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Abstract

The Material and Industrial Ecologies of Excavated Sediment:

Insights for Climate Change Adaptation Planning
by
Nate Kauffman
Doctor of Philosophy in Landscape Architecture and Environmental Planning
University of California, Berkeley

Professor Kristina Hill, Chair

Global warming is producing countless changes in the biogeophysical world, and will
increasingly force human responses to them. These challenges are evident everywhere: in all
manner of resource use, growth and development processes; in the intensification of climate
risks, hazards and natural disasters; and in the sociopolitical and socioeconomic systems that
must confront this paradigm shift in earnest during the 21st century. This dissertation seeks
to situate prominent and emergent issues of how this confrontation and the changes induced
by it—adaptation--function and matter in the context of environmental design and planning.
In particular, and because of the global scale and widespread socioenvironmental issues
involved, the work focuses on sea level rise (SLR) and issues stemming from its impacts on
developed shorelines and the ecological complexes and structures evident therein. Human
beings have deep roots in the manipulation of landscapes, especially as they concern the role
and resources that coastal waterbodies and waterways represent, through the active design
and physical defining of topography: how the shape and elevational contours of land affect
flows and functions of water. Accordingly, the introduction herein frames the roles of landform
as an elemental aspect of the construction and spatial planning of urban coastal and shoreline
zones, and focuses on the physical materials, including actively-gathered geomaterial
resources called sedimentthat compose the basic building blocks of constructed landforms.
In chapter one, the interplay of various terms and concepts involved in climate change
adaptation that matter in the context of spatial planning are articulated and clarified to frame
ways in which challenges and opportunities of the era may be described. Chapter two then
works to establish areas of much-needed consideration for the fields of landscape
architecture and environmental planning to enfold into its professional practice milieu:
namely tools and techniques from industrial ecology, which has been traditionally applied
almost exclusively to climate mitigation (as opposed to adaptation). The third and final chapter
discusses the application of modeling methods to an excavated sediment budget in an
approach designed to assess aspects of the climate change future of a case study region. The
work helps illustrate several insights and critical questions that are discussed in the final
conclusion section.
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Dedications

We drink from wells we did not dig;
we are warmed by fires we did not kindle.

Devarim 6:11
625 BCE

To ply their labor: some extend the wall; Some build the citadel; the brawny throng
Or dig, or push unwieldly stones along. Some for their dwellings choose a spot of ground,
Which, first designed, with ditches they surround. Some laws ordain; and some attend the choice
Of holy senates, and elect by voice. Here some design a mole, while others there
Lay deep foundations for a theater; From marble gquarries mighty columns hew,
For ornaments of scenes, and future view.

Publius Vergilius Maro
25 BCE

It is hard to follow one great vision in this world of darkness and of many changing shadows.
Among those, men get lost.

Hehaka Sapa
1920

Is this concrete all around, or is it just in my head?

David Robert Jones
1972

Hope is not a lottery ticket you can sit on the sofa and clutch, feeling lucky.
It is an axe you break down doors with in an emergency.
Hope should shove you out the door, because it will take everything you have
to steer the future away from endless war, from the annihilation of the earth's treasures
and the grinding down of the poor and marginal...
7o hope is to give yourself to the future - and that commitment to the future
is what makes the present inhabitable.

Rebecca Solnit
2004



Preface

Dissertation, taken from Latin d/ssertatio or “path” may have etymologic roots also in the Sanskrit
sarat, meaning “thread”. The best practical advice | received about how to contemplate and confront
the task of writing the dissertation was provided by my Qualifying Exam Chair, the inimitable Louise
Mozingo: make it narrow, and deep. Thus, the process in any work like this is to hopefully illuminate
knowledge of something that is specific enough to be highly focused and constrained (and therefor
achievable), and rigorously researched to the point that the Doctoral Candidate literally eliminates (to
the extent possible] the likelihood of producing something erroneous - very often through the process
of exhausting their materials, methods and selves along the way.

So how to position oneself in order to hopefully contribute to, complete - and perhaps even enjoy -
walking the path? There, again, Louise had advice for me. “You're going to have to be poor for a while.”
Indeed, there is much about the life of a doctoral student that is unavoidably ascetic, even stoic. And,
yes, perhaps there is also something of a roguish glamor to the community of wan, ink-stained
wretches toiling away thanklessly in the wee hours of the ivory tower. One’s work is balanced upon a
strange fulcrum, from which they possess very little authority while often carrying considerable
responsibilities. At some point, one realizes that the process has miraculously worked(!): they've
developed deeper expertise (in that narrow place) than their advisers, mentors and teachers possess.
And then, it is time to compose a document that constantly daunts and frequently taunts. A mentor
named Andy Gunther helped me set expectations early in the process. “Don’t try to make the
dissertation perfect,” he said wryly. "It will be perfect when it's done.”

And yet. Filing a dissertation must feel something like dropping your child off for their first day of
elementary school or perhaps college or the Army. To let go and let the thing become what it will be
instead of trying to control what it is. In these final weeks leading up to filing this manuscript, | cannot
stop thinking about whether anyone will read it. Not because of vanity, or at least not entirely. What |
am actually curious about is the extent to which the information and work embodied here might actually
be useful to someone, somewhere at some point hoping to approach and address some of the
challenges of our era, society and world that this document describes, and with which it grapples.

Oh, the challenges. The entanglements of politics, markets and media in our modern world are
profoundly resistant to actually allowing us to face and tackle the overriding and underpinning test for
us all: the causes and impacts of global warming. What climate change threatens to do is
fundamentally deform the actual context of our lives and communal existence; and to tear apart the
fabric of life as we know it. In that sense, it governs all else. As an issue, it is unique in that its unfolding
will worsen the vast majority of other issues we continue to scramble around fighting over. The
competition for resources, safety and prosperity - and the sheer, elemental desperation that this strife
will increasingly induce on a depleting planet - are poised to thrust us all into ever-worsening and
ever-complicating sets of decisions intended to stem our losses and staunch the proverbial bleeding.
As usual, the poor and disempowered will suffer first and worst.

While the works in this document are situated within academic and professional milieus (various
engineering, ecology and environmental design and planning fields), the reason to ask and answer the
questions at the heart of this dissertation is about intergenerational and interspecies environmental
justice. There is simply no way to approach a rationale for rethinking technical and strategic aspects



about how we must invest in better and more sustainable practices and futures - adaptation - without
confronting profound ethical problems and their unsettling implications. | can't shoehorn too much on
that front into this work, though it's evident to some extent via the concepts of the public realm and
public goods and interest in Chapter One.

| hope that if anyone does read this (or even, literally, this foreword) they will glimpse my struggle with
and commitment to this task: exploring how we (as individuals, cohorts, communities, regions, firms,
nation states and as a species itself) might evolve, transform and expand our sensibilities of the public
good that we are responsible for protecting and growing. Of all of the galling and needless losses,
suffering and inefficiencies that our currently dominant paradigm perpetuates and cleaves to, the most
damning and central tendency of this paradigm and era is, in-effect, the preposterously high discount
rate we are willing to accept applying to our planetary future. It's maddening: to watch people (including
myself) constantly going about their daily lives and careers ostensibly to ensure and invest in their
futures (and those of their families, communities, enterprises, etc.) while completely ignoring the ways
in which status quo modes of existence are undermining and depleting that future.

Grappling with this is exhausting, grinding, and frequently grim work. This is not a field for anyone to
go into or be part of that is looking for an easy row to hoe, whether emotionally, intellectually or
professionally. And for young people who choose to throw themselves in, | can only hope that your
generation will be more bold, brave and intolerant of the greed, wastefulness and bigotry of your
forebears. So Louise Mozingo is right: you will have to be poor for a while to submit to the academy; to
get lettered; to become an expert. But this path can also lead you to a place of clear-eyed vision and
leadership, things so badly needed now. Louise is also - and oddly - wrong in that respect: in my entire
time walking the path and tracing the thread that was this dissertation, | felt positively rich. Yes, of
course: rich in problems and frustrations; strife and confusion; rich in struggles and exhaustion. But
no one commits themselves to a wealth of those things if they do not also believe - do not actually know
- that this work is rich also in purpose, possibilities and, ultimately, hope.
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Introduction: Human Beings As Geomorphic Agents

The impetus to intervene in the landscape by physically manipulating landform was
historically most pressing in settlements adjacent to waterways and waterbodies for the
purposes of preventing or controlling flooding and building commercially useful space. At
the shoreline, shaping the landscape to establish desirable topographic relief offered a
way of capitalizing resources and space in multiple ways: initially by removing soil from
steep ground considered more difficult to develop (thereby improving it) and subsequently
depositing it at the shore to create flat, low, valuable real estate (by “reclaiming” it from
waters and wetlands). After industrialization, the disposal practices of urban and
industrial wastes increasingly utilized excavated soils as a material for ‘capping” wastes -

at the shoreline and inland landfill sites alike.

This dissertation expands on a central thesis: the role of managed soil and sediment is
poised to change dramatically in the 21t century. As human population rises, and people
increasingly settle in ever-more dense (often coastal) cities, they will expand their built
environment and excavate umpteen volumes of sediment doing so. Currently, dominant
regimes defining the management of this resource view and treat it as a waste-product;
and it is often ultimately and irretrievably interred in landfills. The relationship between
these processes and resources may dramatically change in the climate change era. We
consider themes and theories for contextualizing and situating this concept in relevant
processes, patterns, places and problems related to earthworks, focusing on coastal

urban development, design and planning.

Beginnings of Anthropogenic Earthworks
Humans have proved prodigious shapers of the face of the earth: manipulating landform

to capture and control natural processes: in the Neolithic drive towards agrarian
settlements; in the building of mounds and mounts for spiritual and civic purposes; in the
urban society-building process; and in myriad other endeavors of environmental alteration
since (Douglas, 2000; Hooke, 2012; Morrish, 2010; Pollock, 1999; Price, 2011; Sjoberg,
1960; Yoshida, 2018; McEvoy, 2004; Wilkinson, 2014). Often credited to Napoleon
Bonaparte, the axiom “geography is destiny” implies an elegant and profound idea about
humans and their place on earth. Yet it risks overlooking an important aspect of the human
condition: where manipulation of the landscape could alter natural processes of the site,
area, or region, manifold effects might result -- intentional and otherwise (and often both]



(Harrison, 1992; Reisner, 1993; Scott, 1998). In this way, humans have explored ways of
engineering geography; and perhaps bending the arc of destiny to their will. Doing so
Inevitably seemed to entail the physical reworking of landform.

Form and Void: The 6t Century BC Cloaca Maxima of Rome’s outfall at the Tiber River (Left] is still in existence and
partially functional, thus sometimes referred to as the least expensive infrastructure ever built. While essentially
invisible, its construction nonetheless involved extensive earthwork. (R): 3 Century BC Adenaen Serpent Mound in
Midwestern America: a notable earthwork of altogether different form and intent. University of San Francisco.

Manipulation of Landform in North American Cities: 1700-Present

Setting the Scene: Relevant Context and Trends: America in 1700-1850

Understanding the patterns and processes of growth, industrialization and urbanization
that led to the America of the mid-19" century requires consideration of several important
trends and projects leading up to the era. Port cities were critical outposts in colonial
times: access to natural resources, safe harbors and inland waterways made shallow bays
and estuaries ideal loci of commerce, culture and the local urban development they
engendered (ULI, 1983). Demand for waterfront access (wharves and docks) and flat, low
ground to build urban space led to a common practice: land filling by deposition of all
manner of material to establish vast swaths of constructed waterfront (Spirn, 1984). Urban
development and functions found this the preferable condition for the logistical avoidance
of schlepping goods uphill and the relative ease of siting and constructing buildings on
flatlands and gradual grades. Laying low local hills relief yielded material for expanding
land (by filling) while also producing lower, flatter ground in turn, thus improving it
(Lockwood, 1978).

Extensive canals connected New England’'s port cities to points west. The Erie and
Pennsylvania Mainline Canals were highly sophisticated, hundreds-of-miles-long
constructions at the height of the “Canal Age” (Nye, 1994; Shaw, 1990). Enormous volumes
of earthen material had to be dug and blasted out of their alignments, where horse carts
and countless men did the digging (Haycraft, 2000). The Erie canal likely entailed the



excavation of 11 million cubic yards of earth: side-casted to build a towpath levee (Clark,
1985; Shaw, 1990). Sanitation efforts in early American cities drove another suite of
excavation processes that laced through cities and reached far into the hinterlands alike
(Cronon, 1992; Granick, 1991; Nye, 1994). Outbreaks of typhoid, yellow fever, malaria,
cholera and dysentery plagued early cities, and urban water was complicit in them all
(Melosi, 2000). Inadequate drainage, tainted aquifers, and the need to convey drinking,
wastewater and stormwater led to mass excavations to bury pipes and aqueducts beneath
cities, in addition to the earthworks involved in trenching and tunneling through
countryside, damming reservoirs and building levees (Gandy, 2002; Granick, 1991). Civil
Engineering emerged as a formalized discipline to tackle these prominent and emergent
challenges of the day [reclamation, transportation, sanitation], and America’s first
Engineering school was founded in 1820 (Melosi, 2000). Steam-powered plows began to
revolutionize agriculture in North America, starting in the 1830s, and steam shovels and
trains were used to reduce topography to cartloads of soil, sand and stone: very often to
shunt the spoils to the shoreline (Lockwood, 1978; Spirn, 1984).

The Industrialized City: 1850-1950

Civil Systems: Infrastructure and its Earthworks

Enormous national growth and change characterized the decades leading up to the mid-
19t Century, and the 1850 Gold Rush essentially began to reformat the political, population
and economic dynamics of the nation [(Caughey, 1975; Cronon, 1992]. Millions of
Europeans arrived, though the growth of cities was also due to migration from outlying
rural areas -- partially a function from steam-powered agricultural machinery’s rise,
though increasingly it was put to use in other earthworks (Caughey, 1975; Haycraft, 2000;
McKelvey, 1963; Miller, 1987; Mumford, 1961). If anything, the westward expansion and
migration triggered by the Gold Rush made the imperative for large, dense, and
prosperous cities on the East Coast and Great Lakes all the more important: driving
towards an unprecedented level of interconnectedness, due in no small part to the 1869

transcontinental Railroad linkage, an enterprise entailing a network of innumerable
earthworks to construct (Cronon, 1992; Nye, 1994; Schuyler, 1986; Tarr, 1996).



Above: San Francisco in the 1850s, as the region’s extensive “wharfing out” period began in earnest. The sign reads, “D.
Hewes Steam Paddy Works”. Note the steam locomotive with carts full of soil surely headed to the shoreline; the
flattened, barren expanse in the foreground; and the scrub-covered hill being reaped, center-left. Bancroft Library.

As the built environment spread, its infrastructural networks did too, and countless
projects to underground pipelines and other provisional networks accompanied the
landforms of development: graded hills and parcels; cuts through relief for roads and
rails; dam-building; and excavating innumerable cellars, vaults, tunnels and basements.
The trolley replaced the horse as electrification, emerging slowly in the 1880s, altered
transport and energy regimes, adding layers to the underground in cities and suburbs
(Granick, 1991; Kaika, 2005; Nye, 1994). Influential notions about how modernity might be
physically constructed coalesced across the pond: Hausmann's 1850s “rationalization” of
Parisian space established the souterrain as an urban “underground service layer”
(Gandy, 2014). Bazalgette's massive 1860s sewerage and Thames River improvement
project illustrated the potential balance between “cutting” and “filling” in a developed city,
as trenches for sewers yielded spoils for remaking the Thames’ newly bulkheaded banks
and reinventing the basic hydrology of the city through the manipulation of land (Halliday,
1999).
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Above: 1862 drawing of the St Martin canal (left] beneath Paris, being used for transport, which coincided with
Hausmann’s extensive renovation and the major sanitation infrastructure overhaul it sought to provide (middle). Photo
of Thames River outfall into the River Lea [right], also in 1862. Royal College London

By the 1880s, centralized steam networks for municipal heat joined the urban
underground, and engineers were gifted new powers with the 1890 invention of the Diesel
internal combustion engine, widely deployed in endeavors ranging from agriculture (its
raison d'étre] to other earthmoving uses involved in mining, tunneling, and marine
dredging (Granick, 1991; Haycraft, 2000; Melosi, 2000). Railroads extended suburbs,
furthering their demand for civil infrastructure, much of it underground (Cronon, 1992;
Miller, 1987; Spirn, 1998).




Above: A photograph (L] and drawing (R] of workers laying a 4 -diameter redwood water pipe in a ~1900 Denver, CO
trench. 10,000 cubic yards of earth is displaced per-mile of pipe. In the 1880s and 1890s, the number of national
waterworks increased faster than the population grew (Melosi, 2000). UCD; Engineering News.
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Above: A 1910 cutaway drawing of a “city of flows”, showing Paris’ Place d'Opera metro and the urban underground.
While intricate and impressive, the drawing actually omits numerous other layers of Hausmann's urban “service layer”
that the souterrain provided to the City of Lights: including energy (hence the lights) and sanitary services. Mumford
cited the “Underground City” as a natural outgrowth of urbanization. Popular Mechanics.

The rapid growth of the nation’s cities continued to build a palimpsest of subterranean
networks laced through increasingly tall, dense cities; networks inevitably requiring
expansion, growth, repair and adaptation (Granick, 1991). This “city of flows" facilitated
the movement of resources, goods, wastes, energy and people -- influenced by ever-
expanding markets, technological mobility and a sense of control over commodities,
resources, and perhaps nature itself [Cronon, 1992; Gandy, 2002; Kaika, 2005; Nye, 1994).
Private automobilization redefined urban form everywhere in the 1920s and 30s, inevitably
finding its way underground; and natural gas replaced coal in many cities by the 1940s,



necessitating a novel underground distribution network of pipelines and storage wells
(Mumford, 1961:; Tarr, 1996).

Above: Croton Falls Dam, NY, 1909. Provisioning an urban enclave with various resources often entailed earthworks in
the hinterlands (and connecting them, see previous picture] and many unintentional consequences for aquatic
ecosystems and sediment flows to shorelines resulted. NY Historical Society.

The Making of Land near Water
Providing and ever-growing urban population with housing, services, and resources

challenged growing port cities, which also contended constantly with the urban-industrial
woes of the era [Melosi, 2000; Tarr, 1996). As ships grew, their drafts deepened. The sheer
scale and tempo of commerce ticked up; extensive wharves, quays and proximal storage,
processing and distribution facilities were built, very often on reclaimed land made from
shallowing waters and wetlands (Whitehill & Kennedy, 2000]).



Above: Boston’s Beacon Hill (~1890s) was not safe in the “wharfing-out” era, in which doing so was understood as a
compound benefit: a more easily-traversed city was graded, while its waterfront expanded, and landowners were paid
for the soil and sand reaped (Seasholes, 2003). Boston Historical Society.

To facilitate the near-constant rearticulation and growth of urban shorelines, waterfront
cities employed all manner of technological means to source, transport and deposit
materials. Commonly, earthen levees, or piles driven into the watery ground hemmed in
reaches of shoreline -- in coastal estuaries, riverfronts and Great Lakes alike -- and Into
these basins were deposited all manner of refuse and bulk material until a supratidal
elevation was achieved: sand, soil, stone and gravel; dredged spoils; ship ballast; ashes,
rubble and, increasingly, various solid wastes generated by urban and industrial life
(Cronon, 1992; Melosi, 2000; Seasholes, 2003; Tarr, 1996).



Above: 1893’s Columbian Exhibition on Lake Michigan’s shore provided cutting-edge civil infrastructure in a reinvented
swath of Chicago’s waterfront as a Beaux-Arts dreamland (for a temporary event]. Underpinning the plan were
considerable land reclamations and earthworks overseen by Olmsted, and filling of Chicago’s waterfront continued -
for far-less civic-minded purposes - for decades thereafter (Larson, 2003; Taft, 2018). Chicago Public Library.

Regional Urbanism: Aesthetics and ldeals in Landform and Its Functions

Designers grappling with the emergent needs and challenges of the mid- and late-19t
century embarked upon defining projects of the new American landscape. Frederick Law
Olmsted’'s schemes for New York's Central Park was ambitious in several respects, not
least of which was its sheer size and siting: a massive grading and earthwork-based
“lungs” at the center of America’s premier city (Schuyler, 1986). The Greensward Plan of
1858 audaciously foregrounded the simple preeminence of landscape in its own right:
landforms blurred and obscured the park’s boundaries, and it was the sole proposal to
simply declare that surface-level roadways would be ruinous; requiring considerable
tunneling and cut-and-cover operations to subordinate them (Schuyler, 1986). Landscape
architecture, while not yet minted as a profession in America, had moved far beyond
gardening to meet (and define) the scale of the city.



Above: While Olmsted and Vaux sought to showcase and play off the natural relief of Manhattan in their 1858 scheme
for Central Park, the scale of earthwork involved is often overlooked. Shunting the transverse roads under the park (left]
was unique to their Greensward Plan; construction of the new reservoir required extensive digging and grading. New
York Public Library.

Concerns for the lack of quality of life in cities, echoing some of the romantic lamentations
of Emmerson and Thoreau, gave voice to advocates of suburbanizing like Catharine
Beecher and Andrew Jackson Downing (Marx, 2000). Waves of reimagining the
relationship between nature and the city ensued, and notions about how the built
environment might view, use or otherwise benefit from pastoralism, nature’'s aesthetics
and ecological functionality evolved to herald the 20" century, and its ever-widening
metropolitan regions that inevitably enveloped (and often degraded] the countryside
surrounding the city (Hall, 2002; Miller, 1987). Nonetheless, leveraging advances in
technology to overcome environmental inconveniences abounded, as cities in some
instances took to undergrounding, and essentially denying, their fundamental hydrologic
realities, often to their eventual, intergenerational detriment (Spirn, 1998). Yet this was of
a pattern: while romantic notions about nature and wilderness were evolving in the
American Psyche, the drive to “solve” urban problems through technocratic means was
consuming (Gandy, 2014).



Above: The Undergrounding of Mill Creek in 1880s Western Philadelphia. Shunting stormwater into a massive culvert
beneath the town caused extensive, multi-generational problems, and entailed an impressive earthmoving enterprise
to accomplish in the first place. Note the sheer displacement of earth by the structure; and the volume required to
eventually re-establish grade above it. Philadelphia Water Department

Ebenezer Howard's Garden City imagined a productive landscape adorned with
agricultural self-sufficiency and modern modes of living; City Beautiful sought the
injection of nature into the city, reclaiming its civic dignity and value; Progressive Era
reformers promoted City Efficient to solve social and environmental problems, essentially
ushering in the formalization of zoning as a central aspect of urban planning and
governance (Hall, 2002; Marx, 2000; Miller, 1987; Schuyler, 1986, Taylor, 2009). The rise of
metropoles perhaps demanded that regionalism and an understanding of the value of not
developing land emerge, as luminaries like Charles Elliot Jr and Patrick Geddes
challenged contemporary views about the role and value of ecological structures and
systems -- inevitably linked to broader environmental and sociocultural wellbeing - that
harmonized with a reformist Progressive era’s discontented notions about urban-
industrial growth and its impacts, becoming a focus of the cultural philosophies of
Catherine Bauer, Lewis Mumford and others (Tyrwhitt, 1947; Hall, 2002; Ndubisi, 2002).



Above left: Charles Eliot Jr's networked open space sketch of the Neponset River basin (1902) and Patrick Geddes’ (1915)
sketch imagining the countryside constraining the sprawl of development spoke to increasing sociocultural concerns
and interest in regional aspects of societal growth and development. University of Toronto.

Automobilization became a defining logic for urban form, rising hand-in-glove with
technological leaps in the heavy machinery (and the scale of resultant earthworks) useful
in city building projects (like linking interstate highway networks and shunting traffic
below already built-out cities) including their rebuilding to address reformist concerns of
the age, rural-urban migration and rising populations (Granick, 1991; Haycraft, 2000;
McKelvey, 1963; Miller, 1987; Mumford, 1961). Civil engineering, ascendant in the early
21%t century, sought to affect resource reallocation schemes on hitherto unknown scales,
often imposing “top-down” notions of commanding and controlling nature for the benefit
of humans: draining the Everglades; taming the Tennessee Valley; mastering the
Mississippiand the monumental task of provisioning water out West all signified the public
works projects of the New Deal (Holling, 1996; Grunwald, 2006; Hall, 2002; McPhee, 1989;
Nye, 1994; Righter, 2005).



Above: Montana’s 1938 Ft Peck Dam (partial) failure. The dam itself (lower left) is 250" tall at its crest with a 500-acre
area. Inevitably, where control of water was concerned, manipulation of land was the medium for its realization,
sometimes grandiosely. Army Corps of Engineers.

Landform Manipulation in the Modern Metropoles: 1950-Present
World War Il introduced the military industrial complex to all aspects of American

sociopolitical life, and processes of extraction, manufacturing and shipping exploded in
their scope and scale. Strategic port cities found themselves injected anew with the
imperative and impetus to grow and develop [(Miller, 1987; Mumford, 1961). Rising
populations in these regions engendered a bigger, denser built environment, which
entailed all manner of excavation projects to construct and UUS expanded with these
changes and advances in engineering’s capacities and ambitions, (Jansson, 1978). A
convenient, if not altogether original role for excavated soils to play in the dance of urban
development emerged. “Sanitary landfills” spearheaded in Fresno and San Francisco CA
in the 1930’s provided a threefold solution: local municipal waste could be “capped” by
earth (thus hiding its offensive aesthetics); done at the shoreline [some states had, by now,
banned open ocean dumping], this formed a cornerstone of ongoing land reclamation
projects; and it effectively “solved” the question of where and how to dispose of a constant



and increasing flow of soils and spoils, which could be used to cap the (also increasing
flow of] garbage (Melosi, 2000; Tarr, 1996).

Above: Fresno, CA’s sanitary landfill, c. 1939. APWA

Numerous large-scale projects both real and imagined hinged upon this concept, which
spoke to the scale of the bustling metropoles need for developable land and waste
management in an expanding and ravenously hungry consumer culture (Melosi, 2000].
Schemes aimed at engineering entire regional landscape dynamics and converting the
world's largest landfill (Fresh Kills, NY) into valuable real estate stood as examples also
of the oddly important role of soil and sediment as building material for projects of
immense scale (Caro, 1974; Jackson, 1977; Trumpeter, 2012). And postwar frontiers
across the country experimented with new ways of shaping, and conserving landscape in
the rapid growth of the postwar period (Mozingo, 2011). Though environmental luminaries
had been laying the groundwork for over a century, the troubling trends pertaining to
growth, sprawl and environmental degradation coalesced in the postwar period as a “New
Ecology” dawned and the environmental movement ultimately galvanized in the 1970s
(Melosi, 2000; Ndubisi & ebrary Academic Complete, 2002). Insights of John Muir, Aldo
Leopold and Rachel Carson were synthesized into a planning ethos by lan McHarg and
others sketching utopian merging of city and countryside into, and many environmentally-
focused legislative acts were incepted into federal and state law, with implications for
planning and development (De Monchaux, 2016) Fiorino, 2006).



Above: Eminent Landscape Architect Rich Haag's articulation of the elemental ethos of the landscape architect, “dig
hole; build mound” at least half-evident in Seattle’'s Gas Works Park, opened in 1975. The “Great Mound” (right) is a
cache of rubble, capped by soil and now standing as a novel landform simultaneously masking and referencing the site’s
past. University of Puget Sound.

A number of regulatory measures emerged; aimed at curtailing land filling and
soil/sediment disposal in waterways and mostly for the protection of crucial habitat and
species - regulations that persist today in many metropolitan shorelines (Platt, 1994). The
Water Pollution Control and Coastal Zone Management Acts of 1972 restricted
reclamation, land filling and shoreline development. The Endangered Species Act and
Habitat Conservation Plans induced expanded stewardship of many national shoreline
areas.

Future Directions

Physically altering the elevational profiles of shorelines is ancient, and evident in the rapid
rise of America’s port cities and their long legacies (Charlier, 2005; Hill 2013; Inman, 1974;
Spirn, 1984). Excavated soil resources have played interesting roles in metropolitan
shorelines: as a building material for physically constructing them; as byproducts of their



development and growth; as components of waste management systems tied to changes
In urbanization, infrastructure, technology and governance; and most recently in
ecological restoration and adaptation projects. Extensive landforms are being considered
for their role in coastal adaptation as multi-benefit flood barriers, and research is needed
to connect an understanding of their material requirements with the soil management in
urban shorelines: conceptually linking ongoing flows to an anticipated application, and
exploring how their physical linkage might be accomplished.

The built environment is expected to grow at an astonishing rate in coming decades (de
Monchaux, 2016). Urban development trending toward tight, dense, transit-oriented cores
will concentrate excavation activities, very often in places much closer to under-nourished
shorelines than landfills. The challenges of implementing (or simply planning]
metropolitan shoreline adaptation schemes that might be required to meet several feet of
SLRinthe 21stcentury are immense; so complexified and contested are these geographies
by actors of all stripes, operating at federal, state, regional, and local levels. Without
research into the potential significance of sediment reuse in regional SLR strategies,
coastal conurbations cannot compose an accurate picture of their fundamental options
based on the material markets and ecology related to excavated sediment. And because
of the existing regimes governing urban soils (and as a function of their nature), they are
both nonrenewable and truly lost when landfilled. The drowning of coastal wetlands whose
migration is impeded by the (also imperiled] built environment represents a major
impetus for research into the material ecology of anthropogenically-managed urban soils
and sediment.
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Chapter 1: Climate Change, Adaptation Planning and Institutional Integration:
A Literature Review and Conceptual Framework

Abstract

The scale and scope of climate change has triggered widespread acknowledgement of the
need to adapt to it. Out of recent work attempting to understand, define, and contribute to
the family of concepts related to adaptation efforts, considerable contributions and
research have emerged. Yet, the field of climate adaptation constantly grapples with
complex ideas whose relational interplay is not always clear. Similarly, understanding how
applied climate change adaptation efforts unfold through planning processes that are
embedded in broader institutional settings can be difficult to apprehend. We present a
review of important theory, themes, and terms evident in the literature of spatial planning
and climate change adaptation to integrate them and synthesize a conceptual framework
illustrating their dynamic interplay. This leads to consideration of how institutions, urban
governance, and the practice of planning are involved, and evolving, in shaping climate
adaptation efforts. While examining the practice of adaptation planning is useful in
framing how core climate change concepts are related, the role of institutional processes
in shaping and defining these concepts — and adaptation planning itself — remains
complex. Our framework presents a useful tool for approaching and improving an
understanding of the interactive relationships of central climate change adaptation
concepts, with implications for future work focused on change within the domains of
planning and institutions addressing challenges in the climate change era.

1. Introduction

The environmental severity and enormity of climate change is coming into sharper focus,
as are considerations of crucial and complex impacts on society and daunting demands
of the requisite efforts to adapt to it (Nordgren et al, 2016). Climate Change Adaptation
(CCAJ is understood as a challenge ensnaring numerous actors across multiple societal
sectors, acting as a nexus of overlapping concerns and connections (Aylett, 2015).
Significant increases in literature concerned with climate change adaptation is evident,
with commensurate scholarship dedicated to exploring key concepts in the field (Einecker
& Kirby, 2020; Gupta et al., 2010; Wang et al., 2018). Hurdles to effectively engaging with
climate adaptation concepts run the gamut: from the inaccessibility of scientific “jargon”
(Tribbia & Moser, 2008) to the need to synthesize research and identify areas lacking



attention (Berrang-Ford et al., 2015; Ford & Pearce, 2010). Disentangling the roles and
relationships between modes of preparing adaptive responses to climate change
(planning) and the social patterns that govern these practices (institutions) reveal more
areas of confusion and needed consideration; perhaps especially for examining how these
practices and patterns may themselves adapt or be adapted (Giordano, 2012; Gupta et al.,
2010; Patterson, 2021). While conceptual frameworks used to streamline and simplify
complex ideas are common, frameworks constructed for the purpose of clarifying key
concepts in the field of climate change adaptation planning are lacking.

Planning is a concept with wide and diverse meaning across numerous scales and
disciplines (Lawrence, 2000). While climate impacts on the atmosphere and oceans of
earth are increasingly severe (and entail their own planning considerations), we are
concerned here with spat/ial planning, which frames the landscape as a crucial, dynamic
medium—a geographic template—upon and within which effects of climate change will be
experienced most acutely by humans (Ndubisi, 2002). Spatial planning uses diverse
scientific methods and information to shape decisions about how features of the
landscape are designed, constructed, and managed. Berkes and Folke (1998) sought to
formalize the concept of social-ecological systems (SES) as linked human and natural
systems that somehow “fit” together (Epstein et al., 2015); and a framework for
“matchling] the dynamics of /nstitutions with the dynamics of ecosystems for mutual
social-ecological res/lience and improved performance.” While earlier work on the
concept was undertaken by Ratzlaff (1970) and later Cherkasskii (1988) reflects that the
SES initialization is also used to denote ‘socio-ecological or "socioecological systems,
Berkes and Folke sought to avoid a modifier (socio-) that would imply a subordinate role
of the social features of SES (Colding, 2019). Nonetheless, they remain largely

interchangeable in the literature.

The concept’'s presence in publications across numerous subject areas has exploded in
the 21st century (Colding & Barthel, 2019), perhaps reflecting or coinciding with increasing
interest in the climate crisis and the human role and responses to it. SESs are useful here
as a way of examining human interactions with and within the geographic template, and
determining how technical and scientific knowledge about SESs are used to inform action
in order to shape it and its future states: the essence of spatial planning (Anderies et al.,
2004; Gallopin, et al., 1989). Planning decisions about shaping SESs are implicitly ethical
because they may generate opportunities and challenges for future generations (Leopold,
1949).



Because climate change is characterized by significant and potentially increasing
uncertainty, decision-making processes are encountering complexity in planning
adaptation efforts to address these “(super)wicked” problems (Albrechts, 2004; Giordano,
2012; Hallegatte, 2009; Levin et al., 2012; Toimil et al., 2020). This is especially true in
urban regions complicated by the concentration, entanglement, exposure, and diversity of
citizens, resources, assets, and the systems for their management evident there, as well
as the numerous, multileveled and/or polycentric governance structures employed as
administrative actors (Castan Broto, 2017; Pahl-Wostl, 2009). Urban areas are complex
geographies, where deep and complicated histories, cultures, and institutions generate
important questions about the social aspects of power, resources, and environmental
health, safety, and justice (Bulkeley & Castan Broto, 2013; Rasmussen et al., 2020).

For these reasons, while we do not rigorously analyze or compare issues arising from
various scales of consideration that spatial planning constantly confronts (local vs.
national; site-based vs. regionall], we examine central ideas and themes related to CCA
that are especially evident in densely populated, developed areas. Extensive research on
the role and function of multi-level governance [MLG) is evident in CCA circles, as are
discussions of various traditions, processes, and planning cultures across nations and
regions of the globe (including recent work by Ishtiaque (2021) and DiGreggorio (2019)
useful for deeper examination of multilevel governance dynamics.) Most of the discussion
within this article is derived from—and applies most directly to—developed nations and
western planning traditions whose similarities and features lend toward the
generalization and synthesis useful in the construction of the proposed framework.

Meadows™ (1972) landmark 1972 study, Limits to Growth, was recently assessed to
examine the “fit” between projections of troubling development trends modeled a half-
century ago, and their potential implications for countless (and planetary] SESs.
Specifically, the “Business as Usual” description of a scenario describing unsustainable
development practices (in this instance, particularly as a function of pollution increases
including atmospheric greenhouse gas concentrations) appears to be playing out today,
potentially portending calamitous impacts for society by or before midcentury (Herrington,
2021). Given that countless planning endeavors have unfolded for decades within the
context of a finite planet articulated in L/mits to Growth, major questions emerge about
what planning is fundamentally for, how it functions (or can fail), and how it is positioned
to operate in the climate change era.



Moreover, insofar as planning is understood as a practice utilized for governing the use of
resources and space, the /nstitutions—rules, norms, customs, and conventions—that
simultaneously overarch and undergird planning are crucial to consider, and perhaps the
fundamental relationship between planning and institutions most of all (Gualini, 2001).
This frames the basic question at the center of this review: how is climate change driving
transformation of the human systems that must confront it? What prominent and salient
concepts characterize this confrontation, and how are they related—to one another and to
the planning and institutional domains grappling with climate change? This literature
review draws upon important concepts and themes from these fields and areas of interest,
as well as synthesizes and integrates prominent concepts into a broadly applicable
framework to further research and consideration of the relationships between these fields
and ideas. We demonstrate that core concerns stemming from climate change studies
are commonplace and of increasing relevance in planning and institutional domains, and
that logical links between them can be articulated to illustrate relationships framing
notable conceptual and thematic intersections and interactions; these, in turn, work to
clarify areas of emphasis, key linkages, and important “blind spots” that persist in CCA

research.

This article is structured as follows: Section 2 describes the review approach, and briefly
situates spatial planning within a historical and theoretical context that frames
consideration of important concepts in the climate adaptation literature. Section 3
integrates these into a Climate Change Adaptation Planning (CCAP) schema, and we
describe its key phases. Section 4 examines how, in turn, the practice of adaptation
planning Is related to theory about adaptation features of interest. Synthesis and
integration of these features produces a conceptual framework that exhibits the ‘nested’
and covalent relationships and dynamics therein, which is followed by an examination of
the role of institutions in these dynamics. We close with a brief discussion and conclusion
examining insights and further questions framed by the work.

2. Climate Change Adaptation Planning: Prologue, Practice, Paradigm

Our research is focused around a literature review that examines prominent themes
related across several domains of interest to CCA: spatial planning, climate change, and
institutions. Comparing ideas and terminology of importance across diverse fields and
phenomena involving various sociocultural dynamics is complex for a variety of reasons



(Ritchie, et al., 2014). This is especially true when theories of change in social patterns are
involved because framing and contextualizing historical trends inevitably entails
consideration of broad themes (Webster & Watson, 2021). Our review considered highly-
cited literature in the domains of interest to assemble a network of conceptual and
empirical articles and studies engaging concepts with broad prominence in CCA research.
This formed the basis of an approach articulated by Paré, as geared towards “identifying,
describing, and transforming [important] concepts, constructs and relationships...[to build
al higher order of theoretical structure” (Paré et al., 2015). In turn, this approach was used
as a theoretical and narrative basis for constructing a conceptual framework. This is a
common goal and outcome of research linking interdisciplinary bodies of knowledge to
explore associated phenomena by articulating “key factors, constructs, or variables” to
describe logical relationships among them that correspond to the main tenets of the
research (Jabareen, 2009; Miles & Huberman, 1994.). Accompanying the narrative review,
the framework is used to consider relevant issues in the institutional domain, as well as
for framing a discussion about persistent challenges, emergent insights, and potential

applications.

2.1. A Very Brief History of Modern Spatial Planning
Landscape architecture arose as a formal design discipline in the 19th century based
partially on the increasing recognition of connections between environmental and social
health, out of which the sub-discipline of landscape planning emerged (Hill, 2018].
Landscape design and planning’s interests in large-scale [watershed, regionall
geographies and dynamic environmental and human (system, network] processes led to
a broader rationale for incorporating ecological considerations into multi-scalar spatial
planning (Ndubisi, 2002). In the postwar era, ecological planning entered common
parlance, further shaped by the concerns of the modern environmental movement’'s
discontent with harmful effects of unbridled development (McHarg, 1969; Swaffield, 2002).
One of the overarching themes in ecological views of spatial planning is the concept of the
suitability of landscapes: how their inherent and potential qualities predispose them to

various uses by humans.

Modern perspectives focusing on Sustainable Development (SD) emerged in the late 20th
century largely to address the obvious tensions between intensifying resource
management practices and future prosperity (Meadows et al., 2004). Goals to achieve SD
have become key concerns in the climate change era; especially in urban areas of high
development intensity (Lélé, 1991; Sauvé et al., 2016). The means by which these goals are



achieved—the “pathways” taken to reach them—inherently entail strategic planning
approaches because limited resources force choices that entail tradeoffs (Albrechts,
2004; Carter et al., 2015; Rondinelli, 1976; Tyler & Moench, 2012). The scope and scale of
climate change is coming into sharper focus in the 21st century, as are its implications for
significant change and uncertainty over time (Chaffin et al., 2014; Fankhauser et al., 1999;
Hallegatte, 2009; Toimil et al., 2020).

The failure of society to curb GHG emissions through climate mitigation has increased the
need for climate adaptation, emerging as a central concern of spatial planners across the
globe; with some anticipating a paradigm shift in the fields of spatial planning concerned
with adaptation to more effectively address it (Birchall et al., 2021; Hill, 2016; Lawrence et
al., 2018). Challenges especially evident for spatial planning in the climate era emerge
when administrative units delineated in space (as municipal boundaries, borders, zones,
etc.) do not adequately address or fit well with the climate phenomena that defy socio-
politically conceived and articulated ‘lines on the (proverbial) map’ (Hannah, 2010; Wilder
et al.,, 2010). Indeed, as the landscape itself is modified by climate change, increased
flexibility will surely be required of the very planning processes meant to effectively
manage it.

2.2. Climate Change Adaptation: Central Concepts
To situate the practice of spatial planning within CCA efforts and the diversity of
interactions that SESs in the climate change era will confront, we summarize several core
concepts important in climate adaptation work. These ideas serve to populate our
conceptual framework in the next section, which, in turn, displays their relational and
dynamic qualities within an integrated theoretical construct.

Sustainability

The harvesting, commodification, distribution, (reJuses, and disposal of resources is a
ubiquitous human activity (Graedel & Allenby, 2010). This is especially true in (and for the
provision of] urban areas, where intense turnover and concentration of stocks occurs,
recognition of which has given rise to studies of urban ecology and metabolism (Restrepo
& Morales-Pinzon, 2018; loppolo et al.,, 2013; Wu, 2014; Kennedy et al., 2011). These
processes also entail significant energy footprints, and numerous environmental impacts,
including pollution, result from them (Tarr, 1996]. The concept of sustainability may be
understood to mean the maintenance of some (economic, social, environmental entity,
process, and/or outcome over time, framed in the environmental context of SESs (Basiago,



1999; Berkes et al., 1998 & 2003). Thus, while resource management remains a central
consideration of sustainability in general (and SD specifically), it is also understood as a
concept with applications in broader social realms (Epstein et al., 2015).

Resource scarcity (and competition) resulting from unsustainable management practices
carries equity implications - across both extant socioeconomic classes and for future
generations who may be disadvantaged or disenfranchised by prior resource usage
(Baccini & Brunner, 2012; Dipierri & Zikos, 2020; Stoddart, et al., 2011). Because planning
Is a core component of development, SD is frequently invoked as a concept to guide both
the means and ends of planning-for-sustainability, a topic of increasing importance in an
era of rising environmental concern, uncertainty, and flux (Gopalakrishnan & Bakshi,
2017; Lemons et al., 1998; Wheeler, 2004). Some authors argue that SES are the logical
analytical unit for SD research, with others asserting that they contain inherently
interrelated concepts with special relevance to adaptation, or the quality of adaptability
(Anderies et al., 2004; Young et al., 2006).

Adaptation and Adaptive Capacity

Influential scholarship concerning fundamentals about adaptation is extensive. For the
purposes of CCA, it entails altering or adjusting systems and behavior to “alleviate adverse
impacts of change or take advantage of new opportunities” through anticipation or
response to climate change impacts [ Adger et al., 2005). Adaptation can be differentiated
based on who is involved in adjustment, what prompts this adjustment, and how it is
undertaken (Fischer, 2018a; Smit & Wandel, 2006). Together, they “manifest” adaptive
capacity, through a variety of institutional and social mechanisms (Ibid.). While non-
human (ecolsystems may also be said to display CCA behavior (and possess adaptive
capacity), we are concerned primarily with the active inception and application of human
efforts to “influence the direction of change” in SESs affected by climate change (Fazey et
al., 2016; Fischer, 2018b; Wilson, 2012). Pelling (2015] articulates transformation of SESs
as a pathway along which adaptation may play out, arguing that adaptation may trigger
fundamental changes that decouple systems from more linear modes of progression.

Efforts to manifest adaptive capacity may backfire: potentially increasing vulnerability
(Eisenhauer, 2020). This is known as maladaptation (Oberlack, 2017; Scott et al., 2020).
Maladaptive outcomes bear the double burden of generally worsening conditions
(reducing resilience or increasing vulnerability] at the implied mutual exclusion of building
adaptive capacity due to resource limits (Kondo & Lizarralde, 2021). While noting various



viewpoints and definitions, Gallopin (2006) describes adaptive capacity in SES generally as
the capability to cope with environmental change combined with the ability to improve in
relation to it. Eakin (2014) argues that there are generic (development-focused] and
specific [climate impact-focused) domains of adaptive capacity, and that pursuit of one
may exclude, subordinate, or otherwise reduce the other. Whereas adaptation actions
might be understood in intuitive ways as relating to adaptive capacity (a quality], these
interact in the context of additional qualities — namely vulnerability and resilience — which
define SESs in important ways.

Vulnerability and Risk

Vulnerability concerns adverse impacts that occur due to a state’s “susceptibility to harm”
resulting from potentially complex interplays of exposure and sensitivity to stresses; and
it is amplified by a lack of adaptive capacity (Adger, 2006; Mccarthy et al., 2001; Smit &
Wandel, 2006). When harmful, these stresses take the form of hazards representing
threats to systems; events that “realize” hazards in significant ways by causing damage
are disasters; and those stemming from or involving natural phenomena are natural
disasters (Alexander, 1993; Oliver-Smith, 1996; Revi et al., 2014; Young et al., 2006). R/sk
essentially describes the condition and degree(s) of being vulnerable (based on exposure,
sensitivity, and capacity) to hazards (Pescaroli & Alexander, 2018); and risks shape and
define adaptive capacity itself (Dow, et al. 2013). Risks are generally thought to be, in some
sense, quantifiable, i.e., capable of being rendered in terms of probabilities describing the
likelihood of outcomes [Abbott, 2005; Haimes, 2004.; Mack, 1971.; Van Der Heijden, 1996).
The concentration of people, resources, and systems in urban spaces implies increased
exposure, and additional risk based on the location of urban assets (in coastal areas, for
example) may arise (Carter et al., 2015; Rasmussen et al., 2020). Risk operates in and
across various societal domains: it should be considered in social and economic terms in

addition to physical ones, including their interactions [Martins et al., 2020).

Resilience and Robustness

Systems exposed to risk and experiencing vulnerability may cope with it by drawing upon
internal resources, whose realization may reduce impacts. Since Holling’s (1973]
pioneering work in studying ecosystems’ capacity to withstand and rebound from states
of disturbance, — to "absorb” and “persist” — resilience has become something of a
darling within adaptation circles; prompting some to caution that its over-invocation might
dilute its meaning (Rose, 2007). Resilience is of particular importance in the context of
climate change because it represents a desirable quality of interacting designed and



natural systems, and their relationship to risk and vulnerability (Twigg, 2007); UNISDR,
2012).

Systems that are resilient possess features, including flexibility and diversity, redundancy
and modularity, and safe failure characteristics (Tyler & Moench, 2012). These work to
reduce risk from disasters, which manifests in various types that include interacting,
interconnected, compound, and cascading risks (Pescaroli & Alexander, 2018). The UN's
(2015) adoption of frameworks for identifying and evaluating these risks speaks to the
centrality of disaster risk reduction (DRR] in adaptation and resilience concerns and
approaches. If resilience is seen as flexibility in the face of disturbance, robustness might
be understood as the capability to resist and withstand it (Anderies et al., 2004). According
to this view, resilient and/or robust systems maintain their core structure despite
disturbance, enough so as to avoid becoming vulnerable to the point of significant
structural deformation or collapse (Holling & Meffe, 1996).

Uncertainty

Planning is a process of anticipating, preparing for, and influencing future states of affairs.
Uncertainty i1s a critically important epistemic situation that is inherent to planning
because these ‘affairs’ of future states are influenced by numerous processes that
engender and shape events, eventualities, and exigencies (Levin et al., 2012; Lipshitz &
Strauss, 1997). This is the meta-context of planning: the temporal dimension within which
all socioecological systems inevitably must play out. Uncertainty intrinsically implies what
is unknown and/or unknowable (Chow & Sarin, 2002). It is a matter of degree; hence,
“levels” of uncertainty exist (van der Heijden, 2019). Uncertainty is generally understood
to increase as more distant futures are considered; and uncertainty may reflect, or be

considered as a function of, complexity [Abbott, 2005; Rauws, 2017).

As planning is intended to inform decision-making, it must ultimately confront uncertainty
in that context; by influencing the selection of options for coping with or managing it in
acceptable ways (Christensen, 1985; Emery & Trist. 1965; Fischhoff & Davis, 2014; van der
Bles et al., 2019). In this sense, uncertainty actually produces the need to make decisions
(Shackle 1969). These decisions theoretically address, but can also produce, uncertainty;
environmental uncertainty (uncertainty forplanning) and process uncertainty (uncertainty
from planning] may also exist, emerge, and interact (Abbott, 2005; Gruber, 1994.).
Christensen’s (1985] elegant rendering of planning problems hinges on two related
processes and their relationship with uncertainty: identifying what to do (a goal] and



determining how to do it (through resources and technologyl, effectively invoking the
“ends and means” dyad familiar across all disciplines of planning. The capacity to learn
new information that changes how uncertainty is characterized (and, therefore, may
change degrees of belief) is a fundamentally adaptive ability (Oppenheimer et al., 2008).

The sheer scale and scope of potential impacts that CCA seeks to address entail
significant uncertainty about how and when they will play out, thus shaping the ‘'menu of
options’ for responding to them (Mclnerney et al., 2012; Rauws, 2017; Reeder & Ranger,
2010). Uncertainty might be epistemic (stemming from a lack of knowledge), aleatory (due
to intrinsic stochasticity), or both - and it can produce delays in decision-making (van der
Bles et al., 2019). A striking example of how the very conceptualization of uncertainty is
evolving in the climate change era concerns the asserted “death” of stationarity (Milly et
al., 2008). Stationarity refers to the statistical concept that environmental fluctuations are
bounded inside a value range that is stable (or stationary] over meaningfully-long time
scales, an assumption that undergirds countless modeling approaches in environmental
science and engineering (Stedinger & Griffis, 2011; Stroup, 2011). Whether or not reports
of stationarity’'s death have indeed been greatly exaggerated, uncertainty is certainly
growing, in actuality and/or as a topic of interest and importance (Hallegatte, 2009).

2.3. Planning: Practice, Policy and Governance

Why Planlning]?

The practice of planning is the professionalized implementation of planning efforts,
processes shaped by and based on the application of planning theories (Abbott, 2005;
Cartwright, 1973). In exploring what the ultimate purpose of planning is, institutional
perspectives have positioned it as operating, in effect, as a mode of governing socretal
actions through processes of “regulation, coordination and control” (Pierre, 1999), while
others have extended this view to ideally incorporate progressive values linked to social
justice and democracy more broadly (Alexander, 2009; Healey, 1998]). Generally speaking,
planning Is practiced in order to use knowledge to shape and implement action by
informing decision-making. While noting a multitude of theoretical approaches to spatial
planning, Morphet (2011) acknowledges planning’s inherent power as a redistributive
social force, with implications for how power itself is mediated. For our purposes, planning
occurs through governmentally-sanctioned processes that concern access to goods and
services deemed socially beneficial, and which maintain or enhance public health, safety,



and welfare within a particular place; these provisions are often simplified as public
“good(s]” (Reyes Plata, 2020).

Planning's Mandate. Service to the Public Good(s] and Interest

Defining what, exactly, constitutes the public good — much less deciding how to go about
achieving, maintaining, or enhancing it — is well-recognized as complex, contentious, and
dynamic, involving many diverse stakeholders across multiple levels of society (Bolan,
1967; Faludi, 2000; Forester, 1980). Accordingly, Kunzmann (2000) identifies the planning
process as one preferably led by the public sector. Numerous climate effects are expected
to disproportionately impact by definition) vulnerable communities, and greater concern
for the wellbeing and livelihoods impacted by the products of the adaptation process are,
thus, linked closely to planning (Rodima-Taylor et al., 2012). Erikson and Brown (2011) and
Ribot (2010) articulate challenges for planning associated with sustainability, resilience,
and vulnerability related to uncertainty and complexity in the climate era. Transformative
adaptation resulting from effective planning ideally reinforces the legitimacy of the social
contract underlying public consent that is granted to planning authorities, ostensibly in
their efforts to protect and expand the public interest and good (Pelling, 2011).

Planning is understood on basic terms to be a collaborative process that must address
what Myers and Kitsuse (2000) identified as one of planning’s “twin hazards":
disagreement (the other being uncertainty), which is confronted through a number of
different techniques for conflict resolution in planning, including communication,
collaboration, mediation, dialogue, discussion, deliberation, and debate (Leach & Sabatier
(2003); Moore, 1987; Ostrom, 1990; Roberts, 1997 & 2002;; Ryan, 2001). Innes (Innes, 2004)
offers an examination of consensus-building as a crucial process for approaching various
planning and policy-based disagreements. These serve to discover and define that of
which the public good(s]) actually consist, and doing so is where the practice of planning
partially derives its validity (Susskind et al., 1999). Owing to numerous factors emerging
from climate impacts on the public sector, planning is being deeply reexamined in the
context of climate change (Abbott, 2005; Carter et al., 2015; Macintosh, 2013]).

So...What's the Plan?

A plan involves articulating and orienting towards a ws/on for the future—what some
human geographers refer to as environmental or sociotechnical imaginaries. These frame
discourses for structuring the relationship of human processes within places, based on
societal imperatives and aspirations amounting to the “virtualities” of future states of



affairs (Bulkeley & Betsill, 2013). This articulation, in the context of producing the
“instrument” of a plan, might involve constructing a declarative set of goals, while
orienting towards them identifies steps, stages, or strategies for their realization, though
both should embody flexibility to changing circumstances, thus possibly entailing “menus”
of scenarios that could be encountered (Faludi, 2000:; Peterson et al., 2003). This serves to
“situate” the future within an as-yet unrealized (imaginary) SES: one towards which the
plan is intended to guide decision-making [(Albrechts, 2006; Soden & Kauffman, 2019).
Strategic plans are generally flexible, longer-term, and less fine-grained than more near-
term and discrete project plans, owing partially to greater uncertainty existing in “further
off” futures (Balducci et al., 2011).

Plan-making may be challenged as a function of numerous horizontal (sector and actor-
related] and vertical [multi-level governance-related] connections and the legal,
regulatory, and institutional standards at play (Daddi et al., 2020; Hughes, 2015; Nalau et
al., 2021). Plans themselves must define and address the community they are intended to
serve; and adopted plans represent, to some acceptable degree, the resolution of disputes
and tensions that arise based on the interests of various stakeholders involved; as well as
how they may have constructed their own visions for the future (Corfee-Morlot et al., 2011;
Levin et al., 2012). From an adaptation standpoint, this principle also applies to plans that
could impact broader communities, so that adaptation actions undertaken within or for
one community do not unduly disadvantage another (Fankhauser et al., 1999]). Resolving
these overlaps, tensions, and tradeoffs is, therefore, part of mediating the planning
process that shapes and, subsequently, manifests in the scope and strategy of a given
adaptation plan (Turkelboom et al., 2018).

3. 'Sketching’ Climate Change Adaptation Planning: Important Features of Interest

The considerations and theories outlined in the last section illustrate features of planning
that are useful in apprehending the fast-emerging practices (and problems] involved in
Climate Change Adaptation Planning (CCAP). In this section, we illustrate a conceptual
schematic (schema), describing the interplay of notable, generalized features of CCAP
(Figure 1). Walker (2001) describes a thinking (planning) and /mplementation (action)
phase in adaptive theory applied to policy, to which we add a third phase related to the
ongoing assessment of applied work: adaptive management (Allen & Garmestani, 2015).



These echo Peter Hall's (1993] trifurcated policy paradigm: overall goal-setting (planning],
techniques or instruments (actions), and their “calibration” (management].
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Figure 1. A Climate Change Adaptation Planning (CCAP) schema. In the Adaptive Planning phase, prominent planning
concerns are addressed to produce a plan; Implementation based on guidance from plans yields Adaptive Actionsin the
forms of projects; these, in turn become subject to Adapt/ive Managementpractices for improving upstream and scaled-
up efforts.
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3.1. Adaptive Planning

Aspects of the planning process are inherently anticipatory in nature, wherein complex
public policy decision-making occurs in the context of preparing for uncertain future
states, thereby naturally engendering adaptive approaches (Birchall et al., 2021). As a
feature of adaptive governance, adaptive planning naturally entails complexities owing to
the diversity of actors and actions involved, especially in urban areas (Allen et al., 2011;
Castan Broto, 2017; Folke et al., 2005). Anticipatory and planned adaptation within this
phase prepare for (instead of react to) future states of affairs; in theory reducing
vulnerability and costs (Burley et al., 2012; Klein & Tol, 1997; Tol et al., 2008). Adaptive
planning entails stakeholder engagement that takes many forms, but the familiar top-
down/bottom-up heuristic is useful in that planners operationalize the interactions of
political decision makers in governance (top) and a broader public (bottom), though this
group can be defined in various fashions, and based on criteria that, themselves, deserve
scrutiny (Sabatier, 1986; Urwin & Jordan, 2008). Corfee-Morlot (2011), citing Mitchell
(2006) and Cash (2003), identify requirements for science-policy assessments that inform
and influence planning to be deemed publicly acceptable: namely that they be credible,
legitimate, and salient.



Plans emerge as products of governance that identify steps for realizing goals in
accordance with rules observed by the actor-networks involved, and they gain approval
and adoption by passage through the “sluices of democratic and constitutional
procedures” (Habermas 1998; Schroeder & Kobayashi, 2021). Adaptive planning ideally
embraces learning processes concerned with the structure and effects of the overarching
institutional contexts as a useful principle for improving outcomes (Huntjens et al., 2012;
Schroeder & Kobayashi, 2021; Torabi et al., 2018). Adaptation plans may include financing
components or supplementary plans for funding implementation (Barrett, 2013; Moser et
al., 2019). “Evolutionary” processes in institutional and governance systems, in which
processes of reframing and transformational learning occur, are understood as critical
for adaptive and equitable systems, and are conceptually well-oriented toward adaptation
(Geels 2002; Ostrom, 1990: Pahl-Wostl, 2009: van Assche et al., 2014). Limitations in
validity assessment and/or forecasting methods may serve to constrain the adaptive
planning applications to some extent, though climate change’s overall uncertainty implies
that flexible, adaptive approaches to planning for it are logical (Giordano, 2012; Goodwin
& Wright, 2010; Kwakkel & van Der Pas, 2011; Hallegatte, 2009).

3.2. Adaptive Actions
We borrow from Aylett's (2015) description of adaptive governance as relying on distinct
adaptation planning and action processes, thus echoing Ostrom’s (2005) notion of the
action situation. We use the term adaptive actions essentially to describe the inception of
projects. Adaptation projects in urban areas might entail activities involving construction,
such as urban greening to reduce heat island effects; improved shoreline defenses as
approaches to coastal zone management; integration of “green” stormwater networks to
mitigate upland flooding; and the regional management of “upstream” watersheds; and
many municipal infrastructure systems represent adaptation imperatives and
opportunities in some fashion (Chaffin etal., 2016; Erik Andersson et al., 2014; J. Lawrence
etal., 2018; Storbjork & Hedrén, 2011). Yet, adaptive actions might also include community
initiatives involving outreach, education, and participation without resulting in changes to
the physical environment (K. M. Allen, 2006). Thus, broad CCA interest categories in
applied adaptation include land use planning (for reclamation, restoration, preservation,
conservation aims, for example), natural resource management regimes (concerning
water, for example), sustainable development projects (for housing, infrastructure, and
public amenities), and community engagement initiatives (for educational or
preparedness purposes) (Albrechts, 2010; Faludi, 2000; Fischer, 2018b; Leck, 2015; Main



etal., 2021; Nalau et al., 2015; Pahl-Wostl, 2009; Satterthwaiteet al, 2009; Vogel & Henstra,
2015).

