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ABSTRACT OF THE DISSERTATION

Multi-scale dynamics of coral reef complex systems: building the path

towards models of peopled reefscapes

by

Marlene Brito-Millan

Doctor of Philosophy in Oceanography

University of California, San Diego, 2017

Professor Stuart A Sandin, Co-Chair

Professor Brad Werner, Co-Chair

Coral reef benthic communities form a critical part of coral reef systems linked

to human societies. Using a complex systems approach that highlights interde-

pendencies between substrate-bound organisms competing for space and ecological

patterns that constrain demographic and competitive processes, the coral reef ben-

thic system is dynamically characterized from the coral colony scale to the island

scale with numerical models and data analysis techniques.

In Chapter 2, I quantify and analyze reef-building coral colony change with

colony areal coverage and longevity. Using over 4,300 Caribbean colonies mea-

sured over 4.5 years, proportional change in area of smaller colonies was found to

be greater than for larger ones, following expectations of allometrically constrained

xvi



growth. In terms of longevity, larger colonies lived longer than smaller ones, an ef-

fect that was lessened by colony fission and fusion, indicating these processes could

confer a survival advantage. Overall, the results support a critical dependence of

coral colony demography on size and morphology.

In Chapter 3, I analyze the effect of spatial patterning on reefscape change

over decadal time spans. Using a cellular model that simulates the interactions

between four benthic functional groups, I find that reefscape (dm-km) dynamics

can be categorized robustly with four distinct stages, including a transient stage

dominated by nonlinear competitive dynamics. Increasing levels of colony spatial

aggregation (clumpiness) results in a longer duration transient stage, prolonging

arrival to the steady state. Results have potential implications for reef monitoring

and restoration; for example, high initial aggregation slows loss in degraded reefs

and low initial aggregation accelerates growth in healthy reefs.

In Chapter 4, I describe derivation of a novel island-scale continuum coral

reef model based on the cellular model used in Chapter 3. Numerical solutions

of the resulting twelve coupled nonlinear partial differential equations (describing

change of functional group fractional covers, nondimensional boundary lengths

between functional groups, mean colony size and fish biomass density) match key

aspects of the cellular model, as well as producing emergent patterns that go

beyond what is observed in the cellular model.

In Chapter 5, I describe a novel framework for using these results to build

models of coupled societal-reef systems.

xvii



Chapter 1

Introduction

The vast majority of coral reef systems, one of the most biologically rich

habitats on the planet, are peopled seascapes. Given that the boundaries of sys-

tems are defined by their dynamics [Werner, 2003], coral reef systems, over decadal

time scales, include the living, accreting benthic community foundational to the

reef, the nekton in the water column shaping the reef, and the people and soci-

eties nonlinearly connected to the reef. The dynamical patterns that emerge across

these interacting subcomponents suggest that coral reefs are rich, hierarchical com-

plex systems [Dizon and Yap, 2006, Hatcher, 1997, Pandolfi, 2002]. Treating the

fully coupled societal-coral reef system, including the people strongly linked to

the ecosystem, is fundamental for quantifying its cross-scale interdependencies,

emergent patterns, and time evolution of this rich complex system.

1.1 Coral reefs are complex systems

Complex systems consist of networks of many mutually interacting com-

ponents of which the collective behavior is both attributable to and gives rise to

multi-scale structural and dynamical patterns that are not inferable from one par-

ticular level of description [Parrott, 2002]. In other words, the components affect

and are affected by the larger, more complicated levels of the system in which they

are embedded [Dizon and Yap, 2006]. Emergent behaviors, often structured by reg-

ular or ordered patterns, arise from a myriad of interactions between components,

1
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scale separation (i.e., the presence of distinct inherent time scales in which differ-

ent elements operate) and nonlinearities rooted in the many relationships involving

feedbacks at multiple levels of a system [Mena et al., 2011] Therefore, emergent

behaviors are properties that are distinct from behaviors found in particular sub-

systems (human or ecological), but rather emerge from the interactions between

them. For example, the world’s diverse tapestry of human cultures (culture being

a society’s emergent sets of beliefs, knowledge, practices, values, ideas, language,

and world-views) has emerged from the different ways that people relate to each

other and to the environment in which they are embedded [Pizzirani, 2016].

Complex coral reef systems encompass numerous links within and among

the ecological system, the physical system, and the human system [Michener et al.,

2003]. Coral reefs, like other ecosystems, are affected by endogenous self-organizing

processes (in the absence of disturbance) as well as exogenous dynamics (as they are

open systems) that operate gradually (continuous) or abruptly (sudden). Ecologi-

cally, coral reef communities can be viewed as ensembles of interacting components.

These components include the various functional groups on a reef (from bacteria,

to plankton, to macroalgae, to the hard corals, and the large predators). From the

interactions within and between these functional groups (e.g., coral-zooxanthellae

symbiosis, competition, trophic interactions, synchronized reproduction and dis-

persal), arise broad scale, discernible patterns resulting from nonlinear and largely

unpredictable mechanisms owing to the thousands of species that inhabit coral

reefs worldwide, and from the range of unique, local environments that act on

them [Dizon and Yap, 2006]. These patterns include, for example, the dominance

of similar coral taxa and growth forms in the same geomorphological zones of reefs

despite tremendous variability in larval dispersal and recruitment, species physi-

cal tolerances, reproductive modes, or the nature of interactions established[Done,

1999]. At the benthic community level, the emergent behaviors in which these

patterns are manifested include coral fractional cover, coral size frequency distri-

butions, composition of morphological types, and/or abundance of calcifying versus

non-calcifying organisms [Preece and Johnson, 1993, Murdoch and Aronson, 1999].

One of the fundamental aspects of the complex systems approach is inves-
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tigating the dynamics of a system given a set of rules and initial conditions, as

opposed to determining the rules that produce an end state [Mena et al., 2011]

This approach is eloquently summarized by Werner and Hicks [Werner and Hicks,

2014] as an approach that:

...entails characterizing complexity (a system property) using hierar-
chies of multiple levels of description to describe system behavior, dif-
ferentiated by time scale, or the time it takes the system at that level of
description to respond to a small push or pull (a perturbation). Studies
of complex systems then are aimed at exploring how a system works
by describing: the behavior at each level of description; the interrela-
tions between adjacent levels of description; and the relationships be-
tween each level and the external environment lying outside the system
[Werner, 1999, Werner, 2003]. This approach has the advantage that
the detailed, complicated and simple aspects of complex systems can all
be analyzed within a single framework.

Therefore, employing a complexity approach provides a critical comprehensive

framework for the study of coupled human-reef systems.

1.2 Integrating discipline-based approaches

Despite the interconnected nature of coral reefs, most approaches for study-

ing and characterizing this multi-scale complex system are discipline-focused. For

example, the fields of coral reef ecology and biology focus mainly on quantifying

the structural composition and dynamics of the natural components of the reef

system (without humans), specifically studying organisms and communities of the

coral reef benthos and associated nekton from the scales of microns to kilometers

[Vermeij and Sandin, 2008, Barott et al., 2011]. Independently, anthropologists

and other social scientists focus on characterizing the human component, includ-

ing describing the nature of human relations within societies as well as with their

coastal environment, but without a systematic comprehensive quantification of

natural environment [Alkire, 1978, Ruddle, 1988]. Researchers in other fields, in-

cluding oceanography, geology, and paleoclimatology, have studied reefs at larger

scales to describe properties and circulation patterns of water masses or to recon-
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struct ocean and atmospheric conditions on evolutionary time scales [Gove et al.,

2013, Carilli, 2014].

In the last couple of decades, studies have been conducted to quantitatively

explore the dynamics of coral reef systems across disciplinary lines between envi-

ronmental and social sciences, although many investigations are limited by a focus

on scenario models that predict the impact of fisheries exploitation on reefs [Shafer,

2007, Kramer, 2008, Kittinger et al., 2011, Melbourne-Thomas et al., 2011a]. Peo-

ple are rarely included as autonomous agents with cultural traditions that are, in a

sense, historical repositories of an inherent capacity to adapt, as shown in archae-

ological studies [Rivera-Collazo et al., 2015]. Representing societies as composed

of agents that demonstrate autonomous behavior and an ability to sense their en-

vironment and to respond to it can inform which aspects of human behavior are

related to the emergence of patterns within the coupled system [Montes De Oca

Munguia et al., 2009, Iwamura et al., 2016]. The emergent collective dynamics

of individual agents then can be used to analyze coupling to reefscape patterns

[Parker et al., 2003, Jager and Mosler, 2007]. Both the absence of integrated

cross-disciplinary approaches that characterize the ecological and anthropological

aspects simultaneously and the lack of a comprehensive quantitative, analytical ap-

proach highlight the need for characterizing the coupled system within a common

dynamical framework.

1.3 Space in coral reef systems

Fierce competition for space in an approximate two-dimensional benthic

environment guides and constrains the development of coral reef structures and

patterns. Coral colonies exhibit various life history strategies aimed at optimiz-

ing space occupancy and acquisition, which they manifest in their morpholog-

ical characteristics as well as in their individual patterns of growth, mortality,

and survivorship. Spatial constraints on ecosystem dynamics are recognized to

critically affect overall population dynamics of sedentary organisms and that of

their predators in both terrestrial and marine systems [Jackson, 1977, Schmitz,
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2010]. Spatial patterning of the coral reef benthos has been explicitly treated

using homogenous mean-field models (such as with Leslie transition matrices),

energy flow models, ordinary differential equations, cellular simulation models,

and hybrid cellular-continuous models [McClanahan, 1995, Hughes, 1996, Mumby,

2006, Fung, 2009, Sandin and McNamara, 2011]. Because coral reef benthic or-

ganisms are cemented to the bottom, approaches that capture neighborhood ar-

rangements around individuals also can capture spatial configuration effects on

the vital rates of individuals (i.e., growth, death, birth, etc.), which has signifi-

cant relevance to population dynamics [Dieckmann et al., 2000]. Additionally, the

question of how to accurately represent the spatially-constrained dynamics of coral

reef benthic organisms on the larger scale (dm to km), where reefs are coupled to

human societies, remains unanswered. Specifically, how does including spatially

explicit interactions inform intermediate to large scale pattern formation, which

influences fish and therefore human coupling?

1.4 Indigenous societal-coral reef coupled systems

The nature of human-coral reef relationships is highly variable across time

and space and often rooted in historical context, coastal heritage, and place-based

socio-cultural traditions [Alkire, 1978, Johannes, 1981, Liu et al., 2007, Shackeroff

et al., 2009, Kittinger et al., 2012]. In quantitative human-landscape simulation

models, it isn’t until coupling human and landscape submodels that feedbacks (re-

ciprocal interactions between distinct levels of description) and emergent physical

and economic behaviors arise [Acevedo et al., 2008, Kramer, 2008, McNamara and

Werner, 2008, Melbourne-Thomas et al., 2011b]. For coral reef systems, represen-

tations of people are mainly included as one-way external drivers of unbounded

fisheries exploitation or as indirect causes of degradation from rampant devel-

opment and pollution spillover [Hughes et al., 2003, Fabricius, 2005, Knowlton

and Jackson, 2008]. However, in traditional subsistence-based indigenous soci-

eties, people and reefs are strongly interwoven and often considered inseparable

[Alkire, 1978, Dickie, 2005, Petersen, 2009a]. Expanding the representation of hu-
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mans beyond the standard market-integrated society is a necessary step towards

acknowledging the diversity of coupled human-landscape relationships across the

globe, and exploring ways of optimizing those relationships in the context of envi-

ronmental change.

1.5 Outline of the Dissertation

The main goal of my research is to contribute to building the ecological

model infrastructure required for comprehensively investigating the dynamics of

fully coupled indigenous human-reef systems. Using an interdisciplinary complex

systems approach, I focus on quantifying coral reef ecological dynamics that culmi-

nate in the development of a continuum model representing the reef at the temporal

and spatial scales relevant to human societies (i.e., years to decades and decimeters

to kilometers).

At the coral colony scale (Chapter 2), I describe the influence of initial size

and dynamical fate (e.g., fission and fusion) processes on coral colony change. Coral

colonies exhibit various life history strategies aimed at maximizing space occupancy

and acquisition, which they manifest in their morphological characteristics, as well

as, in their individual patterns of growth, mortality, and survivorship. I highlight

the limitations of over-reliance on fractional cover alone in light of significant size-

dependent changes in coral colonies, suggesting that coral colony size distributions

and morphological composition exert order one influence on societal-scale coral

demographic processes.

At the reefscape scale (dm-km) (Chapter 3), where feedbacks between

spatio-temporal patterns and dynamics of the reef influence the nonlinear rela-

tionship to human societies, I investigated the effect of coral colony spatial con-

figuration patterns (e.g., uniform, random, or clumped) on short- to intermediate-

time-scale system behavior. A dynamical analysis of a modeled coral reef benthic

system revealed that four temporal stages emerged: a repelling stage moving away

from an unstable initial condition, a transient stage dominated by strong nonlinear

coral-macroalgae interactions, an attracting stage where the reef decays towards a
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steady-state attractor, and the attractor. Overall, spatial patterning was found to

influence rates of reef change in different reef health scenarios, with high aggrega-

tion patterns resulting in coral cover loss in degraded systems and low aggregation

configurations accelerating coral growth in healthy systems.

Chapter 4 details a first attempt to explicitly develop an intermediate scale

continuum model of the reefscape based on the small-scale interactions represented

in a cellular model of coral reef benthic dynamics. Twelve variables varying in both

space and time represent the state of the system: fractional cover of four main

functional groups on the reef (coral, macroalgae, turf algae, and crustose coralline

algae), length of six non-dimensional boundary lengths between the four functional

groups, mean coral colony size, and biomass density of fish population coupled to

the benthic community. Key aspects of the cellular model match the numerical

solutions of the equations. Intermediate- to long- scale emergent patterns that

go beyond what is observed in the cellular model were obtained. Analysis of the

equations provides a means to trace the origins of observed time scales and the

nonlinear behavior underlying transient stages.

In the concluding chapter (5), I contextualize the ecological analyses of

Chapters 2 to 4 within the overarching aim of moving towards a societal-reef cou-

pled model. I include a conceptual synthesis of subsistence-based Micronesian

fishing cultures linked to coral reef systems and a summary of an initial attempt

to construct an agent-based model loosely parameterized after such societies. The

initial coupling of this indigenous societal model to the continuum coral reef ecosys-

tem model from chapter 4 is introduced along with a brief discussion of future

research directions within the context of climate change and adaptive capacities of

coupled human-environmental systems.



Chapter 2

Coral colony size-dependent change

and fission-fusion dynamics

2.1 Abstract

Coral population dynamics are linked to colony growth and mortality pro-

cesses constrained by the intrinsic biology of colonial organisms. Specifically,

colony traits, such as size and morphology, can impose geometric constraints on the

demographic growth potential of coral colonies. The type of life history strategy

employed by a coral, whether weedy or stress-tolerant, and its clonal-based patterns

of fission and fusion can also influence how it changes. To quantify size-dependent

and morphologically-based patterns of coral colony change, over 4,300 southern

Caribbean coral colonies belonging to four coral groups (Madracis mirabilis, mas-

sives, Agaricia agaricites, and Millepora spp) were digitally tracked for 4.5 years

(biannual timestep). A size-class based analysis revealed that small colonies had

significantly more positive log proportional areal change than larger sizes, which

is in line with geometrically-constrained growth that predicts greater areal growth

in colonies with higher perimeter:area ratios. Fission and fusion dynamics, which

occurred in 16.4 % of colonies, also had a significant effect on colony proportional

change (i.e. fission resulted in net negative changes and fusion in net positive

changes) while eliminating the size-dependent longevity trend in all coral types

8
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except for M. mirabilis. M. mirabilis stood out as the coral type whose weedy

life history and branching sub-massive morphology most maximized coral lateral

area capture and persistence. That colony size and fission/fusion dynamics sig-

nificantly affect coral colony change and longevity supports a size-dependent and

morphologically-focused approach to coral demography, which can more effectively

inform the expectation of overall reef change.

2.2 Introduction

Coral populations are a complex mosaic of sexually and asexually produced

colonies experiencing various growth, mortality and regrowth dynamics [Elahi and

Edmunds, 2007, Tanner, 2001]. Because coral colonies are the principal reef build-

ing organisms in coral reef systems, quantifying coral colony change and the pro-

cesses that influence that change are pivotal for understanding coral reef ben-

thic dynamics and overall reef change [Pratchett et al., 2015, Spalding et al.,

2001, Wells, 1957].

Coral colonies have been described as clonal, or modular, organisms that

exhibit indeterminate, or unbounded, growth limited mainly by external factors

[Bak, 1976, Buddemeier and Kinzie III, 1976, Jackson and Coates, 1986]. How-

ever, proportional change in colony area has been shown to be negatively related to

initial colony size for various coral species irrespective of specific growth rate con-

stants [Dornelas et al., 2017, Hughes and Jackson, 1985, Kayal et al., 2015, Osinga

et al., 2011, Pratchett et al., 2015]. This suggests that intrinsic allometric con-

straints stemming from partitioning of life processes, like growth, reproduction,

and maintenance, amongst modules, might slow the rate of colony expansion as

size increases. For example, consider circular colonies with constant radial ex-

tension rates, geometric-based limitations on peripheral growth may be expected

to emerge as the perimeter:area ratio decreases with increasing colony size (Fig.

