of
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native plants. The Safe Harbor Agreement is a commitment to malama Kamehameha Schools ‘aina at
Keauhou, Ka‘f, inclusive of rare species recovery, through landscape-scale restoration of native forests
and protection of native species, while preserving Kamehameha Schools ability for beneficiaries to
interact with these landscapes and resources.

The landscapes we steward are also inclusive of critical cultural resources, comprised of wahi
kfipuna which include heiau, agricultural and aquacultural systems, trails, habitations areas, as well
as koehana (artifacts), and iwi k@ipuna (ancestral burials). Like our predecessors, we recognize our
obligation to the perpetuation of our cultural resources for future generations, as they are embodiments
of our ancestors’ presence, existence, and sustainability. We acknowledge that these wahi kipuna
and koehana are repositories of ancestral knowledge and energy [75]. Thus, we are committed
to stewarding our cultural resources in perpetuity. In order to understand the mo‘okt’auhau,
history, and ancestral knowledge of our lands, we have completed ethnohistoric studies for all of
our landholdings. We have also inventoried close to four thousand cultural sites through various
archaeological studies have to inform our stewardship of these places into the future.

We are entrusted not only to know where these sites are, but to also protect, maintain, and restore
Kanaka ‘Oiwi connections with these significant wahi kipuna. Though often challenging, we work to
maintain the conditions of the many heiau in different conditions across our lands, often in remote
areas and heavily impacted by natural and man-made threats. We conduct consistent management of
these sacred sites and places to ensure the integrity of the wahi kiipuna, but also to maintain access to
these sites for community use. We have pioneered cultural resource community engagement strategies,
first providing opportunities to access to ‘ike vaina (knowledge of lands) through the development of
online resources including a website of 3D models of select cultural sites and artifacts. Community
engagement strategies also involve improving physical access to wahi kiipuna with the intention
of rekindling pilina or the ancestral bond between kanaka and ‘aina. This strategy can take many
forms, and includes the development of interpretive trails at sites, hosting community workdays,
supporting field schools, and facilitating restoration of traditional agriculture and loko i‘a (aquaculture
systems). It is through both the knowledge and physical interaction with these cultural resources that
our communities access and reestablish their connection to place and identity.

4.3. Influencing Stewardship Beyond Kamehameha Schools “Gina

Like our ali'i predecessors, we work across large landscapes, and are sometimes looked to by our
communities as well as government agencies to be the representative voice of Kanaka ‘Oiwi in ‘aina
stewardship. Consequently, beyond our direct resource management functions, we have taken on the
significant duty to drive ‘Oiwi perspectives in statewide consortiums and alliances. We participate
in leadership roles and provide support, especially in topics concerning cultural perspectives,
community-based management, and biocultural stewardship, in influential groups such as the Hawai'‘i
Conservation Alliance, Pacific Islands Climate Change Cooperative, Environmental Funders Group,
International Union for the Conservation of Nature—Indigenous Peoples Organizations and others.
Such organizations and their members influence the agenda for research, funding, and policy at
state, regional, and international levels. By actively participating in these groups, we uplift ‘Oiwi
perspectives across scales of stewardship industries.

Furthermore, we also serve to represent our Kanaka ‘Oiwi communities with state agencies,
such as those that regulate cultural sites (State of Historic Preservation), the Division of Forestry
and Wildlife, and Department of Aquatic Resources. For example Kamehameha Schools supports an
effort which created the first community-based marine 10-year rest area in Hawai‘i in the ocean off
Ka'tpiilehu, a Kamehameha Schools landholding. We provided support in the decade of social and
ecological research of the fishery, and provided testimony in favor of the initiative which required
a change to the Hawai‘i State Administrative Rules. Today, with the marine rest area in place,
we are actively engaged in the community’s planning and management of the natural and cultural
resources in the near-shore and coastal areas as a partner. We have served as the lead communicator
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with regulatory expertise with state agencies which have jurisdiction over some of the community’s
stewardship activities. The Ka‘Gptlehu marine rest area embodies the duty we feel to support
our communities in their capacity to manage their ancestral biocultural abundance. Additionally,
Kamehameha Schools directly partners with community individuals and organizations through
‘aina-based education programing, stewardship or resource management agreements, as well as
community-based management of ‘aina across all of the islands we own land.

Finally, in recognition of the overall lack of Kanaka ‘Oiwi and ‘Oiwi perspectives in
‘aina stewardship industries across the archipelago, our team has developed internship and other
professional training opportunities to foster the development of future Kanaka ‘Oiwi resource
managers in Hawaii. These internships focus on training participants in culturally-grounded
approaches to research, science, and ‘aina stewardship, while also simultaneously contributing to
Kamehameha Schools’ on-the-ground resource management in a variety of forms. For example, due to
historically little to no ‘Oiwi representation in the cultural resource management field in Hawai'i,
including in the field of contractors that Kamehameha Schools looks for its own work, Kamehameha
Schools supports the Wahi Kapuna Internship Program (WKIP), developed by the Kanaka
‘Oiwi organization Huliauapa‘a. The WKIP is an immersive summer internship training undergraduate
Kanaka ‘Oiwi students in ‘Oiwi cultural resource management, including appropriate cultural protocol,
technical skill building in ethnographic and archival research, geographic information systems (GIS),
community interviews, archaeological field methods, research writing, and presentations. In addition,
each student chooses a management-aligned topic to research throughout the summer tailored to
questions from Kamehameha Schools resource managers or community stewards, in order to ground
their newly learned skills in applied management issues. Similarly, Kamehameha Schools supports a
summer Ecosystem Monitoring Internship Program focused on training undergraduate and senior
level high school Kanaka ‘Oiwi students in biological survey and forest management strategies,
while also providing a solid grounding in ‘Oiwi perspectives on ‘dina. Many alumni of this program
have gone on to seek advanced degrees in natural resources fields, and most are now employed in
‘aina stewardship careers, working as kahu ‘aina (land stewards), foresters, researchers, and educators.
Through the half-dozen ‘aina stewardship training opportunities we directly manage, and numerous
others we support financially, we are working to uplift the next generation of vOiwi thought leaders in
the “aina space. This is indeed our kaumaha, to not only care for Hawai‘i’s lands for our communities
today, but that we ensure there are capable stewards for every aspect of aloha ‘aina (love for the
land)—from those who will manage the lands at Kamehameha Schools, or those who will steward
from the community, to those who will do the research on our lands and seas, to those who are
entrusted to teach ‘Oiwi resource management to future generations of stewards.

5. Discussion

There is increasing consensus that indigenous people worldwide are essential to biocultural
conservation, because of their widespread tenure, resilient and persistent management systems,
sustainable practices, and innovative conservation techniques [3]. Yet, there is a lack of examples
of applied indigenous resource management in the systems context, especially from the indigenous
perspective. Our case study provides an example of the maintenance of an indigenous resource
management system over hundreds of years fixed within traditional worldviews, social institutions,
and principles. We have shown that this resource management system was not, and is not
static, but instead like other socio-ecological governance systems, has transformed and adapted
overtime [19,76,77]. We provide an important case of how an organization defines itself using ancestral
concepts and methodologies to execute leadership in indigenous stewardship today.

Our process is replicable, and could serve as a guide for both indigenous organizations
determining for themselves how to steward in a way that is appropriate to their ancestral ways
of knowing, as well as for non-indigenous agencies which have obligations to indigenous lands
and people. First, we let ‘Oiwi methodologies guide us in the process of (re)discovery. Second,
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we looked to the foundation, our ‘Oiwi worldviews (mo’ok@i‘auhau and aloha). It should be noted
that genealogical and reciprocal connections to landscapes are inherent in many other indigenous
cultures [38], and could potentially also be a foundation for other organizations. Third, we worked
to understand the institution we sit, from traditional functions, to the transference of responsibility
(in our case kaumaha) through time, actors, and lands. It was through the self-determined indigenous
process that we were able to answer the questions: what is our function and how do we continue
that function today? It is important to note that the process is continual and iterative, as with ‘Oiwi
ways of knowing, adapting, and stewarding. We continue to hold team discussions dedicated to better
understanding our position in the continuity of ali‘i function, and consequently, we consistently have
new realizations, both personal and collective, about why and how we manage ‘aina.

There are challenges and limitations beyond our individual and institutional control in
maintaining an indigenous system of resource management. This continues to be an issue globally,
where the structures of governance and community that indigenous institutions sit within have
changed quite drastically. Even within our own indigenous institution, we face cycles of changing
leadership and vision. Beyond that, as a private landowner we have limited control over what
alii traditionally regulated (i.e., fresh water allocation, public access, nearshore and marine tenure,
etc.) because these are now under the control of county, state, and federal agencies. Furthermore,
traditional relationships between ali‘i and community have been radically altered, with traditional
social structures of community centered on ‘aina, reciprocally connected to a hierarchical system of
social regulation, greatly damaged through generations of American colonization, though examples
of persistence exist [78,79]. Therefore, it is critical for our ‘Oiwi stewardship in this contemporary
social context to look beyond our conservation and management practices alone, but to consider
our greater kaumaha, our chiefly obligation to steward biocultural systems in perpetuity. We have
found that one way we can fulfill our kaumaha in today’s governance context, is to collaborate with
governance agencies that now also carry a responsibility and heaviness once only granted to ali‘i,
as well as to restore our mutually benefitting relationships with community through supporting their
own stewardship of their ancestral resources.

Indigenous institutions are among the world’s most durable and enduring for governance,
offering inspiration for the development of sustainable systems, while others, acting on vested interests,
opt for short-term gains at substantial social and environmental cost. [80] (p. 340)

Like in traditional indigenous societies, effective indigenous resource management systems
require social institutions that as we have shown, coordinate resource management at different
scales, take on roles of governance of resources, and plan for stewardship in perpetuity [19].
For all of us working towards biocultural abundance on indigenous lands (in Hawai‘i those are
all landowners), it is essential to restore the institutional functions and continuity for today’s context.
We provide one roadmap of an institution refinding our continuity and purpose. The restoration of
indigenous knowledge for resource management today necessitates the maintenance, and in some
cases reestablishment, of indigenous institutions at the regional, county, state, or national level.
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Abstract: In this paper, we propose that spiritual approaches rooted in the practice of Hawai‘i ritual
provide a powerful portal to revealing, supporting, and enhancing our collective aloha (love, fondness,
reciprocity, as with a family member) for and dedication to the places and processes that we steward.
We provide a case study from Hawai‘i, where we, a group of conservation professionals known
as Halau ‘Ohi’a, have begun to foster a collective resurgence of sacred commitment to the places
and processes we steward through remembering and manifesting genealogical relationships to our
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landscapes through Indigenous Hawaiian ritual expression. We discuss how a ritual approach to
our lands and seas makes us better stewards of our places, better members of our families and
communities, and more fulfilled individuals. We assert that foundations of the spiritual and the
sacred are required for effectively advancing the science of sustainability, the management of natural
resources, and the conservation of nature.

Keywords: sacred ecology; biocultural conservation; Hawai'i

1. Welina—Welcome and Orientation

You have come to Hilo to the USDA Forest Service to visit the halau (traditional Hawaiian school
of learning). You arrive, park your car, and wait a little bit. If you leave your car now, you will be
drenched because Hilo is still raining until we can bid Hurricane Lane “aloha” and greet the next storm.
What was his name? Anyway, someone runs out wth umbrellas to bring you into the lanai (outdoor
covered area) where we meet before transforming the facility’s conference room into our learning space.
As you transition from dry to wet, your attention turns to the voices of men, women, children swelling
and pulsing with song in rthythm with the pakapaka (pitter patter) of the rain. You do not even notice
that your left shoe is soaked through to the sock. As you get closer, your vision glimpses a wonderful
eclectic collection of the world in welcoming, chanting you into Halau “Ohi’a:

Ua lii kinikini ka hua ‘6hi’a lehua mai ‘6 a ‘6 o Lononuiakea

Two million lives in the seeds of ‘0hi’a strewn about from near and far in Hawai’‘i
Halihali “ia e ka ‘eheu hulu makani

Carried on the wings of the wind

Hi’ipoi ‘ia e ka Poli mahana o Kanehoa, o Honuamea

Caressed in the warmth of Honuamea, the volcanic earth; nourished by Kanehoa, the sun
Ua a’a, ua mole, ua mohala a’ela

We are rooted, tapping the source of water—unfurling and peaking towards full bloom
‘O ka ‘apapane, ‘o ka mamo, ‘o ka nuku ‘i’iwi, ‘o ka ‘ahihi

A diversity of hues, brilliant scarlet, golden, salmon, and the rare white

Mai hiki lalo a i hiki luna e waiho nei i hali"i moku la

We are blankets of ‘0hi’a forests that extend beyond the horizons of my vision

Ua “ikea! A he leo 1o ia.

It is done with the simple offering of the voice.

“The real root of these [sustainability] issues, both cause and cure, lies not in our science or technology
but in our own spiritual and intellectual poverty or more hopefully, in our own spiritual and
intellectual resources”. [1] (p. 3)

1.1. Why the Need for Ritual in Conservation?

In Hawai‘i, spiritual foundations continue to define relationships among many cultural
practitioners, community members, places, and processes [2—4]. We propose that sacred ritual plays a
central role in elevating these foundations and enhancing the well-being of all members of the coupled
socioecological system. Specifically, this paper makes the case that spiritually oriented ritual is a
powerful portal to revealing, supporting, and building up our collective love for and devotion to the
places and processes that we steward. It is this path that we believe is required for effectively advancing
the science of sustainability, the management of natural resources, and the conservation of nature.
In advancing these disciplines, we also believe that spiritual approaches that engage different levels of
personal and communal ritual enhance our ability to interact with our landscapes and seascapes and
so can best position Hawai‘i to achieve biocultural well-being.
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Halau ‘Ohi’a is both a venue for and a process whereby we can explore the meaning of family life
and our connections to a broadly defined genealogy of place. “Halau” translates to traditional Hawaiian
school of learning, literally meaning “many breaths,” and is often associated with the traditional
dancing art of hula. “’Ohi’a” is the name of Hawai‘l’s most common, widespread, and bioculturally
important native tree (Metrosideros polymorpha Gaudich, Myrtaceae), and the name literally means
“to gather.” The spiritual venue and the sacred process are created by engaging native Hawaiian
rituals, which include the use of Hawaiian language, the retelling of sacred stories, the performing of
traditional chants and dance, and the creation of our own poetic texts and art forms. Through these
practices and the resulting deep learning of cultural and physical geographies that surround us, we are
able to establish and deepen our kincentric relationships to the world around. The ultimate goal of
this learning is no less than to transform the way we view and steward our lands and seas. As in the
halau setting, this paper is made up of the many breaths, voices, and ideas from our group. Like the
‘ohi’a, we are a diverse group of resource managers, field technicians, researchers, interns, educators,
cultural practitioners, administrators, students, and program leaders representing many organizations,
generations, and life experiences. In short, we are people whose functions are foundational to the
well-being of our Hawai‘i landscapes, seascapes, and communities.

1.2. What Is Ritual?

Ritual rooted in spirituality is an ubiquitous feature of the human experience across planet
Earth and throughout human history, and takes many forms across and within cultures. Ritual of
a spiritual nature has been examined by countless scholars over many centuries, and has been
characterized as serving a wide diversity of societal functions, including to name just a few ritual
practices: bringing about an altered state, as with healing and shamanistic rituals [5]; expressing or
presenting a system of beliefs, for example, about the structure of society or kinship relationships [6];
conserving resources, for example, by defining the taking of resources [7,8] or the imposition
of food taboos [9]; managing resources and horticultural practices based on weather, phenology,
and astronomical cycles [10]; avoiding contagion [11]; improving social cohesion [12] and protective
social bonds that increase survival [13]; making pilgrimages to natural sacred sites [14], including to
redefine oneself [15]; and burying family and friends [6,16]. While early theories framed rituals
as functioning to protect the status quo, to resist change, and to relieve anxiety over uncertainty
about observed or experienced phenomena [17], contemporary perspectives point to rituals as also
serving as agents of cultural change, in both historic and contemporary contexts, as rituals are often
“created by families, secular and religious celebrants, civil servants, or volunteers” [18] (p. 2). As such,
rituals can play subversive, creative, or socially critical roles [19]. Where ritual catalyzes social
transformations [18,20] through their performative, structured, and collaborative natures [18], they can
be seen as providing “breakthroughs to the knowledge of the ‘sacred’” the functions of which are
“seen in a future we are not likely to be able to even guess” [19] (p. viii).

For our group, ritual has become a means to:

(1) enter into a sacred space within which members of Halau ‘Ohi’a can holistically (mind, body,
and spirit) embrace widely ranging topics of existential importance to being human;

(2)  deepen our kinship relationships with the world around us; then from this,

(3) catalyze personal and professional transformation and growth;

(4) recognize and embrace the deep linkages binding together haumana (student/students) and kumu
(master teacher), haumana and kiipuna (ancestors broadly defined), and haumana and ‘aina (lands
and seas; that which sustains); and

(5) identify, engage, and express gratitude to and aloha for the diverse linkages that sustain
us physically (evolutionarily, nutritionally, biogeochemically), mentally (psychologically,
professionally, academically), and spiritually (our relationships and ancestral connections to
persons and places).
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1.3. Case Study: Halau ‘Ohi’a and Ritual

The unique Halau ‘Ohi’a program was developed and is taught by Kekuhi Kealiikanakaoleohaililani,
a master teacher, who is trained in and has been practicing for over 40 years the Hawai‘i traditions
of hula, chant, and ritual. She is one of the kumu hula (teacher of traditional Hawaiian environmental
dance) in the traditional dance school of learning Halau o Kekubhi, a position previously held by
her mother and grandmother. We, Halau ‘Ohi’a, began our journey in 2016 because of a novel
question posed by Kumu Kekuhi’s research assistant, who asked: (1) “How can Hawaiian culture
help us do our jobs?” and (2) “How can this work place become a community?” From that profound
query, the idea of Halau ‘Ohi’a was born. The last two and a half years have included: 35 sessions;
a pamaomao (international exchange among communities) with Maori communities of Aotearoa (New
Zealand); many kipaepae (a term created by Kumu Hula and faculty member from the University
of Hawai‘i, Taupouri Tangard, for the process of setting the foundation for engaging relationships
through traditional ritual); and huaka’i (journeys) to Kanaloa (a small, very sacred island off the coast
of Maui that was confiscated by the US Military, denuded and defiled over 40 years of intensive
bombing practice, and through nonviolent protest returned to the Hawaiian people for restoration
and reconciliation), as well as huaka’i through all the moku (land divisions or sub-county districts) of
Hawai‘i Island: Kona, Ka'i, Puna, Hilo, and Hamakua. During these huaka’i, we meet and work with
kama’aina (children of a place), perform bioculturally structured ritual to enter place and perform the
work of culturally-grounded restoration, conservation and resource management. We also engage
larger audiences through academic presentations (for example, at the annual Hawai‘i Conservation
Conference, which attracts 1000+ participants from across Hawai‘i and the Pacific region), and we also
serve the ritual needs of our conservation community (for example, by helping to lead kipaepae for
community, educational, or scientific events). Through these experiences, we understand more clearly
now that if we are to succeed in our professions as stewards, then practice of our professions demand
nothing less than the aloha and conviction of a devoted parent for an adored child.

We also understand that we must foster a collective resurgence of sacred commitment to
the places and processes we steward, a change that we believe is required if we are to heal the
biogeochemical wounds of unsustainable resource extraction and restore sacred relationships across
our evolutionary family that together will ultimately foster socioecological well-being. We have,
effectively, reimagined our personal and therefore our professional relationship to the places that
we steward: the plants, the animals, the corals and microbes, the elements, the human people,
the mountains and the valleys, the rivers and the shorelines, and the bays and the open ocean.

1.4. Why We Need to Tell Our Story This Way

Halau ‘Ohi’a creates a space for collectively recognizing and celebrating deeply held personal
motivations that often drive one’s relationship with land, river, and sea. This kind of relational
dialogue was either not present in our professional work environments or present in very limited ways;
this contemporary reality had many of us thinking (to ourselves or in conversations with like-minded
colleagues): how can we do our work better and more aligned with personal beliefs and practices?
Kekuhi challenged us to use this writing opportunity to articulate our Halau ‘Ohi’a learning in article
format. To be absolutely honest, we struggled with this task, but through extensive discussions,
have decided to share our learning in the form of ritual process manifested in the following journal
article. You, the reader, may be surprised to learn that simply by arriving at this point of the paper,
you have begun the ritual with us, which in the context of our learning as haumana of Halau ‘Ohi’a
begins with a Welina (physical and spiritual welcome).

What follows in each section of this paper is an opportunity, if you choose, to engage your own
ritual experience. The format then is quite different from what is encountered in indexed scientific
journals, including Sustainability. Specifically, drawing from elements of our experience of Hawai‘i
practice, our ritual follows these five steps: the Welina or the welcome and orientation (Section 1 above);
this is followed by the Ho’omakaukau (To set intentions; Section 2), or personal and collective call to
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preparation that includes setting personal intentions; after setting intentions, the Ho’inana (To come to
life; Section 3) follows and includes the sacred process of initiating, entering into, and moving through
multiple layers of knowing and meaning; Section 4 is the Pani (Closing), where individually and
collectively, we recognize that the ritual has been performed and it is time to transition to Section 5,
the Ho'oku'u (To release from ritual), which allows the participant to return to the mundane after
having engaged, embraced, and absorbed sacred lessons provided by the ritual catalyzed experience.

We have made this decision to go with a ritual-based format because this writing effort is not only
focused on transferring information, but is intent on providing hua ‘ohi’a lehua (the seed-laden fruits of
‘0hi’a) that lead each reader and author into an opportunity for transformation—both yours and ours.
So, by aligning the structure and intention of this paper with this particular ritual process, by making
the writing and reading of this paper a ritual in itself, we feel that we are more able to effectively and
authentically convey the transformative power of ritual in the pursuit of sustainable resource management
and effective conservation. Finally, we believe that it is remarkably appropriate that this paper should be
published in a sustainability-focused journal because sacred connections to self, community, and to place
are foundational to maintaining the resilience and sustainability of any system.

2. Ho’omakaukau—Setting Intentions

Ritual and Multiple Layers of Meaning

In setting our intentions for writing this ritual, we felt it important to demonstrate how ritual
expression can provide a path forward for sustainability, resource management, or conservation
professionals to actively be in sacred and intimate relationship with the places that we serve—much
as one would be in relationship with one’s family or closest friends. To do this, we build on our
growing awareness of and commitment to the sacred relationships that define who we are in relation
to self, family, community, as well as the world of organisms and processes that sustain us and that are
sustained by us. To be clear, developing these spiritual relationships does not require a dismantling
of one’s personal/professional belief system, but only to consider the notion that spiritually based
relationships promote well-being and support a more sustainable path into the future.

As part of the Ho’omakaukau phase, we take time in our daily lives to practice, study, interpret,
and learn from mo’olelo (life stories), ka’'ao (stories of, for example, creation and cosmologies),
mele (traditional songs and chants), oli (vocalizing), hei (performed string art linked to oli),
hula (Hawai‘i’s environmental dance), and traditional Hawaiian scientific knowledge, such as that
which is captured in ‘olelo no’eau (wise sayings of biocultural significance). A central part of this
practice is being aware of and prepared for embracing multiple sources of knowledge, multiple layers
of meaning, and multiple ways of interacting with the world [21].

A central but sometimes overlooked feature of Indigenous knowledge systems is the very formal
and structured botanical, ecological, agricultural, hydrological, atmospheric, oceanographic, etc.,
observations that shape Indigenous knowledge of a place [3]. This celebration of diverse ways of
knowing is powerfully exemplified within the multilayered Ki’i (reflections) framework, composed of
Ki'i “laka (reflections of self), Ki’i Honua (reflections of community), and Ki'i Akea (reflections of the
universal), upon which we rely heavily to convey our lessons learned to you the reader. So, this article,
a physical manifestation of the ritual into which we are asking you to engage, seeks to teach and
transform at three different scales, perspectives, or levels including the deeply personal, the collective
family or community or even regional, and the universal.

In reading a sacred text, interpreting a chant, or in creating a poem, we are drawn personally and
uniquely to the exchange because our being is uniquely engaging the elements of a story or chant
in that very moment and in a particular place. For example, you, the reader, in reading a story may
connect to the sacrifice of an elder brother for his younger sibling because you are the eldest sibling
of your family, perhaps have taken on much of the responsibility of raising younger siblings, and by
making this connection to the story, certain sections of text or themes have a specific message for your
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unique experience as elder sibling. This Ki'i ‘Iaka reflection might be particularly poignant if you have
just experienced a powerful sharing with your younger sibling. As the regional reflection, Ki'i Honua
evokes for the participant a particular set of shared experiences—experiences that might bind together
a family, community, or culture. For example, a chant might evoke the importance of a journey across
a body of water for accessing new lands or escaping harmful conditions, and you may see your own
family’s or even community’s immigrant journey reflected in the story. In Hawai‘i, engaging this
theme might conjure images of the wa’a (canoe) and the literal and metaphorical importance of the wa’a
to the Hawaiian people as a vessel for discovery, for connecting peoples across the Pacific, but also as a
vehicle for coordination, elevated cooperation, and in the best cases, collaboration. The Ki'i Akea asks
the participant to find that which is universal within the images, themes, or ideas that are being shared.
For example, loss and sacrifice in preparation for the birthing of something new can be seen as broadly
foundational to the human experience, and in the engaging of this cycle, we become part of and are
provided an opportunity to learn from the global human experience of transformation by sacrifice.
In engaging this Ki'i framework here, this paper structured as ritual expression seeks to:

(1) identify and share the global importance of being genealogically tied to our places—a
fundamental feature of the human experience (Ki'i Akea);

(2) show how we have relied on Halau ‘Ohi’a to help us transition from a Western, colonial model of
sustainability science (resource as commodities to be maximized to support human consumption),
natural resource management (resources as objects to be managed through centralized,
agency-controlled decision making), and conservation (systems of organisms to be protected from
human use), towards a kinship-based model where stewardship is defined by sacred relationship
to place and process, with traditional Hawaiian scientific knowledge and ritual fostering this
transition/transformation (Ki’i Honua); and

(3) demystify what ritual can mean for the individual practitioner in a sustainability,
resource management, and conservation context (Ki'i ‘Iaka) through the sharing of our individual
experiences in ritual.

A final critical aspect of Ho'omakaukau is the identification of one’s genealogical (not necessarily
genetic) and biogeographical relationships with places or processes. This is a fundamental concept,
as these connections define one’s reciprocal stewardship relationship with one’s surroundings as much
as elucidating one’s human family genealogy helps us to understand our connection to parents and
grandparents, uncles and aunts, the migrations that brought our families to specific geographies,
and the cultural identity and traditions that shape and enrich our lives. Viewed more broadly,
genealogy as understood within a Hawai'i perspective pushes us to consider broader connections
defined by biogeochemical and evolutionary ties, including to sources of food and water that literally
make up a resident’s physical and spiritual being, and that person’s connections to all members of
the evolutionary tree of life. By becoming familiar with, engaging, and then cultivating gratitude
for one’s familial (Ki'i ‘laka), biogeochemical (Ki'i Honua), and evolutionary (Ki'i Akea) relationships,
those relationships that make up the broadly defined genealogies that sustain us, we are better
prepared to enter into Ho'7nana, engage in ritual, learn from ritual and then apply lessons to our daily
professional and personal lives.

3. Ho'inana—To Come to Life

3.1. What Does Ancestral Ritual Look Like?

In Halau ‘Ohi’a, ritual begins with two practices—the first involves formally requesting
permission to physically and spiritually enter into a sacred space that for our process is the halau.
When we have been welcomed into this space that is the halau, our ritual continues with the building
of kuahu (altar as portal to the sacred) that is the act of physically and spiritually entering into a sacred
space shared by all participants. These are foundational practices that achieve several things. The first
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practice reminds us of our humble status as stewards: at the level of individual entering into a shared
space with other students; at the level of a student collective entering into sacred dialogue with each
other and our broadly defined communities, including as professionals in places we steward; and at
the largest level as a fleeting presence on earth defined by aloha for all members in our genealogy,
including honoring and expressing gratitude for that which precedes us, stewarding and expressing
gratitude for that which sustains us today, and cultivating and expressing gratitude for that which will
sustain our genealogy into the future.

The second practice guides us to leave behind mundane distractions (work schedules,
shopping lists, household tasks) and focus on fundamental and sacred aspects of being a human
in community to more fully engage what it means to be in community, to love and be loved, to care
for and be cared for, to sustain and be sustained. Entering into the practice of kuahu demands
that we fully engage what it means to embrace our genealogical connections to place and process
(who broadly defined is sacred to us and why), and through embracing, how can we contribute to
a collective exploration and deepening of relationship with and aloha for our genealogy (how do
we make good on sacred devotion; what is the quality and motivation for this devotion; what are
the physical, psychological, emotional, and spiritual trajectories for our relationships). By humbly
asking for permission to enter into a space and then literally creating a physically, psychologically,
emotionally, and spiritually safe space for sacred dialogue and connection, we open the portal for ritual
practice to manifest for each participant’s connection, growth, learning, and ultimately, personal and
collective transformation.

3.2. Remembering Genealogical Relationships through Ritual

In this section, we share how our genealogical connections can be elucidated and literally
manifested through the vehicle of ritual expression. We also share the multiple layers of transformation
that have occurred during our time with Halau ‘Ohi’a, with the hope that you will as part of this
paper-as-ritual process identify how to engage and cultivate a sacred space with your colleagues
to identify, discuss, and reflect upon the substantial topics discussed here. From the perspective of
genealogy, ritual helps us to understand, honor, and enhance our relationships to the places and
processes that we steward. Through much of our formal disciplinary training (e.g., sustainability
science, natural resource management, conservation biology), many of us were taught explicitly with
learning reinforced implicitly that we, as people, are separate from the natural world, that we have
dominion over this world, and so it is within our rights and responsibilities to manage and control
the resources of this world in ways that maximize the goods, services, and benefits provided to a
society. Relationships have only recently become part of academic considerations of the management
calculus [22], but when discussed in broader contemporary contexts, relationships are still portrayed
as being ancillary to achieving management success.

For example, the practitioner is often asked to distill down the how, when, and where of resource
management to simple economic metrics of success, with metrics of success fully occupying the
decision-sphere. Within this framework, sacred relationships can be viewed as hindrances: when
formed or held by professionals, these relationships may obscure objective evaluation of metrics
of success and so complicate assessments of management; when formed or held by biocultural
practitioners and communities who are connected to place and process, these sacred relationships
may interfere with centralized decision making about place and process; when formed or held
by professionals, practitioners, and communities, these sacred relationships may drive outright
conflict that prevents implementation of agency-driven decisions. Conversely, by not embracing
sacred relationship in sustainability science, resource management, and ecological conservation,
professionals limit their capacity to communicate with biocultural practitioners and communities,
and engage practitioners and communities in reciprocal stewardship—with each other and with the
places and processes of interest.
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An important feature of this conflict is in our training as resource and conservation professionals.
Specifically, we are trained in universities, and this training is reinforced in the work place in a way
that engrains the notion that in order to protect the plants, animals, resources, and places that we care
about, we need to support the designation of these places as protected areas, pay professionals to
exclude threats (including people) from these areas, federally list species as being of concern, all with
the goal of preserving these areas in an isolated and as close to human-free condition as possible.
These approaches identify the natural world as commodity (acres treated, numbers of individuals
of a listed species saved) to be isolated and locked away. While resource management approaches
or conservation practices are often reasonable and important for perpetuating species of concern,
the ritual practiced in Halau ‘Ohi’a has shifted assumptions about our role, specifically the role of
kincentric connections, in the care of these places and the sustenance we give to but equally important
receive from these places.

Ritual is helping each of us, individually and collectively, to connect to our shared and personal
landscapes and seascapes, to the organisms and processes that bring life to these places, and to each
other and ourselves as genealogical members of these places. At the foundation of this connection
is knowing our places geographically, connecting to our processes that sustain us hydrologically,
ecologically, and biogeochemically, and engaging our organisms evolutionarily and taxonomically.
However, to attain this depth of understanding, ritual asks us to pause, think, notice, consider,
and engage with a readiness to listen, receive, and to express gratitude for that which is living and
nonliving in a place. In short, as we might bring many ways of knowing to our relationships with
friends and family, so ritual asks us to bring many ways of knowing—intimate, artistic, fun, committed,
patient, and sacred ways of knowing—to our places.

Returning to the ritual of presenting yourself to a forest, coastal ecosystem, classroom, or gathering
space by first setting your intentions and asking permission to enter (the Hawai‘i ritual of the mele
komo and the act of kahea), this practice establishes a tone of humility and respect that helps us to open
our minds and hearts so that we can learn from that place on multiple levels. We are driven to know
more intimately and patiently and with greater commitment the human, plant, and animal-people
of that place. We use art to express this aloha for these places and the beings that make these places
home. We express gratitude to these places and beings because we know that they literally sustain us,
as a parent who provides for us physically, psychological, emotionally, and spiritually. We know that
without these places, we are left impoverished, much as a life without friendship or deep family ties is
lesser existence.