Large, complex, or costly adaptive actions that exceed the capacity of public policy and
governance institutions often necessitate NGO and private sector involvement, in which
planners operate at the “boundary” between the public and private entities (Bierbaum et
al.,, 2013; Guston, 2001; Warsen, et al., 2018). Public-Private Partnerships (PPP) describe
an arrangement in which collaborative, mutually-beneficial relationships are assembled;
they are common in urban and municipal settings and a subject of interest in sustainable
development circles, with noted promise for adaptation, despite their inherent
complexities (Agrawal, 2010; Glasbergen, 2007; Leck & Simon; Harman et al., 2015;
Rodima-Taylor et al., 2012). Procurement processes and partnerships are generally
intended to alleviate capacity constraints of government. These arrangements can
distribute risk and integrate diverse skills and resources into projects involving
infrastructure, DRR, urban development, and, increasingly, adaptation projects (and which
may entail some or all of the aforementioned project goals and concerns), though these
arrangements in the context of CCA are still relatively novel (Bauer & Steurer, 2014;
Harman et al., 2015).

3.3. Adaptive Management

CCA inherently acknowledges that traditional, linear project implementation “pipelines”
for realizing plans may be of limited value in an era characterized by increasing
uncertainty and complexity (Allen et al., 2011). While ancient in practice, recent interest in
sustainable resource use, conservation, and ecosystem management have popularized
the concept of adaptive management (Buck et al., 2001; Holling, 1973; Walters 1986;
Williams, 2011). Other authors have stressed the ties of adaptive management to system
resilience and flexibility (Gunderson, 1999). Drawing on work from Allen (2011) and his
work with Garmestani (2015), Chaffin (2014] defines adaptive management as
“implementation of management actions as experiments, followed by monitoring,
evaluation and adjustment”. Because of the prominence of nature-based solutions and
green infrastructure in applied adaptation projects, numerous concerns of adaptive
management are relevant to CCAP (Demuzere et al., 2014). Adaptive management applies
flexible strategies that take into account emergent opportunities and are generally
intended as modes of increasing learning and knowledge, thereby arguably building
adaptive capacity and aiding adaptive governance (Hallegatte, 2009; Main et al., 2021).



Numerous approaches to understanding change in SESs exist, though central interest in
investigating causal processes are especially relevant to planning, a notion termed by
Dewey (1929) as “experimental knowing”. Despite its experimental and flexible nature,
adaptive management’s potential to induce change (in broader practice and approaches]
may be limited by institutional settings where change is itself problematized or opposed
(Burley et al., 2012). The experimental underpinning of adaptive management may be
useful for learning and information sharing across scales, theoretically aiding in
expanding resourcefulness and responsiveness; and thereby increasing adaptive capacity
(Bulkeley & Castan Broto, 2013; Tyler & Moench, 2012). The potential for specific adaptive
actions [(in the form of demonstration projects, for example) to broadly inform others
might create synergies for syntheses of learning, testing, and adjustment across other
sectors and policy realms (Burley et al., 2012]). Experiments also may be efficient in the
sense that small scales (and costs] may generate knowledge that is useful at broader
scales of application, though experimentation itself — especially in large (landscape),
complex (urban), and dynamic (climate-related) contexts — presents numerous
challenges (Allen & Garmestani, 2015; Walters & Holling, 1990]). While “scaling up”
projects for broader regional application remains complex and daunting (Allan & Curtis,
2005; Garmestani et al., 2008; Lee, 2021), Hallegatte's (2009) identification of the desirable
“low regret” quality of adaptation strategies and projects represents obvious conceptual
correspondence with experimentation.

Adaptive management also presents opportunities to improve planning processes by
incorporating enhanced social inclusiveness, including the dissemination and sharing of
information (Buijs et al., 2016; Stringer et al., 2006). Monitoring that produces data useful
for policy consideration is subject to a “reuptake mechanism”, whereby conditions
observed in adaptation actions may then inform improved planning practices of future or
concurrent ones (Corfee-Morlot et al., 2011): while Fankhauser (1999) asserts that
adaptation potential is predicated on having “room” (in the form of time) to change
behavior. By providing the public, planners, and policymakers with real-time, real-world
feedback that illustrates how selected adaptive actions are functioning, the “room” for
adaptation may become better-parameterized through the reduction of uncertainty
(especially relevant in the climate change era) provided by experimental observations. The
“feedback loops” inherent to adaptive management suggest that CCAP is, thus, better
conceived as looped processes, which are common in conceptualizations of SESs
(Huntjens et al., 2012; Moser & Ekstrom, 2010; Ostrom, 1990).



4. Zooming OQut: CCAP in Broader Context

Partially owing to the varied and multi-scale concerns and methods of practice, the
literature exploring what CCAP is and how it operates contains no shortage of concepts
and terminology for intellectualizing relevant ideas, themes, theories, and describing a
diversity of applied work. While it is beyond the scope of this article and our study to
exhaustively compare and square the myriad notions and constructs put forth to describe
CCA, we offer a summary of important and interesting concepts, which we synthesize in
this section. We then construct a conceptual, graphic framework (Figure 2] that strives to
integrate these concepts into a holistic logic, offering a mode of rendering the important
ideas and their relationships in a conceptual “space” that captures essential ideas of how
important features and forces of CCA interact.
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Figure 2. A framework displaying the ‘'nested” and ‘coupled’ nature of concepts and interactions of importance in climate
change adaptation literature. Arrows denote force directionality; indicating how efforts or concepts “push or pull”

towards and/or against other conceptual features or 'spaces’. Below is a glossary of key terms from the framework
above; and a theoretical discussion follows.

‘Glossary’: (a) The socioecological system (SES) forms the basic conceptual unit of consideration for
framing an adaptation situation. Numerous and interacting adaptation situations may exist within a
given SES, or overlap, or “spill” into others. Adaptation Situations are characterized by features of the
SES, including those in sociotechnical ([human-based) and biophysical (natural setting and context-
based) domains, which interact. Phenomena in the biophysical domain engender sociotechnical efforts
to establish or expand (‘realize”) adaptative capacity. (b) Adaptive capacity is generated by
sociotechnical efforts to adapt to biophysical features of the adaptation situation. In general, it is
realized by building resilience/robustness and thus reducing vulnerability. An adaptation gap exists in
the portion of the adaptation situation that lies beyond the adaptive capacity realized within it: it
represents the amount of wnrealized adaptive capacity. (c] Adaptive governance describes



sociotechnical efforts in shaping the adaptation situation: when effective, adaptive governance
increases adaptive capacity, thereby, ideally, shrinking the adaptation gap. Maladaptive (ineffective or
counter-productive] efforts reduce adaptive capacity. Barriers to adaptation are produced,
encountered, and addressed by the sociotechnical and biophysical domains, and in their interactions.
Barriers constrain and shrink adaptive capacity, often by hindering adaptive governance or exceeding
its reach; they exert restrictions and limits to the expansion of adaptive capacity that Climate Change
Adaptation Planning (for example) seeks to realize. Limits to adaptation describe the extents of
possible adaptation efforts, beyond which increasing adaptive capacity is (actually or considered)
infeasible or impossible. Limits may be unknown. (d) Within the adaptive governance sphere, formal
organizational practices [planning/ are employed as modes of realizing efforts; and it is shaped by
broader characteristic cultural features and processes called /nst/itutions. Its efficacy is the sum of
institutional and organizational planning efforts performed in the interest of CCA. /ntegrated
adaptation refers to the coordination and feedback between adaptation planning organization-based
practices and institutional processes of adaptive change that coexist and combine.

4.1. Conceptualizing Climate Change Adaptation: Framework Features and Forces

4.1.1. Context: Defining Social-Ecological Systems

Pioneering work by Berkes and Folke (2003; 1998] to articulate the interactive dimensions
and interplay between humans and their environments introduced the keystone concept
of social-ecological systems (SES), based partly on work regarding the systematic nature
of aspects of the human-nature interaction illustrated by concepts, including vulnerability,
resilience, and sustainability (Fissel & Klein, 2006; Gallopin, et al., 1989; Young et al.,
2006). These insights became key components of numerous interpretive framework
approaches to understanding socioecological interdependencies. Of particular
importance to planners is that SESs are inherently spatially contextualized. That is,
because of the entanglement of particular and countless effects of some given
environmental situation on sociotechnical (human] systems (and vice versa), they are
understood as being in some way at play within a spatially distinct or discernible setting.
However, this quality is also, by implication, malleable; and its definition or delimiting is
based partially on the interest and perspective of those considering or using it as a
construct for understanding, planning and managing actions to intentionally alter SESs—
the basis of adaptation (Moser & Ekstrom, 2010).

4.1.2. Problem: Emergence of Adaptation Situations
Insofar as SESs contain or capture the dynamics between human drives to utilize natural
resources and systems, dilemmas stemming from these drives and the capacity of the



environment to accommodate them emerge constantly (Andereis, 2003; Hardin,1968).
This produces phenomena in which the social and ecologic system aspects relate (or are
situated with respect] to one another, generally impelling tensions regarding resources
and governance, and thus engendering situations in which, according to Ostrom (2005),
actions may be taken to address or resolve them — generating the concept of the action
situation [Andersson et al., 2021; Marshall, 2013; Obeng-Odoom, 2016).

The magnitude of climate change on earth’s biogeophysical systems has compelled some
authors to refine Ostrom’s original notion to define adaptation situations as a particular
form of action situation (Reyes Plata, 2020). Citing previous work, Bisaro and Hinkel (2015)
describe the adaptation situation as one involving “one or more actors interacting within
a common biophysical and institutional environment in which outcomes are altered
through climate change”. This implies that social features of the situation may be
interested in adapting ‘o climate change, as well as that, regardless of their interest or
efforts, outcomes will be shaped by biophysical effects of climate change; and this view
resonates with other scholarship describing the centrality of human endeavors to shape
the adaptation situation (Eakin, 2005; Roggero, 2015; Roggero et al., 2018).

4.1.3. Manifesting Adaptive Capacity: Adaptive Governance

The sociotechnical (human) features of SESs address the adaptation situation by making
decisions about taking actions. These actions amount to Smit and Wandel's (2006)
description of adaptation(s) as the “manifestation of adaptive capacity”. The dominant
means by which adaptive capacity is manifested by the sociotechnical entities of an SES is
through adaptive governance, in large part because of the scale at which governmentally-
organized action (and governmental organizations themselves] can operate, (Adger et al.,
2003; Pahl-Wostl, 2009; Pelling & High, 2005). Chaffin (2014), in reviewing adaptive
governance and synthesizing the perspectives of others, describes adaptive governance
as emerging from the search for “modes of managing uncertainty and complexity in
SESs”. Adaptive governance might be understood as the exercised portion of adaptive
capacity — the part that “people use” (Wamsler & Brink, 2014). Accordingly, depending on
how and when adaptive capacity is used, it is dynamic over time; unfolding across scales
in “coupled cycles of change” (Gunderson & Holling, 2002; Smit & Wandel, 2006). While
we examine adaptive governance through the lens of climate change, concepts from
theories of evolutionary governance may also be useful to consider and apply.



Though adaptive capacity is doubtless considered a desirable quality to possess, the
particular and various ways in which adaptive governance is conceived and practiced may
give rise to effects that tend to reduce or constrain adaptive capacity; or to outcomes that
are maladaptive (Ekstrom & Moser, 2014; Juhola et al., 2016; Macintosh, 2013). Likewise,
while adaptive capacity may reflect or express component qualities of the adaptation
situation, including vulnerability, resilience, and sustainability, understanding how
adaptive capacity is designed or generated (or not) remains complex (Anderies et al., 2004;
Gunderson & Holling, 2002). Carter (Carter et al., 2015), drawing upon work by Rosenzweig
(2011), after Mehrotra (2009), positions adaptive capacity in relation to vulnerability and
hazards, the interactions of all three in essence serving to define risk. In this view, a
system’s adaptive capacity serves as a kind of counterweight against its vulnerability.
While capacity intuitively refers to the amount of something (of which one might possess
more or less), governance is not the only source of adaptive capacity, which can be
possessed or provided by non-human features of an adaptation situation, or through non-
governance-mediated human actions (Torabi et al., 2018; Tyler & Moench, 2012). We focus
on adaptive governance because of its centrality to CCAP.

4.1.4. Aspirations: The Adaptation Gap
Lying between the optimal and actual adaptive capacity characterized within a given
adaptation situation is a “gap”, wherein the potential actions and outcomes of becoming
optimally or fully adapted have not (yet] been realized. Moser and Eckstrom (2014),
echoing Burton (2009, note this as a form of “adaptation deficit”. In describing the
analytical methodology of gap analysis for assessing climate hazards, Chen (2016) defines
the adaptation gap as a “difference between existing adaptation efforts and adaptation
need”. The United Nations’ recently published Adaptation Gap Report focuses on nature-
based solutions in conceptualizing and further defining the adaptation gap, though
previous volumes with different emphases all include the adaptation gap as a centralizing
theme (UNEP, 2021). Numerous complications arise from attempts to quantify subjective,
complex, and dynamic features of an adaptation situation that, in theory, define the
adaptation gap; including the potential “unknowability” of what, precisely, the gap actually
entails and includes (Chow, & Sarin, 2002; Davoudi, et al., 2011]. Nonetheless, the concept
of the adaptation gap is intuitive and useful in the same sense that adaptive capacity is:
the former describing an amount of adaptation work fo be done, and the latter describing
the work that has been done (thereby establishing existing capacity) or can be done as a
function of this work. If adaptive governance and other adaptation-oriented sociotechnical



efforts are understood as seeking to build adaptive capacity, what forces and phenomena
serve to constrain or diminish it?

4.1.5. Challenges: Barriers and Limits to Adaptation

A subject of broad interest is barriers to adaptation. Moser and Eckstrom (2010) define
these as “impediments that can stop, delay, or divert the adaptation process”, specifying
that they may be surmounted through “concerted effort, creative management, change of
thinking, prioritization, and related shifts in resources, land uses, institutions, etc.”. Work
from Anderies (2004), Ostrom (2007), and Adger (2009) helps situate this concept within
the SES literature which, by extension, we project and integrate as features of adaptation
situations (Hinkel & Bisaro, 2015). Some authors have invoked the notion of adaptation
“obstacles”, which we consider essentially analogous to barriers (Corfee-Morlot et al.,
2011). Barriers arise at different stages and levels of adaptation; and they may emerge
because of features of governance itself — potentially influencing exactly how adaptive
such governance can claim to be — and, by extension, defining its degree of adaptive
capacity (Burley et al., 2012; Fischer, 2018b; Moser & Ekstrom, 2010). Importantly, Bisaro
(2018), questioning the utility of the concept, points out that barriers that are easily
identified might mask larger, structural, and /nstitutionalforces that produce the effect(s]
of barriers without presenting obvious modes of addressing them.

A common phenomenon that arises from and promulgates barriers to adaptation (thus, in
theory, reducing adaptive capacity) is path dependency, which occurs when institutions or
organizations “fail to effectively adapt established practices to face changing
circumstances”, a pattern of behavior observed across numerous sectors and
organizational endeavors, though maladaptive outcomes are a common effect — with
obvious and sector-specific implications for CCA, especially in urban settings (Aylett, 2015;
Barnett et al., 2015; Healey, 2006). From an economic perspective, situations in which
inferior practices perpetuated by path dependency may serve to “lock-in" inefficient (or
maladaptive] behaviors and outcomes (Arthur, 1994). Citing Pierson (2000) and Wilson
(2012), among others, Fischer (2018b) notes path dependency as a kind of /nertia that
results when future actions are shaped in profound or pernicious ways by previous ones.
Path dependency, in this sense, is of particular importance for CCAP because of
planning’s stepwise, cyclical, discursive, and constantly-unfolding nature; the ubiquity of
decision-making points and processes therein; diverse sets of actors taking part in the
process(es); and the variety of “embedded” cultural features and forces that steer and
constrain them (Booth, 2011; Harman et al., 2015; Sanyal, 2005; Tilly,1984).



Whereas the notion of barriers (and obstacles) naturally conjures ideas about
surmounting them, /mits to adaptation refer to bounds that describe “level(s] of adaptive
capacity..that cannot be surpassed”, potentially defining the boundary between
acceptable and intolerable risks, and those which might require transformative change to
avoid (Dow et al., 2013; Klein et al., 2014). Barnett (2015) distinguishes between “hard”
limits that are essentially defined by the environment and “soft” ones that are socially
determined and, thus, theoretically malleable. Indeed, Eisenhauer (2020], in defining these
limits as “factors that prevent adaptation from succeeding”, points out that they have been
articulated as both objectively identifiable (as in the case of certain biotic and economic
examples) and, from a more constructivist perspective, presenting as difficult-to-define
endogenous effects emerging from societies’ “goals, values, risk perceptions and
actions”. Limits are perhaps also worth considering as “blended” between hard and soft
characterizations because sociopolitical conceptualizations of limits emerge in response
to environmental ones; which may then be redefined by human intervention. In general,
limits define the extent to which adaptive capacity could be realized — apart from how
effectively barriers are overcome in the practice of adaptive governance (to increase
adaptive capacity]. Again, this resonates with Adger's (2009a) view that limits are
situational thresholds beyond which “adaptation actions fail to protect things stakeholders
care about”, which we take to include non-physical “things”, such as social cohesion,
morale, trust in institutions, etc.

4.2. CCAP: Integrating Institutional Adaptation

4.2.1. The Role of Institutions
Gupta (2010) elegantly renders institutions as “social patterns”, while a more expansive
view, according to Oberlack (2017), citing several others, describes institutions as “rules
and procedures that structure action situations within which individual and collective
decision-making [is affected to] constrain, enable and incentivize actions; link individual
actions, events and outcomes; distribute authority and power; define reciprocal rights and
duties; and shape beliefs, motivations and social learning” (Hagedorn, 2008; Ostrom, 2005;
Paavola, 2007; Pahl-Wostl, 2009). Accordingly, institutions may be formal or informal
(Schroeder & Kobayashi, 2021). Vatn (2005) describes the invisible or even
unselfconsciously natural instantiation of institutions in behavior as conventions that are
observed, referencing work by Crawford and Ostrom (1995), to compose a “grammar” of
institutions and their functions. Institutions might be understood as self-reinforcing



“regularities”: patterns of behavior evident in networks of social actors who “tacitly create
[them] to solve a wide variety of recurrent problems” (Schotter, 2000). Yet, despite
regularities and recurrences, institutions are not static; they “distribute obligations and
entittements to resources as well as the power to change such obligations and
entitlements” (Basili et al., 2006). Though they may be nonmaterial (informall, institutions
reify actual, tangible outcomes.

Institutional analyses focused on resources (components or products of the environment]
and how the notion of property (which entails ownership, often of the landscape itself]
factors into their management, is a well-established field of interest, and planning has
been articulated as a mode of “bundling the rights” of ownership associated with property
in this sense (Sorensen, 2018). From an economic perspective, the linkages between
humans and their environment are mediated by countless rules that shape and reinforce
beliefs and values, but these are dynamic and responsive (Knight & North, 1997). Where
public policy is concerned, this dynamic quality of institutions has important implications
because the question of how power and influence are distributed within society —
including this critical capacity to alter existing situations and arrangements — is of
enormous importance in the climate change era (Oberlack, 2017); insofar as planning
efforts are understood as being shaped by larger cultural and institutional forces, and
because these may fail to present obvious, accessible, and discrete decision-making
processes themselves (Bisaro et al., 2018; Storbjork & Hedrén, 2011).

4.2.2. Institutions and Change
In theorizing about the evolutionary nature of governance, Van Assche (2014) positions
institutions as being designed for change; even postulating that the essence of democracy
lies in the “rules of self-transformation; rules to change the rules”. As institutions occupy
important features of SESs and spatial discourse generally, they are tightly linked with
conceptions of the environmental imaginary (Milkoreit, 2017), entailing consideration of
the distribution and access to power and influence involved in its realization, recalling
Bromley's (2006) obligations and entitlements (Ekers & Loftus, 2008). In other words,
institutions structure what /s possible based partially on how society mediates the
tensions arising from multitudes (citizens, actors) shaping and sharing something more
unified- the environment (Swyngedouw, 2009). Institutions influence aspirations (for a
more healthy and just environment, for example], even while subject to inertia
(perpetuating the status quo), and the outright resistance to change, termed the
precautionary principle, which is important in situations involving uncertainty (Chhetri et



al., 2010; Gollier & Treich, 2003; Lempert & Collins, 2007). Similar to the concept of path
dependency in organizational endeavors, institutional inertia and “lock in” may occur when
regimes and patterns of behavior become ossified due to various factors (Knight, & North
1997, Pierson, 2000). Institutions within or across SESs may constrain or delimit the
actions of organizations by conformation and homogenization, producing institutional
isomorphism (Scott, 2003), which may be induced by coercive, mimetic, or normative
means (Daddi et al,, 2020). Storbjérk and Hedrén (2011] describe clashing cultures,
knowledge claims, and cross-sectoral integration problems as several notable barriers to

institutional change.

While approaches to determining how institutions resist change are evident (in inertial,
oppositional, and isomorphic ways), factors that instigate change within and across
institutions are complex to identify, perhaps owing to requisite “concatenations” of
underlying mechanisms (Smets et al., 2012; Tilly, 2001). Hodgson (2006) identified two
dominant institutional modes: agent-sensitive and agent-/nsensitive, the latter describing
an institution in which significant change affected by institution-shaping actors (agents) is
unlikely or difficult. Individuals, organizations, and governance structures that cut across
public and private sectors constantly respond to environmental change (thereby
engendering change); thus, environmental change does not occur in an “institutional
vacuum” (Agrawal, 2008; Smets et al., 2012). Influential individuals (leaders) (Mimura, et
al., 2014), sociopolitical mobilization (Keskitalo, 2010), and/or catalytic or vivid events
(Bazerman, 2005) that impose or focus urgency upon some situation may induce
institutional change by creating or framing a state of urgency, though other factors have
been identified as important “drivers” precipitating change dynamics (Biesbroek et al.,
2009; Patterson, 2021; Smets et al., 2012). Aggregating these behavioral changes across
scales and social structures — and mediating or coordinating them through planning
mechanisms — in turn changes the institutional environment itself, in theory providing
conditions for /nstitutional adaptation (Morphet, 2011). Planning that attempts to engage
these institutional change dynamics confronts a duality in that institutions are both
behavior patterns “out in the world” (actions) and internal ones “in the head” (thoughts
and feelings), which obviously presents complexities to planners attempting to derive
institutional origins (Hodgson & Knudsen, 2006; MacKinnon et al.,, 2009). All of these
qualities speak to the difficulty in clearly formalizing or mapping institutional dynamics,
made especially complex when applied to situations in which the underlying
environmental context is also in a state of flux.



4.2.3. Institutions, Climate Adaptation, Planning

Smit and Wandel (2006] note that adaptive capacity may be increased through
improvements in technology and/or institutions, while Rodima-Taylor (2012) echoes
Koppel's (1995) position that technological innovation is /nduced by institutional change.
Christensen (1985) considers technology in the context of planning to be the “knowledge
of how to do something”—Lliterally, the means. Our CCAP schema illustrates that these
means might be expanded by integrating adaptive principles into planning that make it
more “nimble” (thus, resistant to path-dependence]. Yet, how these qualities relate to an
institutional adaptation discourse remains complex, in part owing to the need to
disentangle the functions and mechanics of institutions themselves (Patterson, 2021;
Petersen-Rockney et al., 2021; Voigt, 2013]. In developing a framework for assessing
institutional adaptive capacity, Gupta (2010) identifies two core characteristics: one
essentially describing their inherent, extant qualities; and the second relating to the
degree to which they “allow or encourage” their own (institutional] change, essentially
describing adaptability itself. The rate of change, or timing, also matters: disparities
between non-institutional changes that occur within SESs and that at which institutions
are fundamentally able to affect change may lead to missed opportunities, including from
a lack of timely collaboration and cooperation (Barnett et al.,, 2015; Ekstrom & Moser,
2014; Gupta et al., 2010).

Roggero (2015) explores how one aspect of institutional change is positioned with respect
to CCA in his iteration of Hagedorn's (2008) notion of /ntegrative institutions (that address
climate-related /nterdependencies) versus segregative ones (that focus only on climate-
impacted resources under their effective purview). Institutional complexity itself may work
against institutional change or adaptation simply as a function of the increased “work”
required to do so in complex networks, though structured learning processes may be
useful (Lubell et al., 2014: Pahl-Wostl, 2009; Urwin & Jordan, 2008). Informal, ‘behind-
the-scenes’ “shadow” processes may be important factors for inducing institutional
change (Leck, 2015), in addition to the identification and inception of “additional or
adjusted institutional design propositions” to address climate uncertainties and

complexities (Huntjens et al., 2012).

A critical question for CCAP and its role in building adaptive capacity seems to concern
the scope of its /nfluence and intentions, particularly in relation to institutional forces that
define, delimit, and direct them; as well as how these may differ from, or mesh with,
planning practices and processes as traditionally understood. For example, failures to



adapt may be due to issues of governance more so than the planned, technical
implementation of applied adaptation efforts (projects), reflecting complexity inherent to
multi-level governance [(Armitage, 2015; Huitema et al,, 2016; Pahl-Wostl, 2009).
Patterson’s (2021) work investigating dimensions and possible drivers of institutional
adaptation in urban governance reveals that, in formal terms, “planning” is limited in its
role: for example, it is not the job of planners to cultivate charismatic leaders, nor to
foment community pressure (much less political disruptions), even though these may
occur partially as a function of adaptation planning. The lack of real or perceived
alignment of institutions with climate change adaptation risks the governance processes
for achieving it being less adaptive and/or less strategic than optimal: a condition
describing - or producing - institutional “voids” (Biesbroek et al., 2009).

5. Discussion

5.7. Central Insights

As explored and illustrated in this review, planning and institutional domains are being
challenged or are changing because of the emergence, intensity, and importance of
climate change within policy and governance spheres. The core goal of this review is to
explore complicated topics across several domains and, based on thematic and
conceptual linkages prominent in the literature, to construct an integrative perspective to
increase clarity in comprehension of complex and related topics relevant to CCA. Several
insights based on this work are notable. First, important concepts of climate change
literature have been increasingly encountered and integrated into spatial planning
practices, which have led to distinct forms of planning. Our CCAP schema demonstrates
how, for example, uncertainty is being addressed not only as an increasing “fact of life”
for planners to manage but one that can be understood and approached opportunistically
and as a force driving innovation and learning processes that can increase adaptive
capacity. In other words, the emphasis and engagement with climate change issues is
leading to adaptation in the practice of planning itself.

Second, prominent and complex concepts of interest evident in climate change literature
can be organized into a holistic construct that displays important tenets of the research;
and displayed in such a fashion as to clarify their interplay, as through the proposed
framework. These interplay may take the form of positional properties of features within

a framework that group or separate concepts; nest or embed them in one another; or



imply some connective linkage(s) or couplings. They can also be rendered in mechanistic
terms: whereby dynamics of some feature of interest logically or implicitly affect others,
thus illustrating causal relationships. These are of particular importance in adaptation
work in a similar fashion to features of our CCAP schema, in that, fundamentally, be/ing
adaptive entails processes of feedbacks and responses in systems. Thus, in the same way
that features of some given environmental context tend to exert pressures on the
organizations and institutions within it, these, too, can exert forces that shape the
environment itself. Because our framework’s foundational feature (within and through
which other features interact] are SESs, we can intuitively grasp this systematic structure
and behavior. The framework, in this regard, is useful in two primary ways: it organizes
and simplifies information; and it provides its own logicthat is both emergent (arising from
themes and ideas in the literature examined] and can be utilized, altered, adapted or
critiqued by practitioners for case-specific or applied work; or as a basis for expansion or
alteration through introducing additional or different theoretical components.

Finally, as a function of the deeply complex, subtle, and dynamic nature of institutions
(including merely identifying or agreeing upon them), we display the limits of the
framework; prompt consideration of how planning and institutions are, in theory and
reality, bound together; and provide context for considering relevant connections or
patterns as theses domains unfold and interact through CCA endeavors. For example, we
discuss that organizational path dependency and institutional lock-in both serve to reduce
adaptive capacity, while the modes of surmounting these barriers to adaptation are
nonetheless domain-distinct, in terms of the means for assessing, addressing, or
ameliorating them. Likewise, planning and institutions must be understood in a temporal
context: planning because its legitimacy and efficacy depend on the results of its
implementation and “follow through”; and institutions because their social utility,
acceptance and adherence are derived, at least partially, by way of their durability. The
examination of key features of the climate change era, namely uncertainty and change
itself, present vexing questions and prompt provocative, perhaps even subversive,
perspectives from which to consider the practice of planning and its institutional context.
Insofar as the lack of change and innovation in so many organizational and institutional
cultures has led to the unfolding climate catastrophe, which of them (or what components
of them) should be challenged, adapted or even discarded for the sake of aiding the
planning processes that must cope with the limits organizations and institutions impose
upon them in the interest of supporting and expanding the public good(s)?



5.2 Adoption, Application, Adaptation of the Framework
This article seeks to articulate the ways in which important concepts relevant to climate
adaptation might be more clearly differentiated and understood in their relational
dynamics, partially through illustrating schema that can be adapted to various actual
situations or case studies, and linking these with prominent themes and patterns from
our literature review. An overarching challenge in CCA, planning, and institutional change
(especially) is measuring or quantifying the magnitude or effects of concepts that, to some
extent, resist or defy efforts to do so. Certain aspects of SESs are, after all, based on
informal, constantly-changing, and nonmaterial qualities with which it is, nonetheless,
important to grapple. Our “schematizing” of concepts in ways that can be visualized, to
some extent, might provide interesting opportunities for researchers seeking to
understand how individuals (within or across organizations, levels of government, and/or

demographic groups) comprehend, or (literally) “picture”, some of these concepts.

Future use of the framework along these lines might take the form of research employing
templates that are used to gauge (for example) how different groups render adaptive
capacity inside an adaptation situation, define magnitudes of effects for various barriers;
order hierarchies of adaptation planning issues, “connect” causal influences or tensions
between features and how they are situated relative to others, or articulate the
“distance(s)” they imagine limits lie from adaptive capacity. Clearly, these exercises would
yield abstractions: sketches or diagrams, that stand in for more nuanced work. Yet, these
might reveal insights and/or patterns valuable to managers seeking to understand
institutional or organizational dynamics, public sentiment, or differences across divisions,
or even the age or career seniority of individuals. While not the focus of this article, social
science methods applied to constructing impressions and understanding of how various
groups apprehend the concepts explored here—and their relationships to each other—
may be illuminating. A consistent theme of this research seems to be that what people
believe is possible (and the institutional ramifications therein] is strongly linked with
problem definition and framing, with obvious impacts on decision-making and

commensurately dramatic implications for CCAP.

5.3. Critical Considerations and Questions
One of the appeals of institutions that are not only adaptive but well-integrated into CCAP
is that their influence and capacity to “structure...political decision-making...[and] shape
practices and behaviors” is understood as being vital for the success of large-scale,
strategic efforts necessary in complex urban settings (Bulkeley & Betsill, 2013; Castan



Broto, 2017; Patterson, 2021). In this context, the utility of local knowledge and local
institutions has been emphasized as a driver of adaptive capacity but also as processes,
not merely information or rules (or contend (Berkes, 2009; Naess, 2013; Smit & Wandel,
2006). In one sense, planning is a practice of more than instrumentalizing content; it
inherently represents engagement with ongoing processes. Yet, precisely because
planning entities (individuals, agencies, departments, divisions, authorities) are
empowered by and within overarching institutional milieus, questions emerge about
planning as a force for transformational, fundamental change in the ongoing adaptation
quest, which some see as amounting to the proposition of a paradigm shift for planning
itself (Hill, 2016). In other words, can planning “unlock” institutions from nonadaptive

tendencies, and, if so, how and to what degree?

We have examined the relationships between these concepts and their underlying theories
to situate planning in a critical light, insofar as we question its agency and the scope of its
traditionally-conceived responsibilities. Planning, in the face of massive environmental
change and uncertainty, may itself obscure the clarity of future visions and complicate the
steps for manifesting them, in no small part due to institutional inertia and dynamics. That
Is, uncertainties rooted in the institutional domain may amplify overall situational
uncertainty and complicate planning processes attempting to address it. Dovers (2010]
points out that even constructing an understanding of the limits to adaptation is fraught,
in part, because of the institutional dimension; whose sheer complexity grows with the
scale considered (Ostrom, 2012). With climate change altering resource regimes and
shaping the public interest(s) and good(s) of citizens linked through institutional behavior
and (ideally) aligned through adaptation planning practices, crucial questions about how
common-pool resources and common-pool institutions can or should shape planning’s
role in allocating entitlements and obligations emerge (Armitage, 2015; Bromley, 1998;
Dipierri & Zikos, 2020; van Klingeren & de Graaf, 2021; Wilson, 2012). This, in turn (and in
ways beyond the scope of this chapter), ensnares any number of private sector
considerations and the need to, among other things, understand how planning and

institutions are positioned to address or adapt to markets relevant in adaptation (Hughes,
2015; Neil Adger et al., 2005).

6. Conclusions




Our review examined important concepts related to the CCA plight by exploring the
theoretical and applied linkages between the practice of spatial planning and role of
institutions in the governance of adaptation, with an emphasis on issues and dynamics
broadly relevant in urban regions. Through this process, we sought to illustrate and
situate prominent themes and concepts in climate adaptation work that connect to
planning and institutional dynamics; as well as their effects on SESs, which Berkes and

Folke originally termed the “linkages between ecosystems and institutions” (1998].
Epstein expanded on this concept and considered the differentiation between social and
ecological systems as reconciled by “fitting” them together through institutions
themselves; and, in doing so, revealing strengths and limitations of the institutional
couplings of these systems (2015). Planning, as we have discussed, represents a mode of
instrumentalizing adaptive governance largely in the interest of increasing adaptive
capacity; and, in the climate era, our schema demonstrates how planning employs various
techniques to do so in the context of uncertainty and change, by embracing it and
approaching it opportunistically. Likewise, our framework illustrates the nested and
linked — or coupled — positionality and mechanics of planning to larger concepts and
displaying how their interconnections might be understood. For their part, institutions,
while playing important roles in shaping and constraining planning and defining various
aspects of SESs, remain difficult to fully comprehend and describe when the same
considerations of uncertainty and change characterize the (conceptual) landscape in
which they exist and are realized.

In his treatise articulating the global, intergenerational ethical and moral implications of
climate change, Stephen Gardiner (2006) identifies /nstitutional inadequacy as a key
characteristic; one that, for various reasons, cannot simply be overcome by better
governance. This article situates adaptation planning as a critical link between
governance and institutions: in the case of the former, as a “"downstream” tool for
facilitating policy through decision-making; in the latter, by triggering feedback from
features of the SESs that have “upstream” implications for the “rules of the game”
themselves, which define and constrain what futures are considered possible or desirable
(Greif & Kingston, 2011). Planning, as a field seeking to integrate science and knowledge
into decision-making, is surely constrained in its capacity to do so by various political and
institutional arrangements and realities, though Roggero (2018) asserts that organizing
knowledge in “/nstitutionally meaningful ways can advance..understanding of the link
between institutions and adaptation”. What precisely constitutes institutional



meaningfulness in the context of climate change remains complex, dynamic, and, surely,

case-specific, to some degree.

Insofar as we consider institutions to be collectivized social patterns of behavior that are
“rendered durable” over time by routine and habits, the task for planning to break from
reinforced tendencies that reduce adaptive capacity seems pressing (Hodgson, 2006;
MacKinnon et al., 2009). These reflections position planning in a crucial position that
prompts consideration about the nature or characterization of planning entities
themselves: are they primarily agents within Hodgson's (2006) reckoning (to whom
institutions may be sensitive/responsive in terms of change), or merely a means by which
those agents interact? If they fall into the former category (or if they are understood to be
both), the question of intent emerges: is it the role and responsibility of planning to
actively, aggressively attempt to alter — or even do away with — institutions in light of the
knowledge planning inevitably encounters and frames? If so, which institutions?
According to whose values, decisions or standards? In what circumstances, to what
degree, why, and — critically — how? While this last question involves what Dover & Herzi
(2010) term the practicalities of institutional change, the challenge for adaptation planning
in the 21st century may be poised to be as much about principles as practicalities.
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Chapter 2: Urban Sediment Systems in Coastal Adaptation Planning

A Concept and Case Study

Abstract

Systems and strategies for improving Urban Metabolism (UM] are being challenged by
climate change. While most considerations of industrial ecology (IE) as applied to climate
iIssues focus on mitigation, there are significant ways in which climate adaptation
outcomes may be improved utilizing |IE approaches. In developed shorelines, a
fundamental tension is emerging between the drive to develop dense, compact city cores
designed to improve efficiency and reduce wastes; and the threat of sea level rise (SLR] in
reducing the availability land. This spatial aspect of adapting to rising waters, and its
planning and policy considerations offer significant challenges and emerging
opportunities for prominent IE concepts, tools and techniques to aid in the challenge of
adapting populous, dense coastal cities. We describe the relationship between space as a
basic resource in planning, and increasing flows of excavated soils in urban shorelines,
which may be useful as a building material for SLR barriers. We consider the San
Francisco Bay Area of California as an example of a metropolitan region experiencing
rapid urban development as new coastal flooding imposes spatial constraints on it. The
region’s planning agencies lack a mass balance framework allowing efficient use of
excavated material flows for adaptation to flooding. We examine the human-driven
processes affecting soils and sediment management in a developed shore and consider
their relevance to climate adaptation planning. We discuss the conceptual potential of the
circular economy (CEJ, urban metabolism (UM), and material flow analysis (MFA] to inform

and improve adaptation outcomes for urban shorelines.
Introduction

Global SLR is forcing developed shorelines everywhere to plan strategies for adapting to
it, and cities are facing numerous, pressing sustainability challenges in the 21 century
(Reese and Wackernagel 1994; Moffatt 2000; Kennedy et al. 2014). As global population
rises, so too does the proportion of people settling in cities and most the planet’'s largest
cities are located on or near coastlines, where physiographic and sociopolitical factors
often constrain the growth boundaries of cities (Bianchi and Allison 2009). A focus on
centralized, dense urban cores has been widely adopted by many of the world's major



metropolitan areas, (Rees 1999) even as SLR threatens to inundate them and devastate
coastal ecosystems delivering major flood protection to adjacent urban areas (Valiela et
al. 2018). Expansion of urban underground space (UUS) is rapidly expanding in many
population centers [Admiraal and Cornaro 2016). The construction of UUS yields
geomaterials, including soils and sediment, which are important resources in
ecologically-based adaptation strategies. Certain themes and approaches evident in IE
may be useful in adaptation planning that incorporates these resources to achieve
sustainable development (SD) goals.

Within city boundaries, resource extraction is usually considered null or residual (Niza,
Rosado, and Ferrdo 2009), as the hinterlands have historically served as the sources of
raw materials provided to cities (Hodson et al. 2012) . Though cities generally consume a
narrow range of most raw materials, certain mineral resources like sand and gravel
(which are elemental material inputs of the modern built environment] still represent
major inflows (Douglas and Lawson 2000). Indeed, cities currently consume the majority
of extracted material resources by volume for building housing stock and infrastructure
(Fischer-Kowalski et al. 2011; Hu, Van Der Voet, and Huppes 2010) : a trend likely to
increase with the construction of higher density urban spaces. Recent decades have seen
greater focus emerge on the efficiency of the Circular Economy (CE), and where local
waste reduction and increased reuse and recycling of material is possible, urban
sustainability may be improved (Acselrad 1999; Céspedes Restrepo and Morales-Pinzén
2018). Urban symbiosis has served as a conceptual link for CE applied to the urban
context, where one sector’s waste stream becomes another’'s resource (Chertow 2008).
This reasoning may extend past goods and products to regional resource management
and municipal public works, the subject of this paper.

White's (1994) description of IE as “the study of the flows of materials and energy...of the
effects of these flows on the environment, and of the influences of economic, political,
regulatory, and social factors on the flow, use, and transformation of resources” serves
to frame its broad, institution-spanning relevance. Specifically, in recognizing the
spatiotemporal dynamics, complexity, and geographic context-dependency of resource
management, the importance of “strategic resource optimization” is evident and of major
interest here (Cerceau, Mat, and Junqua 2018). We consider the promise of IE to improve
the technical and strategic capacity of cities to optimize a particular resource flow
intimately connected to development and UM, and frame a discussion about the
complexities and challenges evident in applying IE to problems paradigmatic of the



climate change era. As such, we focus on the systematic aspects of spatial planning
components of UM as it relates to regional/territorial resource flows.

Our discussion of IE draws on the aforementioned disciplinary definition offered by White
while integrating perspectives from several fields to offer interpretations of IE concepts
and embracing a view of |E that frames its proven utility while pointing to its expanded
potentialin environmental planning processes. To do so, Ramaswamy's (2003) articulation
that, “an Industrial Ecology based system-level perspective is essential to identify the
major flows of materials in a region for planning resource optimization and for solving
environmental problems” is considered salient and relevant herein. Moreover, adaptation
planning’s clear harmonization with these themes presents possibilities for |E to advance
efforts in schematizing a resource-optimization system, address relevant data challenges,
and recognizing its utility as a planning tool for improving adaptation outcomes.

Sustainable Development in the era of Rising Seas: Key Challenges

Because of IE’'s disciplinary concern with systems, urban infrastructure’'s importance in
effectively integrating planning and adaptation has been noted as an opportunity for
planners to “overcome fragmentation through integration” (Neuman 2009; Hodson et al.
2012; Ness and Xing 2017). The construction of novel adaptation infrastructure may
represent a convergent opportunity of this type, and one reliant upon the systems
perspective implicit in IE. Though focused on climate mitigation, Seto and colleagues
(2014) recognize that spatial planning advances are possible where interlinked efforts can
essentially yield a "whole” outcome greater than the sum of its parts. As Wijkman and
Skanberg (2015) emphasize, “climate change mitigation strategies need to become more
holistic and consider resource efficiency as a key instrument” (Ness and Xing 2017),
potentially through climate adaptation efforts, which are often less evident (Reckien et al.
2018). The impetus to seek and develop creative solutions to pressing problems effecting
and effected by UM is evident in the impacts on the built and natural environments in
developed shorelines, and linked through the possible innovations in resource
management practices and adaptation planning.

SLR Impacts on the Built Environment

SLR in the 21t century will worsen flooding globally, in more frequent and sustained
nuisance flooding and during extreme weather events (Ruggiero 2008; Moftakhari et al.
2017). In addition to surface flooding of private property and major transportation
infrastructure, subsurface changes induced by rising groundwater in coastal zones may



threaten subterranean infrastructure and prompt its retrofitting and repair (Fletcher 2012;
Hoover et al. 2017). In many coastal zones, urban development built on filled wetlands is
also physically sinking: subsiding as soils compress (Hoover et al. 2017). In many coastal
conurbations, the majority of coastal protective infrastructure was designed assuming a
static sea surface elevation, and without SLR in mind.

SLR Impacts on Ecosystems

Alterations in landscape composition, changes in surface cover and impacts on
ecosystems as a function of the built environment are recognized as effects of
urbanization (MEA 2005). Pereira et al. (2010) identified habitat destruction and species
distribution shifts as two major spatially-linked drivers of biodiversity loss likely to affect
countless ecosystems in the 21st century. Habitat destruction, biodiversity loss, and
fragmentation of ecosystems as effects of urbanization are well-recognized, and the effect
of these trends are compounded by the richness and variation evident in shorelines, where
biodiversity is high, ecosystem services are rich, complex and linked to broader, global
systems (Spencer et al. 2016; Singh and Kennedy 2018). Coastal wetlands are also
sensitive to land use change and important landscape complexes for muting upland
flooding (Bilskie et al. 2014; Ding 2017; Bigalbal et al. 2018]).

The Coastal Wetland "Squeeze”

As sea levels change, tidal wetlands naturally migrate and reestablish their
biogeophysical processes accordingly, demarcating novel shorelines in the process
(Crosby et al. 2016). A major ecological concern for developed (and developing) coastal
cities Is that the built environment is often situated in close proximity to the shoreline.
Rising seas that trigger the inland and upward migration of wetlands on developed
shorelines will drive them toward physical barriers like highways, urban centers and other
developed spaces whose current configurations and design do not support wetlands. Tidal
wetlands that cannot successfully migrate with rising waters will destabilize and drown,

and their capacity to adapt to rising waters is of global concern (Sanchez-Arcilla et al.
2016; Phillips 2018; Reed et al. 2018).

Coastal Sediment Deficits: a "Mass Imbalance”

Douglas and Lawson (2000) estimated that human beings actively transport more than
three times as much earthen material than the natural geomorphic processes of the
planet, and most extracted material is bound for cities, where It is capitalized into building
stock, infrastructure and other materials in the evolution of “urban morphology”. At the



same time, numerous human endeavors aimed at industrial processes and “command
and control” of natural systems have substantially reduced the “throughput” of sediment
that reaches coastal waters and nourish shorelines, whose profiles play major roles in
governing the severity of coastal flooding, and where sediment loss has been linked to
coastal erosion, more severe storm impacts, and damage to coastal ecosystems ( Holling
and Meffe 1996; Schoellhamer, Wright, and Drexler 2013; Florsheim et al. 2013; Voss,
Christian, and Morris 2013). The impacts described above are based on the projected
inability of developed shorelines to “keep pace” with SLR as a function of a shortage of
sediment flowing to the shore - creating a localized “mass imbalance”.

To make coastal ecosystems and cities more resilient to climate impacts, there is interest
In increasing sediment flows to shorelines. In addition to nourishing existing shorelines,
establishment of multi-benefit flood protection barriers will require considerable volumes
of soils and sediment to construct. Urban development constantly yields geomaterial
resources [through excavation), which can both bolster the viability of the built
environment (through construction of SLR barriers] and improve the resilience of
ecological systems (through wetland restoration and construction). The spatial proximity
of the processes of excavation to the sites of material reuse is significant. Kenway et al
(2011) acknowledge the need for cities to “source from within” resources where possible,
echoed in the “urban harvest” approach (Agudelo-Vera et al. 2012). Indeed, the concept of
reclaiming and reusing material resources gleaned in urban metabolic process for
adapting the urban fabric to climate change is a critical challenge that IE is well-suited to
address.

2. Case Study Area

The San Francisco Bay Area and Estuary (SF Bay) is a large, fast-growing metropolitan

“megaregion” of Northern California, which encircles its namesake waterway (Florida et
al. 2008). Development patterns of the modern era focused development near the Bay's
shoreline, and destroyed the majority of its tidal marshes, which are now a major focus of
ecological restoration. The SF Bay is experiencing a severe housing crises, and pressure
to build homes and implement land use controls to meet demand in a region projected to
host 2 million more residents by 2040 is widely recognized (Mackenzie et al. 2017).
Planning efforts aimed at preventing sprawl and developing dense, transit-oriented urban
centers have identified Priority Development Areas (PDAs), to serve as the urban cores to
accommodate population increase and an intensification of the built environment’'s use



and demands [Figures | and Il]. Much of the region’s major civil infrastructure is built near
the shoreline, and faces increased strains from age and use, in addition to major threats
posed by SLR (Biging, Radke and Lee 2012).
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Figure 1 : A map showing the placement and proximity of regional Priority Development Areas (PDAs] in pink within 10
miles of the existing shoreline; and their proximity and position relative to potential flooding extents, displayed in blue,
which includes a wide range of possible SLR-induced inundation. Sources : Sea Level Rise Data: BCDC, MTC, AECOM,
Adapting to Rising Tides Bay Area Sea Level Rise Analysis and Mapping Project 2017, SF Greenbelt Alliance.



2010 2015 2040 Change | Change | 2010- 2015-
2010-40 | 2015-40 | 2040 2040
(%) (%)
Population®™ | 7,150.7 | 7,609.0 | 9,522.3 | 2,371.6 | 1,913.3 | 33.2% 23.1%
Households? | 2,606.3 | 2,699.3 | 3,388.6 | 782.8 689.8 30.0% 23.6%

[1] 2015 Is July 2015 estimate from the California Department of Finance. [2] 2015 is
Association of Bay Area Governments estimate for mid-year, based on 2015 January

data and growth estimates.

Table 1: Table showing projected regional population and households. Source : Association of Bay Area Governments,
Plan Bay Area 2040 Report. If excavation processes and their commensurate yield of excavated soils are indeed a proxy
for building and infrastructure construction projects, a rising population driving demand for housing should correlate
to increased volumes of excavated soils.

Developed shorelines inevitably feature coastal infrastructure to prevent flooding. SF
Bay's development necessitated an extensive network of earthen berms and levees (built
from indigenous soils and sediment), and hardened protection structures. The impact of
a rising Bay on the region’s shore is already evident in places, and projected to become
widespread and severe by midcentury (Heberger et al. 2012.). Regional interest in the need
to improve the shoreline was ratified in a 2016 ballot measure that will direct $500 million
dollars to its improvement in coming decades. Using this financing to establish ecological
structures and systems that deliver flood protection benefits under anticipated SLR
conditions is understood as a regional priority.
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Figures 2 and 3: Extent and type of shoreline reaches in the SF Bay, displaying the abundance of earthen berms and
shoreline protection structures (Note: The San Pablo, South, Central and Suisun Embayments comprise the SF Bay
Estuary). Source: San Francisco Estuary Institute, Bay Shore Inventory, 2016.

2.1 Landforms as Flood Barriers : The Ecotone Slope and its Material Demands
Armoring and “hard” treatments for shoreline protection may telegraph floodwaters to
adjacent reaches of the shore, potentially worsening flooding in neighboring areas,
whereas ecological structures like wetlands tend to dissipate and absorb erosive energy
(Neil Adger, Arnell, and Tompkins 2005; Foster-Martinez et al. 2018). While restoring tidal
marsh plains remains a regional priority, a novel strategy for doing so is the construction
of landforms as SLR barriers, which is currently being piloted. An “ecotone slope” (also
regionally referred to as a “horizontal levee”) is a landform featuring a bay-facing,
gradually-sloped face (at a 1:30 to 1:50 slope ratio) that provides several regional benefits
(Lowe et al. 2013). Ecotones’ biogeophysical processes allow them to trap sediment and
build incrementally upwards in the process of accretion. The ecotone’s wetland edge
attenuate waves, may reduce overtopping potential of storm surge, and can be more
economical to construct than a traditional levee (Lowe 2013: Hirschfeld and Hill 2017:



Foster-Martinez et al. 2018). The volume of material required to construct ecotones on a
regional scale depends on many factors, and the topic remains under-researched, in part
because of unclear adaptation planning goals. A widely-circulated white paper estimates
the gross volume of sediment required to build the barriers in question encircling the Bay,
and considering a range of SLR rates and subsequent ecotone heights. It estimates a
range between three hundred million and two billion cubic yards of material will be
required (Gunther 2014). How and where the material for this massive construction
operation would be sourced remains unclear.

2.2 Excavation Processes in Urban Shorelines: Regional Material Supplies

Effects of modern anthropogenic actions affecting the mass balance of sediment in
various regions is well-known (Happ et al. 1945; Knox 1972; Douglas and Lawson 2000,
but the implication of these understandings as relevant for climate change adaptation is
unclear. James (2013) proposes a broad definition of the activities and processes that
produce or interact with “legacy sediment” [material impacted or activated by human
activities) to encompass urbanization, and we consider urban morphology’s relationship
to a particular type of legacy sediment: excavated urban soils. Excavated urban soils are
often yielded as locally-produced construction wastes, while many UM material flows are
directed towards cities to meet the need of people within them (Hodson, 2012; Tukker et
al. 2014; Gorgolewski 2018). Few raw material resources emerge from within cities and
travel for use to the hinterlands. Excavated urban soils are rather idiosyncratic in this
respect. Trends driving excavation processes to establish an increasingly dense built
environment will continue to produce these materials: a resource stock whose potential
has not been evaluated in the context of SLR adaptation planning.

2.2.1 Urban Underground Space
The relationship between urban underground space (UUS) and the possible reuse of
geomaterials evident there have not been deeply considered in urban planning, though
dense cities are increasingly considering these resources (Parriaux et al. 2004; Li et al.
2016), and UUS has been extensively developed and studied in a variety of geographic
settings over many decades (Jansson 1978). Drivers of large-scale excavation processes
include public works projects in addition to expansion of building stock, and these
processes will increase with the need of cities to house more people. Likewise, extensive
infrastructure projects are important to consider, as cities adapt their civil systems to
meet greater demands and stress from population increases (Heller 2001; Kaliampakos



et al. 2016). UUS is established for diverse purposes [Figure 5], but the re-use of the
resources extracted in their construction varies widely by region, geology and potential
re-use strategies and needs. While UUS has been built in numerous geographic settings
with varied underlying geologic conditions (Bartel and Janssen 2016), consideration of the
suitability of the physical subsurface strata is critical to understand in attempting to
estimate or articulate a likely or maximal intensity and extent UUS, and its commensurate
yield of excavated material. Nonetheless, surveying, tunneling, and other technologies
involved in establishing UUS continue to advance, as do building techniques and processes
that may increase the feasibility and sustainability of UUS construction (Makana et al.
2016: Nelson 2016).
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Figure 4: Block diagram illustration of an urban shoreline parcel, showing an arrangement of typical elements of recent
(pre-2025) development patterns. Low-slung, low-density development associated with suburban “sprawl” may feature
limited exploitation of subsurface space and the soil and sediment resources present therein.



Urban Shoreline ‘Fabric’:
Post-2025
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Figure 5 : Block diagram showing features of urban development in more dense and vertical arrangements of building
and infrastructure stock. These are elements typical in the SF Bay's Priority Development Areas (PDAs] and their
orientation towards both sustainable development practices and orientation towards public/mass transit.

Schiller et al. (2017) observes that knowledge gaps persist regarding the “construction
technologies and qualitative and procedural aspects that govern the recovery of recycled
materials”, while inefficiencies in urban development and waste reduction in development
booms have been noted (Ness and Xing 2017). Van Timmeren's (2008) contemplates the
(often) overlooked resources in “interrelated networks” for insights into creative ways of
viewing materials and spatially-extensive infrastructure systems, as advances in UUS
construction is facilitating more extensive projects and the need for connections between
them (Broere 2016; Zhao and Kiinzli 2016; Labbé 2016). Some major cities are advanced
in their subterranean planning and development processes. Helsinki, hosts some 10
million cubic meters of UUS, including public attractions and major public infrastructure,
with plans for further expansion (Véhdaho 2016). Singapore expects to double its municipal
rail service length by 2030, the majority of which will be underground (Zhou and Zhao
2016). Hong Kong has conducted a territory-wide study to assess the utility of UUS in its



planning implications, a spatial resource that it has already heavily utilized (Wallace and
Ng 2016). These cities face major inundation by rising seas, and UUS may play a role in

maximizing SD goals as their density increases (Hunt et al. 2016).

Process scale | Process example

Residential construction earthwork (seismic retrofits, home expansions]; local utility
micro repairs and retrofits; geologic hazard management [bank control, slump removall; local
flood control work (dredging, clearing channels)

Large building stock replacement, expansion, improvement (undergrounding parking
meso structures, utilities, seismic work]); municipal works (undergrounding public utilities
and local transport infrastructure); large-scale flood control work (dredging dam-
impounded sediment; removing flood control structures for broadened floodplains).

Regional dredge regimes; extensive infrastructure undergrounding [(electric power
macro lines or long-distance tunneling and boring for passenger or public transportation

systems)

Table 2 : Table listing known UM processes involving excavated urban soils and sediment, as interpreted through CE
scales emphasized by Yuan et al. (2006}, Su et al. (2013) and synthesized by Ghiselini (2016). Note: “Process scale” refers
to operational size for individual project type. A total volume of the soils and sediment governed by these processes
remains publicly unknown for the SF Bay's regional UM, as a function of proprietary data protection and the
nonintegrated nature of relevant information.

Landfill or Landform?

In dense cities, demand for spatial resources due to surface scarcity will tend to
discourage or limit local re-use or recycling possibilities of excavated materials.
Accordingly, excavated urban soils are often transported to landfills and applied as “daily
cover” for dust and odor suppression, and preventing windblown trash and scavenging.
Comparing the functional utility of landfilling soils against possible alternative uses is
complex, especially where this alternative might deliver widespread, diverse regional
benefits if effectively used to construct SLR adaptation landforms.

To adequately establish a rationale for comparing the possible end-of-life (EOL) impacts
or utility of excavated soils requires regional, cross-disciplinary examination of the
potential of excavated soils to benefit society in some way. Currently, though the sediment
shortfall of the Bay Area (and many developed shorelines around the globe) is well-
recognized, strategic planning efforts remain nascent, and thus a rigorous understanding
of the comparative economic, social and ecological impacts of different EOL scenarios for
excavated soils remains a topic in need of greater consideration. Nonetheless, the simple,



axiomatic relationship between resource proximity and system efficiency evident in IE
provides a basic premise for further exploring this concept (Metson, Aggarwal, and
Childers 2012), specifically for marrying excavated soils proximal to sediment-starved
shorelines. Also, the possibility that wastes gleaned in the establishment of some civil
infrastructures might represent the foundation of a material ecology for constructing
another in the form of an landform-based coastal flood protection system is compelling
from a resource-efficiency perspective.

Methods and Data Modeling

To understand the potential significance of excavated soil resources, and their utility and
scale as a landform-building material, we collected and analyzed data on a known “sink”
for this material: regional landfills (for the purposes of this paper, “landfill” refers to a
“dump” for solid waste disposal, not sites or applications using earthen material as “fill”
in reclamation or construction). California’s Department of Resources Recycling and
Recovery (CalRecycle]) provided data recoding the tonnage of soils, received quarterly, at
seven of the nine Bay Area counties’ landfills. San Francisco county contains no active
landfills (and disposes of their soils in adjacent counties), and Sonoma County’s data was
rejected because of low confidence in fidelity due to anomalies and inconsistencies (thus
our total volume estimates may be lower than the actual volumes received by regional
landfills). We analyzed the overall trend in soil volumes received by regional landfills for
years 2007 - 2017, and compared these volumes across counties, and over this timeframe.
We then compared these volumes to average annual sediment-inputs (to the estuary)
estimates to contextualize our results in a regional earthen material flow and expanded
sediment budget.



Regional Soil Volumes to Landfills, by County and Cumulative : 2007-2017
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Figure 6 : Comparison chart of the seven Bay Area counties surveyed for their disposal of soils at regional landfills. The
top (red) line indicates a net volume of this material.
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Figure 7 : A simple trend line displaying the total volume of landfilled soils from the counties surveyed (see Figure 4,
above) over a recent ten year period. Note the drop in the 2008-09 range, correlating to the economic downturn, and the

upward trend, potentially illustrating the relationship between economic activity and construction processes, and their
commensurate soil yields by proxy.