2.6). Additionally, a balance between the rate of calcification to the rate of tis-

sue production might be reached or constraints from differential access to resource

acquisition by modules across the colony might also be limiting [Anthony et al.,
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2002, Barnes, 1973, Kim and Lasker, 1998]. For example, Kim and Lasker [Kim

and Lasker, 1998] showed how differential resource capture (e.g., of light, food, and

freely circulating water) by modules (polyps) across a colony can limit colony size,

since reduced access to resources by obstructed interior polyps has to be compen-

sated for by redirecting available energy from growth and reproduction into overall

maintenance of those polyps.

Another influence on coral colony areal change stems from life history strate-

gies inherent to the biology of corals. Life history strategies are consistent, context-

independent characteristics of organisms that maximize fitness by differentially

allocating resources among life processes of growth, reproduction, and survival

[Darling et al., 2012, Stearns, 1992]. Life history strategies in corals have been

characterized as ranging over a continuum from fast-growing species (”r-selected”)

to slow-growing more morphologically-robust species (”K-selected”) [Buddemeier

and Kinzie III, 1976, MacArthur, R. H. & Wilson, 1967]. Darling et al. [Darling

et al., 2012] define the prominent life history strategies in coral reefs as 1) compet-

itive (competitive dominants exhibit efficient resource uptake; susceptible to en-

vironmental disturbance (fragmentation); fast-growing, ”r-selected”, e.g., Acropora

spp) , 2) weedy (opportunistic colonizers; fast-growing; intermediate survival, e.g.,

Madracis mirabilis), 3) stress-tolerant (slow-growing; higher investment in larvae;

stress-tolerant; long lifespans, ”K-selected”, e.g., Orbicella spp), and 4) general-

ists (combinations of other types; moderate growth rates, e.g., Dichocoenia spp).

Based on these characterizations, we might expect that fast-growing weedy corals

will exhibit higher and more variable rates of coral colony change, while, at the

other end of the spectrum, the slow-growing stress-tolerant types might have slower

rates and less variability in colony change over the same time periods. In terms

of survivorship, or longevity, patterns, we would expect stress-tolerant types to

exhibit greater longevity, since small colonies have a greater likelihood of complete

mortality from disturbance events than larger colonies [Babcock, 1991, Hughes

et al., 1992].

Coral colonies exhibit a wide-range of dynamics that add an additional

layer of complexity to colony areal change. For example, disturbance processes
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can result in whole colony mortality, partial mortality (shrinkage in size), tem-

porary burial, or fission, where a larger colony divides into smaller independent

patches of living tissue. When recovering from disturbances, colonies can regrow

over exposed skeleton, re-emerge from holes, and, because of their clonal nature,

fuse with other sub-colonies of the original parent colony [Bak, 1976, Furby et al.,

2017, Hughes and Jackson, 1980, Tanner, 2000, Kayal et al., 2015]. Coral colony

change can thus be expected to respond differently to this variation in fates. In

this study, we explore the fate categories of fission, fusion, and simple isolated

change within an individual colony, whether simple growth or shrinkage. Areal

change arising from simple isolated change of an individual is expected to result in

positive, negative, or no change as these could be the result of growth, shrinkage

(partial mortality), or both balancing each other out. Because smaller colonies

have a larger perimeter to area ratio, colony change after fission is expected to be

positive with the resulting smaller colonies growing proportionally faster. Colony

longevity after fission is expected to decrease because of well-documented decreases

in survivorship for smaller colonies due to disturbance and overgrowth from other

benthic organisms [Raymundo and Maypa, 2004, Vermeij and Sandin, 2008]. Al-

ternatively, proportional colony change after fusion into larger colonies is expected

to decrease as the perimeter to area ratio decreases, but longevity should increase

because of increased survivorship (i.e. increased competitive dominance) as corals

grow.

This study utilized a 4.5 year bi-annual photographic time series from Cu-

racao to investigate the dependence of coral colony areal change and longevity on

initial colony size, colony morphology, and fate. The four hard coral groups in-

vestigated, which differed in morphology and life history traits, included Madracis

mirabilis, massives, Agaricia agaricites, and Millepora spp. Differences in coral

colony areal change and longevity within and between groups and how these feed

back to affect configuration and change of the emergent reefscape are discussed.
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2.3 Methods

2.3.1 Study Site

Coral colonies were tracked for 4.5 years in a reef flat located shoreward

from an Orbicella-dominated reef slope in Westpunt, Curacao (Fig. 2.1). This site

is characterized by a high degree of rubble in the benthos with previous censuses

for this region showing that the principal hard coral composition is comprised of:

Madracis spp., Agaricia spp., Orbicella spp. and Millepora spp. [Bak, 1976, Van

Duyl, 1985]. This site experiences episodic, short-lived storms that occasionally

cause nutrient runoff from nearby resorts as well as re-suspension of sequestered

nutrients from reef crevices [Vermeij, 2012]. This sudden nutrient input leads

to ephemeral Dictyota spp. algal blooms that are then torn away by wind or

other storm generated currents. This site is not very heavily populated by people

compared to the urban center of Curacao, located about 40 km southeast, but it is

heavily visited by tourists, particularly snorkelers and scuba divers. Throughout

the study period, coral fractional cover remained relatively unchanged at a level

of 0.040 + /− 0.007SD (one-way ANOVA, F8,602 = 0.7, p = 0.69).

2.3.2 Survey Protocols

A time series of permanent quadrat photographs was acquired from April

2009 to March 2013. Five 400 m2 circle plots marked with underwater buoys were

established parallel to shore at depths between 6 to 8 meters. In each plot, a

total of 40 permanent quadrats were located (20 randomly and 20 targeting coral

colonies) throughout the plot and marked with two stainless steel eyebolts driven

through numbered cattle tags. On average, photoquadrats were visited every six

months at which point a 60 x 90 cm PVC frame was laid on top of the steel

markers and a photograph taken using a Canon G12 camera. Given the length

of the survey, steel eyebolts did occasionally erode which resulted in lost markers.

Overall, approximately 200 photoquadrats (0.54cm2 each) were surveyed 9 times

over 4.5 years.
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2.3.3 Focal Groups

Four main hard coral groups were tagged digitally and tracked through time

in this study. These groups are largely based on taxonomy except for one group,

the massives, which are unified by their dome-shaped morphology. The groups are:

1) the species Madracis mirabilis, 2) the massives, comprised of Agaricia humilis,

Orbicella spp, Siderastrea spp, Diploria spp, and Porites asteriodes, 3) Agaricia

agaricites, and 4) the hydrozoan Millepora spp. M. mirabilis colonies are highly

heterotrophic branching corals that form densely packed hemispherical clumps of

small pencil-sized branches physically connected by a common skeleton, but not

always by tissue [Humann and Deloach, 2001]. They are found at various depths

across the reef and are known to actively reproduce asexually through fragmenta-

tion making them a weedy species [Highsmith, 1982]. The consortium of species

included in the massive category are characterized by their hemispherical growth

form and are typically slower-growing, more fecund, and have longer generation

times than other morphological types [Murdoch, 2007]. The foliaceous plating

coral, A. agaricites, is an opportunistic (weedy) species characterized by high rates

of recruitment, growth, and mortality [Hughes and Jackson, 1985]. A conspicuous

coral on shallow reefs, Millepora spp are calcareous foliose hydrocorals functionally

similar to hermatypic corals in that they contribute to reef construction and re-

produce asexually through fragmentation [Edmunds, 1999]. Despite morphological

similarities, A. agaricites and Millepora spp were treated separately in this study

because of life history differences that are expected to influence their ecology, such

as reproductive cycle (e.g., pelagic medusa in hydrocorals) and the presence of

polymorphic polyps in hydrozoa. All hard-coral groups occurred regularly at this

site and throughout the study period.

2.3.4 Image Analysis

Photoquads were analyzed using the free downloadable program, photo-

Quad, to manually trace, digitally tag, and export morphometric descriptors (e.g.,

area, percent cover etc.) for all individual colonies present in order to investigate

their dynamics through time [Trygonis and Sini, 2012]. The program’s layer-based
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functionality, specifically the ability to label outlined species regions with a cus-

tomized alpha-numeric naming scheme (refer to Fig. 2.7 for scheme), allowed for

investigation of coral colony dynamics. The dynamics quantified included sur-

vivorship, and size-based changes stemming from growth, shrinkage and/or colony

fission and fusion events. The unique naming scheme also allowed for subtracting

holes, or areas within colony outlines where coral tissue was clearly dead or over-

grown by other benthic organisms, from overall colony morphometrics. Exported

morphometric data generated by photoQuad was analyzed using MATLAB 7.10.0

(2010a, The Mathworks, Inc.).

2.3.5 Data and Statistical Analyses

All coral colony analyses were based on two-dimensional projections of

colony size in terms of area, which is the surface directly related to space and light

capture (i.e., the main limiting resources). Coral colony change was defined as the

log proportional difference in planar area at a given timepoint and at the timepoint

immediately preceding it. Thus, log proportional change in area was always over

sequential timepoint pairs without including pairs where an area estimate was ab-

sent (e.g., if a colony was not seen in the next timepoint). Because tracking fission

and fusion events allowed for determining relatedness between colonies, change in

planar area from one timepoint to the next was calculated by taking the difference

between sum areas of all related colonies (i.e. the coral demographic unit) at each

timepoint (Fig. 2.2). Using sum area allowed for tracking changes in coral units as

well as in individually changing coral colonies, i.e., those that did not exhibit active

fission/fusion dynamics (83.6 % of data). All coral colonies with area cut off by

the frame or outside the image at a particular timepoint were not included in the

analyses. Because rates of change did not exhibit significant temporal variations

across the 4.5 years, all log proportional change data values were pooled together

for each of the four hard coral groups (overall n = 4,385).
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2.3.6 Proportional change

The relationship between log proportional areal change and log initial colony

size was plotted to determine the general relationship in each of the four hard coral

groups. The relationships were generally heteroscedastic and non-linear. As such,

rather than employing linear analyses, a size-class based analysis was employed

where colonies of each hard coral group were divided into three log base 10 initial

size categories (< 1cm2, 1cm2 to 10cm2, and > 10cm2) to determine whether

the average change per size class was above (positive) or below (negative) the no

change zero line. Comparisons were also made across coral groups. The influence

of dynamical fate on log proportional change within each size class, specifically

stemming from isolated individual colony growth or shrinkage (iso), fission (fis),

fusion (fus), or multi-fate (mul) processes, was also considered. We tested for

significant differences (α = 0.05) between the mean log proportional change in the

isolated fate to each of the other fate types by using randomization techniques

with 10,000 resampling iterations per size class in each coral group.

2.3.7 Longevity patterns

Longevity, or the number of timepoints a colony survived, was recorded

for all coral colonies digitally tagged in the first photographic census (April 2009;

2,036 total colonies). Adapting the maximum likelihood approach of [Vermeij and

Sandin, 2008], longevity patterns were analyzed as a function of colony size class

for two condensed fate categories, iso and a combined fis/fus/mul category, within

each of the four coral groups. Colony size classes were log base 2 bins with the

geometric mean of the colony area being 0.06, 0.13, 0.25, . . . , and 1024cm2. Statis-

tical significance was determined using maximum likelihood estimates of log-linear

relationships between mortality (the reciprocal of longevity) and size. Specifically,

mortality was modeled with a Poisson distribution capturing the probability of

a coral demographic unit dying at a given time interval, with rate parameter λc
that described the mean time until mortality for a colony in size class c. For

each hard coral group and fate category combination, the rate parameter of a

Poisson mortality model was constructed in two functional forms: constant mor-
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tality probability with size, λc = m0, and log-linear mortality probability with

size, λc = m0 + m1ln(c) with the constraint that λc > 0 for all c. The summed

log likelihood of a particular model describing the observed data given values of

parameters m0 and m1 was computed as follows:

Lx(mo,m1) =
nx∑
i=1

ln(λci,f )ti + (−λci,f )ti for ti < 9

(−λci,f )ti for ti = 9
(2.1)

where λci,f is the expected mortality probability based on function f (i.e., either

constant or a linear function of colony size, ci), nx is the sample size of coral

group x = 1, 2, 3, or4, and ti is the number of average 6-month time intervals until

mortality for individual i. The equations in 2.1 correspond to the colony dying

during the study or the colony surviving through the duration of the entire study.

Maximum likelihood estimates were generated for each mortality model and the

significance of the size-dependent term of the log-linear model was determined by

a likelihood ratio test [Hilborn and Mangel, 1997].

2.4 Results

2.4.1 Proportional change as a function of initial colony size

Overall, change in the log proportional area of colonies was variable with a

tendency towards positive change and higher variability among smaller size classes.

At larger size classes, change was less variable and centered close to zero (i.e.,

no change in size) (Fig. 2.4). Linking colony areal change to dynamical fate

(color coded data points) showed a similar trend for isolated, fission, and multi-fate

categories, but not for the fusion category. Although variability still decreased with

increasing initial colony size, for colonies with fusion fates (blue dots), proportional

change was visibly aggregated above the zero no change line regardless of initial

size in all four hard coral groups.

Distributions of log proportional change were divided into three log based

size classes, which showed the location of means in relation to the zero (no change)

line. For all hard-coral groups irrespective of fate, the mean proportional change
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of small initial colonies less than 1cm2 was positive (Fig. 2.4a-d). The mean log

proportional change for the intermediate and larger size classes, centered on the

zero no change line with the large size classes also exhibiting left skewed distribu-

tions (Fig. 2.4i-l). Fission, fusion, and multi-fate dynamics were mostly present

in all size classes of M. mirabilis, in the intermediate and larger size classes of A.

agaricites and Millepora spp, and rarely occurred in the massive coral group. Par-

ticularly for M. mirabilis, the proportion of colonies experiencing fission, fusion,

and multi-fate events increased from 9 % in small colonies to 20 % in intermediate

colonies to 45 % in the larger colonies (Fig. 2.4 pie charts). A statistical com-

parison of the means between isolated fates and each of the other fates revealed

that changes resulting from fusion were always positive with significant differences

from the means of isolated fate distributions observed in intermediate and large

size classes (Table 2.1). Fission and multi-fate processes tended to have a negative

effect on log proportional change when compared to the means of isolated fate

distributions.

2.4.2 Size-specific and fate-based longevity patterns

Longevity significantly increased (p < 0.001) with increasing size class for all

hard coral groups in the isolated fate category (Fig. 2.5a-d). For each coral group,

the size dependence of mortality is described by a log-linear function with colony

size, c, as the following: M. mirabilis : λc = 0.54−0.08ln(c), massives: λc = 0.13−
0.02ln(c), A. agaricites : λc = 0.33−0.05ln(c), Millepora spp: λc = 0.34−0.06ln(c).

Larger colonies experienced decreased mortality probabilities, most prominently

for massives in which 95 % of colonies larger than 64cm2 survived upwards of 1.5

years (Fig. 2.5b). In contrast, the size-based mortality effect disappeared for all

groups in the combined fission, fusion, multi-fate category, except for M. mirabilis

which retained a weak size dependent signal (λc = 0.11 − 0.01ln(c)) (Fig. 2.5e-

h). Overall, mortality was quantitatively lower for fission, fusion, and multi-fate

colonies relative to isolated fate colonies, as well as for the more robust stress-

tolerant massives group compared to the other coral groups.
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2.5 Discussion

The negative relationship observed between coral colony log proportional

areal change and initial size is in line with the expectation of geometrically-

constrained growth. Even though colonial organisms have been described to exhibit

unbounded growth through the continual addition of polyps to their colonies, in

practice there are geometric and structural constraints (Fig. 2.6). These arise as

corals increasing in planar area from their periphery experience increasingly lower

perimeter:area ratios that require a decrease in proportional growth rate with in-

creasing size [Dornelas et al., 2017]. Notably, our results also showed differences

in coral colony change stemming from other factors, including life history strategy,

morphology, and fate.

Madracis mirabilis, the dominant coral at this site, strongly illustrates how

a weedy life history strategist, with a branching sub-massive morphology prone

to fragmentation, can maximize positive areal change by subdividing into smaller

colonies that are geometrically capable of faster proportional growth and that

appear to retain the lower mortality probability of larger corals once they are ac-

tively undergoing fission and fusion. The absence of size dependent survival in

fragments of M. mirabilis corals has been observed before in Jamaica where frag-

ment survivorship was found to instead be more sensitive to context (i.e. greater

survivorship in forereef sites than in lagoon); although whole colonies were not

considered in the 11 month study period [Bruno, 1998]. Notable as the taxon with

the highest incidence of fission/fusion/multi-fate dynamics (26.5 %), the propor-

tion of M. mirabilis colonies actively undergoing fission and fusion increased from

9 to 45 % as colonies became larger. This makes sense as we might expect larger

colonies will have more branches susceptible to fragmentation, but it also indicates

a potential significance of fission and fusion processes for this weedy, submassive

branching taxon. In terms of longevity,M. mirabilis also stood out as the coral type

whose colonies retained a weak size-dependent longevity effect regardless of fate.

A decrease in the strength of size-dependent longevity due to active fission and

fusion dynamics could potentially be another advantageous life history strategy in

this species because it results in the increased longevity of smaller colonies overall.
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In addition, M. mirabilis has also been shown to exhibit phenotypic morpholog-

ical plasticity (e.g., in branch diameter and inter-branch distance), which allows

it to become morphologically similar to resident conspecifics and therefore easily

colonize and thrive in a variety of disturbed environments [Bruno and Edmunds,

1997].