Finally, it is through the ritual that we physically offer our voice, our sweat, and our intentions as
part of a reciprocal exchange with those places that we are genealogically connected to, and this
exchange promotes well-being. The fields of psychology, animal (including human) cognition,
and epigenetics, among others, all provide conclusive evidence that the quality of our relationships
shape our health, our joy, our capacity for thriving—in short, our well-being. Experiments with
non-human primates and more contemporary lessons from understaffed orphanages have reminded us
of the simplicity, universality, and ancestral nature of this truth. And while early philosophical writings
about our relationships to nature are rich with notions of well-being, contemporary agency-based
approaches to conservation and resource management uncomfortably cling to a strictly biophysical
model of stewardship that in our view disempowers the steward and the stewarded.

Ki'i Akea—Why is it important for humans to recognize our genealogical connections to place?
The need to belong and form attachments is a universal ki’i among humans. Biophysically, we know
that all life on this planet and all forms in this universe come from a single cosmic event—the big
bang. The atoms that make up our human bodies, the bodies of our plants, animals, the ocean body,
the atmosphere, every form on this planet and beyond, all originate and share an ancestry with stars
and the most ancestral of cosmic events. Beyond being physically made up of the same building
blocks as our stellar and earth landscapes, environments across the planet all physically nurture us.
Our mountains give us life through driving our weather patterns, by being the foundation of our
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forests, which in turn cover the watersheds that form our water sources, and by providing the alluvial
substrates for our farmlands where cherished members of our human community cultivate the food we
eat while sustaining enormously complex ecosystems. This water and food from our mountains, plains,
and seas physically sustains us, providing the building blocks for our cells—our skin, brain, intestines,
hair, and muscles—in short, our beings. Research demonstrates that when our connections to these
places, from childhood [23] to adults [3], includes acknowledging this genealogical connection to our
place—our mountain, our stream, our ocean, the socio-ecological landscape, its fabric and features—we
recognize that we are as connected and reliant upon them as we are on our life-giving parents and
grandparents. With this relationship of connection and reliance come the same responsibilities to care
for these mountains and streams that we have to care for our elder family members. One does not
need to be Indigenous to a particular place to take responsibility for one’s relationship with the places
that give us life and sustain us.

Ki'i Honua—Yet, we can learn from Indigenous cultures, which often codify kincentric
relationships between people and the elements of a regional landscape through legends or tales,
poetic texts, dances, or other sources. In Halau ‘Ohi’a, the first mele (chant) and accompanying hei
(string art) learned by students is “’O Wakea Noho ia Papahanaumoku,” which details the genealogy
of Hawai‘i—all of its islands and its people. It begins with the male entity Wakea (the expansive sky)
joining the female entities Papahanaumoku (she who births islands) and Ho’ohokiikalani (she who
affirms the stars in the heavens) to give birth to the Hawaiian archipelago. As part of this genealogical
chant or ko’ihonua, the union of Wakea and Ho’ohoktikalani resulted in the birth of a stillborn child,
who is buried in the earth. From his body grows the first kalo or taro plant (Colocasia esculenta (L.) Schott,
Araceae), Haloanakalaukapalili (Haloa, literally great breath of the quivering leaf), which becomes the
most important staple crop in Hawai‘i. Through this union, a second child is born, also named Haloa,
but this child lives to become the first man and original ancestor of all Hawaiian people [24].

Ki'i “laka—The kalo plant is foundational to Pacific island communities because for millennia,
it was the main focus of one of the most remarkable traditional Indigenous breeding programs known
to science as well as being a source of sustenance for Pacific peoples including settlers of Hawai‘i. Today,
kalo continues to be culturally vital despite massive social, agricultural, and ecological changes to
Hawai‘i’s food system [25,26]. In understanding the shared genealogy of the Hawaiian people, the kalo
plant, the islands, the earth, the sky, the stars, through this chant, we are charged with cultivating,
caring for, and protecting those plant, land, ocean, and element siblings and ancestors as if they were
family. At a personal level, when we plant, maintain, harvest, and prepare the next generation of
kalo, we do so with the utmost thought and love. We make sure to never step near the roots of the
plant, we diligently weed the patch, we learn the names of the dozens of varieties, and when it is
time to harvest, we spend hours cleaning its corms and cuttings, always with an eye to replant and
where ever possible share the huli (pruned stalk) and the ‘ohd (intact stalk with leaf and some corm),
from which forms the next generation of planting material (Figure 1). This is done so that Haloa is
sustained into the future, and in turn, we as people of Hawai‘i are sustained for generations to come.
Manu Meyer [4] (p. 15) quotes a legendary kalo farmer from Waipi'o Valley, who describes the literal
and metaphorical importance of planting the elder sibling kalo with integrity and sacred devotion
because to do otherwise would hamper the growth and integrity of the harvest and genealogical
perpetuation of this foundational agricultural resource. More metaphorically, our relationship with the
physical crop is a reflection of how we speak, cultivate, and harvest the fruits of our ideas and actions.
Do “we speak powerfully, truthfully, and with purpose or do we think ill, speak ill, and act ill” [4]?

Another example of kinship manifested in action can be found in our marine realm. As a
descendent of all of the lifeforms starting from the sky, earth, and stars, we are kin to the ‘opelu fish
(Decapterus macarellus Cuvier; mackerel scad), a staple of the Ka'ti region of Hawai‘i Island and coastal
communities across the archipelago. For some of us, when we are harvesting ‘opelu, we look at the
fish eye to eye, and we tell it, “I'm going to take your life to sustain me and my family;” we recognize
the physical and spiritual reciprocity between us as people and the ‘opelu as an ancestor. After we
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have eaten him, we return its body to the ocean. Akin to the relationship between Hawaiians and kalo,
we honor the ‘opelu for sustaining and nourishing us now and into the future through the entire process
from recognition, harvest, ingestion, and returning the ancestor who has fed us back to the source. We,
in return, work to sustain the ‘opelu through proper care and management of its surroundings—the
coral, the algae, the reef and pelagic fish community, the shellfish—Dbasically, all the features of the
‘opelu’s genealogy that are required to support this species. These features have been gleaned over
countless generations of keenly observing trial and error responses of this fish to natural variation in
the environment and to traditional management.

Figure 1. Halau ‘Ohi’a (inclusive of our children) carefully planting kalo in Pu’ueo, Waipi’o,
Hawai‘i Island.

3.3. Manifesting Genealogical Relationships through Ritual

Ki'i Akea—As we have shown, identification of the genealogical relationships you have with your
place is fundamental to recognizing, conceptualizing, and ultimately participating in the reciprocal
relationship you have with your surroundings. This approach can be seen as a tool that is applicable
and accessible globally. In this section, we discuss how these genealogies are physically manifested
through the vehicle of ritual expression and the emotional transformation that occurs in this process.
Ritual creates a space and establishes a context for understanding and honoring our relationships to
the places we steward.

Ki'i Honua—Returning to the mele “O Wakea Noho ia Papahanaumoku,” the recitation of this
chant, the application of our breath to these words and names, and the recreating of the images of
Wakea, Papahanauamoku, and their island children with the hei (Figure 2) allows us to experience
the deep, raw, and universal emotions that solidify the genealogical (familial, biogeochemical,
evolutionary) connections we have with our surroundings. For us, this transformation can come
through a body motion in hula, a hei figure, or speaking the name and replicating the actions of the
volcano deity Pelehonuamea. In this recreation, we allow ourselves to be overtaken by gratitude,
as manifested by the mele “Lei o Hilo”; by heightened awareness and respect for elemental forces in
the hula “Kakulu ka Pahu”; or by the perpetuation of our species in the hula ma’i (procreation dances).
Once we are touched by these images and emotions, they are a part of us, with each ritual serving as a
pathway to making seen and available for learning these vital connections.

Ki'i ‘laka—As a halau, our learning gained practical expression when we were asked to participate
ina Ho'ola’a *Aina ritual led by Kumu Kekuhi. This ritual took place in a healthy native forest ecosystem
where low impact construction was to take place for establishing an ecological monitoring tower that is
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1 of 20 sites (the Pacific Domain) that make up the National Ecological Observatory Network (NEON).
The goal of ritual was to communicate with the site—the soil, trees, birds, and sky—through oli, hula,
and hei that construction was going to occur but that healing and regeneration would follow the
disturbance. Through our offerings, we became the ritualized exchange for the sacrifices absorbed by
the site for the production of scientific information. In the moment of the ritual, during our performance,
divisions between performer and the forest people—the trees, the birds, the mist, the wind—dissolved
away. For some of us, this moment was the first time ritual expression served as the becoming of
the object of the ritual. The dissolving boundaries and resulting connections helped us to match our
movements with those of the forest swaying in the wind. The mind was released from what was
happening, and footstep instinctively followed footstep in the performing of our hula, motion after
motion, until the ritual was complete. Similarly, sounds of chanting flowed as we lost ourselves and
became the forest, syllable after syllable, line after line. This ritual allowed us to create and enter
into a sacred relationship with this forest; to do this, we left behind mundane considerations and
expressed our gratitude for a sacrifice that would provide long-term monitoring data on changes
to the health of the forest. In many ways, this event marked an important step in the integration
of biophysically defined Western science (concerned with measurable phenomena external to or
independent of the measurer) with relationally defined Indigenous science (concerned with observable
and sensed phenomena including role of observer in the observed or sensed network of relationships).
It reframed impact as redeemable through exchange while clearly elevating the importance of making
every effort to honor the sacrifice of a place to science.

Figure 2. Final image created during “’O Wakea Noho ia Papahanaumoku”, illustrating the Hawaiian
Islands birthed by Papahanaumoku.

3.4. Applying Genealogical Relationships and Ritual in Conservation

We have discussed the transformative nature of ritual expression and the elevating of relationship
from ideas and concepts to the realm of physically manifested sacred reality. This transformative
becoming is powerful because embracing one’s genealogical connection to the world greatly enriches
our work as sustainability, natural resources, and conservation professionals. We realize that our
effectiveness is influenced by the sacredness with which we engage the places and processes that
we steward. We see our ties to a place as akin to our ties with beloved family members, such as
a grandparent. In this section, we discuss how we apply and integrate these genealogy and ritual
practices in our lives and work as sustainability, resource, or conservation professionals.
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Ki'i Akea—As we have shown, the portal of ritual and its imagery goes beyond human-to-human
connections and allows for environmental and elemental beings to become more accessible and
relatable to our human experience. The ritual identifies and helps us develop the linkages we have
with the other organisms present, the place itself, and the challenges our places face. When we feel
connected to a conservation issue of a place, we are able to persist and push through obstacles we
encounter because our commitment is not to a job, programmatic theme, or achieving annual statistics,
but rather to a family member under threat. This concept of a personal and familial bond is a powerful
counter-example to how we humans all too often treat places and processes: enter; take what is needed
(be it timber, water, or data); and then when degraded, no longer useful, or no longer funded, abandon.

While there are many examples of agency-based approaches to stewarding place that are
positively increasing the well-being of person and place, we suggest that our approach to sustainability,
resource management, and conservation could enhance already effective practices. Where approaches
are not effective, we suggest that our approach could transform ineffective practices if all practitioners
were supported throughout their organization to acknowledge, honor, and engage with their
places—the plant people, the animal people, the forest people and the water people, as they would
with cherished family members. Through practicing these rituals, recognizing these genealogies, and
engaging with places as living, thinking, feeling people, we prepare the internal space and cultivate the
awareness for feeling accepted by that place—in short to prepare for being hanai’d (raised, reared, fed,
nourished, sustained, adopted) by place [27]. Engaging in, practicing, and performing these rituals
helps us to embody the idea that we are not separate from (as humans) or in control of (as managers)
these places, but that we are enmeshed, or in the words of socioecological systems thinking, that we
are part of feedback loops woven into the systems of which we are a part.

Ki’i Honua—

‘O Hualalai me Mauna Loa ku'u mau mauna
Hualalai and Mauna Loa are my beloved mountains

‘O ke kai malino ku'u kai
The calm sea is my beloved ocean

‘O ka ‘eka, ke kai ‘opua, ke kehau ku’u mau makani a me ku’u mau ua
The ‘Eka (onshore), Kai ‘Opua (distant horizon clouds), and Kehau (gentle off shore breeze
and dew) are my beloved winds and my beloved rains

Ola!
Life!

In our Halau ‘Ohi’a journey, at all of the different places we have engaged with throughout our
islands and across oceans, we have introduced ourselves to lands and people through our biocultural
genealogies and ritual. We present ourselves, not with our name, title, and agency position, but by
calling out the name of the mountain of our home: Mauna Kea! Mauna Loa! Hualalai! Kilauea!
Kohala! By dancing in honor of the waterfalls that feed our ancestral food systems. By singing and
chanting to the hill, the tree, the birds, and the people that we visit in these special places. In doing
this, we are saying, “This is who I am, these are the lands and waters from which I was born, or which
now feeds and nourishes me.” We are saying, “My extended genealogy honors you.”

Ki'i ‘Inka—Some of us take this process to our offices and field sites, teaching our workmates
the ritual-based process of engaging new work sites, for example. Letting a place know a visitor’s
intentions is important to place and to self to create the highest quality work possible for the healing
of a landscape or seascape. This sharing of intention through our voices via traditional or new oli,
through spoken words in the language with which you are comfortable, or even silent thoughts of
communication with the place allow us to become more strongly tied to the place, which becomes
enhanced through planting, sweating, and working to steward an area. Throughout, we are also
learning the patterns of the wind, the path of the animals, and timing of the rain. Over time, we share
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details about the place with others. We share its genealogy, the mountain that birthed this place,
the rains that feed this landscape, members of its ecological community, and past actions that have left
these scars on its substrate. We become responsible for that place through this sharing of genealogies;
before we realize it, we have become hinai’d by that place.

For those of us who work in environmental education or community engagement to promote
biocultural conservation, these same processes can be applied to educational groups. Having the
visitors to any site first ask permission to enter begins to open the door to other layers of learning
and then understanding. We tell the stories of the place, and for the visitors, that begins to reveal
more layers. We have them stop and see what the winds, clouds, and birds are doing—exposing more
layers. We ask them to smell, taste, and feel the place—more layers still. Why is this important?
Because when you come to know a place on these levels—physically, emotionally, spiritually,
intellectually, historically—the place becomes part of your genealogical story and you begin to treat the
place differently. This may seem strange to those committed to objective purity, but most conservation
educators know it is a personal connection between child and forest plant or animal, the awe of a
volunteer in the power of planting a tree knowing that the tree will live 300+ years and support
countless generations of forest birds, and the love of place that most often drives people to sacrifice so
much for the protection of a place dear and near. It could be argued that connection to and reverence
for place is a force like no other in the management of lands, waters and seas, and so for thriving
stewardship [22,28].

Thus, ritual can be applied in biocultural conservation and resource management to initiate and
develop a person’s intimate relationship with a place in order to be better stewards. At another
collective level, ritual can be a tool that conservation practitioners use to introduce a place to
educational groups as if introducing a family member. Critically, the process of ritual can serve
to transform human to human relationships in ways that differ from the ad hoc relationship building
or formal team building that happens in most organizations serving lands and seas. We are humbled
and inspired by singing to the mountains, forest, ocean, and rivers; by sharing our intentions and
offering, giving, and honoring the reciprocal relationship with the places and processes that sustain
us, and deepening those reciprocal, kincentric relationships between human and plant, plant and
mountain, human and human [29]. These rituals act as accelerators or catalysts for relationship
building—in our backyards, our stewardship lands, or when traveling as a group to distant lands.

On this last point, engaging, introducing ourselves to, and humbly thanking our Maori hosts
in Aotearoa helped them to know that we were paying attention, that we respected them and their
mountains and waters, and that we were humbled by their work. Importantly, we also were able to
show that we, too love our places and the many and diverse members of our communities, and in this
love of our places, we were able to quickly form intimate relationships with our hosts, their families,
and their storied places. For some of us who are used to the professional exchanges and encounters
(annual society meetings or agency workshops), this radically different approach with radically
different outcomes was profound, intense, soul lifting and a powerful lesson of how ritual can
manifest transformation.

We hope that we have shown that ritual creates the space for relating to our environments, to each
other, and with visitors and hosts on an intimate level, and that ritual operates at various scales.
Applying this learning to the work environment has helped us build these relationships in our work,
allowing for conversations and actions that were not possible in Hawai'i just a few years ago.

4. Pani—Closing

All of us authors have genealogical connections to lands, rivers, and oceans far from Hawai‘i,
while some of us are also tied by deep ancestry to places in Hawai‘i. What we have learned is that
regardless of our origins, we must steward our places as family. We must acknowledge that while
we have other ancestral homes, ritual supports our continued understanding of who we are in THIS
place. The use of ki'i helps us understand perspectives from multiple ways of learning. Mo'okii’auhau
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(genealogies) and ko'ihonua (cosmologies) biogeochemically and evolutionarily connect us to the water
that we drink, the food we eat, and the ‘7ina we live on as nothing less than our most beloved family
member. So, we leave you, the reader, with this. We encourage you to know your mountain, your water
source, your socioecological district, and the stories of these places. How did your stream get its name?
What have your people and the people who came before called your significant places? How can you
better honor your relationship to these places? Can creating art, new stories, mele, and hula for them
provide an avenue for this furthering of connections? Sing to them. Hula for them. Be with these places
as you would be with a beloved grandparent. Honor these places by knowing their intricacies while
working to enhance their well-being with the commitment and love that you might have for the raising
of a child or caring for a loved one. By singing to your places, dancing to your mountains, telling stories
to your children about your waters, you build community with your children, your places, with your
families, neighbors, colleagues, and with yourself. We sing you our final offering:

APoE
(Hei & Mele by Taupouri Tangaro)

Apoeapoe
It is night, transitioning to dream time

Kau mai na hui hoki
Stars appearing, we are them

Aaoa’ela
Day appearing, we are consciousness

Helele’i wale iho no
Stars fall from the sky, time to awaken

5. Ho'oku’u (Release)—What’s Next?

Before we depart from a place, we ask permission to leave. So, we ask your permission for release
from this ritual expression of engaging you with this article. It is always appropriate to leave makana
(gifts) of thanks with a host. So, we leave you with the very tools that aided us in our own journey
to re-establish our relationship with the genealogies of the places and people of Hawai‘i and beyond.
First is the mele “’O Wakea Noho ia Papahanaumoku,” which serves to orient you as a human being
to your global, regional, and personal genealogical relationships to Hawai‘i and beyond the horizon.
To learn this mele is to engage one of many of the genealogies of the Hawai'i landscape. To engage the
mele is to become a part of it.

‘O Wakea Noho ia Papahanaumoku [24]

‘O Wakea noho ia Papahanaumoku
Wakea resides with Papahanaumoku

Hanau ‘o Hawai’i, he moku
Hawai‘i is the first-born island child

Hanau ‘o Maui, he moku
Maui is born, an island child

Ho’i a’e ‘o Wakea noho ia Ho’ohokitkalani
Diurnal space turns to nocturnal space, the Dome-of-Space intercourses with She-who-
populates-the-night-sky

Hanau ‘o Moloka'i, he moku
Moloka’i is the first to be born of the stars

Hanau ‘o Lana’ikaula, he moku
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Lana’ikaula an island child is born

Lili’opii pinalua ‘o Papa ia Ho’ohokitkalani
Chaos abounds between earth and stars
Ho'’i hou ‘o Papa noho ia Wakea

Papa reclaims Sky-father

Hanau ‘o O’ahu, he moku
O’ahu is born, an island

Hanau ‘o Kaua’i, he moku
Kaua’i is born, an island

Hanau ‘o Ni’ihau, he moku
Ni’ihau is born, an island

He “ula a’o Kaho’olawe
Kaho’olawe is born, the royal one

Second, is a template one can use to learn, know, and call out your human and landscape
genealogies or mo’okiiauhau in a Hawai‘i format. The mo’okii’auhau is your personal continuum,
or genealogical chant. Using the format of the below ko'ihonua, or cosmology, you will be able to create
your own mele mo’okii’auhau or genealogical chant. Though this template provides a Hawai‘i context
example, the process it illustrates can be applied in landscapes outside of Hawai‘i.

Mele Mo’okii’auhau Template

‘0 no
(name of ancestor A i.e., grandmother) (place that ancestor A is from)
Noho ia no

(name of ancestor B, i.e., grandfather) (place that ancestor B is from)
Hanau ‘o he

(child of ancestor A & B = ancestor C, i.e., mother) (gender of ancestor C—"kane” if male, “wahine” if female)
‘0 no

(name of ancestor C i.e., grandmother) (place that ancestor C is from)

Noho ia no

(name of ancestor D i.e., grandfather) (place that ancestor D is from)
Hanau ‘o , he

(child of ancestor C & D = ancestor E, i.e., father) (gender of ancestor E—"kane” if male, “wahine” if female)
‘0 no

(name of ancestor C i.e., mother) (place that ancestor C is from)
Noho ia no

(name of ancestor E, i.e., father) (place that ancestor E is from)
Hanau ‘o he (you)

(your name) (your gender)
‘0 ko’u ahupua’a ma ka moku ‘o
(traditional land division where you reside) (district where you reside)

‘0 ko’u pu'ulmauna

(mountain or hill where you reside)
‘0 ka wailke kai
(fresh water source or ocean where you reside)

‘O ka wao ku’u ‘dina e noho nei. OLA!

(socioecological zone where you reside)
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Abstract: Within the realm of multifaceted biocultural approaches to restoring resource abundance,
it is increasingly clear that resource-management strategies must account for equitable outcomes
rooted in an understanding that biological and social-ecological systems are one. Here, we present
a case study of the Na Kilo *Aina Program (NKA)—one approach to confront today’s complex
social, cultural, and biological management challenges through the lens of biocultural monitoring,
community engagement, and capacity building. Through a series of initiatives, including Huli ‘Ia,
Pilinakai, Annual Nohona Camps, and Kiika'i Laulaha International Exchange Program, NKA aims
to empower communities to strengthen reciprocal pilina (relationships) between people and place,
and to better understand the realistic social, cultural, and ecological needs to support ‘aina momona,
a state of thriving, abundant and productive people and places. After 10 years of implementation,
NKA has established partnerships with communities, state/federal agencies, and local schools across
the Hawaiian Islands to address broader social and cultural behavior changes needed to improve
resource management. Ultimately, NKA creates a platform to innovate local management strategies
and provides key contributions to guiding broader indigenous-driven approaches to conservation
that restore and support resilient social-ecological systems.

Keywords: biocultural monitoring; community engagement; community-based management;
indigenous knowledge; indigenous science; Hawai'i

1. Introduction

The term biocultural continues to gain momentum in research and conservation circles around
the world, but the underlying concept of linked biological and cultural systems is something
place-based and indigenous communities have known for generations. Broadly described in the
literature as work at the intersection of biological, cultural, and linguistic diversity [1], research
that examines the relationship between diverse cultures and their varied ecological contexts [2],
and approaches that start with and are based upon cultural, place-based perspectives [3], a number of
interdisciplinary and multifaceted efforts have attempted to characterize biocultural-oriented research.
These studies, supported by social-ecological research exploring the feedbacks between humans and
natural systems [4], highlight a broad-sweeping need to develop biocultural approaches to understand
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the linkages and feedback between human well-being and ecological systems [5,6]. Yet there remains a
need for case studies and programmatic examples sharing cultural approaches to building biocultural
frameworks that are applicable at multiple scales.
A growing body of literature across academic disciplines asserts the importance of using
a biocultural approach that recognizes the connections between people and place in order
to inform adaptive management strategies [6,7], community-based management initiatives [7],
and environmental literacy projects [8]. For example, Kimmerer (2011) uses the term “reciprocal
restoration” to describe “the mutually reinforcing restoration of land and culture such that repair of
ecosystem services contributes to cultural revitalization, and renewal of culture promotes restoration
of ecological integrity” [9]. Winthrop (2014) uses the terminology “culturally reflexive stewardship” to
describe stewardship practices grounded in cultural foundations, affirming social identity, and sharing
cultural knowledge and motivations [10]. Pascua et al. (2017) use the concept of cultural ecosystem
services as a mechanism to characterize “the ways place-based and indigenous groups interact with
their surroundings to derive all forms of sustenance and maintain connection to place [11]".
Understanding sociocultural and ecological systems requires a holistic understanding of
the relationships and feedbacks that encompass intangible cultural-ecosystem services [11-13].
Recognizing that humans and the environment are one system is integral to improving adaptive
management and governance [5]. Indigenous approaches have been an important means to
enhance this understanding and recognition by highlighting the importance of relationships,
values, and principles in guiding equitable and effective long-term outcomes [14]. The health of
the environment is inextricably and reciprocally linked to the spiritual, emotional, physical, and
overall cultural health and well-being of indigenous people [6,15]. In Alaska’s Inuit communities,
climate change is threatening sea-ice ecosystems, a culturally and spiritually significant landscape,
and subsequently contributing to the physical and emotional displacement of these groups to
the landscapes that support their elements of social and cultural well-being [16]. In Hawai'i,
these indigenous approaches have been applied on a larger scale managing biocultural seascapes, such
as Papahanaumokuakea Marine National Monument and other large-scale marine protected areas [17].
Research that explores the restoration of social-ecological systems, and complementary efforts
to better understand coupled human and environmental systems, require interdisciplinary tools and
techniques as well as holistic perspectives that acknowledge reciprocal feedback between people and
place [18,19]. In particular, social-ecological systems that encompass place-based and communities
provide time-tested and context-specific insight into biocultural restoration in present day [15].
Putting aside preconceived notions of how science is defined in the modern-day context, in this
paper we use the words “indigenous knowledge” and “indigenous science” interchangeably as a
purposeful and meaningful way to respect the value of traditional knowledge. Traditional knowledge
is a knowledge—practice-belief system that forms unmatched repositories of lived and experienced
knowledge of natural resource management, acquired over generations, and often millennia,
of interactions between people and place [20,21]. These repositories of long-term observations are born
from indigenous inquiry and life experiences that shaped adaptive practices and allowed that culture
to survive. It is crucial to be aware of how integration of traditional ecological knowledge into resource
management can force indigenous people to fit into non-indigenous interpretations of what traditional
and customary practices are and try to conform their knowledge systems into existing management
systems [21]. Avoiding predetermined roles within collaborative research partnerships, it is critical to
consider a mental shift from declaring the modern scientist as the principal investigator to declaring
both indigenous peoples and academic scientists as co-researchers [22]. Indigenous science is a form of
indigenous knowledge that “relates to both the science knowledge of long-resident, usually oral-culture
peoples, as well as the science knowledge of all peoples who as participants in the culture are affected
by the worldview and relativist interests of their home communities” [23]. We use “indigenous science”
to honor the biocultural knowledge encompassed in indigenous knowledge—practice-belief systems
perpetuated through cultural values and practices.
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Indigenous knowledge has been widely recognized for its value in providing alternative
approaches to create adaptive ecosystem-based management, providing mechanisms for cultural
institutions, leadership capacity, and perpetuating values and practice through intergenerational
knowledge transmission [5]. Biocultural approaches present an opportunity for indigenous
communities to build adaptive collaborative resource management built on indigenous values,
worldview, and knowledge while accounting for social, cultural, and ecological factors [24]. There is
substantial potential to support the development of equitable two-way research partnerships to bridge
knowledge systems and create solutions based on a local-level understanding of the cultural and
social factors that support resilient communities. Co-management approaches should be considered
a ‘’knowledge partnership’ that has far-reaching impact into supporting resilience through social
learning networks, trust building, knowledge exchange, and collaborative problem solving [6,25].
Some inherent challenges in merging two knowledge systems surround the nature of the process
ensuring that both systems are valued and equally respected, and indigenous people are not further
marginalized from the partnership process and subsequent management decisions [26,27]. Adaptive
governance of social-ecological systems will only be successful through first recognizing that humans
and the environment are interconnected in one coevolving system [6].

Bridging the gap between the local and global scale, indigenous communities are integral to the
development of biocultural approaches that are relevant to the local social, economic, and political
environments that communities live in [28-30]. At a local-level, place-based approach is essential to
assess aspects of resilience in social-ecological systems and to identify how specific environments
and geographies affect holistic health of people and place [31]. Socio-ecological frameworks should
also expand to integrate measures of community health and development helping communities find
their strengths, strengthening their social systems and sense of place, among other important aspects
of resilience [32]. However, transparent communication about the trade-offs between biodiversity
conservation and human well-being is necessary to develop realistic solutions [33].

1.1. Weaving Indigenous Research, Community Engagement, and Capacity Building into our Biocultural
Approach to Restoration

In building biocultural frameworks from the community level with applications for broader
social-ecological systems, this paper presents a novel approach to weaving indigenous research,
community engagement, and capacity building into biocultural restoration stemming from an
indigenous worldview. As definitions of biocultural conservation continue to expand, and scholars
and practitioners alike continue to weave ancestral and contemporary knowledge, technology, and
philosophy, there is a critical need to demonstrate what these tools and approaches might look
like in action, and from the perspective of indigenous communities. The Na Kilo ‘Aina (NKA)
Program represents one initiative to provide guidance for building measures and frameworks based
on indigenous worldviews, perspectives, and values.

In this paper, we present a case study of the NKA Program, a programmatic approach to
biocultural restoration of social-ecological systems that aims to address today’s complex social,
cultural, and biological management challenges through weaving biocultural research, community
engagement, and capacity building to impact local resource management and influence national and
global management and policies. First, we focus on how NKA addresses biocultural restoration
through an indigenous-based framework that creates a platform to collectively address cultural and
social behavior changes needed to improve the holistic health and well-being of “aina, Hawai'i’s
biocultural landscapes and seascapes. Second, we provide an overview of the biocultural monitoring
tools and community engagement strategies of the NKA Program. The NKA biocultural approach is
explained through a programmatic framework that operates through Native Hawaiian community
networks and partnerships from local to statewide resource management. NKA community networks
provide guidance for developing holistic measures of culture-based, social-ecological resilience based
on local-community needs. NKA’s work contributes to a recent movement to develop and implement
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culturally grounded indicators of social-ecological resilience [34]. This highlights a novel contribution
towards developing biocultural indicators of linked cultural and ecological health to develop effective
place-based management and contribute to the creation of culturally grounded frameworks for
social-ecological resilience on a broader scale. Lastly, we highlight the role of NKA in building capacity
within Native Hawaiian communities to respond to the challenges of research and management
partnerships. This approach and the tools addressing social, cultural, and ecological health are
applicable to other programs that aim to utilize a place-based or culture-based approach to biocultural
restoration of social-ecological systems.

1.2. Strengthening Indigenous-Driven Initiatives to Support Resilient Social-ecological Systems

Globally, there are many examples of how indigenous people can guide and improve adaptive
ecosystem-based approaches, supporting social-ecological resilience [16]. Yet, in many instances,
conservation has marginalized indigenous people through management strategies that displace and
subsequently negatively impact the well-being of indigenous communities [28,35]. As a result of
colonization, numerous indigenous peoples have been disconnected from their ancestral lands and
stripped of the power to control decisions that affect the well-being of their indigenous culture and
the environment to which they are connected [36]. This paper provides an additional case study of
an indigenous group engaging in collaborations to confront the systemic disconnect between people
and nature.

A growing body of recent work aims to develop culturally grounded sustainability well-being
indicators to better understand how ecological and sociocultural factors and feedbacks operate on
multiple scales [3,34]. Indigenous-driven biocultural frameworks from Australia [37] and Aotearoa
(New Zealand) [24,38,39] provide important contributions to resource management that include
cultural well-being. Maori from the Ngai Tahu Iwi in South Island, Aotearoa (New Zealand) are at
the forefront of working in partnership with the University of Waikato developing a Maori-based
framework for management of freshwater systems [24,38,39]. These frameworks are based on
understanding cultural well-being through intimate knowledge of the relationships between people
and the environment [31].

Several case studies aim to provide guidance for empirical research that can address paired
human and environmental health in the context of social-ecological resilience, yet more are
needed [32,40]. Ens et al. (2016) showed that indigenous biocultural knowledge plays a key
role in joint efforts in protecting cultural and biological-diversity hotspots in Australia’s terrestrial
systems [41]. Additionally, partnerships with small-island communities in Indonesia, the Philippines,
and Timor-Leste demonstrated the potential for indigenous knowledge to inform biodiversity
conservation, disaster risk reduction, and climate change adaptation strategies [42]. Local communities
can increase the relevance of scientific information to a broader group of stakeholders, produce
communication materials that depend on the sociocultural environment, while also revitalizing
traditional knowledge systems and strengthening intergenerational knowledge transmission [42].