Discussion

Interpretation and Limits of Data Analysis, and Next Steps for Ongoing Research



To thoroughly assess the potential utility and scale of excavated soils being reused as the
building material for flood-protection landforms in an adaptation scheme, numerous
aspects of the planning rationale and approach of a given study region must be identified
and assumed, which is not the focus of this paper. Similarly, because of this nascence in
the development of building ecotones beyond pilot projects (i.e. on a large scale deployed
along some portion of the SF Bay's 500-mile shoreline, and over an extended time period),
there does not exist a firm set of parameters for their optimal (or average] size, nor the
exact geotechnically-acceptable characteristics of suitable soils for their construction.
Additionally, soils and sediment reused in ecological restoration projects must pass
stringent testing and permitting processes that prevent a wide range of contaminants
being introduced to critical habitat areas, a major concern in reusing earthen materials in
an historically industrialized port region. Neither the geotechnical composition nor
contaminant presence or type is tracked by CalRecycle for the purposes of receiving soils
for daily cover at regional landfills.

As such, our analysis is intended to provide a general sense of the volumes of these
materials, and to contextualize this volume in the other known or estimated flows that
govern the “sediment budget” for the estuary and its effects in nourishing the region’s
shoreline. Research has demonstrated that the average annual volume of waterborne
sediment flowing into the Bay from local tributaries and the San Joaquin Delta complex
(~2M tons/year] is comparable to the volume of soils annually interred in regional landfills,
though landfilled soil volume is both greater and rising (Barnard et al. 2013; McKee et al.
2013; Schoellhamer, Wright, and Drexler 2013; Schoellhamer et al., 2018). This suggests
that, in the context of a material flow examination of soil and sediment transport by human
and natural processes, excavated soil volumes can be viewed as a significant component
of the regional sediment budget. Since the regional yield volume of these soils is
increasing on average, intensifying demands for construction (in increased building stock
for a growing population) and the need to protect these assets from flooding (as a function
of SLR) presents a compelling reason to further study and consider the flows, fate
transport and resource reuse potential of these soils as possible building materials unto
themselves.

IE Tools and Frameworks : Utility and Challenges in SLR Adaptation Planning
Though some aspects of the material flow of sediment can be observed in instances where
volumes are tracked and recorded (as discussed the previous section), these publicly



available data provide an incomplete picture of the total material ecology of excavated
soils in a developed shoreline. SF Bay and coastal cities everywhere contemplating
adaptation planning strategies involving landforms as SLR barriers face difficulties in
surveying, sourcing and supplying soil and sediment for their construction. Though the
focus of this paper is excavated soils due to the regional geomorphology and geologic
composition of the estuary, other extracted geomaterials including sand, gravel and stone
abundant in other coastal cities may be assessed using similar approaches and tools.
Methods and models for advancing this endeavor, and modes of revealing the underlying
costs, benefits and efficiencies possible on several fronts are evident in prominent IE
scholarship and applications. We discuss CE, UM and MFA as concepts and tools that may
aid planners, revealing climate adaptation opportunities.

The Circular Economy and Urban/Industrial Symbioses

CE’s inclusion of multi-scale actors and processes is well-suited to informing optimized
urban soils management, where a system’s efficiency of scale and scope will need to
recognize flows of various magnitudes, frequencies and rates of change (Ghisellini,
Cialani, and Ulgiati 2016). While many IE tools and approaches have focused on stocks and
flow processes, interest in more nuanced and potentially efficient systems has also
emerged (Van Berkel et al. 2009; Jiao and Boons 2014). Soils gleaned in processes of
coastal urban development being re-used or recycled locally to improve sustainability and
adaptation outcomes aligns well with foundational concepts of a CE [with roots in
environmental and ecological economics), and may be especially relevant in real estate
and construction industries (Boulding 1966; Pearce and Turner 1989; Yang and Feng 2008;
EMF 2015; Ghiselini et al. 2016). Supporting CE are the implementation tools offered by
industrial and urban symbioses for improving material recycling, and useful when applied
to larger scales than typical corporate or consumer operations (Ghiselini et al. 2016; Ness
and Xing 2017) and Chertow and Lombardi’s (2005) definition of industrial symbiosis as a
concept useful in working across individual boundaries to maximize “efficient use of
material, energy and facility resources at a broader systems level” serves as a useful
perspective for positioning industrial symbiosis in the broader IE field.

Urban Metabolism

Wolman's [1965) popular thesis of UM as a mode of understanding the web of relationships
between cities and their wider environment remains a powerful and important thematic
framework for studying cities, whose rich, complex, interconnected spaces, defined by
their many and varied flows may be seen as the “milieu defining the urban ecosystem”



(Rudolf 2008; Cerceau, Mat, and Junqua 2018) and wherein Wu (2014) identifies the
adaptive processes required to promote human well-being and ecosystem services in
response to urban land use change as one key aspect of the relationship between
sustainable development and the ecologic health of surrounding regions. Singh and
Kennedy (2018) also recognize the impact of UM processes on complex natural systems,
and note metrics like biodiversity as indicators of ecosystem health that are complex,
dynamic and perhaps an underdeveloped aspects of UM. The optimized reuse of urban
soils illustrates an relationship between an urban waste product (or byproduct of
development) and its potential to bolster the threatened ecosystems on the urban fringe.

Modeling resource flows and UM, and gathering, sharing, accessing, and integrating of
data remains a challenge in efforts to accurately model UM at an urban scale (Niza,
Rosado, and Ferrao 2009). Recent and emerging technological improvements are clearly
tools for improving the resolution and fidelity of data and models -- or for calculating their
uncertainties (Patricio et al. 2015) -- but cooperation between actors and across sectors
and institutional divides is also necessary not only for an accurate understanding of UM,
but a basic consensus on how [or why] to shape it: a fundamental concern of
environmental planning in this context. The Stockholm Royal Seaport's use of a
framework of “smart” UM approach aims to capture and utilize vast amounts of data at
high resolution and in real-time, to improve the sustainability of urban development
outcomes and incorporating a variety of stakeholder concerns and goals (Shahrokni et al.
2015).

Material Flow Analysis [MFA)]

Brunner and Rechberger (2004) describe MFA's system elements as the “components of
material flow systems”™ which include “flows, processes, stocks, and materials.”
Assessment or design of a systems-level approach to optimizing the reuse potential of
urban soils for adaptation landform building depends on evaluating the quantity of
material involved and its quality (Schiller, Gruhler, and Ortlepp 2017). Quantifying the total
material volume is a data-dependent task complicated by numerous factors, and the
quality of soils excavated in urban development processes across a region are likely
variable in their geologic origin and composition, geotechnical fitness and potential
contaminants. Though Sibley (2009) suggests that a comprehensive MFA should “take into
account in-ground stocks” of extracted resources, the responsibility for doing so in the
case of “hibernating” urban soil stocks is unclear, as is an understanding of the future
market for these and other buried resources (Niza, Rosado, and Ferrao 2009). How in-



ground urban soils should be assessed and evaluated in the context of current or future
markets — as wastes or byproducts of construction, or as a foundational material resource
for a future landform-based flood protection system - should employ MFA to reveal
possible planning opportunities as a function of spatial relationships and their significance

In various use scenarios.
Hurdles to Applying MFA for Adaptation Planning

While CE and UM themes generally align well with adaptation planning goals, successful
application of MFA in the case of urban soils presents certain technical challenges. They
include:

Unbounded, Complex System

Where a resource or its flows are not limited or contained within stark physical or political
boundaries, its modelling becomes complicated. Cerceau (2018), citing numerous
authors, asserts that "For most of the IE scientific community, geographic issues are
reduced to the question of system boundaries.” A major challenge for MFA at a regional
or urban scale is the unclear boundaries of cities, where numerous physical, regulatory,
and political borders - some of which change over time - are at play, and do not
necessarily correspond to one another (Niza et al 2009; Rosado et al. 2014). Insights into
“bounding” a system whose dynamics are defined by urban land use (and sea levell
change, and the materials flowing in it may depend on novel ways of defining spatial
components of systems as a function of their resource availability and needs.

The proper spatial scale of a system to optimize urban soils for adaptation planning is
variable based on technological, political and geographic factors. Where regional
modeling is possible, the task of policy implementation may fall to political “sub systems”
composing the region. Sharifi and Murayama [ 2014) argue that city districts are the
“suitable geopolitical entities” most fit to incorporate or introduce sustainable urban
development practices. Improvements in a broader system for optimizing excavated soils
use in adaptation landforms will almost certainly depend on the innovation of the “sub
systems” (through local action and implementation], to achieve “system innovation” (Ness
and Xing 2017) through regional adoption.

Where modelling across urban boundaries is possible, other problems may arise,
including the potential to ignore certain UM processes like storage or local material



distribution (Kennedy et al. 2007; Keirstead and Sivakumar 2012). Effectively capturing
both the static components and active flows of the system is complex in the case of urban
soils because of the variety of processes, regulations and actors involved. Rosado et al.
(2014] cites the dynamic nature of resource flows often rendered as static for the purposes
of information interpretation and which may exclude or obviate insights into a material’s
possible end-of-life. This may be especially important in thinking about the transport
networks of urban soils and their relationship to possible sites of need. Urban soil
management reuse options are limited by logistics, market forces, regulations and
regional planning uncertainties, and scenario analyses demonstrate that accurate MFAs

depend on numerous sociotechnical and underlying economic dynamics (Hu et al. 2010).
Inadequate Information Infrastructure

MFA are based on the interpretation of information to improve operations and
applications. The UN's Millenium Development Goals report recognizes that data is
crucial for decision making to achieve sustainable development goals. Indeed, to this end,
the report recognizes the need for “(A] data revolution to improve the availability, quality,
timeliness and disaggregation of data” (UN 2015; Malik et al. 2018). The accurate
assessment of the potential for urban soils to aid adaptation planning is complicated by
numerous factors. Rebitzer et al. (2004) describe some of many challenges in simply
collecting data, and the complex interactions of people, media, technology and
sociopolitical structures involved. And while some operations, regions or even nations may
track their extracted and reused soils (Katsumi 2015), assessment of their comparative
utility or usefulness in reuse roles is under-researched, a reality which may change in the

era of rising seas and worsening storms.

Other challenges include the sheer availability of data; its quality and reliability; scale and
resolution; and various degrees and sources of uncertainty. In instances where a system
Is well-defined, the quality and uncertainty of data may be mostly a function of limited
knowledge (Laner et al. 2016). "Defects of information” arising from these knowledge
limitations are recognized as a distinct type of uncertainty, not one arising from natural
variability (Dubois and Prade 2010; Schwab and Rechberger 2018). In their study of the
New York/New Jersey Harbor and its sediment loads, Boehme et al. (2009) describe the
importance of evaluating data “richness” for surveying key contaminants in a complex,
dynamic geographic setting. Laner (2016) lays out a method for data quality assessment
and characterization of uncertainty for effective MFA. Rebitzer (2004) identifies a number



of difficulties and hurdles in data processing necessary to assess a functional unit’s life
cycle.

Problems may arise from data confidentiality issues when few firms manage a given
resource (Hammer et al. 2003). Where possible, a centralized databank tracking relevant
resources is a desirable feature for “harmonizing” MFA concepts and methods (Patricio
et al. 2015). In the United States the USGS might serve as a logical institution to track
information on in-ground resource reserves that are “economical to recover”, yet it does
not directly measure reserves nor do governments directly report to them (Sibley 2009).
Likewise, in the Environmental Protection Agency’'s Resource Conservation and Recovery
Act, urban soils occupy an apparent “blind spot”. It appears that without a broader
awareness of the potential utility of these materials, the need to accurately survey them
on a large scale is lacking. Malik et al. (2018) observe that the recent surge in
computational capacity has theoretically increased the efficacy of tools and techniques for
large-scale input-output modeling, but that integration with “small data” is nonetheless
necessary at local and regional scales : a clear priority for cities managing local resources
while facing regional impacts.

While small-scale data gathering may be logistically easier, Patricio et al. (2015) note the
increasing difficulty in data availability and uncertainty as smaller spatial and systems
scales are considered, though Pincetl et al. (2014) demonstrate a method for statistically
inferring larger trends from small data sets. Keirstead and Sivakumar (2012) identify some
of the advantages and efficiencies possible in using specialized land use and
transportation techniques to glean data of high spatiotemporal resolution. Aspects of all
of these challenges are evident in constructing a clear picture of the urban soils flows in
the SF Bay, and these and other examples of applied IE methods should be considered in
formulating how best to assess a region’s excavated soil resources.

Translating IE Insights into Policy and Planning

Though sediment deficits are a recognized and increasingly problematic reality in
developed global shorelines, efforts to understand excavated urban soil’'s significance as
an adaptation resource remain underdeveloped. Binder (2009) posits that the ultimate
function of MFA should be to influence policy or practices that increase sustainability and
generally improve the relationship between natural and human-made environments,



specifically through the wise use of materials evident in cities. For the purposes of
translating IE insights into improvements in SLR adaptation planning using urban soils,
developed shorelines might consider:

Novel System Definition and Demarcation

Borrowing notions from Inddigo (2012) and Cerceau et al. (2018), a SLR adaptation-
oriented system may be spatially understood as a specialized “territorial resource basin”
established to optimize and manage material flows over time and across political
Jjurisdictions, and in which spatial constraints on the basin naturally impose restriction of
the volumes of material and possible flows therein (Eckelman and Chertow 2009). A
“basin” implies that certain resources flow in but not out- they remain and are used
therein. Various institutions may cooperate to define a territorial basin that contains the
resources required to achieve the particular goal of constructing SLR barriers. Factors
including spatial proximities, logistical factors, planning phase and financial mechanisms
including incentives or subsidies to capture, gather and redirect soils may shape the basin.
In this way, applying IE might serve as a mode of enacting governance and adaptation
actions based on the “territoriality” of SLR impacts, and a societal response: localized
urban soils reuse for regional benefit (Beaurain and Brullot, 2011; Brullot et al. 2017).

Adaptation-Based Information Infrastructure

IE tools and techniques for understanding resource flows in human systems is advancing
technically by harnessing computing power and “big” data, theoretically improving public
access and planning insights (Baynes 2009; Fischer-Kowalski, 2011). Establishing
adaptation planning as a regional priority with access to databases maintained by private
firms (developers, transportation contractors] and integration with relevant public
databases (waste management, flood control agencies, the dredging industry] is a
necessary step toward framing the realistic “menu of options” based on the soil and
sediment flows in a territorial basin. Updating and reconfiguring data and its collection
methods to respond to changes in development, SLR projections, or institutional
reconfiguration will be important for modeling achievable outcomes given uncertain
future environmental conditions.

IE as Adaptation Planning Decision-Support Toolkit



I[E can be viewed as a component of local planning strategy that fosters interactions
among various actors, by providing a “shared understanding” of how an infrastructure
transition might look, and its relationship to local resources involved in its inception
(Beaurain and Brullot 2011; Buclet 2011; Hodson 2012; Cerceau 2018). Cross-disciplinary
embrace of visions of novel, multi benefit, resource-wise, infrastructure and its spatial
effects might redefine sociecological relationships thereby “resignifying” the urban
environment (Broto, Allen, and Rapoport 2012; Ranhagen and Groth 2012) or revealing
emergent power dynamics shaping the sociopolitical relationships of a new kinds of
territories or “terrains” (Elden 2010): ones that will inevitably involve collaboration to the
community level (Cheng et al. 2003). These novel territories, and their resource flows,
infrastructures and sociopolitical relationships will require common tools and platforms
for evaluating and enacting policy. In the same way that IE may schematize systems or
the information infrastructure of SLR adaptation planning, so too might its role expand to
underpin this “common ground” for decision-making.

Discussion

Relevant aspects of urban soil and sediment management, and tools for their assessment,
were not examined here but bear mention to frame future discussions. For an |[E-based
approach to urban soils as an adaptation resource, Life Cycle Assessment (LCA) may
reveal broader economic, energy, and environmental impacts with major policy and
planning implications (Curran 1996; European Commission 2003; Ardente et al. 2007). In
the SF Bay, the impact of passenger vehicles on the region’s waste, energy and
environmental quality have been assessed and considered (Chester, Horvath, and
Madanat 2010), and long-distance highway transport of heavy material (soils) obviously
contributes to these impacts. The ability to render a “menu of options” by modeling various
possible uses of a resource (or system) can significantly improve efficiencies and may
reveal “win wins” for the SD goals of coastal cities (Wilson et al. 1998). In imagining the
effect of redirecting soils from landfills, the material ecology of alternative daily cover
materials must be considered.

Extensive research and IE tools have been applied to the dredge regimes and cycles of
coastal cities. These should be examined for their systems components and cyclical
nature, in addition to the beneficial re-use of dredged sediment. Resource extraction
processes in general are receiving greater scrutiny in the climate change era (Hatfield-



Dodds et al. 2017; Krausmann et al. 2018}, and though Calvo (2018] offers an example of
mineral resource modelling can account for scarcity and energy profiles, these materials’
utility to society is generally mediated through their commoditization, not as components
of public-benefit infrastructure. Notably, commercial sand mining in SF Bay and other
coastal zones has been contested as a resource flow “blurring the line” between an
extraction process and depletion of a natural resource that may lie in the public trust, for

its regional role in mitigating coastal erosion.

Conclusion

As some of the planet's most vibrant, populous places, sociopolitical resources for
innovation are clearly evident in coastal cities (Major, Lehmann, and Fitton 2018). At the
same time, inefficient, even counterproductive management of space and resources
engendered by historic, bureaucratic and technocratic complexities present opportunities
for policy improvement, which may come in part through de-emphasizing the focus on
individual components of a given system (0'Brien et al. 2011; Admiraal and Cornaro 2016;
Ness and Xing 2017). Coastal cities are intense process landscapes (Hagerstrand 1993;
Anderberg 1998) whose sustainability and adaptation goals are constantly evolving, and
where the sovereignty of a current generation or regimes’ values and goals is fleeting
(Norton, Costanza, and Bishop 1998).

Linking spatial patterns of development to UM, and operationalizing systems that present
future generations with more options towards prosperity, not fewer, should inform near-
term adaptation goals. Similarly, bolstering the resilience of coastal wetland ecosystems
for the benefit of future generations is a pressing and important task (Crosby et al. 2016;
Gopalakrishnan and Bakshi 2017; Liu et al. 2017; Leonardi et al. 2018). As traditional
notions of cost and value are challenged by climate change, novel methods for “situating”
the economy in the (changing) physical world to organize its complexities are sorely
needed (Forrester 1969; Baynes 2009; Rochat et al. 2013). |E appears clearly disposed
technically and in its core ethos to increasingly inform, improve, and influence climate

adaptation planning.
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Landfill or Landform? The Management of Excavated Sediment in a

Developed Shoreline: Case Study Insights for Climate Adaptation Planners

Abstract: Dominant management regimens of excavated soil and sediment are
unsustainable and potentially incompatible with coastal adaptation demands. Excavated
sediment is generally treated as a waste product; thus constantly received in significant
volumes by municipal waste landfills. In the context of emerging and expected climate
change impacts, this is an especially wasteful and regressive material management
model. Sea level rise is forcing developed coastal regions to reconsider landforms that
may be constructed and augmented as shoreline adaptation strategies: by raising
barriers, restoring subsided wetlands and nourishing existing ones including tidal marsh
plains. Actions intended to construct and maintain these structures and ecological
complexes require the sourcing, transport and application of enormous amounts of
geomaterials - namely various sediment resources. Our analysis demonstrates that long-
term SLR adaptation goals in a study region require strategically planning the future
management of excavated sediment; and we demonstrate that various applications and
timeframes for successful adaptation plans will require significant shifts in the current
management practices of these resources. By considering the likely amounts of reusable
excavated sediment currently being received at landfills and modeling alternative uses as
adaptation applications, our case study makes clear that the industrial and material
ecologies of these resources must change to meet adaptation goals - as will the
environmental governance involved in the urban and landscape planning related to these
resources. While the study area entails specific geophysical and developmental
conditions, the implications of the broad trends and underlying rationales are of global

importance and applicability for adaptation planners to consider.

1. Introduction

Global sea surface elevations will rise significantly in the 21t century, an issue of
increasing concern and importance for coastal developments (Hallegatte et al., 2013].
Approximately half of the global population and the majority of the world’s most populous
cities are sited in and around the coastal zone, with important implications for the
exposure and risk of large populations and the substantial infrastructure assets
concentrated in coastal conurbations (Barragan & de Andrés, 2015; McGranahan et al,,



2007; Seto et al., 2011). Rising seas and their associated biogeophysical processes and
impacts will lead to dramatic changes in the built and natural environments of coastlines
everywhere on earth. Adaptation to these changes is an increasingly pressing imperative
in the planning of both urban and ecological landscapes (Brown et al., 2013; Tessler et al.,
2018; Wilby, 2007). In the United States alone, costs associated with sea level rise (SLR)
adaptation will constitute the majority of national adaptation costs by 2100 (Neumann et
al., 2014).

Developed shorelines, where hydrologic, geomorphic and ecological processes interact
with structures and processes of the built environment, exemplify coupled human and
natural systems that entail complex environmental governance approaches. They often
encompass landscapes with rich and contested cultural histories and display significant
evolution and flux as a function of development pressures and patterns (Bianchi & Allison,
2009; Liu et al., 2007). Moreover, many are directly vulnerable not only to SLR and other
climate change-induced phenomena (including urban heat islands, wildfire and drought),
but environmental risks like earthquakes and tsunamis, in addition to other mass
movement events such as mudslides and erosion which may be exacerbated by climate
impacts (Lawrence et al., 2018, 2020). The concentration of infrastructure, capital,
resources, and the populations they serve and sustain, complicates and intensifies coastal

climate hazard mitigation and risk management practices applied to developed shorelines
(Macintosh, 2013].

Rising seas pose flood risks not only to shoreline settlements, but also threaten coastal
landscapes, ecosystems, biodiversity and habitat that have frequently been degraded,
depleted and fragmented by prior industrial processes and urban development, often in
ways that now predispose shoreline communities to significant flood exposure and
impacts (Foster-Martinez et al., 2018; Valiela et al., 2018). Historically, typical means of
flood protection included the construction of static barriers including levees and sea walls
(Hill, 2015). More recently, major tensions have emerged in considering options for
protecting a given site, community, or shoreline reach using engineered defenses because
constructed barriers may prevent flooding in one location while worsening it in others by
“telegraphing” floodwaters, thus complicating matters regarding jurisdictional mandates,
collective action in planning processes, and how environmental justice is assessed and
addressed as a function of interplays between these considerations and proposals
(Hummel et al.,, 2021: Lubell et al., 2021).



Tidal wetlands act to reduce wave energy by creating frictional drag, which saps
destructive energy from surging waterbodies, in turn reducing wave heights [eg.
mitigating the overtopping of landward barriers) and/or by reducing erosion and
preventing coastal land loss, delivering two crucial ecosystem services highly valued by
coastal settlements (Barbier, 2013; Moller,et al., 2014). In light of widespread research
indicating the relative cost-effectiveness and multiple-benefit qualities of nature-based
shoreline “green infrastructure” systems in the form of preserved, restored or
constructed wetlands, much attention has focused on the feasibility of maintaining or
fundamentally creating these ecological complexes and landscapes in an era of rising
seas (Bayraktarov, et al., 2016; Taillardat et al., 2020; Zhao et al., 2016). However, this
focus has also served to further illuminate several troubling realities: tidal wetlands are
increasingly vulnerable to destabilization and drowning via SLR; their restoration is often
in tension with urban developments; and these developments themselves are generally,
and increasingly, made more vulnerable to costly impacts of rising seas in the absence of
wetlands to buffer them (Kirwan & Megonigal, 2013; Narayan et al., 2017; Nicholls, 2004).

Attempts to address these tensions often encounter an underlying and problematic
planning paradigm rooted in the tradeoffs between allowing wetlands to “migrate” upland
as rising sea surface elevations force their spatial realignments towards inland areas
(creating land use conflicts with development) and/or the proclivity to armor urban
shorelines with barriers which may further degrade wetlands that cannot migrate. This
attenuation of the spatial "band” in which wetlands can endure is a situation colloquially
known as coastal or wetland “squeeze” (Spencer et al., 2016; Torio et al., 2013].
Management approaches that allow tidal wetlands to accrete (build up) matter and
establish and maintain critical elevations relative to rising seas is a cornerstone of the
restoration ecology and engineering involved in sustaining these landscapes, approaches
that hinge on the provision and availability of sediment, loose earthen material
(Fagherazzi et al., 2012; Stagg & Mendelssoh. 2011). Indeed, sediment represents a
material backbone of countless coastal restoration and, increasingly, adaptation projects
(Aarninkhof et al., 2010; Brand et al., 2012).

Because of the diversity of shoreline landscapes (and their associated topographic forms,
and ecologic, urban and biogeophysical processes) that will inevitably experience
increased SLR pressures, coastal landscape and urban planners across the globe, are
modeling, planning, and testing a variety of strategies are being modeled, planned and
tested by (Diaz, 2016. Kleint et al., 2022; Spencer et al., 2016). And while the physical



realignment of urban shorelines based on managed retreat scenarios may become
broadly necessitated by SLR, the use of landforms as adaptation applications represent a
common and widely evident suite of strategies for addressing SLR in the near-term (van
Slobbe et al., 2013]). Construction of large-scale landform-based networks functioning as
multi-benefit shoreline infrastructure systems require considerable material demands
for sediment that can be gathered, transported and placed by ecological and/or human

processes.

Troublingly, the supply of naturally occurring sediment is dwindling or insufficient to meet
SLR demands in many urban shoreline regions, prompting consideration of other sources
and supplies, including the strategic management of excavated (upland] sediment
(Milligan & Holmes, 2017). Yet to date, the emerging role of this material in SLR adaptation
has been considerably overlooked and/or underestimated in the literature. This
represents a significant blind spot and knowledge gap for planners that imposes
limitations both in forecasting future conditions based on sediment budgets, and the
adaptation objectives and options linked to them. We explore the ways in which sediment
materials that are ubiquitous byproducts of urban development might be reconsidered as
physical resources that will surely grow in global importance as SLR adaptation projects
unfold in the 21 century and beyond. Our study examines how supplies and demand for
this increasingly important resource presents challenges, and shapes the adaptation

planning paradigm, in a case study of interest.

The paper's five sections present our findings. The introduction section summarizes and
situates the research problem and prominent trends and issues in the urban and
landscape adaptation planning of developed shorelines, including the importance of
sediment dynamics for constructed coastal landforms in these regions; and we describe
a case study region and site. Our methods section explores a research approach applied
to data related to our socio-ecological phenomena of interest, in addition to a description
of an alternative resource management regime. The next section interprets and considers
our analytical results, and frame them in the context of a forecasted decade in the case
study and its resource dynamics. A section discusses the implications of these results and
future research areas of importance to adaptation planning illuminated by the study. A
brief conclusion summarizes key takeaways and recommendations from the work.

1.1 Historical Patterns and Processes of Shoreline Development and their Effects



Patterns of urban development sited in proximity to floodplains have consistently
depended upon the use or creation of higher ground (areas situated above flood stages or
supratidal elevations) as basic flood prevention strategies. At the same time, proximity to
waterways and waterbodies is universally understood as a condition conferring multiple
beneficial socioeconomic qualities, including the facility of accessing navigable channels
(in the siting of industrial ports, for example) in addition to the desirability of proximity to
water for aesthetic and cultural reasons (as with commercial urban waterfront districts).
This tension is present in many of the world’'s largest and most dense cities, where
shoreline development and the concentration of assets is a prominent, perhaps even
consistent, urban situation, often characterizing extensive metropolitan regions
surrounding core cities (Biging et al., 2012; Chhetri, et al., 2015; Hallegatte, et al., 2011).
Accordingly, in the world’'s largest and most rapidly-developing coastal cities,
considerable socio-environmental impacts are emerging as function of climate change
(Glasow, et al., 2013).

The planning, development and protection processes of myriad coastal areas around the
world required the intentional, physical movement of enormous volumes of sediment
resources (Charlier et al., 2005). Historically, raising the elevations of local shorelines has
been accomplished by the accumulation and deposition of various materials to “reclaim”
land from water by the placement of soil, sand, rock, ballast, various forms of refuse, and
any number of other material masses at the shoreline (Ferguson, 2018; Han et al., 2013;
Martin-Anton et al., 2016). Seaward land reclamation was often accomplished by using fill
material to bury and obliterate wetlands whose ecologic and environmental functions
were generally and profoundly under-valued or altogether unrecognized (Vileisis, 1999).
Soil resources generated by grading, digging and land-clearing projects in upland areas
were very often directed to shorelines and used to “cap” solid waste and debris for the
establishment of novel real estate near the shore, property of increasing, multifunctional
utility and value for urban development schemes (Seasholes, 2003).

Taken together, these development patterns and practices in urban shoreline regions
have resulted in several prominent challenges for SLR adaptation planners to consider.
These include: land subsidence due to settlement of fill material and subsurface
compaction (Shirzaei & Burgmann, 2018; Sun, 1999]); the rise and emergence of
groundwater due to SLR, and its potential to mobilize subsurface contaminants (Hoover
et al.,, 2017; Plane et al., 2019); and the deprivation of sediment throughput from upper



watersheds into receiving waterbodies including estuaries, as a function of historic and
ongoing upstream flood control, development and water management schemes (Barnard
et al,, 2013).

1.2 Future Shoreline Adaptation Strategies Using Constructed Landforms

Examples of linking anthropogenically managed sediment to large-scale coastal
restoration, maintenance, and flood control projects and systems are evident in the
beneficial reuse of dredged benthic sediment and thin-layer placement on wetlands to
help them accrete matter and maintain critical elevations (Ford et al., 1999; Mchergui et
al., 2014); beach nourishment projects to mitigate coastal erosion (Staudt et al., 2021);
the construction of barriers including dikes and levees to prevent inundation of landward
areas (Temmerman & Kirwan, 2015); and use of breakwaters to protect vital
infrastructure from waves and surges (Becker et al., 2016). In regional networks of
constructed and augmented landform-based strategies to build “elevation capital”,
enormous physical material supplies are required due to the spatiotemporal scales
involved (Cahoon et al., 2019).

Examination of anthropogenic sediment budgets, those based primarily on human
management processes and practices, is a critical aspect to strategically plan how (and
where and when) these extensive construction endeavors may be undertaken even
though work to assess sediment budgets that function based on natural processes are
also useful to consider (Cappucci et al., 2020; Shellenbarger et al., 2013). The
considerable scale of the resources involved in these projects is a function not only of
their spatial extents, but the long-term, often cyclical nature of adaptively managed
sediment placement. SLR means that the magnitude of material, frequency of
application and physical size of landforms are expected to increase dramatically this
century, driving commensurate cost increases (Hirschfeld & Hill, 2017; Perry et al.,
2020). A future characterized by higher sea surface elevations, densifying coastal
development, and intensifying storm regimes will inevitably entail a reworking of the
physical form and elevational profile of shorelines where protection of development is
intended (Du et al., 2020; Hill, 2015). While certain climatic, physiographic and socio-
environmental characteristics of developed shorelines will vary widely by region, coastal
planner will need to consider several broad categories of adaptation strategies related to



landforms. These categories may be useful to consider as typological classifications that
apply to certain spatial, temporal and planning conditions.

A number of prominent strategies for shoreline restoration and adaptation may be
helpful to consider to illustrate the interplay of sediment resources and landforms that
are constructed or augmented. In the case study region (See section 1.4}, recent work to
understand the impacts of SLR on the watershed and its shoreline processes and form
have considered the filling of subsided ponds, called polders, and other diked wetlands
that are starved of sediment delivered by natural processes, as well as the nourishment
of existing wetlands (Dusterhoff et al., 2021; Williams & Orr, 2002). Ongoing work in the
case study area to raise existing flood-protection levees by raising their elevations is
also evident, as are planning processes considering the construction of novel landforms
including ecotone and horizontal levees (discussed in section 1.3).
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Figure 1: Several common and contemplated landform-based SLR adaptation strategies for coastal and shoreline
development. The top row shows typical conditions of the present day; the bottom row illustrates where material applied
as fill {in black) might be placed to accomplish various goals including flood protection and habitat restoration. Because
of the extensive spatial nature of many SLR strategies, these approaches entail significant volumes of material deployed
as landscape-based infrastructural networks. And because many approaches may entail repeated treatments (raising,
nourishing) on a long temporal scale, the need to adequately source and procure the physical material for landform
constructions along these lines is an increasingly important task for planners. Illustration by Nate Kauffman.

While landscape designers and planners are accustomed to engaging with landscapes as
topologic structures representable as surficial fields (through site plans and analytical
“layers”) and profiles (cross-sections) like those above, the central spatial dimension of
interest at the intersection of land and water is, of course, three-dimensional. This
intersection is defined by volumes that water bodies represent and which meet and
resolve at shorelines with certain topographic forms, themselves volumes of land. And
insofar as environmental planners and designers embrace their role in proposing novel
landforms as adaptation strategies, understanding the systematic and logistical realities
related to sourcing and manipulating volumes of land reveals numerous avenues for
planners to explore. These include: practicalities related to sourcing, procurement,



stockpiling and delivery; resource management practices related to long-term
forecasting and conservation; considerations tied to the market and political economies
involved; and the public policies that shape all of these aspects. Our study explores how
some of these considerations are at play in the strategic landscape and urban planning
involved in SLR adaptation and how the industrial and material ecologies of excavated
sediment present environmental planners with an emergent realm of critical
consideration and innovation.

1.3 Sediment Dynamics in Developed Coastal Watersheds

An extensive literature has studied natural processes related to sediment supply within
and through watersheds. Fluvial and marine transport of sediment has been extensively
examined for its multiplicity of roles in sustaining ecological biodiversity and habitat
composition in various waterways (Milhous, 1998; Pitlick & Wilcock, 2001; Soulsby, 2001).
In addition, investigation of wetland restoration and survival link adequate sediment
resources to receiving bodies and landscapes in the lower watershed (Allison et al., 2012;
Haltiner et al., 1996). The biogeochemistry and contaminant profiles of sediment used in
restoration projects has also been noted as an important issue in urbanized shorelines
(Berkowitz et al., 2016; Morris et al., 2014). The effects of flood control processes on
sediment transport, and vice versa, have also been studied as problematic issues in the
context of conveyance and containment structures associated with urban development
including dams, lined canals, engineered channels and subsurface stormwater structures
(Griggs & Paris 1982; Meade & Moody, 2010; Taylor et al., 2009; Smith, 2001).

The prevalence of socioenvironmental issues involving sediment lead to interventions
devised to physically gather, remove, stockpile, remediate, sort, guide, distribute, apply
and otherwise manage various types of sediment resources to balance development and
infrastructural operations with environmental concerns (Kondolf et al., 2014). As the tidal
prism rises to higher elevations via SLR, coastal resource managers and planners are
increasingly recognizing that more active, ambitious, creative, and long-term coordinated
efforts may be required to ensure that critical elevations of important landscapes and
ecosystems are established and persist in managed shorelines, and that excavated
sediment will have a role to play in this endeavor (Dusterhoff et al., 2021). Indeed,

excavated sediment resources represent a useful and versatile building material for



constructing ecologically-based landform structures with the potential to aid the
adaptation and sustainability efforts of urban regions.

1.3.1 Excavated Sediment Dynamics in Developed Shorelines

Supply: Characteristics of Excavated Sediment

Soiland sediment resources extracted through excavation are ubiquitous and increasingly
common byproducts of the growth and wrban metabolism of cities. They constitute the
vast majority, by mass, of construction and demolition “wastes” generated by urban
development processes and projects [Hu et al., 2010; Kennedy et al., 2011). In shoreline
developments, these resources are often the in situ products of depositional
geomorphological processes that have accumulated and weathered alluvial and colluvial
material that can be relatively easily withdrawn from the ground, in contrast to
consolidated bedrock, for example. The sector of environmental contracting and its global
fleet of earthmoving machinery has largely developed as a direct result of the ubiquitous
and constant need for settlements and societies to physically shape the landscape
(Haycraft, 2000).

Surficial soils and sediment that is excavated in urban areas may contain legacy
contaminants as a function of prior industrial uses of the landscape--an important
material feature to consider where environmental applications may be the ultimate goal
of reuse (Katsumi, 2015; McClintock, 2015). This is especially true for reuse projects at the
shoreline because various contaminant may be mobilized by the effects of exposure to
waterbodies, and stringent regulations are therefore common in these zones and projects
(Bolan et al., 2014). Nonetheless, excavated sediment is a useful building material, and
one whose geotechnical and geochemical qualities predisposes it for certain applications
that other sediment managed and encountered in urban watersheds may not (Craul, 1992;
Hale et al., 2021). In fact, precisely because this material is generally classified as a waste
product, certain permitting and record-keeping processes are employed in places where
environmental concerns drive regulations. Excavated sediment can be seen as a resource
whose dynamics are shaped by the interplay of stocks and flows useful to consider (Myers
et al,, 2019).

Stocks - Sediment and its Excavation as a Function of Urban & Sustainable Development



As cities develop and densify, the removal of earthen material from in-ground stocks is a
ubiquitous and increasing phenomena. This removal serves the construction of myriad
subsurface constructions collectively known as Urban Underground Space (UUS]
(Admiraal, 2006; Admiraal & Cornaro, 2018). Sediment is excavated from the ground to
accommodate the placement of foundations, parking garages, stormwater and
wastewater systems, various utility infrastructure utilities including multimodal
transportation tunnels and entire multifunctional municipal districts in some cases
(Vahaaho, 2016). Compact, dense urban design and construction practices inevitably
increase the proportion of UUS, which aligns with various sustainability goals but entails
complex planning issues, including the need to manage massive amounts of excavated
sediment, typically the greatest proportion, by far, of construction and demolition waste-
generating projects (Bobylev, 2009; Llatas, 2011; Magnusson et al., 2019; Villoria Saez &
Osmani, 2019).

Flows - Resource Ownership, Stewardship and Markets

Subsurface sediment is generally considered a substance that is owned by the purchaser
of property in the same sense as the surficial area of the site itself (Sprankling, 2008).
Upon being withdrawn from the in-ground stocks via excavation, sediment in urban
environments is almost invariably managed by environmental contractors who take
stewardship of the payload to transport it out of dense and developed districts due to a
lack of nearby sites for reuse or stockpiling. This sediment stewardship model creates
various economic opportunities for private-sector environmental contractors, who seek to
pay less to dispose of sediment than they were paid to haul it, effectively their profit
margin. Or, potentially, to be paid twice once to remove it as “cut” [material withdrawn]
from a site, and again to provide it as “fill" (material deposited) needed at another site (Cox
& Ireland, 2006). This, in turn, creates a situation in which the fleets of trucks used to
transport sediment have obvious incentives to dispose of their payload as quickly and
inexpensively as possible while being limited to doing so only at sites that able to receive
it, most often at solid waste landfills outside of cities and far from the source of excavation
(McDonald & Smithers 1998: Hao at al., 2007).

Flux - Interplay of Stocks and Flows

Our data demonstrate that while overall trends in the amounts of sediment documented
by grading permits may imply net production of cut or fill, (cut representing an influx into
the overall material flow of the study region; fill representing net imports to construction
sites) two aspects of their interplays are important to consider. First construction sites



that are proximate to each other may trade excavated sediment between them. Material
is excavated, documented in the site’'s cut grading permit) and then directly redeposited
at another site, documented as fill in that site’s permits. In this way, these flows between
sites do not contribute to the accumulated end-of-life phase (or sink] of excavated
sediment, discussed below. Secondly, this means that balanced cut and fill or net-negative
cut does not imply a lack of excavation but, rather, that whatever the magnitude of that
material extraction, it can “cancel out” when balanced by commensurate demand for fill
in other construction processes unrelated to municipal landfill facilities. In this sense,
when similar rates of supply and demand for cut/fill on projects exist within a given study
area (i.e. when the states of flux are comparable] flows may be difficult to plot as individual
vectors, their dynamics creating a kind of internal homeostatic balance.

Sinks - The Sustainability and Adaptation Problem for Planners: Landfill or Landform?

While construction sites in need of fill do represent locations of final destination for
excavated sediment, solid waste landfills have traditionally been highly receptive of soils
and sediment resources, which are distributed as a layer of material called “daily cover”
to mitigate odors, windblown trash, and scavenging (Christensen et al., 1989]). These
facilities, many privately owned, charge a “tipping fee” for their receipt of sediment,
Aspects of landfill economics may engender resistance to resource recovery and recycling
programs that might divert uncontaminated soils from being permanently interred in
landfills, what some scholars have termed the “ultimate sink” (Ready & Ready, 1995; Tarr,
1996). And while dramatic improvements in recycling and diversion of various consumer
goods, products, and wastes have occured in recent decades, various characteristics of
sediment resources (including their aforementioned utility in landfill operations]
dramatically shape and constrain their flows through the urban metabolism of developed

regions (Peng, et al., 1997; Magnusson et al., 2015; Rosado et al., 2014).

Taken together, these material, urban, and economic dynamics sketch the contours of a
chaotic marketplace whose varied, complex, and inconsistent policy features define the
current standard of excavated sediment management: one in which characteristics of the
resource’s industrial ecology heavily incline towards the constant and ongoing landfilling
of excavated sediment in massive quantities. Environmental concerns triggered by rising
seas, and associated implications for sustainable development and adaptation efforts, are
presenting Iimperatives and opportunities for innovative resource management
approaches, illustrated by increasing demand for coastal protection landforms that will
form a central strategy of SLR adaptation work around the globe in the decades to come.



As such, more coherent and consistent policies regarding if and how sediment resources
can, should or must be reused for various socioenvironmental benefits—ones that have not
been traditionally foregrounded as societal imperatives-may illuminate areas of potential
innovation and improvement for various efforts tied to sediment resources.

Emergent Demand of Adaptation Landforms: Ecotone & Horizontal Levees

Our study assesses the potential of excavated sediment to be used as a building material
for the construction of “ecotone” levees: landforms that employ a gradually sloping
seaward face that acts as a flood mitigating complex. The underlying principle of ecotone
levees is the mimicry of natural wetlands, whose extensive lateral dimension saps wave
and surge energy through attrition (Costanza et al., 2008]. In engineered applications,
these landforms can also restore wetland habitat, recycle and scrub treated effluent as
an irrigation supply, and create a subtle ramp up which wetlands may migrate in futures
characterized by higher waters [Cecchetti et al., 2020). In that sense, this constructed
landform represents a bridge between the upland and wetland biomes, an ecological
principle from which its name [ecotone] is derived. While still the subject of
experimentation, Ecotones have been incorporated into flood and climate adaptation
planning schemes (Holmes et al., 2022). The feasibility or rollout of these projects will
depend on the sourcing of sediment material to physically construct them.

Ecotone or Horizontal Levee with
Landward Seaward Face with 1:30 Maximum

Side i Slope

Traditional Levee
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Figure 2. The notable feature of the ecotone levee (light grey wedge, above] is its extensive seaward face, which is
prominently horizontally extended (relative to the steep face of traditional levees, shown in dark grey) and which creates
its flood-protection benefits, but also delineates a considerable three-dimensional volume when extruded in space along
a shoreline reach: illustrating the material demands involved in construction of Ecotone Levees at scale. It should be
noted that ecotone levees may be constructed with more subtle slopes - and, therefore, possess larger cross-sectional
areas - that would translate into larger volume demands. Illustration by Nate Kauffman.

A particular type of ecotone levee being pioneered in the case study region (described in
the following section) is called a horizontal levee. lts basic landform is identical to the
ecotone [(illustrated in Figure 2, above) but which incorporates a wastewater-treatment
seepage slope that involves irrigating vegetation on its seaward (horizontal] face
(Cecchetti, 2022). This vegetation sequesters compounds and metabolizes nutrients that



are problematic when discharged directly into the receiving waters of the adjacent
estuary, as typically occurs currently. Wastewater treatment plants are municipal
infrastructural assets that face major impacts as a function of SLR, as they are often being
sited at extremely low elevations to take advantage of gravity-aided collection of storm-
and wastewaters (Heberger et al., 2011; Hummel, 2018). As such, major interest in
relieving or avoiding costs involved in replacing or retrofitting the traditional infrastructure
used for treatment, pumping and discharging has come into focus as a regional priority,
one potentially possible using the green infrastructure of horizontal levees.

In the context of planning adaptation measures that employ large-scale restoration and
adaptation strategies that utilize landforms like ecotone and horizontal levees, shortfalls
in coastal sediment supply are problematic. The sheer size of these levees as constructed
earthworks is considerable and, as they work as an adaptation network in the landscape
along extensive reaches of shoreline, the understanding of sourcing, allocating,
transporting and applying sediment material is crucial. How are planners working at the
intersection of flood protection and restoration ecology approaching the systematic study
of anthropogenic sediment dynamics that are linked to landform construction? What tools
and insights might aid their work and potentially open new avenues for innovation and

improvements in efficiency and sustainability?

Our study examines a region grappling with these questions and issues, and the
implications of a natural sediment supply shortfall, even as it plans extensive restoration
work. We examine the system of excavated sediment flows within a case study on a
systematic level and demonstrate a set of methods for estimating the quantities of
sediment in various states within that system. Underpinning the work are central
questions about the nature of excavated sediment in a developed shoreline region that
may increasingly rely on it as a resource. What is the magnitude of the material involved,
and how does it move through, or operate within, urban and industrial systems? By
examining these questions and employing methods for surveying, modeling, and
forecasting material flows, we illustrate the potential of excavated sediment that typically
has been landfilled, for reuse in coastal adaptation to sea level rise.

1.4 Case Study Geographic Context

SF Bay Metropolitan Region



Assessing the potential of excavated sediment as a resource which might be optimized for
landform construction as a component of a regional SLR adaptation strategy is grounded
in estimating the yreld of this material over time: an amount generated as a function of
development projects that entail excavation processes. To explore this potential, we
present a case study framing the management of this material, and investigate whether
an alternative reuse strategy could be feasible or meaningful in accomplishing local
benefits and regional goals. Accordingly, this study involves examining trends in known
data related to recent excavated sediment yields and a plausible, causal relationship to
known patterns and processes of urban development, namely population.

The San Francisco Bay Area of Northern California encompasses the largest deltaic
estuary complex in the Americas, whose extensive watershed encompasses an enormous
diversity of land uses, settlements, and physiographic regions straddling the state. The
broader metropolitan agglomeration of the most-developed heart of the watershed is
centered around San Francisco’'s namesake Bay (Bay Area), formally composed of 9
counties. Development of the Bay Area in the 19" and 20* century substantially depleted
many of the region’s ecological complexes, none more important to expected SLR impacts
than the region’s tidal wetlands and their associated ecological complexes including
seaward mudflats and shoreward uplands, a landscape band regionally known as the
Baylands (Goals Report, 2015). As a function of upstream development projects and
dwindling natural sediment supplies flowing to the Bay, large-scale wetland restoration
based on connecting Baylands to sediment supplies has come into focus as a regional
adaptation priority (Brew &, Williams, 2010; Schoellhamer et al., 2013).

In recent years, the Bay Area has experienced impacts from wildfires spurred by a
megadrought, upland flooding associated with atmospheric river events, exacerbation of
urban heat island effects, biodiversity declines and increases in coastal erosion, tidal
flooding and the rise of groundwater associated with SLR (Moser & Eckstrom, 2012;
Swain, 2021; Cloern et al., 2011). These dynamics clearly illustrate the Bay Area finds itself
grappling with numerous climate change-related challenges expected to intensify in the
21°t century, even as its population and urban environment is expected to grow
considerably. The siting of urban development in low-lying areas formerly occupied by the
Baylands is a common condition of the Bay Area’s urbanized tracts and their various

infrastructural assets-and one with troubling implications in the climate change era.



Recent work to evaluate the capacity of the broader SF Bay watershed to link adaptation
and restoration work has seized on the concept of Operational Landscape Units (OLUs) as
an approach to identify landscape types of paired hydrologic and ecologic features as
spatially-distinct units in places where development patterns have significantly altered
biogeophysical processes (Verhoeven et al., 2008). OLUs may be understood as spatial
components helpful in analyzing and planning resource management and development of
SF Bay's shoreline and have been broadly adopted as a useful framework by the
restoration and adaptation circles for this purpose (SFEI & SPUR, 2019).

A shoreline inventory of OLUs identified within San Mateo County forms the basis of our
assessment of one county’s ability to construct horizontal levees (SFEI, 2021). The
assessment of the use five OLUs entirely or mostly within the county bounds the determine
the potential of various possibilities linked to landform and landscape processes near the
shoreline, and their interactions with the built environment. Of particular interest for our
study are the linear miles of horizontal levee building opportunities. These reaches of the
shoreline are essentially those in which ecotones might be constructed within
approximately 2 miles of wastewater treatment plants, thus making possible the
incorporation of the horizontal levee's seepage slope features and function.

Significantly, OLUs are not delineated based on municipal boundaries except when they
relate to geographic features that the OLU employs in its classification logic. How might
the SLR challenges faced by the region and the opportunities for horizontal levee
construction play out on a local level with respect to sediment resources? We examine
this question on the scale of a county grappling with significant SLR exposure, and
examine aspects of its growth and development that may offer insights into its adaptative
capacity (Adger et al., 2009).
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Figures 2 & 3: A context map (above, left) showing the counties of the SF Bay Area and including their offshore extents.
The Area of Detail is expanded (above, right) to show the County of San Mateo in greater detail, and the positions of its
Ox Mtn Landfill facility and the City of San Mateo (outlined in black). The white lines correspond to Operational Landscape
Units of San Mateo County, and the horizontal levee building opportunities identified within them: a) Yosemite-Visitacion,
0 miles; b) Colma-San Bruno: 2.2 miles; c) San Mateo, 0.7 miles: d) Belmont-Redwood, 3.3 miles; and e} San
Francisquito, 4.2 miles. There are 10.4 miles of horizontal levee opportunity identified within OLUs that exist entirely or
partially within San Mateo County’s bounds. Note that OLUs incorporate offshore tracts as part of their geographic logic,
as they are applied for study of Bayshore areas and processes. Images by Nate Kauffman.

1.4.1 Case Study Area:

San Mateo County

San Mateo County (SMCJ straddles a large peninsula that includes both coastal exposure
to the Pacific Ocean and a considerable stretch of shoreline frontage on the Bay itself,
where the majority of SMC’s population in centered. SMC is home to twenty incorporated
cities and includes prominent regional assets including the multibillion-dollar San
Francisco International Airport (SFO) and two highway bridge landings. SMC's population
as of the 2020 Census was listed as 764,442; making it the 15" most populous of
California’s fifty-eight counties. It is part of the region’s globally renown technology hub,
a considerable concentration of jobs and private-sector investment. Partially a function of
necessity given its extensive shoreline, SMC is recognized as a regional leader in



environmental restoration and adaptation efforts aimed at addressing expected climate
change impacts. SMC is notable also for its recent efforts to restore degraded and
subsided wetlands by raising their elevational profiles to inter-tidal levels through the
active placement of enormous quantities of sediment. The 1,400-acre restoration of Inner
Bair Island, a project initiated by the US Department of Fish and Game and San Francisco
Bay's Wildlife Society, involved the importation and placement of hundreds of thousands
of cubic yards of fill including large volumes of excavated upland sediment to raise marsh
elevations into the intertidal zone (Duke et al., 2004). Plans for protecting SFO and ongoing
levee improvement and construction projects also involve the placement of fill sediments

to build flood-mitigating landforms.

2. Methods

Our central hypothesis is that population growth and increasing density drive development
processes that yield sediment resources as a byproduct. To test this hypothesis, we first
investigate the relationship between an example city’'s population and the number of
building permits issued in development projects. Then we examine the share of these
permits that are related to known excavation processes and permitting. Next, to assess
the potential for excavated sediment flows to be used for the development of landform-
based adaptation strategies including the construction of horizontal levees in the San
Mateo County region, we present a characterization and analysis of sediment material
flows of interest within our case study.

We use permits and records of the stocks and flows of excavated sediment, and describe
how the recorded sources, sinks and flows of sediment and the hidden, unrecorded flows
are represented in the overall material ecology. We employ methods of analyzing material
flows to test these known flows against our central hypothesis that increasing population
drives sediment excavation in an urban region. The City of San Mateo is used as a proxy
for other smaller cities and towns in the case study area. Using this proxy and
extrapolating based on population change leads to an estimate of sediment yields
associated with the County as a whole. Subtracting known flows from the volume of the
primary sink allows us to estimate hidden flows in the County. Finally, we consider the
potential of only the modeled flows, which we have estimated based on the recorded flows,
to aid in the construction of horizontal levees. Hidden flows are not used for this
comparison of urban sediment supply and the coastal adaptation demand.



2.1 System Description

Material Flow Schema: System Description and Components of Importance

Developing an understanding of the socioenvironmental system governing the uses of
excavated sediment involves several methodological approaches. Material Flow Analyses
(MFA] are a suite of mixed-method approaches for illustrating how movements and
interactions of matter, energy and wastes are related, often for considering development
patterns and processes for provisioning goods and services to society. As is typical of many
MFA, our study employed literature review of similar studies and material management
processes; Iincluding the reuse of excavated soil and its relationship to development
projects (For example, see Hale et al., 2021; Hu et al., 2010; Magnusson et al., 2015 in
combination with a process of logically testing and iteratively developing the components
(stocks and flows) of the study and how they are articulated inside the system (Baccini &
Brunner, 2012). Consultation with municipal offices, whose furnished data was used
directly and indirectly in our quantitative analysis phase, and interviews with industry
experts was also conducted to ensure the theoretical logic, and descriptive plausibility of
the constructed MFA schema, and certain estimations that informed modeling (section
2.3).
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Figure 4: Material Flow Analysis Schema: The figure above represents an analytical tool common in studying the
industrial ecology of various resources, substances and products: a conceptual Material Flow Analysis schematic
‘wireframe’. The dashed line around the inner white rectangle represents an idealized system boundary corresponding



to San Mateo County; and the boxes within it therefor correspond to features contained therein. Dotted lines show flows
that are secondary, and imply that material being moved has already been moved at least once before. The key at the
bottom of the image describes flows connecting stocks. Image by Nate Kauffman.

System Features & Analysis: Stocks, Flows, Sources, Sinks and their Characterizations
MFAs necessarily simplify complex sets of elements and dynamics to convey approaches
to illustrate central features of a system and the relationships between them, as is typical
of conceptual frameworks applied in many fields (Paré et al., 2015). Especially when
attempting to describe complex socioecological systems, MFA confront limitations
prominently including the notion of system boundaries, which are simultaneously needed
to scope a process of interest, and are generally also imperfect (Bartrola et al., 2001).
Insofar as we rely upon data that is gathered by municipal and regional actors (as opposed
to directly observing and measuring excavation in a study area), we have idealized San
Mateo County as our system of interest, essentially as a spatially-discrete administrative
unit charged with certain data collection practices within its bounds, while recognizing
that boundaries are complex, porous and “fuzzy” with respect to the actual movement of
material. These are illustrated as various flows that excavated sediment may take in and
through the study area. Flows originate at a source from which they emanate, movements
that can be idealized and pictured as general system behaviors or specific events or known
trends during a given window of time.

Material at rest at some given location for some period exist as stocks. Stocks may
represent a resource pool that is untapped (previously undisturbed in-ground sediment];
sediment that has been relocated as a component of another project or process (as in the
case of the Bair Island project, fill material used at a construction site, or as daily cover in
landfills); and/or material that has been temporarily stockpiled for future reuse or
movement. Because of their systematic nature, MFA often employ secondary analytical
techniques to examine and emphasize particular material stocks, flows and/or system
components in greater detail. Our study aims to do so by considering the interplay between
two system components-certain flows and an end-of life stock called a s/ink-related to
known data tracking processes that describe some aspects of the metabolism of
excavated soils and the flows of excavated sediment and stocks of landfilled sediment

occurring and existing within San Mateo County over a decade.

Hidden Flows



Stocks and flows of non-valuable, waste material on a large scale and in complex
socioecological systems are often difficult to observe directly and, thus, rigorously track.
Some authors have described flows as “hidden” in cases where they do not effectively
“enter” the economy as commodified products or are understood as having little economic
value, notably including excavated soils (Aoki-Suzuki et al., 2012; Matthews, 2000). While
disagreement might exist over whether or not excavated sediment effectively do, in fact,
enter the economy, the underlying notion is that hidden flows exist, especially regarding
certain classes of materials. The conceptual and practical implication of hidden flows is
that studies attempting to grapple with these materials will likely encounter incomplete
and otherwise problematic records and data-tracking procedures for analysis. In that
respect, hidden flows might be characterized as unknown from an analytical standpoint,
but only insofar as they may not be directly measured. That is, the existence and
systematic behavior or articulation of hidden flows might be known while their magnitude
Is not. We use the term hidden for this reason: our MFA recognizes them as being at play,
while our methods attempt to quantify their gross magnitude, in part by tallying those that
are not hidden.

Assessing these known and unknown sources and sinks-and the known, estimated, and
inferred flows that connect them systematically-is useful for developing insights about
the status of materials; specifically where they are positioned or concentrated in a system,
or how various activities in the urban and industrial processes at play relate to materials
of interest (Rosado et al.,, 2014). In our case study, examination of available data is
necessary to develop an estimate of material quantities that could influence future policies
and regulations that would support excavated sediment reuse in constructed adaptation
landforms. This would require the re-routing of existing flows to novel sinks in a future

shoreline with ecotone levees that reduce the impacts of sea level rise.

2.2 Data Collection & Analysis

Overview, Timeframe, Uncertainty

Our study gathered data related to the 10-year period between 2010 and 2019 to capture
recent trends, while avoiding significantly poorer-quality datasets prior to this period. It
omits the unique events of the 2008-09 recession and COVID-19 outbreak. Quantifying the
amount of sediment excavated in our case study area within this time period is
complicated by several issues. Fist, excavation is not directly observed and recorded by



any office. Rather, norms and requlations based on self-reporting expectations and official
receipt of documentation and permits defines the culture of practice associated with
excavated sediment management. This documentation, in the form of permits and
records, is not centrally documented and must be gathered from a variety of county,
municipal and private offices. Then the data can be examined and compared to other data,
such as population, to assemble an indirect impression of the material flows of interest.
Second, not all excavation projects require permitting, as is the case with projects
occurring in the public right of way and/or those performed by municipal service providers
(for infrastructure, utilities, transport, etc.). In fact, in general, the excavation of earthen
material is recorded if and when it exceeds some given amount on a given project. A
minimum threshold is used to trigger certain permitting requirements. In San Mateo
County, this amount is often designated as 50 cubic yards of “soil disturbance.” Excavation
projects below this threshold or those that do not comply with reporting procedures (see
flow vectors @, n, and gin Figure 5) effectively escape cataloging altogether and therefor
represent a hidden flow of unknown magnitude within the system, producing an
underestimate when assessments are based on documented records.

A third set of complications arises as a function of variations in tracking, permitting and
reporting procedures, including the heterogeneity of data types; the related variations in
standards (procedures for data generation, collection, and archiving followed or enforced
by local government entities), adherence [the degree to which said standards or
requirements are observed by private sector actors], and the management and
accessibility of data (if and how records are constructed, curated and shared). Incomplete,
heterogenous, varied, fragmented and inaccessible information is a constant and common
challenge for studying material flows in complex socioenvironmental contexts (Schwab et
al., 2017), particularly when the flow represents a material considered a waste rather than

a resource.