Massive dome-shaped corals exhibit a stress-tolerant (k-selected) life his-

tory strategy that makes them hardy long-living corals [Murawski et al., 2007, van

Woesik et al., 2012]. Our results support this demographic hypothesis, as the

majority of massive colonies occurred in the intermediate and larger size classes.

Longevity results also show that massives had the greatest proportion of colonies

alive throughout the entire study period. Massives exhibited clear size depen-

dent change, but had the lowest rates of log proportional change (data tightly

concentrated around unity line in figure 2.3) and very minimal fission and fusion

dynamics (4.6 %). In fact, fission and multi-fate dynamics had a significant neg-

ative effect on proportional change of the larger massive colonies. Other studies

have reported comparable rates of fission and fusion in massive corals, < 5% and

< 3% in the Gulf of Oman (Foster Foster, 2013) and 1 % and 6 % in Australia

[Babcock, 1991]. These low rates might be related to the extent of tissue loss after

fission as well as the distance between the resulting sub-colonies, which would also

determine whether fusion in a subsequent year is possible given that massives have

inherently slower growth rates that other coral types.

Both A. agaricites and Millepora spp. coral groups showed significant size

dependent growth. This result indicates that size-dependent growth is prevalent

across morphological types of both scleractinian and hydrozoan corals. Both coral

types also exhibited strongly significant size dependent longevity patterns, which

disappeared in colonies with active fission, fusion, and multi-fates. As in mas-

sives, this makes sense because fragmented colonies might retain their increased

survivorship from when they were larger or because the positive effects on vital

rates of fission/fusion, might be expressing themselves in longevity irrespective of

size. The ecological similarities between A. agaricities and Millepora spp. on the

reef were also captured by the closeness in parameter values of their log-linear size
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dependent mortality functions. The parallels in vital rates between these two coral

groups of the same morphological growth form support a morphologically-based

approach to coral colony demography [Dornelas et al., 2017, Murdoch, 2007].

By combining quantitative size-dependent demographic patterns of coral

colonies with knowledge of size structure and morphological composition, better

approximations of coral cover change and the overall growth potential of a reef

can be made. In this work, we emphasized the influence of fates on coral colony

change, namely the negative effects of fission and the positive effects of fusion,

which become important if the life histories of dominant corals on a reef are known

to actively exhibit such dynamics. In our study, 16.4 % of colonies exhibited

fission/fusion dynamics. Hughes and Jackson [Hughes and Jackson, 1980] showed

an annual rate of 11.7 % for A.agaricites and H.culcullata colonies in Jamaica,

while Elahi and Edmunds [Elahi and Edmunds, 2007] found that 42% of S. siderea

colonies in a 200m2 area of reef had resulted from fission. Part of the reason

for considering fission and fusion together is that they often occur in conjunction

and/or in multiple sequential events within a demographic unit, especially in coral

types like M. mirabilis, so that distinguishing between them becomes exponentially

more complicated (hence, our multi-fate category). In general, these results suggest

that by more systematically quantifying levels of fission/fusion, we might become

better poised to characterize rates of occurrence by morphological types that can

then be used to further improve estimates of coral cover change.

Overall, our results are in line with studies demonstrating size depen-

dent demographic rates, including growth, reproduction, and survival [Alvarez-

Noriega et al., 2016, Dornelas et al., 2017, Ferrari et al., 2012, Hughes, 1984, Kayal

et al., 2015, Sebens, 1987, Zilberberg and Edmunds, 2001]. These findings are

consistent with the importance of continuing to emphasize size-dependent and

morphologically-focused demographic approaches. Because of the multi-scale dy-

namical nature of coral reefs, quantifying both individual coral colony areal change

and dynamical fates that link to larger-scale coral cover patterns is vital for in-

forming the mechanistic underpinnings and the expectation of the reef.
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2.8 Supporting Information
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Figure 2.6: Theoretical growth expectations based on geometric con-
straints.
Theoretical geometric-based allometric constraints in growth expectations for cir-
cular colonies with constant radial extension. As colony size increases the perime-
ter:area ratio decreases and the change in log proportional area slows down. r is
radius, gr is growth rate, GA is area resulting from growth interval.
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Figure 2.7: Naming scheme for tracking colony change.
The unique alpha-numeric naming scheme developed to track coral colony demo-
graphic unit change, including histories of fission and fusion.
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Chapter 3

Influence of Aggregation on Benthic

Coral Reef Spatio-temporal

Dynamics

3.1 Abstract

Spatial patterning of substrate-bound organisms constrains competition

and short-term demographic rates, with dynamical implications propagating to

much longer temporal scales. However, techniques for quantifying and analyzing

the character of short- to intermediate- time-scale system behavior are lacking. A

dynamical analysis of the time evolution of coral reef benthic systems, using results

from numerical experiments obtained with a cellular model, shows that reefscape

pathways can be divided into four stages: a repelling stage moving rapidly away

from an unstable initial condition, a transient stage where spatial rearrangements

bring key competitors into contact, an attracting stage during which the reef state

decays to a steady-state attractor, and an attractor stage. The transient stage is

dominated by nonlinear dynamics and the other three stages by linear dynamics.

The relative durations of the stages are affected by the initial spatial configuration

of corals and their competitors. Aggregation, a measure of spatial clumpiness, in-

duces nonlinear dynamics in the transient stage in a manner similar to the effect of

36
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finite-amplitude perturbations on reaction-diffusion systems. Reefscape states and

dynamics are resolved using three dynamical variables: coral and macroalgae frac-

tional cover and aggregation. Including diffusional processes in the model leads

to pattern formation through increased clumping and scale separation between

reefscape metrics (fractional cover and aggregation) and cell-level coral growth

processes. The results suggest that spatial patterning of corals across a reefscape

can influence rates of community change, with high aggregation patterns slowing

loss in degraded systems and low aggregation configurations accelerating growth

in healthy systems.

3.2 Significance

The spatial configuration of a coral reef can influence its decadal-scale time

evolution, but the effects have not been investigated quantitatively. We apply the

methods of complex systems to analyze the relationship between coral patterns

and pathways tracking data-informed simulations initiated with varying levels of

coral clumpiness, termed aggregation. Aggregation slows progression of a coral

reef to its stable end-point and induces a transient stage that enhances coral-algae

competitive interactions. These findings can be used to facilitate detection and

analysis of reef pathways under climate change and human disturbance, and to

inform management interventions of ways to speed recovery in healthy reefs and

slow decay of degraded reefs.

3.3 Introduction

Coral reef ecosystems, one of the most biodiverse systems on the planet, are

facing unprecedented degradation and system-wide losses stemming from warm-

ing waters, ocean acidification, sedimentation, pollution, overfishing, and other

anthropogenic and environmental stressors [Nyström et al., 2000]. The predicted

intensification of these stresses implies that models and other forms of research

will be needed to infer the ways coral reefs are responding and will respond, with
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the goal of facilitating possible interventions.

Most reefscape modeling and field studies focus on steady-state end-point

or attractor perspectives, and not on the specific mechanisms operating along tran-

sient pathways connecting healthy reefs, dominated by coral, and degraded reefs,

dominated by fleshy algae. The processes operating at these short- to intermediate-

time scales are dependent on competitive interactions between coral and algae

that are expected to be significantly affected by reefscape spatial patterns [Karl-

son et al., 2007]. Spatial location of individuals strongly influences outcomes of

ecological interactions because these interactions occur over relatively short dis-

tances and are highly sensitive to the identity of neighbors [Lehman and Tilman,

1997, Dieckmann et al., 2000]. Therefore, the behavior of reefs is controlled, in

part, by spatial arrangements that influence competition.

Spatial pattern formation in systems has been linked previously to the pres-

ence of nonlinearity. In ecology, nonlinearity arises from strong, tightly linked

interactions of organisms, so that vital rates (e.g., mortality) are nonlinear func-

tions of the densities of individuals [Dieckmann et al., 2000]. Pearson [Pearson,

1993] demonstrates that nonlinearity, excited by finite amplitude perturbations in

reaction diffusion systems, can give rise to unexpected irregular spatio-temporal

patterns that significantly affect how a system arranges itself to arrive at a partic-

ular configuration. As such, accounting for pre-existing aggregation patterns when

initializing a system can result in time-evolution pathways that are markedly dif-

ferent from those that originate with either a homogenous or random configuration.

Aggregation is a measure of the degree to which individuals of the same

type are spatially clumped [Murrell et al., 2001]. By changing the number of bor-

ders open to competitive interactions between different groups, higher levels of

aggregation result in individuals interacting less with competitors in other groups

and more with members from the same group than would be expected from overall

abundance [Stoll and Prati, 2001]. Given that the range of fractional perimeter

involved in algal interactions of Caribbean coral colonies has been empirically esti-

mated between 0.61 and 0.80 [Barott et al., 2011], spatial aggregation of coral and

algae is expected to play a central role in competitive outcomes and, ultimately,
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the time-evolution of the reefscape [Crabbe, 2010]. For example, in coral and as-

cidian aggregation experiments, the rate with which strong competitors take over

space is significantly reduced as their resources are redirected towards competing

with each other, allowing weaker competitors to persist longer [Idjadi and Karlson,

2007, Hart and Marshall, 2009]. In reef restoration experiments, close spacing be-

tween outplants has been found to increase branching coral vertical growth rates,

although overall fitness and long-term survival decreases [Raymundo, 2001]. Coral

fragment experiments in numerical models also have found that growth is maxi-

mized in uniform, evenly spaced, gridded coral transplant arrangements, although

competition with algae was not considered [Sleeman et al., 2005]. However, sys-

tematic numerical or experimental studies that quantify the relationship between

aggregation and reef pathways have not been conducted.

Here we use a cellular model of interacting coral and algae organisms to

investigate the evolution of benthic coral reefs with varying initial aggregation.

Because coral reefs are complex systems, we employ the theoretical and analytical

methods of complexity to explore reef dynamics in the model. The results are

analyzed to determine the dynamical characteristics of reef pathways, the effect of

aggregation on reef dynamics and implications for restoration management.

3.4 Results

Simulations were undertaken using a spatially explicit cellular model (100

cm2 cells in a 200 x 200 cell lattice) parameterized for Caribbean reefs [Sandin

and McNamara, 2011]. Coral reef benthic community dynamics are modeled for

four spatially dominant, mutually exclusive functional groups: slowly evolving

stony coral (CO), rapidly growing turf algae (TA) and macroalgae (MA), and

crustose coralline algae (CCA), which acts as a type of substrate for growth of the

other forms. Ecological processes determining the time evolution of the functional

groups on the lattice include competition, growth, recruitment, algae succession,

mortality, and herbivory of algae. Periodic boundary conditions are used and the

model updates with time steps of 0.025 years (further details in Methods section).
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The overall time-evolution of the reefscape is characterized using 1) frac-

tional cover of CO, TA, MA and CCA, calculated as the area occupied by each

type divided by the total area of the lattice, and 2) coral aggregation, calculated

as the number of boundaries between adjacent CO cells divided by four times the

number of CO cells. This metric for aggregation is zero when no two CO cells are

neighbors and approaches one when all CO cells are arranged in a single clump.

To investigate the effect of aggregation on reefscape pathways, twelve initial

configurations varying only in aggregation level from 0.66 to 0.99 with CO/TA/-

MA/CCA initial fractional covers of 0.3/0.5/0.20/0.0 were constructed (Fig. 3.6)

and simulated sixteen times, each set using a different random number generator

seed. These configurations were created using gridded patterns of CO with vary-

ing distances between colonies (9 contiguous cells), plus one configuration with

random placement of CO colonies (aggregation = 0.71).

The fractional cover pathways for all simulations can be empirically divided

into a repelling stage, a transient stage (which might be absent), an attracting

stage, and a CO-dominated attractor stage (Fig. 3.1). The repelling stage cap-

tures the initial response of the system to the initial aggregation condition. CO

fractional cover pathways exhibit an initial decline attributed to limitations im-

posed on coral growth by the constrained number of CO borders open to growing

into non-CO cells. The pathways during this stage exponentially move away from

a repelling fractional cover value, as predicted by linearization around a repel-

lor. The transient stage, dominated by the temporary but prolonged persistence

of MA, is characterized by MA transitioning from TA cells, which recruit to the

simulated reefscape at a faster rate than do MA or CO, and actively compete

with CO. The transition to the attracting stage is marked by an increase beyond

a threshold number of CO cell neighbors of MA, where MA becomes patchy or

fragmented enough to expose sufficient borders for the dominant CO to overgrow

it and for grazers to consume the remainder. The attracting stage is dominated by

the steady recruitment and growth of CO onto CCA and TA cells. As predicted

by a linear stability analysis, the pathways during this stage are consistent with

an exponential decay to an attractor. In the attractor stage, the balance between
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CO overgrowth of CCA/TA and CO mortality results in a simulated reefscape

dominated by CO (0.586 +/- 0.002 SD fractional cover and 0.640 +/- 0.003 SD

aggregation) and the passive CCA (see methods for definitions). In each of the four

stages of the pathway, two-dimensional spatial power spectra of CO distribution

were calculated on a detrended version of a binary CO cellular array. The power

spectral density of this linear analysis is characterized by peaks associated with

spacing of the initial aggregation (10m) in the repelling stage, which dissipate in

the transient stage despite remnants of the initial pattern remaining visible (Fig.

3.7).

An analysis of the CO (Fig. 3.2a) and MA (Fig. 3.2b) pathways shows

that increasing aggregation (blue to red) prolongs arrival to the attractor for both

CO and MA. As initial aggregation increases, each CO fractional cover pathway

exhibits an increasingly lower minimum as CO mortality outweighs CO growth

more intensely when CO cells become more limited by CO cell neighbors that

impede growth into surrounding space (Fig 3.2a). CO fractional cover pathways

begin to recover from the decline only until enough CO cells undergo mortality, thus

opening space (de-aggregating the pattern) for CO growth onto newly recruited

CCA and TA. The CO repelling exponential time scale increases markedly as

aggregation increases, with a doubling of the time scale between dispersed and

clumped cases (Fig. 3.2c). This signifies that aggregation can constrain small-scale

ecological processes of growth and competition that manifest in the pathways of

fractional cover. The MA repelling time scale (Fig. 3.2d) exhibits a trend in the

opposite direction, decreasing as aggregation increases in a manner that appears

to be coupled to CO. MA competitive losses to the dominant CO cells are minimal

and localized to the perimeter of the clumped CO, so that MA can more rapidly

take over the inferior TA/CCA dominating the lattice, thereby reducing the MA

time scale as aggregation increases.

Transient durations for both CO and MA (Fig. 3.2e, f) show a sharply

increasing trend as aggregation increases, with the difference in transient duration

between dispersed and clumped initial conditions exhibiting a ten-fold increase.

This is consistent with the persistent influence of the initial condition found from
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power spectrum analyses. The transient stage is mostly absent (duration between

zero and five years) for initial aggregation less than 0.72, present in only some iter-

ations for initial aggregation up to 0.75, and rises sharply to > 40 years thereafter,

suggesting a threshold initial aggregation (Fig. 3.2e, f). Initial aggregation does

not influence attracting time scales of either CO or MA (Fig. 3.2g, h) because of

the dissolution of the initial pattern at this late stage (Fig. 3.1).

A partial state space constructed with CO and MA fractional covers (Fig.

3.3a) shows that a two-dimensional state space is inadequate for resolving the

dynamics of the simulated reefscape because trajectories intersect themselves and

other trajectories. Adding aggregation as an additional axis to the state space

removes trajectory intersections (Fig. 3.3b). The system converges to a point

attractor with CO fractional cover 0.586 +/- 0.002 SD, MA fractional cover <0.001

and aggregation 0.640 +/- 0.003 SD. That three dimensions is sufficient to resolve

the dynamics of the system is supported by a false nearest neighbor (FNN) analysis

[Kennel et al., 1992] applied to the CO fractional cover time series within the

attractor, which illustrates that the fraction of FNNs decreases to near zero with

three embedding dimensions (Fig. 3.8).

The observation that fractional cover pathways during the repelling and at-

tracting stages appear to be exponential suggests the dominance of linear dynamics

during these two stages. To test this hypothesis and to investigate dynamics dur-

ing the transient and attractor stages, a spatio-temporal forecasting method was

employed [Parlitz and Merkwirth, 2000, Grimes et al., 2015]. This method can

be used to distinguish between linear and nonlinear dynamics by leveraging the

much stronger dependence of forecast accuracy on position in state space for sys-

tems dominated by nonlinear dynamics. A spatial forecasting method was applied

to sequences of reefscape snapshots of functional types on the lattice during the

transient, attracting and attractor stages and forecasting skill was calculated as

a function of the number of neighboring points in state space used to make the

forecast. For linear dynamics, forecasting skill is expected to rise and remain at

a constant value; for nonlinear dynamics, forecasting skill is expected to rise to

a peak and then decrease. The results (Fig. 3.4) are consistent with dominance
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of linear dynamics in the repellor, attracting and attractor stages, and nonlinear

dynamics in the transient stage. Spatio-temporal forecasting results were similar

for all pathways across aggregation levels, except for cases with short transient

stages (< 5 years), for which the strength of nonlinearity is marginal (Fig. 3.9).