In the midst of innovating biocultural approaches to collaborative co-management of
social-ecological systems on multiple scales, it is essential to share the perspective of indigenous-driven
efforts highlighting the importance of relationships, values and principles in guiding equitable
and effective long-term outcomes in mainstream conservation [14]. These types of partnerships
also serve as a mechanism for social justice and require engagement around issues of community
capacity building, differential power dynamics, and the lessons from research and management
partnerships [13,16,22,26,40,41,43]. It is important to acknowledge the need to decolonize Western
discourse in research and create space for indigenous people to represent themselves [36]. In Aotearoa
(New Zealand), Maori are at the forefront of building and implementing culturally grounded
frameworks of holistic freshwater stream system health through Maori worldview and practice [38,39].
These efforts, supporting a collective voice advocating for indigenous communities to gain more
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control over their management decision making, fill a larger role than just consultation in cooperative,
community-based, and collaborative management [21,27,36,40,44].

2. Na Kilo “Aina: A Biocultural Programmatic Approach

Established by Na Maka o Papahanaumokuakea (NMP) ten years ago, the NKA Program utilizes
a multifaceted, culturally grounded approach to address the complex resource management issues of
today through biocultural monitoring tools and programs for community engagement that support
positive cultural and social behavior shifts (Table 1). The systemic disconnect between people and
nature underscores the need to develop measures of holistic health through a cultural understanding
of social-ecological systems. The NKA Program works towards healing disconnects between people
and the environment through honoring the importance of pilina. Pilina (defined as relationships)
are threads that bind people to the places to which they connect, and to each other, to encourage a
return to indigenous knowledge systems. Ultimately, NKA emphasizes the need to develop, build,
and nurture pilina within the community to become more aware of dominant patterns of both the
environment and people.

In the face of environmental, social, and political change, NKA operates on the shared
understanding that, in order to improve place-based resource management, it is vital to strengthen
pilina to ‘aina through building communities of kilo, defined as both the practice and role of keen
observer. Native Hawaiian knowledge systems of kilo support multigenerational communities to
build a collective and intimate understanding of biocultural landscapes and seascapes. NKA initiatives
are designed to empower communities through biocultural monitoring and community engagement
to gather and build relationships between people who are committed to deepening place-based
knowledge and expanding culturally grounded research. The program also builds the capacity of
Native Hawaiians and local students, conservation professionals, and educators to serve communities
and increase their voice and participation in management. This initiative weaves ecological and
sociocultural information together to explore the holistic interconnectedness of the paired human and
natural environment and assesses intertidal ecology (marine invertebrates and algae), algal diversity,
population densities, and reproductive seasons and size of resource invertebrates such as ‘opihi (Cellana
spp.) and ha‘uke'uke (Colobocentrotus atratus).

Building networks through a biocultural approach to community-based resource management
increases knowledge sharing and empowers communities to navigate through highly complex social
and cultural systems. NKA creates a safe space for critical discussion within community-based resource
management for communities to co-develop management solutions that ensure the continuation of
a productive and resilient ‘aina. Ultimately, it is important to consider the sociocultural impacts of
management decisions [45].

2.1. Overarching Vision: Restoring ‘Aina Momona, the Holistic Health of People and Place

NKA is made up of several initiatives that strive to strengthen indigenous visions of healthy and
productive social-ecological systems, or “aina, a community of people and place. Feeding from the
places that feed you continues a lifelong pilina that binds your commitment to care for these places and
share this deep pilina and understanding into the next generations. In this special issue, ‘aina momona
(lit. fat, sweet, or fertile lands) is described as a state of perpetual resource abundance. Based on the
foundation of NKA, we expand that definition to include abundant and productive communities that
are inclusive of people and places. Our approach views supporting social-ecological resilience as a
mechanism to return to to ‘aina momona, thriving and productive communities of people and places.
*Aina momona is the ultimate long-term goal for biocultural restoration in Hawai'i that speaks to the
productive, healthy, and resilient lands and oceans, including the intimate reciprocal relationships our
ancestors had with "aina, which we are re-remembering today. Though ‘aina is commonly used to
reference land and resources, it is important to clarify that a deeper meaning of the term centers around
the reciprocal relationships between the lands, oceans, and people which feed and sustain well-being.
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Beyond the physical and/or material aspect of provisioning sustenance, this concept also includes
feeding and sustaining the emotional, mental, and spiritual dimensions of well-being. Through this
expanded definition of “aina and its broader implications of the meaning of ‘aina momona, we identify
a greater collective movement to adjust our behaviors to support health and productivity together
with lands, watersheds, and oceans with which we all share space. Seeing conservation as healing
our people and for collective conversation about shifting behavior based on the holistic needs of
a place and the practices those landscapes and seascapes can sustain [46]. Many Native Hawaiian
scholars share related insights through their research on the value of intimate relationships to places
and how inseparable, continual connections to places allow place-based and indigenous peoples to
thrive [47-49]. These relationships are at the core of well-being as Native peoples acknowledge cultural
relationships through genealogies and traditional cultural expressions and archival documents that
connect Native Hawaiians to the lands and oceans across the Hawaiian Archipelago, including the
Northwestern Hawaiian Islands [50]. These connections broaden the perspective of participants to
honor and respect themselves/their individual self, family, community, surroundings, and places [51].

2.2. Creating a Foundation Based on Native Hawaiian Place-Based Values and Perspectives

NKA is a biocultural monitoring and community capacity-building program, established by the
nonprofit group, Na Maka o Papahanaumokuakea (NMP), and implemented in partnership with the
University of Hawai'i Sea Grant Program and a network of community partner organizations, and state
and federal agencies. In 2009, a small group of Native Hawaiian undergraduates and graduate students
at the University of Hawai'i at Hilo recognized the importance of indigenous science in developing
meaningful guidance to support community-based biocultural approaches in research and resource
management. To address this gap, these scholars drew from their strong cultural backgrounds and
formal training in ecology to develop the NKA program.

Established by NMP ten years ago, NKA initiatives are centered around biocultural monitoring
tools, community engagement, and capacity building. Community-engagement strategies focus
on the understanding of pilina as an important component to ‘aina momona, the holistic vision of
Native Hawaiian communities. The focal point of NKA is indigenous inquiry and multidisciplinary
research applied in locally-relevant, experientially-driven programs, activities, and tools designed
for multigenerational communities. Through focusing on intertidal ecosystems, NKA builds capacity
within communities to collect quantitative and qualitative data from intertidal ecosystems and
extending across terrestrial and marine ecosystems.

2.3. Addressing Complex Resource Management in Hawai'i

Consistent with other approaches in community-based conservation that use a systematic
approach, recognize coupled systems inclusive of humans, and utilize participatory methods in
resource management [7], customary marine-resource management in Hawai'i is characterized by
traditional and local practices grounded in a sophisticated understanding of and familiarity with
an area, resulting from generations of interaction with the natural resources of that place [52,53].
Developed by necessity as a means for the native tenants to not only survive on one of the world’s
most remote island chains, but to thrive, these place-based interactions have come to represent the
deep-seated connections between people and the places they descend from, relate to, and identify
with [11]. Traditional knowledge is based on a traditional system of knowing, founded on fundamental
observations, relationships, and practice. This knowledge lives on through Hawaiian communities
that function as both physical places and social groups that are regarded as “cultural kipuka”,
where knowledge is passed on through active transmission of generational and ancestral knowledge
through cultural practices [54].

Traditionally, Native Hawaiians possessed a sophisticated land- and ocean-resource management
system built on a strict religious and social norms [52,53,55,56]. Traditional management systems
were self-sufficient for more than 1500 years, providing for estimated populations of 400,000 to
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800,000 people [57]. Yet, the current health of Hawai'i’s coastal fisheries is extremely threatened by
major anthropogenic stressors [58-60]. As of 2013, Hawai'i’s estimated population is approximately
1.4 million people. The effects of this growing population are reverberating through the political, social,
cultural, and environmental communities as Hawai'i, and the world, prepares for a future dealing
with overpopulation, urban development, and the deteriorating health of fisheries [60].

Drawing from traditional knowledge to support community-based marine resource management
provides a promising path to respond to these issues and can facilitate the creation of collaborative,
innovative approaches to conserve marine resources [46]. Recently, managers and practitioners in
communities across Hawai‘i have begun to explore formal co-management agreements, in particular
those grounded in place-based cultural norms, values, and practices, between community groups and
resource managers, like the State of Hawai'i [61-63]. These efforts are oriented around uplifting both
people and place towards a vision of “aina momona. However, it is important to note that compromises
on both sides are necessary across both parties if co-management is truly the desired goal [33].

Though communities are involved in participatory co-management approaches, there remains
additional room to empower communities through building a community’s ability to trust in their
knowledge systems and advocate for their priorities and vision of health and balance to ultimately
restore biocultural landscapes/seascapes on their own terms. Pacific Island scholar, “Epeli Hau'ofa
(2000), explains, “We cannot do away with the global system, but we can control aspects of its
encroachment and take opportunities when we see them in order to create space for ourselves [64]”.
This underscores the self-determination of Pacific Islanders to create equitable engagement in
management to develop solutions that will guide the future health and well-being of their biocultural
environment and future generations.

3. Programmatic Initiatives

Community-based resource monitoring depends on the trust, reciprocity, and inclusivity of
indigenous peoples in decision-making and management [65,66]. Examining the patterns of indigenous
knowledge and relationships to freshwater systems across Aotearoa (New Zealand), Australia,
and North America, scholars use the term “cultural keystone species” as a focal point to better
understand holistic freshwater-ecosystem processes through the interconnectedness of people to these
ecosystems [67]. Maori developed a cultural health index focused on indicators of human—-environment
relationships through indigenous worldviews for a variety of river types that can grow national datasets
of holistic health of people and ecosystems [38].

While there is indeed ecological research conducted under the NKA Program,
our programacknowledges community data-sharing protocols regarding the research component of
this work. This is part of a long-term partnership with local communities in Hawai'i to build local
capacity of culturally grounded research and community engagement and to ultimately improve
community-based resource management. The research is protected for the community to approve its
use. The quantitative data NKA has collected is community-owned and part of collective discussions
and co-management efforts to improve local, place-based resource management in Hawai'i. Due to the
sensitive nature of the information, in particular target species populations and locations, the findings
are protected as a principle of respect to the communities with which we partner and can only be
shared in a more generalized format, pending community approval.
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4. Biocultural Community-Based Research and Monitoring Tools

4.1. Huli"Ia

The concept of adaptation is embodied by indigenous peoples whose ancestors survived
through adapting to a multitude of environmental changes. Traditional knowledge is part of a
knowledge-practice-belief system [20] and in the Pacific Islands, indigenous communities are
entering into community-based approaches rooted in contemporary extensions of traditional
knowledge systems that provide valuable high-resolution insight into merging monitoring, customary
management, and social mechanisms to support resilient holistic systems [68]. To perpetuate oral
transmission of this contemporary knowledge base, we engage in training our memories to identify
the changes in the environment and what how that can inform human behavior. This encourages local
communities to engage in the knowledge system of kilo, keen place-based observations, that enabled
our indigenous ancestors to understand their surroundings well enough to know when and where to
gather food in order to sustain themselves for generations.

Huli ‘Ia is an NMP tool that supports the NKA Program and engages participants in a
process of conducting recurring biocultural monitoring activities to quantitatively assess coastal
ecosystems while also qualitatively documenting observations—for example, storm systems,
cloud patterns, flowering/fruiting plants, reproductive events of land and ocean organisms,
fish schooling/aggregating, and size classes (see [34] for additional details). In a facilitated process,
participants document seasonal changes and shifts across entire landscapes over time in an effort
to identify correlations between and across species and zones including the ocean, land, and sky.
In a facilitated discussion with community biocultural-monitoring participants, the group discusses
observations of dominant patterns at a particular time-bound scale (usually one month).

Through a discussion of individual observations and group comparisons, participants collectively
learn how to reawaken their senses to pay attention to detailed occurrences from the changing of
wind direction, wind speed, dominant cloud formations, and rain patterns, and begin to recognize
connections between those observations across time and space. This internalization is ultimately
intended to inform how people interact with the environment through Native Hawaiian knowledge
systems. For example, this might include avoiding harvesting species in a particular location when
it is known to be spawning. Huli ‘Ia illuminates a dominant seasonal shift in shoreline communities
that can inform future monitoring in these highly variable ecosystems. Built through long-term
observation tested by environmental challenges throughout time [52], traditional knowledge can
guide ecological monitoring and climate-change resilience frameworks [68,69]. For example, it was
important to be down at the shoreline throughout both the rough surf in Ho'oilo (wet season) and the
calm conditions of Kauwela (dry season) to record collective observations. Over time, the number
of recorded observations grew as people enhanced their ability to observe the environment at the
shoreline and in the respective areas where they reside. Driven by patterns of rain, storms, and high
surf, the lands and ocean became a teacher. We learned how to empower our knowledge systems
to increase the capacity of communities to adapt to conditions under climate change and increasing
anthropogenic pressures.

Huli ‘Ia is a platform to record place-based cycles of productivity in relation to seasons and
lunar cycles to guide and inform management practices. Huli ‘Ta aims to awaken the ancestral
mindset of paying attention to our environment and our impact on it, and encourages participants
to ingrain observations into memory. Community participation in this type of research generates
greater social awareness and systemic change [70]. After engaging in participatory methods (as
described in [46]) and discussing observations through Huli ‘Ia for two years in one of our study
sites, our NKA team reviewed the data in an attempt to identify cultural and ecological indicators
of ecosystem health. We looked for dominant patterns of occurrences and the relationships between
space and time of each traditional Hawaiian month and season. Native Hawaiian knowledge
systems are intimately attentive to environmental changes related to the seasons—Kauwela (dry
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season) and Ho'oilo (wet season)—moon phases, and periods of growth that guide Native Hawaiian
approaches to co-management [53]. Native Hawaiian knowledge systems are extremely holistic in
nature. Through the use of poetic imagery embedded in traditional knowledge systems and physical
pictures, we developed a seasonal calendar showcasing these dominant natural cycles and their
correlations. These cycles provide a place-based timeline of social-ecological cycles to guide discussions
and implementation of best practices in support of these cycles and, ultimately, their productivity.
The seasonal calendar also includes "6lelo no'eau, or traditional Hawaiian proverbs. *Olelo no'eau
is a traditional process of composing easily remembered wise sayings in order to document and
transmit information through poetry [71]. Based on monitoring activities, participants compose
contemporary ‘6lelo no’eau to document new knowledge, perpetuating a traditional-knowledge
transmission mechanism passing on information to the next generation. To look at patterns from
terrestrial and marine systems, we worked in collaboration with the team who manages one of
the last remaining remnants of Hawaiian dryland-forest ecosystems. We collaborated to develop a
mauka to makai (lit., the mountains to the ocean) seasonal calendar identifying patterns informed
through combining their place-based knowledge of the dominant drivers of ecosystem and landscape
level changes. The NKA team continues to share the Huli ‘Ia methodology through partnerships
ranging from local community organizations to state and federal agencies in Papahanaumokuakea
Marine National Monument (PMNM). Monthly observations were distilled and compiled into seasonal
calendars for North Kona, Hawai'i Island and Hoélanika (Kure Atoll) in the PMNM.

4.2. Pilinakai

Pilinakai led to building integrating tools to understand intertidal-ecosystem health and build
collective place-based knowledge of how to guide behaviors that support the holistic health and
productivity of these ecosystems. Biocultural approaches rooted in intertidal ecosystems lead
to understanding how resource management needs to reflect the social, cultural, and biological
needs of the place. Developed through major partners, the Pilinakai team pulled the strands
of integration of knowledge systems as biocultural approaches to empower communities in
creating management decisions that support productive and resilient ecosystems inclusive of people.
Additional contributions of this research approach include increasing opportunities for two-way
mentorship between local undergraduate and graduate students including UHH faculty.

NKA'’s Pilinakai initiative is coordinated and implemented by indigenous and place-based
professionals who are committed to helping communities identify management tools that support
productive ecosystems in a biocultural framework. The genealogy of Pilinakai is extensive with
important foundational stepping stones that provided safe places and support systems for Native
Hawaiians to integrate knowledge systems into practice from the community, state, and federal levels.
Focused on intertidal ecosystems, Pilinakai was initially developed from a master’s thesis in Hawaiian
Studies at the Kamakaktiokalani Center for Hawaiian Studies at the University of Hawai‘i at Manoa [72]
utilizing standard biological survey protocols introduced by Dr. Chris Bird and implemented and
evolved by project mentors as tools for community-based monitoring throughout the Hawaiian Islands.
Our study examines temporal patterns in spawning behavior, invertebrate population densities
and size structure, and community composition. Huli ‘Ia, a monitoring tool, was developed and
refined through the Pilinakai project in Ka'Gptilehu and extended into other communities in West
Hawai'i, Kaua'i, and into PMNM. Pilinakai blended both Huli ‘Ia and the biological intertidal surveys
into a biocultural approach applying these tools in different capacities with different communities.
Through growing the vision of integrated intertidal monitoring during the Holo-I-Moana Cruise,
the Pilinakai leadership advocated to establish the Annual PMNM Intertidal Research Cruise and the
Pilinakai team helped develop and implement the cruise with major partners, the National Oceanic
and Atmospheric Administration (NOAA) PMNM office, Office of Hawaiian Affairs, The Nature
Conservancy, Na Maka o Papahanaumokuakea, University of Hawai'i, Conservation International,
and Dr. Chris Bird at Texas A&M University Corpus Christi. Members of Pilinakai joined this
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multidisciplinary group of community members from the *Opihi Monitoring Partnership, managers,
and academic researchers, to better understand the ecology of ‘opihi populations and intertidal
communities through a biocultural lens.

The Keaholoa STEM Scholars Program (KSSP) and the Kia'ula Traditional Marine-Resource
Management course at UHH inspired and provided a platform to grow the application of these
approaches into practice. It was through the KSSP framework that Pilinakai was able to establish
itself into the programs implemented within community-based marine resource management today.
The KSSP Pilinakai initiative innovated a way for culturally-grounded research and monitoring pillars
to develop Huli ‘Ia and quantitative biological tools to assess local populations and intertidal-ecosystem
health. The central question driving Pilinakai intertidal monitoring is, “How do we know our
environment in such a way that, when we interact with it, it’s in a healthy, sustainable way?”
This foundational question drove the subsequent implementation of the Huli ‘Ia initiative along
with evolving quantitative biological surveys with a focus on understanding intertidal ecosystems and
overharvested limpets known as “opihi (Cellana spp.).

In response to concerns about overharvesting of “opihi, the Ka'tiptilehu community was interested
in monitoring intertidal resources at Kalaemand. From 2010 to 2012, a group of Native Hawaiian
undergraduate student scholars from the UHH KSSP started an intensive research effort with a
community in West Hawai'i. Starting from the central questions of Pilinakai, this project used Huli
‘la and conducted quantitative survey methods adapted from the standardized intertidal monitoring
tools. The Pilinakai team entered into this community partnership on a shared commitment of
dedicating at least five years of monitoring in Ka'tiptilehu. As Native Hawaiian and local students and
mentors with backgrounds in Hawaiian Studies and Marine Science, the Pilinakai team conducted
monthly monitoring using transects to assess intertidal invertebrate diversity, population densities
and size structures. Findings included information on peak ‘opihi recruitment and population-size
structure and abundance. Understanding the most abundant size classes of “opihi and sizes of highest
reproductive potential are essential to creating rules that protect present and future ‘opihi abundance.

One important output of the Pilinakai initiative has been the development and refinement of
intertidal monitoring methods resulting in a suite of ecological data. In order to examine spawning
seasons and the effect of “opihi size on reproductive output, we collected ten individuals of the
three ‘opihi species, measured body size, dissected out the gonads, and calculated the gonad index
(gonad weight/total weight x 100). The gonad indices revealed two spawning seasons within a year,
and larger sizes were more fecund than smaller sizes during their peak spawning season. Currently,
the State of Hawai'i Division of Aquatic Resources enacts minimum-size limits for “opihi in one blanket
rule for all three species and there are no mandated rules that protect spawning season. This is
the first study in Hawai'i to investigate spawning timing for the three endemic ‘opihi species and
provides more detailed place-based and species-specific information needed for effectively managing
local populations.

The third survey method integrated into the Pilinakai biocultural monitoring is the ‘opihi and
ha‘uke’uke rapid assessments being implemented in multiple communities on Hawai'i Island, O*ahu,
and Kaua'i, and into PMNM. NMP is a partner organization in the statewide "“Opihi Monitoring
Partnership that also conducts intertidal chain transects and rapid assessments on Maui and PMNM.
The objective of this assessment was to collect information of the distribution of ‘opihi by size and
location on shoreline. The dataset provides critical information of “opihi abundance by species, size,
and location to ultimately develop an additional monitoring protocol. The long-term objective is to
use this information to implement biannual monitoring of “opihi populations. Another application has
been to create maps of hotspots where “opihi are most abundant. Examining the spatial and temporal
distribution of these populations can help to develop management strategies that account for points of
human access, harvesting, and further insight into how to investigate environmental factors linked to
productive areas.
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From 2010, this research effort established a baseline of intertidal communities including natural
seasonal fluctuations in population sizes and size structure of culturally prized intertidal limpet,
including the most abundant sizes. This is critical information to understand what level of harvesting
these intertidal ecosystems can sustain. Coupled with knowledge of spawning seasons and productive
larger sizes of ‘opihi, this information has become a platform for creating place-based sustainable
harvesting practices. In West Hawai'i, the Ka'Gptilehu community supported the official designation
of the Ka'Giptilehu 10 year Try Wait Rest Area designed to replenish historical abundance to coastal
fish populations and also included the protection of intertidal resources. Relationship building is
integral to our long-term commitment to Ka'Gptlehu and we continue to monitor these areas with
students and community members participating in NKA programs throughout the year. Creating this
framework and implementing it into practice in Ka'apilehu has helped our team understand seasonal
changes in intertidal communities through quantitative and qualitative methodologies. In Ka'Gptilehu,
this is critical information to inform the long-term sustainable fisheries management plan developed
through the Ka'Giptilehu Marine Life Advisory Committee. This is part of a growing dataset of
intertidal community diversity, ‘opihi densities, and algal composition across Hawai‘i. Through a
dedicated long-term commitment to local communities on Hawai'i, Kaua'i, and extended partnerships
with communities throughout the Main Hawaiian Islands, Pilinakai has extended these tools from
undergraduate- and graduate-level research, and then extends these tools into community engagement
strategies implemented under NKA.

5. Community Engagement to Support Positive Cultural- and Social-Behavior Shifts

5.1. NKA Annual Nohona (Community Engagement Camps and Programs)

To date, NKA programs have hosted approximately 12 Annual Nohona community engagement
camps and contributed to more than 10 other cultural and community-based camps throughout
Hawai'i over the past six years. Culture-based education is one that stems from the foundation of a
culture and is a framework of teaching and learning that is grounded in “the values, norms, knowledge,
beliefs, practices, experiences, places, and language” of a culture [36]. NKA Annual Nohona are rooted
in a culture-based and place-based educational framework to honor community resources of people
and place and build capacity for youth to become future leaders in their community. Participants
of these nohona build reciprocal relationships with place to understand its capability to feed the
community, and the community’s capability to feed and intimately tend to that place. NKA has
worked with nine communities on Hawai'i Island, one community on Maui, one community on
Moloka'i, one community on Lana'i, four communities on O’ahu, and six communities on Kaua'i. NKA
has hosted thousands of school-aged children from one-day-only field trips to recurring workshops
throughout the years of implementing NKA programs. Through the implementation of trainings and
programs, we have trained over 20 UHH undergraduate interns in biocultural monitoring tools and
supported the successful completion of Master’s of Science thesis drawing heavily from these methods
(described in detail in [46]). NKA creates more opportunities for graduate and undergraduate research
to expand on applying research towards indigenous-based approaches to research and resource
management in intertidal, freshwater, and terrestrial ecosystems.

The students, educators, academic researchers, and conservation professionals involved in the
administration of NKA initiatives collaborate across projects and disciplines to continually advance
NKA'’s initiatives towards indigenous approaches to community engagement based on indigenous
values honoring relationships. Family and community are key components of culture-based education,
and involving families and members of the community supports the growth and success of learners [73].
NKA programs encourage parents and elders of the community to become educators through sharing
their stories and knowledge of place to contribute to the cultural identity and sense of belonging of the
next generation.
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Reflective processes are important and necessary to build confidence, be accountable, and
responsive to learning and to ultimately internally strengthen participants, as an individual and
a collective [74]. NKA implements strategies focused on reflection in the program curriculum where
NKA leadership facilitates safe spaces for participants to critically reflect on their learning and how
the NKA activities are supporting their growth as a leader in the community. The NKA workshops
serve as an opportunity to engage the next generation in this ancestral mindset to challenge behaviors
in our community that hinder our relationships to people and place.

5.2. Kitka'i Laulaha: Broadening Vision of Biocultural Restoration and Building Leadership through Larger
Indigenous Networks

Kika'i Laulaha (KL) is an international cultural exchange built on the framework of pilina that
extend between indigenous communities across the Pacific. KL has established and maintained
connections with indigenous communities that face similar challenges of addressing biocultural
resource abundance in their communities. It is an initiative to grow perspectives on the social,
cultural, and biological management challenges that disrupt indigenous relationships to place, and it
addresses this issue through strengthening foundations in indigenous language, history, and genealogy.
This exchange creates opportunities to grow local leadership in Hawai‘i and enables participants to
critically think and evoke discussion about the impacts of management strategies and conservation
models that are inclusive of human dimensions. It is an exchange for aspiring leaders, active community
members, conservation managers and professionals as it is vital that our leadership and work ethic
is grounded in honoring our places, our many cultures, and the reciprocal relationships that have
become a shared responsibility.

Over the duration of this initiative, over 50 students and community members have participated in
this exchange to Aotearoa and the Cook Islands and in turn, these participants have hosted numerous
groups comprised of approximately 150 individuals from these communities. Participants are invited
to the exchange program after contributing to our local NKA initiatives through discussions, research,
monitoring, and/or community service. Past participants include high school students, UH Hilo and
UH Manoa undergraduate and graduate students, community members of Waimea, Kailapa, Molokai,
and Ha'ena, and organizations including the Queen Lili"uokalani Children’s Center, Hui Maka'ainana
0 Makana, and Kailapa Community Association. KL immerses participants in indigenous communities
to gain understanding of cultural traditions, beliefs, and practices and how cultural values influence
the way they manage their natural resources. Then, upon returning home, participants are encouraged
to think about their role in the communities they serve, and create effective, multifaceted strategies
guided by indigenous relationships to place.

More importantly, KL introduces participants to the realities and sometimes overwhelming
sociocultural conflicts experienced by Pacific indigenous peoples, and ways to begin to heal to shift
normalized behaviors. For example, for the past five years in Aotearoa, KL has been working with Te
Taitimu Trust (TTT), a nonprofit organization whose goal is to motivate youth to become leaders in
their communities. Each year, participants have been involved with TTT’s annual camp that focuses
on whanaungatanga, building familial relationships through shared experiences. It brings together
rangatahi (youth) from various backgrounds who each deal with different realities at home. Some of
these realities include suicide, gang involvement, and drug and alcohol abuse. It is through connections
and conversations from communities such as TTT that KL participants have realized a different source
of disconnect that affects the families of indigenous communities. In an effort to empower communities
in natural-resource management, it important to consider these social environments and the potential
consequences of resource-management decisions on long-term social and cultural health. KL provides
an important opportunity to experience first-hand the struggles and strategies of environmental and
community issues across the Pacific.

Within community engagement, NKA work on strategies to provide cultural foundations for
cultivating a generation of young leadership within communities. Having older youth learn through
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NKA and start to teach these lessons to younger children is part of a cord of succession to support the
healing of ‘aina, our community of people and place. Through long-term relationship building with
young leaders, we support their role and contributions to community decision-making that benefit the
overall health and wellness of “aina.

6. Capacity Building within Indigenous Communities

Capacity building is a major challenge in creating long-term partnerships with indigenous
communities [24]. Other major challenges in management partnerships include the short-term
nature of grant-funded research projects and the potential for mismatch in research project and
community-valued timelines [65]. In order to confront the recurring issue of inconsistent funding and
subsequent high turnover of short-term partnerships with communities, the NKA team dedicates at
least five years to communities with whom we work and operates through supporting community
partnerships from a local, state, and federal level. As an extension of the value of pilina in managing
for ‘aina momona, healthy, productive, and resilient systems of people and place, NKA focuses on
leadership and succession building that holds individuals and partnerships accountable to honoring
pilina and reciprocity.

The NKA leadership team confronts the problem through a developing local leadership based
on indigenous values of pilina and commitment to contributing to healthy communities. The team
actively participates in NKA Annual Nohona and other activities throughout the year on the shared
commitment to the collective work. This work is important for NKA leadership, which is a group
of Native Hawaiian and local women from undergraduate and graduate levels spanning marine
science, Hawaiian Studies, natural-resource management, and culture-based education who work
across the Hawai'i to empower indigenous science and community engagement. Throughout the
year, many of the same middle-school and high-school youth continue to participate in NKA activities
and NKA leadership grow into the commitment to mentorship of the next generation of community
members. Seeing examples of Native Hawaiian and local leadership provides a source of support for
their individual paths. This addresses the need for succession building where youth can recognize
their value to their community and positively contribute to foster critical thinking of the social, cultural,
and ecological needs for their community to be healthy and thriving.

In the long-term, these youth will contribute positively to their community and stay actively
involved in contributing to their community in some capacity. NKA creates opportunities to grow
local and Native Hawaiian mentors and role models for the next generation of community leaders who
understand the realities of their communities and how to support a path to heal these relationships
that support a resilient social-ecological system. Through a shared long-term commitment to the
communities we serve, NKA leadership facilitates discussions of social and cultural shifts needed
to improve resource management and the holistic well-being of our communities. Collectively,
these solutions enable the adaptive governance of social-ecological systems in the face of today’s
global environmental pressures and changes by prioritizing knowledge coproduction, collaboration,
and social and institutional learning [6].

This case study highlights views and practices on cultivating reciprocal pilina with communities
and within broader conservation partnerships and indigenous networks, provided through examples
such as KL. The deeper the relationships grow within Hawai'i’s communities and indigenous
communities in Aotearoa and Mangaia in the Cook Islands, the more future generations can gain the
experience and insight to lead NKA back home and how to apply it to their communities.

7. Discussion: Healing Communities to Support Healthy and Resilient Communities of People
and Place

This paper offers a case study that defines biocultural restoration through indigenous relationships
to people and place, sharing biocultural monitoring tools and community engagement and capacity
building strategies that address holistic social-ecological systems. NKA is an example of how a
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biocultural approach can inform community-based marine resource management ranging from a local
to Archipelago-wide scale. It is part of a biocultural approach to developing culturally grounded
indicators of well-being from a local to regional scale [3,30,34].

Huli ‘Ta and Pilinakai are integral to the growth of NKA that contributed to how we as Native
Hawaiians perpetuate indigenous-knowledge systems, biocultural monitoring, and community
engagement to identify social and cultural factors to support resource management and holistic
restoration of indigenous relationships to place. Huli ‘Ia provides a culturally based methodology for
understanding cultural and ecological connections based on a Native Hawaiian worldview. Learning
from the ‘aina and community through Huli ‘Ia and Pilinakai and sharing NKA in other communities
throughout Hawai'i provides one example of how the value of reciprocal pilina builds trust allowing
for NKA to grow a community network and a larger indigenous network through KL.

As biocultural restoration of social-ecological systems and the sustainable use of natural resources
continues to be a priority in discussions at regional, national, and global scales, many have realized that
a first step is to acknowledge and aim to better understand the intrinsic connection between people
and place [6]. The relationship between humans and the environment are widely acknowledged
in indigenous epistemology, passed down through creation stories and other traditional forms
of information dissemination for generations. ‘Aina momona is the ultimate long-term goal that
speaks to the productive, healthy, and resilient lands and oceans including the intimate reciprocal
relationships our ancestors had with ‘aina which we are re-remembering today. This reciprocal
relationship is ingrained in the cultural memory of place-based and indigenous communities around
the world. A growing number of disciplines including sustainability science and ecological restoration,
as evidenced by this special issue, provides critical pathways to explore the multifaceted biocultural
approaches to addressing resource abundance through strengthening the intimate connections between
people and place.

Pilina and Reciprocity within Conservation and Research Partnerships

Conservation goals do not always align between the indigenous people and partner organizations,
and new approaches are needed to respect and value indigenous knowledge and worldviews [35].
One area attempting to bridge this gap on multiple scales lies in developing culturally grounded
indicators of natural, cultural, and socioeconomic well-being with application and relevance on a local
scale [3,34]. For example, in Melanesia, agreeing on a shared vision and clear expectations is essential
to create transparent communication and equitable outcomes [13,75].