Accordingly, our study represents a coarse-resolution estimate of the material flows of
interest, serving as both an initial evaluation of material yields and dynamics and as a
starting point for future research. Since the ultimate aim of this study is to advance
knowledge for planners and resource managers about how existing material flows and
the regimes that track data related to these processes may change to advance adaptation
outcomes, we apply the methods developed in this section to a forecasting approach that
attempts to recognize uncertainty and sensitivity related to the supply of sediment. To
examine these sensitivities, we close with a study of how the amount of sediment that



would be of sufficient quality within these urban flows may vary, using estimates from
previous studies. We also consider the sensitivity of the demand for sediment, using the
potential height of ecotone levees to represent a range of different goals for adaptation.
These considerations are presented in the results and discussion sections.
2.2.1 Acquisition, Processing & Composition of Data

Acquisition: Sources and Collection of Datasets

Available data were gathered from permitting processes and records tracked and
collected by public offices. In all cases, the data used in our study was obtained through
research to determine which offices held what data records (sourcing] establishing lines
of communication with the offices to describe and parameterize our experimental design
and data request (collection]. This data was then screened to standardize and streamline
datasets by eliminating duplicates and any other evident recording errors. In all instances,
data were provided electronically as spreadsheets and accompanying documents related
to permitting processes, etc. and consultation with office representatives provided insight
and context for interpretation of data. The information we used in our modeling involved
comparing and combining data provided by offices operating at various levels of

government.

SYSTEM FEATURE

DATA FEATURE

Flows

Flows

Stocks (end-of-life)

Data Scale & Agent

County-wide

San Mateo County
unincorporated areas
(SMC)

City-wide
City of San Mateo
(csm)

State-Wide
Ox Mountain Landfill
(Ox Mtn)

Data Source(s)

San Mateo County
(“SMC”) Department of
Building and Planning

City of San Mateo
(“CSM”) Dept. Public
Works

Department of
Resources, Recycling &
Recovery “CalRecycle”;
California Environmental
Protection Agency

Data Element

Grading Permits (as
component of Building
Permits issued)

Waste Recycling Permits
(REC); Stormwater
Permits (STOPPP);
Building Permits

Daily Cover Records

Data Attribute(s) Used

Permit #, Date Issued;
Number of permits;
Volume of “cut”
produced from sitework
(Cubic yards)

Permit #, Date Issued;
Number of permits; Mass
(Waste recycling -- direct)
and volume (STOPPP --
estimated)

Quarterly Reports of
mass received (tonnage)




Table 1. Data collected from various sources within the Case Study Area were analyzed and combined to estimate flows
of excavated sediment from known sources within the County to the Ox Mountain landfill facility (tracked by the state of
California) during the study period.

Data from nested jurisdictions

City-Level Data: City of San Mateo ['CSM")

Construction and Demolition Waste (CDW) Recycling Plans are (officially) required for new
residential construction and demolition projects in the City of San Mateo, which is
overseen by the Recycling division of the Public Works department (RecycleWorks]. Waste
Recycling Permits (RECs] track, among other things, the mass (in tons) and percentage
(of total waste masses) of CDW identified and tracked as “Inert” materials consisting of
soil and rubblized concrete. Stormwater Pollution Prevention Permits (STOPPPs] are also
collected by CSM. These records reflect the incidence of projects that trigger permitting
based on water quality regulations, and in which a “soil disturbance” exceeding 20 cubic
yards occurs.

County-Level Data: Unincorporated San Mateo County ['SMC"/

The County of San Mateo’s Planning and Building department issues grading permits for
construction projects related to private property development in unincorporated areas of
the county in which 50 cubic yards or more soil is “disturbed”. These permits record the
cut/fill quantities of soil in cubic yards, thus reflecting which projects export sediment off-
site, and in what quantities.. We examined only the “cut” component of these projects -
those that become a known source contributing to material flows. Thus our SMC fill
numbers are not incorporated into the model, though we do consider the implications of
this logic in the Discussion section.

State-Level Data: CalRecycle & Ox Mountain Landfill [ "Ox Mtn "/
The Corinda Los Trancos Landfill, referred to as Ox Mountain, is SMCs only operational
solid waste landfill. While privately owned and operated, a division within California’s
Environmental Protection Agency (CalRecycle) requires reporting on all landfills in the
state, specifically related to their receipt of waste masses [recorded in tons). One of the
material classifications tracked is the amount of soil received; this material is used by
landfills as daily cover (see section 1.3.1).

2.3 Analyses and Modeling



Assumptions, Integration, and Use of the City of San Mateo as a Proxy

The underlying hypothesis of our study, that increases in population are an important
driver of increases in the quantity of excavated urban sediment, is rooted in the
observation that while development and construction projects are shaped by zoning and
other land use regulations, they are driven by housing and commercial projects
constructed by the private sector within the fixed boundaries of a given county. These
private sector-led developments in the San Francisco Bay region are associated with the
region’s increasing population density, particularly in cities and counties on the Bay.
Regional public sector initiatives within the study area guide local planning processes.
These planning processes incentivize private-sector development projects in dense urban
cores clustered around key transportation corridors, so-called Transit Oriented
Development (TOD]. New construction that increases urban residential, retail and
commercial density requires excavation of foundations and underground spaces that
produce sediment as a byproduct. We tested this hypothesis for San Mateo County by
comparing population changes with sediment yields for the City of San Mateo during our
study period.

Our model adds the sum of three known and estimated sources of sediment [yields in
tons) and compares this number to a known s/nk (tons received at the Ox Mtn Landfill).
First, we represented known and estimated yields of excavated sediment from the City of
San Mateo [CSM] using the recorded number of building permits that involve sediment
excavation. Building permits are associated with a secondary permit triggered in certain
situations where earthwork, the hauling of soils/sediment, and/or impacts on stormwater
as a function of grading occurs. The proportion of these secondary permits as a

percentage of total building permits remained remarkably stable over the study period
(12,12,12, 11,13, 12,12, 13, 11, and 6%, respectively).

Then, we used these numbers from the City of San Mateo as a proxy for calculating other
unknown yields from the other incorporated cities in San Mateo County (CsSM]. We used
a per capita scaling number based on records in the City of San Mateo to estimate total
building and secondary permit numbers using the population of incorporated cities in
CsSM as our base, in all years of the study. The rationale for using CSM as a useful proxy
for comparison to CsSM is based on several observations. CSM represents 14% of the
county’s overall population (a proportion that has remained stable over the decade of our
study) making it a useful sample in and of itself. It is ranked 6™ in the county in terms of



its density with respect to other 19 incorporated cities and 9" in comparison with all 33
cities including those that are unincorporated. Therefore, we assume that the percentage
of building permits that involve sediment excavation in all San Mateo cities (CsSM] will be
comparable to that percentage of building permits in the City of San Mateo (CSM). Having
an estimate of the number of permits that include sediment excavation allows us to
estimate total sediment yield for all the incorporated cities of San Mateo County.

There are important differences in the data recorded at each nested jurisdictional scale.
County-level data included information about cut and fill operations explicitly referring to
earthwork-in other words, these permits track only excavated sediment. By contrast, the
City of San Mateo includes rubblized concrete in its sediment export records. Based on
their analyst’s best estimate, we accepted a 4:1 ratio of sediment to rubblized concrete
for the City of San Mateo's permit records. This number corresponded closely with landfill
managers’ estimates of 75-80% sediment and 20% rubblized concrete as a proportion of
their daily cover. For our estimates of sediment yield from cities in San Mateo County and
our estimates of sediment included in daily cover at the landfill, we used an 80%
proportion to estimate the mass of sediment (minus concrete rubble] flowing out of the
City of San Mateo and into the Ox Mountain Landfill.

Data Modeling
We built a simple material flow model to represent these data and the various assumption
we applied. Our assumptions are listed below, along with a description of the data used

estimate the volume of each model component:

Population and building permits

a. As population rises over the study period, so do the number of building permits

that track development and construction.

The data on population and building permits reveal a positive correlation between building
permits and population in our city-scale case study, the City of San Mateo (CSM). We
calculated the annual rate of change in population and in the number of building permits
year-over-year. We also calculated the average rate of growth for each variable.



b. Within a known sample [CSM] and over the study period, a relatively stable
proportion of building permits include secondary permits associated with

excavation.

i. One set of these, waste recycling permits (RECs] directly measures excavated

sediment tons as a flow.

RECs track Construction and Demolition Waste (CDW) mass totals in tons; and we apply

an assumption that 80% of this is soil/sediment as opposed to rubblized concrete.

CSM REC tonnage, year a = (Total known mass in year a) X (0.8)

I The second set of these, stormwater pollution prevention permits
(STOPPPs] do not directly track tonnage, but an average [(per permit] is

estimated.

Based on our interviews with experts from the City and County of San Mateo surveyed for
this project, we assume that STOPPP permits yield an average of 50 tons of sediment per
permit. Multiplying the number of STOPPP permits by this amount yields an estimate of
the total mass of excavated sediment tracked by STOPPPs.

CSM STOPPP total tonnage, year a= (n2STOPPP in year a) x (50)

c. We used the number of RECs and STOPPPs in the City of San Mateo to estimate
their respective percentages as a share of building permits in each year of the

study period and as averages.

Using City of San Mateo data, we divided the total number of STOPPPs by the number of
building permits in a given year, and divided the total number of RECs by the number of

building permits in a given year.

. s . n secondary permits in year a
Percentage secondary permits of total building permits year a = ( e ypEI Y )(100)
n building permits in year a

d. The City of San Mateo is a reasonable proxy for the other cities of San Mateo
County because it likely has similar distributions of building permits per capita.



The City of San Mateo represents 14% of the county’s overall population, and as its
population has grown that percentage has remained stable over the decade of our study.
It is ranked 6™ in the county in density with respect to 19 other incorporated cities; and 9t
in comparison with all 33 cities including those that are unincorporated. The same
regional and county-level planning processes and incentives that encourage dense
transit-oriented development are in place across all of these communities.

[l Extrapolation of building permit numbers based on population

e. Since population is correlated with the total number of building permits, as we
have observed in section l.a. above, then the number of total building permits in
the cities of San Mateo County can be estimated using our previous estimates of
sediment yield per permit, number of building permits per capita [both from the
City of San Mateo), and the population of these other small cities.

Population totals for the other cities of San Mateo County (CsSM] are calculated by
subtracting the sum of the populations of unincorporated San Mateo County and the City
of San Mateo from the total County population for each year of the study. By dividing the
number of building permits in the City of San Mateo by its population in a given year, we
produce a coefficient that we then multiply by the population of the other small cities of
the County [CsSM] for that same year. The process is repeated for all years.

n population Total County in year a - ((n population SMC in year a) + (n population CSM in year a))

= n population CsSM in year a
and

(n building permits CSM in year a) __

ka
(n population CSM in year a)

therefore

(k%) x (npopulation CsSM in year a) = n building permits CsSM in year a

. The total number of secondary — STOPPP and REC - permits can be estimated

for CsSM using their typical percentages of total building permits for a given area



las observed in CSMJ. An average volume for these permits (on a volume per-
permit basis] based on CSM permit volumes can be applied and converted to
tonnages. These can be tallied on an annual basis.

Multiplying CsSM'’s estimated building permit totals in a given year by the percentages
calculated in the proxy case yields an estimate of the number of secondary permits
(STOPPPs and RECs, respectively). Multiplying these respective totals by the proxy
tonnage-per-permit values produces a tonnage estimate. The process is repeated for all
years.

For RECs:

n RECs CSM inyear a
n building permits CSM in year a

[(n building permits CsSM in year a) X ( )(100)] X 41 = RECs total tons CsSM in year a

and

For STOPPPs:

n STOPPPs CSM in year a
n building permits CSM in year a
year a

[(n building permits CsSM in year a) X ( )(100)] X 50 = STOPPPs total tons CsSM in

therefore

Total CsSM flows in year a = (RECs total tons CsSM in year a) + (STOPPPs total tons CsSM in year a)

g. The sum of these annual sediment yields from the City of San Mateo and the
other cities of San Mateo County [CSM and CsSM) can be added to known flows
from unincorporated San Mateo County (SMC] to represent total annual flows
estimated from recorded sources [not including hidden flows).

We combined the tons of sediment yield per year that we estimated for the City of San
Mateo (CSM) and the other cities of San Mateo County (CsSMJ, and added them to the
recorded tons of sediment vyield from unincorporated San Mateo County (SMC]J.
Conveniently, soil and sediment volumes recorded as cubic yards are analogous to mass
tonnage (both in terms of the recording standards in our case study and as an industry
standard broadly): whereby one cubic yard is assumed to be equivalent to one (US or
“short”) ton: 2,000 lbs. Total flows may be estimated as tons for any given year, span or
range within the study period.

Total modeled flows in year a =



(total CsSM flows in year a + total CSM flows in year a + total SMC Flows in year a)

1. Comparison of our modeled sediment flows to actual tons of sediment arriving
at the landfill [sink]

h. Subtracting our total modeled sediment flows from the recorded sink totals at the
Ox Mountain landfill estimates the magnitude of total hidden flows into the landfill
for a given year, which we can use to estimate the volume of those hidden flows

produced within our study period.

The tons of material received by the Ox Mountain landfill were recorded in each year of
our study period. We applied an 80% filter because expert estimates noted that about 20%
of the total sediment inflow is concrete composition by mass. This percentage, estimated
by Ox Mountain staff, is the same as the percentage estimated by staff in the City of San
Mateo with regard to REC permits. We subtracted the sum of all known and estimated
sediment flows sums (from SMC, CMS and CsSM) from 80% of the total material received
by the landfill.

Total hidden flows year a = Ox Mtn total sediment sink in year a - total modeled flows in year a

V. Estimation of the demand for sediment required for adaptation landforms on

the San Mateo shoreline

1. The total magnitude and annual yield of these excavated urban sediment flows
can be compared to the need for excavated sediment required in the construction
horizontal levees that have been proposed in the region. This will allow an
assessment of whether excavated sediment flows can make a meaningful
contribution to coastal adaptation using horizontal levee, a strategy which is
currently imited by the lack of sediment avarlability.

To assess the comparative magnitudes of modeled flows and the emergent demand for
sediment that would support horizontal levee construction, we take the length of shoreline
that is suitable for horizontal levees from existing literature (SFEI & SPUR, 2019), and
calculate the volume of ecotones that have three different cross-sectional areas as a

function of their crest heights: Tm, 1.5m, and 2m respectively. All incorporate a 1:30



seaward slope. Using the cross-sectional areas of these profiles, we calculated volumetric
extrusions for mile-long reaches; and used these volumes to estimate sediment demand

in tons. Our findings are discussed in the following section.

60m Horizontal levee cross-section area: 60 m?
’" 60m Horizontal levee volume / mile: 96,560 m3

Levee Crest Height =2m

45m Horizontal levee cross-section area: 33.75 m?2
’" 45m Horizontal levee volume / mile: 54,315 m?3

Levee Crest Height =1.5m

30m Horizontal levee cross-section area: 15m?
’” 30m Horizontal levee volume / mile: 24,140 m3

Levee Crest Height = 1m

1m Sm 10m 30m

45m

60m

Figure 5: The sketches above represent the cross-sectional areas (in light grey) of three ecotone profiles with slopes

of 30:1 that are constructed on the seaward face of traditional levees (dark grey) that have face slopes of 2:1. The

ecotone width is measured from the toe of the existing levee.

3. Results

Our analytical findings demonstrate several relevant trends and relationships in the data,
material and system of interest. In this section, we discuss the results of the modeling

efforts and frame several important outcomes and prominent insights from the work.

a. As population rises over the study period, so does the number of building permits

that track development and construction:

Correlation
Year 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 | Coefficient
zgfﬂ“:it)'on 97,207 | 95957 | 97,322 | 98,601 | 100,114 | 101,335 | 102,224 | 103,500 | 104,035 | 104,333
Building 0.90
\ 1696 | 1816 | 1,936 | 2218 | 2310 | 2834 | 2788 2700 2590 | 2729
permits
CSM (n)

Table 2. A strong positive correlation (0.0900) exists between the growth rates of population and building permits issued

in the City of San Mateo.




Population and Building Permits: CSM
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Figure 6: The overall trends in growth of population and number of building permits. Over the study period, the average
annual growth rate increase was 1%. The average number of building permits issued grew by 6% per year.

b. Within a known sample [City of San Mateo), a relatively stable proportion of building
permits over the study period include secondary permits associated with sediment
excavation.

2010 | 2011 | 2012 | 2013 | 2014 | 2015 | 2016 | 2017 | 2018 | 2019 | Average

Building
permits
total (n) 1,696 | 1,816 | 1,936 | 2,218 | 2,310 | 2,834 | 2,788 | 2,700 | 2,590 | 2,729 | 2,362
REC
permits
total (n) 49 58 49 45 48 48 56 61 65 47 53
Percentage
REC of
building
permits 3% 3% 3% 2% 2% 2% 2% 2% 3% 2% 2.29%
STOPPP
permits
total (n) 161 164 191 188 257 283 289 297 232 106 217
Percentage
STOPPP of
building
permits 9% 9% 10% 8% 11% 10% 10% 11% 9% 4% 9.22%
Total
percentage
REC +
STOPPP 12% 12% 12% 11% 13% 12% 12% 13% 11% 6% 11.51%




Table 3. Percentages of REC and STOPPP permits as a proportion of total building permits, by year and total averages,
in the City of San Mateo.

c. Using RECs and STOPPPs permits, we estimated an average sediment yield per

permit within the City of San Mateo during our study period.

2010 | 2011 | 2012 | 2013 | 2014 | 2015 | 2016 | 2017 | 2018 | 2019 | Average
REC permits
total (n) 49 58 49 45 48 48 56 61 65 47 53
REC total
tonnage* 1,178 | 6,040 | 2,009 | 3,476 | 1,127 | 3,784 771 1,396 | 604 715 2,110
STOPPP permits
total (n) 161 164 191 188 257 283 289 297 232 106 217
STOPPP total
tonnaget 8,050 | 8,200 | 9,550 | 9,400 | 12,850 | 14,150 | 14,450 | 14,850 | 11600 | 5,300 10,840
Average total
tonnage
(REC+STOPPP) 9228 | 14240 | 11559 | 12876 | 13977 | 17934 | 15221 16246 | 12204 | 6015 9,228

Table 4. Using known secondary permit totals for City of San Mateo, tonnages are calculated as averages, annual and
overall totals. RECs are waste recycling permits. STOPPPs are stormwater pollution prevention permits.

*REC totals are calculated as 80% proportion of totals recorded to eliminate concrete constituency.

1t STOPPP totals are estimated based on an average 50ton/permit assumption.

d. The City of San Mateo [CSM] is logical for use as a proxy for the other cities of

SMC because it resembles the typical urban form of the conglomeration of cities

forming the county’s population center.

Population | Population %
City 2010 2020 Growth
San Mateo 97,207 105,806 9%
Daly City 101,123 105,024 4%
Redwood City 76,815 84,476 10%
South San Francisco 63,632 66,184 4%
San Bruno 41,114 43,947 7%
Pacifica 37,234 38,674 4%
Foster City 30,567 33,841 11%
Menlo Park 32,026 33,830 6%
Burlingame 28,806 31,416 9%
San Carlos 28,406 30,748 8%
East Palo Alto 28,155 30,139 7%
Belmont 25,835 28,361 10%




Millbrae 21,532 23,227 8%
Half Moon Bay 11,324 11,814 1%
Hillsborough 10,825 11,393 5%
Atherton 6,914 7,194 1%
Woodside 5,287 5,313 0%
Brisbane 4,282 4,858 13%
Portola Valley 4,353 4,457 2%
Colma 1,792 1,510 -16%

Table 5. Populations of San Mateo County’s incorporated cities in 2010 and 2020 and their growth rates. Source: US
Census

Pacifica '

Figure 7 . The location of San Mateo County’s incorporated cities. Notice their clustering along the eastern side of the
peninsula and Bayshore.

e. Since we have observed a correlation in population and the number of building
permits, we estimated the number of total building permits over the same period
in CsSM [not including CSM) based on their population.



2010 | 2011 | 2012 | 2013 | 2014 | 2015 | 2016 | 2017 | 2018 | 2019 | Average

CsSM
Population™® | 565145 | 574672 | 583202 | 590600 | 596927 | 602906 | 604270 | 603665 | 602902 | 593310 | 591,760
Estimated
building
permits
total (n) 9860 | 10,876 | 11,601 | 13285 | 13773 | 16861 | 16481 | 15748 | 15010 | 15519 | 13,901

Table 6. Estimated building permits, tallied annually and as totals, in the other cities of San Mateo County using the
City of San Mateo as a proxy case.
* CsSM is calculated by subtracting the populations of unincorporated SMC and CSM from total county population.

f. The total number of REC and STOFPPP permits are estimated for the other cities
of San Mateo County [CsSM] using the typical number of building permits per
person las observed in the records of the City of San Mateo). An average volume
for these permits [lestimated on a volume per-permit basis based on City of San
Mateo permit volumes) is applied and converted to tons. These are tallied on an
annual basis:

2010 [ 2011 | 2012 | 2013 | 2014 | 2015 | 2016 | 2017 | 2018 | 2019 | Average

Estimated REC
permits total
(n) 226 249 266 304 315 386 377 361 344 355 318
REC total
tonnage* 9258 10211 | 10893 | 12474 | 12932 | 15831 | 15474 | 14786 | 14092 | 14571 13,052
Estimated

STOPPP permits
total (n) 909 1003 | 1070 | 1225 | 1270 | 1555 | 1520 | 1452 1384 1431 1,282
STOPPP total
tonnage 45456 50137 | 53483 | 61246 | 63495 | 77730 | 75975 | 72597 | 69194 | 71543 64,086
Average total
estimated

tonnage

(REC+STOPPP) 54,714 | 60348 | 64375 | 73719 | 76427 | 93561 | 91449 | 87,383 | 83,286 | 86,113 77,138

Table 7: Estimated totals of secondary building permits in the other Cities of San Mateo, tallied annually and as totals,
using recorded numbers from CSM as proxy.

* REC tonnage assumes 41tons/permit (previously calculated).

1t STOPPP tonnage assumes 50ton/permit (estimation).

g.  The sum of excavated sediment flows from the City of San Mateo [CSM] and the
other cities of San Mateo County [CsSM), added to recorded flows from
unincorporated San Mateo County:



2010 | 2011 2012 | 2013 | 2014 | 2015 2016 2017 2018 2019

Total
SMC
Tonnage 2,978 2,990 2,902 4,075 4,853 9,223 17,128 30,447 10,021 25,486
Total
CSM
Tonnage* | 9,228 14,240 | 11,559 | 12,876 | 13,977 | 17,934 15,221 16,246 12,204 6,015
Total
CsSM
Tonnaget | 54,714 | 60,348 | 64,375 | 73,719 | 76,427 | 93,561 | 91,449 | 87,383 | 83,286 | 86,113
Total

Modeled
Flow

Tonnage 66,919 | 77,578 | 78,836 | 90,670 | 95,257 | 120,719 | 123,798 | 134,076 | 105,512 | 117,614

Table 8: Sums of modeled and recorded flows from unincorporated San Mateo County, the City of San Mateo and other
cities in San Mateo County, tallied annually and as totals for the study period.

* Includes recorded and estimated flows.

TBased on estimated flows.
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Figure 8: Bar chart showing recorded and estimated sediment yields from unincorporated San Mateo County, the City
of San Mateo, and other incorporated Cites in the County of San Mateo by year.

h. Subtraction of these modeled flows from the recorded sink totals at the Ox
Mountain landfill provides an estimate of the magnitude of total hidden sediment

flows entering the landfill as daily cover.



2010

2011

2012

2013

2014

2015

2016

2017

2018 2019

Total
modeled
Flow
tonnage

66,919

77,578

78,836

90,670

95,257

120,719

123,798

134,076

105,512 | 117,614

Total sink
tonnage*

82,055

94,032

204,711

286,532

370,038

304,947

321,242

425,879

469,364 | 500,194

% Total
sink
sodeled
as flows

82%

83%

39%

32%

26%

40%

39%

31%

22% 24%

Total
hidden
flow
tonnage

15,136

16,454

125,875

195,862

274,781

184,228

197 444

291,803

363,852 | 382,580

Table 9: Percentages of total modeled flows (dark grey band) as proportions of the total tons of landfilled soils, by year.
The total unmodeled flow tonnage (hidden flows) is calculated as the difference between total modeled flow and total
recorded sink tonnages, by year (lowermost row).
* Sink tonnage of sediment is estimated by using the assumption that 80% of the material received for daily cover is
actual sediment, while 20% is rubblized concrete that is also classed as “soils” in landfill records.
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Figure 9: Graph of the trends in total modeled flows (blue line) to Ox Mountain Landfill compared to the inferred
hidden flows (grey line) over the study period. According to our estimate, the proportion of hidden flows that are not

recorded at the source has increased by a large amount over the past decade.




Average Annual Flows

to Ox Mtn Landfill
(Over Study Decade)

Average Hidden
Flows: 204,802
tons/year

Figure 10: An average of 305,900 tons of excavated sediment flowed to the Ox Mountain Landfill, per year, over the study
period. One third of these are the modeled flows from our material flow analysis, which averaged 101,098 tons/year.

. The magnitude of these urban sediment flows /s comparable to the need for
excavated sediment required in the construction of horizontal levees that have been
proposed in the region, facilitating an assessment of whether excavated sediment
flows can make a meaningful contribution to coastal adaptation using horizontal
levees, a strategy which is currently limited on the regional scale by a lack of

sediment avarlability.
SMC Total: 10.4
Horizontal Levee Horizontal Levee Miles Horizontal Average Annual Modeled Flows
Height Sediment Levee Demand as Percentage of SMC Total
(meters) Demand (tons) Horizontal Levee Demand
(tons per mile)
im 24,140 251,056 40%
1.5m 54,315 564,876 18%
2m 96,560 1,004,224 10%

Table 10: Comparing the supply of annual modeled flows in San Mateo County to demand for horizontal levees on the
San Mateo County shoreline. Columns show [from left] three levee height cases; the per-mile tonnage demand for
sediment under those height assumptions; total demand from all of SMCs currently identified miles of horizontal levee
opportunity; and the percentage of modeled excavated sediment flows as a proportion of the total estimated demand
for SMC’s horizontal levees. At 1 m of levee height, the modeled sediment yield from the County’s building permits
makes a significant contribution. For the highest levees, more of the hidden flows would need to be harnessed in order
to provide a significant input.



4. Discussion

Our modeling reveals several trends of interest in the study area that directly reflect and
link population, permits and excavated sediment yields. Given our assumptions, excavated
sediment in urbanizing San Mateo County could be a significant source of material for
coastal adaptation projects.

The results also raise a set of obvious and fundamental questions: where do the hidden
flows originate that comprise the majority of flows into the Ox Mtn landfill? What factors
and forces effectively work to “hide” them in terms of the processes of excavation or
sediment hauling at work, and the procedures for tracking these practices in the form of
data records that might be further analyzed? Why are such wide variations evident in the
tonnage of total modeled flows as a percentage of total sink tonnage, ranging from 83%
in 2011 to 22% in 20187 Does this gap indicate that the percentage of hidden flows has
increased significantly over the study period, or do other factors generate this apparent
gap? In this section, we reflect on these questions and consider the potential contribution
of modeled flows that might be redirected for use in horizontal levee construction (Table
10, above), considering future population dynamics and questioning the likely proportion
of these flows that might be suitable for sensitive environmental applications like
shoreline restoration. Our Conclusion section then frames our key takeaways and the
central insights and challenges of this analysis as a whole.

4.1 Comparing Known Sources and Sinks: Hidden Flows and Leaky Systems

Mass Balances

A central concept in industrial ecology and its related methods concerns the notion of
“mass balance,” which describes the constancy of matter despite its movement and/or
transformation within a system of study (Brunner & Rechberger, 2004). A mass balance
principle is especially important to consider for studies in which the known input and
output from a given process differ. This would lead to a so-called mass /mbalance,
indicating that some portion of the material has been “lost” from an informational
perspective (i.e. material whose state, position or situation is unclear). Our work has
illustrated that estimating excavated urban sediment flows in a case study region using
recorded data and estimates based on per capita sediment yields can only account for the
minority of flows arriving at a prominent sink. Several features of the study and system
may explain the difference in these recorded and estimated (modeled) flows and the



records of landfill receipts. An overall picture emerges of a system that is very “leaky,”
one in which, for a variety of reasons, a lack of rigorous understanding persists regarding

various features.

The first relates to the scope of the study. Specifically, because the sink at the heart of our
analysis — the Ox Mountain landfill facility - is located in San Mateo County, it is reasonable
to assume that a considerable proportion of its daily cover resources are the result of
flows of sediment excavated within the County. However, this does not prevent other
counties from disposing of sediment at Ox Mountain. In fact, the adjacent and relatively
population-dense county of San Francisco (SF) has no landfill. So, it is logical to assume
that they export their excavated sediment to other counties. San Mateo County’s proximity
and ease of access (not requiring trucks to travel across congested bridges, for example)
may predispose it to receive a large amount of SFs excavated sediment resources. The
other two adjacent counties, Santa Clara and Santa Cruz, are also not modeled or
assessed here in terms of their potential contribution to overall flows of sediment to Ox
Mtn. Records that track both the county-of-origin and material mass categorized by type
(municipal wastes, green waste, shredded tires, daily cover, construction and demolition
wastes, etc.) would be needed in order to make a meaningful estimate of actual inter-
county flows. The boundaries of the system we defined for this material flow analysis
would need to be expanded to include all three counties, at least, in order to represent the

area that contributes to the major sink at Ox Mountain.

Similarly, SMC is surely also a source of hidden flows. That is, not all projects producing
excavated soil and sediment that occur within the County will find their way to Ox Mtn as
flows. Some are exported out of the County to landfill facilities or construction sites,
depending on the economics of the contracting for doing so. A potentially complex
calculus linked to and based on aspects of the project portfolios of numerous private
sector actors and firms of various sizes, ranging from independent contractors who are
essentially drivers that own or rent a dump truck to companies that own a fleet of trucks
and may employ many drivers as staff in addition to contracting with independent drivers.
There are also hidden /ntra-county flows: those that originate from sources within SMC
but are routed to sinks or stocks within the county other than Ox Mtn. These may be illegal
dump sites, stockpiles of material, and construction or environmental projects in need of
fill material. Both the inter-county and intra-county flows are effectively hidden from our

data survey and modeling efforts. Additional consideration should be given to any record



keeping and permitting requirements that may not apply, may not be clear to permit staff,
or may not be adequately observed or enforced.

SOURCE
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Figure 11: A portion of the overall MFA showing the sources, sinks and flows of interest and importance. In particular,
our study examined the sources of in-ground stocks of excavated sediment that could be quantified or estimated as
Modeled Flows (white arrow]. The figure above also displays a secondary set of stock and flow features that are at play;
and, in fact, constitute the majority of material that eventually makes its way to Ox Mtn, on average, during our study
period. The system is “leaky”: unknown sources, flows and sinks all affect the overall mass balance of excavated
sediment in the study region, though as a function of numerous issues related to data that correspond to these material
dynamics, it is difficult to rigorously appraise more fine-grained features of hidden flows and unknown sources and
sinks, including their respective magnitudes.

An entire category of hidden flows might be collectively termed wnpermitted flows,
reflecting the primary challenge in estimating their magnitude: a lack of records and
information associated with their potential share of total flows arriving at the Ox Mtn sink.
Unpermitted flows occur for several reasons. One is that certain permitting requirements
and their application to various types and locations of projects are initiated only when a
minimum threshold of soil/sediment is disturbed. For example, unincorporated SMC's
grading permits (usually issued as a secondary permit associated with building permits]
include a 50 cubic yard threshold that triggers the permitting process, and projects under
these thresholds effectively escape voluntary reporting and cataloguing. If a large
proportion of excavation projects are smaller than this volume threshold, that could
account for significant hidden flows.



Projects of various sizes routinely fail to follow proper permitting procedures, according
to the consulting analysts we spoke with from the County and City of San Mateo. In fact, it
was observed by more than one of these experts that unpermitted projects likely
outnumber those properly permitted. In some instances, this may be due to a simple
oversight or lack of clarity as to whose responsibility the permitting is (especially in cases
of secondary permit procedures, notably including the RECs of SMC, for example). In other
instances, failure of landowners and contractors to file for permits may simply reflect a
lack of incentives for doing so (or, more to the point, a lack of disincentives for not doing
so). Some permitting procedures rely on voluntary self-reporting practices and warnings
are usually issued as first steps to correct lack of permits. Permitting procedures also
cost money and time, and even in instances where a fine might be assessed, paying the
fine for not following permitting procedures (including consideration of the odds of getting
cited, and the time involved in following the rules) might be simply understood as worth
the associated risk and costs. Across the experts surveyed about this phenomenon, the
lack of enforcement resources was cited as a perpetual challenge that surely leads to
under permitting.

A third and important category of unpermitted flows relates to the projects that involve
excavation in the public Right-Of-Way (ROW], which is a publicly-owned section of land
generally defined as the total width of streets, sidewalks and the utilities clustered within
them. These are interesting to consider in several respects, not least of which is that in
the case study area (and in other cities and counties in the case study region), projects in
the ROW are not required to follow many of the permitting processes associated with
private development projects. Underground utilities are concentrated in ROWs, including
various water conveyance structures (drinking water pipes, sewers, storm drains) and
other lines and conduits (gas lines, electrical cables, etc.). These networks are subject to
upgrading, repair and replacement procedures that often entail significant excavation
projects unfolding across considerable linear distances in urban settings.

Roadwork in the ROW and projects associated with low-impact-development and urban
greening are also projects that produce excavated materials. Partially as a function of the
lack of external revenue generation (municipalities would not assess fees against their
own municipal service providers), these projects are not diligently recorded for their
contribution to flows of excavated sediment. Notably, precisely because of the close
working relationship of municipal offices to those that do routinely track construction
permits (in fact, in many cases these are both integrated into municipal Public Works
divisions), major improvement in resource tracking might be possible to implement.
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Figure 12: A portion of the overall MFA schema displaying a major contributor to the Ox Mtn soil and sediment receipt
totals in a given year (and often representing the majority of the resources): Hidden Flows. Hidden flows emanate from
sources within and outside of San Mateo County, and are generated from a variety of processes that are, for various
reasons, not rigorously tracked and recorded by public-sector offices.

4.7 Scenario Forecasting: Future Supply and Demand of Excavated Sediment

One of the central sustainability issues that this work illustrates relates to the linear
nature of the excavation-to-landfill paradigm of sediment management. This paradigm
leads to a terminal point of permanent, irretrievable internment of resources in waste
facilities like Ox Mtn. In short, there is no “going back and getting” the soil and sediment
resources that have been consigned as daily cover in landfills: that material is forever lost
in terms of its reuse in an alternative application and more circular economic reckoning
of its life cycle. In this respect, and to better understand the potential contribution of
modeled flows of excavated urban sediment to the construction of horizontal levees in
SMC, requires forecasting their yields over a future timeframe and assessing the overall
portion of likely yields in that timeframe that might realistically be captured for adaptation
purposes.

SMC Population Projections and Future Yields: Will we have more or less?

Our study decade (2010-2019) saw an average rise in SMCs total county-wide population
of about 1% per year. Since the study period, the population in SMC experienced a net
negative growth period probably due to the COVID-19 pandemic. We used population
projections from the 2018 Association of Bay Area Government's Plan Bay Area 2040
report to establish a plausible time series of total population in SMC over the next decade
(Mackenzie et al., 2018). Because this study was published before COVID-19, we used a
linear interpolation technique to plot populations for all years between 2020 (using US
Census data from that year] and the ABAG projections, and adjusted the annual estimates
by reducing them by 3% (the proportion of population overestimation in the ABAG report



for 2020), thus attempting to correct the baseline for their projection estimation method
while still assuming overall growth rates of ~ +0.7% per year in accordance with our prior
data set and ABAGs projections.

To estimate the number of likely building permits that will be issued in the coming decade,
we applied a forecasting method based on known population numbers for the case study
decade and our estimates of total building permits issued in the County of San Mateo. On
average, the number of building permits in the county is rising 6% per year. This makes
sense because of the dense development pressures and incentives previously described.
Using the case study timeframe to establish an average increase of this coefficient per-
year, we extended coefficient values into the forecasting window, in-effect providing a
number by which out population estimates can be multiplied to produce a likely number
of building permits. Applying the method previously described for calculating the tonnage
associated with secondary permits that can be derived as a percentage of total building
permits, we estimated yields for the coming decade.

2022 | 2023 | 2024 | 2025 | 2026 | 2027 | 2028 | 2029 | 2030 | 2031 | 2032

SMC*

Population
Projections | 774,672 | 780,373 | 786,074 | 791,776 | 797,477 | 803,179 | 808,880 | 814,582 | 820,283 | 825,984 | 831,686
Estimated
Building
Permits
Total (n) 23624 | 25041 26543 28136 29824 31614 33510 | 35521 37652 39911 | 42306
Forecasted
Yield

(tons) 131085 | 138950 | 147287 | 156124 | 165491 | 175421 | 185946 | 197103 | 208929 | 221465 | 234753

Table 11: Projections of potential yields (bottom row) by year in the coming decade, estimated using population trends
and the previously-described methods for assessing the likely share of secondary building permits associated with
grading as a share of total building permits issued.

* SMC in this table denotes the entire county and its populace, as opposed to only the unincorporated areas.

4.3 Effects of Quality Standards on Estimated Yields

While we have discussed landfill facilities as s/nks for the receipt of material including
large amounts of sediment resources, these sediment materials act as “substance sinks”
themselves, defined as physical media that receive and effectively store numerous
compounds (Fellenberg 1994; Sauerwein, 2011). These compounds may include arsenic
and other hazardous metals, petroleum products, and herbicides, among other potential
chemicals. In our case study region, strict screening protocols are applied to the use of
imported fill material in areas where water quality may be impacted, including fill that



would be placed in the Bay itself. A number of different environmental agencies and
organizations track and enforce the standards by which material used in sensitive areas,
including the Baylands, is assessed for various pollutants, including legacy contaminants
from industrial activities and naturally occurring compounds including certain heavy
metals (Katsumi, 2015; McClintock, 2015; Schoellhamer, et al., 2007). Water quality
concerns regarding SF Bay, which serves as a receiving body of a vast watershed, have
demonstrated the long-term effects of pollution in the estuary (Connor et al., 2007;
Steding et al., 2000). In the region’s active restoration projects, the concentration of
various contaminants associated with legacy impacts (including those from
manufacturing, industrial dumping, land development, local waste disposal, and excessive
pesticide or fertilizer use) have been studied to inform ongoing testing and screening
procedures; and overall concern about concentrating contaminants in the food webs that
wetlands support persists (Davis et al., 2007; Grenier & Davis 2010; Miles & Ricca, 2010).

Based on the environmental concerns in the region and the nature of urban soils pollution,
upland excavated sediment volumes - especially those withdrawn from urban
environments - are likely to contain some portion in which contaminants are present that
may exceed standards for reuse in restoration applications including ecotone levees
(McClintock, 2015). For example, significant lead concentrations stemming from leaded
gasoline use is widely evident in surficial soils of urban areas (Wong & Li, 2004). Mapping
surficial sediment in developed regions, and the complexities associated with historical
impacts on these resources has led to work attempting to characterize “urban soils” in a
variety of settings (Bullock & Gregory 1991; Craul, 1992; Effland & Pouyat, 1997).
Unfortunately, generalizing about the likely portion of excavated urban sediment that
contains contamination in a broad and varied geographic region (as in the case of our

sources of interest] is difficult. A number of considerations illustrate why this is so.

For one thing, many different A/nds of contaminants are present in the urban pedosphere,
and these vary both spat/ally in terms of their distributions across the urban landscape,
and in their concentrations within a given volume of sediment based on the depth of their
presence through infiltration into soils from biogeochemical processes or as a function of
being previously buried by human activity, etc. In this sense, a small volume of surficial
sediment might be quite contaminated, while more volumes extracted from deeper layers
of the same dig site might be significantly less so, both as a function of “skimming” the
most-problematic surficial layer, and because contaminant thresholds are often assessed
based on concentrations, that is, compounds-per-volume/amount of overall material. In



otherwords, larger excavation projects might effectively dilute contaminants as a function
of their sheer volume, and/or the depths from which they are extracted.

However, in areas with high water tables, including our study region, certain labile
compounds can be motivated and transported into previously uncontaminated areas and
their underlying sediment volumes by groundwater-a problem made significantly worse
by SLR’s effect in elevating groundwater tables and especially in areas with previously
buried contaminants that may be inundated by evolving groundwater dynamics (Plane et
al., 2019). Because of these trends and dynamics, it is logical to assume that contaminant
spread in subsurface sediment is yet another impact of climate change that may intensify
in coming decades, and potentially reduce the supply of sediment useful in restoration
and adaptation applications.

Clearly, multiple complications exist as a function of the physical nature and processes of
urban excavated sediment, not least of which is the set of challenges associated with
analyzing which sediment sources might be contaminated, since the permitting
requirements for some projects simply do not take account of contaminant issues. Indeed,
as we have repeatedly discussed, overall tracking and records in the context of many, if
not most, construction sites and excavation processes is an afterthought, in no small part
because excavated soils are broadly understood as waste products bound for landfills, a
categorization that surely generally serves to reduce the likelihood of screening for
contaminants. Common analytical approaches that directly address these problematic
compounds found in soils are frequently based on large-scale site mapping of
contamination based on past land use and surficial presence of hazardous compounds or
on site-scale remediation efforts in which soil volumes are tested, treated, sequestered
or removed (Dermont, et al., 2008: Lin 2002: Van Meirvenne & Goovaerts, 2001).

Given the wide variety of excavated sediment sources [(in terms of their geographic,
geophysical and geochemical profile] present in our modeled flows of the study region,
and owing to the lack of information regarding contamination prevalence and
concentrations that can be definitely correlated to these sources, we assess a range of
the potential proportions of contaminants that might be present in the modeled flows. This
would likely disqualify these portions of overall yields from reuse in ecotone and horizontal
levees. While certain sites encountering urban fill material in excavation may yield
volumes that are all, to some extent, contaminated, we would expect these to only
comprise a portion of overall yields in the study area over a given year (Boudreault et al.,



2010). Review of literature concerning contaminant concentrations in projects associated
with soil excavation range widely, and considerable uncertainty must be managed on any
given project (Goovaerts, 2001).

We reviewed literature discussing instances of urban, brownfield redevelopment and
post-heavy industrial projects involving management of polluted sediment volumes. The
cases ranged widely in their percentages of contaminated sediment as proportions of total
volumes excavated or otherwise managed. For example, in post-industrial projects,
established contaminated volumes were equivalent to 16% of total project volume; to
upper estimate proportions ranging from 34% to 44% of site volumes that were likely
contaminated past an acceptable threshold (Boudreault et al., 2010; D'Or et al., 2009;
Hendriks et al., n.d.). Urban sites that have experienced fewer or less severe impacts from
industry but still reflect anthropogenic contaminants in surficial sediment have commonly
shown the top layer (10-30cm] to contain significant amounts of toxins including lead, thus
constituting, by volume, 10% - 30% of a cubic yard excavated at the surface (Chen et al,,
1997; Meuser, 2010). However, because of the likelihood that deeper and potentially less-
contaminated volumes are a constituent of excavated sediment, and due to the fact that
greenfield development processes also contribute to overall yields and flows, the overall
share of contaminated sediment is likely somewhat reduced from the higher (30%) bound
of this range.

4.4 Sensitivity Analyses

Effects of Sediment Quality Screens and Levee Heights on Future Ecotone Construction
For the purposes of planning how forecasted supply yields, quality standards and material
demands (based on horizontal levee heights) will impact the potential to build these
structures for adaptation to rising seas over the next decade, we assessed the duration of
construction project cycles that will likely be associated with these variables. This
effectively demonstrates the sensitivity of a dependent variable (construction timeframe)
to the independent variables (quality screening and levee heights) associated with the
respective supply and demand variation included in our model. Doing so involved several
assumptions and methods to incorporate key variables into the modeling process.

Given the particularity of cases from the literature wherein the concentration of highly-
polluted post-industrial soils was a large proportion of overall excavated volumes, we



deemed the highest percentage (44%) encountered in the literature to be an unlikely
proportion to apply to total forecasted flows in our case study area. On the other hand,
given the broad ubiquity of contaminants evident in urban surficial soils, we adopted the
10% lower limit for our screening and sensitivity methodology. As an upper limit, we
adopted a 30% screening level and calculated yields based on 5% increments to estimate
total yields that might be disqualified from reuse in ecotone construction, which we

subtracted from annual tonnage yields.



Maximum Construction Duration in Years (beginning various years)

Horizontal levee Contamination screen (%)
Year height (m) 10% 15% 20% 25% 30%
im 2.1 2.3 2.4 2.6 2.7
1.5m 4.8 5.1 5.4 5.7 6.2
2022 2m 8.5 9.0 9.6 10.2 10.9
im 2.0 2.1 2.3 2.4 2.6
1.5m 4.5 4.8 5.1 5.4 5.8
2023 2m 8.0 8.5 9.0 9.6 10.3
im 1.9 2.0 2.1 2.3 2.4
1.5m 4.3 4.5 4.8 5.1 5.5
2024 2m 7.6 8.0 8.5 9.1 9.7
im 1.8 1.9 2.0 2.1 2.3
1.5m 4.0 4.3 4.5 4.8 5.2
2025 2m 7.1 7.6 8.0 8.6 9.2
im 1.7 1.8 1.9 2.0 2.2
1.5m 3.8 4.0 4.3 4.6 4.9
2026 2m 6.7 7.1 7.6 8.1 8.7
im 1.6 1.7 1.8 1.9 2.0
1.5m 3.6 3.8 4.0 4.3 4.6
2027 2m 6.4 6.7 7.2 7.6 8.2
im 1.5 1.6 1.7 1.8 1.9
1.5m 3.4 3.6 3.8 4.1 4.3
2028 2m 6.0 6.4 6.8 7.2 7.7
im 1.4 1.5 1.6 1.7 1.8
1.5m 3.2 3.4 3.6 3.8 4.1
2029 2m 5.7 6.0 6.4 6.8 7.3
im 1.3 1.4 1.5 1.6 1.7
1.5m 3.0 3.2 3.4 3.6 3.9
2030 2m 5.3 5.7 6.0 6.4 6.9
im 1.3 1.3 1.4 1.5 1.6
1.5m 2.8 3.0 3.2 3.4 3.6
2031 2m 5.0 5.3 5.7 6.0 6.5
im 1.2 1.3 1.3 1.4 1.5
1.5m 2.7 2.8 3.0 3.2 3.4
2032 2m 4.8 5.0 5.3 5.7 6.1




Table 12: Using the overall forecasted yields for the coming decade, various levee height scenarios will entail different
years-long construction processes based on the percentage of sediment screened for quality standards. The light grey
cells in the main body of the chart show the overlapping middle estimates of important variables: those of a 1.5m levee
height and 20% screening proportion, respectively. This chart shows the maximum construction durations (in years)
because it does not factor in increasing supplies that might become available as construction projects proceed.

We then calculated the volumes associated with our three levee design heights under the
various screening levels to establish the maximum number of years that construction,
initiated in any given year, would take to build the 10.4 miles of horizontal levees at various
heights based on the availability of sediment. These calculations are based on the
forecasted flow yields for the coming decade (see Table 10). This method stipulates a
maximum number of years because it does not factor in the anticipated annual increases
in sediment over successive years (which would, in theory, reduce build times). A second
set of methods to incorporate the effects of increasing supply year-over-year was also
applied, and is discussed below.

Finally, and using the same variables described above (levee heights, screening
percentages, forecasted flow yields), we modeled the effects of incorporating /ncreases in
sediment supply as a function of overall yield increases year-over-year, assuming that
levee construction began in 2022. This approach essentially subtracts total demand from
previous forecasted yield years for each successive year; and, in this sense, reflects a
situation in which increasing supply effectively shortens levee construction timeframes.
However, and as we have seen, while sediment flows do indeed trend upwards with
population increases, their increases are not linear. It should therefore be noted that
whereas in the previous approach [see Table 12] was hindered by a lack of an updating
annual supply function, it also tested for the potential for levee building projects initiated

In a futureyear.

This difference reflects the theoretical assumptions at play. For instance, whereas the
former approach estimated that, starting in 2022, it would take over a decade (10.9 years)
to construct the full (10.4) miles of 2m levees when the screening was most stringent
(30%), the latter approach estimated that initiating the process in the same year (under
the same assumptions) would take 8.7 years. The difference is due to the former process
stipulating a max/mum construction duration that assumes supply yields do not fall in
future years, but also does not assume that they rise. The subtlety here is meaningful
because sediment supply does not actually occur in a step-wise process (whereby on the
first day of the year all sediment resources that will be yielded that year suddenly are



available for levee construction) but also is not predictably linear (whereby a new and
greater total becomes available on a rolling basis). Thus, while it would be possible to use
a linear interpolation technique to build more fine-grained timeframes into the model, the
results from doing so would be of limited value because of the non-linear nature of
sediment flows which do, indeed, ebb also. Both processes can be used to frame realities
related to the years-long nature of projects based on the tranche of forecasted sediment

supplies considered available for reuse in this study, and as a coarse-grained estimation
logic.

Construction duration starting in 2022 based on
estimated sediment yields (years)

Height of horizontal levee (meters)

Contamination
screen (%) im 1.5m 2m
10% 2.1 4.3 7.1
15% 2.2 4.6 7.4
20% 2.3 4.8 7.8
25% 2.4 5.1 8.2
30% 2.6 5.4 8.7

Table 13: Estimation of construction duration to construct 10.4 miles of horizontal levees in the Case Study Region,
using a method that incorporates an annual increase in forecasted supply yields. The light grey cell in the middle of the
main body of the chart shows the middle ranges for the screening (20%) and horizontal levee height (1.5) variables used.

5. Conclusion

Our study frames an important set of material flows occurring in the study region and
illustrates that numerous factors effectively conceal a large magnitude of these flows,
indeed the majority of them, according to our survey and modeling entering or emerging
from the county whose end-of-life phase is reached at the Ox Mountain landfill facility.
Our work outlines a material flow analysis that is populated by a complex set of actors and
agents whose work is involved both in the physical management of sediment resources

and the informational "landscape” that can be examined to describe and assess the
system overall. As previously discussed, MFA that concern low-value resources are

relatively rare for a variety of reasons. Though we also present a contextual logic for



supporting the expectation that excavated sediment may, in fact, be or become seen as a
more valuable resource in coming decades.

Notwithstanding the prominence of unknown sources and stocks and the nature of hidden
flows in the overall MFA (and, perhaps more to the point, the lack of data to sufficiently
identify and substantiate them), we present a method for using available data from public
offices to build an estimation of excavated sediment flows that can be modeled and
compared to known overall flows. Population and development trends linked to certain
urban density initiatives in the region, and increasingly common in many others, can be
understood as a driving force of flows that might be broadly publicly valuable in their
optimization as SLR protection, adaptation and restoration applications. One of the
interesting insights of the work is that, while excavated sediment flows exhibit flux-
changes in the rate at which they are produced-scrutiny of secondary permits that track
excavation suggest that they also exhibited very low variation across the study period in
relation to total building permits issued in our proxy example.

Use of the illustrated methods also serve as a forecasting tool, and the work suggests that
San Mateo County is well-positioned to construct the majority or full extent of horizontal
levees (10.4) identified as opportunities in the case study context area in the coming
decade if sediment yields continue to rise and if adequate time for construction durations
are factored in given the central variables used as assumptions that will reflect sediment
supply (quality assurance screening) and demand (levee heights). Interestingly, using the
mid ranges of those variables (20% and 1.5m, respectively), we've estimated that a project
to construct all horizontal levee miles that is initiated in 2022 would take 4.8 years to
complete, while one begun halfway through the forecast window (2026) would take 4.3
years, a rather close correspondence, ceteris paribus. As previously discussed, both
approaches entail uncertainty as a function of the non-linear flux of supply yields.

How resources are marshalled to accomplish or satisfy goals is a fundamental aspect of
strategic planning, broadly speaking. The study and features of interest here illustrate this
in specific ways as it relates to a physical material resource and regional adaptation and
restoration goals and initiatives linked to it. Moreover, their interplay should be considered
in the context of the considerable uncertainty and change that global warming represents.
For example, catastrophic warming in coming decades might simultaneously drive SLR to
greater elevations necessitating higher levees (and thus resource demands), while at the
same time potentially leading to increased in-migration to the relatively stable micro-



climate of the SF Bay region (with commensurate impacts on development and thus
resource supplies). While our study focused on a more narrow or conservative set of
scenarios [with respect to population trends and likely levee heights), planning as a
professionalized practice is increasingly confronting previously unforeseen pressures and
complications in the public realm.

As such, a number of interesting policy and planning considerations might stem from this
work. While, to-date, rigorous understanding of the material and industrial ecologies that
functionally comprise the life cycles of excavated soils is still lacking, increased
coordination across municipal offices and departments could advance knowledge
concerning the classification of resources that are, and will be, directly implicated in large
spatiotemporal schemes for regional resilience and public benefit. Seeking collaborative
opportunities that might be of interest to private sector contractors might also reveal
opportunities for building more robust data tracking and records practices. For example,
by incentivizing (or potentially requiring) disclosure of certain records and coordinating
operations by pointing contractors towards active or planned restoration projects. By
helping illuminate the connections between the logistical realities and resource and
information management considerations that involve sediment resources, this work may
aid in advancing future plans, policies and research to more deeply consider and
understand this increasingly important subject and area of study.
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Conclusion

The work undertaken for this dissertation seeks both to broadly frame and deeply examine
an emergent challenge of the climate change era that will come to matter dramatically to
developed shorelines in coming decades. While sea level rise is employed as the umbrella
term for the climate phenomenon of interest, we can understand it as wicked in the sense
that it actually entails many different interacting challenges that cut across domains.
Accordingly, while certain physical realities related to the material and industrial
ecologies of resources are the subject of the work here, they lead us to consider their
meaning and implications in deeper ways. Some basic insights connecting the core
chapters may be useful to reflect upon.

First, it is interesting to consider how general notions related to adaptation discussed in
chapter one relate to the particular case study and its management of sediment resources
discussed in chapters two and three. The SF Bay is grappling with a clear adaptation
situation as embodied by its increasingly tenuous sediment deficit—analogous to an
adaptation gap. Similarly, the region recognizes that sediment is crucial in terms of its
adaptive capacity; though this resource is also limited. Barriers to adaptation exist in
practically every sense imaginable: from hurdles presented by outmoded regulations to
the difficulty in long-term financing of equitable approaches to the problem itself. How its
various adaptive management processes might play out in the context of broader
adaptation planning will depend, to no small extent, on the various ways in which
organizations and institutions resist or overcome the lock-in and path dependent effects
that a sediment-as-waste-product paradigm will tend to perpetuate; thus reducing
adaptive capacity in the overall system and region. In turn, the industrial and development
processes that connect sediment supplies (and the capacity they may confer] to the
demand that instrumentalizes them (as adaptation projects) embody tensions based on
private sector for-profit operations that cleave to an unsustainable resource management
model (and the maladaptive outcomes it promulgates) which is, to some degree, rendered
at the mutual exclusion of the broader public interest.

The mechanisms by which this happens are linked to processes explored and articulated
in the second chapter: wherein processes of urban development—literally the means of
production of urban space—are arranged such that a dominant classification logic for
dictating the flows of excavated soil and sediment render this resource as a byproduct of
urban development and metabolism—perhaps (or increasingly] even urbanism itself.



Accordingly, and in a strange kind of marriage of convenience, environmental contractors,
developers and landfill operators are incentivized towards a highly wasteful resource
regimen: one in which considerations of the opportunity costs associated with landfilling
sediment are externalized. That is, for the broader public and future generations, we can
see the makings of a vexing but predictable market failure. This, of course, is also true of
and applies to the environmental justice dimensions of the interconnected problem
aspects illustrated herein: in particular, starkly evident in the potential calamity of coastal
squeeze and wetland drowning occurring as a function of not reusing urban sediment
resources in adaptation and restoration schemes.

Insofar as the work establishes the nature of multi-year construction projects that will be
involved in constructing horizontal levees and ecotones with excavated sediment in San
Mateo County, and especially given the profoundly outmoded governance of these
resources, major innovations are both possible and increasingly important efforts in which
to invest. In no small part, there is a need for leadership to mandate and streamline basic
permitting and reporting standards across broad organizational fields and more
meaningful spatial scales and with the intent of aiding an overall climate adaptation
paradigm that will come to dominate so many resource issues in the region—whether we
actively prepare for this eventuality or not. This dissertation is proof both of the willingness
of government agencies and offices to help in processes geared towards adaptation, and
of the severely difficult reality of doing so as a function of byzantine record-request
processes, redundancy, lack of clarity and countless dead-ends. If nothing else, the
research stands as its own testament and justification for the need for advances in
statistical modeling techniques that can overcome some of these barriers, which is a
hallmark of much applied industrial ecology work.

These entanglements—of data and offices, leadership and the status quo, resources and
governance in complex socioenvironmental settings—also emphasize another lesson of
the work: the all-too-familiar hot potato cliché. In short, and because of a lack of
leadership, coordination and (maybe most fundamentally) communication and awareness,
various actors within the overall network connected to anthropogenic sediment
management in an urban shoreline act independently, and this produces enormous
shortcomings in the efficiency of work that might otherwise be possible. Perhaps this is
an central lesson related to the complexity of planning processes where multiple
stakeholders, procurements, and various scenarios complicate problems and tend to
increase uncertainty. But the factionalizing and balkanizing effects of narrowly-defined



mandates that don't generate broader platforms for cooperation and coordination are, to
some extent, institutional issues: and they are, as such, possible to overcome with
changes in culture--maybe especially as it relates to the values and priorities that come
to constitute a definition and understanding of the public interest.

Yet there, also, we encounter another need for adaptation; or at least another role for it to
play in this context. That is, some sense of our public interest and public good must
emerge and evolve as a function of the severity, enormity and complexity of climate change
and the risks and hazards it poses. In chapter one, we encountered this articulated as
institutional adaptation itself. In the real world, theories about how and why institutional
adaptation happen may be of limited value. What is surely of immense value, on the other
hand, is the illustrative power of seeing and showing how our public interest is tied to its
resources and in ways that implicate multiple levels of governance and the cross-sector
actors whose mission, mandate or profit margins are linked to the management of these
resources. In her pioneering work on common pool resources, Elinor Ostrom explored
how collective (or collectivized] sensibilities about justice and equity were at play in
adjudicating aspects of the physical world which might not, at first blush, seem to speak
to higher ideals and deeper meaning in terms of societal ethics and intergenerational and
interspecies justice. Ostrom’s work illustrates a recognition of these realities—those at
the intersections of aspirational ethics and seemingly uninteresting logistics—as a
profoundly rich place, both in terms of the environmental problems they frame and the

possibilities for interrogating them.

Insofar as this work may hold some insights for those engaged in the strategic adaptation
of systems and places to climate change, a central tenet of strategic planning is helpful
to finally reflect upon and consider in context. Strategic planning requires an articulation
of the goals of some enterprise (the ends) and how the resources (means] required to
realize these goals are, or can become, possessed by those engaged in the undertaking.
Two things are important to note about this axiomatic principle. First, in terms of how
resources are captured or collected, enormous variety and flexibility can exist: thus the
techniques, technologies and tools for realizing goals may be diverse, adaptive and even
unprecedented. In that sense, the "how” might be a matter of practicalities, timing or
sheer will—and perhaps all of the above in some measure. In this sense, slippery concepts
related to chaos, chance and the human commitment to addressing some challenge come
into play, and often in unexpected ways, when plans attempting to realize some future



state of affairs is attempted. This echoes the notion that adaptability is, to some extent, a
process of realizing and seizing opportunities as they emerge.