The simulations described so far were conducted with a moderate rate of

algae herbivory (12 % of algae grazed per timestep), which gives coral a competitive

advantage in occupying the reefscape. Coral reefs can become degraded when

herbivore populations decline, as with overfishing. To test the effect of aggregation

in degraded reefs, a second set of numerical experiments indicated that higher

aggregation significantly increased the total time required to arrive at the attractor

by a factor of about 1.5 for intact (high grazer) reefs and about 4.0 for degraded

(low grazer) reefs (Fig. 3.5, 3.10). For the most clumped initial aggregation (0.99)

alone, there was a ten-fold difference in arrival to the attractor between intact and

degraded reefs.

3.5 Discussion

Aggregation sets the context for the processes of coral growth and coral-

algae competition so that differences in aggregation can significantly influence an-

nual to decadal scale predictions of fractional cover pathways. In the model, as

initial aggregation increases, CO repelling time scale and duration of the transient

stage increase because the processes of coral growth and competition are affected

by the number of borders exposed to competitive interactions. In other words,

outcomes of coral-algae competition are heavily influenced by the extent to which

coral colony borders interact with neighboring algae, or the length of leading edges

from which colonies grow and acquire space (intact reef) or shrink and lose space

(degraded reef). Consequently, an intact (or degraded) reef starting with higher

aggregation, all else being equal, requires more time to arrive at its attractor be-

cause coral cells must first be sufficiently dispersed to create space for coral growth

(or shrinkage). That a low initial aggregation configuration (regular uniform ar-

rangements) allows fractional cover to approach the attractor the fastest is also
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in line with results from an agent-based model of coral fragments [Sleeman et al.,

2005]. The observation that increasingly aggregated spatial patterns can lead to

the emergence and persistence of transient dynamics in spatial systems expands

understanding of the basis for transient behavior, which has been previously linked

to increasing growth rates in density-dependent, spatially explicit population mod-

els [Hastings and Higgins, 1994, Hastings, 2004]. These results are also consistent

with the argument that spatial distribution, as characterized by aggregation, is as

important as competition coefficients, density, and the frequency of competitors

in determining the nature of the pathway towards large-scale competitive domi-

nance in spatially driven systems [Silvertown et al., 1992]. These results, following

additional field and laboratory tests, have significant implications, as discussed

below.

Previous studies of reefscape dynamics have used only coral and macroal-

gae fractional cover as the axes of state space (e.g., [Mumby et al., 2007, Sandin

and McNamara, 2011]). However, trajectories in a two-dimensional state space of

coral and macroalgae fractional cover intersect when varying initial aggregation,

indicating that two variables (coral and macroalgae fractional cover) do not ade-

quately represent the dynamics of the reefscape model. Adding aggregation as a

third dimension of state space removes trajectory crossings and resolves trajectory

pathways towards the attractor, suggesting that monitoring a metric of aggregation

could be useful for analysis of coral reef dynamics and monitoring reef health.

A focus on the behavior of the system in short-to-intermediate scale path-

ways is not only essential for analyzing ecological system dynamics, but these

scales also overlap with the durations of ecological research and management pro-

grams. Modeling decadal-scale futures have, by default, been based on random

initial configurations that neglect the potential impact of reef aggregation patterns

on dynamics, prediction outcomes and smaller-scale ecological behavior. Because

aggregation provides the context for faster-scale organism-level change, measure-

ments, monitoring, and modeling of organisms and comparisons between reefs

should account for differences in aggregation.

Many aspects of spatial patterns close to an attractor or repellor can be
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modeled accurately with linear dynamics, or a linearization of the underlying non-

linear dynamics [Nicolis, 1995]. Reefscape model results are consistent with linear

dynamics at the beginning and end of the fractional cover pathway from initial

configuration to attractor, with an intervening transient stage dominated by non-

linear dynamics. The finding that increasing initial aggregation leads to increasing

transient stage duration and that a threshold aggregation might be required for

the presence of a transient stage suggests that highly clumped coral acts as a finite

amplitude perturbation (in comparison to a uniform or regularly dispersed base

state) that excites nonlinear dynamics in the transient stage. A similar effect has

been observed previously in numerical experiments using a reaction-diffusion chem-

ical system, where irregular spatiotemporal patterns emerged in response to finite

amplitude perturbations [Pearson, 1993]. The significance of a protracted tran-

sient stage dominated by nonlinear dynamics is that the interactions of organisms

are more actively, or strongly, linked during this stage, meaning that competition

could appear different during transient (recently disturbed) periods than during

steady-state pristine conditions (long after a disturbance).

Scale separation, or the decoupling of dynamical interactions between dif-

ferent scales, is a required condition for pattern formation in systems through

processes of self-organization and slaving [Werner, 1999, Rietkerk and van de Kop-

pel, 2008]. Typically, scale separation occurs when the ratio between fast and slow

time scales is at least two and often an order of magnitude apart. In the model, we

found a plausible scale separation between macroalgae and coral (MA time scale

about 5 years and CO time scale about 10 years), but not between the fractional

cover/aggregation dynamics (about 8 years) and cell-level coral time scales (about

10 years). The dissipation that could cause cell-level coral dynamics to be damped

over the longer time scales of coral patterns, thereby enabling scale separation, is

absent in the model. To test whether the absence of self-organization can be at-

tributed to a lack of dissipation, we added diffusion of CO, which is dissipative, to

the model using a range of diffusion constants (Supplementary Information). The

results (Fig. 3.11) indicate that diffusion enables self-organization and clumping in

the model, but also acts to depress the steady-state CO fractional cover, which can
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be explained by the effect of increased diffusion-driven aggregation on tipping the

balance between coral mortality and growth. Further investigation is beyond the

scope of this article, but these results suggest that dissipation, which might have a

biological origin in coral colony fusion processes, is necessary for scale-separation

and emergent pattern formation and should be considered in future research on

coral reef models.

Rapid change in environmental conditions owing to global warming and

other anthropogenic impacts can give rise to conditions in which coral reefs are re-

peatedly perturbed far from a steady state under the altered environment [Hughes

et al., 2003]. Such changes could lead to more highly aggregated, or finite am-

plitude, conditions that might induce prolonged nonlinear dynamics as reefscapes

follow pathways to new non-coral dominated attractors. Further studies of reefs-

capes recovering from recent perturbations or intact reefscapes on the path towards

degradation could inform monitoring studies and interventions, because rates of

benthic community change in these situations can be expected to be slower and

more quantifiable. In comparing the impact of initial aggregation on subsequent

reef development in different reef health scenarios, we found clumping was dis-

advantageous to inducing coral growth in both intact and degraded reefscapes,

because exposed borders from which coral can grow and occupy non-coral space

are severely limited by other coral neighbors. But in degraded reef scenarios ini-

tialized with small, competitively inferior coral colonies, clumping is advantageous

for coral persistence (growth is still limited), because coral borders that would be

exposed to negative competitive interactions are minimized (Supp. Info. and Fig.

3.13). Clumping also increases the persistence (transient duration) of macroalgae,

which also exists in large patches when coral is clumped. For reef restoration ini-

tiatives that seek to maximize the growth of coral colony fragments cemented to

artificial structures of various geometries and arrangements [Rinkevich, 1995], these

results suggest that increasingly aggregated configurations of large, competitively

dominant fragments can limit growth in both intact and degraded systems, but

can increase persistence for small, competitively inferior fragments in degraded

systems. This is particularly advantageous if fusion between genetically similar
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fragments occurs and increases coral survival, given the improved ability of larger

individuals to withstand assaults [Chornesky, 1991, Baums et al., 2006]. When con-

sidering the establishment of protected reef zones for restoration, complementing

an evaluation of reefscape local health condition with level of coral colony aggre-

gation might inform selections that target maximizing persistence and/or coral

growth and dominance within a specified time frame.

The insight gained by combining numerical investigations of coral reefscape

behavior with concepts and analysis techniques from studies of dynamics and com-

plexity suggests that such a pairing could assist studies of coral reefs as well as

studies of other pattern-forming ecological systems (e.g. alpine ribbon forests, arid,

wetland, tundra, or savanna ecosystems). Analyzing the interactions between spa-

tial patterning, temporal dynamics and ecological interactions can contribute to

advances in modeling spatially driven systems [Hastings and Higgins, 1994, Kareiva

and Wennergren, 1995, Dieckmann et al., 2000, Hastings, 2004, Hastings, 2010].

Specifically, expanding the focus beyond long-term outcomes to include short-

to intermediate- scale pathways, and studying how competitive geometry related

to aggregation patterns drives a significant quantitative effect on system spatio-

temporal dynamics could have implications for ecological description, prediction,

and questions of conservation significance.

3.6 Methods

In our implementation of a cellular reefscape model [Sandin and McNa-

mara, 2011], the competitive hierarchy, in order of decreasing dominance, is CO

belonging to large colonies above a colony size threshold (Cth = 900cm2), MA,

CO below the colony size threshold, TA, and CCA. CCA also includes open space,

ignoring possible facilitating or competitive effects of certain CCA species [Har-

rington et al., 2004], which has been confirmed to not substantively affect model

results [Eynaud et al., 2016]. All CO cells are set to represent branching coral

types, which exhibit monotonic, potentially unlimited growth, although dynamics

are qualitatively similar to massive coral [Sandin and McNamara, 2011].
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Cell transition probabilities in the model are a function of the current state

of a cell and that of its four nearest neighbor cells, with outcomes determined

by the competitive dominance hierarchy. Growth of CO, TA, and MA on the reef

occurs clonally (or vegetatively) by laterally expanding into neighboring space. The

probability of an individual cell being overgrown by a neighboring cell is dependent

on the growth rate of the neighboring functional type, Gx, where x denotes the

functional type CO, TA, or MA, and the number of neighboring cells occupied by

the functional type, nx, which ranges from 0 to 4. Therefore, the probability of a

cell being overgrown by functional type x is 1− (1−Gx)
nx .

Recruitment of benthic types occurs through the arrival and survival of

mobile propagules into the juvenile population present on the reef. In the model,

recruitment for each functional group is the composite probability of planktonic

arrival in addition to survival into the juvenile class (i.e., growth to the size of a

cell on the lattice). CO recruits to cells occupied by either CCA or TA with a

probability of 0.01 per year; TA recruits to CCA cells at 0.80 per year. Because

MA recruits from growing out of the TA assemblage, at each time step, a TA cell

has a 0.33 per year probability of undergoing succession into MA. If a cell is slated

to be overgrown by a neighboring cell as well as undergo recruitment, the outcome

is determined by the competitive hierarchy.

Natural background mortality can affect all organisms. For algae, the ten-

dency to exist as an assemblage of multiple individuals limits the likelihood of

mortality for individuals in a particular area. For CO, cell mortality is simulated

with the conversion of CO cells to CCA cells with a probability of 0.15 per year.

Herbivory of algae on reefs occurs from a suite of reef fishes and inverte-

brates. Because of their high mobility, herbivorous fish can explore wide areas

of the benthic reefscape in their search for food. Grazing is simulated in a spa-

tially random manner across the lattice, with TA and MA cell types having an

equal likelihood of being consumed and converted to CCA. Algal food preference

by grazers has been shown previously to have limited impact on model results

[Eynaud et al., 2016]. Herbivory occurs at a specified grazing rate if enough al-

gae cells are available and otherwise at a rate proportional to the total available
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TA and MA cells. All initial configurations include coral colonies of size 30 cm x

30 cm, and results were found to be insensitive to increasing initial colony size.

All simulations were conducted without disturbances (e.g., storm events) because

numerical experiments conducted with stochastic disturbance events did not sig-

nificantly impact the effect of aggregation on reefscape pathways (see Supporting

Information).

Boundaries between the repelling, transient, attracting and attractor stages

were determined using automated algorithms tailored for these simulated time se-

ries. For each random-seed-based set of aggregation levels, the boundary between

repelling and transient stages was determined for the initial configuration that ar-

rived at the attractor the fastest (i.e., the most regular initial aggregation pathway)

and used for the remaining pathways in that set. The boundary was determined by

following the pathway forward in time and flagging the time step where the slope

of an exponential fit up to that point and the slope of an exponential fit over a

window of three time steps differed by more than 1.5 times the standard deviation

of the slope to that point. The boundary between transient and attracting stages

was found as the inflection point between the concave-up (concave-down) tran-

sient curve and the concave-down (concave up) attracting curve for the CO (MA)

pathway. The boundary between the attracting stage and the attractor stage was

found by flagging the time step where the slope of the exponential fit from the

beginning of the attracting stage and the slope of an exponential fit over a window

of 10 time steps differed by less than 2 standard deviations of the slope to that

point. Because the position of this point is sensitive to fluctuations, the pathways

were pre-processed using an iterative diffusion smoothing method [Cai, 1988].

Temporal and spatial forecasting operate by reconstructing state space us-

ing lagged replicates of a portion of a series of points sampled in time [Sugihara

and May, 1990] or space and time [Parlitz and Merkwirth, 2000]. Prediction skill

from this reconstruction as a function of prediction distance, number of neighbors

used to make a prediction, and other parameters, is evaluated and then used to

assess properties of system dynamics, including linearity vs. nonlinearity. Spatio-

temporal forecasting was implemented on a cube of cells with two directions being
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spatial snapshots of the lattice and the third being time at intervals of one year

[Grimes et al., 2015]. The state space was reconstructed using sequences of points

from randomly chosen lines of cells in all three directions. Three cubes were con-

sidered: the first covering the time intervals of the transient stage, the second

covering time intervals of the attracting stage and the third covering time intervals

of the attractor stage. Forecast skill was calculated as a function of number of

neighbors used in making the prediction for a total of 30,000 points using 5-fold

cross validation. Linear dynamics is indicated by forecast skill that rises to a maxi-

mum value and stays constant as a function of number of neighbors used in making

the prediction, and nonlinear dynamics is indicated by forecast skill that reaches

a maximum value and then decreases as a function of number of neighbors used.
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3.8 Figures

25 503 100 150 200 2500 6 184

Figure 3.1: Coral fractional cover pathway stages
Coral fractional cover pathway vs. time illustrating four pathway stages: repelling
(yellow), transient (peach), attracting (orange), and attractor (purple). Snapshots
of the reefscape lattice at multiple points throughout the pathway show persistence
of initial pattern into the attracting stage. Blue: CO; green: MA; bluish green:
TA; orange: CCA.
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Figure 3.3: Two-dimensional to three-dimensional phase space.
Simulated reefscape state space in two dimensions (a) and three dimensions (b),
illustrates how addition of aggregation axis removes trajectory intersections and
resolves dynamics. Trajectories color coded in groups of initial coral fractional
cover, with dots indicating initial state and glowing purple dot the attractor for
all trajectories. Initial CO fractional covers: 0.10 (red), 0.30 (gold), 0.50 (green),
0.70 (blue), and 0.90 (black); initial aggregation: 0.66, 0.77, 0.89, and 0.99.
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Figure 3.4: Spatio-temporal forecasting of clumped initialization reveals
nonlinear and linear stages.
Nonlinear spatio-temporal forecasting of a clumped (0.96) initialization pathway
tests for nonlinearity by stage. Forecast skill vs. number of nearest neighbors used
to forecast the last three stages of the pathway. Nonlinear dynamics dominates
transient stage and linear dynamics dominates attracting and attractor stages. The
standard deviation for the attractor stage averaged 0.002 (range: 0.002 to 0.006),
0.002 (range: 0.001 to 0.004) for the attracting stage, and 0.030 (range: 0.010 to
0.027) for the transient stage.
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Figure 3.5: Aggregation effect on time duration to attractor.
Time duration to arrive at attractor vs. initial aggregation for intact (light) and
degraded (dark) reefs. Degraded reefs amplify the effect of aggregation on the time
duration to arrive at the attractor. Error bars are one standard deviation.
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3.9 Supplementary Information

3.9.1 Effect of Stochastic Disturbance

The results shown in the article highlight the effect of aggregation on reef-

scape dynamics with competitively dominant coral colonies that exhibit increased

coral survival and growth into space. The ability of large coral colonies to dominate

reefscapes despite a degraded herbivore guild has been documented previously in

Jamaica [Hughes, 1994], where a coral dominated reef with a depressed herbivory

guild transitioned into an algae dominated reef only upon experiencing a large hur-

ricane and subsequent urchin disease outbreak. Here, we explore how stochastic

storm events affect the impact of aggregation on reefscape dynamics found in the

main article (Fig. 3.12). The model was modified so that storms occur annually

with probability 1/7. When a storm occurs, it kills 20 % of whole coral colonies

on the reefscape. Simulations were run for an intact (24 % lattice grazed per time

step) and degraded (4 % lattice grazed per time step) reef for initial aggregation

levels of 0.66 (regular) and 0.99 (clumped). The effect of initial aggregation on coral

fractional cover pathways remains significant, with regular initial aggregation con-

figurations resulting in faster arrivals to the attractor (intact CO fractional cover

attractor: 0.485 +/- 0.002 SD, degraded CO cover attractor: < 0.001). For intact

reefs, clumped initial configuration delays arrival to the attractor by a decade. For

degraded reefs, the regular initial configuration prolongs coral persistence on the

reef by more than a century.