NKA offers another dimension to community-driven research specifically focused on indigenous
self-empowerment through capacity building in restoring ‘aina momona, thriving, productive,
and healthy biocultural communities. Empowering cultural perspectives and values provides
invaluable insight into the feedbacks in a social-ecological system [3,13]. Indigenous approaches
have woven cultural, social, and ecological into many cords of knowledge that have the power to
address social justice and equity of costs and benefits, and the impact of conservation actions on cultural
identity [13]. This is part of a rise in broadening the definition and advocating for self-determination
of indigenous communities within conservation where communities define well-being [43]. However,
because conservation goals do not always align with a collective solution developed from indigenous
communities, it takes long-term commitment and personal investment to building relationships,
trust, and reciprocal partnerships with indigenous communities in conservation. As previously noted,
the potential mismatch in time frames between communities and partners is a challenge for grant-based
work [65].

In the long-term, the goal of NKA is to empower community voices and decision-making as
an ‘ohana (family), gathering around building pilina to place and perpetuating ancestral-knowledge
systems. Only the community itself can identify the best ways to reach out to their peers and to
initiate the hard conversations about behavior changes. Through community self-empowerment,
we support perpetuating traditional knowledge systems and building collective contemporary
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knowledge of biocultural systems. In the long-term, we are supporting a movement to create
place-based management and behavior shifts based on the collective and equitable needs of people and
place. Ultimately, this approach provides thought-provoking insight into resource management and
decision-making process and empowers community members to move collectively and to critically
assess how management decisions may affect the environment and community into future generations.

8. Closing

Community-based resource management in the Pacific Islands is well-positioned to move forward
within partnerships where indigenous people are at the core and not just the periphery. Pacific Islanders
descend from ancestors who survived through harsh conditions and high degrees of environmental
variability from which they possessed intimate traditional knowledge and values of reciprocity and
respect for the environment [68]. Thus, those who possess intimate knowledge of place should be
considered the most capable of making decisions about that place. As the tide continues to turn
towards empowering indigenous communities in natural resource management, it is essential to
share indigenous-driven initiatives that can guide future direction in addressing social, cultural,
and ecological factors to address within resource management and in the broader restoration of
social-ecological systems. This case study lays a foundation for empowering indigenous initiatives
built on a collective vision of healthy thriving social-ecological systems and is part of a growing effort
to clear a path forward for indigenous communities to bring their priorities to the forefront.

In closing, NKA is one approach honoring the importance of pilina as the important threads
that bind our communities closer to each other and the places that feed our well-being. NKA gathers
communities around pilina, in particular how maintaining healthy pilina to place and one another
is an essential element of ‘aina momona, thriving and productive communities of people and place.
Ultimately, restoring biocultural health means healing indigenous relationships to place and each other.

As Native Hawaiians return to our core values of honoring reciprocity in pilina to the *aina and to
one another, we can improve the way we can rely on each other for research, community engagement,
education, resource management, and policy. By coming together and trusting in ancestral knowledge
systems, we are able to take steps forward together to build resilient and adaptive communities. As the
community-based marine-resource-management movement grows in Hawai'i and the Pacific Islands,
NKA strives to be present on all fronts of the social, biological, and cultural needs to create culturally
grounded resource management designed to restore abundance and productivity to our biocultural
lands and oceans.
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Abstract: Social-ecological system theory draws upon concepts established within the discipline of
ecology, and applies them to a more holistic view of a human-in-nature system. We incorporated
the keystone concept into social-ecological system theory, and used the quantum co-evolution unit
(QCU) to quantify biocultural elements as either keystone components or redundant components of
social-ecological systems. This is done by identifying specific elements of biocultural diversity, and then
determining dominance within biocultural functional groups. The “Hawaiian social-ecological system”
was selected as the model of study to test this concept because it has been recognized as a model of
human biocomplexity and social-ecological systems. Based on both quantified and qualified assessments,
the conclusions of this research support the notion that taro cultivation is a keystone component of the
Hawaiian social-ecological system. It further indicates that sweet potato cultivation was a successional
social-ecological keystone in regions too arid to sustain large-scale taro cultivation, and thus facilitated the
existence of an “alternative regime state” in the same social-ecological system. Such conclusions suggest
that these biocultural practices should be a focal point of biocultural restoration efforts in the 21st century,
many of which aim to restore cultural landscapes.

Keywords: alternative regime state; portable biocultural toolkit; social-ecological system theory;
Hawaii; Colocasia esculenta

1. Introduction

1.1. Social-Ecological Systems and the Application of Ecological Terminology

This paper emphasizes the concept that humans are a part of—not separate from—nature [1],
supporting views established by Berkes and Folke [2], and Berkes et al. [3], which hold that the
delineation between social systems and natural systems is arbitrary and artificial. Several frameworks
for understanding such social-ecological systems have been put forth (e.g., [4-6]), but some have
pointed out a disconnect between the frameworks—proposed to understand social-ecological
systems—and the biocultural elements that are at the foundation of such systems [7]. This research
aims to bridge that gap by (a) presenting theories and methods associated with quantifying biocultural
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relationships within social-ecological systems; (b) demonstrating how restoring the function of
“keystone” components is essential to restoring the structure of social-ecological systems that
are observed to be in decline; and (c) demonstrating how restoring the function of “redundant”
components is essential to restoring the resilience of such systems. As with our other publications on
social-ecological systems, we follow the Walker et al. definition of resilience as the capacity of a system
to absorb disturbance and reorganize while undergoing change so as to still retain essentially the same
function, structure, identity, and feedbacks [8].

Following Berkes [9], we use the terms “ecological subsystem” and “social subsystem” when
discussing particular sides of the social-ecological spectrum, and will do so even when the referenced text
uses the term “ecosystem”. This allows us to discuss each of the two sides, while maintaining that the
two subsystems are not autonomous from one another. We follow others in applying common ecological
terms to set up a logical framework for understanding social-ecological systems [10-13]. This paper uses
accepted terminology such as ‘function’, ‘functional group’, ‘diversity’, ‘keystone’, ‘redundant’, ‘regime
shift’, and ‘stable state” of Anderies and Janssen [14] in discussing social-ecological systems. This paper
uses the term, ‘alternative regime state’, to describe alternative stable states that can exist within the same
social-ecological system, such as flooded-field agriculture versus rain-fed agriculture practiced by the same
culture. An “alternative regime state’ describes different stable states that can exist within the context of the
same social-ecological system, whereas a ‘regime shift’ indicates a stable state that exists within a different
social-ecological system altogether, such as a rural agricultural community being transformed into a city
and inducing a concurrent shift in the dominant culture. This notion is explored in more detail below.

1.2. Quantifying Biocultural Elements within Social-Ecological Systems

Theories relating to co-evolutionary relationships between human and natural systems are not
new [15]. In the 5th century BC, the Greek philosopher Herodotus voiced his observation that events
shape both people and nature, and that people and nature interact and evolve together through
these events. More recently, Winter and McClatchey [16,17] put forth theories to quantify these
co-evolutionary relationships, and established methods for measuring fundamental units of interaction
between people and plants—or linked biological-sociocultural relationships (henceforth referred to
as biocultural relationships)—in a way that is scalable from simple interactions (one person and one
plant) to complex relationships (all of humanity and all plants). Such an approach has been used to
address hypotheses about the evolution of interactive relationships [16-18].

The Quantum Co-evolution Unit—or QCU—(Figure 1) is a unit to measure linked, co-evolving
relationships such as those observed in social-ecological systems [16-18]. These relationships will henceforth
be referred to as “biocultural elements” of such systems. A set of QCUs within a social-ecological
system can be quantified (Figure 2, [17]) and assessments of these populations at different times can
demonstrate co-evolving biocultural relationships [16,17]. As in many disciplines, units can be considered
at different scales for both the ecological component (ecosystem, genus, species, etc.) and the social
component (socio-cultural system, community, individual, etc.), to assess the health of diffent aspects of a
social-ecological system. The research presented here contends that QCUs can be used as a unit to quantify
biocultural elements, such as the following:

e exploring the concept of functional groups within social-ecological systems,

e quantitatively classifying particular elements as either keystone components or redundant
components of social-ecological systems,

e quantitatively relating loss of keystone components to loss of social-ecological system structure
and function,

e quantitatively classifying loss of redundant components to diminished resilience in
social-ecological systems,

e identifying alternative regime states within a single social-ecological system,

e  quantifying regime shifts between social-ecological systems.
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Possessing such an understanding can be key to informing biocultural restoration efforts.

Biological-taxa Subunit Cultural-practice Subunit

QCU Profile

Figure 1. The Quantum Co-evolution Unit (QCU), which relates to the co-evolutionary relationship
between biological taxa and human cultures. It is composed of two subunits—the biological-taxa
subunit, and the cultural-practice subunit—and is used as a metric for biocultural diversity.
The complete unit of the QCU is referred to and described by its QCU profile [17].

Biological-taxa Cultural-practice
Subunit: Subunit:
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Biocultural population

Figure 2. A QCU population. A hypothetical collection of Quantum Co-evolution Units (QCUs)
represented, within a social-ecological system, showing proportionality and frequency of various
QCUs in relation to one another. The QCU population of a social-ecological system could be sampled
over various points in time. Changes could be observed and further quantified. Such changes could
include the adoption of new QCUs into the profile, deletion of QCUs from the population, and changes
in individual QCU frequency within the population [17].

1.3. The Hawaiian Social-Ecological System

The evolution of social-ecological systems in Hawai‘i is uniquely understandable, in part, because
the relatively late human colonization allows for tracing the entirety of human history. As such,
Hawai‘i has been described as a model for the study of social-ecological systems [17,19].

Archaeological evidence indicates settlement no later than 1000 years ago [20], although use of
oral history sources indicates initial voyages to the Hawaiian islands may have happened centuries
prior [21-24]. In the pre-contact era—prior to contact with Europeans in 1778—the social-ecological system
in Hawai‘i was intensively managed to maximize resource abundance by attaining a stable state known

4=

in Hawaiian as “@ina momona”. "Aina momona is descriptive of a stable state that can exist in alternative
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forms in Hawai‘i, and is associated with both flooded-field and rain-fed agriculture [25]. This is a stable
state that was brought about via a regime shift (originally from an ecosystem into a social-ecological
system that maximized ecosystem services). The social-ecological system in the Hawaiian archipelago
associated with the pre-contact era will henceforth be referred to as the “Hawaiian social-ecological system”,
which is identified by the similarity of linked human-ecological units—being the foundational culture,
the available plant species, and the cultural uses of those plants—that existed in the Hawaiian ecoregion in
the pre-contact era.

Alternative states of ‘@ina momona existed in the Hawaiian social-ecological system, and while
they had similar functional components with one another, they differed in structure across different
regions of the archipelago. As has been described for ecological subsystems [26], it appears that the
structures of these alternative regime states were shaped around different keystone components of
the same system. Observations about differing structures of alternative regime states associated with
either flooded-field or rain-fed agriculture [27] may be related to this phenomenon [28].

The structure of the Hawaiian social-ecological system has been in decline since the 19th
century [29]. Gaining an understanding of the biocultural elements, and identifying them as either
keystone or redundant components could be beneficial to efforts aimed at restoring the structure,
function, and resilience of that system. We utilize theoretical foundations and logical assumptions to
explore the the relative importance of biocultural elements in Hawaiian agricultural traditions—a core
foundation within the pre-contact social-ecological system in Hawai'i.

2. Theoretical Foundations

2.1. The Keystone Concept as Relates to System Structure and Function

Paine [30] first described ecological ‘keystone species’, as occurring in a situation where patterns
of distribution and density of species within an ecological subsystem are disproportionately affected
by the activities of a single species. It has since become a major concept within the discipline, but has
fueled decades of debate on definitions [31]. Ultimately, this debate stems from disagreements about
how to quantify a metaphor. Is the concept of ‘keystone” a biological reality, or is it a simple metaphor to
understand a complex system? This paper argues the former, and following systems theory [32], asserts
that the keystone concept holds true within social-ecological systems. This paper further asserts that it is
possible to quantitatively determine a keystone component by assessing functional groups of biocultural
elements within a system, and then analyzing the associated diversity within those functional groups.

The disproportionate influence of keystone species suggests there is no functional redundant
within the system (Figure 3). If the keystone is removed, then a relatively large number of secondary
extinctions would occur [33,34] and the system would reorganize itself with a different structure and
function. This process is referred to as a regime shift [35]. Thus, keystone components play a major
role in the structure and function of systems.

Keystone
component

Figure 3. The keystone metaphor. The keystone is the component of a structure that is irreplaceable.
Without the keystone, a structure could be reassembled, but could never be the same as if the keystone
were present and functioning in its role.
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2.2. The Social-Ecological Keystone Concept

The keystone concept of has been applied to various cultural interactions with the biological
world [10-12]. Garibaldi and Turner [11] define cultural keystone species as “the culturally salient species
that shape in a major way the cultural identity of a people”. Cultural keystone practices, described by
Brosi et al. [12], are traditions that are so intrinsic to the culture that, if they were to disappear, the culture
would be irreversibly altered. Thus, the usage of the keystone concept by researchers working within
the social-ecological system paradigm is not new. However, this paper contends that a “social-ecological
keystone” is actually a specific biocultural element (i.e., relationship); further, that social-ecological
keystones can be quantitatively determined utilizing the theoretical concepts previously established
by Winter and McClatchey [16,17].

A relevant concept here is ‘functional group’. In ecological subsystems, functional groups are used to
lump together species with similar roles—such as top predator, generalist pollinator, nitrogen fixer, and so
on. In social-ecological systems, members of functional groups would be biocultural relationships—such as
applying herbal medicine, imbibing fermented sugars, weaving baskets, farming complex carbohydrates,
and so on. This paper, therefore, refers to “biocultural functional groups”, and has identified the QCU as a
unit of measure for the biocultural elements within them.

Based in part on Davic’s [31] definition of keystone species, this paper submits that a social-ecological
keystone is a strongly interacting biocultural element within its functional group, whose top-down effect on
biocultural diversity is large relative to all elements within the system. Biocultural elements, and therefore
social-ecological keystones, are neither individual taxa nor individual practices, but rather the linked
taxa-practice unit. If a social-ecological keystone is severely disabled (or goes extinct), then there would be
no substitute without seriously compromising the structure and function of the system—possibly inducing
a regime shift. Correspondingly, if a social-ecological keystone were to go extinct it would cause a cascading
effect of secondary extinctions of biocultural elements, and subsequently affect the structure of both the
ecological and social subsystems. The theories and methods explored in this manuscript could be used to
document and understand such processes.

2.3. The Influence of Crop Diversity and Cropping Systems on the Structure of the Hawaiian
Social-Ecological System

Functional groups associated with agriculture often determine the structure and function of
social-ecological systems managed by agrarian societies because agriculture often dictates the form
and hierarchy of the social subsystem, and is the foundation of the economy and politics within the
social subsystem [36], which subsequently influences the management of the ecological subsystem.
The central role of agriculture in cultural development, political complexity, material economy,
and social norms of the Hawaiian social-ecological system has been well explored (see Lincoln and
Vitousek [37] for a broad overview and detailed reference list). Based on these concepts, this paper
holds the assumption that agriculture is a key biocultural functional group within social-ecological
systems managed by agrarian societies.

Hawaiian agriculture manifested in highly diverse forms in the Hawaiian social-ecological system.
The most salient division often used in anthropological discussion is the difference between wet
(flooded-field, irrigated) and dry (rain-fed) agriculture [38,39]. The state environmental factors that
drove the opportunities and constraints of agricultural development are highly organized, but not
evenly distributed, in the Hawaiian archipelago. The distribution of geological age and rainfall, which
subsequently drive soil fertility and land topography, created a spectrum of agricultural opportunties
that spanned almost exclusively rain-fed opportunities on the young island of Hawai‘i, to almost
exclusively flooded-field opporunities on the oldest of the high islands, Kaua‘i [27]. These agricultural
forms had different requirements (e.g., levels of organization, infrastructural investment) and offered
different effects (e.g., levels of resilience, economic surplus).

In brief, flooded-field agriculture was investment intensive, but low maintainenance while
offering low vulnerability to both natural and social perturbances. Consequently, flooded-field
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agriculture supported socio-political systems on Kaua‘i with more diversified social roles and stronger
political stability. Conversely, the more labor intensive and vulnerable dryland agricultural systems of
Hawai’i Island manifested socio-political systems that were more volatile, saw frequent regime shifts
between political leaders, and spawned predatory political ambitions [28]. This implies the existence of
“alternative regime states” within the same social-ecological system—a more resilient one built around
flooded-field systems of agriculture, and a more vulnerable one built around rain-fed systems of
agriculture. These alternative regime states existed even though they are based on the same biocultural
elements in the same social-ecological system. The manifestations of the economy and the political
systems differed due, at least in part, to the relative and absolute areas of the agricultural systems.

2.4. Social-Ecological System Resilience and the Role of Redundant Components

Resilience [40,41] is a measure of a system’s relative ability to absorb disturbance without changing
into a different state (i.e., regime shift), such as a different biological community with different
ecosystem services [35]. Biological diversity has been shown to be a key factor in the resilience of
ecological subsystems [8,42] because it helps to maintain desired states of dynamic regimes in the face
of uncertainty and surprise, and also plays a major role in renewing and reorganizing those systems
after disturbance [35]. Maintaining such desired states of dynamic regimes (i.e., “stable states”) is more
specifically dependent on “response diversity”, which is the diversity of responses to environmental
change among species that contribute to the same function in the system [43]. Therefore, the more
nuanced value of diversity is the increased redundancy within functional groups [44]. Such ‘functional
diversity’ refers to the number of species that perform the same function; if a member of a functional
group were to be lost (either temporarily or permanently) via a disturbance event, then its function
could be replaced by another species. Ecological systems with high response diversity increase the
likelihood for reorganization and renewal into a desired state after disturbance [43]; and are, therefore,
more resilient. If a set of functionally redundant species does not exhibit any response diversity, then
they do not contribute to system resilience [35]. A loss of biodiversity—more importantly a loss of
functional diversity and response diversity—is a major contributing factor in regime shifts [35,45].
In the context of ecological subsystems, regime shifts imply a shift in services which that subsystem
provides to the socio-cultural subsystem, and are largely irreversible [35].

Throughout this paper we use the term, ‘redundant component’ to classify a biocultural element
of a functional group that could be substituted if removed—that is, a component that is not a keystone.
In accordance with systems theory [32], maintaining resilience in social-ecological systems relies on the
management of biocultural diversity, including the seemingly redundant components of these systems.
Such “social-ecological redundants” contrary to keystones, may not contribute significantly to the structure
and function of social-ecological systems individually, however, if they represent response diversity, then
such components may contribute significantly to the resilience of social-ecological systems.

We use the QCU (Figure 1) as a unit of measure to quantitatively classify redundant components
of social-ecological systems within biocultural functional groups. This paper contends that biocultural
functional redundancy exists in instances where a subunit of the QCU (either biological taxa or
sociocultural practice) lost via a disturbance or other event can be easily transferred to other
corresponding subunits which would ensure the persistence of that biocultural functional group.
For example, using the biocultural functional group of “weaving a plant-based fiber”, a culture may
have five taxa which it uses to weave. If one of the five taxa were to go extinct, the sociocultural practice
could continue because of the functional redundancy that exists in that biocultural functional group.

2.5. Theoretical Assumptions

This manuscript builds off of four theoretical assumptions in regards to the keystone concept:

1. Keystone function of a system can be viewed in terms of a functional group.
2. Keystone components of functional groups are dominants within that functional group.
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3. Dominant components of a functional group (i.e., keystone components of a system) are not
necessarily dominant components within the overall system.

4. Shifting dominance within a keystone functional group replaces the keystone component of the
system, thus influencing the structure of that system.

3. Testing the Keystone Theory in Social-Ecological Systems

The Hawaiian Social-Ecological System as a Model

There are countless social-ecological systems that could be chosen from around the world to model
the theories explored in this paper, but in order to test the conceptual validity of these theories a model
social-ecological system is ideal. High islands are excellent examples to discuss system function becuase
they are big enough to possess all the biological, ecological, chemical, and physical processes needed
for complete system study, yet small enough that the complexity of such systems is perceivable [46,47].
Kirch [19] outlines how both the social and ecological factors of Hawai‘i, in particular, lend themselves
to serving as a model system for biocultural understanding. State factors influencing ecology are either
held constant (e.g., parent material, biota) or are extremely broad yet well organized (e.g., climate, age,
topography). Simultaneously, social factors lend themselves to study due to the short timeframe of human
colonization, the extreme isolation, and the high level of socio-political complexity achieved.

To exemplify the theories expressed above, we focus on the Hawaiian social-ecological system. At the
point of contact with Europeans in 1778, this highly modified system was being managed to maintain a
human population on the order of 300,000-800,000 people [48,49]. Furthermore, anthropological discussion
has argued that Hawai‘i developed high levels of socio-political heirarchy manifested in complex systems
of land tenure, resource mangement, and taxation, describing Hawai'i as one of nine civilizations to have
independently developed into a state system [50]. The Hawaiian archipelago, therefore, represents an
island-bound and intensively managed social-ecological system, with a population size and social structure
that makes it comparable to the contemporary period.

4. Methodology

As this is an examination of the structure and function of a system which existed in the
past, historical records and archaeological evidence were used to supplement actual observations.
The methods described below were used to quantify biocultural diversity, identify key functional
groups within systems, as well as quantitatively classify keystone components and redundant
components that constitute these functional groups.

4.1. Quantification of Biocultural Diversity

This research considers a unit of biocultural diversity—referred to as the Quantum Co-evolutionary
Unit (QCU)—as any one of the human needs, as described by Max-Neef et al. [51,52], which has a satisfier
that comes from within the realm of biodiversity. QCUs were generally assessed from the standpoint of
viewing them as components within functional groups that are embedded in the entire system, rather than
as individual components standing alone within the context of the entire system.

4.2. Assessing Biocultural Functional Groups in Social-Ecological Systems

Tt is the assumption of this paper that within an agrarian society—such as that associated with
the Hawaiian social-ecological system—social-ecological keystones can found within the biocultural
functional groups associated with agriculture. Biocultural functional groups were identified by
reviewing the seminal literature on ancient agricultural and associated practices [53-59]. From this
literature review, commonly occurring categories of agricultural function clearly stood out and were
identified to be used to define the biocultural fuctional groups. This literature, while select, forms the
broad basis for vast majority of subsequent publications in traditional Hawaiian agriculture.
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Once the biocultural functional groups associated with agriculture were determined, their
components were then quantified to classify them as a keystone component or a redundant component
within each respective functional group. As we attempt to examine a time period in the past, data from
historical records and publications were used. Handy et al. [54] is a comprehensively researched tome
on ancient Hawaiian agriculture that was produced by the B.P. Bishop Museum in collaboration with
anthropologists and a highly-respected, well-published, native-speaking Hawaiian ethnographer; it is
widely considered the authoritative volume regarding Hawaiian agriculture. For the purposes of this
research, the number of written lines dedicated to each biocultural relationship was used as a proxy
for the relative importance of that element (see Table S1). Other sources of knowledge in this area
exist [53-59], but those works were not systematically approached from the standpoint of plant-based
biocultural relationships as was the work of Handy et al. [54]. The number of lines, therefore, provides
the numerical quantification of each element subsequently used to calculate the indexes as described
below. While this is an ad hoc approach utilizing only a single, albeit substantial, volume on Hawaiian
agriculture, we employ this method to demonstrate the application of the QCU concept in a meaningful
way and to provide a starting point from which more intesive analyses can be done in the future.

4.3. Quantitatively Classifying Keystone and Redundant Components

As a means to quantify the relative contribution of elements within functional groups, Davic [31]
suggests a variety of community indices could be applied, and uses the dominance index (DI) [60] to
determine importance of individual elements within a group:

DIgp = (yax/N)

where 71,,,¢ represents the number of individuals of the most abundant element, and N is the total
number of individuals within the functional group as a whole. In cases where more than one potential
keystone is identified within a functional group Davic [31] advocates the community dominance index
(CDI) of McNaughton [61]:

CDI = (ny +ny/)N

such that 77 and n;, represent the frequency of the two most abundant species within a functional
group. Other ecological measures of dominance may also provide quantitative insights to the relative
importance of individual elements to a group. Commonly applied in the field of ecology is the Simpson
Domination Index [62]:

DIs =Y (n;/N)?

where 7; is the population of each species, and N is the total population. The Simpson method gives
greater consideration to diversity within a system; in contrast the Berger-Parker approach [60] does not
account for the number of species, but only the total population of the system. However, the Simpson
method falls short in that it can only be applied to characterize groups and not individual elements.
Our analysis, therefore, applied the Simpson method to the functional groups to provide a more
conservative assessment of domination within each group. We then applied the Berger-Parker
equation [60] to quantify each species” dominance within the functional groups. Because we applied
these indexes to both the groups and their elements, we refer to domination of to characterize
the inequality within a group, and to dominance by to describe the contribution of individual
elements to a group. For the purposes of this paper, we have determined that a value of >0.5 for
either DIgp or CDI calculations would result in a classification of a biocultural element as a
social-ecological keystone, and a value of <0.5 would result in a classification of a biocultural element
as a social-ecological redundant.
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5. Results

A review of the literature regarding Hawaiian agricultural practices [53-59] yielded three classes
of crop systems and eighteen biocultural functional groups that span a range of functions, incuding
food production, material resource production, and spiritual/religious practice. Dominance by and
domination of three sets of cropping systems (Tables 1 and 2) and the eighteen biocultural functional
groups (Table 3) was calculated.

Table 1. Dominance Index (DI) as calculated for each of the systems of growing crops in the Hawaiian
social-ecological system, as documented by Handy et al. [54].

Cropping System  Dominance of Cropping Systems ~ Domination by Species Assemblage  Associated Crop Species

Rain-fed 0.441 0.263 11
Agroforestry 0.288 0.110 17
Flooded-field 0.272 0.731 7

Table 2. Dominance of crops within three major classes of agricultural systems that existed within the
Hawaiian social-ecological system.

Latin Name Hawaiian Name Dominance in Dominance in Dominance in
Rain-Fed Systems Agroforestry Flooded Systems
Aleurites molaccanus Kukui - 0.186 -
Artocarpus altilis ‘Ulu - 0.089 -
Broussonetia papyrifera Wauke 0.013 0.066 0.016
Cocos nucifera Niu - 0.094 -
Colocasia esculenta Kalo 0.352 0.178 0.852
Cordia subcordata Kou - 0.010 -
Cordyline fruticosa Kt 0.005 0.028 0.014
Curcuma domestica ‘Olena 0.005 0.015 -
Dioscorea alata ‘Uhi 0.073 0.036 -
Dioscorea bulbifera Hoi - 0.028 -
Dioscorea pentaphylla Pi‘a - 0.008 -
Ipomoea batatas ‘Uala 0.349 - -
Lageneria siceraria L. vulgaris Ipu 0.086 - -
Musa ssp. Mai‘a 0.023 0.099 0.059
Pandanus tectorius Hala - 0.084 -
Piper methysticum ‘Awa 0.040 0.008 0.016
Saccharum offinarum Ko 0.043 0.003 0.024
Schizostachyum glaucifolium ‘Ohe - 0.041 -
Tacca leontopetaloides Pia 0.010 0.028 0.019
Count 11 17 7

Table 3. The eighteen biocultural functional groups that embody Hawaiian agriculture traditions as
identified in the Handy et al. [54] tome on the topic, dominance index (DI) for each, and associated
crop species.

Dominance of Hawaiian Domination of Group Number of

Biocultural Functional Group Agriculture (DIg) by Crop (Dlgp) Associated Crops Dominant Crop
Complex carbohydrates for food 0.211 0.336 9 Kalo
Affiliated with deities 0.129 0.132 12 Kalo
Ceremonial plants for religious practice 0.108 0.277 8 ‘Awa
Wood (timber, fuel, vessel, music, misc.) 0.098 0.184 11 Kukui/Hau
Famine food for a resilient food system 0.078 0.121 14 Kalo
Medicinal applications 0.069 0.105 17 ‘Awa
Leaves for weaving or thatch material 0.059 0.459 4 Hala
Fibers for clothing 0.037 1.000 4 Waike
Simple carbohydrate for food 0.037 0.274 6 Niu
Mulch for agriculture 0.028 0.378 4 Kukui
Relates to the family system 0.029 0.746 2 Kalo
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Table 3. Cont.

Dominance of Hawaiian Domination of Group Number of

Biocultural Functional Group Agriculture (D) by Crop (Dlgp) Associated Crops Dominant Crop

Qil for culinary uses and healing 0.026 0.501 2 Kukui
Drink for refreshment and recreation 0.023 0.453 3 Niu
Genesis story with the culture 0.020 1.000 1 Kalo
Leafy greens for food 0.019 0.600 3 Kalo
Fibers for cordage 0.018 0.257 5 Kalo

Dye for visual attraction 0.006 0.510 2 ‘Olena
Glue/resin source 0.002 1.000 2 ‘Ulu

6. Analysis

In examining the dominance of cropping system forms of Hawaiian agriculture (Table 1), ‘rain-fed”
was the dominant crop system (0.44), followed by agroforestry (0.29), and then flooded-field systems
(0.27). However, the split was relatively level, and the Simpson Domination Index (DIs) for Hawaiian
Cropping Systems based on these relative abundances yields a moderate value of 0.35. This indicates
that a severe loss of any one of the three systems would substantially impact Hawaiian agriculture.
Conversely, the domination of each the three cropping systems by their crop components varied
significantly, indicating wildly different levels of reliance on critical species. The agroforestry systems, with
a very low value of 0.11, could easily absorb the loss of any species, including its dominant species. At the
opposite end of the spectrum, flooded-field agriculture with an extremely high value of 0.73 would likely
catastrophically fail if its most abundant species were to be removed. Rain-fed agriculture, with a more
moderate value of 0.26, would likely struggle but adapt to a removal of the dominant species.

Examining the dominance of crops within these agricultural systems, kalo (taro, Colocasia esculenta)
cultivation was either dominant or co-dominant in all three systems (Table 2). Within flooded-field
agriculture kalo was highly dominant (DIgp = 0.85), a value that classifies it as a keystone component.
Within rain-fed systems kalo cultivation was only slightly more dominant (0.352) than ‘uala (sweet potato,
Ipomoen batatas) cultivation (0.349), indicating clear co-dominance. The CDI value of 0.7 classifies the
cultivation of these species as a keystone component, which indicates that rain-fed cultivation would likely
collapse without either of the two co-dominant species. Within agroforestry systems kalo cultivation was
also co-dominant (0.18) with kukui cultivation (0.19), and was the dominant among non-canopy species.
The moderate CDI value of 0.37 suggests that cultivation of either does not play a keystone role, suggesting
that agroforestry systems would adapt to the loss of either or both of the co-dominant species.

In examining the eighteen biocultural functional groups (Table 3), cultivating a complex
carbohydrate as a food source displayed the highest level of dominance. Other important functional
groups (>5% DlIgp) include religious and ceremonial associations, wood, famine food, thatching,
and medicinal uses. Kalo again demonstrates significant importance: it is the dominant species of the
dominant functional group, in 43% of the important functional groups, and in 33% of all functional
groups. Furthermore, it contributes to more functional groups (61%) than any other species.

An additional finding indicates a relationship between dominance of functional groups within
Hawaiian social-ecological system, and how dominated by their species assemblage those functional
groups are (Figure 4). This was a highly significant relationship (1> 0.39, p 0.006) described by a log-log
function (log(y) =4.09 — 0.39 x log(x); var(x) = 28.4; var(y) = 903.6; cov[x, y] = —0.5056). Although perhaps
intuitive, this indicates that functional groups that make less significant contributions to the social-ecological
system are more likely to rely on a smaller assemblage of species. This relationship is important because
it indicates that essential functions of a biocultural system will tend to not develop an overly dominant
species, likely resulting in increased resilience within the social-ecological system due to functional and
responce diversity. In the case of Hawai'i, the most dominant functional group—cultivation of complex
carbohydrates—has a relatively high DIg value, indicating a higher reliance on kalo than might be expected
for such an important function.
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Figure 4. As importance of function groups pertaining to agriculture within the Hawaiian
social-ecological systems decreases, the Domination Index within that group tends to increase along a
log-log relationship. This indicates the less significant a functional group is, the more heavily it can
rely on a smaller species assemblage.

7. Discussion

7.1. Is Kalo Cultivation a Keystone Component of the Hawaiian Social-Ecological System?

Kalo cultivation displayed high dominance within cropping systems, being dominant or co-dominant
in all three systems identified, and within biocultural functional groups, being dominant in multiple
important groups. Furthermore, kalo is dominant within the most important functional group—the
cultivation of complex carbohydrates. But do the metrics we've identified adequately capture the
importance and impacts of kalo within the Hawaiian social-ecological system, especially as relates to
structure and function of the system as a whole? These questions are explored in a discussion below.