The second consideration of strategic planning’s implied definition concerns what
happens when one’s ends and means do not comport. In turn, this situation demands that
one of two things happen or that, all things being equal, a third inevitably will. Namely, one
must identify and adopt a new goal if the resources are insufficient to achieve the original
one; or else the something about the resources—their collection, allocation, definition,
status, utilization, etc.—must themselves be changed in order to reach said goal. If neither
of these adaptations can be made to address the disparity between means and ends, the
strategy fails. Consider this in the context of the SF Bay Area explored here. The region
has identified widespread wetland restoration as a crucial climate adaptation goal. It has
passed legislation and funding provisions to accomplish this end. The physical (sediment]
resources to realize the goal are not assessed to emerge in the expected sequence of
events or state of affairs that scientists have projected will play out without massive
human intervention. Thus we see the choice starkly emerging: does the region change its
stated goals, or ways in which it marshals its resources?

This dissertation does not tell us the answer, of course: it serves to frame the question.
And in the ever-changing context of climate change affecting an entire, complex regional
landscape, there may be any number of answers that must be conjured. What we can see
in the work is that even in something as mundane as the way that our society chooses
(and/or fails to change its choices about) how it “throws away dirt”, a wildly rich, complex
and important world of possibilities also exists: wherein there lies an adaptation pathway
built on something as understated and simple as a ramp of subtly sloping soil. This
microtopographic feature of the landscape is a constructed landform: one that may
protect our society from flooding, and our most vulnerable the most of all; it may stave off
the cataclysmic collapse of our wetlands and global flyways, and resist catastrophic
losses in biodiversity; it may save our region many billions of dollars in avoided costs and
through protection of existing infrastructure; it might improve water quality and reduce
the throughput of contaminants into the Bay itself; it may form the backbone of extensive
networks of public open spaces and natural resources; and, in these ways, it may serve
as a deep investment in our region’s future and the health, safety, welfare and justice of
countless people.



This modest landform does any of this only if it is actually constructed, of course. And it
will only ever be constructed if the decision makers of the region decide that new modes
of public, environmental and resource stewardship can and should be realized and
embraced: in short, the broad, strategic inception, and deep implementation of climate
change adaptation; and the myriad efforts involved in its planning.



Introduction: Human Beings As Geomorphic Agents

The impetus to intervene in the landscape by physically manipulating landform was
historically most pressing in settlements adjacent to waterways and waterbodies for the
purposes of preventing or controlling flooding and building commercially useful space. At
the shoreline, shaping the landscape to establish desirable topographic relief offered a
way of capitalizing resources and space in multiple ways: initially by removing soil from
steep ground considered more difficult to develop (thereby improving it) and subsequently
depositing it at the shore to create flat, low, valuable real estate (by “reclaiming” it from
waters and wetlands). After industrialization, the disposal practices of urban and
industrial wastes increasingly utilized excavated soils as a material for ‘capping” wastes -

at the shoreline and inland landfill sites alike.

This dissertation expands on a central thesis: the role of managed soil and sediment is
poised to change dramatically in the 21t century. As human population rises, and people
increasingly settle in ever-more dense (often coastal) cities, they will expand their built
environment and excavate umpteen volumes of sediment doing so. Currently, dominant
regimes defining the management of this resource view and treat it as a waste-product;
and it is often ultimately and irretrievably interred in landfills. The relationship between
these processes and resources may dramatically change in the climate change era. We
consider themes and theories for contextualizing and situating this concept in relevant
processes, patterns, places and problems related to earthworks, focusing on coastal

urban development, design and planning.

Beginnings of Anthropogenic Earthworks
Humans have proved prodigious shapers of the face of the earth: manipulating landform

to capture and control natural processes: in the Neolithic drive towards agrarian
settlements; in the building of mounds and mounts for spiritual and civic purposes; in the
urban society-building process; and in myriad other endeavors of environmental alteration
since (Douglas, 2000; Hooke, 2012; Morrish, 2010; Pollock, 1999; Price, 2011; Sjoberg,
1960; Yoshida, 2018; McEvoy, 2004; Wilkinson, 2014). Often credited to Napoleon
Bonaparte, the axiom “geography is destiny” implies an elegant and profound idea about
humans and their place on earth. Yet it risks overlooking an important aspect of the human
condition: where manipulation of the landscape could alter natural processes of the site,



area, or region, manifold effects might result -- intentional and otherwise (and often both]
(Harrison, 1992; Reisner, 1993; Scott, 1998). In this way, humans have explored ways of
engineering geography; and perhaps bending the arc of destiny to their will. Doing so
Inevitably seemed to entail the physical reworking of landform.

Form and Void: The 6t Century BC Cloaca Maxima of Rome’s outfall at the Tiber River (Left] is still in existence and
partially functional, thus sometimes referred to as the least expensive infrastructure ever built. While essentially
invisible, its construction nonetheless involved extensive earthwork. (R): 3 Century BC Adenaen Serpent Mound in
Midwestern America: a notable earthwork of altogether different form and intent. University of San Francisco.

Manipulation of Landform in North American Cities: 1700-Present

Setting the Scene: Relevant Context and Trends: America in 1700-1850

Understanding the patterns and processes of growth, industrialization and urbanization
that led to the America of the mid-19" century requires consideration of several important
trends and projects leading up to the era. Port cities were critical outposts in colonial
times: access to natural resources, safe harbors and inland waterways made shallow bays
and estuaries ideal loci of commerce, culture and the local urban development they
engendered (ULI, 1983). Demand for waterfront access (wharves and docks) and flat, low
ground to build urban space led to a common practice: land filling by deposition of all
manner of material to establish vast swaths of constructed waterfront (Spirn, 1984). Urban
development and functions found this the preferable condition for the logistical avoidance
of schlepping goods uphill and the relative ease of siting and constructing buildings on
flatlands and gradual grades. Laying low local hills relief yielded material for expanding
land (by filling) while also producing lower, flatter ground in turn, thus improving it
(Lockwood, 1978).

Extensive canals connected New England’'s port cities to points west. The Erie and
Pennsylvania Mainline Canals were highly sophisticated, hundreds-of-miles-long
constructions at the height of the “Canal Age” (Nye, 1994; Shaw, 1990). Enormous volumes
of earthen material had to be dug and blasted out of their alignments, where horse carts



and countless men did the digging (Haycraft, 2000). The Erie canal likely entailed the
excavation of 11 million cubic yards of earth: side-casted to build a towpath levee (Clark,
1985; Shaw, 1990). Sanitation efforts in early American cities drove another suite of
excavation processes that laced through cities and reached far into the hinterlands alike
(Cronon, 1992; Granick, 1991; Nye, 1994). Outbreaks of typhoid, yellow fever, malaria,
cholera and dysentery plagued early cities, and urban water was complicit in them all
(Melosi, 2000). Inadequate drainage, tainted aquifers, and the need to convey drinking,
wastewater and stormwater led to mass excavations to bury pipes and aqueducts beneath
cities, in addition to the earthworks involved in trenching and tunneling through
countryside, damming reservoirs and building levees (Gandy, 2002; Granick, 1991). Civil
Engineering emerged as a formalized discipline to tackle these prominent and emergent
challenges of the day [reclamation, transportation, sanitation], and America’s first
Engineering school was founded in 1820 (Melosi, 2000). Steam-powered plows began to
revolutionize agriculture in North America, starting in the 1830s, and steam shovels and
trains were used to reduce topography to cartloads of soil, sand and stone: very often to
shunt the spoils to the shoreline (Lockwood, 1978; Spirn, 1984).

The Industrialized City: 1850-1950

Civil Systems: Infrastructure and its Earthworks

Enormous national growth and change characterized the decades leading up to the mid-
19t Century, and the 1850 Gold Rush essentially began to reformat the political, population
and economic dynamics of the nation [(Caughey, 1975; Cronon, 1992]. Millions of
Europeans arrived, though the growth of cities was also due to migration from outlying
rural areas -- partially a function from steam-powered agricultural machinery’s rise,
though increasingly it was put to use in other earthworks (Caughey, 1975; Haycraft, 2000;
McKelvey, 1963; Miller, 1987; Mumford, 1961). If anything, the westward expansion and
migration triggered by the Gold Rush made the imperative for large, dense, and
prosperous cities on the East Coast and Great Lakes all the more important: driving
towards an unprecedented level of interconnectedness, due in no small part to the 1869
transcontinental Railroad linkage, an enterprise entailing a network of innumerable
earthworks to construct (Cronon, 1992; Nye, 1994; Schuyler, 1986; Tarr, 1996).



Above: San Francisco in the 1850s, as the region’s extensive “wharfing out” period began in earnest. The sign reads, “D.
Hewes Steam Paddy Works”. Note the steam locomotive with carts full of soil surely headed to the shoreline; the
flattened, barren expanse in the foreground; and the scrub-covered hill being reaped, center-left. Bancroft Library.

As the built environment spread, its infrastructural networks did too, and countless
projects to underground pipelines and other provisional networks accompanied the
landforms of development: graded hills and parcels; cuts through relief for roads and
rails; dam-building; and excavating innumerable cellars, vaults, tunnels and basements.
The trolley replaced the horse as electrification, emerging slowly in the 1880s, altered
transport and energy regimes, adding layers to the underground in cities and suburbs
(Granick, 1991; Kaika, 2005; Nye, 1994). Influential notions about how modernity might be
physically constructed coalesced across the pond: Hausmann's 1850s “rationalization” of
Parisian space established the souterrain as an urban “underground service layer”
(Gandy, 2014). Bazalgette's massive 1860s sewerage and Thames River improvement
project illustrated the potential balance between “cutting” and “filling” in a developed city,
as trenches for sewers yielded spoils for remaking the Thames’ newly bulkheaded banks
and reinventing the basic hydrology of the city through the manipulation of land (Halliday,
1999).
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Above: 1862 drawing of the St Martin canal (left] beneath Paris, being used for transport, which coincided with
Hausmann’s extensive renovation and the major sanitation infrastructure overhaul it sought to provide (middle). Photo
of Thames River outfall into the River Lea [right], also in 1862. Royal College London

By the 1880s, centralized steam networks for municipal heat joined the urban
underground, and engineers were gifted new powers with the 1890 invention of the Diesel
internal combustion engine, widely deployed in endeavors ranging from agriculture (its
raison d'étre] to other earthmoving uses involved in mining, tunneling, and marine
dredging (Granick, 1991; Haycraft, 2000; Melosi, 2000). Railroads extended suburbs,
furthering their demand for civil infrastructure, much of it underground (Cronon, 1992;
Miller, 1987; Spirn, 1998).




Above: A photograph (L] and drawing (R] of workers laying a 4 -diameter redwood water pipe in a ~1900 Denver, CO
trench. 10,000 cubic yards of earth is displaced per-mile of pipe. In the 1880s and 1890s, the number of national
waterworks increased faster than the population grew (Melosi, 2000). UCD; Engineering News.
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Above: A 1910 cutaway drawing of a “city of flows”, showing Paris’ Place d'Opera metro and the urban underground.
While intricate and impressive, the drawing actually omits numerous other layers of Hausmann's urban “service layer”
that the souterrain provided to the City of Lights: including energy (hence the lights) and sanitary services. Mumford
cited the “Underground City” as a natural outgrowth of urbanization. Popular Mechanics.

The rapid growth of the nation’s cities continued to build a palimpsest of subterranean
networks laced through increasingly tall, dense cities; networks inevitably requiring
expansion, growth, repair and adaptation (Granick, 1991). This “city of flows" facilitated
the movement of resources, goods, wastes, energy and people -- influenced by ever-
expanding markets, technological mobility and a sense of control over commodities,
resources, and perhaps nature itself [Cronon, 1992; Gandy, 2002; Kaika, 2005; Nye, 1994).
Private automobilization redefined urban form everywhere in the 1920s and 30s, inevitably
finding its way underground; and natural gas replaced coal in many cities by the 1940s,



necessitating a novel underground distribution network of pipelines and storage wells
(Mumford, 1961:; Tarr, 1996).

Above: Croton Falls Dam, NY, 1909. Provisioning an urban enclave with various resources often entailed earthworks in
the hinterlands (and connecting them, see previous picture] and many unintentional consequences for aquatic
ecosystems and sediment flows to shorelines resulted. NY Historical Society.

The Making of Land near Water
Providing and ever-growing urban population with housing, services, and resources

challenged growing port cities, which also contended constantly with the urban-industrial
woes of the era [Melosi, 2000; Tarr, 1996). As ships grew, their drafts deepened. The sheer
scale and tempo of commerce ticked up; extensive wharves, quays and proximal storage,
processing and distribution facilities were built, very often on reclaimed land made from
shallowing waters and wetlands (Whitehill & Kennedy, 2000]).



Above: Boston’s Beacon Hill (~1890s) was not safe in the “wharfing-out” era, in which doing so was understood as a
compound benefit: a more easily-traversed city was graded, while its waterfront expanded, and landowners were paid
for the soil and sand reaped (Seasholes, 2003). Boston Historical Society.

To facilitate the near-constant rearticulation and growth of urban shorelines, waterfront
cities employed all manner of technological means to source, transport and deposit
materials. Commonly, earthen levees, or piles driven into the watery ground hemmed in
reaches of shoreline -- in coastal estuaries, riverfronts and Great Lakes alike -- and Into
these basins were deposited all manner of refuse and bulk material until a supratidal
elevation was achieved: sand, soil, stone and gravel; dredged spoils; ship ballast; ashes,
rubble and, increasingly, various solid wastes generated by urban and industrial life
(Cronon, 1992; Melosi, 2000; Seasholes, 2003; Tarr, 1996).



Above: 1893’s Columbian Exhibition on Lake Michigan’s shore provided cutting-edge civil infrastructure in a reinvented
swath of Chicago’s waterfront as a Beaux-Arts dreamland (for a temporary event]. Underpinning the plan were
considerable land reclamations and earthworks overseen by Olmsted, and filling of Chicago’s waterfront continued -
for far-less civic-minded purposes - for decades thereafter (Larson, 2003; Taft, 2018). Chicago Public Library.

Regional Urbanism: Aesthetics and ldeals in Landform and Its Functions

Designers grappling with the emergent needs and challenges of the mid- and late-19t
century embarked upon defining projects of the new American landscape. Frederick Law
Olmsted’'s schemes for New York's Central Park was ambitious in several respects, not
least of which was its sheer size and siting: a massive grading and earthwork-based
“lungs” at the center of America’s premier city (Schuyler, 1986). The Greensward Plan of
1858 audaciously foregrounded the simple preeminence of landscape in its own right:
landforms blurred and obscured the park’s boundaries, and it was the sole proposal to
simply declare that surface-level roadways would be ruinous; requiring considerable
tunneling and cut-and-cover operations to subordinate them (Schuyler, 1986). Landscape
architecture, while not yet minted as a profession in America, had moved far beyond
gardening to meet (and define) the scale of the city.



Above: While Olmsted and Vaux sought to showcase and play off the natural relief of Manhattan in their 1858 scheme
for Central Park, the scale of earthwork involved is often overlooked. Shunting the transverse roads under the park (left]
was unique to their Greensward Plan; construction of the new reservoir required extensive digging and grading. New
York Public Library.

Concerns for the lack of quality of life in cities, echoing some of the romantic lamentations
of Emmerson and Thoreau, gave voice to advocates of suburbanizing like Catharine
Beecher and Andrew Jackson Downing (Marx, 2000). Waves of reimagining the
relationship between nature and the city ensued, and notions about how the built
environment might view, use or otherwise benefit from pastoralism, nature’'s aesthetics
and ecological functionality evolved to herald the 20" century, and its ever-widening
metropolitan regions that inevitably enveloped (and often degraded] the countryside
surrounding the city (Hall, 2002; Miller, 1987). Nonetheless, leveraging advances in
technology to overcome environmental inconveniences abounded, as cities in some
instances took to undergrounding, and essentially denying, their fundamental hydrologic
realities, often to their eventual, intergenerational detriment (Spirn, 1998). Yet this was of
a pattern: while romantic notions about nature and wilderness were evolving in the
American Psyche, the drive to “solve” urban problems through technocratic means was
consuming (Gandy, 2014).
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Above: The Undergrounding of Mill Creek in 1880s Western Philadelphia. Shunting stormwater into a massive culvert
beneath the town caused extensive, multi-generational problems, and entailed an impressive earthmoving enterprise
to accomplish in the first place. Note the sheer displacement of earth by the structure; and the volume required to
eventually re-establish grade above it. Philadelphia Water Department

Ebenezer Howard's Garden City imagined a productive landscape adorned with
agricultural self-sufficiency and modern modes of living; City Beautiful sought the
injection of nature into the city, reclaiming its civic dignity and value; Progressive Era
reformers promoted City Efficient to solve social and environmental problems, essentially
ushering in the formalization of zoning as a central aspect of urban planning and
governance (Hall, 2002; Marx, 2000; Miller, 1987; Schuyler, 1986, Taylor, 2009). The rise of
metropoles perhaps demanded that regionalism and an understanding of the value of not
developing land emerge, as luminaries like Charles Elliot Jr and Patrick Geddes
challenged contemporary views about the role and value of ecological structures and
systems -- inevitably linked to broader environmental and sociocultural wellbeing - that
harmonized with a reformist Progressive era’s discontented notions about urban-
industrial growth and its impacts, becoming a focus of the cultural philosophies of
Catherine Bauer, Lewis Mumford and others (Tyrwhitt, 1947; Hall, 2002; Ndubisi, 2002).
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Above left: Charles Eliot Jr's networked open space sketch of the Neponset River basin (1902) and Patrick Geddes’ (1915)
sketch imagining the countryside constraining the sprawl of development spoke to increasing sociocultural concerns
and interest in regional aspects of societal growth and development. University of Toronto.

Automobilization became a defining logic for urban form, rising hand-in-glove with
technological leaps in the heavy machinery (and the scale of resultant earthworks) useful
in city building projects (like linking interstate highway networks and shunting traffic
below already built-out cities) including their rebuilding to address reformist concerns of
the age, rural-urban migration and rising populations (Granick, 1991; Haycraft, 2000;
McKelvey, 1963; Miller, 1987; Mumford, 1961). Civil engineering, ascendant in the early
21%t century, sought to affect resource reallocation schemes on hitherto unknown scales,
often imposing “top-down” notions of commanding and controlling nature for the benefit
of humans: draining the Everglades; taming the Tennessee Valley; mastering the
Mississippiand the monumental task of provisioning water out West all signified the public
works projects of the New Deal (Holling, 1996; Grunwald, 2006; Hall, 2002; McPhee, 1989;
Nye, 1994; Righter, 2005).
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Above: Montana’s 1938 Ft Peck Dam (partial) failure. The dam itself (lower left) is 250" tall at its crest with a 500-acre
area. Inevitably, where control of water was concerned, manipulation of land was the medium for its realization,
sometimes grandiosely. Army Corps of Engineers.

Landform Manipulation in the Modern Metropoles: 1950-Present
World War Il introduced the military industrial complex to all aspects of American

sociopolitical life, and processes of extraction, manufacturing and shipping exploded in
their scope and scale. Strategic port cities found themselves injected anew with the
imperative and impetus to grow and develop [(Miller, 1987; Mumford, 1961). Rising
populations in these regions engendered a bigger, denser built environment, which
entailed all manner of excavation projects to construct and UUS expanded with these
changes and advances in engineering’s capacities and ambitions, (Jansson, 1978). A
convenient, if not altogether original role for excavated soils to play in the dance of urban
development emerged. “Sanitary landfills” spearheaded in Fresno and San Francisco CA
in the 1930’s provided a threefold solution: local municipal waste could be “capped” by
earth (thus hiding its offensive aesthetics); done at the shoreline [some states had, by now,
banned open ocean dumping], this formed a cornerstone of ongoing land reclamation
projects; and it effectively “solved” the question of where and how to dispose of a constant
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and increasing flow of soils and spoils, which could be used to cap the (also increasing
flow of] garbage (Melosi, 2000; Tarr, 1996).

Above: Fresno, CA’s sanitary landfill, c. 1939. APWA

Numerous large-scale projects both real and imagined hinged upon this concept, which
spoke to the scale of the bustling metropoles need for developable land and waste
management in an expanding and ravenously hungry consumer culture (Melosi, 2000].
Schemes aimed at engineering entire regional landscape dynamics and converting the
world's largest landfill (Fresh Kills, NY) into valuable real estate stood as examples also
of the oddly important role of soil and sediment as building material for projects of
immense scale (Caro, 1974; Jackson, 1977; Trumpeter, 2012). And postwar frontiers
across the country experimented with new ways of shaping, and conserving landscape in
the rapid growth of the postwar period (Mozingo, 2011). Though environmental luminaries
had been laying the groundwork for over a century, the troubling trends pertaining to
growth, sprawl and environmental degradation coalesced in the postwar period as a “New
Ecology” dawned and the environmental movement ultimately galvanized in the 1970s
(Melosi, 2000; Ndubisi & ebrary Academic Complete, 2002). Insights of John Muir, Aldo
Leopold and Rachel Carson were synthesized into a planning ethos by lan McHarg and
others sketching utopian merging of city and countryside into, and many environmentally-
focused legislative acts were incepted into federal and state law, with implications for
planning and development (De Monchaux, 2016) Fiorino, 2006).
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Above: Eminent Landscape Architect Rich Haag's articulation of the elemental ethos of the landscape architect, “dig
hole; build mound” at least half-evident in Seattle’'s Gas Works Park, opened in 1975. The “Great Mound” (right) is a
cache of rubble, capped by soil and now standing as a novel landform simultaneously masking and referencing the site’s
past. University of Puget Sound.

A number of regulatory measures emerged; aimed at curtailing land filling and
soil/sediment disposal in waterways and mostly for the protection of crucial habitat and
species - regulations that persist today in many metropolitan shorelines (Platt, 1994). The
Water Pollution Control and Coastal Zone Management Acts of 1972 restricted
reclamation, land filling and shoreline development. The Endangered Species Act and
Habitat Conservation Plans induced expanded stewardship of many national shoreline
areas.

Future Directions

Physically altering the elevational profiles of shorelines is ancient, and evident in the rapid
rise of America’s port cities and their long legacies (Charlier, 2005; Hill 2013; Inman, 1974;
Spirn, 1984). Excavated soil resources have played interesting roles in metropolitan
shorelines: as a building material for physically constructing them; as byproducts of their
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development and growth; as components of waste management systems tied to changes
In urbanization, infrastructure, technology and governance; and most recently in
ecological restoration and adaptation projects. Extensive landforms are being considered
for their role in coastal adaptation as multi-benefit flood barriers, and research is needed
to connect an understanding of their material requirements with the soil management in
urban shorelines: conceptually linking ongoing flows to an anticipated application, and
exploring how their physical linkage might be accomplished.

The built environment is expected to grow at an astonishing rate in coming decades (de
Monchaux, 2016). Urban development trending toward tight, dense, transit-oriented cores
will concentrate excavation activities, very often in places much closer to under-nourished
shorelines than landfills. The challenges of implementing (or simply planning]
metropolitan shoreline adaptation schemes that might be required to meet several feet of
SLRinthe 21stcentury are immense; so complexified and contested are these geographies
by actors of all stripes, operating at federal, state, regional, and local levels. Without
research into the potential significance of sediment reuse in regional SLR strategies,
coastal conurbations cannot compose an accurate picture of their fundamental options
based on the material markets and ecology related to excavated sediment. And because
of the existing regimes governing urban soils (and as a function of their nature), they are
both nonrenewable and truly lost when landfilled. The drowning of coastal wetlands whose
migration is impeded by the (also imperiled] built environment represents a major
impetus for research into the material ecology of anthropogenically-managed urban soils
and sediment.
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Chapter 1: Climate Change, Adaptation Planning and Institutional Integration:
A Literature Review and Conceptual Framework

Abstract

The scale and scope of climate change has triggered widespread acknowledgement of the
need to adapt to it. Out of recent work attempting to understand, define, and contribute to
the family of concepts related to adaptation efforts, considerable contributions and
research have emerged. Yet, the field of climate adaptation constantly grapples with
complex ideas whose relational interplay is not always clear. Similarly, understanding how
applied climate change adaptation efforts unfold through planning processes that are
embedded in broader institutional settings can be difficult to apprehend. We present a
review of important theory, themes, and terms evident in the literature of spatial planning
and climate change adaptation to integrate them and synthesize a conceptual framework
illustrating their dynamic interplay. This leads to consideration of how institutions, urban
governance, and the practice of planning are involved, and evolving, in shaping climate
adaptation efforts. While examining the practice of adaptation planning is useful in
framing how core climate change concepts are related, the role of institutional processes
in shaping and defining these concepts — and adaptation planning itself — remains
complex. Our framework presents a useful tool for approaching and improving an
understanding of the interactive relationships of central climate change adaptation
concepts, with implications for future work focused on change within the domains of
planning and institutions addressing challenges in the climate change era.

1. Introduction

The environmental severity and enormity of climate change is coming into sharper focus,
as are considerations of crucial and complex impacts on society and daunting demands
of the requisite efforts to adapt to it (Nordgren et al, 2016). Climate Change Adaptation
(CCAJ is understood as a challenge ensnaring numerous actors across multiple societal
sectors, acting as a nexus of overlapping concerns and connections (Aylett, 2015).
Significant increases in literature concerned with climate change adaptation is evident,
with commensurate scholarship dedicated to exploring key concepts in the field (Einecker
& Kirby, 2020; Gupta et al., 2010; Wang et al., 2018). Hurdles to effectively engaging with
climate adaptation concepts run the gamut: from the inaccessibility of scientific “jargon”
(Tribbia & Moser, 2008) to the need to synthesize research and identify areas lacking
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attention (Berrang-Ford et al., 2015; Ford & Pearce, 2010). Disentangling the roles and
relationships between modes of preparing adaptive responses to climate change
(planning) and the social patterns that govern these practices (institutions) reveal more
areas of confusion and needed consideration; perhaps especially for examining how these
practices and patterns may themselves adapt or be adapted (Giordano, 2012; Gupta et al.,
2010; Patterson, 2021). While conceptual frameworks used to streamline and simplify
complex ideas are common, frameworks constructed for the purpose of clarifying key
concepts in the field of climate change adaptation planning are lacking.

Planning is a concept with wide and diverse meaning across numerous scales and
disciplines (Lawrence, 2000). While climate impacts on the atmosphere and oceans of
earth are increasingly severe (and entail their own planning considerations), we are
concerned here with spat/ial planning, which frames the landscape as a crucial, dynamic
medium—a geographic template—upon and within which effects of climate change will be
experienced most acutely by humans (Ndubisi, 2002). Spatial planning uses diverse
scientific methods and information to shape decisions about how features of the
landscape are designed, constructed, and managed. Berkes and Folke (1998) sought to
formalize the concept of social-ecological systems (SES) as linked human and natural
systems that somehow “fit” together (Epstein et al., 2015); and a framework for
“matchling] the dynamics of /nstitutions with the dynamics of ecosystems for mutual
social-ecological res/lience and improved performance.” While earlier work on the
concept was undertaken by Ratzlaff (1970) and later Cherkasskii (1988) reflects that the
SES initialization is also used to denote ‘socio-ecological or "socioecological systems,
Berkes and Folke sought to avoid a modifier (socio-) that would imply a subordinate role
of the social features of SES (Colding, 2019). Nonetheless, they remain largely

interchangeable in the literature.

The concept’'s presence in publications across numerous subject areas has exploded in
the 21st century (Colding & Barthel, 2019), perhaps reflecting or coinciding with increasing
interest in the climate crisis and the human role and responses to it. SESs are useful here
as a way of examining human interactions with and within the geographic template, and
determining how technical and scientific knowledge about SESs are used to inform action
in order to shape it and its future states: the essence of spatial planning (Anderies et al.,
2004; Gallopin, et al., 1989). Planning decisions about shaping SESs are implicitly ethical
because they may generate opportunities and challenges for future generations (Leopold,
1949).
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Because climate change is characterized by significant and potentially increasing
uncertainty, decision-making processes are encountering complexity in planning
adaptation efforts to address these “(super)wicked” problems (Albrechts, 2004; Giordano,
2012; Hallegatte, 2009; Levin et al., 2012; Toimil et al., 2020). This is especially true in
urban regions complicated by the concentration, entanglement, exposure, and diversity of
citizens, resources, assets, and the systems for their management evident there, as well
as the numerous, multileveled and/or polycentric governance structures employed as
administrative actors (Castan Broto, 2017; Pahl-Wostl, 2009). Urban areas are complex
geographies, where deep and complicated histories, cultures, and institutions generate
important questions about the social aspects of power, resources, and environmental
health, safety, and justice (Bulkeley & Castan Broto, 2013; Rasmussen et al., 2020).

For these reasons, while we do not rigorously analyze or compare issues arising from
various scales of consideration that spatial planning constantly confronts (local vs.
national; site-based vs. regionall], we examine central ideas and themes related to CCA
that are especially evident in densely populated, developed areas. Extensive research on
the role and function of multi-level governance [MLG) is evident in CCA circles, as are
discussions of various traditions, processes, and planning cultures across nations and
regions of the globe (including recent work by Ishtiaque (2021) and DiGreggorio (2019)
useful for deeper examination of multilevel governance dynamics.) Most of the discussion
within this article is derived from—and applies most directly to—developed nations and
western planning traditions whose similarities and features lend toward the
generalization and synthesis useful in the construction of the proposed framework.

Meadows™ (1972) landmark 1972 study, Limits to Growth, was recently assessed to
examine the “fit” between projections of troubling development trends modeled a half-
century ago, and their potential implications for countless (and planetary] SESs.
Specifically, the “Business as Usual” description of a scenario describing unsustainable
development practices (in this instance, particularly as a function of pollution increases
including atmospheric greenhouse gas concentrations) appears to be playing out today,
potentially portending calamitous impacts for society by or before midcentury (Herrington,
2021). Given that countless planning endeavors have unfolded for decades within the
context of a finite planet articulated in L/mits to Growth, major questions emerge about
what planning is fundamentally for, how it functions (or can fail), and how it is positioned
to operate in the climate change era.
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Moreover, insofar as planning is understood as a practice utilized for governing the use of
resources and space, the /nstitutions—rules, norms, customs, and conventions—that
simultaneously overarch and undergird planning are crucial to consider, and perhaps the
fundamental relationship between planning and institutions most of all (Gualini, 2001).
This frames the basic question at the center of this review: how is climate change driving
transformation of the human systems that must confront it? What prominent and salient
concepts characterize this confrontation, and how are they related—to one another and to
the planning and institutional domains grappling with climate change? This literature
review draws upon important concepts and themes from these fields and areas of interest,
as well as synthesizes and integrates prominent concepts into a broadly applicable
framework to further research and consideration of the relationships between these fields
and ideas. We demonstrate that core concerns stemming from climate change studies
are commonplace and of increasing relevance in planning and institutional domains, and
that logical links between them can be articulated to illustrate relationships framing
notable conceptual and thematic intersections and interactions; these, in turn, work to
clarify areas of emphasis, key linkages, and important “blind spots” that persist in CCA

research.

This article is structured as follows: Section 2 describes the review approach, and briefly
situates spatial planning within a historical and theoretical context that frames
consideration of important concepts in the climate adaptation literature. Section 3
integrates these into a Climate Change Adaptation Planning (CCAP) schema, and we
describe its key phases. Section 4 examines how, in turn, the practice of adaptation
planning Is related to theory about adaptation features of interest. Synthesis and
integration of these features produces a conceptual framework that exhibits the ‘nested’
and covalent relationships and dynamics therein, which is followed by an examination of
the role of institutions in these dynamics. We close with a brief discussion and conclusion
examining insights and further questions framed by the work.

2. Climate Change Adaptation Planning: Prologue, Practice, Paradigm

Our research is focused around a literature review that examines prominent themes
related across several domains of interest to CCA: spatial planning, climate change, and
institutions. Comparing ideas and terminology of importance across diverse fields and
phenomena involving various sociocultural dynamics is complex for a variety of reasons
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(Ritchie, et al., 2014). This is especially true when theories of change in social patterns are
involved because framing and contextualizing historical trends inevitably entails
consideration of broad themes (Webster & Watson, 2021). Our review considered highly-
cited literature in the domains of interest to assemble a network of conceptual and
empirical articles and studies engaging concepts with broad prominence in CCA research.
This formed the basis of an approach articulated by Paré, as geared towards “identifying,
describing, and transforming [important] concepts, constructs and relationships...[to build
al higher order of theoretical structure” (Paré et al., 2015). In turn, this approach was used
as a theoretical and narrative basis for constructing a conceptual framework. This is a
common goal and outcome of research linking interdisciplinary bodies of knowledge to
explore associated phenomena by articulating “key factors, constructs, or variables” to
describe logical relationships among them that correspond to the main tenets of the
research (Jabareen, 2009; Miles & Huberman, 1994.). Accompanying the narrative review,
the framework is used to consider relevant issues in the institutional domain, as well as
for framing a discussion about persistent challenges, emergent insights, and potential

applications.

2.1. A Very Brief History of Modern Spatial Planning
Landscape architecture arose as a formal design discipline in the 19th century based
partially on the increasing recognition of connections between environmental and social
health, out of which the sub-discipline of landscape planning emerged (Hill, 2018].
Landscape design and planning’s interests in large-scale [watershed, regionall
geographies and dynamic environmental and human (system, network] processes led to
a broader rationale for incorporating ecological considerations into multi-scalar spatial
planning (Ndubisi, 2002). In the postwar era, ecological planning entered common
parlance, further shaped by the concerns of the modern environmental movement’'s
discontent with harmful effects of unbridled development (McHarg, 1969; Swaffield, 2002).
One of the overarching themes in ecological views of spatial planning is the concept of the
suitability of landscapes: how their inherent and potential qualities predispose them to

various uses by humans.

Modern perspectives focusing on Sustainable Development (SD) emerged in the late 20th
century largely to address the obvious tensions between intensifying resource
management practices and future prosperity (Meadows et al., 2004). Goals to achieve SD
have become key concerns in the climate change era; especially in urban areas of high
development intensity (Lélé, 1991; Sauvé et al., 2016). The means by which these goals are
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achieved—the “pathways” taken to reach them—inherently entail strategic planning
approaches because limited resources force choices that entail tradeoffs (Albrechts,
2004; Carter et al., 2015; Rondinelli, 1976; Tyler & Moench, 2012). The scope and scale of
climate change is coming into sharper focus in the 21st century, as are its implications for
significant change and uncertainty over time (Chaffin et al., 2014; Fankhauser et al., 1999;
Hallegatte, 2009; Toimil et al., 2020).

The failure of society to curb GHG emissions through climate mitigation has increased the
need for climate adaptation, emerging as a central concern of spatial planners across the
globe; with some anticipating a paradigm shift in the fields of spatial planning concerned
with adaptation to more effectively address it (Birchall et al., 2021; Hill, 2016; Lawrence et
al., 2018). Challenges especially evident for spatial planning in the climate era emerge
when administrative units delineated in space (as municipal boundaries, borders, zones,
etc.) do not adequately address or fit well with the climate phenomena that defy socio-
politically conceived and articulated ‘lines on the (proverbial) map’ (Hannah, 2010; Wilder
et al.,, 2010). Indeed, as the landscape itself is modified by climate change, increased
flexibility will surely be required of the very planning processes meant to effectively
manage it.

2.2. Climate Change Adaptation: Central Concepts
To situate the practice of spatial planning within CCA efforts and the diversity of
interactions that SESs in the climate change era will confront, we summarize several core
concepts important in climate adaptation work. These ideas serve to populate our
conceptual framework in the next section, which, in turn, displays their relational and
dynamic qualities within an integrated theoretical construct.

Sustainability

The harvesting, commodification, distribution, (reJuses, and disposal of resources is a
ubiquitous human activity (Graedel & Allenby, 2010). This is especially true in (and for the
provision of] urban areas, where intense turnover and concentration of stocks occurs,
recognition of which has given rise to studies of urban ecology and metabolism (Restrepo
& Morales-Pinzon, 2018; loppolo et al.,, 2013; Wu, 2014; Kennedy et al., 2011). These
processes also entail significant energy footprints, and numerous environmental impacts,
including pollution, result from them (Tarr, 1996]. The concept of sustainability may be
understood to mean the maintenance of some (economic, social, environmental entity,
process, and/or outcome over time, framed in the environmental context of SESs (Basiago,
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1999; Berkes et al., 1998 & 2003). Thus, while resource management remains a central
consideration of sustainability in general (and SD specifically), it is also understood as a
concept with applications in broader social realms (Epstein et al., 2015).

Resource scarcity (and competition) resulting from unsustainable management practices
carries equity implications - across both extant socioeconomic classes and for future
generations who may be disadvantaged or disenfranchised by prior resource usage
(Baccini & Brunner, 2012; Dipierri & Zikos, 2020; Stoddart, et al., 2011). Because planning
Is a core component of development, SD is frequently invoked as a concept to guide both
the means and ends of planning-for-sustainability, a topic of increasing importance in an
era of rising environmental concern, uncertainty, and flux (Gopalakrishnan & Bakshi,
2017; Lemons et al., 1998; Wheeler, 2004). Some authors argue that SES are the logical
analytical unit for SD research, with others asserting that they contain inherently
interrelated concepts with special relevance to adaptation, or the quality of adaptability
(Anderies et al., 2004; Young et al., 2006).

Adaptation and Adaptive Capacity

Influential scholarship concerning fundamentals about adaptation is extensive. For the
purposes of CCA, it entails altering or adjusting systems and behavior to “alleviate adverse
impacts of change or take advantage of new opportunities” through anticipation or
response to climate change impacts [ Adger et al., 2005). Adaptation can be differentiated
based on who is involved in adjustment, what prompts this adjustment, and how it is
undertaken (Fischer, 2018a; Smit & Wandel, 2006). Together, they “manifest” adaptive
capacity, through a variety of institutional and social mechanisms (Ibid.). While non-
human (ecolsystems may also be said to display CCA behavior (and possess adaptive
capacity), we are concerned primarily with the active inception and application of human
efforts to “influence the direction of change” in SESs affected by climate change (Fazey et
al., 2016; Fischer, 2018b; Wilson, 2012). Pelling (2015] articulates transformation of SESs
as a pathway along which adaptation may play out, arguing that adaptation may trigger
fundamental changes that decouple systems from more linear modes of progression.

Efforts to manifest adaptive capacity may backfire: potentially increasing vulnerability
(Eisenhauer, 2020). This is known as maladaptation (Oberlack, 2017; Scott et al., 2020).
Maladaptive outcomes bear the double burden of generally worsening conditions
(reducing resilience or increasing vulnerability] at the implied mutual exclusion of building
adaptive capacity due to resource limits (Kondo & Lizarralde, 2021). While noting various
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viewpoints and definitions, Gallopin (2006) describes adaptive capacity in SES generally as
the capability to cope with environmental change combined with the ability to improve in
relation to it. Eakin (2014) argues that there are generic (development-focused] and
specific [climate impact-focused) domains of adaptive capacity, and that pursuit of one
may exclude, subordinate, or otherwise reduce the other. Whereas adaptation actions
might be understood in intuitive ways as relating to adaptive capacity (a quality], these
interact in the context of additional qualities — namely vulnerability and resilience — which
define SESs in important ways.

Vulnerability and Risk

Vulnerability concerns adverse impacts that occur due to a state’s “susceptibility to harm”
resulting from potentially complex interplays of exposure and sensitivity to stresses; and
it is amplified by a lack of adaptive capacity (Adger, 2006; Mccarthy et al., 2001; Smit &
Wandel, 2006). When harmful, these stresses take the form of hazards representing
threats to systems; events that “realize” hazards in significant ways by causing damage
are disasters; and those stemming from or involving natural phenomena are natural
disasters (Alexander, 1993; Oliver-Smith, 1996; Revi et al., 2014; Young et al., 2006). R/sk
essentially describes the condition and degree(s) of being vulnerable (based on exposure,
sensitivity, and capacity) to hazards (Pescaroli & Alexander, 2018); and risks shape and
define adaptive capacity itself (Dow, et al. 2013). Risks are generally thought to be, in some
sense, quantifiable, i.e., capable of being rendered in terms of probabilities describing the
likelihood of outcomes [Abbott, 2005; Haimes, 2004.; Mack, 1971.; Van Der Heijden, 1996).
The concentration of people, resources, and systems in urban spaces implies increased
exposure, and additional risk based on the location of urban assets (in coastal areas, for
example) may arise (Carter et al., 2015; Rasmussen et al., 2020). Risk operates in and
across various societal domains: it should be considered in social and economic terms in

addition to physical ones, including their interactions [Martins et al., 2020).

Resilience and Robustness

Systems exposed to risk and experiencing vulnerability may cope with it by drawing upon
internal resources, whose realization may reduce impacts. Since Holling’s (1973]
pioneering work in studying ecosystems’ capacity to withstand and rebound from states
of disturbance, — to "absorb” and “persist” — resilience has become something of a
darling within adaptation circles; prompting some to caution that its over-invocation might
dilute its meaning (Rose, 2007). Resilience is of particular importance in the context of
climate change because it represents a desirable quality of interacting designed and
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natural systems, and their relationship to risk and vulnerability (Twigg, 2007); UNISDR,
2012).

Systems that are resilient possess features, including flexibility and diversity, redundancy
and modularity, and safe failure characteristics (Tyler & Moench, 2012). These work to
reduce risk from disasters, which manifests in various types that include interacting,
interconnected, compound, and cascading risks (Pescaroli & Alexander, 2018). The UN's
(2015) adoption of frameworks for identifying and evaluating these risks speaks to the
centrality of disaster risk reduction (DRR] in adaptation and resilience concerns and
approaches. If resilience is seen as flexibility in the face of disturbance, robustness might
be understood as the capability to resist and withstand it (Anderies et al., 2004). According
to this view, resilient and/or robust systems maintain their core structure despite
disturbance, enough so as to avoid becoming vulnerable to the point of significant
structural deformation or collapse (Holling & Meffe, 1996).

Uncertainty

Planning is a process of anticipating, preparing for, and influencing future states of affairs.
Uncertainty i1s a critically important epistemic situation that is inherent to planning
because these ‘affairs’ of future states are influenced by numerous processes that
engender and shape events, eventualities, and exigencies (Levin et al., 2012; Lipshitz &
Strauss, 1997). This is the meta-context of planning: the temporal dimension within which
all socioecological systems inevitably must play out. Uncertainty intrinsically implies what
is unknown and/or unknowable (Chow & Sarin, 2002). It is a matter of degree; hence,
“levels” of uncertainty exist (van der Heijden, 2019). Uncertainty is generally understood
to increase as more distant futures are considered; and uncertainty may reflect, or be

considered as a function of, complexity [Abbott, 2005; Rauws, 2017).

As planning is intended to inform decision-making, it must ultimately confront uncertainty
in that context; by influencing the selection of options for coping with or managing it in
acceptable ways (Christensen, 1985; Emery & Trist. 1965; Fischhoff & Davis, 2014; van der
Bles et al., 2019). In this sense, uncertainty actually produces the need to make decisions
(Shackle 1969). These decisions theoretically address, but can also produce, uncertainty;
environmental uncertainty (uncertainty forplanning) and process uncertainty (uncertainty
from planning] may also exist, emerge, and interact (Abbott, 2005; Gruber, 1994.).
Christensen’s (1985] elegant rendering of planning problems hinges on two related
processes and their relationship with uncertainty: identifying what to do (a goal] and
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determining how to do it (through resources and technologyl, effectively invoking the
“ends and means” dyad familiar across all disciplines of planning. The capacity to learn
new information that changes how uncertainty is characterized (and, therefore, may
change degrees of belief) is a fundamentally adaptive ability (Oppenheimer et al., 2008).

The sheer scale and scope of potential impacts that CCA seeks to address entail
significant uncertainty about how and when they will play out, thus shaping the ‘'menu of
options’ for responding to them (Mclnerney et al., 2012; Rauws, 2017; Reeder & Ranger,
2010). Uncertainty might be epistemic (stemming from a lack of knowledge), aleatory (due
to intrinsic stochasticity), or both - and it can produce delays in decision-making (van der
Bles et al., 2019). A striking example of how the very conceptualization of uncertainty is
evolving in the climate change era concerns the asserted “death” of stationarity (Milly et
al., 2008). Stationarity refers to the statistical concept that environmental fluctuations are
bounded inside a value range that is stable (or stationary] over meaningfully-long time
scales, an assumption that undergirds countless modeling approaches in environmental
science and engineering (Stedinger & Griffis, 2011; Stroup, 2011). Whether or not reports
of stationarity’'s death have indeed been greatly exaggerated, uncertainty is certainly
growing, in actuality and/or as a topic of interest and importance (Hallegatte, 2009).

2.3. Planning: Practice, Policy and Governance

Why Planlning]?

The practice of planning is the professionalized implementation of planning efforts,
processes shaped by and based on the application of planning theories (Abbott, 2005;
Cartwright, 1973). In exploring what the ultimate purpose of planning is, institutional
perspectives have positioned it as operating, in effect, as a mode of governing socretal
actions through processes of “regulation, coordination and control” (Pierre, 1999), while
others have extended this view to ideally incorporate progressive values linked to social
justice and democracy more broadly (Alexander, 2009; Healey, 1998]). Generally speaking,
planning Is practiced in order to use knowledge to shape and implement action by
informing decision-making. While noting a multitude of theoretical approaches to spatial
planning, Morphet (2011) acknowledges planning’s inherent power as a redistributive
social force, with implications for how power itself is mediated. For our purposes, planning
occurs through governmentally-sanctioned processes that concern access to goods and
services deemed socially beneficial, and which maintain or enhance public health, safety,
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and welfare within a particular place; these provisions are often simplified as public
“good(s]” (Reyes Plata, 2020).

Planning's Mandate. Service to the Public Good(s] and Interest

Defining what, exactly, constitutes the public good — much less deciding how to go about
achieving, maintaining, or enhancing it — is well-recognized as complex, contentious, and
dynamic, involving many diverse stakeholders across multiple levels of society (Bolan,
1967; Faludi, 2000; Forester, 1980). Accordingly, Kunzmann (2000) identifies the planning
process as one preferably led by the public sector. Numerous climate effects are expected
to disproportionately impact by definition) vulnerable communities, and greater concern
for the wellbeing and livelihoods impacted by the products of the adaptation process are,
thus, linked closely to planning (Rodima-Taylor et al., 2012). Erikson and Brown (2011) and
Ribot (2010) articulate challenges for planning associated with sustainability, resilience,
and vulnerability related to uncertainty and complexity in the climate era. Transformative
adaptation resulting from effective planning ideally reinforces the legitimacy of the social
contract underlying public consent that is granted to planning authorities, ostensibly in
their efforts to protect and expand the public interest and good (Pelling, 2011).

Planning is understood on basic terms to be a collaborative process that must address
what Myers and Kitsuse (2000) identified as one of planning’s “twin hazards":
disagreement (the other being uncertainty), which is confronted through a number of
different techniques for conflict resolution in planning, including communication,
collaboration, mediation, dialogue, discussion, deliberation, and debate (Leach & Sabatier
(2003); Moore, 1987; Ostrom, 1990; Roberts, 1997 & 2002;; Ryan, 2001). Innes (Innes, 2004)
offers an examination of consensus-building as a crucial process for approaching various
planning and policy-based disagreements. These serve to discover and define that of
which the public good(s]) actually consist, and doing so is where the practice of planning
partially derives its validity (Susskind et al., 1999). Owing to numerous factors emerging
from climate impacts on the public sector, planning is being deeply reexamined in the
context of climate change (Abbott, 2005; Carter et al., 2015; Macintosh, 2013]).

So...What's the Plan?

A plan involves articulating and orienting towards a ws/on for the future—what some
human geographers refer to as environmental or sociotechnical imaginaries. These frame
discourses for structuring the relationship of human processes within places, based on
societal imperatives and aspirations amounting to the “virtualities” of future states of
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affairs (Bulkeley & Betsill, 2013). This articulation, in the context of producing the
“instrument” of a plan, might involve constructing a declarative set of goals, while
orienting towards them identifies steps, stages, or strategies for their realization, though
both should embody flexibility to changing circumstances, thus possibly entailing “menus”
of scenarios that could be encountered (Faludi, 2000:; Peterson et al., 2003). This serves to
“situate” the future within an as-yet unrealized (imaginary) SES: one towards which the
plan is intended to guide decision-making [(Albrechts, 2006; Soden & Kauffman, 2019).
Strategic plans are generally flexible, longer-term, and less fine-grained than more near-
term and discrete project plans, owing partially to greater uncertainty existing in “further
off” futures (Balducci et al., 2011).

Plan-making may be challenged as a function of numerous horizontal (sector and actor-
related] and vertical [multi-level governance-related] connections and the legal,
regulatory, and institutional standards at play (Daddi et al., 2020; Hughes, 2015; Nalau et
al., 2021). Plans themselves must define and address the community they are intended to
serve; and adopted plans represent, to some acceptable degree, the resolution of disputes
and tensions that arise based on the interests of various stakeholders involved; as well as
how they may have constructed their own visions for the future (Corfee-Morlot et al., 2011;
Levin et al., 2012). From an adaptation standpoint, this principle also applies to plans that
could impact broader communities, so that adaptation actions undertaken within or for
one community do not unduly disadvantage another (Fankhauser et al., 1999]). Resolving
these overlaps, tensions, and tradeoffs is, therefore, part of mediating the planning
process that shapes and, subsequently, manifests in the scope and strategy of a given
adaptation plan (Turkelboom et al., 2018).

3. 'Sketching’ Climate Change Adaptation Planning: Important Features of Interest

The considerations and theories outlined in the last section illustrate features of planning
that are useful in apprehending the fast-emerging practices (and problems] involved in
Climate Change Adaptation Planning (CCAP). In this section, we illustrate a conceptual
schematic (schema), describing the interplay of notable, generalized features of CCAP
(Figure 1). Walker (2001) describes a thinking (planning) and /mplementation (action)
phase in adaptive theory applied to policy, to which we add a third phase related to the
ongoing assessment of applied work: adaptive management (Allen & Garmestani, 2015).
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These echo Peter Hall's (1993] trifurcated policy paradigm: overall goal-setting (planning],
techniques or instruments (actions), and their “calibration” (management].

PROJECT OUTCOMES SHAPE PLANNING RATIONALE, ACTIONS

ADAPTIVE ACTIONS ADAPTIVE MANAGEMENT

ADAPTIVE PLANNING
el

POLICY-MAKER
PROCUREMENT

| @ MONITORINGIE EXPERIMENTATION
ADOPTED INTO, Al PARTNERSHIPS EVALUATION J
IMPLEMENTED AS
COMMUNITY

Figure 1. A Climate Change Adaptation Planning (CCAP) schema. In the Adaptive Planning phase, prominent planning
concerns are addressed to produce a plan; Implementation based on guidance from plans yields Adaptive Actionsin the
forms of projects; these, in turn become subject to Adapt/ive Managementpractices for improving upstream and scaled-
up efforts.
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3.1. Adaptive Planning

Aspects of the planning process are inherently anticipatory in nature, wherein complex
public policy decision-making occurs in the context of preparing for uncertain future
states, thereby naturally engendering adaptive approaches (Birchall et al., 2021). As a
feature of adaptive governance, adaptive planning naturally entails complexities owing to
the diversity of actors and actions involved, especially in urban areas (Allen et al., 2011;
Castan Broto, 2017; Folke et al., 2005). Anticipatory and planned adaptation within this
phase prepare for (instead of react to) future states of affairs; in theory reducing
vulnerability and costs (Burley et al., 2012; Klein & Tol, 1997; Tol et al., 2008). Adaptive
planning entails stakeholder engagement that takes many forms, but the familiar top-
down/bottom-up heuristic is useful in that planners operationalize the interactions of
political decision makers in governance (top) and a broader public (bottom), though this
group can be defined in various fashions, and based on criteria that, themselves, deserve
scrutiny (Sabatier, 1986; Urwin & Jordan, 2008). Corfee-Morlot (2011), citing Mitchell
(2006) and Cash (2003), identify requirements for science-policy assessments that inform
and influence planning to be deemed publicly acceptable: namely that they be credible,
legitimate, and salient.
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Plans emerge as products of governance that identify steps for realizing goals in
accordance with rules observed by the actor-networks involved, and they gain approval
and adoption by passage through the “sluices of democratic and constitutional
procedures” (Habermas 1998; Schroeder & Kobayashi, 2021). Adaptive planning ideally
embraces learning processes concerned with the structure and effects of the overarching
institutional contexts as a useful principle for improving outcomes (Huntjens et al., 2012;
Schroeder & Kobayashi, 2021; Torabi et al., 2018). Adaptation plans may include financing
components or supplementary plans for funding implementation (Barrett, 2013; Moser et
al., 2019). “Evolutionary” processes in institutional and governance systems, in which
processes of reframing and transformational learning occur, are understood as critical
for adaptive and equitable systems, and are conceptually well-oriented toward adaptation
(Geels 2002; Ostrom, 1990: Pahl-Wostl, 2009: van Assche et al., 2014). Limitations in
validity assessment and/or forecasting methods may serve to constrain the adaptive
planning applications to some extent, though climate change’s overall uncertainty implies
that flexible, adaptive approaches to planning for it are logical (Giordano, 2012; Goodwin
& Wright, 2010; Kwakkel & van Der Pas, 2011; Hallegatte, 2009).

3.2. Adaptive Actions
We borrow from Aylett's (2015) description of adaptive governance as relying on distinct
adaptation planning and action processes, thus echoing Ostrom’s (2005) notion of the
action situation. We use the term adaptive actions essentially to describe the inception of
projects. Adaptation projects in urban areas might entail activities involving construction,
such as urban greening to reduce heat island effects; improved shoreline defenses as
approaches to coastal zone management; integration of “green” stormwater networks to
mitigate upland flooding; and the regional management of “upstream” watersheds; and
many municipal infrastructure systems represent adaptation imperatives and
opportunities in some fashion (Chaffin etal., 2016; Erik Andersson et al., 2014; J. Lawrence
etal., 2018; Storbjork & Hedrén, 2011). Yet, adaptive actions might also include community
initiatives involving outreach, education, and participation without resulting in changes to
the physical environment (K. M. Allen, 2006). Thus, broad CCA interest categories in
applied adaptation include land use planning (for reclamation, restoration, preservation,
conservation aims, for example), natural resource management regimes (concerning
water, for example), sustainable development projects (for housing, infrastructure, and
public amenities), and community engagement initiatives (for educational or
preparedness purposes) (Albrechts, 2010; Faludi, 2000; Fischer, 2018b; Leck, 2015; Main
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etal., 2021; Nalau et al., 2015; Pahl-Wostl, 2009; Satterthwaiteet al, 2009; Vogel & Henstra,
2015).

Large, complex, or costly adaptive actions that exceed the capacity of public policy and
governance institutions often necessitate NGO and private sector involvement, in which
planners operate at the “boundary” between the public and private entities (Bierbaum et
al.,, 2013; Guston, 2001; Warsen, et al., 2018). Public-Private Partnerships (PPP) describe
an arrangement in which collaborative, mutually-beneficial relationships are assembled;
they are common in urban and municipal settings and a subject of interest in sustainable
development circles, with noted promise for adaptation, despite their inherent
complexities (Agrawal, 2010; Glasbergen, 2007; Leck & Simon; Harman et al., 2015;
Rodima-Taylor et al., 2012). Procurement processes and partnerships are generally
intended to alleviate capacity constraints of government. These arrangements can
distribute risk and integrate diverse skills and resources into projects involving
infrastructure, DRR, urban development, and, increasingly, adaptation projects (and which
may entail some or all of the aforementioned project goals and concerns), though these
arrangements in the context of CCA are still relatively novel (Bauer & Steurer, 2014;
Harman et al., 2015).

3.3. Adaptive Management

CCA inherently acknowledges that traditional, linear project implementation “pipelines”
for realizing plans may be of limited value in an era characterized by increasing
uncertainty and complexity (Allen et al., 2011). While ancient in practice, recent interest in
sustainable resource use, conservation, and ecosystem management have popularized
the concept of adaptive management (Buck et al., 2001; Holling, 1973; Walters 1986;
Williams, 2011). Other authors have stressed the ties of adaptive management to system
resilience and flexibility (Gunderson, 1999). Drawing on work from Allen (2011) and his
work with Garmestani (2015), Chaffin (2014] defines adaptive management as
“implementation of management actions as experiments, followed by monitoring,
evaluation and adjustment”. Because of the prominence of nature-based solutions and
green infrastructure in applied adaptation projects, numerous concerns of adaptive
management are relevant to CCAP (Demuzere et al., 2014). Adaptive management applies
flexible strategies that take into account emergent opportunities and are generally
intended as modes of increasing learning and knowledge, thereby arguably building
adaptive capacity and aiding adaptive governance (Hallegatte, 2009; Main et al., 2021).
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Numerous approaches to understanding change in SESs exist, though central interest in
investigating causal processes are especially relevant to planning, a notion termed by
Dewey (1929) as “experimental knowing”. Despite its experimental and flexible nature,
adaptive management’s potential to induce change (in broader practice and approaches]
may be limited by institutional settings where change is itself problematized or opposed
(Burley et al., 2012). The experimental underpinning of adaptive management may be
useful for learning and information sharing across scales, theoretically aiding in
expanding resourcefulness and responsiveness; and thereby increasing adaptive capacity
(Bulkeley & Castan Broto, 2013; Tyler & Moench, 2012). The potential for specific adaptive
actions [(in the form of demonstration projects, for example) to broadly inform others
might create synergies for syntheses of learning, testing, and adjustment across other
sectors and policy realms (Burley et al., 2012]). Experiments also may be efficient in the
sense that small scales (and costs] may generate knowledge that is useful at broader
scales of application, though experimentation itself — especially in large (landscape),
complex (urban), and dynamic (climate-related) contexts — presents numerous
challenges (Allen & Garmestani, 2015; Walters & Holling, 1990]). While “scaling up”
projects for broader regional application remains complex and daunting (Allan & Curtis,
2005; Garmestani et al., 2008; Lee, 2021), Hallegatte's (2009) identification of the desirable
“low regret” quality of adaptation strategies and projects represents obvious conceptual
correspondence with experimentation.

Adaptive management also presents opportunities to improve planning processes by
incorporating enhanced social inclusiveness, including the dissemination and sharing of
information (Buijs et al., 2016; Stringer et al., 2006). Monitoring that produces data useful
for policy consideration is subject to a “reuptake mechanism”, whereby conditions
observed in adaptation actions may then inform improved planning practices of future or
concurrent ones (Corfee-Morlot et al., 2011): while Fankhauser (1999) asserts that
adaptation potential is predicated on having “room” (in the form of time) to change
behavior. By providing the public, planners, and policymakers with real-time, real-world
feedback that illustrates how selected adaptive actions are functioning, the “room” for
adaptation may become better-parameterized through the reduction of uncertainty
(especially relevant in the climate change era) provided by experimental observations. The
“feedback loops” inherent to adaptive management suggest that CCAP is, thus, better
conceived as looped processes, which are common in conceptualizations of SESs
(Huntjens et al., 2012; Moser & Ekstrom, 2010; Ostrom, 1990).
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4. Zooming OQut: CCAP in Broader Context

Partially owing to the varied and multi-scale concerns and methods of practice, the
literature exploring what CCAP is and how it operates contains no shortage of concepts
and terminology for intellectualizing relevant ideas, themes, theories, and describing a
diversity of applied work. While it is beyond the scope of this article and our study to
exhaustively compare and square the myriad notions and constructs put forth to describe
CCA, we offer a summary of important and interesting concepts, which we synthesize in
this section. We then construct a conceptual, graphic framework (Figure 2] that strives to
integrate these concepts into a holistic logic, offering a mode of rendering the important
ideas and their relationships in a conceptual “space” that captures essential ideas of how
important features and forces of CCA interact.
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Figure 2. A framework displaying the ‘'nested” and ‘coupled’ nature of concepts and interactions of importance in climate
change adaptation literature. Arrows denote force directionality; indicating how efforts or concepts “push or pull”

towards and/or against other conceptual features or 'spaces’. Below is a glossary of key terms from the framework
above; and a theoretical discussion follows.