3.9.2 Effect of Small Colonies

The effect of initial aggregation on the more vulnerable, small, competi-

tively inferior coral colonies was investigated because of its potential implications

for management. Recruitment of small colonies into the adult population is neces-

sary for the establishment of new coral in reefs [Hughes et al., 2000]. CO pathways

initialized with regular and clumped aggregations of small coral colonies (4 con-

tiguous cells) were simulated starting at fractional cover levels above (0.70) and

below (0.30) the CO pathway attractors (intact: 0.586 +/- 0.002 SD; degraded:
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<0.001). Starting fractional cover above and below the attractor for intact reefs

allowed for exploring recovery pathways (from below) and pathways that might be

considered degrading rather than stabilizing (from above). All small coral colony

fractional cover pathways with clumped (red) initializations result in significant

delays in arrival at the attractor in both intact and degraded scenarios (Fig. 3.13).

In degraded reefs, clumping increases coral persistence by minimizing the number

of coral borders that would be exposed to negative competitive interactions (Fig.

3.13a). In contrast, the apparent benefit of clumping becomes a disadvantage in

intact reefs, where coral growth is constrained to the outer perimeter of the clump

(until the clump is dissolved through mortality processes), thus producing a ten-

year delay towards arrival at the steady-state attractor (Fig. 3.13b). Initializing

coral pathways above and below the attractor confirmed that pathways eventually

stabilize at the attractor determined by the parameters, including grazing level,

independent of initial condition (basin of attraction is the entire state space). For

intact reefs, starting coral fractional cover from above the attractor results in only

a five-year delay towards steady-state for clumped initializations when compared

to the initialization below the attractor, challenging the expectation that the coral

pathway would have stabilized much sooner (traceable to the constraint on growth

by clumping). Also, for intact reefs, the clumped coral fractional cover pathway

from above the attractor crosses the attractor level early on (about year 3), which

can be misinterpreted as an arrival at steady-state attractor if not viewed through

a dynamics lens. Connecting significant declines in coral cover to high levels of

aggregation can aid management responses in the face of unexpected declines.

3.9.3 Incorporating Coral Diffusion into the Model

In the model, the dynamics of coral (slow) and algae (fast) fractional cover

are scale-separated, but coral fractional cover and aggregation only become scale

separated from coral growth processes when diffusional processes are included.

To test whether the absence of self-organization can be attributed to a lack of

dissipation, we included CO diffusion, which is dissipative, in the model using a

range of diffusion constants. A first order solution of the diffusion equation for
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CO was implemented on a separate cellular lattice and transferred to the model

lattice tracking the mutually exclusive occurrence of the four functional groups in

each cell under the following two conditions. (1) If the value of CO in a cell in the

diffusion lattice goes from less than 0.5 to greater than 0.5, the value of that cell

in the diffusion lattice is set to 1 and the corresponding cell of the model lattice is

set to CO. (2) If the value of CO in a cell in the diffusion lattice goes from greater

than 0.5 to less than 0.5, the value of that cell in the diffusion lattice is set to 0 and

the corresponding cell of the model lattice is set to MA, TA or CCA, randomly

choosing the type amongst the neighboring cells. This process was constrained by

the requirement that the net change in CO cells on the model lattice is 0. Coral

growth rate was increased from 0.1m/y to 0.2m/y, which is within the measured

range for branching coral types (Dullo 2005), because of the effect of diffusion on

steady-state coral fractional cover (see below).

Diffusion leads to increased CO clumpiness, but only slight increases in CO

aggregation, because aggregation increase is offset by decreases in coral fractional

cover (Fig 3.11a, b). Steady-state coral fractional cover decreases as diffusion con-

stant increases (Fig 3.11b). This is in line with the previously quantified effect

of increased initial aggregation, where fewer coral borders open to competitive

interactions results in mortality processes outweighing growth processes. CO dif-

fusion continuously conserves some of that clumpiness, or growth limitation, which

translates to a lower CO fractional cover at the attractor.

The time scale of decay to the attractor increases from 3.43 years to 18.80

years over a diffusion constant range of 0 to 0.16, suggesting that, with diffusion,

CO clumps are self-organized and scale-separated from CO growth and mortality

processes.
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3.10 Supporting Information
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Figure 3.8: Fraction of FNN minimized at three embedding dimensions.
Fraction of false nearest neighbors vs embedding dimension from phase space re-
construction of CO fractional cover 250-year time series in the attractor of the
clumped initial condition (aggregation = 0.99; lag = 5 time steps) illustrates that
three dimensions is sufficient to resolve system dynamics.
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Figure 3.9: Spatio-temporal forecasting of less clumped initializations
reveals nonlinear and linear stages.
Nonlinear spatio-temporal forecasting for pathways with initial aggregation (a)
0.88 and (b) 0.66. Nonlinear dynamics dominate transient stage for high values
of initial aggregation, but nonlinearity is only marginally present in (b) because
the transient stage in this pathway is short and interactions weak. For (a), the
standard deviation for each stage averaged 0.002 (range: 0.001 to 0.004) for the
attractor, 0.004 (range: 0.002 to 0.008) for the attracting stage, and 0.013 (range:
0.010 to 0.016) for the transient stage. For (b), the standard deviation for the
attractor averaged 0.002 (range 0.001 to 0.008), 0.004 (range: 0.003 to 0.005) for
the attracting stage, and 0.005 (range: 0.002 to 0.008) for the transient stage.
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Figure 3.10: Delay to attractor increases as aggregation and degradation
increases.
CO fractional cover vs. time for four values of initial aggregation (see colorbar)
for an intact reef (24 % of lattice grazed per time step) and a degraded reef (4 %
of lattice grazed per time step). n = 50.
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Figure 3.11: Diffusion enables pattern formation.
Incorporating CO diffusion into the model enables emergence of a long CO frac-
tional cover time scale that leads to self-organization and clumping, but also de-
presses the steady-state CO fractional cover. (a) Coral fractional cover pathways
for k = 0 m2 /yr (thin) to k=0.016 m2 /yr (thickest) shows increasing time scale
to arrive at attractor. (b) Attractor values for CO fractional cover (blue circles)
and aggregation (black triangles) as a function of coral diffusion, k. As diffusion
increases, CO fractional cover decreases and aggregation increases slightly. Error
bars are one standard deviation. (c) Snapshots of lattice at attractor (time = 140
yr) for k = 0 and 0.08 m2/yr (Blue: CO; Orange: CCA).
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Figure 3.12: Pathways for two aggregation levels with disturbance.
CO fractional cover vs. time for intact (heavy lines) and degraded (light lines)
reefs starting from regular (0.71) and clumped (0.99) initial aggregations under
a stochastic disturbance regime (storm every ∼7 years). As shown with non-
disturbance pathways, higher initial aggregation significantly prolongs arrival at
the attractor (intact CO fractional cover attractor: 0.485 +/- 0.002 SD, degraded
CO cover attractor: < 0.001), despite storms.
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Figure 3.13: Aggregation effects in degraded and intact reefs.
CO fractional cover vs. time for (a) degraded and (b) intact reefs for both regular
(blue) and clumped (red) initial aggregations of small coral colonies. Clumping
prolongs CO persistence for 1.5 years for degraded reefs and delays arrival to the
steady-state by 10 years for intact reefs.



Chapter 4

A continuum model for the

dynamics of coral reefscapes

4.1 Abstract

Coral reefs are ecosystems comprised of a diverse array of spatially inter-

acting organisms nonlinearly linked to a range of spatio-temporal processes and

emergent patterns. Because of the complex and multi-scale nature of reefs, com-

puter modeling has played a role in investigating reef change and its link to the in-

teractions influencing foundational calcifying coral reef organisms. However, most

models have failed to treat or properly characterize the impact of the intense com-

petition for two-dimensional benthic space that is the foundational mechanism of

coral reef formation and development. To address this gap and to develop the

capability to model coral reef dynamics on the scale of islands and beyond, here I

describe and explore a continuum model derived by averaging the processes oper-

ating in a cellular model of coral reef dynamics. Twelve fields that vary in space

and time self-consistently characterize the reefscape; the fractional cover of four

main functional groups on the reef (coral (CO), macroalgae (MA), turf algae (TA),

and crustose coralline algae (CCA); length of interaction boundaries of the possible

six inter-group combinations (CO-MA, CO-TA, CO-CCA,MA-TA,MA-CCA,TA-

CCA); mean coral colony size; and fish biomass representing an herbivore popula-

68
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tion coupled to the benthic community. Spatial averaging of reef processes results

in twelve corresponding partial differential equations solved numerically using a

finite difference predictor-corrector scheme. Comparisons between the continuum

model and the cellular model show considerable correspondence in behavior but

some differences in time scales and variable values in the attractors. These dif-

ferences are attributable to differing treatment of the development of coral colony

size, which affects CO-MA competition, and the effect of distributions of small-

scale variables on nonlinear terms in the continuum model equations. An initial

investigation of the spatial pattern forming capabilities of the continuum model

yields the development of predator-prey-type cyclical attractors that form reaction-

diffusion-type spatial patterns.

4.2 Introduction

Coral reefs are one of the most biodiverse complex ecosystems on Earth.

The coral reef structural matrix itself is a living, growing foundation comprised of

a milleu of interacting organisms that influence and are influenced by the larger-

and longer- scale patterns of the reefscape. Because coral reef ecosystems can be

characterized on multiple levels of description, studies have relied on computer

modeling to elucidate the dynamics of foundational coral reef organisms and how

they are linked to larger-scale patterns [Arias-González et al., 2011]. Dynamical

representations have focused mainly on hard corals (the principal reef-builders) by

emphasizing particular aspects of coral life histories or the interplay of functional

groups occupying the reef. Functional groups are categorizations of reef organisms

based on their function on the reef (e.g., reef builders, reef consolidators that ce-

ment the reef matrix, or bio-eroders). For benthic coral reef communities, models

have investigated the effects of various factors known to shape the reef, including

the effects of organism-level neighborhood composition on coral vital rates (e.g.,

growth, survival, mortality, longevity), influence of disturbance regimes, larval con-

nectivity patterns, and the impacts of grazing on structuring the reef [Langmead

and Sheppard, 2004, Melbourne-Thomas et al., 2011a, Sandin and McNamara,
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2011, Eynaud et al., 2016, Mumby and Dytham, 2006]. These efforts have cul-

minated in different end-member applications, including adaptive harvesting eval-

uation [Kramer, 2008], expansion of reef management tools [Melbourne-Thomas

et al., 2011a], and advancement of theoretical explanations for the effect of spa-

tially driven mechanisms (e.g. dispersed fish grazing vs locally constrained urchin

grazing) on small-scale reef dynamics [Sandin and McNamara, 2011, Eynaud et al.,

2016]. However, few models have attempted to explicitly connect organism-level

dynamics to the scale of reefs surrounding islands.

Most models that have been developed for reefscapes are based on systems

of ordinary differential equations that describe reef change as a function of time

[Fung et al., 2011]. Coral reef benthic organisms fiercely compete to occupy space

on the two-dimensional ocean bottom, marking space as a critical limiting resource.

The regular patterns observed on reefs result, in large part, from the interplay of

this competition to occupy space with processes connecting organisms to their

environment [Mistr and Bercovici, 2003, Liu et al., 2014]. Studying the ecological

dynamics of systems characterized by intense competition for space necessitates

considering populations of organisms as functions of both time and space [Okubo

and Levin, 2001].

Continuum models have been previously used to connect emergent, macro-

scopic behavior that varies smoothly in space and time with the behavior of smaller

and faster scale microscopic behavior. For example, aspects of the macroscopic be-

havior of fluids can be represented using the Navier-Stokes equations, which enforce

the constraints of mass and momentum conservation. These constraints can be

linked to molecular-scale dynamics through calculation of macroscopic parameters

such as viscosity, a coefficient of self-diffusion and velocity of sound via averaging

of molecular scale processes [Rothman and Zaleski, 1997, Reif, 1965]. Because

organism-level change is expected to be expressed differently at larger scales (e.g.,

fractional cover is a variable of the reefscape rather than benthic reef organisms),

development of a continuum model can elucidate longer time scale variables and

dynamics of the reefscape that both result from and constrain organism-level dy-

namics. Also, building a model based on the dynamics of the constituents and
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relevant trophic interactions (e.g., grazing predators), allows for the inclusion of

aggregating intra- and inter-group processes that lead to the formation of spatially

concentrated patterns of organisms [Okubo and Levin, 2001]. In other compli-

cated ecological systems, including mussel beds, savannas, and dryland vegetation

ecosystems, continuum models have been used to model and investigate emergent

pattern formation and scale dependent feedbacks [Liu et al., 2014, Klausmeier,

1999, Tarnita et al., 2017, Meron, 2016, Rietkerk and van de Koppel, 2008].

In this study, I derive a continuum-based macroscopic approximation for

a cellular model of benthic coral reef dynamics. This is the first time that a

continuum model representing the reef benthic community has been obtained by

explicitly averaging the small-scale interactions represented in a cellular model

that includes both demographic processes not influenced by benthic spatial ar-

rangements and competition between neighboring organisms for space [Sandin and

McNamara, 2011, Eynaud et al., 2016]. The result is a system of twelve nonlin-

ear partial differential equations tracking, through time and space, the fractional

cover of four main functional groups on the reef (coral (CO), macroalgae (MA),

turf algae (TA), and crustose coralline algae (CCA)), the nondimensional inter-

acting boundary lengths of the six possible inter-group combinations (CO-MA,

CO-TA, CO-CCA,MA-TA,MA-CCA,TA-CCA), the mean coral colony size, and a

fish population coupled to the reef. I compare the behavior of this model to the

cellular model and describe an initial exploration of its pattern forming properties.

4.3 Methods

4.3.1 Cellular Model

The continuum model is based on a coral reef cellular model that simu-

lates, on a two-dimensional grid of square cells (sized 0.01m2), the shallow water

reef habitat processes by which organisms for four major functional groups recruit,

grow, compete, survive, and die on the reef [Sandin and McNamara, 2011]. These

four functional groups, which represent dynamical function in the benthic commu-

nity rather than particular species, are: stony coral (CO), turf algae (TA), fleshy
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macroalgae (MA) and crustose coraline algae (CCA), a neutral substrate. The

dynamics in the cellular model, which occur with time steps of 0.025y, are gov-

erned by cell-level processes at one- (vertical) and two- (planar) dimensions. First,

recruitment, algae succession, mortality and grazing represent haphazard interac-

tions of organisms with their environment in the vertical dimension. Secondly,

growth and competition represent two-dimensional interactions of organisms with

their immediate neighbors. Specifically, CO recruits onto CCA or TA, TA recruits

onto CCA, MA grows from TA and CCA immediately recruits to empty cells.

Simulating lateral growth and competition for space, the four groups expand to

occupy a neighboring cell with a given probability and according to a competitive

hierarchy. The competitive growth hierarchy has CO and MA dominating TA and

CCA, TA dominating CCA, and CO dominating MA when it belongs to a colony

above a threshold, and the reverse otherwise. CCA occupies empty cells with unit

probability. Grazing, which is the removal of MA and TA by fish or other herbi-

vores, is assumed to occur uniformly over the grid at a constant rate. Parameters

characterizing these processes for the continuum model can be found in Table 4.2.

4.3.2 Continuum Model

Approach and scales

The continuum model is constructed by averaging cellular-level processes

over a spatial patch consisting of a rectangle of N ∗ M cells. To enforce scale

separation and ensure that averages are stable, the patch must consist of at least

10 x 10 cells (1 m x 1 m), but patches at least a factor of ten larger ensure well-

defined emergent variables and smooth progression of reef dynamics.

General form of variables in continuum model

The variables of the continuum model reflect both the status of the four

functional groups in their competition for space and the opportunities and con-

straints on these groups in competing for additional space on the reef. Four of these

field variables represent the fraction of space occupied by each functional group
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(CO, MA, TA, CCA). The relationship between fractional cover and functional

groups occupying cells on the cellular model grid is:

fco =

N∑
i=1

M∑
j=1

(rco(i, j))

N ∗M
(4.1a)

fma =

N∑
i=1

M∑
j=1

(rma(i, j))

N ∗M
(4.1b)

fta =

N∑
i=1

M∑
j=1

(rta(i, j))

N ∗M
(4.1c)

fcca =

N∑
i=1

M∑
j=1

(rcca(i, j))

N ∗M
, (4.1d)

where fb is the fractional cover of functional group b and rb(i, j) is 1 if the (i, j)

cell is occupied by functional group b and 0 otherwise. The indices i and j range

over a patch of size N ∗M cells.

The level of aggregation within each of the functional types, or the level

of spatial clumpiness within each group, characterizes the constant competition

between four functional types. Aggregation, agb, is defined as the number of cell

boundaries between cells of the same functional group b = [co,ma, ta, cca] divided

by the total number of cell boundaries of functional type b, calculated over the

patch:

agco =

N∑
i=1

M∑
j=1

(rco(i, j)vco(i, j))

4N ∗Mfco
(4.2a)

agma =

N∑
i=1

M∑
j=1

(rma(i, j)vma(i, j))

4N ∗Mfma
(4.2b)

agta =

N∑
i=1

M∑
j=1

(rta(i, j)vta(i, j))

4N ∗Mfta
(4.2c)
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agcca =

N∑
i=1

M∑
j=1

(rcca(i, j)vcca(i, j))

4N ∗Mfcca
, (4.2d)

where vb(i, j) is the number of neighbors of cell (i, j) that belong to functional

group b.