7.2. Biocultural Relationships between Kalo and Hawaiian Culture

Through the original voyages of Polynesians to what is now known as the Hawaiian Islands a
total of at least twenty-seven plant species and six animal species were established in Hawai‘i [63],
collectively referred to as a “portable biocultural toolkit”—a term we apply to the suite of plants and
animals that cultural groups take with them in their diaspora across the globe. The taxa selected
were likely chosen because they—through their pre-established links to sociocultural practices—could
facilitate the perpetuation of key biocultural functional groups (e.g., eating food, drinking liquid,
healing with medicine, clothing production, religious ceremony, storing food, etc.) upon arrival at
a new destination. They were also the vehicles for transporting stories, which helped retain lessons
about life, family, and culturally-appropriate behaviors; and, therefore, represented important teaching
tools for future generations.
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As the Hawaiian culture developed, kalo came to hold a pre-eminent role on both a practical
and philosophical level. This is reflected in a high level of pre-contact diversity with approximately
400 distinct cultivars of kalo that the Hawaiian culture co-evolved with [18]. Not only was kalo the
preferred staple food, but it was also considered to be the original ancestor of the Hawaiian race [54]
and the ancient religious system [55,58]. Furthermore, there are many philosophical and symbolic
links observed linguistically between the parts and growth form of kalo, and the Hawaiian family
system and its structure [54].

Evidence for the central importance at which kalo was deeply ingrained within the identity, dietary
system and religious beliefs of the Hawaiian people is seen in the ancient proverb “Ola ke kalo, ola ke
kanaka”, which roughly translates to “As long as kalo lives, so shall the Hawaiian race”; the converse
implication is that if kalo were to disappear, so too would the Hawaiian race [18,64]. It is apparent
that due to its central importance in the identity, diet, and religion of the ancient Hawaiian society its
hypothetical disappearance would drastically alter the cultural subsystem that was built upon it—not
only because of its direct importance, but also because of secondary extinctions which would occur
due to the breaking of linked biocultural relationships. Thus, it certainly satisfies the Garibaldi and
Turner [11] definition of cultural keystone species, at least within the context of pre-contact Hawaiian
culture. One could also argue that the practices associated with kalo satisfy the Brosi et al. [12] definition
of “cultural keystone practice” in the same pre-contact period. However, beyond establishing kalo as a
“cultural keystone species” and the traditions associated with it as “cultural keystone practices” via an a
priori assessment, this paper takes a quantitative approach to determining which specific biocultural
relationships can be considered keystone components of the Hawaiian social-ecological system.

7.3. Kalo Is a Dominant Component in Hawaiian Cropping Systems

Kalo was a dominant component in all three cropping systems—rain-fed, agroforestry,
and flooded-field—employed in the Hawaiian social-ecological system. ‘Uala (sweet potato) was
co-dominant in rain-fed systems, which is a strong indicator of functional redundancy in that group.
This means that the structure of rain-fed systems could, theoretically, still be maintained in such
systems, if kalo was not utilized for some reason. The same could not be said for flooded-field
systems; the results indicate that kalo’s disappearance would result in structural shifts, and potential
collapse, in that cropping system. Overall, no cropping system was overbearingly dominant in
Hawaiian agriculture when viewed at the scale of the archipelago. However, the spatial distribution
of agricultural opportunities was not evenly distributed across the archipelago [27], and the loss
of kalo would have had different effects based on the local reliance on different cropping systems.
Particularly on the oldest island of Kaua‘i, where flooded-field agriculture was highly dominant,
the theoretical loss of kalo would likely drastically disrupt the entire society. This would not necessarily
be the case in leeward Hawai‘i and Maui Islands, where rain-fed agriculture dominated. It could be
argued that the functional redundancy was being enacted in rain-fed systems on the younger islands
of Maui and Hawai’i, where shifts in the dominant deity (from Kane to Lono) and the development
of religious sects occurred in areas that, due to environmental limitations of kalo cultivation, were
dominantly dependent on ‘uala.

7.4. Kalo Is a Dominant in a Key Biocultural Functional Group

Of all the biocultural functional groups associated with Hawaiian agriculture, the most important
was “cultivating a complex carbohydrate as a food source” (Table 3). Within that biocultural functional
group, kalo was a strong dominant with no co-dominant (Table 3). Theoretically, this means that if
kalo was not used in agriculture systems, for whatever reason, the structure of those systems would
shift into an altered state, especially in light of the unique agricultural practices associated with kalo
cultivation as described by Handy et al. [54]. In rain-fed systems, kalo could theoretically be replaced by
its co-dominant (‘uala, sweet potato), but the structure of those systems would shift due to the different
agricultural practices associated with the cultivation of each species. For instance, ‘uala matures more
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quickly, and also has a more confined harvest and storage time, indicating that compared to kalo,
an ‘uala-based system would require a more mobile labor force, and more consistent time in the field
to manage the shorter harvest periods. More planning and balance would be needed to manage the
short window of harvest for constant food supply, and the systems would likely be more vulnerable to
both environmental and social perturbances such as drought or war.

In agroforestry systems, kalo’s dominance was due to its ability to grow in low light conditions
and, more importantly, be able to store in ground for extended periods and self replicate—all traits that
are condusive to its cultivation in these systems. It could be replaced by a redundant component of the
sub-canopy layer in that system, but the structure of that system would also shift. In flooded-field
systems, there was no redundant component in the pre-contact period that could be grown in such
flooded conditions. Therefore, if kalo was not cultivated in that system, the lack of a functional
redundant would result in an inability of that system to exist, which would result in a structural shift
in cropping systems if agriculture was to continue.

7.5. Cropping Systems Associated with Kalo Influenced the Structure of the Hawaiian Social-Ecological System

Although not a native plant, kalo played a major role in the highly intensified management of the
ecological subsystem, and its cultivation shaped the cultural landscape that is iconically associated with
the Hawaiian social-ecological system. Kalo is most productively cultivated in terraced and flooded
pond-fields ([54], Figure 5), which resemble rice paddies of South-East Asia. Evidence [27,54,65]
suggests that nearly all land capable of being irrigated (from the backs of valleys to the alluvial plains
bordering the seashore) was converted from its natural (i.e., pre-human) state of lowland wet-to-mesic
forest types; to flooded fields for the cultivation of kalo. This flooded-field system of agriculture shaped
the social-ecological system around it as described below.

Figure 5. Picture of a contemporary flooded- field system in Hawai‘i used to cultivate kalo (taro,
Colocasia esculenta). In this style of agricultre, rivers/streams are the central component with its waters
being diverted over large areas of adjacent flatlands for the cultivation of kalo.

The conversion of large areas of lowland forest into flooded-field systems had three major
repercussions which directly influenced the structure and function of the Hawaiian social-ecological
system, as well as the outward appearance of its associated cultural landscapes [66]:

1. This conversion induced localized regime shifts in large areas of land (valley floors and alluvial
plains) from forest biome to riparian ecotone. This, in essence, expanded and stabilized
riparian habitat—a highly productive ecotone—from a relatively limited to a very broad
area. Archaeological evidence suggests that such localized regime shifts have occurred [67],
and likely extended the range of native water (i.e., riparian) fowl allowing for increases in their
populations [68].
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2. This conversion theoretically increased the capacity of aquifers (i.e., the islands’ ability to retain
water). The expansive flooded-field system slowed the flow rate of water on its journey towards
the sea, and increased surface area of land covered by water. This cumulatively increased the
potential for aquifer recharge. Increasing aquifer recharge potentially increases the level of
the aquifer, which could result in more artesian springs at higher elevations than previously
existed. The appearance of these springs would further increase the potential for lands—at higher
elevation—to be converted to flooded terraces.

3. This conversion likely induced localized regime shifts in estuaries and nearshore reefs from
predator-dominated to herbivore-dominated. In theory, this may have been achieved through
the development of aquaculture technologies. The emergence of such technologies was likely
enabled by the flooded-field system, which mobilized nutrients and then transported them to
coastal areas. The water passing through this flooded-field system was presumably enriched
due to both a direct and indirect increase in organic matter, and anaerobic soils that mobilized
otherwise fixed phosphorous into water systems. This aquaculture system had several classes
of fish ponds, including those that walled in large areas of near-shore reef. These walls trapped
the enriched water, thus containing algal blooms which allowed for the farming of herbivorous
fish within them, while maintaining the health of the reef outside of the walls. This effectively
expanded and stabilized estuary habitat—another highly productive ecotone—from a relatively
limited to a very broad area. The success of this technology hinged on the management strategies
which included methodological removal of top predators.

Each of the above occurrences turned out to be key components to the structure and function of
the social-ecological system that existed due to the intensified resource management system of ancient
Hawaiian civilization known as the Moku System [25]. The ecosystem services provided likely enabled
a population boom in the Hawaiian social-ecological system that was sustained until contact with
Europeans in 1778 A.D., which subsequently brought unexpected and catastrophic change such as a
90% population collapse resulting from introduced diseases [48].

7.6. Substitution of a Social-Ecological Keystone Alters the Structure of Social-Ecological Systems

An example of resilience is seen in the functional group “crop grown in rain-fed field systems”
(Table 2), which has ‘uala as a co-dominant with kalo. Rain-fed cropping systems existed in regions in
the Hawaiian archipelago that lacked suffient water for large-scale kalo cultivation (either through rain
or surface water). Areas such as this—as in the moku (districts) of Kohala Hema, Kona Akau and Kona
Hema on the island of Hawai‘i—had field systems which were shaped around “uala, the co-dominant
in rain-fed systems. Lincoln et al. [39] point out that kalo was succeeded by ‘uala in regions where
kalo could not be cultivated on a large scale due to insufficient water availability. In other words,
the dominant of a key biocultural functional group (i.e., the keystone of that biocultural functional
group) was substituted by one of the redundant components in that functional group.

Theoretically, this would result in a structural shift within the system, and would look different
from the one that was shaped around the cultivation of kalo in flooded-field systems. Indeed, we argue
that an “alternative regime state” existed in different regions within the Hawaiian social-ecological
system where ‘uala became dominant. An “alternative regime state” exists when one keystone is
succeeded by another in the context of the same social-ecological system. Contemporary analysis
of archaeological and historical evidence [27,39,69] supports the notion that this has occurred,
and indicates that ‘uala cultivation was the keystone component of social-ecological systems in the
Hawaiian islands in regions lacking sufficient water for intensified cultivation of kalo. In this case,
manifestations were seen in the emergence of religious sects where a shift in primary deities that
elevated Lono over Kane and the emergence of new rituals and traditions, such as the makahiki festival
that originated on the leeward side of Hawai'i Island. Further differences have been evidenced in the
stability of the political hierarchy and the propensity for predatory warfare.

126



Sustainability 2018, 10, 3294

While these large-scale differences of the structure of the social-ecological system in places where
it was shaped around ‘uala—as opposed to kalo—are observable, a detailed investigation would likely
reveal many more subtle changes at the local level. Kalo expresses extreme dominance in key functional
groups such as relation to the family system and the genesis of mankind. How did the local biocultural
relationships evolve in the absence of kalo? The redundancy within the agricultural functional groups
allowed for the existence of the Hawaiian social-ecological system in arid regions, albeit one of altered form
and structure. In ecological analogy, an “alternative regime state” would be akin to replacing the dominant
canopy tree in a forest, with cascading effects on the assemblage of bird, animal and insect species present,
while a “regime shift” might be shifting from a forested ecosystem to a shrubland, and all the associated
shifts in supported species. Similar regime shifts have also been explored by Scheffer et al. [70].

8. Conclusions

8.1. On Keystone and Redundant Components within Social-Ecological Systems

Social-ecological systems are composed of linked biological-sociocultural relationships, and can
be referred to as the “biocultural elements” of these systems. “Keystone” components and “redundant
components exist within the set of biocultural elements that compose social-ecological systems.
Theory and methods exist with which to identify and quantify these components, and to correlate
them to system health (i.e., system function and resilience), as well as how system health changes
over time. Using functional groups to classify and distinguish between keystone components and
redundant components is a viable methodology. Such an approach is useful to consider in the context
of biocultural restoration of social-ecological systems, as data produced by this approach could be
used to influence resource management policies. In accordance with systems theory, this approach
could also be applied to other systems—both historical and modern.

However, as in ecology, there are no clearly defined thresholds used to classify components as
either a keystone or a redundant, but rather a holistic view of the functional roles must be considered.
While quantifying these metics provides insights into the importance of biocultural elements within
a social-ecological system, there are no hard cut-off values, or even well-established guidelines,
for interpreting data. Therefore, quantification alone cannot define either keystone or redundant
components, but qualified assessments can help to illuminate such designations.

Through both quantitative and qualitative methods, we explored functional roles in the Hawaiian
social-ecological system, and conclude that kalo qualifies as a keystone species for the Hawaiian
culture, and further that kalo cultivation can be considered a keystone component of the Hawaiian
social-ecological system. This suggests kalo and its cultivation is vital for the structure and function of
the Hawaiian social-ecological system, and that the removal of kalo from parts of this system would
result in either alternative regime states, or a regime shift resulting in an entirely new social-ecological
system. Historical trends over the last two centuries support this notion.

”

8.2. On Biocultural Diversity and Resilience in Social-Ecological Systems

A loss of biocultural functional groups—due to a lack of both functional redundancy and
functional diversity—could induce cascading extinctions on both sides of the social-ecological system.
Therefore, increasing biocultural diversity is the most pragmatic way to manage resilience social-ecological
systems. Redundancy within biocultural functional groups allows for resilience because of the presence of
response diversity in such functional groups. In regions where a particular social-ecological keystone cannot
exist, for whatever reason, redundancy in its biocultural functional group can facilitate the existence of an
“alternative regime state” within the same social-ecological system, which is built around a successional
keystone component. An “alternative regime state” is an altered stable state that is built upon a successional
component of a biocultural functional group, one that would likely have a different level of resilience.
Such a pehnomenon would also likely result in a cultural landscapes with a different outward appearance
occurring within the same social-ecological system. The redundant compontents of Hawaiian agriculture
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made for a resilient social-ecological system. However, a whole-scale removal of these components would
theoretically induce a regime shift and result in an entirely new social-ecological system, and this has been
historically observed in Hawai'i.

8.3. On the Model of the Hawaiian Social-Ecological System

Islands are ideal models for system study because they possess all of the biological and physical
processes needed to understand complete systems, yet they exist at a scale where complexity is
comprehendible. A relatively good understanding of the Hawaiian social-ecological system exists due
to a large body of research conducted by native Hawaiians over the last two centuries, and the existence
of well-established research institutions. This makes reasonable speculations about structure and
function of this system plausible. While rigorous examination of the original Hawaiian social-ecological
system can be challenging—as it is largely associated with an era in the past—due to the large body
of information associated with it, creative methodologies can be employed to give insights into its
structure and function.

8.4. Biocultural Restoration of the Hawaiian Social-Ecological System

In the post-contact era (1778 A.D. onward) Hawaiian culture has been under severe sociocultural
pressures such as changes in government, land tenure, religious institutions, economies, language,
and others. As a result of these processes native Hawaiians are no longer functioning as the top-level
managers of the large-scale social-ecological system that currently exist in Hawai'i. These processes
and events are analogous to disturbance, uncertainty, and surprise events [35,43]. Despite these
potentially catastrophic events, nearly all aspects of the Hawaiian social-ecological system persist
into contemporary times. This may be due, at least in part, to the resilience of key biocultural
functional groups associated with Hawaiian culture, particularly those which were shaped around
flooded-field system agriculture for the production of kalo, waterfowl, and fish. This supports the
notion that flooded-field kalo cultivation is the foundation of a Hawaiian cultural landscape; and is,
therefore, the key to the biocultural restoration of the Hawaiian social-ecological system. Provided that
cultural landscapes are the outward appearance of social-ecological systems, focusing on keystone and
redundant elements found within a culture’s “portable biocultural toolkit” may provide a pathway for
maintaining and/or restoring cultural landscapes. We content that while the pre-colonial state cannot
be re-created exactly, by looking to the past we can understand and re-create productive and resilient
cultural landscapes. Such cultural restoration goes hand-in-hand with ecological restoration.

8.5. Future Research

The theories explored in this paper are not new, but this manuscript puts forth some novel
applications of them in the context of social-ecological systems. While the methods presented herein
demonstrate some level of credibility to this approach, these notions would need to be assessed in
other ways to further test their validity. Some possibilities for future research could include:

e  Assessing the percentage of total land area associated with each biocultural functional group to
classify between keystone, dominant, and redundant components within social-ecological systems.

e  Exploring the functional groups relating to animal husbandry, and assessing dominance in the
context of functional groups.

o  Expanding these methods to the entire biocultural resource spectrum of a social-ecological unit,
which in the Hawaiian archipelago extends from the mountains to sea.

e  Assessing the viability of utilizing social-ecological keystones to induce a regime shift back
towards the state of abundance known in the Hawaiian language as, “‘aina momona” or biocultural
resource abundance.

Until more rigorous testing can be done, the concepts explored in this manuscript should still be
considered theoretical at best.
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Abstract: In Hawai'i, the transition from customary subsistence flooded taro agroecosystems, which
regulate stream discharge rate trapping sediment and nutrients, to a plantation-style economy
(c. the 1840s) led to nearshore sediment deposition—smothering coral reefs and destroying adjacent
coastal fisheries and customary fishpond mariculture. To mitigate sediment transport, Rhizophora
mangle was introduced in estuaries across Hawai‘i (c. 1902) further altering fishpond ecosystems.
Here, we examine the impact of cultural restoration between 2012-2018 at He’eia Fishpond,
a 600-800-year-old walled fishpond. Fishpond water quality was assessed by calculating water
exchange rates, residence times, salinity distribution, and abundance of microbial indicators prior
to and after restoration. We hypothesized that R. mangle removal and concomitant reconstruction
of sluice gates would increase mixing and decrease bacterial indicator abundance in the fishpond.
We find that He’eia Fishpond’s physical environment is primarily tidally driven; wind forcing and
river water volume flux are secondary drivers. Post-restoration, two sluice gates in the northeastern
region account for >80% of relative water volume flux in the fishpond. Increase in water volume flux
exchange rates during spring and neap tide and shorter minimum water residence time corresponded
with the reconstruction of a partially obstructed 56 m gap together with the installation of an
additional sluice gate in the fishpond wall. Lower mean salinities post-restoration suggests that
increased freshwater water volume influx due to R. mangle removal. Spatial distribution of microbial
bio-indicator species was inversely correlated with salinity. Average abundance of Enterococcus and
Bacteroidales did not significantly change after restoration efforts, however, average abundance of a
biomarker specific to birds nesting in the mangroves decreased significantly after restoration. This
study demonstrates the positive impact of biocultural restoration regimes on water volume flux into
and out of the fishpond, as well as water quality parameters, encouraging the prospect of revitalizing
this and other culturally and economically significant sites for sustainable aquaculture in the future.

Keywords: mariculture; aquaculture; community restoration; conservation ecology; Native Hawaiian
fishpond; microbes; microbial source tracking
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1. Introduction

1.1. Native Hawaiian Fishpond Mariculture and Food Security

As the catch rate of our global fisheries levels off due to degradation of the environment and
collapse of specific fish populations, the demand for aquaculture production of fish is projected to
increase markedly [1]. Concerns over sustainable food production have brought indigenous models of
resource management to the fore. Hawai‘i currently imports about half of our seafood [2] and local
aquaculture is estimated to supply only ~20,000 lbs (9072 kgs) annually [3], but this was not always the
case. For centuries, Native Hawaiians developed marine aquaculture that utilized natural enrichments
via freshwater from surface and submarine groundwater discharge in managed estuaries, called loko i'a
(fishponds) [4]. Loko i'a kuapa (walled fishponds) were intentionally built in natural embayments at the
interface of freshwater streams and the ocean where nutrients from streams promoted the growth of
primary producers in constrained brackish ecosystems. The kuapa (walls) regulates freshwater inflow to
makaha (size-slotted sluice gates), creates a low wave energy environment within the loko i‘a, impedes
water volume flux into and out of the loko i‘a and ensures that a minimum volume of water is retained
in the loko i‘a at all times, especially at extremely low tides. Where water volume flux (m3 s~1) is the
volume of water passing through each makaha over time. Water volume flux can be in to or out of
the loko i‘a, depending on makaha, tidal stage and other environmental conditions. In this system,
unicellular photosynthetic microbes form the base of a complex food web that yield energetically
efficient protein production of crustaceans and herbivorous fish species. Kia'i loko i'a (fishpond stewards)
practiced stock enhancement, leveraging knowledge of juvenile fish migration to trap target species
behind makaha until reaching maturity and preventing entry of large predators. In addition, kia‘i loko
regulate water volume flux or harvest fish by blocking makaha. It is estimated that loko i‘a in Hawai‘i
could have yielded approximately 2 million pounds of fish per year total historically [5,6].

1.2. The Legacy of Land Use Change and Invasive Species on loko i

Physical changes (development, disuse, sedimentation, storm damage) and biological invasions
have dramatically altered many loko i‘a. Beginning in the 1800s, a shift from subsistence to plantation
economy led to erosion and siltation of the nearshore environment. In an attempt to mitigate and
stabilize these impacts, mangroves were introduced to Hawai‘i in 1902 [7]. Mangroves are highly
appreciated in their native habitats for the ecosystem services they provide: shoreline protection
and sediment stabilization [8], litterfall subsidy [9] and provision of nursery grounds [8]. Thus, by
modifying their environment, mangroves have cascading effects for resident biota, acting as important
ecosystem engineers.

However, in Hawai‘i, mangroves have caused a variety of negative ecological and economic
impacts that motivate their removal [10]. Mangrove’s preference for halotypic ecotones favor their
growth in estuaries with their root systems obstructing makaha, decreasing water volume flux, flushing,
and circulation of loko i‘a and the streams that feed them [11-13]. Instead of sandy habitats, mangrove
vegetated areas have high sedimentation rates and anoxic sediments due to bacterial decomposition
of mangrove leaf detritus [11,14]. Moreover, mangrove drawdown of nitrogen and phosphate and
decrease dissolved oxygen from overlying waters, potentially inhibiting primary production rates in
loko i‘a [13]. Importantly, the absence of mangrove feeding specialists in Hawai‘i has resulted in the
poor assimilation of mangrove-derived nutrients from introduced stands [15] because detritivores
native to Hawai’i are not adapted to utilizing mangrove detritus, which tends to be tannin-rich and
nitrogen-poor [16].

Post-World War II, a combination of urbanization, the introduction of invasive species, stochastic
events (e.g., storms, floods, tsunamis and lava flows) led to deterioration of loko i‘a across the state [6].
By 1977, only 28 loko i‘a were still in production, and by 1985, merely 7 loko i‘a were in commercial
or subsistence use [6]. The loss of actively maintained loko i‘a exacerbated the spread of invasive
mangrove in coastal estuaries [17].
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1.3. Revitilization of loko i’a: He’eia Fishpond as a Model

Driven by a desire to re-establish customary practices, provide economic opportunities to local
communities and improve production of crustaceans and herbivorous fish, a grassroots movement
of loko i‘a restoration has gained momentum since the early 2000s [18-20]. Hui Malama Loko I'ais a
statewide network of indigenous kia‘i loko dedicated to restoring loko i‘a for food production [21].
Loko i‘a restoration generally entails mangrove removal and dry stacking of basalt with coral/rubble
internally. Typical mangrove clearing practices in Hawai‘i include the removal of the above-sediment
mangrove biomass, leaving intact the prop roots and the root-fiber mat within the sediment. Despite
increased loko i‘a restoration across the state, we know of no published data on the effects of mangrove
removal and loko i‘a infrastructure repair on water circulation dynamics and water quality.

Located on the windward side of O’ahu Island, Hawai‘i (Figure 1A), He’eia Fishpond (also known
as Pihi Loko I'a) is a loko i‘a kuapa estimated to have been built 600-800 years ago atop the Malauka‘a
fringing reef [22] and has been at the forefront of loko i‘a restoration in Hawai‘i. Rhizophora mangle
was introduced to the He’eia estuary in 1922 to control runoff from upstream agriculture and stabilize
sediments [11,15]. The circulation and water volume flux patterns within He’eia Fishpond were
compromised during the Keapuka Flood, which occurred in 1965. The highest discharge rate on
record from Ha‘ik@ and ‘Toleka‘a streams occurred during the Keapuka Flood [23] on May 2, 1965.
Flood waters first broke the kuapa in the northwestern sector adjacent to He’eia Stream, creating a 183
m opening in the loko i‘a. Historical tidal data [24] indicate that the flood likely occurred during a
perigean spring tide (a. k. a. King Tide), thus the 56 m break in the kuapa on eastern seaward side as
well (Figure 1B, “Ocean Break”) likely resulted from build-up of internal pressure within the loko i‘a
coupled with an extremely low tide outside the loko i‘a.
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Naots | oy pianoaiahurTriple akana
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Figure 1. Study site: He’eia ahupua‘a and He’eia Fishpond. (A) The He’eia ahupua’a (social-political
governance unit, usually organized along watershed boundaries) is located on the northeast/windward
side of O'ahu Island, HI. He’eia ahupua‘a is outlined in yellow, He’eia Stream (blue line) originates as
Ha’ikt Stream near the ridgeline of the Ko‘olau Mountains and converges with Ioleka’a Stream before
entering Hoi wetlands and flowing into and past He’eia Fishpond (shaded red) into Kane‘ohe Bay.
Weather stations on Moku o Lo’e and Luluku (HI15) rain gauge are indicated by white dots (map
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downloaded from USGS National Map Viewer). (B) Bio-cultural restoration over the course of this
study. Freshwater and marine inputs into He’eia Fishpond via makaha (sluice gate) locations and
names, yellow: community stewards Paepae o He’eia, white: He’eia Coastal Ocean Observing System;
time period of this study (black line) in the context of the chronosequence of mangrove removal and
wall rebuilding. From 1965- 2015 a 100 m break in the kuapa (C) altered flow patterns in the loko
i‘a. From 2014-2015, Paepae o He’eia (POH) and community volunteers repaired the kuapa and
built a makaha (Kahookele) (D). (E) From 2014-2017, POH removed invasive R. mangle and repaired
kuapa and makaha infrastructure on the north quadrant of the loko i‘a bordering He’eia Stream (photo
courtesy of Samual Kapoi).

As a result of the shift from a constrained to a radically unconstrained system, the fundamental
functioning of the loko i‘a has changed: the volume became strongly tidally dominated and fish
production using customary mariculture techniques could no longer be practiced. A dense mangrove
forest around the mouth of He’eia stream expanded into the loko i‘a, growing along and eventually
obscuring the kuapa and effectively decreasing the amount of water exchange. Sediment loading
from He’eia Stream, agriculture and urbanization overwhelmed the original mechanisms by which
material was flushed out of the loko i‘a [25]. The average loko i‘a depth is ~1 m, due to progressive
accumulation of terrigenous particulates on the coral benthos, accelerated by a dense mangrove
root mass [26]. Increased salinity, organic matter, and turbidity may have facilitated a shift in the
biological diversity and composition of the loko i‘a away from desirable aquaculture species and
toward invasive macroalgae.

Though limited kuapa repair over the last 25 years has enabled conventional net pen aquaculture
in the loko i‘a, the ecosystem became steadily more eutrophic. In 1988, Mark Brooks leased the property,
installing a 0.9 m retaining wall of cement cinder blocks in Ocean Break that reduced the tidal influence
and prevented water exchange except at spring tides (Figure 1C). In addition, a previous flood in
1927 deposited a portion of the kuapa into the interior of the loko i‘a creating a mangrove stand
where introduced cattle egrets (Bubulcus ibis) established a rookery (Figure 1B). In 2017 an estimated
2000-3000 cattle egrets dwelled in this mangrove stand. The potential for human and animal health
impacts from microbial contamination is a central concern in maintaining an ecologically balanced
and productive loko i‘a [27,28]. Limited circulation within He’eia exacerbates this issue, particularly
given the rich source of guano and nutrients produced by the egret colony.

Since 2001, the Native Hawaiian non-profit organization Paepae o He’eia has sought to foster
cultural sustainability and restore and maintain a thriving loko i‘a for the local community by linking
traditional knowledge and contemporary management practices. As the compromised makaha system
made regulation of fish migration and recruitment impossible, Paepae o He’eia initially centered their
aquaculture activities around high-density cultivation in quarter-acre net pens. From 20062009 Paepae
o He’eia produced approximately 1.2 metric tons of Pacific threadfin. However two events massive
fish mortality events in 2009, prompted a re-evaluation of the use of conventional rearing techniques in
He'eia Fishpond. Repairing the kuapa would eliminate the need for net pen aquaculture, enabling fish
stock to move throughout the entire loko i‘a toward cooler and /or more oxygenated areas in response
to future environmental stress. Paepae o He’eia hypothesized that consistent freshwater input and
nutrients, via functional makaha would increase primary productivity and subsequently increase the
biomass of native herbivores in the loko i‘a.

1.4. Biocultural Restoration of He’eia Fishpond: 2012-2018

Biocultural restoration from 2012 to 2018 targeted two areas: the gap in the seaward kuapa and
the section bordering He’eia Stream (Figure 1B). The restoration phase involving repair of the 56 m
kuapa gap (Ocean Break) spanned 20142015 and was known as Pani ka puka (Shut the door). Kia‘i loko
used traditional external materials (pohaku pele, basalt rock) and a mix of traditional and contemporary
internal materials (ko‘a, coral rubble, and remnant cinder blocks) to coordinate rebuilding of the north
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and south segments of the broken kuapa to meet in the middle. Rather than rebuild a continuous
kuapa spanning the entire seaward side, Paepae o He’eia elected to install a new makaha (Kaho’okele)
to increase loko i‘a circulation, increase oxygenation of the water column, and promote recruitment of
marine species (Figure 1C,D). Makaha site selection was based on empirical kia‘i loko observations of
areas with the highest abundance and diversity of marine life (e.g., fish, oysters, macroalgae, sponges).

With the help of over 50,000 community volunteers, Paepae o He’eia has resurrected over 2 km
of kuapa along its historical footprint and progressively removed invasive R. mangle (Figure 1B-E).
Historically, the volume and location of surface water input into He’eia Fishpond from the Hoi wetland
and He’eia Stream was confined to water volume flux through makaha. After the 1965 Keapuka flood,
however, damage to the kuapa and subsequent R. mangle growth resulted in an attenuated and diffuse
flow of fresh water into the loko i‘a. Over this period of this study, Paepae o He’eia commenced
kuapa restoration along He’eia Stream and concomitant mangrove removal (Figure 1E) in order to
alter the path of surface water into the loko i‘a. Kia‘i loko posited that restoring the wall and makaha
would increase the rate of water exchange and flow rate, which might improve fish passage into the
estuary. R. mangle was initially removed from the remnant kuapa and nearby loko i‘a interior by
clear-cutting and incineration on site. With the exception of 20142015, the mean rate of restoration
was 154.84 & 17.33 m year !, totaling 619.35 m kuapa (Table S1).

In the present study, we partnered with Paepae o Heeia, kiai loko of He’eia Fishpond, to assess
the impacts of restoration from 2012-2018. We have addressed the following questions: (1) How
does kuapa infrastructure repair, including mangrove clearance around the loko i‘a periphery, affect
circulation dynamics in He’eia Fishpond? (2) How does the potential for increased freshwater and
ocean water volume flux alter the overall salinity distribution in the loko i‘a? and (3) How do
these changes in the physical characteristics of water in the loko i‘a alter microbial bioindicators for
fecal contamination?

2. Methods and Materials

2.1. Study Site

He'eia Fishpond (21°26/10.74” N, 157°48/28.05”W) is a 0.356 km? embayment located on the
windward side of O’ahu Island, Hawai‘i (Figure 1A). The loko i‘a is completely enclosed by 2.5 km
of kuapa and is bordered by Kane‘ohe Bay to the south and east, He’eia Stream to the north, and
a remnant irrigation ditch (auwai) running longitudinally along its entire west bank. The Ha'ika
Stream near the ridgeline of the Ko’olau Mountains converges with the ‘Ioleka’a Stream and becomes
He’eia Stream before entering the Hoi wetland. Within the Hoi wetlands, a portion of He’eia Stream
is diverted through a network of auwai, irrigating taro patches. At the terminus of the watershed,
He’eia Stream historically splits, either flowing south in the auwai that parallels He’eia Fishpond or
east toward Kane’ohe Bay. A forest of R. mangle occupies the northwest and western periphery of
He’eia Fishpond.