‘Glossary’: (a) The socioecological system (SES) forms the basic conceptual unit of consideration for
framing an adaptation situation. Numerous and interacting adaptation situations may exist within a
given SES, or overlap, or “spill” into others. Adaptation Situations are characterized by features of the
SES, including those in sociotechnical ([human-based) and biophysical (natural setting and context-
based) domains, which interact. Phenomena in the biophysical domain engender sociotechnical efforts
to establish or expand (‘realize”) adaptative capacity. (b) Adaptive capacity is generated by
sociotechnical efforts to adapt to biophysical features of the adaptation situation. In general, it is
realized by building resilience/robustness and thus reducing vulnerability. An adaptation gap exists in
the portion of the adaptation situation that lies beyond the adaptive capacity realized within it: it
represents the amount of wnrealized adaptive capacity. (c] Adaptive governance describes
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sociotechnical efforts in shaping the adaptation situation: when effective, adaptive governance
increases adaptive capacity, thereby, ideally, shrinking the adaptation gap. Maladaptive (ineffective or
counter-productive] efforts reduce adaptive capacity. Barriers to adaptation are produced,
encountered, and addressed by the sociotechnical and biophysical domains, and in their interactions.
Barriers constrain and shrink adaptive capacity, often by hindering adaptive governance or exceeding
its reach; they exert restrictions and limits to the expansion of adaptive capacity that Climate Change
Adaptation Planning (for example) seeks to realize. Limits to adaptation describe the extents of
possible adaptation efforts, beyond which increasing adaptive capacity is (actually or considered)
infeasible or impossible. Limits may be unknown. (d) Within the adaptive governance sphere, formal
organizational practices [planning/ are employed as modes of realizing efforts; and it is shaped by
broader characteristic cultural features and processes called /nst/itutions. Its efficacy is the sum of
institutional and organizational planning efforts performed in the interest of CCA. /ntegrated
adaptation refers to the coordination and feedback between adaptation planning organization-based
practices and institutional processes of adaptive change that coexist and combine.

4.1. Conceptualizing Climate Change Adaptation: Framework Features and Forces

4.1.1. Context: Defining Social-Ecological Systems

Pioneering work by Berkes and Folke (2003; 1998] to articulate the interactive dimensions
and interplay between humans and their environments introduced the keystone concept
of social-ecological systems (SES), based partly on work regarding the systematic nature
of aspects of the human-nature interaction illustrated by concepts, including vulnerability,
resilience, and sustainability (Fissel & Klein, 2006; Gallopin, et al., 1989; Young et al.,
2006). These insights became key components of numerous interpretive framework
approaches to understanding socioecological interdependencies. Of particular
importance to planners is that SESs are inherently spatially contextualized. That is,
because of the entanglement of particular and countless effects of some given
environmental situation on sociotechnical (human] systems (and vice versa), they are
understood as being in some way at play within a spatially distinct or discernible setting.
However, this quality is also, by implication, malleable; and its definition or delimiting is
based partially on the interest and perspective of those considering or using it as a
construct for understanding, planning and managing actions to intentionally alter SESs—
the basis of adaptation (Moser & Ekstrom, 2010).

4.1.2. Problem: Emergence of Adaptation Situations

Insofar as SESs contain or capture the dynamics between human drives to utilize natural
resources and systems, dilemmas stemming from these drives and the capacity of the
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environment to accommodate them emerge constantly (Andereis, 2003; Hardin,1968).
This produces phenomena in which the social and ecologic system aspects relate (or are
situated with respect] to one another, generally impelling tensions regarding resources
and governance, and thus engendering situations in which, according to Ostrom (2005),
actions may be taken to address or resolve them — generating the concept of the action
situation [Andersson et al., 2021; Marshall, 2013; Obeng-Odoom, 2016).

The magnitude of climate change on earth’s biogeophysical systems has compelled some
authors to refine Ostrom’s original notion to define adaptation situations as a particular
form of action situation (Reyes Plata, 2020). Citing previous work, Bisaro and Hinkel (2015)
describe the adaptation situation as one involving “one or more actors interacting within
a common biophysical and institutional environment in which outcomes are altered
through climate change”. This implies that social features of the situation may be
interested in adapting ‘o climate change, as well as that, regardless of their interest or
efforts, outcomes will be shaped by biophysical effects of climate change; and this view
resonates with other scholarship describing the centrality of human endeavors to shape
the adaptation situation (Eakin, 2005; Roggero, 2015; Roggero et al., 2018).

4.1.3. Manifesting Adaptive Capacity: Adaptive Governance

The sociotechnical (human) features of SESs address the adaptation situation by making
decisions about taking actions. These actions amount to Smit and Wandel's (2006)
description of adaptation(s) as the “manifestation of adaptive capacity”. The dominant
means by which adaptive capacity is manifested by the sociotechnical entities of an SES is
through adaptive governance, in large part because of the scale at which governmentally-
organized action (and governmental organizations themselves] can operate, (Adger et al.,
2003; Pahl-Wostl, 2009; Pelling & High, 2005). Chaffin (2014), in reviewing adaptive
governance and synthesizing the perspectives of others, describes adaptive governance
as emerging from the search for “modes of managing uncertainty and complexity in
SESs”. Adaptive governance might be understood as the exercised portion of adaptive
capacity — the part that “people use” (Wamsler & Brink, 2014). Accordingly, depending on
how and when adaptive capacity is used, it is dynamic over time; unfolding across scales
in “coupled cycles of change” (Gunderson & Holling, 2002; Smit & Wandel, 2006). While
we examine adaptive governance through the lens of climate change, concepts from
theories of evolutionary governance may also be useful to consider and apply.
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Though adaptive capacity is doubtless considered a desirable quality to possess, the
particular and various ways in which adaptive governance is conceived and practiced may
give rise to effects that tend to reduce or constrain adaptive capacity; or to outcomes that
are maladaptive (Ekstrom & Moser, 2014; Juhola et al., 2016; Macintosh, 2013). Likewise,
while adaptive capacity may reflect or express component qualities of the adaptation
situation, including vulnerability, resilience, and sustainability, understanding how
adaptive capacity is designed or generated (or not) remains complex (Anderies et al., 2004;
Gunderson & Holling, 2002). Carter (Carter et al., 2015), drawing upon work by Rosenzweig
(2011), after Mehrotra (2009), positions adaptive capacity in relation to vulnerability and
hazards, the interactions of all three in essence serving to define risk. In this view, a
system’s adaptive capacity serves as a kind of counterweight against its vulnerability.
While capacity intuitively refers to the amount of something (of which one might possess
more or less), governance is not the only source of adaptive capacity, which can be
possessed or provided by non-human features of an adaptation situation, or through non-
governance-mediated human actions (Torabi et al., 2018; Tyler & Moench, 2012). We focus
on adaptive governance because of its centrality to CCAP.

4.1.4. Aspirations: The Adaptation Gap
Lying between the optimal and actual adaptive capacity characterized within a given
adaptation situation is a “gap”, wherein the potential actions and outcomes of becoming
optimally or fully adapted have not (yet] been realized. Moser and Eckstrom (2014),
echoing Burton (2009, note this as a form of “adaptation deficit”. In describing the
analytical methodology of gap analysis for assessing climate hazards, Chen (2016) defines
the adaptation gap as a “difference between existing adaptation efforts and adaptation
need”. The United Nations’ recently published Adaptation Gap Report focuses on nature-
based solutions in conceptualizing and further defining the adaptation gap, though
previous volumes with different emphases all include the adaptation gap as a centralizing
theme (UNEP, 2021). Numerous complications arise from attempts to quantify subjective,
complex, and dynamic features of an adaptation situation that, in theory, define the
adaptation gap; including the potential “unknowability” of what, precisely, the gap actually
entails and includes (Chow, & Sarin, 2002; Davoudi, et al., 2011]. Nonetheless, the concept
of the adaptation gap is intuitive and useful in the same sense that adaptive capacity is:
the former describing an amount of adaptation work fo be done, and the latter describing
the work that has been done (thereby establishing existing capacity) or can be done as a
function of this work. If adaptive governance and other adaptation-oriented sociotechnical
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efforts are understood as seeking to build adaptive capacity, what forces and phenomena
serve to constrain or diminish it?

4.1.5. Challenges: Barriers and Limits to Adaptation

A subject of broad interest is barriers to adaptation. Moser and Eckstrom (2010) define
these as “impediments that can stop, delay, or divert the adaptation process”, specifying
that they may be surmounted through “concerted effort, creative management, change of
thinking, prioritization, and related shifts in resources, land uses, institutions, etc.”. Work
from Anderies (2004), Ostrom (2007), and Adger (2009) helps situate this concept within
the SES literature which, by extension, we project and integrate as features of adaptation
situations (Hinkel & Bisaro, 2015). Some authors have invoked the notion of adaptation
“obstacles”, which we consider essentially analogous to barriers (Corfee-Morlot et al.,
2011). Barriers arise at different stages and levels of adaptation; and they may emerge
because of features of governance itself — potentially influencing exactly how adaptive
such governance can claim to be — and, by extension, defining its degree of adaptive
capacity (Burley et al., 2012; Fischer, 2018b; Moser & Ekstrom, 2010). Importantly, Bisaro
(2018), questioning the utility of the concept, points out that barriers that are easily
identified might mask larger, structural, and /nstitutionalforces that produce the effect(s]
of barriers without presenting obvious modes of addressing them.

A common phenomenon that arises from and promulgates barriers to adaptation (thus, in
theory, reducing adaptive capacity) is path dependency, which occurs when institutions or
organizations “fail to effectively adapt established practices to face changing
circumstances”, a pattern of behavior observed across numerous sectors and
organizational endeavors, though maladaptive outcomes are a common effect — with
obvious and sector-specific implications for CCA, especially in urban settings (Aylett, 2015;
Barnett et al., 2015; Healey, 2006). From an economic perspective, situations in which
inferior practices perpetuated by path dependency may serve to “lock-in" inefficient (or
maladaptive] behaviors and outcomes (Arthur, 1994). Citing Pierson (2000) and Wilson
(2012), among others, Fischer (2018b) notes path dependency as a kind of /nertia that
results when future actions are shaped in profound or pernicious ways by previous ones.
Path dependency, in this sense, is of particular importance for CCAP because of
planning’s stepwise, cyclical, discursive, and constantly-unfolding nature; the ubiquity of
decision-making points and processes therein; diverse sets of actors taking part in the
process(es); and the variety of “embedded” cultural features and forces that steer and
constrain them (Booth, 2011; Harman et al., 2015; Sanyal, 2005; Tilly,1984).

43



Whereas the notion of barriers (and obstacles) naturally conjures ideas about
surmounting them, /mits to adaptation refer to bounds that describe “level(s] of adaptive
capacity..that cannot be surpassed”, potentially defining the boundary between
acceptable and intolerable risks, and those which might require transformative change to
avoid (Dow et al., 2013; Klein et al., 2014). Barnett (2015) distinguishes between “hard”
limits that are essentially defined by the environment and “soft” ones that are socially
determined and, thus, theoretically malleable. Indeed, Eisenhauer (2020], in defining these
limits as “factors that prevent adaptation from succeeding”, points out that they have been
articulated as both objectively identifiable (as in the case of certain biotic and economic
examples) and, from a more constructivist perspective, presenting as difficult-to-define
endogenous effects emerging from societies’ “goals, values, risk perceptions and
actions”. Limits are perhaps also worth considering as “blended” between hard and soft
characterizations because sociopolitical conceptualizations of limits emerge in response
to environmental ones; which may then be redefined by human intervention. In general,
limits define the extent to which adaptive capacity could be realized — apart from how
effectively barriers are overcome in the practice of adaptive governance (to increase
adaptive capacity]. Again, this resonates with Adger's (2009a) view that limits are
situational thresholds beyond which “adaptation actions fail to protect things stakeholders
care about”, which we take to include non-physical “things”, such as social cohesion,
morale, trust in institutions, etc.

4.2. CCAP: Integrating Institutional Adaptation

4.2.1. The Role of Institutions
Gupta (2010) elegantly renders institutions as “social patterns”, while a more expansive
view, according to Oberlack (2017), citing several others, describes institutions as “rules
and procedures that structure action situations within which individual and collective
decision-making [is affected to] constrain, enable and incentivize actions; link individual
actions, events and outcomes; distribute authority and power; define reciprocal rights and
duties; and shape beliefs, motivations and social learning” (Hagedorn, 2008; Ostrom, 2005;
Paavola, 2007; Pahl-Wostl, 2009). Accordingly, institutions may be formal or informal
(Schroeder & Kobayashi, 2021). Vatn (2005) describes the invisible or even
unselfconsciously natural instantiation of institutions in behavior as conventions that are
observed, referencing work by Crawford and Ostrom (1995), to compose a “grammar” of
institutions and their functions. Institutions might be understood as self-reinforcing
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“regularities”: patterns of behavior evident in networks of social actors who “tacitly create
[them] to solve a wide variety of recurrent problems” (Schotter, 2000). Yet, despite
regularities and recurrences, institutions are not static; they “distribute obligations and
entittements to resources as well as the power to change such obligations and
entitlements” (Basili et al., 2006). Though they may be nonmaterial (informall, institutions
reify actual, tangible outcomes.

Institutional analyses focused on resources (components or products of the environment]
and how the notion of property (which entails ownership, often of the landscape itself]
factors into their management, is a well-established field of interest, and planning has
been articulated as a mode of “bundling the rights” of ownership associated with property
in this sense (Sorensen, 2018). From an economic perspective, the linkages between
humans and their environment are mediated by countless rules that shape and reinforce
beliefs and values, but these are dynamic and responsive (Knight & North, 1997). Where
public policy is concerned, this dynamic quality of institutions has important implications
because the question of how power and influence are distributed within society —
including this critical capacity to alter existing situations and arrangements — is of
enormous importance in the climate change era (Oberlack, 2017); insofar as planning
efforts are understood as being shaped by larger cultural and institutional forces, and
because these may fail to present obvious, accessible, and discrete decision-making
processes themselves (Bisaro et al., 2018; Storbjork & Hedrén, 2011).

4.2.2. Institutions and Change
In theorizing about the evolutionary nature of governance, Van Assche (2014) positions
institutions as being designed for change; even postulating that the essence of democracy
lies in the “rules of self-transformation; rules to change the rules”. As institutions occupy
important features of SESs and spatial discourse generally, they are tightly linked with
conceptions of the environmental imaginary (Milkoreit, 2017), entailing consideration of
the distribution and access to power and influence involved in its realization, recalling
Bromley's (2006) obligations and entitlements (Ekers & Loftus, 2008). In other words,
institutions structure what /s possible based partially on how society mediates the
tensions arising from multitudes (citizens, actors) shaping and sharing something more
unified- the environment (Swyngedouw, 2009). Institutions influence aspirations (for a
more healthy and just environment, for example], even while subject to inertia
(perpetuating the status quo), and the outright resistance to change, termed the
precautionary principle, which is important in situations involving uncertainty (Chhetri et
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al., 2010; Gollier & Treich, 2003; Lempert & Collins, 2007). Similar to the concept of path
dependency in organizational endeavors, institutional inertia and “lock in” may occur when
regimes and patterns of behavior become ossified due to various factors (Knight, & North
1997, Pierson, 2000). Institutions within or across SESs may constrain or delimit the
actions of organizations by conformation and homogenization, producing institutional
isomorphism (Scott, 2003), which may be induced by coercive, mimetic, or normative
means (Daddi et al,, 2020). Storbjérk and Hedrén (2011] describe clashing cultures,
knowledge claims, and cross-sectoral integration problems as several notable barriers to

institutional change.

While approaches to determining how institutions resist change are evident (in inertial,
oppositional, and isomorphic ways), factors that instigate change within and across
institutions are complex to identify, perhaps owing to requisite “concatenations” of
underlying mechanisms (Smets et al., 2012; Tilly, 2001). Hodgson (2006) identified two
dominant institutional modes: agent-sensitive and agent-/nsensitive, the latter describing
an institution in which significant change affected by institution-shaping actors (agents) is
unlikely or difficult. Individuals, organizations, and governance structures that cut across
public and private sectors constantly respond to environmental change (thereby
engendering change); thus, environmental change does not occur in an “institutional
vacuum” (Agrawal, 2008; Smets et al., 2012). Influential individuals (leaders) (Mimura, et
al., 2014), sociopolitical mobilization (Keskitalo, 2010), and/or catalytic or vivid events
(Bazerman, 2005) that impose or focus urgency upon some situation may induce
institutional change by creating or framing a state of urgency, though other factors have
been identified as important “drivers” precipitating change dynamics (Biesbroek et al.,
2009; Patterson, 2021; Smets et al., 2012). Aggregating these behavioral changes across
scales and social structures — and mediating or coordinating them through planning
mechanisms — in turn changes the institutional environment itself, in theory providing
conditions for /nstitutional adaptation (Morphet, 2011). Planning that attempts to engage
these institutional change dynamics confronts a duality in that institutions are both
behavior patterns “out in the world” (actions) and internal ones “in the head” (thoughts
and feelings), which obviously presents complexities to planners attempting to derive
institutional origins (Hodgson & Knudsen, 2006; MacKinnon et al.,, 2009). All of these
qualities speak to the difficulty in clearly formalizing or mapping institutional dynamics,
made especially complex when applied to situations in which the underlying
environmental context is also in a state of flux.
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4.2.3. Institutions, Climate Adaptation, Planning

Smit and Wandel (2006] note that adaptive capacity may be increased through
improvements in technology and/or institutions, while Rodima-Taylor (2012) echoes
Koppel's (1995) position that technological innovation is /nduced by institutional change.
Christensen (1985) considers technology in the context of planning to be the “knowledge
of how to do something”—Lliterally, the means. Our CCAP schema illustrates that these
means might be expanded by integrating adaptive principles into planning that make it
more “nimble” (thus, resistant to path-dependence]. Yet, how these qualities relate to an
institutional adaptation discourse remains complex, in part owing to the need to
disentangle the functions and mechanics of institutions themselves (Patterson, 2021;
Petersen-Rockney et al., 2021; Voigt, 2013]. In developing a framework for assessing
institutional adaptive capacity, Gupta (2010) identifies two core characteristics: one
essentially describing their inherent, extant qualities; and the second relating to the
degree to which they “allow or encourage” their own (institutional] change, essentially
describing adaptability itself. The rate of change, or timing, also matters: disparities
between non-institutional changes that occur within SESs and that at which institutions
are fundamentally able to affect change may lead to missed opportunities, including from
a lack of timely collaboration and cooperation (Barnett et al.,, 2015; Ekstrom & Moser,
2014; Gupta et al., 2010).

Roggero (2015) explores how one aspect of institutional change is positioned with respect
to CCA in his iteration of Hagedorn's (2008) notion of /ntegrative institutions (that address
climate-related /nterdependencies) versus segregative ones (that focus only on climate-
impacted resources under their effective purview). Institutional complexity itself may work
against institutional change or adaptation simply as a function of the increased “work”
required to do so in complex networks, though structured learning processes may be
useful (Lubell et al., 2014: Pahl-Wostl, 2009; Urwin & Jordan, 2008). Informal, ‘behind-
the-scenes’ “shadow” processes may be important factors for inducing institutional
change (Leck, 2015), in addition to the identification and inception of “additional or
adjusted institutional design propositions” to address climate uncertainties and

complexities (Huntjens et al., 2012).

A critical question for CCAP and its role in building adaptive capacity seems to concern
the scope of its /nfluence and intentions, particularly in relation to institutional forces that
define, delimit, and direct them; as well as how these may differ from, or mesh with,
planning practices and processes as traditionally understood. For example, failures to
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adapt may be due to issues of governance more so than the planned, technical
implementation of applied adaptation efforts (projects), reflecting complexity inherent to
multi-level governance [(Armitage, 2015; Huitema et al,, 2016; Pahl-Wostl, 2009).
Patterson’s (2021) work investigating dimensions and possible drivers of institutional
adaptation in urban governance reveals that, in formal terms, “planning” is limited in its
role: for example, it is not the job of planners to cultivate charismatic leaders, nor to
foment community pressure (much less political disruptions), even though these may
occur partially as a function of adaptation planning. The lack of real or perceived
alignment of institutions with climate change adaptation risks the governance processes
for achieving it being less adaptive and/or less strategic than optimal: a condition
describing - or producing - institutional “voids” (Biesbroek et al., 2009).

5. Discussion

5.7. Central Insights

As explored and illustrated in this review, planning and institutional domains are being
challenged or are changing because of the emergence, intensity, and importance of
climate change within policy and governance spheres. The core goal of this review is to
explore complicated topics across several domains and, based on thematic and
conceptual linkages prominent in the literature, to construct an integrative perspective to
increase clarity in comprehension of complex and related topics relevant to CCA. Several
insights based on this work are notable. First, important concepts of climate change
literature have been increasingly encountered and integrated into spatial planning
practices, which have led to distinct forms of planning. Our CCAP schema demonstrates
how, for example, uncertainty is being addressed not only as an increasing “fact of life”
for planners to manage but one that can be understood and approached opportunistically
and as a force driving innovation and learning processes that can increase adaptive
capacity. In other words, the emphasis and engagement with climate change issues is
leading to adaptation in the practice of planning itself.

Second, prominent and complex concepts of interest evident in climate change literature
can be organized into a holistic construct that displays important tenets of the research;
and displayed in such a fashion as to clarify their interplay, as through the proposed
framework. These interplay may take the form of positional properties of features within

a framework that group or separate concepts; nest or embed them in one another; or
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imply some connective linkage(s) or couplings. They can also be rendered in mechanistic
terms: whereby dynamics of some feature of interest logically or implicitly affect others,
thus illustrating causal relationships. These are of particular importance in adaptation
work in a similar fashion to features of our CCAP schema, in that, fundamentally, be/ing
adaptive entails processes of feedbacks and responses in systems. Thus, in the same way
that features of some given environmental context tend to exert pressures on the
organizations and institutions within it, these, too, can exert forces that shape the
environment itself. Because our framework’s foundational feature (within and through
which other features interact] are SESs, we can intuitively grasp this systematic structure
and behavior. The framework, in this regard, is useful in two primary ways: it organizes
and simplifies information; and it provides its own logicthat is both emergent (arising from
themes and ideas in the literature examined] and can be utilized, altered, adapted or
critiqued by practitioners for case-specific or applied work; or as a basis for expansion or
alteration through introducing additional or different theoretical components.

Finally, as a function of the deeply complex, subtle, and dynamic nature of institutions
(including merely identifying or agreeing upon them), we display the limits of the
framework; prompt consideration of how planning and institutions are, in theory and
reality, bound together; and provide context for considering relevant connections or
patterns as theses domains unfold and interact through CCA endeavors. For example, we
discuss that organizational path dependency and institutional lock-in both serve to reduce
adaptive capacity, while the modes of surmounting these barriers to adaptation are
nonetheless domain-distinct, in terms of the means for assessing, addressing, or
ameliorating them. Likewise, planning and institutions must be understood in a temporal
context: planning because its legitimacy and efficacy depend on the results of its
implementation and “follow through”; and institutions because their social utility,
acceptance and adherence are derived, at least partially, by way of their durability. The
examination of key features of the climate change era, namely uncertainty and change
itself, present vexing questions and prompt provocative, perhaps even subversive,
perspectives from which to consider the practice of planning and its institutional context.
Insofar as the lack of change and innovation in so many organizational and institutional
cultures has led to the unfolding climate catastrophe, which of them (or what components
of them) should be challenged, adapted or even discarded for the sake of aiding the
planning processes that must cope with the limits organizations and institutions impose
upon them in the interest of supporting and expanding the public good(s)?
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5.2 Adoption, Application, Adaptation of the Framework
This article seeks to articulate the ways in which important concepts relevant to climate
adaptation might be more clearly differentiated and understood in their relational
dynamics, partially through illustrating schema that can be adapted to various actual
situations or case studies, and linking these with prominent themes and patterns from
our literature review. An overarching challenge in CCA, planning, and institutional change
(especially) is measuring or quantifying the magnitude or effects of concepts that, to some
extent, resist or defy efforts to do so. Certain aspects of SESs are, after all, based on
informal, constantly-changing, and nonmaterial qualities with which it is, nonetheless,
important to grapple. Our “schematizing” of concepts in ways that can be visualized, to
some extent, might provide interesting opportunities for researchers seeking to
understand how individuals (within or across organizations, levels of government, and/or

demographic groups) comprehend, or (literally) “picture”, some of these concepts.

Future use of the framework along these lines might take the form of research employing
templates that are used to gauge (for example) how different groups render adaptive
capacity inside an adaptation situation, define magnitudes of effects for various barriers;
order hierarchies of adaptation planning issues, “connect” causal influences or tensions
between features and how they are situated relative to others, or articulate the
“distance(s)” they imagine limits lie from adaptive capacity. Clearly, these exercises would
yield abstractions: sketches or diagrams, that stand in for more nuanced work. Yet, these
might reveal insights and/or patterns valuable to managers seeking to understand
institutional or organizational dynamics, public sentiment, or differences across divisions,
or even the age or career seniority of individuals. While not the focus of this article, social
science methods applied to constructing impressions and understanding of how various
groups apprehend the concepts explored here—and their relationships to each other—
may be illuminating. A consistent theme of this research seems to be that what people
believe is possible (and the institutional ramifications therein] is strongly linked with
problem definition and framing, with obvious impacts on decision-making and

commensurately dramatic implications for CCAP.

5.3. Critical Considerations and Questions
One of the appeals of institutions that are not only adaptive but well-integrated into CCAP
is that their influence and capacity to “structure...political decision-making...[and] shape
practices and behaviors” is understood as being vital for the success of large-scale,
strategic efforts necessary in complex urban settings (Bulkeley & Betsill, 2013; Castan
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Broto, 2017; Patterson, 2021). In this context, the utility of local knowledge and local
institutions has been emphasized as a driver of adaptive capacity but also as processes,
not merely information or rules (or contend (Berkes, 2009; Naess, 2013; Smit & Wandel,
2006). In one sense, planning is a practice of more than instrumentalizing content; it
inherently represents engagement with ongoing processes. Yet, precisely because
planning entities (individuals, agencies, departments, divisions, authorities) are
empowered by and within overarching institutional milieus, questions emerge about
planning as a force for transformational, fundamental change in the ongoing adaptation
quest, which some see as amounting to the proposition of a paradigm shift for planning
itself (Hill, 2016). In other words, can planning “unlock” institutions from nonadaptive

tendencies, and, if so, how and to what degree?

We have examined the relationships between these concepts and their underlying theories
to situate planning in a critical light, insofar as we question its agency and the scope of its
traditionally-conceived responsibilities. Planning, in the face of massive environmental
change and uncertainty, may itself obscure the clarity of future visions and complicate the
steps for manifesting them, in no small part due to institutional inertia and dynamics. That
Is, uncertainties rooted in the institutional domain may amplify overall situational
uncertainty and complicate planning processes attempting to address it. Dovers (2010]
points out that even constructing an understanding of the limits to adaptation is fraught,
in part, because of the institutional dimension; whose sheer complexity grows with the
scale considered (Ostrom, 2012). With climate change altering resource regimes and
shaping the public interest(s) and good(s) of citizens linked through institutional behavior
and (ideally) aligned through adaptation planning practices, crucial questions about how
common-pool resources and common-pool institutions can or should shape planning’s
role in allocating entitlements and obligations emerge (Armitage, 2015; Bromley, 1998;
Dipierri & Zikos, 2020; van Klingeren & de Graaf, 2021; Wilson, 2012). This, in turn (and in
ways beyond the scope of this chapter), ensnares any number of private sector
considerations and the need to, among other things, understand how planning and

institutions are positioned to address or adapt to markets relevant in adaptation (Hughes,
2015; Neil Adger et al., 2005).

6. Conclusions
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Our review examined important concepts related to the CCA plight by exploring the
theoretical and applied linkages between the practice of spatial planning and role of
institutions in the governance of adaptation, with an emphasis on issues and dynamics
broadly relevant in urban regions. Through this process, we sought to illustrate and
situate prominent themes and concepts in climate adaptation work that connect to
planning and institutional dynamics; as well as their effects on SESs, which Berkes and

Folke originally termed the “linkages between ecosystems and institutions” (1998].
Epstein expanded on this concept and considered the differentiation between social and
ecological systems as reconciled by “fitting” them together through institutions
themselves; and, in doing so, revealing strengths and limitations of the institutional
couplings of these systems (2015). Planning, as we have discussed, represents a mode of
instrumentalizing adaptive governance largely in the interest of increasing adaptive
capacity; and, in the climate era, our schema demonstrates how planning employs various
techniques to do so in the context of uncertainty and change, by embracing it and
approaching it opportunistically. Likewise, our framework illustrates the nested and
linked — or coupled — positionality and mechanics of planning to larger concepts and
displaying how their interconnections might be understood. For their part, institutions,
while playing important roles in shaping and constraining planning and defining various
aspects of SESs, remain difficult to fully comprehend and describe when the same
considerations of uncertainty and change characterize the (conceptual) landscape in
which they exist and are realized.

In his treatise articulating the global, intergenerational ethical and moral implications of
climate change, Stephen Gardiner (2006) identifies /nstitutional inadequacy as a key
characteristic; one that, for various reasons, cannot simply be overcome by better
governance. This article situates adaptation planning as a critical link between
governance and institutions: in the case of the former, as a “"downstream” tool for
facilitating policy through decision-making; in the latter, by triggering feedback from
features of the SESs that have “upstream” implications for the “rules of the game”
themselves, which define and constrain what futures are considered possible or desirable
(Greif & Kingston, 2011). Planning, as a field seeking to integrate science and knowledge
into decision-making, is surely constrained in its capacity to do so by various political and
institutional arrangements and realities, though Roggero (2018) asserts that organizing
knowledge in “/nstitutionally meaningful ways can advance..understanding of the link
between institutions and adaptation”. What precisely constitutes institutional
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meaningfulness in the context of climate change remains complex, dynamic, and, surely,

case-specific, to some degree.

Insofar as we consider institutions to be collectivized social patterns of behavior that are
“rendered durable” over time by routine and habits, the task for planning to break from
reinforced tendencies that reduce adaptive capacity seems pressing (Hodgson, 2006;
MacKinnon et al., 2009). These reflections position planning in a crucial position that
prompts consideration about the nature or characterization of planning entities
themselves: are they primarily agents within Hodgson's (2006) reckoning (to whom
institutions may be sensitive/responsive in terms of change), or merely a means by which
those agents interact? If they fall into the former category (or if they are understood to be
both), the question of intent emerges: is it the role and responsibility of planning to
actively, aggressively attempt to alter — or even do away with — institutions in light of the
knowledge planning inevitably encounters and frames? If so, which institutions?
According to whose values, decisions or standards? In what circumstances, to what
degree, why, and — critically — how? While this last question involves what Dover & Herzi
(2010) term the practicalities of institutional change, the challenge for adaptation planning
in the 21st century may be poised to be as much about principles as practicalities.
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Chapter 2: Urban Sediment Systems in Coastal Adaptation Planning

A Concept and Case Study

Abstract

Systems and strategies for improving Urban Metabolism (UM] are being challenged by
climate change. While most considerations of industrial ecology (IE) as applied to climate
iIssues focus on mitigation, there are significant ways in which climate adaptation
outcomes may be improved utilizing |IE approaches. In developed shorelines, a
fundamental tension is emerging between the drive to develop dense, compact city cores
designed to improve efficiency and reduce wastes; and the threat of sea level rise (SLR] in
reducing the availability land. This spatial aspect of adapting to rising waters, and its
planning and policy considerations offer significant challenges and emerging
opportunities for prominent IE concepts, tools and techniques to aid in the challenge of
adapting populous, dense coastal cities. We describe the relationship between space as a
basic resource in planning, and increasing flows of excavated soils in urban shorelines,
which may be useful as a building material for SLR barriers. We consider the San
Francisco Bay Area of California as an example of a metropolitan region experiencing
rapid urban development as new coastal flooding imposes spatial constraints on it. The
region’s planning agencies lack a mass balance framework allowing efficient use of
excavated material flows for adaptation to flooding. We examine the human-driven
processes affecting soils and sediment management in a developed shore and consider
their relevance to climate adaptation planning. We discuss the conceptual potential of the
circular economy (CEJ, urban metabolism (UM), and material flow analysis (MFA] to inform

and improve adaptation outcomes for urban shorelines.
Introduction

Global SLR is forcing developed shorelines everywhere to plan strategies for adapting to
it, and cities are facing numerous, pressing sustainability challenges in the 21 century
(Reese and Wackernagel 1994; Moffatt 2000; Kennedy et al. 2014). As global population
rises, so too does the proportion of people settling in cities and most the planet’'s largest
cities are located on or near coastlines, where physiographic and sociopolitical factors
often constrain the growth boundaries of cities (Bianchi and Allison 2009). A focus on
centralized, dense urban cores has been widely adopted by many of the world's major
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metropolitan areas, (Rees 1999) even as SLR threatens to inundate them and devastate
coastal ecosystems delivering major flood protection to adjacent urban areas (Valiela et
al. 2018). Expansion of urban underground space (UUS) is rapidly expanding in many
population centers [Admiraal and Cornaro 2016). The construction of UUS yields
geomaterials, including soils and sediment, which are important resources in
ecologically-based adaptation strategies. Certain themes and approaches evident in IE
may be useful in adaptation planning that incorporates these resources to achieve
sustainable development (SD) goals.

Within city boundaries, resource extraction is usually considered null or residual (Niza,
Rosado, and Ferrdo 2009), as the hinterlands have historically served as the sources of
raw materials provided to cities (Hodson et al. 2012) . Though cities generally consume a
narrow range of most raw materials, certain mineral resources like sand and gravel
(which are elemental material inputs of the modern built environment] still represent
major inflows (Douglas and Lawson 2000). Indeed, cities currently consume the majority
of extracted material resources by volume for building housing stock and infrastructure
(Fischer-Kowalski et al. 2011; Hu, Van Der Voet, and Huppes 2010) : a trend likely to
increase with the construction of higher density urban spaces. Recent decades have seen
greater focus emerge on the efficiency of the Circular Economy (CE), and where local
waste reduction and increased reuse and recycling of material is possible, urban
sustainability may be improved (Acselrad 1999; Céspedes Restrepo and Morales-Pinzén
2018). Urban symbiosis has served as a conceptual link for CE applied to the urban
context, where one sector’s waste stream becomes another’'s resource (Chertow 2008).
This reasoning may extend past goods and products to regional resource management
and municipal public works, the subject of this paper.

White's (1994) description of IE as “the study of the flows of materials and energy...of the
effects of these flows on the environment, and of the influences of economic, political,
regulatory, and social factors on the flow, use, and transformation of resources” serves
to frame its broad, institution-spanning relevance. Specifically, in recognizing the
spatiotemporal dynamics, complexity, and geographic context-dependency of resource
management, the importance of “strategic resource optimization” is evident and of major
interest here (Cerceau, Mat, and Junqua 2018). We consider the promise of IE to improve
the technical and strategic capacity of cities to optimize a particular resource flow
intimately connected to development and UM, and frame a discussion about the
complexities and challenges evident in applying IE to problems paradigmatic of the
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climate change era. As such, we focus on the systematic aspects of spatial planning
components of UM as it relates to regional/territorial resource flows.

Our discussion of IE draws on the aforementioned disciplinary definition offered by White
while integrating perspectives from several fields to offer interpretations of IE concepts
and embracing a view of |E that frames its proven utility while pointing to its expanded
potentialin environmental planning processes. To do so, Ramaswamy's (2003) articulation
that, “an Industrial Ecology based system-level perspective is essential to identify the
major flows of materials in a region for planning resource optimization and for solving
environmental problems” is considered salient and relevant herein. Moreover, adaptation
planning’s clear harmonization with these themes presents possibilities for |E to advance
efforts in schematizing a resource-optimization system, address relevant data challenges,
and recognizing its utility as a planning tool for improving adaptation outcomes.

Sustainable Development in the era of Rising Seas: Key Challenges

Because of IE’'s disciplinary concern with systems, urban infrastructure’'s importance in
effectively integrating planning and adaptation has been noted as an opportunity for
planners to “overcome fragmentation through integration” (Neuman 2009; Hodson et al.
2012; Ness and Xing 2017). The construction of novel adaptation infrastructure may
represent a convergent opportunity of this type, and one reliant upon the systems
perspective implicit in IE. Though focused on climate mitigation, Seto and colleagues
(2014) recognize that spatial planning advances are possible where interlinked efforts can
essentially yield a "whole” outcome greater than the sum of its parts. As Wijkman and
Skanberg (2015) emphasize, “climate change mitigation strategies need to become more
holistic and consider resource efficiency as a key instrument” (Ness and Xing 2017),
potentially through climate adaptation efforts, which are often less evident (Reckien et al.
2018). The impetus to seek and develop creative solutions to pressing problems effecting
and effected by UM is evident in the impacts on the built and natural environments in
developed shorelines, and linked through the possible innovations in resource
management practices and adaptation planning.

SLR Impacts on the Built Environment

SLR in the 21t century will worsen flooding globally, in more frequent and sustained
nuisance flooding and during extreme weather events (Ruggiero 2008; Moftakhari et al.
2017). In addition to surface flooding of private property and major transportation
infrastructure, subsurface changes induced by rising groundwater in coastal zones may
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threaten subterranean infrastructure and prompt its retrofitting and repair (Fletcher 2012;
Hoover et al. 2017). In many coastal zones, urban development built on filled wetlands is
also physically sinking: subsiding as soils compress (Hoover et al. 2017). In many coastal
conurbations, the majority of coastal protective infrastructure was designed assuming a
static sea surface elevation, and without SLR in mind.

SLR Impacts on Ecosystems

Alterations in landscape composition, changes in surface cover and impacts on
ecosystems as a function of the built environment are recognized as effects of
urbanization (MEA 2005). Pereira et al. (2010) identified habitat destruction and species
distribution shifts as two major spatially-linked drivers of biodiversity loss likely to affect
countless ecosystems in the 21st century. Habitat destruction, biodiversity loss, and
fragmentation of ecosystems as effects of urbanization are well-recognized, and the effect
of these trends are compounded by the richness and variation evident in shorelines, where
biodiversity is high, ecosystem services are rich, complex and linked to broader, global
systems (Spencer et al. 2016; Singh and Kennedy 2018). Coastal wetlands are also
sensitive to land use change and important landscape complexes for muting upland
flooding (Bilskie et al. 2014; Ding 2017; Bigalbal et al. 2018]).

The Coastal Wetland "Squeeze”

As sea levels change, tidal wetlands naturally migrate and reestablish their
biogeophysical processes accordingly, demarcating novel shorelines in the process
(Crosby et al. 2016). A major ecological concern for developed (and developing) coastal
cities Is that the built environment is often situated in close proximity to the shoreline.
Rising seas that trigger the inland and upward migration of wetlands on developed
shorelines will drive them toward physical barriers like highways, urban centers and other
developed spaces whose current configurations and design do not support wetlands. Tidal
wetlands that cannot successfully migrate with rising waters will destabilize and drown,

and their capacity to adapt to rising waters is of global concern (Sanchez-Arcilla et al.
2016; Phillips 2018; Reed et al. 2018).

Coastal Sediment Deficits: a "Mass Imbalance”

Douglas and Lawson (2000) estimated that human beings actively transport more than
three times as much earthen material than the natural geomorphic processes of the
planet, and most extracted material is bound for cities, where It is capitalized into building
stock, infrastructure and other materials in the evolution of “urban morphology”. At the
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same time, numerous human endeavors aimed at industrial processes and “command
and control” of natural systems have substantially reduced the “throughput” of sediment
that reaches coastal waters and nourish shorelines, whose profiles play major roles in
governing the severity of coastal flooding, and where sediment loss has been linked to
coastal erosion, more severe storm impacts, and damage to coastal ecosystems ( Holling
and Meffe 1996; Schoellhamer, Wright, and Drexler 2013; Florsheim et al. 2013; Voss,
Christian, and Morris 2013). The impacts described above are based on the projected
inability of developed shorelines to “keep pace” with SLR as a function of a shortage of
sediment flowing to the shore - creating a localized “mass imbalance”.

To make coastal ecosystems and cities more resilient to climate impacts, there is interest
In increasing sediment flows to shorelines. In addition to nourishing existing shorelines,
establishment of multi-benefit flood protection barriers will require considerable volumes
of soils and sediment to construct. Urban development constantly yields geomaterial
resources [through excavation), which can both bolster the viability of the built
environment (through construction of SLR barriers] and improve the resilience of
ecological systems (through wetland restoration and construction). The spatial proximity
of the processes of excavation to the sites of material reuse is significant. Kenway et al
(2011) acknowledge the need for cities to “source from within” resources where possible,
echoed in the “urban harvest” approach (Agudelo-Vera et al. 2012). Indeed, the concept of
reclaiming and reusing material resources gleaned in urban metabolic process for
adapting the urban fabric to climate change is a critical challenge that IE is well-suited to
address.

2. Case Study Area

The San Francisco Bay Area and Estuary (SF Bay) is a large, fast-growing metropolitan

“megaregion” of Northern California, which encircles its namesake waterway (Florida et
al. 2008). Development patterns of the modern era focused development near the Bay's
shoreline, and destroyed the majority of its tidal marshes, which are now a major focus of
ecological restoration. The SF Bay is experiencing a severe housing crises, and pressure
to build homes and implement land use controls to meet demand in a region projected to
host 2 million more residents by 2040 is widely recognized (Mackenzie et al. 2017).
Planning efforts aimed at preventing sprawl and developing dense, transit-oriented urban
centers have identified Priority Development Areas (PDAs), to serve as the urban cores to
accommodate population increase and an intensification of the built environment’'s use
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and demands [Figures | and Il]. Much of the region’s major civil infrastructure is built near
the shoreline, and faces increased strains from age and use, in addition to major threats
posed by SLR (Biging, Radke and Lee 2012).
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Figure 1 : A map showing the placement and proximity of regional Priority Development Areas (PDAs] in pink within 10
miles of the existing shoreline; and their proximity and position relative to potential flooding extents, displayed in blue,
which includes a wide range of possible SLR-induced inundation. Sources : Sea Level Rise Data: BCDC, MTC, AECOM,
Adapting to Rising Tides Bay Area Sea Level Rise Analysis and Mapping Project 2017, SF Greenbelt Alliance.
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2010 2015 2040 Change | Change | 2010- 2015-
2010-40 | 2015-40 | 2040 2040
(%) (%)
Population®™ | 7,150.7 | 7,609.0 | 9,522.3 | 2,371.6 | 1,913.3 | 33.2% 23.1%
Households? | 2,606.3 | 2,699.3 | 3,388.6 | 782.8 689.8 30.0% 23.6%

[1] 2015 Is July 2015 estimate from the California Department of Finance. [2] 2015 is
Association of Bay Area Governments estimate for mid-year, based on 2015 January

data and growth estimates.

Table 1: Table showing projected regional population and households. Source : Association of Bay Area Governments,
Plan Bay Area 2040 Report. If excavation processes and their commensurate yield of excavated soils are indeed a proxy
for building and infrastructure construction projects, a rising population driving demand for housing should correlate
to increased volumes of excavated soils.

Developed shorelines inevitably feature coastal infrastructure to prevent flooding. SF
Bay's development necessitated an extensive network of earthen berms and levees (built
from indigenous soils and sediment), and hardened protection structures. The impact of
a rising Bay on the region’s shore is already evident in places, and projected to become
widespread and severe by midcentury (Heberger et al. 2012.). Regional interest in the need
to improve the shoreline was ratified in a 2016 ballot measure that will direct $500 million
dollars to its improvement in coming decades. Using this financing to establish ecological
structures and systems that deliver flood protection benefits under anticipated SLR
conditions is understood as a regional priority.
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Class Percent Miles

Natural Shoreline (e.g, cliff, bluff) Engineered Levee 6% 170
~ .~ Wetland Berm 40% 1215
3 Shoreline Protection 6% 175
Structure
Embankment 19% 558
Transportation 10% 313
Structure (major
roads, railroad)
Natural Shoreline 2% 66
Wetland 16% 486
Other 1% 29
TOTAL 100% 3,012

Figures 2 and 3: Extent and type of shoreline reaches in the SF Bay, displaying the abundance of earthen berms and
shoreline protection structures (Note: The San Pablo, South, Central and Suisun Embayments comprise the SF Bay
Estuary). Source: San Francisco Estuary Institute, Bay Shore Inventory, 2016.

2.1 Landforms as Flood Barriers : The Ecotone Slope and its Material Demands
Armoring and “hard” treatments for shoreline protection may telegraph floodwaters to
adjacent reaches of the shore, potentially worsening flooding in neighboring areas,
whereas ecological structures like wetlands tend to dissipate and absorb erosive energy
(Neil Adger, Arnell, and Tompkins 2005; Foster-Martinez et al. 2018). While restoring tidal
marsh plains remains a regional priority, a novel strategy for doing so is the construction
of landforms as SLR barriers, which is currently being piloted. An “ecotone slope” (also
regionally referred to as a “horizontal levee”) is a landform featuring a bay-facing,
gradually-sloped face (at a 1:30 to 1:50 slope ratio) that provides several regional benefits
(Lowe et al. 2013). Ecotones’ biogeophysical processes allow them to trap sediment and
build incrementally upwards in the process of accretion. The ecotone’s wetland edge
attenuate waves, may reduce overtopping potential of storm surge, and can be more
economical to construct than a traditional levee (Lowe 2013: Hirschfeld and Hill 2017:
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Foster-Martinez et al. 2018). The volume of material required to construct ecotones on a
regional scale depends on many factors, and the topic remains under-researched, in part
because of unclear adaptation planning goals. A widely-circulated white paper estimates
the gross volume of sediment required to build the barriers in question encircling the Bay,
and considering a range of SLR rates and subsequent ecotone heights. It estimates a
range between three hundred million and two billion cubic yards of material will be
required (Gunther 2014). How and where the material for this massive construction
operation would be sourced remains unclear.

2.2 Excavation Processes in Urban Shorelines: Regional Material Supplies

Effects of modern anthropogenic actions affecting the mass balance of sediment in
various regions is well-known (Happ et al. 1945; Knox 1972; Douglas and Lawson 2000,
but the implication of these understandings as relevant for climate change adaptation is
unclear. James (2013) proposes a broad definition of the activities and processes that
produce or interact with “legacy sediment” [material impacted or activated by human
activities) to encompass urbanization, and we consider urban morphology’s relationship
to a particular type of legacy sediment: excavated urban soils. Excavated urban soils are
often yielded as locally-produced construction wastes, while many UM material flows are
directed towards cities to meet the need of people within them (Hodson, 2012; Tukker et
al. 2014; Gorgolewski 2018). Few raw material resources emerge from within cities and
travel for use to the hinterlands. Excavated urban soils are rather idiosyncratic in this
respect. Trends driving excavation processes to establish an increasingly dense built
environment will continue to produce these materials: a resource stock whose potential
has not been evaluated in the context of SLR adaptation planning.

2.2.1 Urban Underground Space
The relationship between urban underground space (UUS) and the possible reuse of
geomaterials evident there have not been deeply considered in urban planning, though
dense cities are increasingly considering these resources (Parriaux et al. 2004; Li et al.
2016), and UUS has been extensively developed and studied in a variety of geographic
settings over many decades (Jansson 1978). Drivers of large-scale excavation processes
include public works projects in addition to expansion of building stock, and these
processes will increase with the need of cities to house more people. Likewise, extensive
infrastructure projects are important to consider, as cities adapt their civil systems to
meet greater demands and stress from population increases (Heller 2001; Kaliampakos
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et al. 2016). UUS is established for diverse purposes [Figure 5], but the re-use of the
resources extracted in their construction varies widely by region, geology and potential
re-use strategies and needs. While UUS has been built in numerous geographic settings
with varied underlying geologic conditions (Bartel and Janssen 2016), consideration of the
suitability of the physical subsurface strata is critical to understand in attempting to
estimate or articulate a likely or maximal intensity and extent UUS, and its commensurate
yield of excavated material. Nonetheless, surveying, tunneling, and other technologies
involved in establishing UUS continue to advance, as do building techniques and processes
that may increase the feasibility and sustainability of UUS construction (Makana et al.
2016: Nelson 2016).

Urban Shoreline ‘Fabric’:
Pre-2025

Bay

Vacant & Derelict
Lots

Aged Building

/ Stock

Berm of Levee

Low Density
Residential

Low Density
Commercial

Outdated &
Undersized
Infrastructure

Figure 4: Block diagram illustration of an urban shoreline parcel, showing an arrangement of typical elements of recent
(pre-2025) development patterns. Low-slung, low-density development associated with suburban “sprawl” may feature
limited exploitation of subsurface space and the soil and sediment resources present therein.
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Urban Shoreline ‘Fabric’:
Post-2025
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Figure 5 : Block diagram showing features of urban development in more dense and vertical arrangements of building
and infrastructure stock. These are elements typical in the SF Bay's Priority Development Areas (PDAs] and their
orientation towards both sustainable development practices and orientation towards public/mass transit.

Schiller et al. (2017) observes that knowledge gaps persist regarding the “construction
technologies and qualitative and procedural aspects that govern the recovery of recycled
materials”, while inefficiencies in urban development and waste reduction in development
booms have been noted (Ness and Xing 2017). Van Timmeren's (2008) contemplates the
(often) overlooked resources in “interrelated networks” for insights into creative ways of
viewing materials and spatially-extensive infrastructure systems, as advances in UUS
construction is facilitating more extensive projects and the need for connections between
them (Broere 2016; Zhao and Kiinzli 2016; Labbé 2016). Some major cities are advanced
in their subterranean planning and development processes. Helsinki, hosts some 10
million cubic meters of UUS, including public attractions and major public infrastructure,
with plans for further expansion (Véhdaho 2016). Singapore expects to double its municipal
rail service length by 2030, the majority of which will be underground (Zhou and Zhao
2016). Hong Kong has conducted a territory-wide study to assess the utility of UUS in its
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planning implications, a spatial resource that it has already heavily utilized (Wallace and
Ng 2016). These cities face major inundation by rising seas, and UUS may play a role in

maximizing SD goals as their density increases (Hunt et al. 2016).

Process scale | Process example

Residential construction earthwork (seismic retrofits, home expansions]; local utility
micro repairs and retrofits; geologic hazard management [bank control, slump removall; local
flood control work (dredging, clearing channels)

Large building stock replacement, expansion, improvement (undergrounding parking
meso structures, utilities, seismic work]); municipal works (undergrounding public utilities
and local transport infrastructure); large-scale flood control work (dredging dam-
impounded sediment; removing flood control structures for broadened floodplains).

Regional dredge regimes; extensive infrastructure undergrounding [(electric power
macro lines or long-distance tunneling and boring for passenger or public transportation

systems)

Table 2 : Table listing known UM processes involving excavated urban soils and sediment, as interpreted through CE
scales emphasized by Yuan et al. (2006}, Su et al. (2013) and synthesized by Ghiselini (2016). Note: “Process scale” refers
to operational size for individual project type. A total volume of the soils and sediment governed by these processes
remains publicly unknown for the SF Bay's regional UM, as a function of proprietary data protection and the
nonintegrated nature of relevant information.

Landfill or Landform?

In dense cities, demand for spatial resources due to surface scarcity will tend to
discourage or limit local re-use or recycling possibilities of excavated materials.
Accordingly, excavated urban soils are often transported to landfills and applied as “daily
cover” for dust and odor suppression, and preventing windblown trash and scavenging.
Comparing the functional utility of landfilling soils against possible alternative uses is
complex, especially where this alternative might deliver widespread, diverse regional
benefits if effectively used to construct SLR adaptation landforms.

To adequately establish a rationale for comparing the possible end-of-life (EOL) impacts
or utility of excavated soils requires regional, cross-disciplinary examination of the
potential of excavated soils to benefit society in some way. Currently, though the sediment
shortfall of the Bay Area (and many developed shorelines around the globe) is well-
recognized, strategic planning efforts remain nascent, and thus a rigorous understanding
of the comparative economic, social and ecological impacts of different EOL scenarios for
excavated soils remains a topic in need of greater consideration. Nonetheless, the simple,
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axiomatic relationship between resource proximity and system efficiency evident in IE
provides a basic premise for further exploring this concept (Metson, Aggarwal, and
Childers 2012), specifically for marrying excavated soils proximal to sediment-starved
shorelines. Also, the possibility that wastes gleaned in the establishment of some civil
infrastructures might represent the foundation of a material ecology for constructing
another in the form of an landform-based coastal flood protection system is compelling
from a resource-efficiency perspective.

Methods and Data Modeling

To understand the potential significance of excavated soil resources, and their utility and
scale as a landform-building material, we collected and analyzed data on a known “sink”
for this material: regional landfills (for the purposes of this paper, “landfill” refers to a
“dump” for solid waste disposal, not sites or applications using earthen material as “fill”
in reclamation or construction). California’s Department of Resources Recycling and
Recovery (CalRecycle]) provided data recoding the tonnage of soils, received quarterly, at
seven of the nine Bay Area counties’ landfills. San Francisco county contains no active
landfills (and disposes of their soils in adjacent counties), and Sonoma County’s data was
rejected because of low confidence in fidelity due to anomalies and inconsistencies (thus
our total volume estimates may be lower than the actual volumes received by regional
landfills). We analyzed the overall trend in soil volumes received by regional landfills for
years 2007 - 2017, and compared these volumes across counties, and over this timeframe.
We then compared these volumes to average annual sediment-inputs (to the estuary)
estimates to contextualize our results in a regional earthen material flow and expanded
sediment budget.
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Regional Soil Volumes to Landfills, by County and Cumulative : 2007-2017
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Figure 6 : Comparison chart of the seven Bay Area counties surveyed for their disposal of soils at regional landfills. The
top (red) line indicates a net volume of this material.
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Figure 7 : A simple trend line displaying the total volume of landfilled soils from the counties surveyed (see Figure 4,
above) over a recent ten year period. Note the drop in the 2008-09 range, correlating to the economic downturn, and the
upward trend, potentially illustrating the relationship between economic activity and construction processes, and their
commensurate soil yields by proxy.

Discussion

Interpretation and Limits of Data Analysis, and Next Steps for Ongoing Research
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To thoroughly assess the potential utility and scale of excavated soils being reused as the
building material for flood-protection landforms in an adaptation scheme, numerous
aspects of the planning rationale and approach of a given study region must be identified
and assumed, which is not the focus of this paper. Similarly, because of this nascence in
the development of building ecotones beyond pilot projects (i.e. on a large scale deployed
along some portion of the SF Bay's 500-mile shoreline, and over an extended time period),
there does not exist a firm set of parameters for their optimal (or average] size, nor the
exact geotechnically-acceptable characteristics of suitable soils for their construction.
Additionally, soils and sediment reused in ecological restoration projects must pass
stringent testing and permitting processes that prevent a wide range of contaminants
being introduced to critical habitat areas, a major concern in reusing earthen materials in
an historically industrialized port region. Neither the geotechnical composition nor
contaminant presence or type is tracked by CalRecycle for the purposes of receiving soils
for daily cover at regional landfills.

As such, our analysis is intended to provide a general sense of the volumes of these
materials, and to contextualize this volume in the other known or estimated flows that
govern the “sediment budget” for the estuary and its effects in nourishing the region’s
shoreline. Research has demonstrated that the average annual volume of waterborne
sediment flowing into the Bay from local tributaries and the San Joaquin Delta complex
(~2M tons/year] is comparable to the volume of soils annually interred in regional landfills,
though landfilled soil volume is both greater and rising (Barnard et al. 2013; McKee et al.
2013; Schoellhamer, Wright, and Drexler 2013; Schoellhamer et al., 2018). This suggests
that, in the context of a material flow examination of soil and sediment transport by human
and natural processes, excavated soil volumes can be viewed as a significant component
of the regional sediment budget. Since the regional yield volume of these soils is
increasing on average, intensifying demands for construction (in increased building stock
for a growing population) and the need to protect these assets from flooding (as a function
of SLR) presents a compelling reason to further study and consider the flows, fate
transport and resource reuse potential of these soils as possible building materials unto
themselves.

IE Tools and Frameworks : Utility and Challenges in SLR Adaptation Planning
Though some aspects of the material flow of sediment can be observed in instances where
volumes are tracked and recorded (as discussed the previous section), these publicly
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available data provide an incomplete picture of the total material ecology of excavated
soils in a developed shoreline. SF Bay and coastal cities everywhere contemplating
adaptation planning strategies involving landforms as SLR barriers face difficulties in
surveying, sourcing and supplying soil and sediment for their construction. Though the
focus of this paper is excavated soils due to the regional geomorphology and geologic
composition of the estuary, other extracted geomaterials including sand, gravel and stone
abundant in other coastal cities may be assessed using similar approaches and tools.
Methods and models for advancing this endeavor, and modes of revealing the underlying
costs, benefits and efficiencies possible on several fronts are evident in prominent IE
scholarship and applications. We discuss CE, UM and MFA as concepts and tools that may
aid planners, revealing climate adaptation opportunities.

The Circular Economy and Urban/Industrial Symbioses

CE’s inclusion of multi-scale actors and processes is well-suited to informing optimized
urban soils management, where a system’s efficiency of scale and scope will need to
recognize flows of various magnitudes, frequencies and rates of change (Ghisellini,
Cialani, and Ulgiati 2016). While many IE tools and approaches have focused on stocks and
flow processes, interest in more nuanced and potentially efficient systems has also
emerged (Van Berkel et al. 2009; Jiao and Boons 2014). Soils gleaned in processes of
coastal urban development being re-used or recycled locally to improve sustainability and
adaptation outcomes aligns well with foundational concepts of a CE [with roots in
environmental and ecological economics), and may be especially relevant in real estate
and construction industries (Boulding 1966; Pearce and Turner 1989; Yang and Feng 2008;
EMF 2015; Ghiselini et al. 2016). Supporting CE are the implementation tools offered by
industrial and urban symbioses for improving material recycling, and useful when applied
to larger scales than typical corporate or consumer operations (Ghiselini et al. 2016; Ness
and Xing 2017) and Chertow and Lombardi’s (2005) definition of industrial symbiosis as a
concept useful in working across individual boundaries to maximize “efficient use of
material, energy and facility resources at a broader systems level” serves as a useful
perspective for positioning industrial symbiosis in the broader IE field.

Urban Metabolism

Wolman's [1965) popular thesis of UM as a mode of understanding the web of relationships
between cities and their wider environment remains a powerful and important thematic
framework for studying cities, whose rich, complex, interconnected spaces, defined by
their many and varied flows may be seen as the “milieu defining the urban ecosystem”
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(Rudolf 2008; Cerceau, Mat, and Junqua 2018) and wherein Wu (2014) identifies the
adaptive processes required to promote human well-being and ecosystem services in
response to urban land use change as one key aspect of the relationship between
sustainable development and the ecologic health of surrounding regions. Singh and
Kennedy (2018) also recognize the impact of UM processes on complex natural systems,
and note metrics like biodiversity as indicators of ecosystem health that are complex,
dynamic and perhaps an underdeveloped aspects of UM. The optimized reuse of urban
soils illustrates an relationship between an urban waste product (or byproduct of
development) and its potential to bolster the threatened ecosystems on the urban fringe.