Another set of related variables describe the opportunities for competi-

tion between different functional groups. Competition occurs along boundaries

between cells containing different functional groups. The rate of competition be-

tween groups is proportional to the number of such boundaries, Lb−c, within the

patch. Six nondimensional continuum variables, λb−c, can be constructed as the

ratio of Lb−c to the total number of cell-cell boundaries within the patch, 4∗N ∗M :

λb−c =
Lb−c

4N ∗M
. (4.3)

The relationship between variables in the cellular model and λb−c is given below:

λco−ma =

N∑
i=1

M∑
j=1

(rco(i, j)vma(i, j))

4N ∗M
(4.4a)

λco−ta =

N∑
i=1

M∑
j=1

(rco(i, j)vta(i, j))

4N ∗M
(4.4b)

λco−cca =

N∑
i=1

M∑
j=1

(rco(i, j)vcca(i, j))

4N ∗M
(4.4c)

λma−ta =

N∑
i=1

M∑
j=1

(rma(i, j)vta(i, j))

4N ∗M
(4.4d)

λma−cca =

N∑
i=1

M∑
j=1

(rma(i, j)vcca(i, j))

4N ∗M
(4.4e)

λta−cca =

N∑
i=1

M∑
j=1

(rta(i, j)vcca(i, j))

4N ∗M
. (4.4f)

Similarly, aggregation, agb is two times the number of neighbors of type

b for cells of functional group b, Lb−b, within the patch divided by the fractional
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cover of b on the grid (the two is related to double counting of b− b boundaries):

agb =
2λb−b
fb

. (4.5)

This relationship indicates that the previously defined aggregation variables

(equation 4.2) are not independent from the λs. The sum of the Lb−c for each

funtional group are constrained by the number of boundaries of the cells of type b

in the patch:

4 ∗N ∗Mfb = 2Lb−b +
∑
c′

Lb−c′ , (4.6)

where the sum is over the three other functional groups, or

fb = 2λb−b +
∑
c′

λb−c′ . (4.7)

Combining equation 4.7 with equation 4.5, aggregation, agb, is shown to be

a function of λb−c. In summary, aggregation and nondimensional boundary lengths

are related in the following manner:

agco = 1− 1

fco

(
λco−ma + λco−ta + λco−cca

)
(4.8a)

agma = 1− 1

fma

(
λco−ma + λma−ta + λma−cca

)
(4.8b)

agta = 1− 1

fta

(
λco−ta + λma−ta + λta−cca

)
(4.8c)

agcca = 1− 1

fcca

(
λco−cca + λma−cca + λta−cca

)
(4.8d)

Therefore, aggregation is not an independent dynamical variable in the con-

tinuum model. However, aggregation is used in some of the equations to simplify

their expression.

The mean coral colony size, α, is a metric representing the coral colony size

distribution, which determines the outcome of competitive interactions between

coral and macroalgae. Departing from non-contiguous coral colonies in the cellular
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model, α is calculated from the total number of CO cells in the patch, Nco, divided

by the total number of coral colonies, Ncol:

α =
Nco

Ncol

=
fcoN ∗M
fcoN∗M

α

(4.9)

A final variable measures the population of fish, which is specified as the

fish biomass per unit area, Hpop.

4.3.3 Dynamics

Derivation of the partial differential equations that describe the dynamics

of the continuum model is divided into processes representing one-dimensional

vertical interactions with the water column and processes representing competitive

interactions with neighboring organisms.

One dimensional processes

The one-dimensional processes category includes recruitment, mortality, al-

gae succession and grazing. Below I describe change per unit time for CO, while

also tracking the corresponding changes in the other functional types.

Fractional cover. To find the rate of increase of fco from recruitment, first

consider the change in area of coral in the patch as:

∆areaco = ∆tPcr(fta + fcca)N ∗M∆x2, (4.10)

with ∆x as the size of a cell in the cellular model. Area is converted to fractional

cover by dividing (4.8) by the area of the patch:

∆fco =
∆areaco
N ∗M∆x2

, (4.11)

or
∂fco
∂t recruitment

= Pcr(fta + fcca). (4.12)

The corresponding decreases in fta and fcca are:

∂fta
∂t mortality

= −Pcrfta, (4.13a)
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∂fcca
∂t mortality

= −Pcrfcca. (4.13b)

Similarly, coral mortality is proportional to a mortality rate, Pcd, and coral frac-

tional cover:
∂fco
∂t mortality

= −Pcdfco, (4.14)

with a corresponding increase in fcca:
∂fcca
∂t recruitment

= Pcdfco. (4.15)

Succession proceeds through the conversion of turf algae to macroalgae at

rate Pma:
∂fma
∂t succession

= Pmafta, (4.16)

with the corresponding decrease in fta:
∂fta
∂t succession

= −Pmafta. (4.17)

Finally, decreases owing to mortality of fma and fta occurs by herbivorous

fish consumption of these algae types (same rate for both), which results in fcca

recruitment to the previous fma and fta cells. This process of grazing occurs at a

rate, GH , per fish biomass density, Hpop:

∂fma
∂t grazing

= −GHHpop

(
fma

fma + fta

)
, (4.18a)

∂fta
∂t grazing

= −GHHpop

(
fta

fma + fta

)
. (4.18b)

The corresponding change in fcca simplifies to:

∂fcca
∂t grazing

= GHHpop. (4.19)

Generalizing these relationships to all functional groups results in the equa-

tions for change in fractional cover owing to one-dimensional processes:
∂fco
∂t

= Pcr(fta + fcca)− Pcdfco, (4.20a)

∂fma
∂t

= Pmafta −GHHpop

(
fma

fma + fta

)
, (4.20b)

∂fta
∂t

= Ptrfcca −GHHpop

(
fta

fma + fta

)
− Pcrfta − Pmafta, (4.20c)

∂fcca
∂t

= Pcdfco +GHHpop − (Pcr + Ptr)fcca. (4.20d)



78

Non-dimensional boundary lengths. The processes that impact cells in the

cellular model through interactions with the water column described for fractional

cover also result in changes in the nondimensional border lengths. For example,

for λco−ma, these processes are CO recruitment and mortality, MA succession and

grazing of MA. λco−ma is affected by CO recruitment because a prior MA-TA

boundary converts to CO-MA upon CO recruiting onto a TA cell neighboring a

MA cell. The rate of change in the number of CO-MA borders, Lco−ma, owing

to CO recruiting to TA, is the rate at which CO recruits to TA, Pcr, times the

mean number of MA neighbors of a single TA cell, Lma−ta

ftaN∗M , times the number of TA

cells in the patch, ftaN ∗M , which simplifies to PcrLma−ta (Fig. 4.1). Additional

processes that affect the rate of change of Lco−ma are calculated in a similar fashion,

all in the form of a rate times the length of boundaries between CO or MA and

the functional groups that replace or are replaced by these two. Converting to λs

results in:

∂λco−ma
∂t

= Pcrλma−ta+Pcrλma−cca−Pcdλco−ma+Pmaλco−ta−GHHpop

(
λco−ma
fma + fta

)
.

(4.21)

Calculation of the rates of change of the five other λs proceeds in a similar fashion:

∂λco−ta
∂t

= −Pcrλco−ta+Pcrftaagta+Pcrλta−cca−Pcdλco−ta−Pmaλco−ta+Ptrλco−cca

−GHHpop

(
λco−ta

fma + fta

)
(4.22a)

∂λco−cca
∂t

= −Pcrλco−cca + Pcrfccaagcca + Pcrλta−cca + Pcdfcoagco

+GHHpop

(
λco−ma
fma + fta

)
− Ptrλco−cca − Pcdλco−cca +GHHpop

(
λco−ta

fma + fta

)
(4.22b)

∂λma−ta
∂t

= −Pcrλma−ta − Pmaλma−ta + Pmaftaagta + Ptrλma−cca

− 2GHHpop

(
λma−ta
fma + fta

)
(4.22c)



79

∂λma−cca
∂t

= −Pcrλma−cca + Pcdλco−ma + Pmaλta−cca −GHHpop

(
λma−ca
fma + fta

)
+GHHpop

(
fmaagma
fma + fta

)
− Ptrλma−cca +GHHpop

(
λma−ta
fma + fta

)
(4.22d)

∂λta−cca
∂t

= −2Pcrλta−cca + Pcdλco−ta − Pmaλta−cca +GHHpop

(
λma−ta
fma + fta

)
− Ptrλta−cca + Ptrfccaagcca −GHHpop

(
λta−cca
fma + fta

)
+GHHpop

(
ftaagta
fma + fta

)
.

(4.22e)

Note that equations 4.22 contain aggregation terms, which arise from b− c bound-
aries changing to or from b − b boundaries via processes that involve cells con-

taining functional group b converting into functional group c or vice versa. For

example, the aggregation term in the equation for λco−ta originates from the pro-

cess of CO recruiting to TA, which converts TA − TA boundaries, characterized

by λta−ta = agtafta/2, represented as agta, to CO − TA boundaries.

Mean colony size. The corresponding changes to mean coral colony size, α,

arise from a subset of these processes involving changes to or from CO cells, namely,

CO recruitment to CCA, CO recruitment to TA, and CO mortality. The procedure

for averaging the terms for the rate of change of α is to tabulate the effect in a patch

of each process on the number of CO cells, Nco, and the number of colonies, Ncol,

given that each CO cell gain or lost is in one of three possible colony configurations

(Fig. 4.2). The three possible colony configurations include a one-cell colony, a

single cell that serves as a bridge between two parts of a colony, or a cell on

the periphery or interior of a multi-cell colony. The probabilities of these three

configurations were estimated as P1 = (1 − γ)4, P2 = 6γ2(1 − γ2) and P3 =

1 − (1 − γ)4 − 6γ2(1 − γ)2, where γ = λco−b

fb
is the probability that one of the

neighbors of the cell of type b is CO. The change in α over a time ∆t is calculated

as:

∆αi =

(
Nco(t) +RcoiPi∆t

Ncol(t) +RcoliPi∆t
− α

)
, (4.23)
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where Rcoi and Rcoli are the rate of change of Nco and Ncol for the specified process

in the spatial configuration i = [1, 2, 3].

To illustrate this procedure, consider the loss of CO cells from CO mor-

tality events. From figure 4.2, the loss of a cell can occur within three possible

configurations (Fig. 4.2 d, e, f). For configurations where the cells lost are located

on the periphery of a colony (Fig. 4.2 f) and where only the numerator of α is

affected, the change in α over time ∆t is:

∆α =

(
Nco − PcdfcoN ∗M(1− (1− agco)4 − 6(1− agco)2ag2

co)∆t

Ncol

− α
)

(4.24)

Expressing Nco and Ncol in terms of fco and α and simplifying, the rate of

change in α from CO mortality on the periphery configuration is:

∂α

∂t mortality(1)
= −Pcdα(1− (1− agco)4 − 6(1− agco)2ag2

co). (4.25)

Similarly the corresponding rates for the other two possible configurations

gives the total rate of change of α from CO mortality as:

∂α

∂t mortality
= −Pcdα

(
(1− (1− agco)4 − 6(1− agco)2ag2

co) + (1− α)(1− agco)4

+ (1 + α)6(1− agco)2ag2
co

)
. (4.26)

Repeating this process, for CO recruitment to TA and to CCA and com-

bining with equation 4.23 results in:

∂α

∂t
= −Pcdα

(
(1− (1− agco)4 − 6(1− agco)2ag2

co) + (1− α)(1− agco)4

+ (1 + α)6(1− agco)2ag2
co

)
+ Pcr

fta
fco

α

[(
1−

(
1− λco−ta

fta

)4

− 6

(
1− λco−ta

fta

)2(
λco−ta
fta

)2)

+ (1− α)

(
1− λco−ta

fta

)4

+ 6(1 + α)

(
1− λco−ta

fta

)2(
λco−ta
fta

)2
]

+ Pcr
fcca
fco

α

[(
1−

(
1− λco−cca

fcca

)4

− 6

(
1− λco−cca

fcca

)2(
λco−cca
fcca

)2)

+ (1− α)

(
1− λco−cca

fcca

)4

+ 6(1 + α)

(
1− λco−cca

fcca

)2(
λco−cca
fcca

)2
]
. (4.27)
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Two dimensional processes

The processes that give rise to changes in fractional cover and nondimen-

sional boundary lengths operating on the two-dimensional benthic surface involve

competitive overgrowth of one functional group by another. The three consid-

erations that determine the rates of change are 1) the nondimensional boundary

lengths connecting two functional groups b and c, 2) the functional group that is

dominating, and 3) the rate at which the dominant functional group overgrows

the other. The competition hierarchy is fixed, except for CO and MA, which de-

pends on coral colony size relative to a threshold size, αth. The hierarchy is 1) CO

overgrows MA, TA, and CCA, 2) MA overgrows CO, TA and CCA, and 3) TA

overgrows CCA.

In the cellular model, the colony size is tracked via a colony ID that spreads

via overgrowth by CO. In the continuum model, colonies are geometrically con-

tiguous sets of CO cells. The probability that a CO cell belongs to a colony below

the competitive size threshold, η, is determined by assuming that CO colony size

is Poisson distributed, and by summing the number of CO cells in colonies with

size below αth:

η =

(∫ αth

0
P (α′, α)dα

(
N∗Mfco

α

)
α′
)
N∗Mfco

α

N ∗Mfco
, (4.28)

where P (α′, α) is the Poisson distribution with mean α. The fraction of CO cells

above the threshold, αth, in the patch is then 1 − η. The assumption of Pois-

son distributed colonies is computationally convenient and has some support for

some stages of reef development (Fig. 4.13), but alternative distributions can be

substituted.

Fractional cover. Changes in fractional cover are calculated by assuming that

the growth of functional group b over functional group c occurs within the patch

along a front of length Lb−c (Fig. 4.3). The change in area within the patch during

time step ∆t is then GbLb−c∆t∆x
2. The corresponding change in fractional cover

of b (dividing by N ∗M ∗∆x2) is: 4Gbλb−c∆t. For CO overgrowing MA, this term

is multiplied by (1 − η) and multiplied by η for MA overgrowing CO. Tabulating
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all overgrowth processes and collecting the terms gives:

∂fco
∂t

= 4[Gco(λco−ta + λco−cca) +Gcoλco−ma(1− η)−Gmaλco−maη] (4.29a)

∂fma
∂t

= 4[Gma(λma−ta + λma−cca) +Gmaλco−maη −Gcoλco−ma(1− η)] (4.29b)

∂fta
∂t

= 4[Gtaλta−cca −Gcoλco−ta −Gmaλma−ta] (4.29c)

∂fcca
∂t

= 4[−Gcoλco−cca −Gmaλma−ca −Gtaλta−cca], (4.29d)

Non-dimensional boundary lengths. The rate of change of nondimensional

boundary length, λb−c, from overgrowth processes is calculated by considering

processes that result in changes involving cells of functional groups b and/or c

(Fig. 4.4). For example, the rate of decrease of λco−c is influenced by the following

processes: CO overgrows MA, MA overgrows CO, CO overgrows TA and CO

overgrows CCA. Therefore, it is calculated as the sum of the rates at which CO

cells are added by overgrowth along a front, Gcoλco−c, times the mean number of

CO neighbors of functional type, c, that are being overgrown, 4λco−c

fc
. For example,

if c= ma and MA is dominant, the rate of decrease of λco−ma is the rate at which

CO cells are being overgrown, Gmaλco−ma, times the mean number of CO neighbors

of CO, agco. The rates for CO overgrowing MA are reduced by the factor (1− η),

and by the factor η for MA overgrowing CO. Collecting the terms results in:

∂λco−ma
∂t

= 4

[
Gcoλco−ma(1− η)

(
agma −

λco−ma
fma

)
+Gmaλco−maη(

agco −
λco−ma
fco

)
+Gcoλco−ta

λma−ta
fta

+Gcoλco−cca
λma−cca
fcca

+Gmaλma−ta
λco−ta
fta

+Gmaλma−cca
λco−cca
fcca

]
. (4.30)

In general, λb−c changes at a rate calculated as the rate of change at which b cells

grow along a front, Gbλb−c, times the mean number of b neighbors of c, 4λb−c

fc
. The
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remaining equations for the rates of change of λb−c are:

∂λco−ta
∂t

= 4

[
Gcoλco−ta

(
agta −

λco−ta
fta

)
+Gcoλco−ma(1− η)

λma−ta
fma

+Gcoλco−cca
λta−cca
fcca

+Gtaλta−cca
λco−cca
fcca

−Gmaλco−maη
λco−ta
fco

−Gmaλma−ta
λco−ta
fta

]
(4.31a)

∂λco−cca
∂t

= 4

[
Gcoλco−cca

(
agcca −

λco−cca
fcca

)
+Gcoλco−ma(1− η)

λma−cca
fma

+Gcoλco−ta
λta−cca
fta

−Gmaλco−maη
λco−cca
fcca

−Gmaλma−cca
λco−cca
fcca

−Gtaλta−cca
λco−cca
fcca

]
(4.31b)

∂λma−ta
∂t

= 4

[
Gmaλma−ta

(
agta −

λma−ta
fta

)
+Gmaλco−maη

λco−ta
fco

+Gmaλma−cca
λta−cca
fcca

+Gtaλta−cca
λma−cca
fcca

−Gcoλco−ma(1− η)
λma−ta
fma

−Gcoλco−ta
λma−ta
fta

]
(4.31c)