Makaha are interspersed along the kuapa, connecting the loko i‘a to exterior water sources and
regulating surface and seawater exchange with the loko i‘a (Figure 1B, Table 1). Hereafter, names
of makaha follow the convention used by Paepae o He’eia in 2018. Designations from previous
studies [29,30] are also given. For the past 50 years, makaha channels in He’eia Fishpond have had
concrete floors with vertical walls composed of basalt and coral rubble with either a semi-permeable
barrier fence or grid constructed from wood or plastic (Figure 2). With the exception of Kaho’okele,
the floor of the makaha are slightly higher than the natural bottom of the loko i‘a. All fieldwork
was conducted with the permission of Paepae o He’eia and the private landowner, Kamehameha
Schools (Joey Char, Land Asset Manager, Kamehameha Schools Community Engagement and
Resources Division).
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Table 1. Makaha names (post-restoration/pre-restoration), latitude and longitude, compass heading,

width (m).
Makaha Latitude Longitude Heading Width (m)

Hihimanu/Ocean Makaha 2 21.4357389 —157.80531 111°/291° 2.00
Kaho’okele/Ocean Break 21.4372333 —157.80583 80°/260° 3.05
Nui/Ocean Makaa 1 21.4384222 —157.80675 63°/243° 6.48
Kahoalahui Kealohi/Triple Makaha 1 21.4396667 —157.80993 48°/228° 1.88
Kahoalahui Ko‘a Mano/ Triple Makaha 2 21.4396667 —157.80993 48°/228° 1.78
Kahoalahui Kekepa/Triple Makaha 3 21.4396667 —157.80993 48°/228° 1.55
Wai 1/River Makaha 3 21.4386034 —157.81072  310°/130° 2.18
Wai 2/River Makaha 2 21.4379231 —157.80782  290°/110° 1.85
Diffuse flow region/River Makaha 1 21.4386583 —157.81077 n/a n/a

2.2. Water Volume Flux and Volume Change Calculations

To evaluate the current direction (°), water level (m) and water velocity (m s~ 1) into and out of
the loko i‘a, Sontek Argonaut Shallow Water (SW) Profilers (SonTek, San Diego, CA, USA) and battery
housings were deployed in each makaha for 7 days (Figure 2, Table S1). Each instrument packet was
oriented facing into the channel and mounted to 0.7 x 0.7 m metal mooring with ~25 kg weights
and placed at the bottom of each makaha channel. Measurements were recorded every 20 s with an
averaging interval of 10 s. The blanking distance was set to the minimal amount of 0.07 m, as the mean
water column was <0.50 m. Over this period, one full neap and spring tide were measured. Water
volume flux data and water velocity measurements (m s~!) acquired from the Sontek Argonaut SW
Profiler were used to generate rating curves for each makaha at (spring flood tide, SF; spring ebb tide,
SE; neap flood tide, NF; and neap ebb tide, NE) using the following equation:

¢ =wdv (1)

where ¢ is the water volume flux, w is the respective makaha width (m), d is the water level vector
(m) changing over time with the tide, and v is the water velocity (m s~!) through the makaha
channel [29,30]. Rating curves were fitted using a poly-fit function with a best-fit line and 95%
confidence intervals in Matlab (The MathWorks Inc., Natick, MA, USA). To account for bidirectional
water flow in the makaha due to tidal forcing, water volume flux was determined for an entire tidal
cycle at the following tidal stages: SF, SE, NF, and NE. The cycle with the largest tidal amplitude
was selected for spring tide, while the cycle with the lowest tidal amplitude was selected for neap
tide. The data set was split into flood (from pressure minimum to pressure maximum) and ebb tide
(from pressure maximum to pressure minimum) based on tidal stage.

Based on the water volume flux, mean and maximum flow through each makaha were calculated
for four tidal cycles (SF, SE, NF, NE). Peak water volume flux occurs mid-way between slack tides, thus
the water level to water volume flux relationship, the rating curve, typically resembles a “C” curve or
vertical sine function. To account for varying tidal cycle length caused by mixed semidiurnal tides in
Kane’ohe Bay, individual makaha flow rates were normalized by calculating the total volume of water
(m®) moving through a makaha channel at a given tidal cycle and the hourly water volume flux rate.
Here, water volume flux values for Kahoalahui/Triple Makaha were calculated by tripling the flow
measurements at the northernmost makaha channel (Kealohi).

Precipitation, tidal state, wind direction, and wind speed were used as criteria for selecting pre-
and post-restoration dates for comparison (Table S3). Daily (cm 24 h~1) and cumulative precipitation
over 4 days (cm 96 h~1) were obtained from the NOAA Luluku (HI15) rain gauge station [31].
Mean stream streamflow (mean m® s~! 24 h~!) was calculated using data from US Geological Survey
discharge station (Ha‘ika Station #16275000) obtained from [32]. Wind direction and magnitude was
determined from automatic weather station Moku o Lo’e (21.4339° N, 157.7881° W), 1.5 km from He’eia
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Fishpond [33]. A sea level gauge with a water temperature probe, located ~ 10 m offshore of the
weather station at a depth of ~ 1 m, was used for tidal data [33].

Spring Flood Spring Ebb Neap Flood Neap Ebb

S 09

Nui

e
s

o 06

— 05

2 4 6
Water volume fux m/sec)

0% 8 s 10 %% s

a4
Water volume flux (m”/sec)

Kaho‘okele

4 5 %% -

3
Water volume flux m/sec) Watervolume fux m/sec)

Kahoalahui

o o8 1A 08 [ 1A 08 o 04 02 0
Water volume fux m/sec) Water volume fux m/sec) Water volume fux m/sec) Water volume flux (m/sec)

thin anu

s 1% 08
1 08 08 04 02 0

04 08 o
A Watervolume flux (sec)
Water voume fux im/sec)

06
Water volume flux (m/sec)

o R

08 1% a8 08 04 02 o

1% 08 6 04 4 o8 )
Water volume flux (m/sec) Water volume fux m/sec) Water volume flux (m/sec)

02 o1 o o1 02 02 o1 o o 0z 02 02 02

1 01 0z
Water volume fux m/sec) Water volume flux (m/sec) Water volume fux m/sec) Water volume flux (m/sec)

Figure 2. Post-restoration rating curves at each makaha over various tidal stages. Water volume
passing through makaha (sluice gates) as the tide varies (height above the sensor), e.g., during spring
flood, water height value is lowest and increaes as tide rises, while during spring ebb water height
values are highest and decrease as tidal heigh drops; similarly, for neap flood and ebb. Each point
represents the height taken in 20-second intervals over period between successive high and low tides
(~6 h). Water volume flux (m> s~1) relative to the water level (m) is shown for all 6 makaha, ‘best fit
line’ in red, 95% confidence intervals, dashed pink line. Positive values indicate water volume flux into
the loko i‘a and negative values indicate water volume flux out of the loko i‘a.

Loko i‘a volume was calculated using 728 bathymetric depth measurements taken in 2007
normalized to mean low low water from a reference HOBO® water level logger (Onset, Bourne,
MA, USA) deployed at an interior site (21.43466° N, W 157.80699° W) that recorded tidal fluctuations
during bathymetry mapping [26,34]. In 2018, we redeployed a HOBO® water level logger at the same
location to recollect reference water level data over a 10-day period. The reference pressure data was
corrected for atmospheric pressure fluctuations using a second HOBO logger situated on land to record
atmospheric pressure fluctuations reference to adjust for differences in tidal amplitude between pre-
and post-restoration.

To calculate post-restoration loko i‘a volume, the difference in reference tidal state from
pre-restoration (2007) and post-restoration (2018) was applied to the bathymetry dataset at SF, SE, NF,
NE tidal states with Station Moku o Lo‘e as a reference. A rectangular grid with ~1 m spacing and
a natural neighbor interpolation was adopted to estimate depths in between measured bathymetry
points in Matlab. For each tidal state, a trapezoidal rule was used with no smoothing applied. The small
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mangrove island located in the northwest quadrant of the loko i‘a was excluded from our calculations.
We assume that there is no change in bathymetry over the course of the study.

To derive minimum residence time in He’eia Fishpond, the amount of water exchanged during
ebb flood transition was calculated for neap and spring tide using the following equations [30]:

Heeia Fishpond Volume Exchanged (spring high tide — spring low tide)

HFS =
THES Heeia Fishpond Volume (spring high tide)

@

Heeia Fishpond Volume Exchanged (neap high tide — neap low tide)

THEN = Heeia Fishpond Volume (neap high tide)

®G)

where Tyyfg is minimum residence time during spring tide and Tygy is minimum residence time during
neap tide. To determine residence time, the following assumptions were made: loko i‘a water column
is mixed uniformly, all flood and ebb tides are 6 h long, and makaha are the only source of water
exchange with the following equation:

@*=0.01 “4)

where @* is the percentage of water remaining after 1 flushing cycle (12 h) and x is the residence time
in flushing cycles to mix the initial water to a 1% dilution.

2.3. Water Quality Sampling Regime

This study utilized on-going efforts by Na Kilo Honua o He’eia (http:/ /nakilohonuaoheeia.org),
a He'eia coastal ocean observing research collective at the University of Hawai‘i at Manoa that has
carried out monthly sampling at He’eia Fishpond since 2007 [29]. To minimize the variability of physical
and chemical characteristics of the loko i‘a due to tidal exchange, all samples were collected during
neap tide over a period of 3—4 h The pre-restoration sampling grid was composed of 10 stations within
the loko i‘a, P1—-P10, whereas the post-restoration sampling grid was composed of 11 stations within
the loko i‘a, L01—L11, and one at each of the makaha, M01—MO06 (Table S3) Pre-restoration sampling
dates in 2014 and post-restoration dates from 2017 were selected to minimize variation in precipitation
and stream discharge (Table 54). Reference endmembers for oceanic input were taken outside the
kuapa at Kaho’okele/Ocean Break, E01, whereas endmembers for surface freshwater were collected
in He’eia Stream between the Hoi wetland and He’eia Fishpond outside the kuapa, E02. To minimize
the disturbance of the water column and benthos prior to measurements, stations were approached
against prevailing currents and winds. Salinity was measured using a YSI Professional Plus (ProPlus)
multiparameter sonde (YSI Xylem Brand, Yellow Springs, OH). At each station, a measurement was
taken ~ 5-10 cm below the water surface (“surface”) and 5-10 cm above the benthos (“bottom”) by
allowing the instrument reading to stabilize for 2-3 minutes before recording values.

Eleven stations were selected for discrete sampling for microbes: Kaho’okele/Ocean Break, Wai 1,
and 9 stations in the loko i‘a interior. Pre-restoration (P01-P10, Ocean Break) and post-restoration
(L01-L03, L06-L11, Kaho'okele, Wai 2) locations differed slightly (Table S4, Figure 5A). At each station,
1L polycarbonate bottles were acid washed and rinsed with ambient surface water three times, before
immersion at the surface to fill the bottle completely. Samples were stored at 4 °C and processed within
2 h of collection. Seawater was filtered through a 47 mm diameter, 0.45 um filter (MCE, Millipore,
Sigma, Burlington, MA) and stored at —80 °C prior to DNA extraction.

2.4. Microbial Source Tracking

Total genomic DNA (gDNA) was extracted from filters using the PowerWater DNA Extraction
kit (QIAGEN, Germantown, MD, USA) following the manufacturer’s instructions. Quantitative
PCR (qPCR) was used to determine the abundance of bacterial 165 rRNA genes from mammalian
fecal indicator bacteria Enterococcus using assay Enterola [35-37] and Bacteroidales using assay
GenBac3 [38-40]. Quantification was performed with the KAPA PROBE FORCE qPCR system
(Wilmington, MA, USA) using KAPA PROBE FORCE qPCR Master Mix (20 uL reactions), 400 nM
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specific Tagman primers (Table 2) and template gDNA diluted 1:5. Standards were run in triplicate
using an 8-point, 5-fold serial dilution. Cycling parameters for all assays were: 95 °C for 2 min,
45 cycles of 95 °C for 15 s and annealing/extension at 60 °C for 30 s Ct values were converted to
concentrations per 100 mL using the manufacturer’s software. The standards used for the Enterola
and GenBac3 assays were genomic DNA extracted from Enterococcus faecalis strain V583 (ATCC®
700802D-5™) and Bacteroides thetaiotaomicron strain VPI 5482 (ATCC® 29148™), respectively.

Primers previously shown to detect avian fecal contamination in water [41] were tested on
B. ibis fecal DNA (Table 2). Briefly, fecal material was collected from birds present on the small
mangrove island on the loko i‘a interior. Total genomic DNA was extracted from avian feces using
the DNeasy PowerSoil Kit (QIAGEN, Germantown, MD) following the manufacturer’s instructions.
qPCR using GFC primers targeting the 165 rRNA gene from Catellicoccus marimammalium used the
KAPA SYBR FAST qPCR system (20 uL reactions), 400 nM primers, and gDNA diluted 1:5. Cycling
parameters were as follows: 95 °C for 3 min for enzyme activation, followed by 40 cycles of 95 °C for
3 s and annealing/extension at 60 °C for 20 s Ct values were calculated as previously described with
uncultured Catellicoccus sp. 165 TRNA gene, partial sequence (Genbank accession number JN084062)
used as a standard.

Table 2. The 165 rDNA oligos used in this study.

Target Primer Sequence References
Enteroccocus Enterolaf AGAAATTCCAAACGAACTTG [35-37]
Enterolar CAGTGCTCTACCTCCATCATT [35-37]
Enterolap 6-FAM™ /TGGTTCTCT/ZEN™/CCGAAATAGCTTTAGGGCTA/IB®FQ/  [35-37]
Bacteroidales GenBac3f GGGGTTCTGAGAGGAAGGT [38-40]
GenBac3r CCGTCATCCTTCACGCTACT [38-40]
GenBac3p 6-FAM™ /CAATATTCC/ZEN™ /TCACTGCTGCCTCCCGTA /IB®FQ/ [38-40]
Catellicoccuis GFCf CCC TTG TCG TTA GTT GCC ATC ATT C [41]
marimanmaliun ey GCC CTC GCG AGT TCG CTG C [41]

2.5. Statistics

Statistical significance for pre- and post-restoration events was determined with a pairwise
Welch’s t-test to account for differences in variance. Mean baseline events pre-restoration and mean
baseline events post-restoration for salinity and log-transformed numbers of microbial biomarker
abundance were compared with the t-test for statistical significance in R (R Foundation for Statistical
Computing) with the p-value for statistical significance set to p < 0.05. In addition, correlation of
GFC/GenBac3/Enterola distribution with salinity, date, and location was tested using a generalized
additive mixed model (GAMM) in R (R Foundation for Statistical Computing). Mean baseline salinity
and log-transformed numbers of microbial biomarker abundance pre- and post-restoration was plotted
with a contour plot function in Matlab (The MathWorks Inc., Natick, MA, USA).

3. Results
3.1. Restoration from 2014-2018 Shifted Relative Water Volume Flux Contributions of Each makaha

3.1.1. Characterizing makaha Water Volume Flux Post-Restoration (2018)

Four makaha along the eastern kuapa (Hithimanu, Kaho’okele, Nui, Kahoalahui, Figure 2) were
assumed to have bi-directional flow mediated by the semi-diurnal tidal cycle in Kane’ohe Bay. Three
makaha in the north and northwest sectors of He’eia Fishpond were documented since the early 1900s
to provide conduits for surface water inputs into the loko i‘a (Figure 1B). Wai 1 and Wai 2 were restored
over the course of this study. Wai 1 is located closest to the mouth of He’eia Stream and allows the
bidirectional exchange of fresh and oceanic water [30], whereas Wai 2, located 100 m upstream, has a
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unidirectional flow of surface water into the loko i‘a. The most upstream makaha was destroyed
during flood events in 1927 and 1965 and has not yet been restored and, measurements with current
meters in this area were not possible.

Precipitation and stream discharge were used as criteria to select water volume flux measurements
sampling dates with similar meteorological conditions pre- and post-restoration (Table S3). While daily
rainfall ranged from 0.05 cm to 1.32 cm in 2012 (pre-restoration) (mean 0.76 £ 0.6 s.d. cm), it ranged
slightly higher from 0 cm—2.29 cm (mean 1.23 £ 0.87 s.d. cm) in 2018 (post-restoration). Similarly,
Ha’ikii Stream discharge ranged from 0.04 m® s 1-0.07 m® s~! (mean 0.06 & 0.013 s.d. m® s~ 1) in
2012 (pre-restoration), and from 0.06 m® s71-0.11 m® s~! (mean 0.085 4 0.03 s.d. m® s!) in 2018
(post-restoration). Wind direction ranged from E to NE (average wind direction ~50°) with magnitude
ranging from 10 to 13 knots pre-restoration and from E to NE (average wind direction ~60°) with
magnitudes of 3-13 knots post-restoration.

As each makaha was constructed at varying heights from the loko i‘a substratum, flood tide
onset and end were defined as low slack water (LSW, water volume flux = 0 m® s 1) tide stage and
high slack water (HSW, water volume flux = 0 m® s~ 1), respectively. Conversely, ebb tide onset and
end were defined as HSW and LSW, respectively. LSW levels range from 0.2 m at Kahoalahui to 0.65 m
at Kaho’okele and Wai 1. HSW levels range from ~0.5 m at Kahoalahui to 1.1 m at Kaho’okele. The
consistently high water level at Wai 1 likely due to continuous baseline stream flow into the loko
i'a. We note that Wai 2 exhibits an atypical rating curve as a wooden board in the makaha restricts
discharge into the loko i‘a only when water levels are higher than the board (Figure 2, Wai 2).

Mean and peak water volume flux were highest during flood tides at all makaha. The fastest
mean water volume flux (4.18 m® s~! at SF and 2.26 m® s~! at NF) and peak water volume flux
(9.70 m® s~1 at SF and 5.41 m® s—! at NF) were recorded at makaha Nui (Table 3). In addition, flood
tidal cycle duration was shorter than ebb at all makaha at both Spring and Neap, mean tidal duration
was 5.23 £ 1.20 s.d. h.and 8.00 £ 0.84 s.d. h for SF and NF, respectively, whereas mean tidal duration
was 6.09 £ 0.73 s.d. h and 15.67 £ 1.38 s.d. h for SE and NE, respectively. Taken together, the shorter
lag time at high water vs. low water, longer-duration dropping tides and stronger flood than ebb
currents suggest that He’eia Fishpond is a flood-dominant system.

Table 3. Water volume flux (WVF) dynamics in He’eia Fishpond post-restoration (2018).

Mean Peak WVF  Tidal Cycle Cum. F Jux WVF Rate Volume Relative
WVF @®s 1) Length (h) per Tidal (@ h—1) Exchanged per WVE
(m®s~1) 8 Cycle (m3) Tidal Cycle (m?)

Spring Flood 191660 31778 191660 100.00%
Wai 2 0.05 0.16 443 840 190 840 0.44%
Wail 0.40 0.93 4.55 7140 1569 7140 3.37%

Kahoalahui 1.47 2.76 4.36 24420 5601 24420 12.74%

Nui 4.18 9.70 6.29 97800 15548 97800 51.03%
Kaho'okele 2.02 4.69 7.29 54380 7460 54380 28.37%
Hihimanu 0.39 0.95 5.02 7080 1410 7080 3.69%
Spring Ebb —174880 —30851 —174880 100.00%
Wai 2 0.07 —0.09 5.50 1560 284 1560 —0.89%
Wail —0.32 —0.63 6.32 —7600 —1203 —7600 4.35%
Kahoalahui —0.87 —1.86 6.31 —20220 —3204 —20220 11.56%
Nui —3.60 —4.86 5.53 —76320 —13801 —76320 43.64%
Kaho’okele -1.10 -3.12 5.50 —67520 —12276 —67520 38.61%
Hihimanu -0.17 —-0.43 7.35 —4780 —650 —4780 2.73%

Neap Flood 141384 16717 141384 100.00%
Wai 2 0.05 0.20 7.41 1300 175 1300 0.92%
Wail 0.32 0.98 8.29 9720 1172 9720 6.87%

Kahoalahui 0.51 1.08 7.31 13620 1863 13620 9.63%
Nui 2.26 541 9.46 78744 8324 78744 55.70%
Kaho’okele 135 2.52 7.30 36440 4992 36440 25.77%
Hihimanu 0.05 0.24 8.20 1560 190 1560 1.10%
Neap Ebb —159938 —10584 —159938 100.00%
Wai 2 0.88 —0.09 17.46 5640 323 5640 —3.53%
Wail -0.17 —0.57 15.50 —9880 —637 —9880 6.18%
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Table 3. Cont.

Mean Cum. Flux Volume

WVF P(e;l; :\_IY)F {l:l:l tiy(;l)e per Tidal V:ln:thIia;t)e Exchanged per R‘e/\l]e;tlll:re
(m®s~1) 8 Cycle (m?) Tidal Cycle (m?)
Kahoalahui —0.30 -0.9 15.50 —17100 —1103 —17100 10.69%
Nui —1.60 —3.19 14.09 —81298 —5770 —81298 50.83%
Kaho’okele —0.86 —1.80 17.10 —53280 —3116 —53280 33.31%
Hihimanu —0.08 —0.25 14.34 —4020 —280 —4020 2.51%

3.1.2. Changes in Relative Water Volume Flux Post-Restoration

We evaluated the relative contribution of each makaha to loko i‘a water exchange during SF, SE,
NE and NE in order to gain insight into how restoration altered circulation in He’eia Fishpond. Prior
to restoration, Ocean Break, the 0.9 m elbow wall bridging the 56 m gap in the eastern kuapa was lower
than the adjoining sections of wall, restricting water exchange to high tidal stages, when the water
level exceeded the height of Ocean Break. Restoration resulted in a significant shift in water exchange
in the seaward kuapa. The spatial pattern of flushing in He’eia Fishpond remains dominated by the
makaha in the northeast quadrant of the loko i‘a for all tidal stages. Nui, Kaho’okele, and Kahoalahui
together account for 92% of the water exchanged at spring flood, 94% at spring ebb, 91% at neap flood
and 95% at neap ebb tide whereas the southern and eastern edges of the loko i‘a experience relatively
low flushing.

When comparing site-specific water volume flux rates pre-restoration (2012) to post-restoration
(2018), it becomes evident that the relative magnitude of water volume flux specific to each makaha
changed due to restoration practices: The total amount of water volume exchanged in a complete
tidal cycle decreased from 241,413 m’ pre-restoration to 194,700 m? post-restoration for flood tide
and decreased from —241,685 m3 pre-restoration to —173,080 m3 post-restoration for ebb tide
(Table 4). Pre-restoration, Ocean Break facilitated the largest amount of volume exchange contributing
approximately ~80% to total water exchange at both flood and ebb tidal cycles (81.94% for flood,
79.76% for ebb) with mean water velocities of 11.53 m3 s~ and —13.55 m® s~ 1 [42]. Pre-restoration,
Nui contributed the second largest amount of volume exchange with 12.88% for flood and 11.12% for
ebb tide and mean velocities of 1.75 m® s~! and —0.5 m® s~! [42]. While contributing only 10% to
water exchange pre-restoration, post-restoration Nui is presently the site with largest water volume
exchange. Post-restoration, Nui facilitated about half of the volume exchanged (50.24% at flood tide,
44.1% at ebb tide, Figure 3) with much higher mean water volume flux of 418 m® s~! and —3.6 m®s~!
(Table 4) than pre-restoration. In contrast to pre-restoration, Kaho’okele now accounts for the second
largest volume exchanged (27.93% and 39.01% for flood and ebb tide respectively, Figure 3) with lower
mean water volume flux of 2.02m3 s~ and —1.1 m® s~! compared to pre-restoration. Kahoalahui is
composed of three individual makaha post-restoration and together they account for the third largest
water volume—roughly 10% of contribution to total water volume flux. The relative contribution in
the magnitude of Kahoalahui increased about six-fold for flood tide and five-fold for ebb tide from
pre-restoration to post-restoration (from 1.71% to 12.54% for flood tide and 2.41% to 11.68% for the ebb
tide, Table 4). Hthimanu did not experience significant changes due to restoration: While accounting
for 1.69% at flood and 2.03% for ebb pre-restoration, it now accounts for 3.61% and 2.76% at flood
and ebb, respectively (Table 4). Mean water volume flux ranged from —0.12 m® s™! to 0.28 m® s~!
pre-restoration and is now —0.17 m? s~ t0 0.39 m® s 1.

143



Sustainability 2019, 11, 161

Table 4. Change in water volume flux (WVF) rates through makaha pre-restoration (2012) and

post-restoration (2018).

Flood Tide Ebb Tide
Pre-Restoration Post-Restoration Pre-Restoration Post-Restoration
Makaha Volume Volume Volume Volume
Exchange Relative Exchange Relative Exchange Relative  Exchanged  Relative
per Tidal WVF per Tidal WVEF per Tidal WVF per Tidal WVF
Cycle (m%) Cycle (m%) Cycle (m%) Cycle (m%)
Wai 2 0.85% 1300 0.67% —5515 2.28% 5640 —3.25%
Wai 1 0.93% 9720 5.10% —5791 2.40% —9880 5.70%
Kahoalahui 1.71% 24420 12.54% —5802 2.41% —20220 11.68%
Nui 12.88% 97800 50.24% —26886 11.12% —76320 44.10%
Kaho’okele/OB 197820 81.94% 54380 27.93% —192780 79.76% —67520 39.01%
Hihimanu 1.69% 7080 3.61% —4912 2.03% —4780 2.76%
Makaha Total 241,413 100.00% 194,700 100.00% —241,685 100.00% —173,080 100.00%
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Figure 3. Relative water volume flux post-restoration dominated by Makaha Nui, and Makaha
Kaho’okele. (A) Makaha reference map. Pre-restoration names are yellow, post-restoration names
are white. (B) Relative water flows through each makaha during spring flood tide; spring ebb tide;
neap flood tide; neap ebb tide. Arrow lengths are visual representations of the relative magnitude of
water volume flux at each makaha, normalized to the total water volume flux for each respective cycle.

Makaha location, filled red circles.

In terms of overall volume exchange, the river makaha continue to play minor roles in water

exchange. In 2018, water volume flux rates measured at Wai 1 were similar to pre-restoration with

a relative water volume flux magnitude of 3-7% and low mean flow rates (Figure 3, Table 4). Water

passing through Wai 1 increased from 0.93% pre-restoration to 5.1% post-restoration for flood tide, and
2.4% pre-restoration to 5.7% post-restoration for ebb tide. Water volume flux increased from 0.09 m3 s
and 0.1 m® s~ pre-restoration to 0.4 m® s~! and 0.32 m® s~! post-restoration. Pre-restoration Wai 2

accounted for 0.85% of water exchange during flood tide and accounts for a slightly decreased water

exchange of 0.67% post-restoration for flood tide. For ebb tide, the water exchange reversed from
2.28% pre-restoration to —3.25% post-restoration. Wai 2 displayed unidirectional flow into the loko
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i‘a, regardless of tidal state with solely positive flow velocities and accounting for the lowest water
volume flux measured.

3.2. Decrease in loko i'a Volume and Residence Time Post-Restoration

The majority of the loko i‘a has relatively uniform and shallow bathymetry of ~0.9 m with the
deeper portions around the mangrove island and Ocean Break [26]. Prior to restoration, water exchange
along the eastern kuapa only occurred when the water depth exceeded the height of the elbow wall
at Ocean Break. Pre-restoration, ~90% of loko i‘a water exchange occurred in the northeast corner
of the loko i‘a via Ocean Break (~80%) and Nui (~10%), suggesting that the eastern half of the loko
i'a was better mixed and less stratified than the western side [30,34]. Water volume exchange before
restoration was also found to be largely tidally driven, with the greatest volume exchange at mid-tide:
~77% during spring tide and ~42% during neap tide.

Given changes in water volume flux in He’eia Fishpond due to restoration, we determined
post-restoration loko i‘a volume and residence time for SE, SE, NF, NE. He’eia Fishpond is deepest
during SF tide (Figure 4A), averaging 0.89 £ 0.12 m with a minimum water depth of 0.63 m in the
center of the loko i‘a and a maximum water depth of 1.46 m around the mangrove island in the
northwestern corner of the loko i‘a. During SE, the maximal volume of the loko i‘a is 264,730 m3
(Figure 4B). The minimum water volume occurs during SE tide when the loko i‘a is 48,060 m® or 20%
of the SF volume (Figure 4B). The mean loko i‘a depth at spring ebb tide is 0.17 m + 0.12 m and ranges
from 0 m in the center to 0.74 m around the mangrove island in the northwestern corner of the loko i‘a.
The NF tidal volume is 149,550 m3, 56% of the SF tidal volume, with a mean depth of 0.50 m 4 0.12,
ranging from 0.25-1.08 m. NE depth ranges from 0-0.79 m, averaging 0.22 4= 0.12 m. NE tidal volume
is 63,160 m®. Restoration regimes resulted in a considerable change of loko i‘a volume from pre- (2007)
to post-restoration (2018): SE tide loko i‘a volume decreased 16,010 m?, SF volume decreased 17,990 m?,
NE volume decreased 14,890 m® and NF volume increased 15,660 m? (Figure 4B). Thus, as a result of
removing the elbow wall and installing a sixth makaha (Kaho’okele), He’eia Fishpond is shallower
and has a lower volume at all tidal states except NE.

We calculated that post-restoration, approximately 82% of the loko i‘a water is exchanged during
the ebb—flood transition at spring tide. During the neap tide ebb-flood transition, 58% of the loko i‘a
water is exchanged. To be consistent with previous work by Young [30], we defined one flushing cycle
as the time that it takes to flush out 82% of loko i‘a water during spring ebb tide and to replenish that
water again with new Kane’‘ohe Bay water during spring flood tide or 12 h Based on the assumption
that the incoming water would mix uniformly with the water remaining in the loko i‘a during the
first flushing cycle (18%), about 3 flushing cycles are required to mix the initial 18% of water to a <1%
dilution. Therefore, the post-restoration minimum residence time of He’eia Fishpond is ~ 32 h or under
3 flushing cycles, and occurs during spring tide when water exchange is maximal. In contrast, when
water exchange is minimal (e.g., neap tides), the maximum residence time is 64 h More than 5 flushing
cycles or 64 h are required to mix the 42% of water retained down to <1% dilution. Water exchange
during ebb flood transition experienced a 4.51% increase (from 77.34% pre-restoration to 81.85%
post-restoration, Table 4) at spring tide. During neap tide water exchange increased 16.06% (from
41.71% pre-restoration to 57.77% post-restoration, Table 4). As a result, minimum water residence time
decreased from 38 h at spring tide pre-restoration to 32 h (~1.5 days) at spring tide post-restoration
and maximal residence time during neap tides decreased from 102 h (~8.5 days) at spring tide
pre-restoration to 64 h (~5.5 days) at spring tide post-restoration.
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Figure 4. Comparison of He’eia Fishpond depth and volume pre- vs. post-restoration over various tidal
stages. (A) Loko i‘a depth (m) for spring flood, spring ebb, neap flood, neap ebb pre-restoration (top
row) vs. post-restoration (bottom row). (B) Loko i‘a volume (m3) for each tidal stage pre-restoration
(grey) vs. post-restoration (black).

3.3. Spatial Salinity Distribution Significantly Altered due to Restoration

The water column geochemistry of He’eia Fishpond is influenced by the mixing of distinct water
masses: surface water from He’eia Stream, whose discharge depends on precipitation; submarine
groundwater discharge, composed of a mixture of fresh water from an underground aquifer and
recirculated seawater [43]; and seawater from Kane’ohe Bay that fluctuates with tidal pumping. Built
at the interface of He’eia Stream and Kane’ohe Bay, He’eia Fishpond exhibits a typical vertical salinity
gradient—a less dense, freshwater lens atop a more dense, saltier water mass—although mixing of
these water masses does occur with increased river flow, winds, and tides. A major motivation for
the biocultural restoration of He’eia Fishpond was to increase the freshwater influence in the loko
i‘a. Kia‘i loko hypothesized that brackish conditions would drive primary production of diatoms—a
major food source for juvenile mullet, which is a target species. Surface and bottom salinities were
measured using a handheld YSI at several locations in He’eia Fishpond (Figure 5A). We selected
two pre-restoration sampling events from 2014 and three post-restoration sampling events from 2017
with similar meteorological conditions (Tables S4 and S5). Salinity measurements from pre- and
post-restoration work was analyzed as an indicator of loko i‘a circulation, mixing, and stratification.

Surface salinity distribution pre- and post-restoration display a strong spatial gradient (Figure 5B,
left panels). The highest salinities in both cases were measured along the ocean-ward kuapa near Nui
and the Ocean Break /Kaho’okele (station P10), while the lowest salinity was measured along He’eia
Stream near Wai 2 (station P3, L07). However, mean pre-restoration salinity was significantly higher
than post-restoration salinity, 27.4 4 4.86 ppt and 20.5 + 10.41 ppt, respectively (p-value < 0.01). With
similar meteorological conditions, these data indicate a weaker freshwater influence and stronger
salinity gradient pre-restoration. Before restoration, the freshwater wedge did not extend past the
western edge of the mangrove island, where salinities ranged from 20-25 ppt (stations P2, P4, P5) and
further west, salinities rose to 25-30 ppt (stations P1, P6, P7, P8, P9). Post-restoration however, salinity
ranged from 0.10-32.59 ppt with the freshwater wedge from the river extended beyond the mangrove
island, which ranged from 15-20 ppt (stations L06, L08, L09), with salinities further west rising to
above 20 ppt (station LO1 and L05) and 25-30 ppt (stations L02, L03, L04, L11, M03). The presence of
strong spatial gradient throughout the restoration process suggests that freshwater from He’eia Stream
is more prevalent along the northwestern side of the loko i‘a, whereas tidal pumping from Kane’ohe
Bay dominates the southeastern side of the loko i‘a.