Modeling resource flows and UM, and gathering, sharing, accessing, and integrating of
data remains a challenge in efforts to accurately model UM at an urban scale (Niza,
Rosado, and Ferrao 2009). Recent and emerging technological improvements are clearly
tools for improving the resolution and fidelity of data and models -- or for calculating their
uncertainties (Patricio et al. 2015) -- but cooperation between actors and across sectors
and institutional divides is also necessary not only for an accurate understanding of UM,
but a basic consensus on how [or why] to shape it: a fundamental concern of
environmental planning in this context. The Stockholm Royal Seaport's use of a
framework of “smart” UM approach aims to capture and utilize vast amounts of data at
high resolution and in real-time, to improve the sustainability of urban development
outcomes and incorporating a variety of stakeholder concerns and goals (Shahrokni et al.
2015).

Material Flow Analysis [MFA)]

Brunner and Rechberger (2004) describe MFA's system elements as the “components of
material flow systems”™ which include “flows, processes, stocks, and materials.”
Assessment or design of a systems-level approach to optimizing the reuse potential of
urban soils for adaptation landform building depends on evaluating the quantity of
material involved and its quality (Schiller, Gruhler, and Ortlepp 2017). Quantifying the total
material volume is a data-dependent task complicated by numerous factors, and the
quality of soils excavated in urban development processes across a region are likely
variable in their geologic origin and composition, geotechnical fitness and potential
contaminants. Though Sibley (2009) suggests that a comprehensive MFA should “take into
account in-ground stocks” of extracted resources, the responsibility for doing so in the
case of “hibernating” urban soil stocks is unclear, as is an understanding of the future
market for these and other buried resources (Niza, Rosado, and Ferrao 2009). How in-
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ground urban soils should be assessed and evaluated in the context of current or future
markets — as wastes or byproducts of construction, or as a foundational material resource
for a future landform-based flood protection system - should employ MFA to reveal
possible planning opportunities as a function of spatial relationships and their significance

In various use scenarios.
Hurdles to Applying MFA for Adaptation Planning

While CE and UM themes generally align well with adaptation planning goals, successful
application of MFA in the case of urban soils presents certain technical challenges. They
include:

Unbounded, Complex System

Where a resource or its flows are not limited or contained within stark physical or political
boundaries, its modelling becomes complicated. Cerceau (2018), citing numerous
authors, asserts that "For most of the IE scientific community, geographic issues are
reduced to the question of system boundaries.” A major challenge for MFA at a regional
or urban scale is the unclear boundaries of cities, where numerous physical, regulatory,
and political borders - some of which change over time - are at play, and do not
necessarily correspond to one another (Niza et al 2009; Rosado et al. 2014). Insights into
“bounding” a system whose dynamics are defined by urban land use (and sea levell
change, and the materials flowing in it may depend on novel ways of defining spatial
components of systems as a function of their resource availability and needs.

The proper spatial scale of a system to optimize urban soils for adaptation planning is
variable based on technological, political and geographic factors. Where regional
modeling is possible, the task of policy implementation may fall to political “sub systems”
composing the region. Sharifi and Murayama [ 2014) argue that city districts are the
“suitable geopolitical entities” most fit to incorporate or introduce sustainable urban
development practices. Improvements in a broader system for optimizing excavated soils
use in adaptation landforms will almost certainly depend on the innovation of the “sub
systems” (through local action and implementation], to achieve “system innovation” (Ness
and Xing 2017) through regional adoption.

Where modelling across urban boundaries is possible, other problems may arise,
including the potential to ignore certain UM processes like storage or local material
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distribution (Kennedy et al. 2007; Keirstead and Sivakumar 2012). Effectively capturing
both the static components and active flows of the system is complex in the case of urban
soils because of the variety of processes, regulations and actors involved. Rosado et al.
(2014] cites the dynamic nature of resource flows often rendered as static for the purposes
of information interpretation and which may exclude or obviate insights into a material’s
possible end-of-life. This may be especially important in thinking about the transport
networks of urban soils and their relationship to possible sites of need. Urban soil
management reuse options are limited by logistics, market forces, regulations and
regional planning uncertainties, and scenario analyses demonstrate that accurate MFAs

depend on numerous sociotechnical and underlying economic dynamics (Hu et al. 2010).
Inadequate Information Infrastructure

MFA are based on the interpretation of information to improve operations and
applications. The UN's Millenium Development Goals report recognizes that data is
crucial for decision making to achieve sustainable development goals. Indeed, to this end,
the report recognizes the need for “(A] data revolution to improve the availability, quality,
timeliness and disaggregation of data” (UN 2015; Malik et al. 2018). The accurate
assessment of the potential for urban soils to aid adaptation planning is complicated by
numerous factors. Rebitzer et al. (2004) describe some of many challenges in simply
collecting data, and the complex interactions of people, media, technology and
sociopolitical structures involved. And while some operations, regions or even nations may
track their extracted and reused soils (Katsumi 2015), assessment of their comparative
utility or usefulness in reuse roles is under-researched, a reality which may change in the

era of rising seas and worsening storms.

Other challenges include the sheer availability of data; its quality and reliability; scale and
resolution; and various degrees and sources of uncertainty. In instances where a system
Is well-defined, the quality and uncertainty of data may be mostly a function of limited
knowledge (Laner et al. 2016). "Defects of information” arising from these knowledge
limitations are recognized as a distinct type of uncertainty, not one arising from natural
variability (Dubois and Prade 2010; Schwab and Rechberger 2018). In their study of the
New York/New Jersey Harbor and its sediment loads, Boehme et al. (2009) describe the
importance of evaluating data “richness” for surveying key contaminants in a complex,
dynamic geographic setting. Laner (2016) lays out a method for data quality assessment
and characterization of uncertainty for effective MFA. Rebitzer (2004) identifies a number
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of difficulties and hurdles in data processing necessary to assess a functional unit’s life
cycle.

Problems may arise from data confidentiality issues when few firms manage a given
resource (Hammer et al. 2003). Where possible, a centralized databank tracking relevant
resources is a desirable feature for “harmonizing” MFA concepts and methods (Patricio
et al. 2015). In the United States the USGS might serve as a logical institution to track
information on in-ground resource reserves that are “economical to recover”, yet it does
not directly measure reserves nor do governments directly report to them (Sibley 2009).
Likewise, in the Environmental Protection Agency’'s Resource Conservation and Recovery
Act, urban soils occupy an apparent “blind spot”. It appears that without a broader
awareness of the potential utility of these materials, the need to accurately survey them
on a large scale is lacking. Malik et al. (2018) observe that the recent surge in
computational capacity has theoretically increased the efficacy of tools and techniques for
large-scale input-output modeling, but that integration with “small data” is nonetheless
necessary at local and regional scales : a clear priority for cities managing local resources
while facing regional impacts.

While small-scale data gathering may be logistically easier, Patricio et al. (2015) note the
increasing difficulty in data availability and uncertainty as smaller spatial and systems
scales are considered, though Pincetl et al. (2014) demonstrate a method for statistically
inferring larger trends from small data sets. Keirstead and Sivakumar (2012) identify some
of the advantages and efficiencies possible in using specialized land use and
transportation techniques to glean data of high spatiotemporal resolution. Aspects of all
of these challenges are evident in constructing a clear picture of the urban soils flows in
the SF Bay, and these and other examples of applied IE methods should be considered in
formulating how best to assess a region’s excavated soil resources.

Translating IE Insights into Policy and Planning

Though sediment deficits are a recognized and increasingly problematic reality in
developed global shorelines, efforts to understand excavated urban soil’'s significance as
an adaptation resource remain underdeveloped. Binder (2009) posits that the ultimate
function of MFA should be to influence policy or practices that increase sustainability and
generally improve the relationship between natural and human-made environments,
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specifically through the wise use of materials evident in cities. For the purposes of
translating IE insights into improvements in SLR adaptation planning using urban soils,
developed shorelines might consider:

Novel System Definition and Demarcation

Borrowing notions from Inddigo (2012) and Cerceau et al. (2018), a SLR adaptation-
oriented system may be spatially understood as a specialized “territorial resource basin”
established to optimize and manage material flows over time and across political
Jjurisdictions, and in which spatial constraints on the basin naturally impose restriction of
the volumes of material and possible flows therein (Eckelman and Chertow 2009). A
“basin” implies that certain resources flow in but not out- they remain and are used
therein. Various institutions may cooperate to define a territorial basin that contains the
resources required to achieve the particular goal of constructing SLR barriers. Factors
including spatial proximities, logistical factors, planning phase and financial mechanisms
including incentives or subsidies to capture, gather and redirect soils may shape the basin.
In this way, applying IE might serve as a mode of enacting governance and adaptation
actions based on the “territoriality” of SLR impacts, and a societal response: localized
urban soils reuse for regional benefit (Beaurain and Brullot, 2011; Brullot et al. 2017).

Adaptation-Based Information Infrastructure

IE tools and techniques for understanding resource flows in human systems is advancing
technically by harnessing computing power and “big” data, theoretically improving public
access and planning insights (Baynes 2009; Fischer-Kowalski, 2011). Establishing
adaptation planning as a regional priority with access to databases maintained by private
firms (developers, transportation contractors] and integration with relevant public
databases (waste management, flood control agencies, the dredging industry] is a
necessary step toward framing the realistic “menu of options” based on the soil and
sediment flows in a territorial basin. Updating and reconfiguring data and its collection
methods to respond to changes in development, SLR projections, or institutional
reconfiguration will be important for modeling achievable outcomes given uncertain
future environmental conditions.

IE as Adaptation Planning Decision-Support Toolkit
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I[E can be viewed as a component of local planning strategy that fosters interactions
among various actors, by providing a “shared understanding” of how an infrastructure
transition might look, and its relationship to local resources involved in its inception
(Beaurain and Brullot 2011; Buclet 2011; Hodson 2012; Cerceau 2018). Cross-disciplinary
embrace of visions of novel, multi benefit, resource-wise, infrastructure and its spatial
effects might redefine sociecological relationships thereby “resignifying” the urban
environment (Broto, Allen, and Rapoport 2012; Ranhagen and Groth 2012) or revealing
emergent power dynamics shaping the sociopolitical relationships of a new kinds of
territories or “terrains” (Elden 2010): ones that will inevitably involve collaboration to the
community level (Cheng et al. 2003). These novel territories, and their resource flows,
infrastructures and sociopolitical relationships will require common tools and platforms
for evaluating and enacting policy. In the same way that IE may schematize systems or
the information infrastructure of SLR adaptation planning, so too might its role expand to
underpin this “common ground” for decision-making.

Discussion

Relevant aspects of urban soil and sediment management, and tools for their assessment,
were not examined here but bear mention to frame future discussions. For an |[E-based
approach to urban soils as an adaptation resource, Life Cycle Assessment (LCA) may
reveal broader economic, energy, and environmental impacts with major policy and
planning implications (Curran 1996; European Commission 2003; Ardente et al. 2007). In
the SF Bay, the impact of passenger vehicles on the region’s waste, energy and
environmental quality have been assessed and considered (Chester, Horvath, and
Madanat 2010), and long-distance highway transport of heavy material (soils) obviously
contributes to these impacts. The ability to render a “menu of options” by modeling various
possible uses of a resource (or system) can significantly improve efficiencies and may
reveal “win wins” for the SD goals of coastal cities (Wilson et al. 1998). In imagining the
effect of redirecting soils from landfills, the material ecology of alternative daily cover
materials must be considered.

Extensive research and IE tools have been applied to the dredge regimes and cycles of
coastal cities. These should be examined for their systems components and cyclical
nature, in addition to the beneficial re-use of dredged sediment. Resource extraction
processes in general are receiving greater scrutiny in the climate change era (Hatfield-
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Dodds et al. 2017; Krausmann et al. 2018}, and though Calvo (2018] offers an example of
mineral resource modelling can account for scarcity and energy profiles, these materials’
utility to society is generally mediated through their commoditization, not as components
of public-benefit infrastructure. Notably, commercial sand mining in SF Bay and other
coastal zones has been contested as a resource flow “blurring the line” between an
extraction process and depletion of a natural resource that may lie in the public trust, for

its regional role in mitigating coastal erosion.

Conclusion

As some of the planet's most vibrant, populous places, sociopolitical resources for
innovation are clearly evident in coastal cities (Major, Lehmann, and Fitton 2018). At the
same time, inefficient, even counterproductive management of space and resources
engendered by historic, bureaucratic and technocratic complexities present opportunities
for policy improvement, which may come in part through de-emphasizing the focus on
individual components of a given system (0'Brien et al. 2011; Admiraal and Cornaro 2016;
Ness and Xing 2017). Coastal cities are intense process landscapes (Hagerstrand 1993;
Anderberg 1998) whose sustainability and adaptation goals are constantly evolving, and
where the sovereignty of a current generation or regimes’ values and goals is fleeting
(Norton, Costanza, and Bishop 1998).

Linking spatial patterns of development to UM, and operationalizing systems that present
future generations with more options towards prosperity, not fewer, should inform near-
term adaptation goals. Similarly, bolstering the resilience of coastal wetland ecosystems
for the benefit of future generations is a pressing and important task (Crosby et al. 2016;
Gopalakrishnan and Bakshi 2017; Liu et al. 2017; Leonardi et al. 2018). As traditional
notions of cost and value are challenged by climate change, novel methods for “situating”
the economy in the (changing) physical world to organize its complexities are sorely
needed (Forrester 1969; Baynes 2009; Rochat et al. 2013). |E appears clearly disposed
technically and in its core ethos to increasingly inform, improve, and influence climate

adaptation planning.
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Landfill or Landform? The Management of Excavated Sediment in a

Developed Shoreline: Case Study Insights for Climate Adaptation Planners

Abstract: Dominant management regimens of excavated soil and sediment are
unsustainable and potentially incompatible with coastal adaptation demands. Excavated
sediment is generally treated as a waste product; thus constantly received in significant
volumes by municipal waste landfills. In the context of emerging and expected climate
change impacts, this is an especially wasteful and regressive material management
model. Sea level rise is forcing developed coastal regions to reconsider landforms that
may be constructed and augmented as shoreline adaptation strategies: by raising
barriers, restoring subsided wetlands and nourishing existing ones including tidal marsh
plains. Actions intended to construct and maintain these structures and ecological
complexes require the sourcing, transport and application of enormous amounts of
geomaterials - namely various sediment resources. Our analysis demonstrates that long-
term SLR adaptation goals in a study region require strategically planning the future
management of excavated sediment; and we demonstrate that various applications and
timeframes for successful adaptation plans will require significant shifts in the current
management practices of these resources. By considering the likely amounts of reusable
excavated sediment currently being received at landfills and modeling alternative uses as
adaptation applications, our case study makes clear that the industrial and material
ecologies of these resources must change to meet adaptation goals - as will the
environmental governance involved in the urban and landscape planning related to these
resources. While the study area entails specific geophysical and developmental
conditions, the implications of the broad trends and underlying rationales are of global

importance and applicability for adaptation planners to consider.

1. Introduction

Global sea surface elevations will rise significantly in the 21t century, an issue of
increasing concern and importance for coastal developments (Hallegatte et al., 2013].
Approximately half of the global population and the majority of the world’s most populous
cities are sited in and around the coastal zone, with important implications for the
exposure and risk of large populations and the substantial infrastructure assets
concentrated in coastal conurbations (Barragan & de Andrés, 2015; McGranahan et al,,
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2007; Seto et al., 2011). Rising seas and their associated biogeophysical processes and
impacts will lead to dramatic changes in the built and natural environments of coastlines
everywhere on earth. Adaptation to these changes is an increasingly pressing imperative
in the planning of both urban and ecological landscapes (Brown et al., 2013; Tessler et al.,
2018; Wilby, 2007). In the United States alone, costs associated with sea level rise (SLR)
adaptation will constitute the majority of national adaptation costs by 2100 (Neumann et
al., 2014).

Developed shorelines, where hydrologic, geomorphic and ecological processes interact
with structures and processes of the built environment, exemplify coupled human and
natural systems that entail complex environmental governance approaches. They often
encompass landscapes with rich and contested cultural histories and display significant
evolution and flux as a function of development pressures and patterns (Bianchi & Allison,
2009; Liu et al., 2007). Moreover, many are directly vulnerable not only to SLR and other
climate change-induced phenomena (including urban heat islands, wildfire and drought),
but environmental risks like earthquakes and tsunamis, in addition to other mass
movement events such as mudslides and erosion which may be exacerbated by climate
impacts (Lawrence et al., 2018, 2020). The concentration of infrastructure, capital,
resources, and the populations they serve and sustain, complicates and intensifies coastal

climate hazard mitigation and risk management practices applied to developed shorelines
(Macintosh, 2013].

Rising seas pose flood risks not only to shoreline settlements, but also threaten coastal
landscapes, ecosystems, biodiversity and habitat that have frequently been degraded,
depleted and fragmented by prior industrial processes and urban development, often in
ways that now predispose shoreline communities to significant flood exposure and
impacts (Foster-Martinez et al., 2018; Valiela et al., 2018). Historically, typical means of
flood protection included the construction of static barriers including levees and sea walls
(Hill, 2015). More recently, major tensions have emerged in considering options for
protecting a given site, community, or shoreline reach using engineered defenses because
constructed barriers may prevent flooding in one location while worsening it in others by
“telegraphing” floodwaters, thus complicating matters regarding jurisdictional mandates,
collective action in planning processes, and how environmental justice is assessed and
addressed as a function of interplays between these considerations and proposals
(Hummel et al.,, 2021: Lubell et al., 2021).
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Tidal wetlands act to reduce wave energy by creating frictional drag, which saps
destructive energy from surging waterbodies, in turn reducing wave heights [eg.
mitigating the overtopping of landward barriers) and/or by reducing erosion and
preventing coastal land loss, delivering two crucial ecosystem services highly valued by
coastal settlements (Barbier, 2013; Moller,et al., 2014). In light of widespread research
indicating the relative cost-effectiveness and multiple-benefit qualities of nature-based
shoreline “green infrastructure” systems in the form of preserved, restored or
constructed wetlands, much attention has focused on the feasibility of maintaining or
fundamentally creating these ecological complexes and landscapes in an era of rising
seas (Bayraktarov, et al., 2016; Taillardat et al., 2020; Zhao et al., 2016). However, this
focus has also served to further illuminate several troubling realities: tidal wetlands are
increasingly vulnerable to destabilization and drowning via SLR; their restoration is often
in tension with urban developments; and these developments themselves are generally,
and increasingly, made more vulnerable to costly impacts of rising seas in the absence of
wetlands to buffer them (Kirwan & Megonigal, 2013; Narayan et al., 2017; Nicholls, 2004).

Attempts to address these tensions often encounter an underlying and problematic
planning paradigm rooted in the tradeoffs between allowing wetlands to “migrate” upland
as rising sea surface elevations force their spatial realignments towards inland areas
(creating land use conflicts with development) and/or the proclivity to armor urban
shorelines with barriers which may further degrade wetlands that cannot migrate. This
attenuation of the spatial "band” in which wetlands can endure is a situation colloquially
known as coastal or wetland “squeeze” (Spencer et al., 2016; Torio et al., 2013].
Management approaches that allow tidal wetlands to accrete (build up) matter and
establish and maintain critical elevations relative to rising seas is a cornerstone of the
restoration ecology and engineering involved in sustaining these landscapes, approaches
that hinge on the provision and availability of sediment, loose earthen material
(Fagherazzi et al., 2012; Stagg & Mendelssoh. 2011). Indeed, sediment represents a
material backbone of countless coastal restoration and, increasingly, adaptation projects
(Aarninkhof et al., 2010; Brand et al., 2012).

Because of the diversity of shoreline landscapes (and their associated topographic forms,
and ecologic, urban and biogeophysical processes) that will inevitably experience
increased SLR pressures, coastal landscape and urban planners across the globe, are
modeling, planning, and testing a variety of strategies are being modeled, planned and
tested by (Diaz, 2016. Kleint et al., 2022; Spencer et al., 2016). And while the physical
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realignment of urban shorelines based on managed retreat scenarios may become
broadly necessitated by SLR, the use of landforms as adaptation applications represent a
common and widely evident suite of strategies for addressing SLR in the near-term (van
Slobbe et al., 2013]). Construction of large-scale landform-based networks functioning as
multi-benefit shoreline infrastructure systems require considerable material demands
for sediment that can be gathered, transported and placed by ecological and/or human

processes.

Troublingly, the supply of naturally occurring sediment is dwindling or insufficient to meet
SLR demands in many urban shoreline regions, prompting consideration of other sources
and supplies, including the strategic management of excavated (upland] sediment
(Milligan & Holmes, 2017). Yet to date, the emerging role of this material in SLR adaptation
has been considerably overlooked and/or underestimated in the literature. This
represents a significant blind spot and knowledge gap for planners that imposes
limitations both in forecasting future conditions based on sediment budgets, and the
adaptation objectives and options linked to them. We explore the ways in which sediment
materials that are ubiquitous byproducts of urban development might be reconsidered as
physical resources that will surely grow in global importance as SLR adaptation projects
unfold in the 21 century and beyond. Our study examines how supplies and demand for
this increasingly important resource presents challenges, and shapes the adaptation

planning paradigm, in a case study of interest.

The paper's five sections present our findings. The introduction section summarizes and
situates the research problem and prominent trends and issues in the urban and
landscape adaptation planning of developed shorelines, including the importance of
sediment dynamics for constructed coastal landforms in these regions; and we describe
a case study region and site. Our methods section explores a research approach applied
to data related to our socio-ecological phenomena of interest, in addition to a description
of an alternative resource management regime. The next section interprets and considers
our analytical results, and frame them in the context of a forecasted decade in the case
study and its resource dynamics. A section discusses the implications of these results and
future research areas of importance to adaptation planning illuminated by the study. A
brief conclusion summarizes key takeaways and recommendations from the work.

1.1 Historical Patterns and Processes of Shoreline Development and their Effects
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Patterns of urban development sited in proximity to floodplains have consistently
depended upon the use or creation of higher ground (areas situated above flood stages or
supratidal elevations) as basic flood prevention strategies. At the same time, proximity to
waterways and waterbodies is universally understood as a condition conferring multiple
beneficial socioeconomic qualities, including the facility of accessing navigable channels
(in the siting of industrial ports, for example) in addition to the desirability of proximity to
water for aesthetic and cultural reasons (as with commercial urban waterfront districts).
This tension is present in many of the world’'s largest and most dense cities, where
shoreline development and the concentration of assets is a prominent, perhaps even
consistent, urban situation, often characterizing extensive metropolitan regions
surrounding core cities (Biging et al., 2012; Chhetri, et al., 2015; Hallegatte, et al., 2011).
Accordingly, in the world’'s largest and most rapidly-developing coastal cities,
considerable socio-environmental impacts are emerging as function of climate change
(Glasow, et al., 2013).

The planning, development and protection processes of myriad coastal areas around the
world required the intentional, physical movement of enormous volumes of sediment
resources (Charlier et al., 2005). Historically, raising the elevations of local shorelines has
been accomplished by the accumulation and deposition of various materials to “reclaim”
land from water by the placement of soil, sand, rock, ballast, various forms of refuse, and
any number of other material masses at the shoreline (Ferguson, 2018; Han et al., 2013;
Martin-Anton et al., 2016). Seaward land reclamation was often accomplished by using fill
material to bury and obliterate wetlands whose ecologic and environmental functions
were generally and profoundly under-valued or altogether unrecognized (Vileisis, 1999).
Soil resources generated by grading, digging and land-clearing projects in upland areas
were very often directed to shorelines and used to “cap” solid waste and debris for the
establishment of novel real estate near the shore, property of increasing, multifunctional
utility and value for urban development schemes (Seasholes, 2003).

Taken together, these development patterns and practices in urban shoreline regions
have resulted in several prominent challenges for SLR adaptation planners to consider.
These include: land subsidence due to settlement of fill material and subsurface
compaction (Shirzaei & Burgmann, 2018; Sun, 1999]); the rise and emergence of
groundwater due to SLR, and its potential to mobilize subsurface contaminants (Hoover
et al.,, 2017; Plane et al., 2019); and the deprivation of sediment throughput from upper
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watersheds into receiving waterbodies including estuaries, as a function of historic and
ongoing upstream flood control, development and water management schemes (Barnard
et al,, 2013).

1.2 Future Shoreline Adaptation Strategies Using Constructed Landforms

Examples of linking anthropogenically managed sediment to large-scale coastal
restoration, maintenance, and flood control projects and systems are evident in the
beneficial reuse of dredged benthic sediment and thin-layer placement on wetlands to
help them accrete matter and maintain critical elevations (Ford et al., 1999; Mchergui et
al., 2014); beach nourishment projects to mitigate coastal erosion (Staudt et al., 2021);
the construction of barriers including dikes and levees to prevent inundation of landward
areas (Temmerman & Kirwan, 2015); and use of breakwaters to protect vital
infrastructure from waves and surges (Becker et al., 2016). In regional networks of
constructed and augmented landform-based strategies to build “elevation capital”,
enormous physical material supplies are required due to the spatiotemporal scales
involved (Cahoon et al., 2019).

Examination of anthropogenic sediment budgets, those based primarily on human
management processes and practices, is a critical aspect to strategically plan how (and
where and when) these extensive construction endeavors may be undertaken even
though work to assess sediment budgets that function based on natural processes are
also useful to consider (Cappucci et al., 2020; Shellenbarger et al., 2013). The
considerable scale of the resources involved in these projects is a function not only of
their spatial extents, but the long-term, often cyclical nature of adaptively managed
sediment placement. SLR means that the magnitude of material, frequency of
application and physical size of landforms are expected to increase dramatically this
century, driving commensurate cost increases (Hirschfeld & Hill, 2017; Perry et al.,
2020). A future characterized by higher sea surface elevations, densifying coastal
development, and intensifying storm regimes will inevitably entail a reworking of the
physical form and elevational profile of shorelines where protection of development is
intended (Du et al., 2020; Hill, 2015). While certain climatic, physiographic and socio-
environmental characteristics of developed shorelines will vary widely by region, coastal
planner will need to consider several broad categories of adaptation strategies related to
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landforms. These categories may be useful to consider as typological classifications that
apply to certain spatial, temporal and planning conditions.

A number of prominent strategies for shoreline restoration and adaptation may be
helpful to consider to illustrate the interplay of sediment resources and landforms that
are constructed or augmented. In the case study region (See section 1.4}, recent work to
understand the impacts of SLR on the watershed and its shoreline processes and form
have considered the filling of subsided ponds, called polders, and other diked wetlands
that are starved of sediment delivered by natural processes, as well as the nourishment
of existing wetlands (Dusterhoff et al., 2021; Williams & Orr, 2002). Ongoing work in the
case study area to raise existing flood-protection levees by raising their elevations is
also evident, as are planning processes considering the construction of novel landforms
including ecotone and horizontal levees (discussed in section 1.3).
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Figure 1: Several common and contemplated landform-based SLR adaptation strategies for coastal and shoreline
development. The top row shows typical conditions of the present day; the bottom row illustrates where material applied
as fill {in black) might be placed to accomplish various goals including flood protection and habitat restoration. Because
of the extensive spatial nature of many SLR strategies, these approaches entail significant volumes of material deployed
as landscape-based infrastructural networks. And because many approaches may entail repeated treatments (raising,
nourishing) on a long temporal scale, the need to adequately source and procure the physical material for landform
constructions along these lines is an increasingly important task for planners. Illustration by Nate Kauffman.

While landscape designers and planners are accustomed to engaging with landscapes as
topologic structures representable as surficial fields (through site plans and analytical
“layers”) and profiles (cross-sections) like those above, the central spatial dimension of
interest at the intersection of land and water is, of course, three-dimensional. This
intersection is defined by volumes that water bodies represent and which meet and
resolve at shorelines with certain topographic forms, themselves volumes of land. And
insofar as environmental planners and designers embrace their role in proposing novel
landforms as adaptation strategies, understanding the systematic and logistical realities
related to sourcing and manipulating volumes of land reveals numerous avenues for
planners to explore. These include: practicalities related to sourcing, procurement,
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stockpiling and delivery; resource management practices related to long-term
forecasting and conservation; considerations tied to the market and political economies
involved; and the public policies that shape all of these aspects. Our study explores how
some of these considerations are at play in the strategic landscape and urban planning
involved in SLR adaptation and how the industrial and material ecologies of excavated
sediment present environmental planners with an emergent realm of critical
consideration and innovation.

1.3 Sediment Dynamics in Developed Coastal Watersheds

An extensive literature has studied natural processes related to sediment supply within
and through watersheds. Fluvial and marine transport of sediment has been extensively
examined for its multiplicity of roles in sustaining ecological biodiversity and habitat
composition in various waterways (Milhous, 1998; Pitlick & Wilcock, 2001; Soulsby, 2001).
In addition, investigation of wetland restoration and survival link adequate sediment
resources to receiving bodies and landscapes in the lower watershed (Allison et al., 2012;
Haltiner et al., 1996). The biogeochemistry and contaminant profiles of sediment used in
restoration projects has also been noted as an important issue in urbanized shorelines
(Berkowitz et al., 2016; Morris et al., 2014). The effects of flood control processes on
sediment transport, and vice versa, have also been studied as problematic issues in the
context of conveyance and containment structures associated with urban development
including dams, lined canals, engineered channels and subsurface stormwater structures
(Griggs & Paris 1982; Meade & Moody, 2010; Taylor et al., 2009; Smith, 2001).

The prevalence of socioenvironmental issues involving sediment lead to interventions
devised to physically gather, remove, stockpile, remediate, sort, guide, distribute, apply
and otherwise manage various types of sediment resources to balance development and
infrastructural operations with environmental concerns (Kondolf et al., 2014). As the tidal
prism rises to higher elevations via SLR, coastal resource managers and planners are
increasingly recognizing that more active, ambitious, creative, and long-term coordinated
efforts may be required to ensure that critical elevations of important landscapes and
ecosystems are established and persist in managed shorelines, and that excavated
sediment will have a role to play in this endeavor (Dusterhoff et al., 2021). Indeed,

excavated sediment resources represent a useful and versatile building material for
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constructing ecologically-based landform structures with the potential to aid the
adaptation and sustainability efforts of urban regions.

1.3.1 Excavated Sediment Dynamics in Developed Shorelines

Supply: Characteristics of Excavated Sediment

Soiland sediment resources extracted through excavation are ubiquitous and increasingly
common byproducts of the growth and wrban metabolism of cities. They constitute the
vast majority, by mass, of construction and demolition “wastes” generated by urban
development processes and projects [Hu et al., 2010; Kennedy et al., 2011). In shoreline
developments, these resources are often the in situ products of depositional
geomorphological processes that have accumulated and weathered alluvial and colluvial
material that can be relatively easily withdrawn from the ground, in contrast to
consolidated bedrock, for example. The sector of environmental contracting and its global
fleet of earthmoving machinery has largely developed as a direct result of the ubiquitous
and constant need for settlements and societies to physically shape the landscape
(Haycraft, 2000).

Surficial soils and sediment that is excavated in urban areas may contain legacy
contaminants as a function of prior industrial uses of the landscape--an important
material feature to consider where environmental applications may be the ultimate goal
of reuse (Katsumi, 2015; McClintock, 2015). This is especially true for reuse projects at the
shoreline because various contaminant may be mobilized by the effects of exposure to
waterbodies, and stringent regulations are therefore common in these zones and projects
(Bolan et al., 2014). Nonetheless, excavated sediment is a useful building material, and
one whose geotechnical and geochemical qualities predisposes it for certain applications
that other sediment managed and encountered in urban watersheds may not (Craul, 1992;
Hale et al., 2021). In fact, precisely because this material is generally classified as a waste
product, certain permitting and record-keeping processes are employed in places where
environmental concerns drive regulations. Excavated sediment can be seen as a resource
whose dynamics are shaped by the interplay of stocks and flows useful to consider (Myers
et al,, 2019).

Stocks - Sediment and its Excavation as a Function of Urban & Sustainable Development
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As cities develop and densify, the removal of earthen material from in-ground stocks is a
ubiquitous and increasing phenomena. This removal serves the construction of myriad
subsurface constructions collectively known as Urban Underground Space (UUS]
(Admiraal, 2006; Admiraal & Cornaro, 2018). Sediment is excavated from the ground to
accommodate the placement of foundations, parking garages, stormwater and
wastewater systems, various utility infrastructure utilities including multimodal
transportation tunnels and entire multifunctional municipal districts in some cases
(Vahaaho, 2016). Compact, dense urban design and construction practices inevitably
increase the proportion of UUS, which aligns with various sustainability goals but entails
complex planning issues, including the need to manage massive amounts of excavated
sediment, typically the greatest proportion, by far, of construction and demolition waste-
generating projects (Bobylev, 2009; Llatas, 2011; Magnusson et al., 2019; Villoria Saez &
Osmani, 2019).

Flows - Resource Ownership, Stewardship and Markets

Subsurface sediment is generally considered a substance that is owned by the purchaser
of property in the same sense as the surficial area of the site itself (Sprankling, 2008).
Upon being withdrawn from the in-ground stocks via excavation, sediment in urban
environments is almost invariably managed by environmental contractors who take
stewardship of the payload to transport it out of dense and developed districts due to a
lack of nearby sites for reuse or stockpiling. This sediment stewardship model creates
various economic opportunities for private-sector environmental contractors, who seek to
pay less to dispose of sediment than they were paid to haul it, effectively their profit
margin. Or, potentially, to be paid twice once to remove it as “cut” [material withdrawn]
from a site, and again to provide it as “fill" (material deposited) needed at another site (Cox
& Ireland, 2006). This, in turn, creates a situation in which the fleets of trucks used to
transport sediment have obvious incentives to dispose of their payload as quickly and
inexpensively as possible while being limited to doing so only at sites that able to receive
it, most often at solid waste landfills outside of cities and far from the source of excavation
(McDonald & Smithers 1998: Hao at al., 2007).

Flux - Interplay of Stocks and Flows

Our data demonstrate that while overall trends in the amounts of sediment documented
by grading permits may imply net production of cut or fill, (cut representing an influx into
the overall material flow of the study region; fill representing net imports to construction
sites) two aspects of their interplays are important to consider. First construction sites
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that are proximate to each other may trade excavated sediment between them. Material
is excavated, documented in the site’'s cut grading permit) and then directly redeposited
at another site, documented as fill in that site’s permits. In this way, these flows between
sites do not contribute to the accumulated end-of-life phase (or sink] of excavated
sediment, discussed below. Secondly, this means that balanced cut and fill or net-negative
cut does not imply a lack of excavation but, rather, that whatever the magnitude of that
material extraction, it can “cancel out” when balanced by commensurate demand for fill
in other construction processes unrelated to municipal landfill facilities. In this sense,
when similar rates of supply and demand for cut/fill on projects exist within a given study
area (i.e. when the states of flux are comparable] flows may be difficult to plot as individual
vectors, their dynamics creating a kind of internal homeostatic balance.

Sinks - The Sustainability and Adaptation Problem for Planners: Landfill or Landform?

While construction sites in need of fill do represent locations of final destination for
excavated sediment, solid waste landfills have traditionally been highly receptive of soils
and sediment resources, which are distributed as a layer of material called “daily cover”
to mitigate odors, windblown trash, and scavenging (Christensen et al., 1989]). These
facilities, many privately owned, charge a “tipping fee” for their receipt of sediment,
Aspects of landfill economics may engender resistance to resource recovery and recycling
programs that might divert uncontaminated soils from being permanently interred in
landfills, what some scholars have termed the “ultimate sink” (Ready & Ready, 1995; Tarr,
1996). And while dramatic improvements in recycling and diversion of various consumer
goods, products, and wastes have occured in recent decades, various characteristics of
sediment resources (including their aforementioned utility in landfill operations]
dramatically shape and constrain their flows through the urban metabolism of developed

regions (Peng, et al., 1997; Magnusson et al., 2015; Rosado et al., 2014).

Taken together, these material, urban, and economic dynamics sketch the contours of a
chaotic marketplace whose varied, complex, and inconsistent policy features define the
current standard of excavated sediment management: one in which characteristics of the
resource’s industrial ecology heavily incline towards the constant and ongoing landfilling
of excavated sediment in massive quantities. Environmental concerns triggered by rising
seas, and associated implications for sustainable development and adaptation efforts, are
presenting Iimperatives and opportunities for innovative resource management
approaches, illustrated by increasing demand for coastal protection landforms that will
form a central strategy of SLR adaptation work around the globe in the decades to come.
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As such, more coherent and consistent policies regarding if and how sediment resources
can, should or must be reused for various socioenvironmental benefits—ones that have not
been traditionally foregrounded as societal imperatives-may illuminate areas of potential
innovation and improvement for various efforts tied to sediment resources.

Emergent Demand of Adaptation Landforms: Ecotone & Horizontal Levees

Our study assesses the potential of excavated sediment to be used as a building material
for the construction of “ecotone” levees: landforms that employ a gradually sloping
seaward face that acts as a flood mitigating complex. The underlying principle of ecotone
levees is the mimicry of natural wetlands, whose extensive lateral dimension saps wave
and surge energy through attrition (Costanza et al., 2008]. In engineered applications,
these landforms can also restore wetland habitat, recycle and scrub treated effluent as
an irrigation supply, and create a subtle ramp up which wetlands may migrate in futures
characterized by higher waters [Cecchetti et al., 2020). In that sense, this constructed
landform represents a bridge between the upland and wetland biomes, an ecological
principle from which its name [ecotone] is derived. While still the subject of
experimentation, Ecotones have been incorporated into flood and climate adaptation
planning schemes (Holmes et al., 2022). The feasibility or rollout of these projects will
depend on the sourcing of sediment material to physically construct them.

Ecotone or Horizontal Levee with
Landward Seaward Face with 1:30 Maximum

Side i Slope

Traditional Levee

1m Sm 10m

Figure 2. The notable feature of the ecotone levee (light grey wedge, above] is its extensive seaward face, which is
prominently horizontally extended (relative to the steep face of traditional levees, shown in dark grey) and which creates
its flood-protection benefits, but also delineates a considerable three-dimensional volume when extruded in space along
a shoreline reach: illustrating the material demands involved in construction of Ecotone Levees at scale. It should be
noted that ecotone levees may be constructed with more subtle slopes - and, therefore, possess larger cross-sectional
areas - that would translate into larger volume demands. Illustration by Nate Kauffman.

A particular type of ecotone levee being pioneered in the case study region (described in
the following section) is called a horizontal levee. lts basic landform is identical to the
ecotone [(illustrated in Figure 2, above) but which incorporates a wastewater-treatment
seepage slope that involves irrigating vegetation on its seaward (horizontal] face
(Cecchetti, 2022). This vegetation sequesters compounds and metabolizes nutrients that
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are problematic when discharged directly into the receiving waters of the adjacent
estuary, as typically occurs currently. Wastewater treatment plants are municipal
infrastructural assets that face major impacts as a function of SLR, as they are often being
sited at extremely low elevations to take advantage of gravity-aided collection of storm-
and wastewaters (Heberger et al., 2011; Hummel, 2018). As such, major interest in
relieving or avoiding costs involved in replacing or retrofitting the traditional infrastructure
used for treatment, pumping and discharging has come into focus as a regional priority,
one potentially possible using the green infrastructure of horizontal levees.

In the context of planning adaptation measures that employ large-scale restoration and
adaptation strategies that utilize landforms like ecotone and horizontal levees, shortfalls
in coastal sediment supply are problematic. The sheer size of these levees as constructed
earthworks is considerable and, as they work as an adaptation network in the landscape
along extensive reaches of shoreline, the understanding of sourcing, allocating,
transporting and applying sediment material is crucial. How are planners working at the
intersection of flood protection and restoration ecology approaching the systematic study
of anthropogenic sediment dynamics that are linked to landform construction? What tools
and insights might aid their work and potentially open new avenues for innovation and

improvements in efficiency and sustainability?

Our study examines a region grappling with these questions and issues, and the
implications of a natural sediment supply shortfall, even as it plans extensive restoration
work. We examine the system of excavated sediment flows within a case study on a
systematic level and demonstrate a set of methods for estimating the quantities of
sediment in various states within that system. Underpinning the work are central
questions about the nature of excavated sediment in a developed shoreline region that
may increasingly rely on it as a resource. What is the magnitude of the material involved,
and how does it move through, or operate within, urban and industrial systems? By
examining these questions and employing methods for surveying, modeling, and
forecasting material flows, we illustrate the potential of excavated sediment that typically
has been landfilled, for reuse in coastal adaptation to sea level rise.

1.4 Case Study Geographic Context

SF Bay Metropolitan Region
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Assessing the potential of excavated sediment as a resource which might be optimized for
landform construction as a component of a regional SLR adaptation strategy is grounded
in estimating the yreld of this material over time: an amount generated as a function of
development projects that entail excavation processes. To explore this potential, we
present a case study framing the management of this material, and investigate whether
an alternative reuse strategy could be feasible or meaningful in accomplishing local
benefits and regional goals. Accordingly, this study involves examining trends in known
data related to recent excavated sediment yields and a plausible, causal relationship to
known patterns and processes of urban development, namely population.

The San Francisco Bay Area of Northern California encompasses the largest deltaic
estuary complex in the Americas, whose extensive watershed encompasses an enormous
diversity of land uses, settlements, and physiographic regions straddling the state. The
broader metropolitan agglomeration of the most-developed heart of the watershed is
centered around San Francisco’'s namesake Bay (Bay Area), formally composed of 9
counties. Development of the Bay Area in the 19" and 20* century substantially depleted
many of the region’s ecological complexes, none more important to expected SLR impacts
than the region’s tidal wetlands and their associated ecological complexes including
seaward mudflats and shoreward uplands, a landscape band regionally known as the
Baylands (Goals Report, 2015). As a function of upstream development projects and
dwindling natural sediment supplies flowing to the Bay, large-scale wetland restoration
based on connecting Baylands to sediment supplies has come into focus as a regional
adaptation priority (Brew &, Williams, 2010; Schoellhamer et al., 2013).

In recent years, the Bay Area has experienced impacts from wildfires spurred by a
megadrought, upland flooding associated with atmospheric river events, exacerbation of
urban heat island effects, biodiversity declines and increases in coastal erosion, tidal
flooding and the rise of groundwater associated with SLR (Moser & Eckstrom, 2012;
Swain, 2021; Cloern et al., 2011). These dynamics clearly illustrate the Bay Area finds itself
grappling with numerous climate change-related challenges expected to intensify in the
21°t century, even as its population and urban environment is expected to grow
considerably. The siting of urban development in low-lying areas formerly occupied by the
Baylands is a common condition of the Bay Area’s urbanized tracts and their various

infrastructural assets-and one with troubling implications in the climate change era.
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Recent work to evaluate the capacity of the broader SF Bay watershed to link adaptation
and restoration work has seized on the concept of Operational Landscape Units (OLUs) as
an approach to identify landscape types of paired hydrologic and ecologic features as
spatially-distinct units in places where development patterns have significantly altered
biogeophysical processes (Verhoeven et al., 2008). OLUs may be understood as spatial
components helpful in analyzing and planning resource management and development of
SF Bay's shoreline and have been broadly adopted as a useful framework by the
restoration and adaptation circles for this purpose (SFEI & SPUR, 2019).

A shoreline inventory of OLUs identified within San Mateo County forms the basis of our
assessment of one county’s ability to construct horizontal levees (SFEI, 2021). The
assessment of the use five OLUs entirely or mostly within the county bounds the determine
the potential of various possibilities linked to landform and landscape processes near the
shoreline, and their interactions with the built environment. Of particular interest for our
study are the linear miles of horizontal levee building opportunities. These reaches of the
shoreline are essentially those in which ecotones might be constructed within
approximately 2 miles of wastewater treatment plants, thus making possible the
incorporation of the horizontal levee's seepage slope features and function.

Significantly, OLUs are not delineated based on municipal boundaries except when they
relate to geographic features that the OLU employs in its classification logic. How might
the SLR challenges faced by the region and the opportunities for horizontal levee
construction play out on a local level with respect to sediment resources? We examine
this question on the scale of a county grappling with significant SLR exposure, and
examine aspects of its growth and development that may offer insights into its adaptative
capacity (Adger et al., 2009).
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Figures 2 & 3: A context map (above, left) showing the counties of the SF Bay Area and including their offshore extents.
The Area of Detail is expanded (above, right) to show the County of San Mateo in greater detail, and the positions of its
Ox Mtn Landfill facility and the City of San Mateo (outlined in black). The white lines correspond to Operational Landscape
Units of San Mateo County, and the horizontal levee building opportunities identified within them: a) Yosemite-Visitacion,
0 miles; b) Colma-San Bruno: 2.2 miles; c) San Mateo, 0.7 miles: d) Belmont-Redwood, 3.3 miles; and e} San
Francisquito, 4.2 miles. There are 10.4 miles of horizontal levee opportunity identified within OLUs that exist entirely or
partially within San Mateo County’s bounds. Note that OLUs incorporate offshore tracts as part of their geographic logic,
as they are applied for study of Bayshore areas and processes. Images by Nate Kauffman.

1.4.1 Case Study Area:

San Mateo County

San Mateo County (SMCJ straddles a large peninsula that includes both coastal exposure
to the Pacific Ocean and a considerable stretch of shoreline frontage on the Bay itself,
where the majority of SMC’s population in centered. SMC is home to twenty incorporated
cities and includes prominent regional assets including the multibillion-dollar San
Francisco International Airport (SFO) and two highway bridge landings. SMC's population
as of the 2020 Census was listed as 764,442; making it the 15" most populous of
California’s fifty-eight counties. It is part of the region’s globally renown technology hub,
a considerable concentration of jobs and private-sector investment. Partially a function of
necessity given its extensive shoreline, SMC is recognized as a regional leader in
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environmental restoration and adaptation efforts aimed at addressing expected climate
change impacts. SMC is notable also for its recent efforts to restore degraded and
subsided wetlands by raising their elevational profiles to inter-tidal levels through the
active placement of enormous quantities of sediment. The 1,400-acre restoration of Inner
Bair Island, a project initiated by the US Department of Fish and Game and San Francisco
Bay's Wildlife Society, involved the importation and placement of hundreds of thousands
of cubic yards of fill including large volumes of excavated upland sediment to raise marsh
elevations into the intertidal zone (Duke et al., 2004). Plans for protecting SFO and ongoing
levee improvement and construction projects also involve the placement of fill sediments

to build flood-mitigating landforms.

2. Methods

Our central hypothesis is that population growth and increasing density drive development
processes that yield sediment resources as a byproduct. To test this hypothesis, we first
investigate the relationship between an example city’'s population and the number of
building permits issued in development projects. Then we examine the share of these
permits that are related to known excavation processes and permitting. Next, to assess
the potential for excavated sediment flows to be used for the development of landform-
based adaptation strategies including the construction of horizontal levees in the San
Mateo County region, we present a characterization and analysis of sediment material
flows of interest within our case study.

We use permits and records of the stocks and flows of excavated sediment, and describe
how the recorded sources, sinks and flows of sediment and the hidden, unrecorded flows
are represented in the overall material ecology. We employ methods of analyzing material
flows to test these known flows against our central hypothesis that increasing population
drives sediment excavation in an urban region. The City of San Mateo is used as a proxy
for other smaller cities and towns in the case study area. Using this proxy and
extrapolating based on population change leads to an estimate of sediment yields
associated with the County as a whole. Subtracting known flows from the volume of the
primary sink allows us to estimate hidden flows in the County. Finally, we consider the
potential of only the modeled flows, which we have estimated based on the recorded flows,
to aid in the construction of horizontal levees. Hidden flows are not used for this
comparison of urban sediment supply and the coastal adaptation demand.
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2.1 System Description

Material Flow Schema: System Description and Components of Importance

Developing an understanding of the socioenvironmental system governing the uses of
excavated sediment involves several methodological approaches. Material Flow Analyses
(MFA] are a suite of mixed-method approaches for illustrating how movements and
interactions of matter, energy and wastes are related, often for considering development
patterns and processes for provisioning goods and services to society. As is typical of many
MFA, our study employed literature review of similar studies and material management
processes; Iincluding the reuse of excavated soil and its relationship to development
projects (For example, see Hale et al., 2021; Hu et al., 2010; Magnusson et al., 2015 in
combination with a process of logically testing and iteratively developing the components
(stocks and flows) of the study and how they are articulated inside the system (Baccini &
Brunner, 2012). Consultation with municipal offices, whose furnished data was used
directly and indirectly in our quantitative analysis phase, and interviews with industry
experts was also conducted to ensure the theoretical logic, and descriptive plausibility of
the constructed MFA schema, and certain estimations that informed modeling (section
2.3).

ON-SITE REUSE

IN-GROUND
STOCKS
“Source”

EXPORTED
STOCKS

LANDFILL
“Sink”

IMPORTED _
STOCKS
— i

STOCKPILEDor | ILLICIT
TORED

"Hslb Ol o i DUMPING

ernating OFF-SITE REUSE

“Sink”

Restoration ~ Construction

DISPERSED to
ENVIRONMENT

a. On-site Reuse g. On-site Reuse to Environment m. Stockpile Exported from System

b. In-Ground Stock Exported from System h. lllicit Dump to Environment n. Stockpile to lllicit Dumping

c. In-Ground Stock to Landfill i. Off-site Reuse to Landfill 0. Transported through System

d. In-Ground Stock to lllicit Dumping - Off-site Reuse to Environment p. Imported to Landfill

e. In-Ground Stock to Off-site Reuse k. Stockpile to Off-site Reuse q. Imported to lllicit Dumping

f. In-Ground Stock to Stockpile |. Stockpile to Landfill r. Imported to Stockpile

Figure 4: Material Flow Analysis Schema: The figure above represents an analytical tool common in studying the
industrial ecology of various resources, substances and products: a conceptual Material Flow Analysis schematic
‘wireframe’. The dashed line around the inner white rectangle represents an idealized system boundary corresponding
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to San Mateo County; and the boxes within it therefor correspond to features contained therein. Dotted lines show flows
that are secondary, and imply that material being moved has already been moved at least once before. The key at the
bottom of the image describes flows connecting stocks. Image by Nate Kauffman.

System Features & Analysis: Stocks, Flows, Sources, Sinks and their Characterizations
MFAs necessarily simplify complex sets of elements and dynamics to convey approaches
to illustrate central features of a system and the relationships between them, as is typical
of conceptual frameworks applied in many fields (Paré et al., 2015). Especially when
attempting to describe complex socioecological systems, MFA confront limitations
prominently including the notion of system boundaries, which are simultaneously needed
to scope a process of interest, and are generally also imperfect (Bartrola et al., 2001).
Insofar as we rely upon data that is gathered by municipal and regional actors (as opposed
to directly observing and measuring excavation in a study area), we have idealized San
Mateo County as our system of interest, essentially as a spatially-discrete administrative
unit charged with certain data collection practices within its bounds, while recognizing
that boundaries are complex, porous and “fuzzy” with respect to the actual movement of
material. These are illustrated as various flows that excavated sediment may take in and
through the study area. Flows originate at a source from which they emanate, movements
that can be idealized and pictured as general system behaviors or specific events or known
trends during a given window of time.

Material at rest at some given location for some period exist as stocks. Stocks may
represent a resource pool that is untapped (previously undisturbed in-ground sediment];
sediment that has been relocated as a component of another project or process (as in the
case of the Bair Island project, fill material used at a construction site, or as daily cover in
landfills); and/or material that has been temporarily stockpiled for future reuse or
movement. Because of their systematic nature, MFA often employ secondary analytical
techniques to examine and emphasize particular material stocks, flows and/or system
components in greater detail. Our study aims to do so by considering the interplay between
two system components-certain flows and an end-of life stock called a s/ink-related to
known data tracking processes that describe some aspects of the metabolism of
excavated soils and the flows of excavated sediment and stocks of landfilled sediment

occurring and existing within San Mateo County over a decade.

Hidden Flows
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Stocks and flows of non-valuable, waste material on a large scale and in complex
socioecological systems are often difficult to observe directly and, thus, rigorously track.
Some authors have described flows as “hidden” in cases where they do not effectively
“enter” the economy as commodified products or are understood as having little economic
value, notably including excavated soils (Aoki-Suzuki et al., 2012; Matthews, 2000). While
disagreement might exist over whether or not excavated sediment effectively do, in fact,
enter the economy, the underlying notion is that hidden flows exist, especially regarding
certain classes of materials. The conceptual and practical implication of hidden flows is
that studies attempting to grapple with these materials will likely encounter incomplete
and otherwise problematic records and data-tracking procedures for analysis. In that
respect, hidden flows might be characterized as unknown from an analytical standpoint,
but only insofar as they may not be directly measured. That is, the existence and
systematic behavior or articulation of hidden flows might be known while their magnitude
Is not. We use the term hidden for this reason: our MFA recognizes them as being at play,
while our methods attempt to quantify their gross magnitude, in part by tallying those that
are not hidden.

Assessing these known and unknown sources and sinks-and the known, estimated, and
inferred flows that connect them systematically-is useful for developing insights about
the status of materials; specifically where they are positioned or concentrated in a system,
or how various activities in the urban and industrial processes at play relate to materials
of interest (Rosado et al.,, 2014). In our case study, examination of available data is
necessary to develop an estimate of material quantities that could influence future policies
and regulations that would support excavated sediment reuse in constructed adaptation
landforms. This would require the re-routing of existing flows to novel sinks in a future

shoreline with ecotone levees that reduce the impacts of sea level rise.

2.2 Data Collection & Analysis

Overview, Timeframe, Uncertainty

Our study gathered data related to the 10-year period between 2010 and 2019 to capture
recent trends, while avoiding significantly poorer-quality datasets prior to this period. It
omits the unique events of the 2008-09 recession and COVID-19 outbreak. Quantifying the
amount of sediment excavated in our case study area within this time period is
complicated by several issues. Fist, excavation is not directly observed and recorded by
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any office. Rather, norms and requlations based on self-reporting expectations and official
receipt of documentation and permits defines the culture of practice associated with
excavated sediment management. This documentation, in the form of permits and
records, is not centrally documented and must be gathered from a variety of county,
municipal and private offices. Then the data can be examined and compared to other data,
such as population, to assemble an indirect impression of the material flows of interest.
Second, not all excavation projects require permitting, as is the case with projects
occurring in the public right of way and/or those performed by municipal service providers
(for infrastructure, utilities, transport, etc.). In fact, in general, the excavation of earthen
material is recorded if and when it exceeds some given amount on a given project. A
minimum threshold is used to trigger certain permitting requirements. In San Mateo
County, this amount is often designated as 50 cubic yards of “soil disturbance.” Excavation
projects below this threshold or those that do not comply with reporting procedures (see
flow vectors @, n, and gin Figure 5) effectively escape cataloging altogether and therefor
represent a hidden flow of unknown magnitude within the system, producing an
underestimate when assessments are based on documented records.

A third set of complications arises as a function of variations in tracking, permitting and
reporting procedures, including the heterogeneity of data types; the related variations in
standards (procedures for data generation, collection, and archiving followed or enforced
by local government entities), adherence [the degree to which said standards or
requirements are observed by private sector actors], and the management and
accessibility of data (if and how records are constructed, curated and shared). Incomplete,
heterogenous, varied, fragmented and inaccessible information is a constant and common
challenge for studying material flows in complex socioenvironmental contexts (Schwab et
al., 2017), particularly when the flow represents a material considered a waste rather than

a resource.

Accordingly, our study represents a coarse-resolution estimate of the material flows of
interest, serving as both an initial evaluation of material yields and dynamics and as a
starting point for future research. Since the ultimate aim of this study is to advance
knowledge for planners and resource managers about how existing material flows and
the regimes that track data related to these processes may change to advance adaptation
outcomes, we apply the methods developed in this section to a forecasting approach that
attempts to recognize uncertainty and sensitivity related to the supply of sediment. To
examine these sensitivities, we close with a study of how the amount of sediment that
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would be of sufficient quality within these urban flows may vary, using estimates from
previous studies. We also consider the sensitivity of the demand for sediment, using the
potential height of ecotone levees to represent a range of different goals for adaptation.
These considerations are presented in the results and discussion sections.
2.2.1 Acquisition, Processing & Composition of Data

Acquisition: Sources and Collection of Datasets

Available data were gathered from permitting processes and records tracked and
collected by public offices. In all cases, the data used in our study was obtained through
research to determine which offices held what data records (sourcing] establishing lines
of communication with the offices to describe and parameterize our experimental design
and data request (collection]. This data was then screened to standardize and streamline
datasets by eliminating duplicates and any other evident recording errors. In all instances,
data were provided electronically as spreadsheets and accompanying documents related
to permitting processes, etc. and consultation with office representatives provided insight
and context for interpretation of data. The information we used in our modeling involved
comparing and combining data provided by offices operating at various levels of

government.

SYSTEM FEATURE

DATA FEATURE

Flows

Flows

Stocks (end-of-life)

Data Scale & Agent

County-wide

San Mateo County
unincorporated areas
(SMC)

City-wide
City of San Mateo
(csm)

State-Wide
Ox Mountain Landfill
(Ox Mtn)

Data Source(s)

San Mateo County
(“SMC”) Department of
Building and Planning

City of San Mateo
(“CSM”) Dept. Public
Works

Department of
Resources, Recycling &
Recovery “CalRecycle”;
California Environmental
Protection Agency

Data Element

Grading Permits (as
component of Building
Permits issued)

Waste Recycling Permits
(REC); Stormwater
Permits (STOPPP);
Building Permits

Daily Cover Records

Data Attribute(s) Used

Permit #, Date Issued;
Number of permits;
Volume of “cut”
produced from sitework
(Cubic yards)

Permit #, Date Issued;
Number of permits; Mass
(Waste recycling -- direct)
and volume (STOPPP --
estimated)

Quarterly Reports of
mass received (tonnage)
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Table 1. Data collected from various sources within the Case Study Area were analyzed and combined to estimate flows
of excavated sediment from known sources within the County to the Ox Mountain landfill facility (tracked by the state of
California) during the study period.

Data from nested jurisdictions

City-Level Data: City of San Mateo ['CSM")

Construction and Demolition Waste (CDW) Recycling Plans are (officially) required for new
residential construction and demolition projects in the City of San Mateo, which is
overseen by the Recycling division of the Public Works department (RecycleWorks]. Waste
Recycling Permits (RECs] track, among other things, the mass (in tons) and percentage
(of total waste masses) of CDW identified and tracked as “Inert” materials consisting of
soil and rubblized concrete. Stormwater Pollution Prevention Permits (STOPPPs] are also
collected by CSM. These records reflect the incidence of projects that trigger permitting
based on water quality regulations, and in which a “soil disturbance” exceeding 20 cubic
yards occurs.

County-Level Data: Unincorporated San Mateo County ['SMC"/

The County of San Mateo’s Planning and Building department issues grading permits for
construction projects related to private property development in unincorporated areas of
the county in which 50 cubic yards or more soil is “disturbed”. These permits record the
cut/fill quantities of soil in cubic yards, thus reflecting which projects export sediment off-
site, and in what quantities.. We examined only the “cut” component of these projects -
those that become a known source contributing to material flows. Thus our SMC fill
numbers are not incorporated into the model, though we do consider the implications of
this logic in the Discussion section.