∂λma−cca
∂t

= 4

[
Gmaλma−cca

(
agcca −

λma−cca
fcca

)
+Gmaλco−maη

λco−cca
fco

+Gmaλma−ta
λta−cca
fta

−Gcoλco−ma(1− η)
λma−cca
fma

−Gcoλco−cca
λma−cca
fcca

−Gtaλta−cca
λma−cca
fcca

]
(4.31d)

∂λta−cca
∂t

= 4

[
Gtaλta−cca

(
agcca −

λta−cca
fcca

)
−Gcoλco−ta

λta−cca
fta

−Gcoλco−cca
λta−cca
fcca

(4.31e)

−Gmaλma−ta
λta−cca
fta

−Gmaλma−cca
λta−cca
fcca

]
(4.31f)
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Mean colony size The effect of overgrowth processes on mean colony size, α,

were determined using the same logic as for processes involving interactions with

the water column, except for accounting for different rates and the fraction of CO

cells below the threshold, η, for CO-MA overgrowth:

∂α

∂t
= 4

[
Gco

λco−ma
fco

(1− η)α(1 + α)6

(
λco−ma
fma

)2(
1− λco−ma

fma

)2

+Gco
λco−ma
fco

(1− η)α

(
1− 6

(
λco−ma
fma

)2(
1− λco−ma

fma

)2)
−Gma

λco−ma
fco

ηα(1− α)(1− agco)4

−Gma
λco−ma
fco

ηα(1 + α)6(1− agco)2ag2
co −Gma

λco−ma
fco

ηα(1− (1− agco)4

− 6(1− agco)2ag2
co) +Gco

λco−ta
fco

α(1 + α)6

(
λco−ta
fta

)2(
1− λco−ta

fta

)2

+Gco
λco−ta
fco

α

(
1− 6

(
λco−ta
fta

)2(
1− λco−ta

fta

)2)
+Gco

λco−cca
fco

α(1 + α)6

(
λco−cca
fcca

)2

(
1− λco−cca

fcca

)2

+Gco
λco−cca
fco

α

(
1− 6

(
λco−cca
fcca

)2(
1− λco−cca

fcca

)2)]
(4.32)

Diffusion

Stochastic birth, death and overgrowth at the level of individual cells leads

to diffusive behavior at the patch scale. The magnitude and form of diffusion

is approximated by a calculation paralleling the calculation of the self-diffusion

coefficient in the kinetic theory of gases [Reif, 1965], applied to the movement of

interfaces between two functional groups b and c. These interfaces are assumed

to engage in a random walk, with step size given by the mean distance between

interfaces connecting two different functional types. The flux of such interfaces

crossing a boundary in the y direction, Jb−c, is

Jb−c = −Db−c
∂nb−c
∂x

, (4.33)

with nb−c the number of b − c interfaces per unit area, Db−c = 1
2
Gb−cl∗∆x, where

Gb−c is the rate at which the dominant organism b overgrows the other organism

c (e.g., Gco if CO overgrows MA) and l∗ the mean free path of a b − c boundary,
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which is approximated as the mean distance between interfaces connecting two

different functional groups:

l∗ =
∆x

λco−ma + λco−ta + λco−cca + λma−ta + λma−cca + λta−cca
. (4.34)

Replicating this calculation in the y direction and calculating the change in nb−c
within a path yields a diffusion equation for nb−c:

∂nb−c
∂t

= Db−c∇2nb−c. (4.35)

The relationship between nb−c and λb−c is nb−c = λb−c

∆x
, leading to

∂λb−c
∂t

= Db−c∇2λb−c. (4.36)

To find the diffusion term for fractional cover of functional group b, first consider

the differential effect on fractional cover of b− c interfaces moving into and out of

a patch:

∆fb = l∗Jb−c(x, y)∆t−l∗Jb−c(x+N∆x, y)∆t+l∗Jb−c(x, y)∆t−l∗Jb−c(x, y+M∆x)∆t

(4.37)

or
∂fb
∂t diff

= 4l∗∗
∑

Db−c∇2λb−c, (4.38)

where l∗∗ is l∗
∆x

and the sum is over c representing all functional groups except b.

Unlike the case with gases, when the velocity of particles engaging in the

random walk is large, the effective velocities of the interfaces, Gb−c∆x, are order

1m/yr or less, meaning that self-diffusion from cell-level randomness is at most

0.1m2/yr. Additional self-diffusion terms were also included for all dynamical

variables to account for organism-level and larger scale diffusive processes not re-

lated to randomness, such as coral colony fusion.

Fish Population

A single density-dependent herbivore fish population is coupled to the coral

reef benthic model, measured as fish biomass per unit area, Hpop. The fish pop-

ulation varies over the reef domain and changes according to the availability of
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its food source, TA and MA, and is subject to mortality at a rate aHH [Kramer,

2008], which is reduced in regions of high coral fractional cover [Bell and Galzin,

1984, Friedlander and Parrish, 1998, Hixon, 1991]. Fish harvesting by fishers is

not included. Therefore the rate of change of Hpop can be written as:

∂Hpop

∂t
= aHAHpop(fma + fta) − (aHH − ε(1 − fco))Hpop + dhpopO

2Hpop, (4.39)

where aHA is the herbivore-algae interaction coefficient, ε is a coefficient that mea-

sures the reduction in mortality rate owing to taking refuge in coral, and ∂Hpop is

a self-diffusion coefficient for fish.

Numerical solution

The system of equations is solved using a finite difference predictor corrector

time stepping scheme with variable time step [Acton, 1970].

Expected Differences

Although most dynamics of the cellular model transformed in a reasonably

straightforward manner to the continuum model, there are two notable differences

that are expected to affect the results. First, treatment of coral colony size in the

continuum model differs substantially from the treatment in the cellular model,

both by assumption of a Poisson distribution and by defining colonies as contigu-

ous cells, rather than families that spread via overgrowth. The differences are

expected to be most pronounced where coral fractional cover is reduced in re-

sponse to unfavorable initial conditions. Second, the squared terms (of the form

λ2
b−c) that occur in equations for nondimensional boundary lengths were calculated

without accounting for differences between the mean of a product and the product

of the means for variables with broad distributions (see Fig.s 4.14, 4.15). These

differences are expected to introduce biases in the trends of some of the variables,

which potentially could be compensated for partially through modest adjustments

in parameters or coefficients of the affected terms.
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4.4 Example numerical solutions

4.4.1 Comparisons with cellular model

The behavior of the cellular model has been previously described in terms

of metrics of fractional cover averaged over the spatial extent of simulations and

shown to arrive at steady states characteristic of coral reefs: either a coral-

dominated attractor or an algae dominated attractor ([Sandin and McNamara,

2011], Chapter 3). It also has been shown to exhibit transient dynamics triggered

by clumped initial conditions with high coral aggregation. The general time evolu-

tion of the cellular model is characterized by a repelling stage, with rapid evolution

away from the initial condition, a transient stage with complicated dynamics, an

attracting stage decaying exponentially to a stable attractor stage. The initial

conditions for the cellular model results for three cases (CO dominated attrac-

tor, MA dominated attractor, and CO dominated attractor with a long transient)

were used in the continuum model to compare the corresponding continuum-based

model results (with the same parameters as in the cellular model (base) or adjusted

parameters) (Tables 4.1, 4.2, 4.3). The fish population was fixed in the continuum

model and calculations were carried out at a single spatial position.

First, for the MA-dominated case with base parameters, the functional form

towards arriving at the attractor (i.e., ∼ linear for cellular model and ∼ exponen-

tial for continuum model) and the attractor value were different between the two

models. Yet, the overall pathway between initial condition and attractor matched

(Fig. 4.16). Moderate adjustment of the level of fish grazing (Table 4.3) in the

continuum model yielded nearly identical pathways towards the MA dominated

attractor, although the decay of fma to the attractor was more linear in the cellu-

lar model and more exponential in the continuum model (Fig. 4.5). The fractional

cover attractor values for the adjusted parameters were approximately the same in

the two models. The underlying changes in the nondimensional interaction bound-

aries showed discrepancies between the cellular and continuum models, namely for

λma−ta and λma−cca (Fig.4.6).

A comparison of the pathways towards a CO-dominated attractor between
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the two models shows that the general behavior was different using the base pa-

rameters: the cellular model showed a simple exponential rise to CO dominated

attractor and the continuum model showed a CO dominated attractor with a twelve

year transient (4.17). After making small adjustments in the grazing and mean

colony size threshold parameters of the continuum model, the pathways became

more similar, with fast initial decline in the fractional cover of macroalgae and turf

algae, and an initial dip in CO fractional cover (although more pronounced in the

continuum model pathway) (Fig.4.7). The attractor values for both CO and CCA

fractional cover were also about 5 % higher and 5 % lower in the continuum model,

respectively. The reason for this difference is rooted in the differential values of

the lambdas between the two models, particularly in λco−cca (Fig. 4.8). Given that

λco−cca is elevated by 0.012 in the continuum model, the impact it has on the value

of fco in the attractor can be deduced. Focusing on the terms with CO and CCA

from the fractional coral cover, fco, equation:

∂fco
∂t

= −Pcdfco + Pcr(1− fco) + 4Gcoλco−cca. (4.40)

The difference between the λco−ccas of the ceulluar and continuum models is 0.02.

By setting the derivative to zero (attractor) and propagating this difference through

equation 4.40 , the expected difference in fco between the models is 0.05, matching

the observed differences.

Finally, the CO dominated attractor with a long transient occurs when the

cellular model is initialized with high coral aggregation. Using the base initial

conditions, the continuum model reproduces the same behavior as the cellular

model (Fig. 4.18), except that the duration of the transient is about 45 years

shorter. Additionally, the time scale of CO decay to the attractor is smaller for

the continuum model than for the cellular model. With modest adjustments to

the parameters, the transient duration increases and thus decreases the time scale

mismatch between the two models (Fig. 4.9). The duration of the transient (i.e.

turf and macroalgae fractional cover goes to zero) differs by about 35 years in the

two models, reflecting the persistent time scale mismatch.
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4.4.2 Pattern formation

The spatial pattern formation properties of the continuum model were in-

vestigated using a version incorporating the fish population model, with the effect

of coral fractional cover on fish mortality excluded (ε = 0) and the self-diffusion

coefficient of fish set to a moderate level (32m2/yr) on a 200x40 grid. Neumann

boundary conditions (with zero gradient) are enforced at the onshore and offshore

boundaries, and periodic boundary conditions at the alongshore boundaries. The

model was initialized with the same initial conditions as used for the CO dominated

attractor with long transient case, with random variations at the 1% level in the

fractional covers and fish biomass. This case results in the emergence of predator

prey oscillations distinguished by cycles of compressed transients between algae

and fish population maxima (Fig. 4.10). A corresponding phase portrait of the

system reveals a cyclical attractor, suggesting that sufficient dissipation exists in

the system to result in a well-defined basin of attraction (Fig. 4.11).

Accompanying these cycles is the development of a stable reaction-diffusion

type pattern of cross-shore stripes where algae and fish growth are focused (Fig.s

4.12). Coral largely disappears when algae is dominant (Fig.s 4.10, 4.12 b) and

remains at a modest fractional cover even when fish have grazed the algae (Fig.

4.12 c). Alternative parameters and initial conditions allow for a mixed coral and

macroalgae attractor: for example, with large fish diffusion constants or initializing

with the coral attractor except for an algae patch.

4.5 Discussion

Building off of the dynamical analysis of Chapter 3, here I presented the

derivation of equations for the emergent behavior of a coral reefscape, based on

the dynamics of a cellular model of coral reef benthic community dynamics. This

approximate representation of the emergent behavior of the cellular model requires

twelve field variables that vary in time and two-dimensional benthic space: frac-

tional cover of four functional groups, six nondimensional boundary lengths of

contact between the functional groups that represent sites for competition, a mean
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coral colony size and fish biomass density. The twelve corresponding partial differ-

ential equations include terms representing reef interactions with the water column

and terms that represent competitive overgrowth. The equations for nondimen-

sional boundary lengths include nonlinear terms that contain the seeds of complex

behavior.

The continuum model reproduces much of the dynamical behavior observed

in the cellular model, albeit with some differences in time scales, parameter values

and variable values in the fixed point attractors. These differences probably arise

from two sources: the differences in the way the two models determine the fraction

of coral above and below the competitive threshold colony size, and the effect of

small-scale variations of nondimensional boundary lengths on nonlinear terms in

the equations. The first source of difference can be addressed by developing a more

robust model for quantifying the amount of coral above the threshold by explicitly

tracking this quantity, rather than inferring it from colony size. The second source

of difference could be addressed by assuming that the number of neighbors of

functional group c of a cell from functional group b is Poisson distributed, and

explicitly calculating the corrections to the means at the patch scale.

A significant advantage to deriving and employing a continuum model of

coral reefscapes versus inferring the emergent properties of the reefscape from av-

erages calculated from a cellular model is that the dynamics at the emergent scale

is much more transparent. For example, dynamical time scales, variable values in

the attractors and the stability of attractors can be calculated explicitly (although

such calculation is not trivial: e.g., determination of the variable values in the

attractors involves solving a system of twelve nonlinear equations). Additionally,

the contribution of different terms in the equations can be easily tracked. Fur-

ther research along these lines could potentially illuminate the origin of common

reefscape behaviors. For example, the processes underlying the nonlinear dynam-

ics of the transient stage, first detected in Chapter 3, could be traced to specific

processes.

The initial examples explored here provide strong evidence that the con-

tinuum model possesses rich pattern-forming potential, including the well-studied
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predator-prey reaction-diffusion dynamics [Garvie, 2007, Upadhyay et al., 2008,

Guin et al., 2015]. Regular patterns in coral reefs across multiple scales [Rietkerk

and van de Koppel, 2008, Dizon and Yap, 2006, Pandolfi, 2002, Edwards et al.,

2017], patterns of coral and algae in degraded reef systems, and patterns of bleach-

ing could be modeled and analyzed using the continuum model and extensions of

it.

From a management standpoint, the continuum model can be used for eval-

uating the response of a reef to different climatic, chemical and nutrient scenarios,

including climate change effects, variations in water chemistry, nutrient and sed-

iment inputs, storms and competitive invasions, and for exploring the potential

impacts of management and policy initiatives. In terms of continuing to expand

on investigations characterizing the dynamics of the coral reef complex system, a

promising and exciting line of research is that through coupling the coral reef sys-

tem continuum model and traditional subsistence-based human societies it might

be possible to expand knowledge of co-adapted systems and multi-scale dynamics

that have led to their success and degradation.
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4.7 Appendix

The combined derivations of all processes for all twelve dynamical variables

results in:

∂fco
∂t

= Pcrfta + Pcrfcca − Pcdfco

+ 4[Gco(λco−ta + λco−cca) +Gcoλco−ma(1− η)−Gmaλco−maη]

+ 4l∗∗
[
DCO−ma(1− η)∇2λco−ma +Dco−MAη∇2λco−ma

+Dco−ta∇2λco−ta +Dco−cca∇2λco−cca
]

(4.41a)

∂fma
∂t

= Pmafta −GHHpop

(
fma

fma + fta

)
+ 4[Gma(λma−ta + λma−cca) +Gmaλco−maη −Gcoλco−ma(1− η)

+ 4l∗∗
[
DCO−ma(1− η)∇2λco−ma +Dco−MAη∇2λco−ma

+Dma−ta∇2λma−ta +Dma−cca∇2λma−cca
]

(4.41b)

∂fta
∂t

= Ptrfcca −GHHpop

(
fta

fma + fta

)
− Pcrfta − Pmafta

+ 4[Gtaλta−cca −Gcoλco−ta −Gmaλma−ta]

+ 4l∗∗
[
Dco−ta∇2λco−ta +Dma−ta∇2λma−ta +Dta−cca∇2λta−cca

]
(4.41c)

∂fcca
∂t

= Pcdfco +GHHpop − (Pcr + Ptr)fcca

+ 4[−Gcoλco−cca −Gmaλma−ca −Gtaλta−cca]

+ 4l∗∗
[
Dco−cca∇2λco−cca +Dma−cca∇2λma−cca +Dta−cca∇2λta−cca

]
(4.41d)
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∂α

∂t
= −Pcdα

(
(1− (1− agco)4 − 6(1− agco)2ag2

co) + (1− α)(1− agco)4

+ (1 + α)6(1− agco)2ag2
co

)
+ Pcr

fta
fco

α

[(
1−

(
1− λco−ta

fta

)4

− 6

(
1− λco−ta

fta

)2(
λco−ta
fta

)2)

+ (1− α)

(
1− λco−ta

fta

)4

+ 6(1 + α)

(
1− λco−ta

fta

)2(
λco−ta
fta

)2
]

+ Pcr
fcca
fco

α

[(
1−

(
1− λco−cca

fcca

)4

− 6

(
1− λco−cca

fcca

)2(
λco−cca
fcca

)2)

+ (1− α)

(
1− λco−cca

fcca

)4

+ 6(1 + α)

(
1− λco−cca

fcca

)2(
λco−cca
fcca

)2
]