As expected, bottom waters of the loko i‘a had a higher salinity than the surface, however,
post-restoration salinity exhibited limited gradient structure post-restoration, whereas the loko
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i'a bottom pre-restoration was entirely homogeneously mixed with no detectable freshwater
influence (Figure 5B, right panels). Mean bottom salinities were significantly higher pre-restoration
(31.99 £ 1.82 ppt) as compared to post-restoration (25.17 + 8.12 ppt), p-value < 0.1. Post-restoration,
the influence of freshwater from He’eia Stream became more evident, with the majority of the loko i‘a
salinity ranging from 20-25 ppt (Figure 5B, lower right panel). Similar to the surface salinity spatial
distribution, highest measurements were taken near the Kaho’okele and Nui and the lowest measured
bottom salinities were taken at Wai 2.
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Figure 5. Average salinity of He’eia Fishpond surface and bottom waters decreased due to restoration.
(A) Discrete sampling sites for microbial indicator species in the water column (blue circles) and/or
salinity (pre-restoration, red fill, and post-restoration, orange fill). (B) Heat map of salinity as a proxy
for the relative proportion of freshwater and ocean water in the loko i‘a. Gradient of higher salinity
in the eastern sectors of the loko i‘a bordering Kane’ohe Bay and lowest salinity near the diffusive
flow region closest to He’eia Stream and the unrestored portion of kuapa is typical of an estuarine
saltwater wedge.

3.4. Restoration-Driven Changes to Circulation Altered Microbial Biomarker Spatial Distribution

To understand the consequences of Paepae o He’eia’s restoration regime on biological-physical
interactions in the loko i‘a, we quantified the abundance of microbial biomarkers that have been
used previously to track fecal contamination within bodies of water. We focused on 3 specific
bacterial groups: Enterococcus and Bacteroidales, indicators of contamination from mammals and
C. marimammalium, an indicator for contamination from avian sources, to investigate how increasing
freshwater inputs into the loko i‘a potentially affect the biogeography of pathogens.

Discrete samples were collected from a network of stations across the loko i‘a along a transect
from Wai 2 to Kaho’okele to capture the salinity gradient observed previously (Figure 5A, L03, L06, L07,
L09, L10). In addition, we sampled at a higher resolution around the mangrove island on the interior of
the loko i‘a in order to consider the influence of the large B. ibis rookery housed in the R. mangle stand.
Contrary to expectations, amplification of the 165 rDNA genes from the family Bacteroidales (GenBac3)
and the genus Enterococcus (Entero 1a) from samples pre- and post-restoration showed no significant
difference when averaged across all stations (Figure 6A). We hypothesized that grouping together
data may have masked changes in biomarker spatial distribution that occurred due to restoration.
We mapped the mean concentration (16S copies 100 mL~1) onto the stations and used a rectangular
grid with ~1 m spacing to determine whether the biogeography of Enterococcus and Bacteroidales
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changed from 2014 to 2017 (Figure 6B,C respectively). We found that prior to restoration, the mean
concentration of Bacteroidales was higher than 10* copies per 100 mL across the entire western side
of the loko i‘a. In contrast, post-restoration, Bacteroidales concentrations higher than 10* copies per
100 mL were restricted to a geographically smaller area of the loko i‘a, adjacent to Wai 2 and the
diffuse flow region and lower in the center of the loko i‘a (Fig 6B and 6C, top row). Indeed, when
grouped by salinity, freshwater stations showed a statistically significant decrease in Bacteroidales
concentration post-restoration (Figure 6D, top row, white). General additive mixed model (GAMM)
analysis confirmed that concentration of Bacteroidales negatively correlates with salinity (Figure 6E,
top row, Table 5), with the highest concentrations found at stations with the lowest salinity.
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Figure 6. Spatial distribution and mean concentration of Bacteroidales, Enterococcus and
C. marimammalium pre- and vs. post-restoration. (A) Tukey box—plot diagrams showing concentration
in log (16S copies/100 mL) of Bacteroidales (GenBac3), Enterococcus (Enterola), and C. marimammalium
(GFC) before (grey) and after (white) kuapa restoration from all sampling sites. Outliers and 95%
confidence intervals are indicated. Heat maps of the averaged abundance of pre-restoration (B) and
post-restoration (C) Bacteroidales (GenBac3), Enterococcus (Enterola), and C. marimammalium (GFC).
Tukey box plot diagrams of Bacteroidales (GenBac3), Enterococcus (Enterola), and C. marimammalium
(GFC) abundance binned by salinity (freshwater, brackish and marine) of sites pre- and post-restoration,
95% confidence intervals and outliers are indicated. (D) Tukey box-plot diagrams showing
concentration, log (16S copies/100 mL) of Bacteroidales (GenBac3), Enterococcus (Enterola), and
C. marimammalium (GFC) for before (grey) and after (white) kuapa restoration binned by salinity.
Outliers and 95% confidence intervals are indicated, * p < 0.05, *** p < 0.001. (E) Correlation between
salinity and biomarker concentration using a generalized additive mixed model.

Table 5. Summary of general additive mixed model (GAMM) analysis. Summary output from the
general additive mixed model analyis in R. Input Formula: LogConcentration ~ (1 | Date) + Pre- vs.
—postrepair + Salinity; ! Significance codes: 0 ***' 0.001 “**’ 0.01 **’ 0.05.

Bacterial . Std. Signif.
Indicator Estimate Error df t Value Pr(>Itl) Codes 1
Intercept 4.99266 0.37574 9.16611 13.287 269 x 107 o
C. marimammalium  Pre-vs. post repair ~ 0.96856 0.4402 4.42676 22 0.086085
Salinity —0.04652  0.01226  57.66017 —3.794 0.000357 o
Intercept 6.36231 0.48919 10.03302 13.006 1.32 x 1077 o
Bacteroidales Pre-vs. post repair  0.45987 0.56039 4.46269 0.821 0.453
Salinity —0.09205  0.01671 57.73214 —5.509 8.75 x 1077 Hx
Intercept 5.14077 0.36391 12.62958 14.127 412 x 107 o
Enterococcus Pre-vs. post repair ~ 0.45003 0.39462 4.63367 1.14 0.31
Salinity —0.0794 0.01361 57.97529 —5.823 266 x 1077 o
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We also found that when values were grouped across all stations Enterococcus concentrations
did not change significantly over the course of restoration (Figure 6A, middle row). However, unlike
Bacteroidales, the spatial distribution of Enterococcus pre- and post-restoration was structured with
highest concentrations along the western edge of the loko i‘a (10* copies per 100 mL) and decreasing
concentrations proceeding eastward down to 10>~10° copies per 100 mL (Figure 6B,C, middle row).
The lack of difference in pre- vs. post-restoration data was also supported by binning the stations along
a salinity gradient (Figure 6D, middle row). As expected, the general additive mixed model (Figure 6E,
middle row) confirmed that Enterococcus has increased abundance in low salinity environments
(Table 5).

To assess B. ibis fecal contamination, we first developed microbial source tracking tools by
adapting primers specific to the 165 rDNA gene of C. marimammalium (Table 2, GFCf and GFCr).
These primer pairs had previously been used to detect fecal contamination from gulls, geese, ducks,
and chickens [41]. GFC primers specifically amplified fecal DNA from B. ibis living at He’eia Fishpond
(Figure S1) and were used to determine the extent of contamination from B. ibis fecal sources in the
loko i‘a. Pre-restoration, B. ibis fecal contamination was significantly higher across all stations (mean
concentrations of 2—4 x 10° copies 100 mL™1) as compared to 10* copies 100 mL~! post-restoration
(Figure 6A, bottom row), p < 0.01. Pre-restoration concentrations of B. ibis fecal indicator bacteria
were higher across all stations than both Bacteroidales and Enterococcus (Figure 6B), with greater than
10° copies per 100 mL detected at the oceanic stations. In contrast, post-restoration concentrations
of C. marimammalium decreased by 2 orders of magnitude, and these differences were statistically
significant at the fresh and brackish stations (Figure 6D, bottom row). General additive mixed model
(GAMM) analysis indicates that while the negative correlation between B. ibis fecal indicator bacteria
and salinity is not as strong as with Bacteroidales and Enterococcus, it does exist (Table 5).

We note two interesting differences in microbial indicator concentrations and biogeography
post-restoration. First, we note the appearance of a region where microbial indicator concentrations
are low (Figure 6C). We note that differences in the station locations pre- vs. post-restoration may
have altered the interpolation of biomarker concentrations. Alternatively, this may suggest that
post-restoration, circulation patterns in the center of the loko i‘a have resulted in a well-flushed zone.
Secondly, spatial variation in 16S copy concentration for all three molecular markers was greater
pre-restoration compared to post-restoration (Figure 6D). The variation coefficient (standard deviation
divided by mean) pre-restoration was 0.31 (C. marimammalium), 0.43 (Enterococcus), 0.4 (Bacteroidales),
while the variation coefficient post restoration was 0.16 (C. marimammalium), 0.32 (Enterococcus),
0.31 (Bacteroidales). We interpret this difference as an indication that pre-restoration, the loko i‘a was
less homogeneously mixed than post-restoration.

4. Discussion

Embedded between land and sea, He’eia Fishpond is a powerful natural laboratory. We have been
provided the unique opportunity to examine how historical land use change has altered the functions
of coastal habitats and how biocultural restoration maintains and improves the integrity of these coastal
ocean ecosystems in the face of rapid global change. In the current study, we utilized a comprehensive
time series dataset of in situ deployments, discrete sampling, and empirical observations to draw a
link between restoration efforts and changing loko i‘a circulation, as well as water quality dynamics.
Specifically, we examined the impact of invasive mangrove removal around the northern loko i‘a
periphery from 2014-2017 and Pani ka Puka, repair of the Ocean Break in 2015, presenting a comparison
of pre- vs. post-restoration ecosystem dynamics along multiple parameters.

4.1. Ho’oniho ka niho (Interlock the Stones [44]): Water Volume Flux Changes due to Kuapa Repair

Generally, understanding the physical environment of He’eia Fishpond advances our knowledge
of the dynamic biochemical and physical interactions in Hawaiian estuarine ecosystems. In repairing
the physical infrastructure of He’eia Fishpond, Paepae o He’eia has set the stage for the ecology of
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the loko i‘a to return to the original conditions engineered by kiipuna (elders, ancestors) of He’eia: a
brackish body of water with a consistent volume, maintained by regulated mixing of fresh and marine
inputs to facilitate phytoplankton growth. Our study confirms that during baseline conditions, coastal
loko i‘a circulation patterns are driven by a combination of either tidal pumping or stream velocity,
depending on the location of the makaha [30,45]. Water volume flux rates during SF and SE tides from
makaha bordering Kane’ohe Bay (Hihimanu, Kaho’okele, Nui, Kahoalahui), suggest that the loko i‘a
is more influenced by oceanic inputs (>95% total mean water volume flux) than freshwater inputs
(<5% total mean water volume flux) from He’eia Stream during baseline conditions at both pre- and
post-restoration (Tables 3 and 4, Figure 3).

Prior to Pani ka Puka, He’eia Fishpond acted largely as an unconfined system during spring
tides, when the spring flood tide exceeded the height of Ocean Break. In essence, because the Ocean
Break was lower in height than the surrounded kuapa, the entire 56 m wide section of Ocean Break
functioned like a makaha when tidal pumping in Kane’ohe Bay was higher than the provision elbow
wall. Pre-restoration, we observed enormous water volume flux at spring tides, ~80% exchange almost
exclusively from Ocean Break (Table 4). However, during neap tides, the loko i‘a was more confined
with less exchange and circulation in the southeastern portion of the loko i‘a. In 2015, this expansive
section of the wall was repaired and Kaho’okele was built, shifting relative makaha exchange rates
at Kaho’okele to ~30% post-restoration. This dynamic is also reflected in mean water volume flux
rates: Pre-restoration, Ocean Break had the highest mean water volume flux rates of ~12-14 m3s!
(Table 4), while the Kaho’okele water volume flux rates post-restoration are dramatically lower (now ~
1m? s, Tables 3 and 4). Mean water volume flux rates at other makaha generally increased from
pre-restoration to post-restoration, an indication that nearby makaha somewhat compensate for the
difference in water volume flux between Ocean Break and Kaho’okele. However, the general “C”
shape of rating curves remained similar (Figure 3). In its current state, the addition of Kaho’okele
renders He’eia Fishpond a confined system at all tidal states with adequate water exchange in the
southeastern region. These findings are supported by Ertekin et al. [46] who modeled circulation
patterns at two different Ali‘i loko i‘a on Moloka’i, which concluded that the number of makaha plays
a significant role in improving tidal circulation. They concluded that makaha distance and location
in relation to the physical forces at work (tidal activity, wind, loko i‘a bathymetry, stream location)
affected circulation inside the loko i‘a.

Our results suggest that oceanic makaha water volume flux is also dependent upon wind forcing,
in particular for makaha aligned with the trade winds (~70°). Nui and Kaho’okele account for ~50%
and ~30% of total water volume flux respectively, Figure 3. These makaha also have the largest
cross-sectional areas (Nui: 6.48 m; Kaho’okele: 3.05 m, Table 1), and are positioned most in-line with
the predominant trade wind direction, Nui has a bearing of 63° and Kaho’okele has a bearing of 80°
(Table 1). Wind blowing from the northeast across Kane‘ohe Bay, can accelerate (if the wind aids) or
dampen (if the wind opposes) water flow through Nui and somewhat Kaho’okele, which is aligned
with the predominant wind direction of 70°. We also noted that the channel floor of Kaho’okele is
deeper than the adjacent benthos of both the loko i‘a interior and Kane’ohe Bay. Thus, the makaha
floor depth may allow slightly higher water volume flux through Kaho’okele due to lower resistance
to water volume flux. In contrast, Kahoalahui and Hihimanu have considerably smaller relative
water volume flux (together accounting for ~15%, Figure 3) as the individual channels of Kahoalahui
have small cross—sectional areas and Hihimanu has the smallest cross—sectional area (2 m, Table 1),
in addition to being positioned at 48° and 111°, respectively. The notion that wind can influence
the rate of water flow through makaha is supported by a study by Yang [47] who suggested that
the rate of water flow through the makaha may be altered by wind accelerating or dampening flow
when the body of water was large enough. Kane’ohe Bay and He’eia Fishpond are both large enough,
and shallow enough to be affected by wind stress in such a way as to act as a secondary driver of water
volume flux in this system.
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We found that the river makaha have significantly lower relative water volume flux rates during
base flow conditions (i.e., non-storm) pre- and post-restoration (Wai 1 and Wai 2 together ~5%). Water
volume flux through Wai 1, the most seaward makaha along the He’eia Stream, is dependent on
tidal activity due to its proximity to Kane’ohe Bay, making it the only freshwater makaha that allows
bi-directional water flow. Under baseline conditions, the relative water volume flux of water passing
through Wai 1 during flood tide is balanced by the amount of water that flows out during ebb tide
(Table 3). At flood tides, flow out of Wai 1 is dampened by He’eia Stream, due to flow in the opposite
direction into the loko i‘a, while He’eia Stream flow is additive during ebb tides. Due to a dam-like
structure in the makaha (Figure 2), Wai 2 has little to no detectable tidal signal and exhibits exclusive
unidirectional flow from He’eia Stream into the loko i‘a that is largely dependent stream discharge
and precipitation in the He’eia watershed [30,45,47]. During episodic storm events, strong freshwater
water volume influx can have pronounced effects on the loko i‘a system [30], yet our water volume
flux measurements were all conducted at baseline/low flow conditions. We anticipate that the relative
contribution of river makaha vs. ocean makaha, as well as the balance between ebb vs. flood exchange,
is likely to change if He’eia Stream discharge increases during storm events. Research comparing
baseline to storm conditions to quantify how higher stream velocities affect loko i‘a flushing is currently
underway and will be the subject of a subsequent contribution.

Assuming the He’eia Fishpond water balance is in steady state, the water volume influx rates
should be equivalent to water volume outflux rates. However, we found the difference between
spring and neap tidal cycle flow, the sum of flow (m?) for all makaha, to be —16,760 m® or ~8% of
total flow between SF and SE tide and 18,554 m® or ~13% of total flow between NF and NE (Table 4).
Post-restoration, this imbalance is most evident in 2 makaha: Kaho’okele, which accounts for 28% of
water volume influx, and 39% of water volume outflux during spring tide, and Nui, which accounts
for 40% of water volume influx and 44% of water volume outflux during spring tide. This pattern is
evident at both spring and neap tidal cycles. We posit that trade winds accelerate flow into the loko i‘a
at Nui during flood tide, which as previously discussed is aligned with the prevailing wind direction
during sampling (63°, Table 1). However, during ebb tide, the wind force opposes outflow at Nui, and a
small proportion of water volume flux is redistributed to other makaha channels thereby compensating
for the reduced outflow at Nui (Table 3, Figure 4). However, these site—specific differences do not
account for all the discrepancy observed pre- and post-restoration. We attribute discrepancies in water
volume flux balances to a number of factors. First, the influence of submarine groundwater discharge
(SGD) into He’eia Fishpond is not accounted for in this study. Previous work quantifying SGD at
He’eia Fishpond using radon isotope measurements found that the amount of water volume flux
from SGD was equal to that of He’eia Stream discharge [43,48]. Second, the water volume flux in the
diffuse flow region (Figure 1B), as well as gains or losses of water through small holes in the kuapa,
was not quantified and has not been accounted for in our water budget. In addition, though every
effort was made to choose tidal cycles similar in length and amplitude for rating curves, rating curves
were calculated using in situ data from sequential rather than simultaneous deployments due to the
limitation of instruments (Table S1). Some degree of variability in tidal length and amplitude among
sites likely exists. Finally, the mixed semidiurnal tides cause large variations in tidal length (Table 3),
giving rise to some uncertainty in the final water volume flux rates calculated.

4.2. Paepae ke alo (Raise the Face of the Wall [44]): Volume, Residence Time, and Salinity

Pani ka Puka affected loko i‘a volumes and residence times considerably (Figure 4). The addition
of a sixth makaha (Kaho’okele) led to increased and faster water volume outflux during both NE and
SE tides, corresponding to lower volumes post-restoration. Conversely, whereas no water exchange
occurred at Ocean Break during neap tides prior to restoration, Kaho’okele allows more water volume
influx during NF tide compared to before, resulting in a larger loko i‘a volume post-restoration during
this tidal stage (Figure 4). These increased water masses cannot be compensated entirely with the
flow (1-2 m® s71) through Kaho‘okele, which has a smaller cross—diameter, 3.05 m as compared to
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Ocean Break, 56 m (Figure 1C,D). We predicted that restoration would result in shorter residence
times, particularly during neap tides. Indeed, total exchange rates during spring tides were 5%
higher post-restoration, with a 12% shorter minimum residence time of 32 h as compared to 38 h
pre-restoration. Changes in post-restoration circulation are more marked during neap tides — water
exchange has increased 16% and maximum residence time has decreased 37% from 102 h to 64 h
These residence time calculations are tempered by the following assumptions: (1) uniform mixing
of the loko i‘a water column, (2) all flood and ebb tides are 6 h, (3) makaha are the only source of
water exchange. However, salinity measurements at the surface and benthos indicate that the water
column is sometimes mildly stratified. Furthermore, our data show a large range in tidal cycle duration
variability, ranging from 4.43-17.46 h (Table 3). Lastly, submarine groundater discharge and input from
the diffuse flow region (Figure 1B) likely are other indirect sources of water exchange. The difference
in minimum and maximum residence times emphasizes the importance of differentiating between
tidal states when looking at the effects of restoration on the physical environment of the loko i‘a.

Concomitant mangrove removal around the stream mouth corresponded with an increase in
water volume flowing through Wai 1 from ~1-2% pre-restoration to ~5% post-restoration (Figure 1E
and Table 4) and a freshening of the loko i‘a post-restoration. At the end of the period of this study,
Wai 2 was not fully clear of R. mangle and also showed little change in discharge between pre- and
post-restoration. We conclude that mangrove removal positively correlates with increased water flow
and subsequently improved loko i‘a circulation. Increased freshwater volume flux is also reflected
in the salinity distribution, which shows a much stronger freshwater signal around the river makaha
in post-restoration compared to pre-restoration (Figure 5B). We expect that continued removal of
mangrove along the loko i‘a periphery would increase stream velocity and the mass of freshwater
entering He’eia Fishpond. It is also evident that mixing from the ocean is more limited post-restoration,
and thus the freshwater coming in may have a greater overall effect on the salinity. Moreover,
the temperature of the surface water is often much lower than marine inputs and given concerns
about fish stress linked to sea surface warming trends [29], mixing of cooler water may be beneficial
to fish survival. In addition, increased freshwater and nutrient input may be beneficial for native
macroalgae and phytoplankton to thrive, which is the primary food source for the herbivorous target
fish species. While we can only speculate as to the historical biogeochemistry of He’eia Fishpond, the
abundance of evidence suggests that increasing freshwater input is necessary for proper management
of native marine species. As this is the first study we are aware of that reveals a correlation between
mangrove removal and improved loko i‘a circulation, we recommend long—term monitoring of fish
and phytoplankton diversity and biomass, particularly near the stream so that the connection between
mangrove removal, stream flow, and nearshore fishery health can be fully understood.

4.3. Pani hakahaka (Close Gaps/Vacancies [44]): Microbial Indicators as Markers of Watershed Connectivity

To assess water quality and associated human health risk, we used two broad-spectrum microbial
bioindicators used by the US Environmental Protection Agency [49,50]. We used primers that
targeted the Bacteroidales family (GenBac3) and the Enterococcus genus (Enterola), bacteria that
are common in the feces of mammals (Table 2). These non—pathogenic microbes are easy to quantify
and have decay rates similar to those of the pathogens of interest [51], hence, they can be strongly
associated with the presence of pathogenic microorganisms derived from upstream in the watershed.
By performing co-registered sampling of salinity and microbes, we were able to directly correlate fecal
indicator concentrations with salinity, an abiotic factor that strongly influences abundance [49,52,53].
We hypothesized that shorter residence time and increased water volume flux would lower the
concentration of Bacteroidales and Enterococcus in He’eia Fishpond. Instead, we found no significant
overall difference in surface mammalian fecal indicator bacteria before and after restoration (Figure 6A).
We found coherence between spatial distribution of mammalian fecal indicators with surface salinity
(Figure 6B): post-restoration, lower salinity (e.g., more fresh water) in the northwestern sector of
the loko i‘a corresponded with even higher concentrations of bacterial indicators as compared to
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pre-restoration whereas higher salinity in the oceanic-dominated areas of the fishpond had even less
fecal contamination than pre-restoration. From the spatiatl distrution of each marker (Figure 6D),
we attribute the increase in mammalian fecal bacteria in the northwest area of the loko i‘a to increased
terrigenous freshwater input from He’eia Stream. Because the expansion of freshwater niches is
generally more favorable for these microbes to survive [53], these results emphasize the need for
enhanced pollution reduction management upstream.

We also evaluated an internal source of fecal pollution deriving from a large colony of B. ibis
residing on the mangrove island on the loko i‘a interior. In order to quantify B. ibis fecal contamination,
we optimized primers to C. marimammalium (GFC, Table 2), an uncharacterized Gram-positive
facultative anaerobe in the order of Lactobacillales (Fusobacterium) [54] originally developed to detect
fecal contamination from gulls in coastal environments [41,55-57] for cattle egret fecal material
(Figure S1). Unlike Bacteroidales and Enterococcus, we found a significant decrease in egret fecal
bacteria post-restoration, suggesting that increased flushing and decreased residence times had
a positive impact on water quality. The pattern of decreasing C. marimammalium and consistent
abundance of Bacteroidales and Enterococcus between the pre- and post-repair periods is intriguing
and may be related to differential environmental reservoirs of the two clades targeted by the assays.
GenBac3 and Enterola are phylogenetically very broad probes that target a diverse clade of organisms
that may contain unknown members with variable salinity tolerances. In contrast, the GFC probes
target a specific organism with few environmental isolates having a narrower range of salinity tolerance.
As the cattle egret colony on the mangrove island is the primary source of bird fecal contamination to
the loko i‘a, eliminating egret habitat by removing the mangrove island is expected to further reduce
the amount of contamination from bird feces.

As Hawaiian watersheds are highly interconnected, loko i‘a provide snapshots of ecosystem health
for the entire ahupua‘a. Fecal contamination in our study site confirms the presence of leaking cesspools
and/or septic tanks in the Ha’ikii and ‘Toleka‘a watersheds. This kind of pollution endangers plans for
seafood production as well the public, who participate in numerous educational and cultural activities.

4.4. Pohaku ka papale (Place the Capstone on the Top [44]): Future Implications of Revitalizing Customary
Fishpond Infrastructure

The design of the new kuapa with additional makaha represents an innovation of the
contemporary kia‘i loko to mitigate future flooding risk. While deviating from historical photographs
from the 1920s, it is likely that over the course of the 800-year existence of He’eia Fishpond kuapa
infrastructure has been altered in response to hydrological and oceanic conditions. Kelly noted
archeological evidence that the kuapa adjacent to He’eia Stream has been moved multiple times,
potentially due to catastrophic floods [22], suggesting that placement and number of makaha were
dynamically managed. Paepae o He’eia revealed more contemporary evidence of this during the
restoration of Nui, when concrete slotted makaha, likely built in the 1900s, was found buried in the
kuapa interior. Because kia‘i loko were concerned about future floods and the integrity of a 3 m wall,
they reasoned that having a makaha would facilitate the release of water pressure during high flow
events. The exact location of the makaha was based on practitioner knowledge of the circulation
and biological diversity of the area. Thus, re-establishment of customary practices encompassed
adaptation for increased resilience, as well as future fish recruitment. In support of their hypothesis,
kia‘i loko noted an increase in fish aggregation around Kaho’okele over the course of Pani ka Puka
that has persisted.

A key dimension to restoring He’eia Fishpond has been the removal of invasive R. mangle, whose
roots grow into the kuapa, separating the rock and coral. Furthermore, mangrove roots hold sediment
transported from upstream and its leaf litter directly contribute to the organic matter in the pond,
changing the chemistry of the benthos and water column. Mangrove canopies acted as a wind
block, impeding circulation and oxygenation, creating heterogenous micro—niches within the loko i‘a.
Moreover, kia‘i loko observed that this non—native species also corresponded with the presence of
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non-native fish, and they speculated that mangrove removal would enable native aquaculture species
to compete more effectively in this habitat, potentially by increasing fish passage into the estuary.
Examining the rates of sediment transport from the loko i‘a out to Kane’ohe Bay is needed, as well
as a more comprehensive understanding of how this introduced species functions in non-native vs
native landscapes.

Overall, this study clearly demonstrates the positive impact restoration regimes had on various
physical and microbiological components of the loko i‘a ecosystem. Our results are encouraging
and indicate that there is a significant potential for community-based restoration to revitalize this,
and other, culturally and economically significant sites for sustainable aquaculture in the future.
More recently, in part because of the ongoing concerted efforts of community organizations like Paepae
o He’eia, the coastal area of He’eia was designated as National Estuarine Research Reserve (NERR) in
January 2017 to advance research and protection of the He’eia ahupua‘a by integrating the traditional
Hawaiian ecosystem management approach with contemporary estuarine management practices.

Supplementary Materials: The following are available online at http:/ /www.mdpi.com/2071-1050/11/1/161/s1,
Table S1: Kuapa restoration by Paepae o He’eia over the course of this study, Table S2: He’eia Fishpond in situ
sampling regime, Table S3: Meteorological conditions pre- and post-restoration water volume flux calculations,
Table S4: Discrete sampling station pre —and post-restoration in He’eia Fishpond, Table S5: YSI and discrete
sampling meteorological conditions pre —and post-restoration. Figure S1: Positive amplication of 165 rDNA gene
from cattle egret feces DNA samples (BF1 and BF2).
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Abstract: Across the Pacific Islands, declining natural resources have contributed to a cultural
renaissance of customary ridge-to-reef management approaches. These indigenous and community
conserved areas (ICCA) are initiated by local communities to protect natural resources through
customary laws. To support these efforts, managers require scientific tools that track land-sea linkages
and evaluate how local management scenarios affect coral reefs. We established an interdisciplinary
process and modeling framework to inform ridge-to-reef management in Hawai‘i, given increasing
coastal development, fishing and climate change related impacts. We applied our framework at
opposite ends of the Hawaiian Archipelago, in Ha’ena and Ka'Gptlehu, where local communities
have implemented customary resource management approaches through government-recognized
processes to perpetuate traditional food systems and cultural practices. We identified coral reefs
vulnerable to groundwater-based nutrients and linked them to areas on land, where appropriate
management of human-derived nutrients could prevent increases in benthic algae and promote
coral recovery from bleaching. Our results demonstrate the value of interdisciplinary collaborations
among researchers, managers and community members. We discuss the lessons learned from
our culturally-grounded, inclusive research process and highlight critical aspects of collaboration
necessary to develop tools that can inform placed-based solutions to local environmental threats and
foster coral reef resilience.

Keywords: ridge-to-reef; groundwater; land-use; nutrients; bleaching; scenario; resilience;
collaboration; scientific tools; management
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1. Introduction

Pacific Islands are ideal systems to understand land-sea links in the context of social-ecological
system resilience [1-3], defined as the capacity of the system to cope with disturbances without shifting
to an alternative state while maintaining its functions and supporting human uses [4,5]. Around the
Pacific Islands [6,7], local knowledge and associated management practices (e.g., agroforestry, fisheries
management) have been recognized to play a key role in building resilience to disturbances [8-10].
These local ecological knowledge systems (henceforth LEK) are customary knowledge-practice-belief
systems passed down orally over generations, through adaptive management [8]. This knowledge
is formed through historical resource-use practices and long-term, qualitative observations over a
restricted geographical area. LEK continues to be modified under rapidly changing social, economic
and ecological contexts. Where indigenous peoples depend on local environments for resources,
they have also adopted conservation practices, which in some cases can enhance abundance or/and
biodiversity [11]. For instance, traditionally managed community fisheries in Hawai‘i have exhibited
equal or higher biomass than even no-take marine protected areas [9,12]. Because of the long-term and
place-based understanding embodied in LEK systems, there is increasing recognition of the importance
of integrating LEK into management strategies to build resilience [13-15], especially in Pacific Islands,
where environments are unpredictable and highly vulnerable to climate change [16].

Awareness of natural resource decline has contributed to a cultural renaissance across the Pacific
Islands, where local communities seek to revive local customary and place-based management
approaches [17], such as customary moku (ridge-to-reef) management approaches [18,19], kapu
(traditional closures) and pono (sustainable) practices to protect biocultural resources and foster
social-ecological resilience [17,20]. These social-ecological systems can be defined as Indigenous
and community conserved areas (ICCA), where “natural and/or modified ecosystems containing
significant biodiversity values, ecological services and cultural values, are voluntarily conserved by
indigenous, mobile and local communities, through customary laws and other effective means” [21].
In ICCAs, local people, who are intimately connected to the environment, culturally and/or through
their livelihoods make decisions over how resources are used and have the capability to enforce
regulations, which can lead to effective conservation outcomes (even if conservation is not the primary
objective) [22,23]. Ridge-to-reef management systems that integrate LEK can enhance social-ecological
resilience through reducing impact from climate disturbances and strengthening governance systems
with capacity to quickly organize and act [2]. These types of ICCAs offer lessons in integrating
traditional knowledge and management practices into sustainability and conservation planning but
require national level legal and policy changes to accommodate and empower the ICCAs operating
at the watershed-reef level [8,24]. The restoration of local management is challenging, because users
have often grown in number and shifted in character from small, homogenous resident populations
using resources for subsistence, to transient, global tourist populations using the same resources for
recreation [25,26].

After nearly two centuries of decline of the Hawaiian biocultural resource management system,
there has been a resurgence of interest—from within academia and the policy realm, as well as
at the community level—in reviving that system to restore biocultural resource abundance [27].
This renaissance has inspired an attempt to align traditional Hawaiian biocultural resource
management with contemporary frameworks of ecosystem-based management that re-establish
the cohesive links between terrestrial and marine systems, encompassing integrated ecological and
social processes from ridge-to-reef [28-30]. There has been a growing focus on a land-division scale
known as moku to revive traditional resource management in a localized context as a means for
communities to engage in biocultural restoration. Ahupua’a are social-ecological communities nested
within moku, which are delineated as land-divisions that often extend from the mountains to the
sea and exist within the context of the Hawaiian system of governance and biocultural resource
management [27]. Motivations by Hawaiian communities to employ contemporary ICCAs include
access to and restoration of biocultural resources, security of land and resource tenure, security from
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outside threats, financial benefit from resources or social-ecological system functions, participation
in management, empowerment, capacity building and cultural identity and cohesiveness [8,11,31].
Perpetuating ancestral practices related to food systems provides roles for community members of all
ages, while maintaining relationships and balance with the natural world in specific areas [32,33].