State-Level Data: CalRecycle & Ox Mountain Landfill [ "Ox Mtn "/
The Corinda Los Trancos Landfill, referred to as Ox Mountain, is SMCs only operational
solid waste landfill. While privately owned and operated, a division within California’s
Environmental Protection Agency (CalRecycle) requires reporting on all landfills in the
state, specifically related to their receipt of waste masses [recorded in tons). One of the
material classifications tracked is the amount of soil received; this material is used by
landfills as daily cover (see section 1.3.1).

2.3 Analyses and Modeling
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Assumptions, Integration, and Use of the City of San Mateo as a Proxy

The underlying hypothesis of our study, that increases in population are an important
driver of increases in the quantity of excavated urban sediment, is rooted in the
observation that while development and construction projects are shaped by zoning and
other land use regulations, they are driven by housing and commercial projects
constructed by the private sector within the fixed boundaries of a given county. These
private sector-led developments in the San Francisco Bay region are associated with the
region’s increasing population density, particularly in cities and counties on the Bay.
Regional public sector initiatives within the study area guide local planning processes.
These planning processes incentivize private-sector development projects in dense urban
cores clustered around key transportation corridors, so-called Transit Oriented
Development (TOD]. New construction that increases urban residential, retail and
commercial density requires excavation of foundations and underground spaces that
produce sediment as a byproduct. We tested this hypothesis for San Mateo County by
comparing population changes with sediment yields for the City of San Mateo during our
study period.

Our model adds the sum of three known and estimated sources of sediment [yields in
tons) and compares this number to a known s/nk (tons received at the Ox Mtn Landfill).
First, we represented known and estimated yields of excavated sediment from the City of
San Mateo [CSM] using the recorded number of building permits that involve sediment
excavation. Building permits are associated with a secondary permit triggered in certain
situations where earthwork, the hauling of soils/sediment, and/or impacts on stormwater
as a function of grading occurs. The proportion of these secondary permits as a

percentage of total building permits remained remarkably stable over the study period
(12,12,12, 11,13, 12,12, 13, 11, and 6%, respectively).

Then, we used these numbers from the City of San Mateo as a proxy for calculating other
unknown yields from the other incorporated cities in San Mateo County (CsSM]. We used
a per capita scaling number based on records in the City of San Mateo to estimate total
building and secondary permit numbers using the population of incorporated cities in
CsSM as our base, in all years of the study. The rationale for using CSM as a useful proxy
for comparison to CsSM is based on several observations. CSM represents 14% of the
county’s overall population (a proportion that has remained stable over the decade of our
study) making it a useful sample in and of itself. It is ranked 6™ in the county in terms of
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its density with respect to other 19 incorporated cities and 9" in comparison with all 33
cities including those that are unincorporated. Therefore, we assume that the percentage
of building permits that involve sediment excavation in all San Mateo cities (CsSM] will be
comparable to that percentage of building permits in the City of San Mateo (CSM). Having
an estimate of the number of permits that include sediment excavation allows us to
estimate total sediment yield for all the incorporated cities of San Mateo County.

There are important differences in the data recorded at each nested jurisdictional scale.
County-level data included information about cut and fill operations explicitly referring to
earthwork-in other words, these permits track only excavated sediment. By contrast, the
City of San Mateo includes rubblized concrete in its sediment export records. Based on
their analyst’s best estimate, we accepted a 4:1 ratio of sediment to rubblized concrete
for the City of San Mateo's permit records. This number corresponded closely with landfill
managers’ estimates of 75-80% sediment and 20% rubblized concrete as a proportion of
their daily cover. For our estimates of sediment yield from cities in San Mateo County and
our estimates of sediment included in daily cover at the landfill, we used an 80%
proportion to estimate the mass of sediment (minus concrete rubble] flowing out of the
City of San Mateo and into the Ox Mountain Landfill.

Data Modeling
We built a simple material flow model to represent these data and the various assumption
we applied. Our assumptions are listed below, along with a description of the data used

estimate the volume of each model component:

Population and building permits

a. As population rises over the study period, so do the number of building permits

that track development and construction.

The data on population and building permits reveal a positive correlation between building
permits and population in our city-scale case study, the City of San Mateo (CSM). We
calculated the annual rate of change in population and in the number of building permits
year-over-year. We also calculated the average rate of growth for each variable.

127



b. Within a known sample [CSM] and over the study period, a relatively stable
proportion of building permits include secondary permits associated with

excavation.

i. One set of these, waste recycling permits (RECs] directly measures excavated

sediment tons as a flow.

RECs track Construction and Demolition Waste (CDW) mass totals in tons; and we apply

an assumption that 80% of this is soil/sediment as opposed to rubblized concrete.

CSM REC tonnage, year a = (Total known mass in year a) X (0.8)

I The second set of these, stormwater pollution prevention permits
(STOPPPs] do not directly track tonnage, but an average [(per permit] is

estimated.

Based on our interviews with experts from the City and County of San Mateo surveyed for
this project, we assume that STOPPP permits yield an average of 50 tons of sediment per
permit. Multiplying the number of STOPPP permits by this amount yields an estimate of
the total mass of excavated sediment tracked by STOPPPs.

CSM STOPPP total tonnage, year a= (n2STOPPP in year a) x (50)

c. We used the number of RECs and STOPPPs in the City of San Mateo to estimate
their respective percentages as a share of building permits in each year of the

study period and as averages.

Using City of San Mateo data, we divided the total number of STOPPPs by the number of
building permits in a given year, and divided the total number of RECs by the number of

building permits in a given year.

. s . n secondary permits in year a
Percentage secondary permits of total building permits year a = ( e ypEI Y )(100)
n building permits in year a

d. The City of San Mateo is a reasonable proxy for the other cities of San Mateo
County because it likely has similar distributions of building permits per capita.
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The City of San Mateo represents 14% of the county’s overall population, and as its
population has grown that percentage has remained stable over the decade of our study.
It is ranked 6™ in the county in density with respect to 19 other incorporated cities; and 9t
in comparison with all 33 cities including those that are unincorporated. The same
regional and county-level planning processes and incentives that encourage dense
transit-oriented development are in place across all of these communities.

[l Extrapolation of building permit numbers based on population

e. Since population is correlated with the total number of building permits, as we
have observed in section l.a. above, then the number of total building permits in
the cities of San Mateo County can be estimated using our previous estimates of
sediment yield per permit, number of building permits per capita [both from the
City of San Mateo), and the population of these other small cities.

Population totals for the other cities of San Mateo County (CsSM] are calculated by
subtracting the sum of the populations of unincorporated San Mateo County and the City
of San Mateo from the total County population for each year of the study. By dividing the
number of building permits in the City of San Mateo by its population in a given year, we
produce a coefficient that we then multiply by the population of the other small cities of
the County [CsSM] for that same year. The process is repeated for all years.

n population Total County in year a - ((n population SMC in year a) + (n population CSM in year a))

= n population CsSM in year a
and

(n building permits CSM in year a) __

ka
(n population CSM in year a)

therefore

(k%) x (npopulation CsSM in year a) = n building permits CsSM in year a

. The total number of secondary — STOPPP and REC - permits can be estimated

for CsSM using their typical percentages of total building permits for a given area
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las observed in CSMJ. An average volume for these permits (on a volume per-
permit basis] based on CSM permit volumes can be applied and converted to
tonnages. These can be tallied on an annual basis.

Multiplying CsSM'’s estimated building permit totals in a given year by the percentages
calculated in the proxy case yields an estimate of the number of secondary permits
(STOPPPs and RECs, respectively). Multiplying these respective totals by the proxy
tonnage-per-permit values produces a tonnage estimate. The process is repeated for all
years.

For RECs:

n RECs CSM inyear a
n building permits CSM in year a

[(n building permits CsSM in year a) X ( )(100)] X 41 = RECs total tons CsSM in year a

and

For STOPPPs:

n STOPPPs CSM in year a
n building permits CSM in year a
year 4

[(n building permits CsSM in year a) X ( )(100)] X 50 = STOPPPs total tons CsSM in

therefore

Total CsSM flows in year a = (RECs total tons CsSM in year a) + (STOPPPs total tons CsSM in year a)

g. The sum of these annual sediment yields from the City of San Mateo and the
other cities of San Mateo County [CSM and CsSM) can be added to known flows
from unincorporated San Mateo County (SMC] to represent total annual flows
estimated from recorded sources [not including hidden flows).

We combined the tons of sediment yield per year that we estimated for the City of San
Mateo (CSM) and the other cities of San Mateo County (CsSMJ, and added them to the
recorded tons of sediment vyield from unincorporated San Mateo County (SMC]J.
Conveniently, soil and sediment volumes recorded as cubic yards are analogous to mass
tonnage (both in terms of the recording standards in our case study and as an industry
standard broadly): whereby one cubic yard is assumed to be equivalent to one (US or
“short”) ton: 2,000 lbs. Total flows may be estimated as tons for any given year, span or
range within the study period.

Total modeled flows in year a =
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(total CsSM flows in year a + total CSM flows in year a + total SMC Flows in year a)

1. Comparison of our modeled sediment flows to actual tons of sediment arriving
at the landfill [sink]

h. Subtracting our total modeled sediment flows from the recorded sink totals at the
Ox Mountain landfill estimates the magnitude of total hidden flows into the landfill
for a given year, which we can use to estimate the volume of those hidden flows

produced within our study period.

The tons of material received by the Ox Mountain landfill were recorded in each year of
our study period. We applied an 80% filter because expert estimates noted that about 20%
of the total sediment inflow is concrete composition by mass. This percentage, estimated
by Ox Mountain staff, is the same as the percentage estimated by staff in the City of San
Mateo with regard to REC permits. We subtracted the sum of all known and estimated
sediment flows sums (from SMC, CMS and CsSM) from 80% of the total material received
by the landfill.

Total hidden flows year a = Ox Mtn total sediment sink in year a - total modeled flows in year a

V. Estimation of the demand for sediment required for adaptation landforms on

the San Mateo shoreline

1. The total magnitude and annual yield of these excavated urban sediment flows
can be compared to the need for excavated sediment required in the construction
horizontal levees that have been proposed in the region. This will allow an
assessment of whether excavated sediment flows can make a meaningful
contribution to coastal adaptation using horizontal levee, a strategy which is
currently imited by the lack of sediment avarlability.

To assess the comparative magnitudes of modeled flows and the emergent demand for
sediment that would support horizontal levee construction, we take the length of shoreline
that is suitable for horizontal levees from existing literature (SFEI & SPUR, 2019), and
calculate the volume of ecotones that have three different cross-sectional areas as a

function of their crest heights: Tm, 1.5m, and 2m respectively. All incorporate a 1:30
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seaward slope. Using the cross-sectional areas of these profiles, we calculated volumetric
extrusions for mile-long reaches; and used these volumes to estimate sediment demand

in tons. Our findings are discussed in the following section.

60m Horizontal levee cross-section area: 60 m?
’" 60m Horizontal levee volume / mile: 96,560 m3

Levee Crest Height =2m

45m Horizontal levee cross-section area: 33.75 m?2
’" 45m Horizontal levee volume / mile: 54,315 m?3

Levee Crest Height =1.5m

30m Horizontal levee cross-section area: 15m?
’” 30m Horizontal levee volume / mile: 24,140 m3

Levee Crest Height = 1m

1m Sm 10m 30m

45m

60m

Figure 5: The sketches above represent the cross-sectional areas (in light grey) of three ecotone profiles with slopes

of 30:1 that are constructed on the seaward face of traditional levees (dark grey) that have face slopes of 2:1. The

ecotone width is measured from the toe of the existing levee.

3. Results

Our analytical findings demonstrate several relevant trends and relationships in the data,
material and system of interest. In this section, we discuss the results of the modeling

efforts and frame several important outcomes and prominent insights from the work.

a. As population rises over the study period, so does the number of building permits

that track development and construction:

Correlation
Year 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 | Coefficient
zgfﬂ“:it)'on 97,207 | 95957 | 97,322 | 98,601 | 100,114 | 101,335 | 102,224 | 103,500 | 104,035 | 104,333
Building 0.90
\ 1696 | 1816 | 1,936 | 2218 | 2310 | 2834 | 2788 2700 2590 | 2729
permits
CSM (n)

Table 2. A strong positive correlation (0.0900) exists between the growth rates of population and building permits issued

in the City of San Mateo.
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Population and Building Permits: CSM

2010 2011 2012 2013 2014 2015 2016 2017 2018 2019
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Figure 6: The overall trends in growth of population and number of building permits. Over the study period, the average
annual growth rate increase was 1%. The average number of building permits issued grew by 6% per year.

b. Within a known sample [City of San Mateo), a relatively stable proportion of building
permits over the study period include secondary permits associated with sediment
excavation.

2010 | 2011 | 2012 | 2013 | 2014 | 2015 | 2016 | 2017 | 2018 | 2019 | Average

Building
permits
total (n) 1,696 | 1,816 | 1,936 | 2,218 | 2,310 | 2,834 | 2,788 | 2,700 | 2,590 | 2,729 | 2,362
REC
permits
total (n) 49 58 49 45 48 48 56 61 65 47 53
Percentage
REC of
building
permits 3% 3% 3% 2% 2% 2% 2% 2% 3% 2% 2.29%
STOPPP
permits
total (n) 161 164 191 188 257 283 289 297 232 106 217
Percentage
STOPPP of
building
permits 9% 9% 10% 8% 11% 10% 10% 11% 9% 4% 9.22%
Total
percentage
REC +
STOPPP 12% 12% 12% 11% 13% 12% 12% 13% 11% 6% 11.51%
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Table 3. Percentages of REC and STOPPP permits as a proportion of total building permits, by year and total averages,
in the City of San Mateo.

c. Using RECs and STOPPPs permits, we estimated an average sediment yield per

permit within the City of San Mateo during our study period.

2010 | 2011 | 2012 | 2013 | 2014 | 2015 | 2016 | 2017 | 2018 | 2019 | Average
REC permits
total (n) 49 58 49 45 48 48 56 61 65 47 53
REC total
tonnage* 1,178 | 6,040 | 2,009 | 3,476 | 1,127 | 3,784 771 1,396 | 604 715 2,110
STOPPP permits
total (n) 161 164 191 188 257 283 289 297 232 106 217
STOPPP total
tonnaget 8,050 | 8,200 | 9,550 | 9,400 | 12,850 | 14,150 | 14,450 | 14,850 | 11600 | 5,300 10,840
Average total
tonnage
(REC+STOPPP) 9228 | 14240 | 11559 | 12876 | 13977 | 17934 | 15221 16246 | 12204 | 6015 9,228

Table 4. Using known secondary permit totals for City of San Mateo, tonnages are calculated as averages, annual and
overall totals. RECs are waste recycling permits. STOPPPs are stormwater pollution prevention permits.

*REC totals are calculated as 80% proportion of totals recorded to eliminate concrete constituency.

1t STOPPP totals are estimated based on an average 50ton/permit assumption.

d. The City of San Mateo [CSM] is logical for use as a proxy for the other cities of

SMC because it resembles the typical urban form of the conglomeration of cities

forming the county’s population center.

Population | Population %
City 2010 2020 Growth
San Mateo 97,207 105,806 9%
Daly City 101,123 105,024 4%
Redwood City 76,815 84,476 10%
South San Francisco 63,632 66,184 4%
San Bruno 41,114 43,947 7%
Pacifica 37,234 38,674 4%
Foster City 30,567 33,841 11%
Menlo Park 32,026 33,830 6%
Burlingame 28,806 31,416 9%
San Carlos 28,406 30,748 8%
East Palo Alto 28,155 30,139 7%
Belmont 25,835 28,361 10%
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Millbrae 21,532 23,227 8%
Half Moon Bay 11,324 11,814 1%
Hillsborough 10,825 11,393 5%
Atherton 6,914 7,194 1%
Woodside 5,287 5,313 0%
Brisbane 4,282 4,858 13%
Portola Valley 4,353 4,457 2%
Colma 1,792 1,510 -16%

Table 5. Populations of San Mateo County’s incorporated cities in 2010 and 2020 and their growth rates. Source: US
Census

Pacifica '

Figure 7 . The location of San Mateo County’s incorporated cities. Notice their clustering along the eastern side of the
peninsula and Bayshore.

e. Since we have observed a correlation in population and the number of building
permits, we estimated the number of total building permits over the same period
in CsSM [not including CSM) based on their population.
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2010 | 2011 | 2012 | 2013 | 2014 | 2015 | 2016 | 2017 | 2018 | 2019 | Average

CsSM
Population™® | 565145 | 574672 | 583202 | 590600 | 596927 | 602906 | 604270 | 603665 | 602902 | 593310 | 591,760
Estimated
building
permits
total (n) 9860 | 10,876 | 11,601 | 13285 | 13773 | 16861 | 16481 | 15748 | 15010 | 15519 | 13,901

Table 6. Estimated building permits, tallied annually and as totals, in the other cities of San Mateo County using the
City of San Mateo as a proxy case.
* CsSM is calculated by subtracting the populations of unincorporated SMC and CSM from total county population.

f. The total number of REC and STOFPPP permits are estimated for the other cities
of San Mateo County [CsSM] using the typical number of building permits per
person las observed in the records of the City of San Mateo). An average volume
for these permits [lestimated on a volume per-permit basis based on City of San
Mateo permit volumes) is applied and converted to tons. These are tallied on an
annual basis:

2010 [ 2011 | 2012 | 2013 | 2014 | 2015 | 2016 | 2017 | 2018 | 2019 | Average

Estimated REC
permits total
(n) 226 249 266 304 315 386 377 361 344 355 318
REC total
tonnage* 9258 10211 | 10893 | 12474 | 12932 | 15831 | 15474 | 14786 | 14092 | 14571 13,052
Estimated

STOPPP permits
total (n) 909 1003 | 1070 | 1225 | 1270 | 1555 | 1520 | 1452 1384 1431 1,282
STOPPP total
tonnage 45456 50137 | 53483 | 61246 | 63495 | 77730 | 75975 | 72597 | 69194 | 71543 64,086
Average total
estimated

tonnage

(REC+STOPPP) 54,714 | 60348 | 64375 | 73719 | 76427 | 93561 | 91449 | 87,383 | 83,286 | 86,113 77,138

Table 7: Estimated totals of secondary building permits in the other Cities of San Mateo, tallied annually and as totals,
using recorded numbers from CSM as proxy.

* REC tonnage assumes 41tons/permit (previously calculated).

1t STOPPP tonnage assumes 50ton/permit (estimation).

g.  The sum of excavated sediment flows from the City of San Mateo [CSM] and the
other cities of San Mateo County [CsSM), added to recorded flows from
unincorporated San Mateo County:
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2010 | 2011 2012 | 2013 | 2014 | 2015 2016 2017 2018 2019

Total
SMC
Tonnage 2,978 2,990 2,902 4,075 4,853 9,223 17,128 30,447 10,021 25,486
Total
CSM
Tonnage* | 9,228 14,240 | 11,559 | 12,876 | 13,977 | 17,934 15,221 16,246 12,204 6,015
Total
CsSM
Tonnaget | 54,714 | 60,348 | 64,375 | 73,719 | 76,427 | 93,561 | 91,449 | 87,383 | 83,286 | 86,113
Total

Modeled
Flow

Tonnage 66,919 | 77,578 | 78,836 | 90,670 | 95,257 | 120,719 | 123,798 | 134,076 | 105,512 | 117,614

Table 8: Sums of modeled and recorded flows from unincorporated San Mateo County, the City of San Mateo and other
cities in San Mateo County, tallied annually and as totals for the study period.

* Includes recorded and estimated flows.

TBased on estimated flows.

Total Modeled Flow Tonnages
160,000
140,000
120,000
100,000

80,000
60,000
40,000
20,000

2010 2011 2012 2013 2014 2015 2016 2017 2018 2019

Tonnage

SMC Totals CSM Totals m CsSM Totals m All Totals

Figure 8: Bar chart showing recorded and estimated sediment yields from unincorporated San Mateo County, the City
of San Mateo, and other incorporated Cites in the County of San Mateo by year.

h. Subtraction of these modeled flows from the recorded sink totals at the Ox
Mountain landfill provides an estimate of the magnitude of total hidden sediment

flows entering the landfill as daily cover.
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2010

2011

2012

2013

2014

2015

2016

2017

2018 2019

Total
modeled
Flow
tonnage

66,919

77,578

78,836

90,670

95,257

120,719

123,798

134,076

105,512 | 117,614

Total sink
tonnage*

82,055

94,032

204,711

286,532

370,038

304,947

321,242

425,879

469,364 | 500,194

% Total
sink
sodeled
as flows

82%

83%

39%

32%

26%

40%

39%

31%

22% 24%

Total
hidden
flow
tonnage

15,136

16,454

125,875

195,862

274,781

184,228

197 444

291,803

363,852 | 382,580

Table 9: Percentages of total modeled flows (dark grey band) as proportions of the total tons of landfilled soils, by year.
The total unmodeled flow tonnage (hidden flows) is calculated as the difference between total modeled flow and total
recorded sink tonnages, by year (lowermost row).
* Sink tonnage of sediment is estimated by using the assumption that 80% of the material received for daily cover is
actual sediment, while 20% is rubblized concrete that is also classed as “soils” in landfill records.
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Figure 9: Graph of the trends in total modeled flows (blue line) to Ox Mountain Landfill compared to the inferred
hidden flows (grey line) over the study period. According to our estimate, the proportion of hidden flows that are not

recorded at the source has increased by a large amount over the past decade.
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Average Annual Flows

to Ox Mtn Landfill
(Over Study Decade)

Average Hidden
Flows: 204,802
tons/year

Figure 10: An average of 305,900 tons of excavated sediment flowed to the Ox Mountain Landfill, per year, over the study
period. One third of these are the modeled flows from our material flow analysis, which averaged 101,098 tons/year.

. The magnitude of these urban sediment flows /s comparable to the need for
excavated sediment required in the construction of horizontal levees that have been
proposed in the region, facilitating an assessment of whether excavated sediment
flows can make a meaningful contribution to coastal adaptation using horizontal
levees, a strategy which is currently limited on the regional scale by a lack of

sediment avarlability.
SMC Total: 10.4
Horizontal Levee Horizontal Levee Miles Horizontal Average Annual Modeled Flows
Height Sediment Levee Demand as Percentage of SMC Total
(meters) Demand (tons) Horizontal Levee Demand
(tons per mile)
im 24,140 251,056 40%
1.5m 54,315 564,876 18%
2m 96,560 1,004,224 10%

Table 10: Comparing the supply of annual modeled flows in San Mateo County to demand for horizontal levees on the
San Mateo County shoreline. Columns show [from left] three levee height cases; the per-mile tonnage demand for
sediment under those height assumptions; total demand from all of SMCs currently identified miles of horizontal levee
opportunity; and the percentage of modeled excavated sediment flows as a proportion of the total estimated demand
for SMC’s horizontal levees. At 1 m of levee height, the modeled sediment yield from the County’s building permits
makes a significant contribution. For the highest levees, more of the hidden flows would need to be harnessed in order
to provide a significant input.
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4. Discussion

Our modeling reveals several trends of interest in the study area that directly reflect and
link population, permits and excavated sediment yields. Given our assumptions, excavated
sediment in urbanizing San Mateo County could be a significant source of material for
coastal adaptation projects.

The results also raise a set of obvious and fundamental questions: where do the hidden
flows originate that comprise the majority of flows into the Ox Mtn landfill? What factors
and forces effectively work to “hide” them in terms of the processes of excavation or
sediment hauling at work, and the procedures for tracking these practices in the form of
data records that might be further analyzed? Why are such wide variations evident in the
tonnage of total modeled flows as a percentage of total sink tonnage, ranging from 83%
in 2011 to 22% in 20187 Does this gap indicate that the percentage of hidden flows has
increased significantly over the study period, or do other factors generate this apparent
gap? In this section, we reflect on these questions and consider the potential contribution
of modeled flows that might be redirected for use in horizontal levee construction (Table
10, above), considering future population dynamics and questioning the likely proportion
of these flows that might be suitable for sensitive environmental applications like
shoreline restoration. Our Conclusion section then frames our key takeaways and the
central insights and challenges of this analysis as a whole.

4.1 Comparing Known Sources and Sinks: Hidden Flows and Leaky Systems

Mass Balances

A central concept in industrial ecology and its related methods concerns the notion of
“mass balance,” which describes the constancy of matter despite its movement and/or
transformation within a system of study (Brunner & Rechberger, 2004). A mass balance
principle is especially important to consider for studies in which the known input and
output from a given process differ. This would lead to a so-called mass /mbalance,
indicating that some portion of the material has been “lost” from an informational
perspective (i.e. material whose state, position or situation is unclear). Our work has
illustrated that estimating excavated urban sediment flows in a case study region using
recorded data and estimates based on per capita sediment yields can only account for the
minority of flows arriving at a prominent sink. Several features of the study and system
may explain the difference in these recorded and estimated (modeled) flows and the
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records of landfill receipts. An overall picture emerges of a system that is very “leaky,”
one in which, for a variety of reasons, a lack of rigorous understanding persists regarding

various features.

The first relates to the scope of the study. Specifically, because the sink at the heart of our
analysis — the Ox Mountain landfill facility - is located in San Mateo County, it is reasonable
to assume that a considerable proportion of its daily cover resources are the result of
flows of sediment excavated within the County. However, this does not prevent other
counties from disposing of sediment at Ox Mountain. In fact, the adjacent and relatively
population-dense county of San Francisco (SF) has no landfill. So, it is logical to assume
that they export their excavated sediment to other counties. San Mateo County’s proximity
and ease of access (not requiring trucks to travel across congested bridges, for example)
may predispose it to receive a large amount of SFs excavated sediment resources. The
other two adjacent counties, Santa Clara and Santa Cruz, are also not modeled or
assessed here in terms of their potential contribution to overall flows of sediment to Ox
Mtn. Records that track both the county-of-origin and material mass categorized by type
(municipal wastes, green waste, shredded tires, daily cover, construction and demolition
wastes, etc.) would be needed in order to make a meaningful estimate of actual inter-
county flows. The boundaries of the system we defined for this material flow analysis
would need to be expanded to include all three counties, at least, in order to represent the

area that contributes to the major sink at Ox Mountain.

Similarly, SMC is surely also a source of hidden flows. That is, not all projects producing
excavated soil and sediment that occur within the County will find their way to Ox Mtn as
flows. Some are exported out of the County to landfill facilities or construction sites,
depending on the economics of the contracting for doing so. A potentially complex
calculus linked to and based on aspects of the project portfolios of numerous private
sector actors and firms of various sizes, ranging from independent contractors who are
essentially drivers that own or rent a dump truck to companies that own a fleet of trucks
and may employ many drivers as staff in addition to contracting with independent drivers.
There are also hidden /ntra-county flows: those that originate from sources within SMC
but are routed to sinks or stocks within the county other than Ox Mtn. These may be illegal
dump sites, stockpiles of material, and construction or environmental projects in need of
fill material. Both the inter-county and intra-county flows are effectively hidden from our

data survey and modeling efforts. Additional consideration should be given to any record
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keeping and permitting requirements that may not apply, may not be clear to permit staff,
or may not be adequately observed or enforced.

SOURCE

In-Ground Stocks
[ Recorded & Estimated]

SMC
“Cut”

[ Recorded | SINK
MODELED Ox Mountain HIDDEN UNKNOWN
FLOWS Landfill FLOWS SOURCES

Ccsm Known + Estimated [ Recorded ]

RECs" + STOPPPs™ [ Intercounty ] Outside County

[ "Recorded // **Estimated ]

CsSM
RECs + STOPPPs
[ Estimated ]

HIDDEN
FLOWS
[ Intracounty ]

HIDDEN
FLOWS
[Intracounty ]

HIDDEN UNKNOWN HIDDEN UNKNOWN
o FLOWS SOURCES REOMS SINES

SINKS [ Intracounty ] q [ Intercounty ]
Within San Mateo County nty Within San Mateo County Y Outside County

Figure 11: A portion of the overall MFA showing the sources, sinks and flows of interest and importance. In particular,
our study examined the sources of in-ground stocks of excavated sediment that could be quantified or estimated as
Modeled Flows (white arrow]. The figure above also displays a secondary set of stock and flow features that are at play;
and, in fact, constitute the majority of material that eventually makes its way to Ox Mtn, on average, during our study
period. The system is “leaky”: unknown sources, flows and sinks all affect the overall mass balance of excavated
sediment in the study region, though as a function of numerous issues related to data that correspond to these material
dynamics, it is difficult to rigorously appraise more fine-grained features of hidden flows and unknown sources and
sinks, including their respective magnitudes.

An entire category of hidden flows might be collectively termed wnpermitted flows,
reflecting the primary challenge in estimating their magnitude: a lack of records and
information associated with their potential share of total flows arriving at the Ox Mtn sink.
Unpermitted flows occur for several reasons. One is that certain permitting requirements
and their application to various types and locations of projects are initiated only when a
minimum threshold of soil/sediment is disturbed. For example, unincorporated SMC's
grading permits (usually issued as a secondary permit associated with building permits]
include a 50 cubic yard threshold that triggers the permitting process, and projects under
these thresholds effectively escape voluntary reporting and cataloguing. If a large
proportion of excavation projects are smaller than this volume threshold, that could
account for significant hidden flows.
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Projects of various sizes routinely fail to follow proper permitting procedures, according
to the consulting analysts we spoke with from the County and City of San Mateo. In fact, it
was observed by more than one of these experts that unpermitted projects likely
outnumber those properly permitted. In some instances, this may be due to a simple
oversight or lack of clarity as to whose responsibility the permitting is (especially in cases
of secondary permit procedures, notably including the RECs of SMC, for example). In other
instances, failure of landowners and contractors to file for permits may simply reflect a
lack of incentives for doing so (or, more to the point, a lack of disincentives for not doing
so). Some permitting procedures rely on voluntary self-reporting practices and warnings
are usually issued as first steps to correct lack of permits. Permitting procedures also
cost money and time, and even in instances where a fine might be assessed, paying the
fine for not following permitting procedures (including consideration of the odds of getting
cited, and the time involved in following the rules) might be simply understood as worth
the associated risk and costs. Across the experts surveyed about this phenomenon, the
lack of enforcement resources was cited as a perpetual challenge that surely leads to
under permitting.

A third and important category of unpermitted flows relates to the projects that involve
excavation in the public Right-Of-Way (ROW], which is a publicly-owned section of land
generally defined as the total width of streets, sidewalks and the utilities clustered within
them. These are interesting to consider in several respects, not least of which is that in
the case study area (and in other cities and counties in the case study region), projects in
the ROW are not required to follow many of the permitting processes associated with
private development projects. Underground utilities are concentrated in ROWs, including
various water conveyance structures (drinking water pipes, sewers, storm drains) and
other lines and conduits (gas lines, electrical cables, etc.). These networks are subject to
upgrading, repair and replacement procedures that often entail significant excavation
projects unfolding across considerable linear distances in urban settings.

Roadwork in the ROW and projects associated with low-impact-development and urban
greening are also projects that produce excavated materials. Partially as a function of the
lack of external revenue generation (municipalities would not assess fees against their
own municipal service providers), these projects are not diligently recorded for their
contribution to flows of excavated sediment. Notably, precisely because of the close
working relationship of municipal offices to those that do routinely track construction
permits (in fact, in many cases these are both integrated into municipal Public Works
divisions), major improvement in resource tracking might be possible to implement.
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[ Inter- and Intracounty ] Landfill

- Noncompliant with Permitting Requirements
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Figure 12: A portion of the overall MFA schema displaying a major contributor to the Ox Mtn soil and sediment receipt
totals in a given year (and often representing the majority of the resources): Hidden Flows. Hidden flows emanate from
sources within and outside of San Mateo County, and are generated from a variety of processes that are, for various
reasons, not rigorously tracked and recorded by public-sector offices.

4.7 Scenario Forecasting: Future Supply and Demand of Excavated Sediment

One of the central sustainability issues that this work illustrates relates to the linear
nature of the excavation-to-landfill paradigm of sediment management. This paradigm
leads to a terminal point of permanent, irretrievable internment of resources in waste
facilities like Ox Mtn. In short, there is no “going back and getting” the soil and sediment
resources that have been consigned as daily cover in landfills: that material is forever lost
in terms of its reuse in an alternative application and more circular economic reckoning
of its life cycle. In this respect, and to better understand the potential contribution of
modeled flows of excavated urban sediment to the construction of horizontal levees in
SMC, requires forecasting their yields over a future timeframe and assessing the overall
portion of likely yields in that timeframe that might realistically be captured for adaptation
purposes.

SMC Population Projections and Future Yields: Will we have more or less?

Our study decade (2010-2019) saw an average rise in SMCs total county-wide population
of about 1% per year. Since the study period, the population in SMC experienced a net
negative growth period probably due to the COVID-19 pandemic. We used population
projections from the 2018 Association of Bay Area Government's Plan Bay Area 2040
report to establish a plausible time series of total population in SMC over the next decade
(Mackenzie et al., 2018). Because this study was published before COVID-19, we used a
linear interpolation technique to plot populations for all years between 2020 (using US
Census data from that year] and the ABAG projections, and adjusted the annual estimates
by reducing them by 3% (the proportion of population overestimation in the ABAG report

144



for 2020), thus attempting to correct the baseline for their projection estimation method
while still assuming overall growth rates of ~ +0.7% per year in accordance with our prior
data set and ABAGs projections.

To estimate the number of likely building permits that will be issued in the coming decade,
we applied a forecasting method based on known population numbers for the case study
decade and our estimates of total building permits issued in the County of San Mateo. On
average, the number of building permits in the county is rising 6% per year. This makes
sense because of the dense development pressures and incentives previously described.
Using the case study timeframe to establish an average increase of this coefficient per-
year, we extended coefficient values into the forecasting window, in-effect providing a
number by which out population estimates can be multiplied to produce a likely number
of building permits. Applying the method previously described for calculating the tonnage
associated with secondary permits that can be derived as a percentage of total building
permits, we estimated yields for the coming decade.

2022 | 2023 | 2024 | 2025 | 2026 | 2027 | 2028 | 2029 | 2030 | 2031 | 2032

SMC*

Population
Projections | 774,672 | 780,373 | 786,074 | 791,776 | 797,477 | 803,179 | 808,880 | 814,582 | 820,283 | 825,984 | 831,686
Estimated
Building
Permits
Total (n) 23624 | 25041 26543 28136 29824 31614 33510 | 35521 37652 39911 | 42306
Forecasted
Yield

(tons) 131085 | 138950 | 147287 | 156124 | 165491 | 175421 | 185946 | 197103 | 208929 | 221465 | 234753

Table 11: Projections of potential yields (bottom row) by year in the coming decade, estimated using population trends
and the previously-described methods for assessing the likely share of secondary building permits associated with
grading as a share of total building permits issued.

* SMC in this table denotes the entire county and its populace, as opposed to only the unincorporated areas.

4.3 Effects of Quality Standards on Estimated Yields

While we have discussed landfill facilities as s/nks for the receipt of material including
large amounts of sediment resources, these sediment materials act as “substance sinks”
themselves, defined as physical media that receive and effectively store numerous
compounds (Fellenberg 1994; Sauerwein, 2011). These compounds may include arsenic
and other hazardous metals, petroleum products, and herbicides, among other potential
chemicals. In our case study region, strict screening protocols are applied to the use of
imported fill material in areas where water quality may be impacted, including fill that
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would be placed in the Bay itself. A number of different environmental agencies and
organizations track and enforce the standards by which material used in sensitive areas,
including the Baylands, is assessed for various pollutants, including legacy contaminants
from industrial activities and naturally occurring compounds including certain heavy
metals (Katsumi, 2015; McClintock, 2015; Schoellhamer, et al., 2007). Water quality
concerns regarding SF Bay, which serves as a receiving body of a vast watershed, have
demonstrated the long-term effects of pollution in the estuary (Connor et al., 2007;
Steding et al., 2000). In the region’s active restoration projects, the concentration of
various contaminants associated with legacy impacts (including those from
manufacturing, industrial dumping, land development, local waste disposal, and excessive
pesticide or fertilizer use) have been studied to inform ongoing testing and screening
procedures; and overall concern about concentrating contaminants in the food webs that
wetlands support persists (Davis et al., 2007; Grenier & Davis 2010; Miles & Ricca, 2010).

Based on the environmental concerns in the region and the nature of urban soils pollution,
upland excavated sediment volumes - especially those withdrawn from urban
environments - are likely to contain some portion in which contaminants are present that
may exceed standards for reuse in restoration applications including ecotone levees
(McClintock, 2015). For example, significant lead concentrations stemming from leaded
gasoline use is widely evident in surficial soils of urban areas (Wong & Li, 2004). Mapping
surficial sediment in developed regions, and the complexities associated with historical
impacts on these resources has led to work attempting to characterize “urban soils” in a
variety of settings (Bullock & Gregory 1991; Craul, 1992; Effland & Pouyat, 1997).
Unfortunately, generalizing about the likely portion of excavated urban sediment that
contains contamination in a broad and varied geographic region (as in the case of our

sources of interest] is difficult. A number of considerations illustrate why this is so.

For one thing, many different A/nds of contaminants are present in the urban pedosphere,
and these vary both spat/ally in terms of their distributions across the urban landscape,
and in their concentrations within a given volume of sediment based on the depth of their
presence through infiltration into soils from biogeochemical processes or as a function of
being previously buried by human activity, etc. In this sense, a small volume of surficial
sediment might be quite contaminated, while more volumes extracted from deeper layers
of the same dig site might be significantly less so, both as a function of “skimming” the
most-problematic surficial layer, and because contaminant thresholds are often assessed
based on concentrations, that is, compounds-per-volume/amount of overall material. In
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otherwords, larger excavation projects might effectively dilute contaminants as a function
of their sheer volume, and/or the depths from which they are extracted.

However, in areas with high water tables, including our study region, certain labile
compounds can be motivated and transported into previously uncontaminated areas and
their underlying sediment volumes by groundwater-a problem made significantly worse
by SLR’s effect in elevating groundwater tables and especially in areas with previously
buried contaminants that may be inundated by evolving groundwater dynamics (Plane et
al., 2019). Because of these trends and dynamics, it is logical to assume that contaminant
spread in subsurface sediment is yet another impact of climate change that may intensify
in coming decades, and potentially reduce the supply of sediment useful in restoration
and adaptation applications.

Clearly, multiple complications exist as a function of the physical nature and processes of
urban excavated sediment, not least of which is the set of challenges associated with
analyzing which sediment sources might be contaminated, since the permitting
requirements for some projects simply do not take account of contaminant issues. Indeed,
as we have repeatedly discussed, overall tracking and records in the context of many, if
not most, construction sites and excavation processes is an afterthought, in no small part
because excavated soils are broadly understood as waste products bound for landfills, a
categorization that surely generally serves to reduce the likelihood of screening for
contaminants. Common analytical approaches that directly address these problematic
compounds found in soils are frequently based on large-scale site mapping of
contamination based on past land use and surficial presence of hazardous compounds or
on site-scale remediation efforts in which soil volumes are tested, treated, sequestered
or removed (Dermont, et al., 2008: Lin 2002: Van Meirvenne & Goovaerts, 2001).

Given the wide variety of excavated sediment sources [(in terms of their geographic,
geophysical and geochemical profile] present in our modeled flows of the study region,
and owing to the lack of information regarding contamination prevalence and
concentrations that can be definitely correlated to these sources, we assess a range of
the potential proportions of contaminants that might be present in the modeled flows. This
would likely disqualify these portions of overall yields from reuse in ecotone and horizontal
levees. While certain sites encountering urban fill material in excavation may yield
volumes that are all, to some extent, contaminated, we would expect these to only
comprise a portion of overall yields in the study area over a given year (Boudreault et al.,
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2010). Review of literature concerning contaminant concentrations in projects associated
with soil excavation range widely, and considerable uncertainty must be managed on any
given project (Goovaerts, 2001).

We reviewed literature discussing instances of urban, brownfield redevelopment and
post-heavy industrial projects involving management of polluted sediment volumes. The
cases ranged widely in their percentages of contaminated sediment as proportions of total
volumes excavated or otherwise managed. For example, in post-industrial projects,
established contaminated volumes were equivalent to 16% of total project volume; to
upper estimate proportions ranging from 34% to 44% of site volumes that were likely
contaminated past an acceptable threshold (Boudreault et al., 2010; D'Or et al., 2009;
Hendriks et al., n.d.). Urban sites that have experienced fewer or less severe impacts from
industry but still reflect anthropogenic contaminants in surficial sediment have commonly
shown the top layer (10-30cm] to contain significant amounts of toxins including lead, thus
constituting, by volume, 10% - 30% of a cubic yard excavated at the surface (Chen et al,,
1997; Meuser, 2010). However, because of the likelihood that deeper and potentially less-
contaminated volumes are a constituent of excavated sediment, and due to the fact that
greenfield development processes also contribute to overall yields and flows, the overall
share of contaminated sediment is likely somewhat reduced from the higher (30%) bound
of this range.

4.4 Sensitivity Analyses

Effects of Sediment Quality Screens and Levee Heights on Future Ecotone Construction
For the purposes of planning how forecasted supply yields, quality standards and material
demands (based on horizontal levee heights) will impact the potential to build these
structures for adaptation to rising seas over the next decade, we assessed the duration of
construction project cycles that will likely be associated with these variables. This
effectively demonstrates the sensitivity of a dependent variable (construction timeframe)
to the independent variables (quality screening and levee heights) associated with the
respective supply and demand variation included in our model. Doing so involved several
assumptions and methods to incorporate key variables into the modeling process.

Given the particularity of cases from the literature wherein the concentration of highly-
polluted post-industrial soils was a large proportion of overall excavated volumes, we
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deemed the highest percentage (44%) encountered in the literature to be an unlikely
proportion to apply to total forecasted flows in our case study area. On the other hand,
given the broad ubiquity of contaminants evident in urban surficial soils, we adopted the
10% lower limit for our screening and sensitivity methodology. As an upper limit, we
adopted a 30% screening level and calculated yields based on 5% increments to estimate
total yields that might be disqualified from reuse in ecotone construction, which we

subtracted from annual tonnage yields.
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Maximum Construction Duration in Years (beginning various years)

Horizontal levee Contamination screen (%)
Year height (m) 10% 15% 20% 25% 30%
im 2.1 2.3 2.4 2.6 2.7
1.5m 4.8 5.1 5.4 5.7 6.2
2022 2m 8.5 9.0 9.6 10.2 10.9
im 2.0 2.1 2.3 2.4 2.6
1.5m 4.5 4.8 5.1 5.4 5.8
2023 2m 8.0 8.5 9.0 9.6 10.3
im 1.9 2.0 2.1 2.3 2.4
1.5m 4.3 4.5 4.8 5.1 5.5
2024 2m 7.6 8.0 8.5 9.1 9.7
im 1.8 1.9 2.0 2.1 2.3
1.5m 4.0 4.3 4.5 4.8 5.2
2025 2m 7.1 7.6 8.0 8.6 9.2
im 1.7 1.8 1.9 2.0 2.2
1.5m 3.8 4.0 4.3 4.6 4.9
2026 2m 6.7 7.1 7.6 8.1 8.7
im 1.6 1.7 1.8 1.9 2.0
1.5m 3.6 3.8 4.0 4.3 4.6
2027 2m 6.4 6.7 7.2 7.6 8.2
im 1.5 1.6 1.7 1.8 1.9
1.5m 3.4 3.6 3.8 4.1 4.3
2028 2m 6.0 6.4 6.8 7.2 7.7
im 1.4 1.5 1.6 1.7 1.8
1.5m 3.2 3.4 3.6 3.8 4.1
2029 2m 5.7 6.0 6.4 6.8 7.3
im 1.3 1.4 1.5 1.6 1.7
1.5m 3.0 3.2 3.4 3.6 3.9
2030 2m 5.3 5.7 6.0 6.4 6.9
im 1.3 1.3 1.4 1.5 1.6
1.5m 2.8 3.0 3.2 3.4 3.6
2031 2m 5.0 5.3 5.7 6.0 6.5
im 1.2 1.3 1.3 1.4 1.5
1.5m 2.7 2.8 3.0 3.2 3.4
2032 2m 4.8 5.0 5.3 5.7 6.1
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Table 12: Using the overall forecasted yields for the coming decade, various levee height scenarios will entail different
years-long construction processes based on the percentage of sediment screened for quality standards. The light grey
cells in the main body of the chart show the overlapping middle estimates of important variables: those of a 1.5m levee
height and 20% screening proportion, respectively. This chart shows the maximum construction durations (in years)
because it does not factor in increasing supplies that might become available as construction projects proceed.

We then calculated the volumes associated with our three levee design heights under the
various screening levels to establish the maximum number of years that construction,
initiated in any given year, would take to build the 10.4 miles of horizontal levees at various
heights based on the availability of sediment. These calculations are based on the
forecasted flow yields for the coming decade (see Table 10). This method stipulates a
maximum number of years because it does not factor in the anticipated annual increases
in sediment over successive years (which would, in theory, reduce build times). A second
set of methods to incorporate the effects of increasing supply year-over-year was also
applied, and is discussed below.

Finally, and using the same variables described above (levee heights, screening
percentages, forecasted flow yields), we modeled the effects of incorporating /ncreases in
sediment supply as a function of overall yield increases year-over-year, assuming that
levee construction began in 2022. This approach essentially subtracts total demand from
previous forecasted yield years for each successive year; and, in this sense, reflects a
situation in which increasing supply effectively shortens levee construction timeframes.
However, and as we have seen, while sediment flows do indeed trend upwards with
population increases, their increases are not linear. It should therefore be noted that
whereas in the previous approach [see Table 12] was hindered by a lack of an updating
annual supply function, it also tested for the potential for levee building projects initiated

In a futureyear.

This difference reflects the theoretical assumptions at play. For instance, whereas the
former approach estimated that, starting in 2022, it would take over a decade (10.9 years)
to construct the full (10.4) miles of 2m levees when the screening was most stringent
(30%), the latter approach estimated that initiating the process in the same year (under
the same assumptions) would take 8.7 years. The difference is due to the former process
stipulating a max/mum construction duration that assumes supply yields do not fall in
future years, but also does not assume that they rise. The subtlety here is meaningful
because sediment supply does not actually occur in a step-wise process (whereby on the
first day of the year all sediment resources that will be yielded that year suddenly are
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available for levee construction) but also is not predictably linear (whereby a new and
greater total becomes available on a rolling basis). Thus, while it would be possible to use
a linear interpolation technique to build more fine-grained timeframes into the model, the
results from doing so would be of limited value because of the non-linear nature of
sediment flows which do, indeed, ebb also. Both processes can be used to frame realities
related to the years-long nature of projects based on the tranche of forecasted sediment

supplies considered available for reuse in this study, and as a coarse-grained estimation
logic.

Construction duration starting in 2022 based on
estimated sediment yields (years)

Height of horizontal levee (meters)

Contamination
screen (%) im 1.5m 2m
10% 2.1 4.3 7.1
15% 2.2 4.6 7.4
20% 2.3 4.8 7.8
25% 2.4 5.1 8.2
30% 2.6 5.4 8.7

Table 13: Estimation of construction duration to construct 10.4 miles of horizontal levees in the Case Study Region,
using a method that incorporates an annual increase in forecasted supply yields. The light grey cell in the middle of the
main body of the chart shows the middle ranges for the screening (20%) and horizontal levee height (1.5) variables used.

5. Conclusion

Our study frames an important set of material flows occurring in the study region and
illustrates that numerous factors effectively conceal a large magnitude of these flows,
indeed the majority of them, according to our survey and modeling entering or emerging
from the county whose end-of-life phase is reached at the Ox Mountain landfill facility.
Our work outlines a material flow analysis that is populated by a complex set of actors and
agents whose work is involved both in the physical management of sediment resources

and the informational "landscape” that can be examined to describe and assess the
system overall. As previously discussed, MFA that concern low-value resources are

relatively rare for a variety of reasons. Though we also present a contextual logic for
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supporting the expectation that excavated sediment may, in fact, be or become seen as a
more valuable resource in coming decades.

Notwithstanding the prominence of unknown sources and stocks and the nature of hidden
flows in the overall MFA (and, perhaps more to the point, the lack of data to sufficiently
identify and substantiate them), we present a method for using available data from public
offices to build an estimation of excavated sediment flows that can be modeled and
compared to known overall flows. Population and development trends linked to certain
urban density initiatives in the region, and increasingly common in many others, can be
understood as a driving force of flows that might be broadly publicly valuable in their
optimization as SLR protection, adaptation and restoration applications. One of the
interesting insights of the work is that, while excavated sediment flows exhibit flux-
changes in the rate at which they are produced-scrutiny of secondary permits that track
excavation suggest that they also exhibited very low variation across the study period in
relation to total building permits issued in our proxy example.

Use of the illustrated methods also serve as a forecasting tool, and the work suggests that
San Mateo County is well-positioned to construct the majority or full extent of horizontal
levees (10.4) identified as opportunities in the case study context area in the coming
decade if sediment yields continue to rise and if adequate time for construction durations
are factored in given the central variables used as assumptions that will reflect sediment
supply (quality assurance screening) and demand (levee heights). Interestingly, using the
mid ranges of those variables (20% and 1.5m, respectively), we've estimated that a project
to construct all horizontal levee miles that is initiated in 2022 would take 4.8 years to
complete, while one begun halfway through the forecast window (2026) would take 4.3
years, a rather close correspondence, ceteris paribus. As previously discussed, both
approaches entail uncertainty as a function of the non-linear flux of supply yields.

How resources are marshalled to accomplish or satisfy goals is a fundamental aspect of
strategic planning, broadly speaking. The study and features of interest here illustrate this
in specific ways as it relates to a physical material resource and regional adaptation and
restoration goals and initiatives linked to it. Moreover, their interplay should be considered
in the context of the considerable uncertainty and change that global warming represents.
For example, catastrophic warming in coming decades might simultaneously drive SLR to
greater elevations necessitating higher levees (and thus resource demands), while at the
same time potentially leading to increased in-migration to the relatively stable micro-

153



climate of the SF Bay region (with commensurate impacts on development and thus
resource supplies). While our study focused on a more narrow or conservative set of
scenarios [with respect to population trends and likely levee heights), planning as a
professionalized practice is increasingly confronting previously unforeseen pressures and
complications in the public realm.

As such, a number of interesting policy and planning considerations might stem from this
work. While, to-date, rigorous understanding of the material and industrial ecologies that
functionally comprise the life cycles of excavated soils is still lacking, increased
coordination across municipal offices and departments could advance knowledge
concerning the classification of resources that are, and will be, directly implicated in large
spatiotemporal schemes for regional resilience and public benefit. Seeking collaborative
opportunities that might be of interest to private sector contractors might also reveal
opportunities for building more robust data tracking and records practices. For example,
by incentivizing (or potentially requiring) disclosure of certain records and coordinating
operations by pointing contractors towards active or planned restoration projects. By
helping illuminate the connections between the logistical realities and resource and
information management considerations that involve sediment resources, this work may
aid in advancing future plans, policies and research to more deeply consider and
understand this increasingly important subject and area of study.
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Conclusion

The work undertaken for this dissertation seeks both to broadly frame and deeply examine
an emergent challenge of the climate change era that will come to matter dramatically to
developed shorelines in coming decades. While sea level rise is employed as the umbrella
term for the climate phenomenon of interest, we can understand it as wicked in the sense
that it actually entails many different interacting challenges that cut across domains.
Accordingly, while certain physical realities related to the material and industrial
ecologies of resources are the subject of the work here, they lead us to consider their
meaning and implications in deeper ways. Some basic insights connecting the core
chapters may be useful to reflect upon.

First, it is interesting to consider how general notions related to adaptation discussed in
chapter one relate to the particular case study and its management of sediment resources
discussed in chapters two and three. The SF Bay is grappling with a clear adaptation
situation as embodied by its increasingly tenuous sediment deficit—analogous to an
adaptation gap. Similarly, the region recognizes that sediment is crucial in terms of its
adaptive capacity; though this resource is also limited. Barriers to adaptation exist in
practically every sense imaginable: from hurdles presented by outmoded regulations to
the difficulty in long-term financing of equitable approaches to the problem itself. How its
various adaptive management processes might play out in the context of broader
adaptation planning will depend, to no small extent, on the various ways in which
organizations and institutions resist or overcome the lock-in and path dependent effects
that a sediment-as-waste-product paradigm will tend to perpetuate; thus reducing
adaptive capacity in the overall system and region. In turn, the industrial and development
processes that connect sediment supplies (and the capacity they may confer] to the
demand that instrumentalizes them (as adaptation projects) embody tensions based on
private sector for-profit operations that cleave to an unsustainable resource management
model (and the maladaptive outcomes it promulgates) which is, to some degree, rendered
at the mutual exclusion of the broader public interest.

The mechanisms by which this happens are linked to processes explored and articulated
in the second chapter: wherein processes of urban development—literally the means of
production of urban space—are arranged such that a dominant classification logic for
dictating the flows of excavated soil and sediment render this resource as a byproduct of
urban development and metabolism—perhaps (or increasingly] even urbanism itself.
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Accordingly, and in a strange kind of marriage of convenience, environmental contractors,
developers and landfill operators are incentivized towards a highly wasteful resource
regimen: one in which considerations of the opportunity costs associated with landfilling
sediment are externalized. That is, for the broader public and future generations, we can
see the makings of a vexing but predictable market failure. This, of course, is also true of
and applies to the environmental justice dimensions of the interconnected problem
aspects illustrated herein: in particular, starkly evident in the potential calamity of coastal
squeeze and wetland drowning occurring as a function of not reusing urban sediment
resources in adaptation and restoration schemes.

Insofar as the work establishes the nature of multi-year construction projects that will be
involved in constructing horizontal levees and ecotones with excavated sediment in San
Mateo County, and especially given the profoundly outmoded governance of these
resources, major innovations are both possible and increasingly important efforts in which
to invest. In no small part, there is a need for leadership to mandate and streamline basic
permitting and reporting standards across broad organizational fields and more
meaningful spatial scales and with the intent of aiding an overall climate adaptation
paradigm that will come to dominate so many resource issues in the region—whether we
actively prepare for this eventuality or not. This dissertation is proof both of the willingness
of government agencies and offices to help in processes geared towards adaptation, and
of the severely difficult reality of doing so as a function of byzantine record-request
processes, redundancy, lack of clarity and countless dead-ends. If nothing else, the
research stands as its own testament and justification for the need for advances in
statistical modeling techniques that can overcome some of these barriers, which is a
hallmark of much applied industrial ecology work.

These entanglements—of data and offices, leadership and the status quo, resources and
governance in complex socioenvironmental settings—also emphasize another lesson of
the work: the all-too-familiar hot potato cliché. In short, and because of a lack of
leadership, coordination and (maybe most fundamentally) communication and awareness,
various actors within the overall network connected to anthropogenic sediment
management in an urban shoreline act independently, and this produces enormous
shortcomings in the efficiency of work that might otherwise be possible. Perhaps this is
an central lesson related to the complexity of planning processes where multiple
stakeholders, procurements, and various scenarios complicate problems and tend to
increase uncertainty. But the factionalizing and balkanizing effects of narrowly-defined
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mandates that don't generate broader platforms for cooperation and coordination are, to
some extent, institutional issues: and they are, as such, possible to overcome with
changes in culture--maybe especially as it relates to the values and priorities that come
to constitute a definition and understanding of the public interest.

Yet there, also, we encounter another need for adaptation; or at least another role for it to
play in this context. That is, some sense of our public interest and public good must
emerge and evolve as a function of the severity, enormity and complexity of climate change
and the risks and hazards it poses. In chapter one, we encountered this articulated as
institutional adaptation itself. In the real world, theories about how and why institutional
adaptation happen may be of limited value. What is surely of immense value, on the other
hand, is the illustrative power of seeing and showing how our public interest is tied to its
resources and in ways that implicate multiple levels of governance and the cross-sector
actors whose mission, mandate or profit margins are linked to the management of these
resources. In her pioneering work on common pool resources, Elinor Ostrom explored
how collective (or collectivized] sensibilities about justice and equity were at play in
adjudicating aspects of the physical world which might not, at first blush, seem to speak
to higher ideals and deeper meaning in terms of societal ethics and intergenerational and
interspecies justice. Ostrom’s work illustrates a recognition of these realities—those at
the intersections of aspirational ethics and seemingly uninteresting logistics—as a
profoundly rich place, both in terms of the environmental problems they frame and the

possibilities for interrogating them.

Insofar as this work may hold some insights for those engaged in the strategic adaptation
of systems and places to climate change, a central tenet of strategic planning is helpful
to finally reflect upon and consider in context. Strategic planning requires an articulation
of the goals of some enterprise (the ends) and how the resources (means] required to
realize these goals are, or can become, possessed by those engaged in the undertaking.
Two things are important to note about this axiomatic principle. First, in terms of how
resources are captured or collected, enormous variety and flexibility can exist: thus the
techniques, technologies and tools for realizing goals may be diverse, adaptive and even
unprecedented. In that sense, the "how” might be a matter of practicalities, timing or
sheer will—and perhaps all of the above in some measure. In this sense, slippery concepts
related to chaos, chance and the human commitment to addressing some challenge come
into play, and often in unexpected ways, when plans attempting to realize some future
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state of affairs is attempted. This echoes the notion that adaptability is, to some extent, a
process of realizing and seizing opportunities as they emerge.

The second consideration of strategic planning’s implied definition concerns what
happens when one’s ends and means do not comport. In turn, this situation demands that
one of two things happen or that, all things being equal, a third inevitably will. Namely, one
must identify and adopt a new goal if the resources are insufficient to achieve the original
one; or else the something about the resources—their collection, allocation, definition,
status, utilization, etc.—must themselves be changed in order to reach said goal. If neither
of these adaptations can be made to address the disparity between means and ends, the
strategy fails. Consider this in the context of the SF Bay Area explored here. The region
has identified widespread wetland restoration as a crucial climate adaptation goal. It has
passed legislation and funding provisions to accomplish this end. The physical (sediment]
resources to realize the goal are not assessed to emerge in the expected sequence of
events or state of affairs that scientists have projected will play out without massive
human intervention. Thus we see the choice starkly emerging: does the region change its
stated goals, or ways in which it marshals its resources?

This dissertation does not tell us the answer, of course: it serves to frame the question.
And in the ever-changing context of climate change affecting an entire, complex regional
landscape, there may be any number of answers that must be conjured. What we can see
in the work is that even in something as mundane as the way that our society chooses
(and/or fails to change its choices about) how it “throws away dirt”, a wildly rich, complex
and important world of possibilities also exists: wherein there lies an adaptation pathway
built on something as understated and simple as a ramp of subtly sloping soil. This
microtopographic feature of the landscape is a constructed landform: one that may
protect our society from flooding, and our most vulnerable the most of all; it may stave off
the cataclysmic collapse of our wetlands and global flyways, and resist catastrophic
losses in biodiversity; it may save our region many billions of dollars in avoided costs and
through protection of existing infrastructure; it might improve water quality and reduce
the throughput of contaminants into the Bay itself; it may form the backbone of extensive
networks of public open spaces and natural resources; and, in these ways, it may serve
as a deep investment in our region’s future and the health, safety, welfare and justice of
countless people.
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This modest landform does any of this only if it is actually constructed, of course. And it
will only ever be constructed if the decision makers of the region decide that new modes
of public, environmental and resource stewardship can and should be realized and
embraced: in short, the broad, strategic inception, and deep implementation of climate
change adaptation; and the myriad efforts involved in its planning.
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