Despite management challenges, declining resource health and conflicts over access, two ahupua’a
(social-ecological communities) embody this cultural renaissance [34]. Ha‘ena on the windward side
of Kaua‘i Island and Ka‘Gpilehu on the leeward side of Hawai’i Island have successfully maintained
control of a critical component of their food system by enhancing the management of their coastal
resources through the creation of innovative ICCA’s (Figure 1). Both places have become the first,
officially sanctioned ICCAs in the U.S. State of Hawai‘i. Coral reef fish caught near shore with nets,
pole and line, or spears, are a very important component of community food systems [6,35]. Therefore,
both communities in this study initiated marine closures of different sizes to protect fishery species,
many of which are also known to feed on algae (herbivorous fishes). Without these herbivorous species,
algae blooms can cover the reef when excess nutrients flow into the sea from the land. By eating the
algae, these protected fishes create space for new corals to settle and ensure the persistence or resilience
of the reefs.

WINDWARD WET

LEEWARD DRY

Ka' apulehts

Sealevel

8000 m

Figure 1. Locations of Ha‘ena and Ka‘Gptlehu ahupua’a on Kaua‘i and Hawai‘i along the main
Hawaiian Island chain, with island age and the direction of the prevailing north-east trade winds and
ocean swell indicated.

These local communities are also interested in reviving the ahupua’a approach by better
understanding how land-based sources of pollutants from golf courses, lawns and cesspools affect their
marine ecosystems to inform alternative land-use options [36]. Even with healthy herbivorous fish
populations, these pollutants take a toll on coral reefs, especially with increases in ocean temperature
and acidity as a result of climate change. Therefore, it is important to these communities and the
health of all marine ecosystems, to ensure that future coastal planning takes land-based impacts into
account. Effective ridge-to-reef management requires improved understanding of land-sea linkages
and tools to evaluate the effects of land (e.g., nutrients carried through groundwater) and marine
(e.g., wave power and reef topography) drivers on coral reefs to inform resilience management in the
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face of climate change. In response to these gaps, we adopted the traditional ahupua’a framework to
study the effect of coastal development on coral reefs under projected climate impacts and identified
place-based management actions that can boost system resilience. Here, we provide an overview of:
(1) the renaissance of the traditional resource management system of Hawai‘i, with a focus on two
communities with ICCAs; (2) how applied collaborative science can support management; and (3) the
development of decision support tools grounded in place-based management.

2. The Renaissance of Traditional Resource Management of Hawai‘i

2.1. The Story of How Ha'ena Became a Marine ICCA

Recognizing the importance of customary Hawaiian management and subsistence fishing, Hawai‘i
enacted legislation in 1994 that allows the Department of Land and Natural Resources (DLNR) to
designate community based subsistence fishing areas (CBSFAs) for “reaffirming and protecting fishing
practices customarily and traditionally exercised for purposes of Native Hawaiian subsistence, culture
and religion” [37]. This created a pathway to designate marine ICCA’s in Hawai‘i. Achieving a
CBSFA designation allows community members to assist DLNR to develop and enforce place-specific
management strategies/laws that regulate resources they depend on from the shoreline to one mile
out to sea, or the edge of the coral reef, based on Native Hawaiian values and ancestral practices [37].
This designation allows residents to work with the state DLNR Division of Aquatic Resources (DAR)
to develop and enforce laws (S.B. 2501, 23rd Leg., Reg. Sess. Hawai'i 2006) [6,25]. Through traditional
Hawaiian values, the CBSFA designation emphasizes the connection between the environment and
communities, whereby if you care for the environment, the environment will care for you. CBSFAs
represent an agency-recognized avenue for local community groups to assert their indigenous rights
by proposing management measures informed by customary fishing and management practices to
sustain the health and abundance of marine resources for generations in the Hawaiian Islands [38].

Like many other places in Hawai‘i, land privatization, along with coastal development of vacation
and luxury homes, fragmented the land in the 1960s [39], which led many long-time families to
move from the area [6]. Today, the rural ahupua’a is mostly owned by the State of Hawai‘i and the
non-profit organization, National Tropical Botanical Garden (NTBG), with ~140 private residences
along the coast (Figure 2A). The NTBG, Kanaka Maoli (indigenous Hawaiian) and kama'aina (place-based
community) of Ha’ena (henceforth Ha’ena community) persisted in the creation of rules guided by
ancestral norms: ho‘ihi (respectful reciprocity), konohiki (inviting ability) and kuleana (rights based
on responsibilities) [33,40]. In 2006, the State of Hawai‘i designated Ha’ena as its first CBSFA [25].
After this designation, the community was empowered to work with the state resource management
agency to co-develop fishing regulations and secure their approval through the same onerous public
process as any administrative rules promulgated by state government agencies [33].

In August 2015, after nearly ten years of planning and negotiation, over seventy meetings, fifteen
rule drafts, three public hearings and multiple studies undertaken to document visitor impacts, user
groups, fishery health and the importance of locally caught fish within and beyond the Ha‘ena
community, these rules became law [6,33] (Figure 2B). The community of Ha’ena managed to restore
local-level management of their near-shore fishery by co-creating CBSFA rules to govern fishing and all
coastal uses, including recreational activities based on customary practices and customary norms for
the area [37]. The significance of this event cannot be understated. This was the first time in the state
of Hawai‘i that local-level fisheries management rules, based on indigenous Hawaiian practices, were
recognized. Passage of these rules made Ha’ena the first coastal area in Hawai‘i to be permanently
governed by community developed, local-level rules based on ancestral knowledge and practices [33].
As the first site to work with DAR to co-create rules formally adopted as state law, Ha‘ena set a
precedent for at least 19 other Hawai’i communities pursuing co-management of local fisheries [37].
Many communities across Hawai‘i view this effort as a larger community movement to increase
self-sufficiency and restore formal local-level control over ocean resources as a food source [33].

162



Sustainability 2018, 10, 3147

A Land use Depth (m)
Houses g High : 0
Lawns
Marine closure 4

Kim Moa, KUA (10/3/2017

Figure 2. Ha’éna study site. (A) Ha’éna land use and community based subsistence fishing area
(CBSFA) marine refuge boundaries and (B) The opening pule (prayer) prior to the public hearing in
Hanalei for the Ha’éna CBSFA package rules.

Traditional coastal management in Ha’ena relied on protecting key spawning and feeding areas for
fishes [25,40]. One of the largest fringing reef systems in the main Hawaiian Islands is found in Ha’ena,
where a large lagoon formed by the back-reef provides wave sheltered nursery habitat for culturally
and economically important soft and hard bottom target fish species [3,33,41]. The reefs provide daily
fish protein for many Hawaiian and other local families, as well as for ‘aha’aina (feasts commemorating
events including weddings, birthdays, funerals and graduations) and other celebrations on Kaua‘i [6].
Therefore, among these rules, a marine refuge (Makua Pu‘uhonua) was designated in the sheltered
lagoon of Makua to protect a key fish nursery area (see Figure 2A). By closing this area to fishing and
all recreational use, the community successfully created a refuge grounded in indigenous practices
and knowledge [11]. This closure protects culturally important fish species from being captured by
fishers or disturbed by snorkelers, kite boarders, stand-up paddlers and others during vulnerable life
stage (spawning) and behavior (feeding) [25].

2.2. The Story of How Ka'tipiilehu Became a Marine ICCA

Ka'tpilehu is both commercially and residentially more developed than Ha’ena, with two large
luxury resorts, a golf course and several private residences along the southern end of the coast (see
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Figure 3A). Few lineal descendants and longtime residents of Ka‘Gptlehu live within the ahupua’a
but many live nearby, maintaining strong connections to their ancestral lands [14,36]. The entire
ahupua’a is owned by the largest private landowner in the state of Hawai‘i, Kamehameha Schools
(KS-an indigenous Hawaiian educational trust and the State of Hawaii’s largest private landowner),
which was established for the benefit of Kanaka Maoli [34,36]. KS seeks to balance multiple economic,
educational, cultural and environmental goals [34,36,42,43]. Cultural and place-based values are of
high priority for KS and kama’‘dina of Ka“Gptlehu, (henceforth Ka'Gptlehu community) are involved in
resource management advisory councils, educational programs and cultural restoration projects in
the ahupua’a [36]. Environmental outcomes, including groundwater recharge and restoring abundant
nearshore fisheries, are also highly valued for cultural and economic purposes, as groundwater is the
main water source statewide and fisheries are used for subsistence [44].

A Development Fishing rest area
Bl Low intensity Depth (m)
Il Mod intensity gm0
High intensity .30
Golf courses

Injection well

Figure 3. Ka‘apulehu study site. (A) Ka‘apulehu land use and marine reserve map; (B) Gathering for
the opening pule prior to the public hearing for the “Try Wait’ fishing rest area in Ka'Gptlehu.
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Given that the scarcity of water resources limits agriculture, marine resources gathered historically
from the ocean played a vital role in the diet of Ka‘apilehu families and their subsistence practices [45].
The families that lived (and live) in Ka‘Gpilehu were experts in their resources and knew how to
survive within these rugged lands [45]. However the community has observed drastic declines in their
coastal resources within the past 40 years, with the opening of the resort and the Ka’ahumanu Highway
in 1975 thereby requiring and providing easier access to the isolated waters of Ka‘Gpalehu [45].
In response, the community sought to maintain and restore coastal and marine life health along
with their interconnected traditions, before the system could no longer recover and all knowledge
was forgotten. In 2015, after nearly ten years of planning and negotiation and over 350 community
meetings and multiple studies undertaken to document fishing impacts and coral reef health, the
community of Ka'Gptlehu initiated a law implementing a 10-year fishing rest period known as ‘Try
Wait” (see Figure 3B), which adopted a term in the local pidgin language meaning, “Let’s wait a
moment.” The protected area extends out to 120 feet deep (or 36.6 m) along a large portion of the
coastline. This resulted in the protection of the entire fringing reef (see Figure 3A). Providing full
protection of the nearshore reef for a 10 year period while the community develops their long-term
management plan is a management strategy grounded in indigenous practices [11].

3. Developing Scientific Tools through Collaboration Grounded in a Hawaiian Approach

Collaborative research among scientists and local communities has the potential to overcome
limitations of often-practiced ‘expert” driven, narrowly focused scientific research. Collaborative
research incorporates the dynamic interactions between people and nature, rather than viewing people
only as “managers” or “stressors” [26], and positive outcomes for social-ecological management
have been documented (e.g., [46]). Processes to define research questions and objectives based on
collaborative approaches can also empower indigenous people and communities [26] and generate
possibilities for complementary use of scientific and traditional knowledge [13,15,26]. This type of
research requires understanding linkages and feedback loops between nature and people to inform
local management in those particular places [26].

Our research process included five main steps and involved managers, scientists and the stewards
of the land at different stages: (1) Problem formulation; (2) scenario design; (3) conceptual and model
development; (4) scenario modeling and analysis; and (5) informing land-sea planning (Figure 4
and Table 1). Both communities were interested in restoring a ridge-to-reef approach to address
contemporary environmental issues, including coastal development and fishing pressure impacts on
coral reefs combined with bleaching from climate change. In collaboration with local landowners and
communities, we developed a decision support framework grounded in Native Hawaiian culture
by adopting the traditional ahupua’a lens to assess the impact of coral reefs under projected land use
and climate change scenarios, combined with the marine closures. Key collaborators included local
community members (e.g., landowners, care takers and active nonprofits), managers with jurisdiction
across the ridge-to-reef ecological unit and local experts and scientists. Through local leaders (e.g.,
K.B.W. and M.B-.V. at Ha’ena, who are co-authors on this paper) and previous work with community
members, we identified environmental concerns, ground-truthed models and identified solutions to
mitigate local threats. Managers at the state level included the Hawai‘i Department of Health (HDOH),
which manages water quality from ridge-to-reef and ensures compliance with the Clean Water Act.
Scientists and local experts from multiple disciplines, including terrestrial and marine ecologists, social
scientists, economists, modelers, hydrogeologists and geographers were involved at different stages
of the process to identify and link all the key processes and components that are important in the
decision-making process spanning the top of the mountains to the sea and the community in between.
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7. Inform planning
Design place-based, land-
sea integrated solutions

6. Scenario analysis

5. Scenario modeling

Simulate
Evaluate
Verify

1. Problem formulation
Define decision context (natural
& human dimensions), key
policy questions

2. Scenario Design
Identify key drivers (climate
change & development), spatial
& temporal extents

3. Conceptual modeling

Verify
Calibrate
Validate

Figure 4. Collaborative science process. The collaborative science process involves stewards/care
takers, managers and scientists, or a combination at multiple stages (see Table 1 for roles fulfilled by

each group of actors).

Table 1. Roles of multiple actors in a collaborative science process. Stewards/care takers, resource

managers and scientists, or a combination play multiple roles at multiple stages.

Stages

Actors

Roles

—_

. Problem formulation

Stewards/ care takers

Community members, land owners and non-profits

Scientists

Geographer, ecologist, hydro-geologist & planners

Resource managers

Hawai‘i Department of Health

N

Scenario design

Stewards/ care takers

Preferences, vision & concerns

Scientists

Compile data & map scenarios

Resource managers

Share data

I

Conceptual modeling

Stewards/ care takers

Determine key system components, indicators and

Scientists

processes

Resource managers

L

Model development

Scientists

Measure indicators, design & build models, develop user
friendly outputs

o

Scenario modeling

Scientists

Model indicator changes per scenario

Resource managers

Stewards/ care takers

Assess & ground-truth outputs

o

Scenario analysis

Scientists

Perform indicator analysis & assess potential risk for
each scenario

Inform planning

Stewards/ care takers

Guide place-based management

Scientists

Synthesize & communicate scenario results

Resource managers

Guide policy-making

First, we formulated the problem and key policy questions by consulting community members
(e.g., landowners, caretakers and active nonprofits), managers with jurisdiction across the ridge-to-reef
ecological unit and local experts and scientists to define the decision contexts. Second, we designed
scenarios in partnership with local communities to capture their concerns, which included increases
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in coastal development and climate change impacts on coral reef habitat (e.g., corals and turf) and
associated culturally important fisheries (e.g., surgeonfishes, parrotfishes and jacks) and the potential
recovery from the recently enacted marine closures. We reviewed zoning documents produced by the
County of Kaua‘i of Hawai‘i and the Office of Planning related to coastal zone planning to determine
where coastal development was allowable and feasible to project future land-use change. At the
same time, we compiled all the existing data at both sites to calibrate the land-sea models. The
database from the HDOH was used to inform the calibration of land-use nutrient loadings rates (e.g.,
the wastewater injection well loading rate). A local non-profit (The Nature Conservancy) and research
group at the University of Hawai‘i (Fisheries Ecology & Research Lab) provided empirical data to
calibrate the coral reef models at Ka‘tiptilehu and Ha‘ena, respectively. Wedetermined the impact of
co-occurring human drivers on coral reefs by coupling the human driver scenario analysis (climate
change, coastal development and marine closures) with the development of a novel linked land-sea
modeling framework for Ha’ena and Ka'aptlehu ahupua‘a. Local ecological and expert knowledge
about the coral reef benthic habitat and key fish distributions was used to ground-truth our coral reef
indicator maps under present conditions, resulting from the model development phase. For example,
the first version of the models provided some outputs that were not consistent with local observations,
which led to revisions of the modeling framework until consistency was reached. Subsequently, the
downstream fate of nutrients from upstream sources was modeled and projected impacts on coral reefs
was assessed under the different scenarios to identify areas on land where managing human-derived
nutrients can promote coral reef resilience [3,47]. The modeled scenario outputs were evaluated against
the local communities” observations about the location of re-occurring algae blooms and bleaching
impacts. Based on the community and managers’ feedback, our findings are currently being used to
shape place-based management solutions grounded in a ridge-to-reef approach and the indicators
can be monitored to track the policy effectiveness. The HDOH also funded the dissemination of these
research findings through a statewide conference in 2018 (July—August).

4. A Novel Linked Land-Sea Decision Support Tool for Local Management

The framework links land to sea through groundwater and tracks changes in abundance and
distribution of multiple benthic and fish indicators under each scenario (Figure 5) (see [3] for more
details). For each site, natural driver data, including topography and bathymetry, and rainfall and wave
patterns, were included in the ridge-to-reef modeling framework to represent the natural disturbance
regimes specific to each place (Figure 5A). The terrestrial drivers modeled included groundwater
flow and nutrient fluxes, incorporating natural and human-derived nutrient flux. The marine drivers
characterized the marine habitat conditions and were derived from the SWAN wave model and
LiDAR bathymetry data with GIS-based models (Figure 5F). The coral reef predictive models were
calibrated on local coral reef survey data [41,48]. To measure proxies of ecological resilience, which
also represented important cultural resources to the local communities, the coral reef models focused
on four benthic groups, known to change under land-based runoff and bleaching impacts, and four
fish indicator groups subject to fishing pressure. The benthic groups were crustose coralline algae
(CCA), hard corals, turf and macroalgae (Figure 5G). CCA and corals are active reef builders which
provide habitat for reef fishes. CCA also stabilize the reef in high-wave environments. Abundant
benthic algae can be a sign of high nutrients and /or low numbers of herbivorous fish, and can harm
coral health through competition for space. Herbivorous and piscivorous fish identified as important
by the communities (e.g., surgeonfishes, parrotfishes and jacks) were modeled based on their feeding
modes and ecological role: (1) browsers; (2) grazers; and (3) scrapers; along with (4) piscivores, which
are key fishery species and indicators of fishing pressure [49] (Figure 5H).

The human driver scenarios included coral bleaching, coastal development and marine
closures [50]. Two future coastal development scenarios were based on current land zoning from the
Hawai‘i State Office of Planning and utilized the three commonly used types of wastewater treatment
systems in Hawai‘i (cesspools, septic tanks and injection wells) (Figure 5B). Nitrogen and phosphorus
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fluxes were modeled under each coastal development scenario and diffused in the ocean using a
GIS-based coastal discharge model (Figure 5E). Two coral bleaching scenarios were derived from
projected coral bleaching impacts for the region (Figure 5C). The marine closure scenario assumed
removal of fishing pressure within the marine closure boundaries (Figure 5D) [38,44]. The climate
change scenarios were applied in combination with the coastal development and marine closure
scenarios [51,52]. Under each scenario, our land-sea models predicted the change in nutrient flux
and associated abundance of the coral reef indicators (Figure 5G,H). Based on predicted changes,
this approach informs place-based solutions rooted in the ahupua’a approach, by identifying priority
areas on land where management can promote coral reef resilience to climate change (Figure 5I).
The development of this new technology necessitated a collaborative process, which leveraged both
scientific and local knowledge by involving scientists, community members and resource managers.
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Figure 5. Linked land-sea modeling framework. The framework accounted for (A) natural and
human drivers of coral reefs. Human drivers consisted of (B) land-based (coastal development) and
(C,D) marine-based (bleaching and closure) scenarios. (E) The terrestrial drivers included submarine
groundwater and nutrient discharge. (F) The marine drivers characterized the marine habitats. Under
each scenario, coral reef models track changes in (G) benthic and (H) fish indicator abundance.
This approach identified (I) priority areas on land where management can promote coral reef resilience
to climate change through a collaborative process. Adapted from [3,47,53].
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4.1. Place-Based Models

Due to direct exposure to the prevailing trade winds, Ha’ena ahupua’a receives very high rainfall
(4040 mm-year~!), resulting in large fluvial and groundwater inputs [54] (see Figure 6A). Dominated
by steep cliffs, the Ha‘ena ahupua’a is 7.3 km? and spans 1006 m elevation from the summit of
Ali‘inui Mountain to the sea, with two flowing perennial streams in the Limahuli and Manoa valleys.
On the other hand, Ka’Gptlehu ahupua‘a receives much less precipitation (ranging from 1350 to
260 mm-year~! from ridge-to-reef) due to its location in the rain shadows of Mauna Loa and Mauna
Kea mountains [55]. Geologically young, the surface is less eroded with poorly developed ephemeral
stream channels and groundwater seeping along the coast [56] (see Figure 6B). The ahupua‘a covers
104 km? and spans 2518 m elevation from the summit of Hualalai Mountain to the sea. High rainfall in
Ha’ena results in nearly three times more groundwater discharge (10,279 m?/year/m) compared to
Ka'tptlehu (3085 m3/ year/m), which also means that nutrients are more diluted (less concentrated)
than Ka‘tGpalehu, which is much drier. Our groundwater models showed that groundwater in
Ka‘aptlehu has higher levels of nitrogen from natural sources (38,900 kg/year or 7.08 kg/m/year)
compared to Ha’ena (29,200 kg/year or 6.02 kg/m/year). Ha’ena is rural with limited development
and agriculture, so most of the nutrients come from natural processes, with the exception of land areas
to the east of the ahupua’a where nutrients are largely human-derived (human-derived nutrients: N:
7.8% and P: 5.5%), compared to more developed Ka‘tptlehu (human-derived nutrients: N: 24% and
P: 35%). The key sources of human-derived nutrients were wastewater from houses on cesspools at
Ha’ena and the golf course and wastewater from the injection well at Ka‘aptlehu.

I
i
L/, High rain
W/

Low rain

Figure 6. Illustration of the groundwater system at Ha‘ena and Ka‘tipalehu. (A) Ha‘ena is located on
old, wet, wave exposed coast of Kaua’l; (B) Ka

P

tptlehu is young, dry and wave sheltered.

Due to its older geological age and exposure to marine erosion from oceanic swells at Ha’ena
(nearly one order of magnitude higher than Ka‘Gptlehu) has over time carved wider and shallower
reef flats and produced shallow lagoons protected from the swell by well-developed reef crests [57].
The back-reef areas form lagoons that are protected from wave power by well-developed reef crests
and support a benthic community dominated by corals and macroalgae [41]. The benthic community
on the wave-exposed fore-reef is dominated by crustose coralline algae (CCA) and turf algae [58,59].
Our coral reef models showed that high wave power at Ha’ena has shaped the living community of the
reefs, which are dominated by CCA and turf algae with many grazers and less scrapers (see Figure 7A).
The Makua lagoon area is an exception where corals are able to grow, sheltered from powerful waves
by a well-developed reef crest. In comparison, the coral reefs of Ka'Giptilehu are younger and form a
relatively narrow fringe on the steep slope of that island [57]. Because the reef is sheltered from large
winter waves, its slopes are dominated by corals and have high habitat complexity, which supports
higher fish biomass, particularly scrapers, while the shallow reef flats are dominated by turf algae with
some CCA and support lower fish biomass (see Figure 7B) [48]. Browser abundance was low at both
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sites. Our coral reef models also showed that land-based nutrients from groundwater can increase
benthic algae, suppress coral and CCA and decrease numbers of locally important fish at both sites.

Benthic indicators Fish indicators

Hard corals Macroalgae Browsers Grazers Scrapers
AWLW \ \’ . m Piscivores

ﬁ % W ,“ Turf algae 'O = (\;(‘(

Figure 7. Illustrations of the coral reefs. (A) Coral reefs in Ha‘ena are characterized by a reef crest
dominated by crustose coralline algae (CCA) and turf algae and back reef with abundant corals and
macroalgae with many grazers and less scrapers and (B) Coral reefs in Ka'Gptilehu are dominated by
corals on the slopes and turf algae on the reef flats with many scrapers.

4.2. Place-Based Solutions

Using this framework, we located coral reefs vulnerable to local and global human stressors
and linked them to areas on land where limiting sources of human-derived nutrients could prevent
increases in benthic algae and promote chances of coral recovery from bleaching. Under the high
coastal development scenario, most of the total nutrient increase (>2000 kg) occurs to the east and
center of the ahupua’a, where flushing and mixing from waves is limited by the reef crests of Makua
and Pu‘ukahua reefs. Some of these areas that contribute high levels of human-nutrients lie upstream
from the protected reef fish nursery at Makua. Coral reefs in Ha‘ena may appear less susceptible
to nutrient inputs from coastal development because they benefit from dilution and mixing from
high freshwater and wave power. However, we showed that the back-reef of Makua is vulnerable to
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algae blooms (habitat area loss: 8.2%; shift in fish biomass composition, marked in pink in Figure 8A)
and coral bleaching (habitat area loss: 13%, coral percent cover loss: 0-9%, fish biomass loss: —3.3%;
marked in yellow in Figure 8A) due to the nearness of human-derived nutrient sources, limited mixing
due to shallow depths and low wave power, and abundant corals and algae. Under the high coastal
development scenario at Ka‘tptilehu, most of the nutrient increase (>8000 kg) occurs to the north of
the ahupua’a, downstream from the proposed development. On the other hand, coral reefs appear
more vulnerable to nutrient inputs from more coastal development, combined with higher levels of
background nitrogen in the groundwater and limited dilution and mixing from low rainfall and wave
power (habitat area loss: 14%, fish biomass loss: 0.6%; marked in pink in Figure 8B). Additionally,
Ka“tiptilehu’s plentiful coral cover is prone to coral bleaching (habitat area loss: 13%, coral cover loss
0-13%, fish biomass loss: —1.5%; in yellow in Figure 8B).

Coral reef areas:

[TVulnerable to local stressors

: [Ivulnerable to global stressors
. I Vulnerable to both stressors
Il High fish recovery potential

Land-sea links:
[ Priority land areas

A. Ha‘ena land-use:

Il Houses

[ Lawns

[ IMakua Pu‘uhonua refuge

B. Ka‘Gpilehu land-use:
- [ Low intensity development
Mod intensity development
IlHigh intensity development
® |njection well (present)
\ E=Golf course
09 ok [ IJTry Wait' rest area

Figure 8. Coral reef areas vulnerable to local and global human stressors (i.e., nutrients and bleaching),
coral reef areas with high fish recovery potential and priority land areas for management. Coral
reef areas vulnerable to local and global human stressors (i.e., nutrients and bleaching), coral reef
areas with high fish recovery potential and priority land areas, where local management actions can
target wastewater and fertilizer practices at (A) Ha‘ena and (B) Ka‘Gpalehu. Projected high coastal
development land use/cover and marine closure/fishing rest areas are also shown.

Although the extent to which nutrient levels interact with elevated SST to affect the outcome of
bleaching events remains poorly understood, it is increasingly recognized that water quality plays a
complex role in the fate of nearshore coral reefs under climate change [60-62]. This seems to be the case
since excess nutrients have been shown to impact coral reefs by promoting benthic algae growth and
reducing coral’s ability to recover from bleaching impacts [63,64]. When combining the effects of future
coastal development and climate change on coral reefs, the impact worsens at both sites. Coral reefs
vulnerable to both (coral reef areas marked in red in Figure 8A,B) do not overlap at Ka'Gptilehu (habitat
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area loss: 20.8%, fish biomass loss: —1.6%), while the shallow back-reef of Makua at Ha’ena is vulnerable
to both stressors due to limited wave mixing (habitat area loss: 21.1%, fish biomass loss: —3.3%).

Given that climate change and coastal development occur simultaneously, these results suggest
that adopting local management can benefit both places. Land-based management can improve the
benthic habitat conditions by preventing increases in benthic algae, which promotes coral recovery from
bleaching within & outside the marine closures (habitat gain: 8% at both sites). Therefore, to promote
coral reef resilience to climate change, the Ha’ena community may benefit from upgrading cesspools
in the priority areas we identified, located upstream from Makua (located in pink zone in Figure 8A).
Based on our findings, the Ka‘aptilehu community could focus on minimizing phosphorus inputs
from the wastewater injection well by increasing the nutrient removal through treatment (located in
the pink zone below the injection well in Figure 8B) to reduce the vulnerability of coral reefs located
downstream. In addition, the community could help foster resilience of their coral reefs by ensuring
that environmentally sound practices are continued when fertilizing the golf course, particularly in
the land areas located upstream from Uluweuweu bay and Kahuwai bay (located in pink zone in
Figure 8B). This may also help to protect the water quality of a culturally important groundwater
spring (Wai a Kane) that was identified by the Ka'Gptlehu community in Kahuwai bay (Figure 3B).
While marine-based management increases the herbivore population within the reserves, which can
supplement adjacent reef through spillover (fish biomass gain within the marine closure boundaries:
+13% at Ha’ena and +2.6% at Ka’fiptilehu). Overall, this research supports the communities’ concerns
and provides evidence that more coastal development can potentially negatively impact culturally
important fisheries at both sites.

4.3. Application and Transferability

Ridge-to-reef management that integrates LEK has been widely advocated because it can improve
social-ecological resilience. Watershed units have commonly defined the ecological systems in
traditional management systems, which have been found in the Pacific north west, Asia, Africa
and Oceania [65]. Among the richest set of ridge-to-reef, social-ecological system approaches to natural
resources management is found in Oceania [8,65]. Examples include the tambak in Indonesia [66], the
puava in the Solomon Islands, the tabinau in Yap, the vanua in Fiji [67] and the moku in Hawai‘i [27].
Through this research, we show that place-based solutions that integrate land and sea processes are
critical for addressing local environmental threats. We demonstrate that culturally grounded and
inclusive research can guide management actions with multiple benefits such as improved groundwater
and coastal water quality and foster the resilience of coral reefs, which are important food production
systems for local communities. The lessons learned from this process highlight the critical aspects
of collaboration necessary to develop scientific tools that can inform these practical and appropriate
management actions. Managing ICCAs requires taking into account interests at all levels, evaluating
trade-offs and finding win-win solutions [23].

There is a strong need for planning tools that can prioritize local management actions at relevant
spatial scales for decision makers, which are simple to interpret and implement [68,69]. These decision
support tools can easily be updated as more data becomes available, or model components of the
framework can be substituted or added based on management objectives. For example, in another
application, we substituted the groundwater models with the open source Integrated Valuation
of Ecosystem Services and Tradeoffs (InVEST) spatially-explicit Sediment Delivery Ratio Model
(SDR version 3.2) [70] to model the impact of sediment runoff on coral reefs in Fiji [71]. To support
Fijian communities currently working with government, NGOs and the private sector to design and
implement Integrated Coastal Management plans [72], we applied the modified land-sea modeling
framework with scenario planning in Kubulau District (Fiji), where logging and commercial agriculture
expansion competes with forest conservation and potentially fisheries livelihoods, to identify where
forest conservation or restoration actions could benefit coral reefs [71]. In addition to fostering
collaboration, this approach offers a flexible, transferable, data-driven, place-based model that is
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spatially-explicit and relies on increasingly available free remote sensing imagery and bathymetry data
(i.e., Worldview III, GEBCO).

5. Conclusions

These research findings suggest that different environmental conditions make place-based
solutions essential [23], because one-size-fits-all kinds of management ignore issues of place and
scale [26]. Rodgers et al. [73] provided the first quantitative statewide evidence that watershed and
adjacent coral reef health are significantly interconnected in Hawai‘i, with the exception of ridge-to-reef
systems on the windward side due to exposure to high rainfall and wave power, implying that reefs in
these locales are less vulnerable to land-based activities. Consistent with Rodgers et al. [73], our impact
assessment showed that Ka‘fiptilehu is vulnerable to local land-use change, as well as climate change
impacts. Our findings also revealed that coral reefs on the windward side are vulnerable to local
land-use change at the local-scale, especially back-reef systems, like Makua back-reef. In addition,
our results show that managing local human drivers can foster coral reef resilience to global human
drivers. Although the marine closures can promote reef recovery, they are not always able to offset the
impacts from coastal development and other land-based activities on coral reefs, especially beyond
their boundaries. Due to the risk that coastal development can undermine local marine conservation
efforts, it is essential to manage upstream land-use change.

Therefore, local-scale and place-based solutions are particularly important in Hawai‘i, where
locally sourced food is socially and culturally important and food systems are vulnerable to coastal
development and climate change impacts [18,33]. Our research provides place-based case studies of
the interaction of researchers, community members, resource managers and policy makers to inform
future planning. ICCAs, such as Ha’ena and Ka‘aptlehu, can help redefine co-management and the
role of local communities and institutions throughout Hawai‘i. Although this management approach
may be more suited for communities with strong ancestral ties to the place, as larger and more
heterogeneous communities, such as Maunalua Bay on East O’ahu, will require early onset and more
efforts to build consensus [74] and necessitate creative strategies to engage the various members [75].
However, this type of research can help coordinate and facilitate reaching agreements across different
community groups by testing policies prior to implementation and bridging gaps between managers
and communities by visualizing synergies and trade-offs on maps.
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