+ 4

[
Gco

λco−ma
fco

(1− η)α(1 + α)6

(
λco−ma
fma

)2(
1− λco−ma

fma

)2

+Gco
λco−ma
fco

(1− η)α

(
1− 6

(
λco−ma
fma

)2(
1− λco−ma

fma

)2)
−Gma

λco−ma
fco

ηα(1− α)(1− agco)4

−Gma
λco−ma
fco

ηα(1 + α)6(1− agco)2ag2
co −Gma

λco−ma
fco

ηα(1− (1− agco)4

− 6(1− agco)2ag2
co) +Gco

λco−ta
fco

α(1 + α)6

(
λco−ta
fta

)2(
1− λco−ta

fta

)2

+Gco
λco−ta
fco

α

(
1− 6

(
λco−ta
fta

)2(
1− λco−ta

fta

)2)
+Gco

λco−cca
fco

α(1 + α)

6

(
λco−cca
fcca

)2(
1− λco−cca

fcca

)2

+Gco
λco−cca
fco

α

(
1− 6

(
λco−cca
fcca

)2(
1− λco−cca

fcca

)2)]
+Dα∇2α (4.41e)

∂λco−ma
∂t

= Pcrλma−ta+Pcrλma−cca−Pcdλco−ma+Pmaλco−ta−GHHpop

(
λco−ma
fma + fta

)
+ 4

[
Gcoλco−ma(1− η)

(
agma −

λco−ma
fma

)
+Gmaλco−maη

(
agco −

λco−ma
fco

)

+Gcoλco−ta
λma−ta
fta

+Gcoλco−cca
λma−cca
fcca

+Gmaλma−ta
λco−ta
fta

+Gmaλma−cca
λco−cca
fcca

]
+DCO−ma(1− η)∇2λco−ma +Dco−MAη∇2λco−ma (4.41f)
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∂λco−ta
∂t

= −Pcrλco−ta+Pcrftaagta+Pcrλta−cca−Pcdλco−ta−Pmaλco−ta+Ptrλco−cca

−GHHpop

(
λco−ta

fma + fta

)
+ 4

[
Gcoλco−ta

(
agta −

λco−ta
fta

)
+Gcoλco−ma(1− η)

λma−ta
fma

+Gcoλco−cca
λta−cca
fcca

+Gtaλta−cca
λco−cca
fcca

−Gmaλco−maη
λco−ta
fco

−Gmaλma−ta
λco−ta
fta

]
+Dco−ta∇2λco−ta (4.41g)

∂λco−cca
∂t

= −Pcrλco−cca + Pcrfccaagcca + Pcrλta−cca + Pcdfcoagco

+GHHpop

(
λco−ma
fma + fta

)
− Ptrλco−cca − Pcdλco−cca +GHHpop

(
λco−ta

fma + fta

)
+ 4

[
Gcoλco−cca

(
agcca −

λco−cca
fcca

)
+Gcoλco−ma(1− η)

λma−cca
fma

+Gcoλco−ta
λta−cca
fta

−Gmaλco−maη
λco−cca
fcca

−Gmaλma−cca
λco−cca
fcca

−Gtaλta−cca
λco−cca
fcca

]
+Dco−cca∇2λco−cca (4.41h)

∂λma−ta
∂t

= −Pcrλma−ta − Pmaλma−ta + Pmaftaagta + Ptrλma−cca

− 2GHHpop

(
λma−ta
fma + fta

)
+ 4

[
Gmaλma−ta

(
agta −

λma−ta
fta

)
+Gmaλco−maη

λco−ta
fco

+Gmaλma−cca
λta−cca
fcca

+Gtaλta−cca
λma−cca
fcca

−Gcoλco−ma(1− η)
λma−ta
fma

−Gcoλco−ta
λma−ta
fta

]
+Dma−ta∇2λma−ta (4.41i)
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∂λma−cca
∂t

= −Pcrλma−cca + Pcdλco−ma + Pmaλta−cca − Ptrλma−cca

−GHHpop

(
λma−cca
fma + fta

)
+GHHpop

(
fmaagma
fma + fta

)
+GHHpop

(
λma−ta
fma + fta

)
+ 4

[
Gmaλma−cca

(
agcca −

λma−cca
fcca

)
+Gmaλco−maη

λco−cca
fco

+Gmaλma−ta
λta−cca
fta

−Gcoλco−ma(1− η)
λma−cca
fma

−Gcoλco−cca
λma−cca
fcca

−Gtaλta−cca
λma−cca
fcca

]
+Dma−cca∇2λma−cca (4.41j)

∂λta−cca
∂t

= −2Pcrλta−cca + Pcdλco−ta − Pmaλta−cca − Ptrλta−cca + Ptrfccaagcca

+GHHpop

(
λma−ta
fma + fta

)
−GHHpop

(
λta−cca
fma + fta

)
+GHHpop

(
ftaagta
fma + fta

)
+ 4

[
Gtaλta−cca

(
agcca −

λta−cca
fcca

)
−Gcoλco−ta

λta−cca
fta
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∂Hpop

∂t
= aHAHpop(fma + fta) − (aHH − ε(1 − fco))Hpop + dhpopO

2Hpop, (4.41l)
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4.8 Figures
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Figure 4.1: Nondimensional boundary length term from process of CO
recruiting to TA.
CO recruiting to a TA cell decreases the total number of Lma−ta boundaries (red),
which in turn increases Lco−ma boundaries. Focusing in on one neighborhood, the
CO recruitment event can be envisioned as processes that result in a set of negative
changes to the number of boundaries, Lma− ta, and a symmetrical positive change
to the number of Lco−ma boundaries.
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Figure 4.2: Average colony size configurations and probabilities for CO
cell gains and losses.
Change in α is influenced by the cumulative effect of processes operating on three
colony configurations. The top row, a - c, shows the configurations and the corre-
sponding effect of a CO cell gain on Nco, the total number of CO cells, and Ncol,
the total number of CO colonies. Below each graphic is the associated probability
of the configuration. Similarly, the bottom row shows the impact on α of a CO
cell loss. γ is the probability of neighbors b of type c, or λb−c

fc
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Figure 4.3: Fractional cover overgrowth occurs along a front.
The change in fractional cover, fb, of functional type b overgrowing type c along a
front of length, Lb−c: the rate of growth, Gb, times λb−c times ∆t.
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Figure 4.5: Comparison of fractional cover between cellular model (bold
lines) and continuum model (dotted lines) for MA attractor with ad-
justed parameters.
The pathways between the two models are generally aligned, except for a possible
difference in functional form for the decay to attractor.
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Figure 4.6: Comparison of corresponding nondimensional boundary
lengths between cellular (bold) and continuum (dotted) models for MA
dominated attractor case with adjusted parameters.
Discrepancies between the cellular and continuum models are markedly different
for λma−ta and λma−ca
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Figure 4.7: Comparison of fractional cover between cellular model (bold
lines) and continuum model (dotted lines) for CO attractor with ad-
justed parameters.
The duration of the transients are comparable, but the differences between the
decay time scales and attractor coral fractional cover persist.
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Figure 4.8: Comparison of nondimensional boundary lengths between cel-
lular (bold) and continuum (dotted) models for CO dominated attractor
case with adjusted parameters.
The attractor values of λma−ta and λma−cca are 5 and 20% larger, respectively, in
the continuum model. The inset depicts the faster decay of the continuum model
across all λs.
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Figure 4.9: Comparison between cellular model (bold lines) and con-
tinuum model (dotted lines) for CO attractor with long transient and
adjusted parameters.
Comparison of fractional cover model outputs for CO dominated case with long
transient using adjusted parameters. As with the base parameter case, the general
form of the behavior is similar, but the duration of the transient and associated
time scales of the CO fractional cover are shorter and faster, respectively, for the
continuum model.
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Figure 4.10: Predator-prey oscillations in coupled reef-fish model.
Predator-prey oscillations in coupled reef-fish model (black = MA, green = TA, red
= CCA, blue = CO). MA and TA exhibit a transient-like stage that is terminated
by increases in fish population rather than increase in coral fractional cover, as for
the CO dominated attractor cases.
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Figure 4.11: Predator-prey oscillations cyclical attractor in phase space.
Fish and algae interactions evolve to a stable cyclical attractor over decades.
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Figure 4.12: Pathways for all groups and corresponding snapshots of con-
tinuum fields.
Oscillating pathways of all functional groups with snapshots of corresponding con-
tinuum fields showing persistent reaction-diffusion type spatial patterns in the form
of cross-shore stripes. a) pathways of all functional groups; b) continuum fields
when algae is dominant: coral largely disappears and algae occurs in cross-shore
striped pattern; c) continuum fields when grazers are dominant: coral largely ab-
sent while algae and grazers occur in cross-shore stripes.
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4.9 Tables
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Table 4.1: Initial conditions for three example cases.
Initial conditions for three example cases: MA dominated attractor, CO dominated
attractor, and CO dominated attractor with long transient.

Variable Symbol MA dominated attractor CO dominated attractor CO dominated attractor with long transient
Fractional cover of CO fco 0.300 0.300 0.300

Fractional cover of MA fma 0.200 0.200 0.200

Fractional cover of TA fta 0.500 0.500 0.500

Fractional cover of CCA fcca 0.000 0.000 0.000

Aggregation of CO agco 0.500 0.667 0.886

Aggregation of MA agma 0.227 0.246 0.279

Aggregation of TA agta 0.563 0.613 0.682

Aggregation of CCA agcca 0.000 0.000 0

Non-dimensional boundary length co-ma λco-ma 0.043 0.029 0.0097

Non-dimensional boundary length co-ta λco-ta 0.107 0.071 0.0246

Non-dimensional boundary length co-cca λco-cca 0.000 0.000 0

Non-dimensional boundary length ma-ta λma-ta 0.112 0.122 0.1346

Non-dimensional boundary length ma-cca λma-cca 0.000 0.000 0

Non-dimensional boundary length ta-cca λta-cca 0.000 0.000 0

Mean coral colony size α 4 9 9

Herbivore biomass Hpop 0.056 0.056 0.056
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Table 4.2: Continuum model base parameters and definitions.
The base parameters are the converted values from the cellular model.
*For sources refer to [Sandin and McNamara, 2011, Kramer, 2008].

Parameter Definition Value Units
Pcr Probability of CO recruitment 0.01 per year
Ptr Probability of TA recruitment 1.576 per year
Pma Probability of MA succession from TA 0.33 per year
Pcd Probability of CO death 0.15 per year
Gco Growth term for CO 0.1 m per year
Gma Growth term for MA 5 m per year
Gta Growth term for TA 10 m per year
aHH Mortality coefficient for herbivorous fish 1.77
αth Threshold for CO size dominance 9 cells
GH Herbivore grazing rate 88.5 m2 per kg
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Table 4.3: Continuum model adjusted parameters per example case.
The two adjusted parameters, threshold mean colony size and grazing, leading to
closest results between continuum model and celllular model.

Case Adjusted αth value Adjusted GH value
MA dominated attractor 5 104.43
CO dominated attractor 7 119.475
CO dominated attractor with long transient 21 88.5
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4.10 Supporting Information
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Figure 4.13: Cellular model coral colony size distributions in the transient
and attractor stages.
Coral colony size distributions in the cellular model within the a) transient (year
25) and b) the attractor (year 95) for comparison to Poisson distribution assump-
tion for colony sizes in continuum model.
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Figure 4.14: Cellular model neighbors distributions per cell in the tran-
sient stage.
Distributions of the number of borders of each central focal cell of a functional
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within the transient stage (year 25).
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Figure 4.16: Comparison between cellular model (bold lines) and contin-
uum model (dotted lines) for MA attractor with base parameters.
All continuum model fractional cover pathways decay to the attractor faster than
those in the cellular model. The attractor value for the dominant MA is higher in
the continuum model by about 10%, with all other attractor values for the other
functional types having discrepancies as well (except CO).
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Figure 4.17: Comparison between cellular model (bold lines) and contin-
uum model (dotted lines) for CO attractor with base parameters.
The duration of the transient in the continuum model is twelve times that in the
cellular model and the contiunnum model decays to the attractor about twice as
fast, arriving at a value that is about 10 % higher.
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Figure 4.18: Comparison of fractional cover between cellular model (bold
lines) and continuum model (dotted lines) for CO attractor with long
transient with base parameters.
The general form of the behavior is similar in both models, but the duration of
the transient (i.e., linked to time scale of CO) is more than five times as long as
the transient in the continuum model and the value of coral fractional cover is 0.05
higher in the continuum model.



Chapter 5

Conclusions

”Our lives and the life of the sea are braided together . . . here we are is-

landers, we live because the sea lives.” -Living Sea, 1995

The aim of my research has been to build the ecosystem model infrastruc-

ture that will allow the societal-coral reef system to be modeled over a duration

sufficiently long that an attractor determined by two-way nonlinear interactions

can develop. The preceding chapters describe investigations into multiple levels of

the coral reef ecosystem, namely, small-scale coral colony level dynamics (Chapter

2), intermediate-scale consequences of coral aggregation patterns on decadal-scale

reef evolution (Chapter 3), and integration of these aspects into an island-scale

spatio-temporal continuum model (Chapter 4) that can be linked to coastal hu-

man societies.

Human societies interacting with coral reef ecosystems have been mostly

characterized in the ecological academic literature as negative forces that threaten

richly biodiverse coral reef habitats through fisheries resource over-exploitation,

and in more contemporary times, through pollution from rapid urbanization and

tourism [Maragos et al., 1996, Coll et al., 2008, Smith and Wishnie, 2000]. How-

ever, in traditional subsistence-based indigenous societies, the coupling between

people and their environment has co-evolved over millennia to arrive at strong

nonlinear connections that reverberate through all aspects of society, from basic

sustenance to the formation of cultural and individual identities that view peo-

119
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ple and the environment as one inseparable entity [Kealiikanakaoleohaililani and

Giardina, 2015, Grim, 2001].

In this chapter, I give a broad overview of a subsistence-based Micronesian

fishing society and conclude by describing an initial attempt to couple a repre-

sentative fishing society to the island-scale continuum model developed in chapter

4. The chapter closes with identifying key challenges and knowledge gaps for fu-

ture, more complete, model development and testing, as well as proposing future

applications of the coupled model.

5.1 Coral Islanders and their relation to reefs

Coastal indigenous societal-reef relations vary across ocean basins with peo-

ple depending upon coral reef resources to different degrees [Shackeroff et al., 2009].

In central Pacific Micronesian societies, people inhabit islands and atolls, or ring-

shaped chains of small islands formed of coral, ranging in size and topographical

elevation. In contrast to the larger, more horticulturally productive high islands,

flatter, smaller island types, referred to as low islands, have limited land area avail-

able for cultivation [Alkire, 1978]. In general, smaller islands are characterized by

more intensive interactions between people and the sea, and by more pronounced

influences of the ocean on culture [Hau’ofa, 1998].

Subsistence-based Micronesian cultures emerged from the various combina-

tions of challenging environmental conditions, including poor soils, few endemic

species of flora or fauna, and susceptibility to storms and drought [Alkire, 1978].

These cultures are widely interconnected, cohesive fishing societies with deeply-

rooted customs of resource sharing. Hierarchy and rank also are important aspects

of Micronesian life but exist within a participatory context that allows for a sig-

nificant degree of social mobility. The continual interplay between hierarchy and

equality is best captured in the traditions of feasting, through which an individ-

ual’s, household’s, lineage’s, or community’s capacity for growing food, generosity,

and commitment to community well-being are demonstrated. The emphasis on

promoting general community welfare through sharing reinforces matrilineal clan
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and inter-island social safety networks that play a central role in ameliorating the

effects of natural catastrophes [Petersen, 2009b]. The communal nature of Mi-

cronesian life and strong kinship obligation is such that, at one point, there was

strict prohibition of the selling of fish in the southern Line Islands and Tuvalu

since it countered deeply rooted sharing customs [Ruddle and Johannes, 1984].

Strong customary tenure systems or lineage-based rights to cultivate specific lands

and fish coral reefs are maintained through cultural and historical practices de-

signed to regulate the use of, access to, and transfer of these ’resources’ [Ruddle

and Johannes, 1984, Aswani et al., 2007]. For example, a commonly practiced

Micronesian cultural tradition involves temporarily closing (for variable periods of

time) areas of the reef either in response to severely degraded reefs or in prepara-

tion for large celebratory feasts organized around significant life events [Johannes,

1981, Ruddle and Johannes, 1984, Petersen, 2009b]. These custom tenure sys-

tems and other strategies restricting access (e.g., social beliefs and taboos) serve

to regulate fishing pressure on reefs.

Reef and lagoon tenure in Micronesian fishing societies broadly consists

of lineage-based parcel allotment that stretches from land across the reef to just

beyond the outer reef drop-off [Johannes, 1981]. Lineage households typically

include a nuclear or extended family with three to fifteen or more individuals; the

average house contains eight members spanning three to four generations [Alkire,

1978]. Fishing on the reef greatly contributes to the sustenance of household

members and the clan communities to which they belong. Techniques for catching

fish are highly variable, with reports of around forty-one different fishing methods

in the southwest island of Tobi and thirty-three in Tamana [Johannes, 1981, Ruddle

and Johannes, 1984]. Specialized fishing techniques involve different types of nets,

hook and lines, spears, lures, nooses, traps, fences (weirs), poisoning, and gleaning.

Communal fishing methods also abound, with the largest, most involved form being

the leaf sweep method, a type of drive-in netting using interweaved palm fronds to

encircle reef fish. In all instances, harvested reef and land ’resources’ are shared

within the lineage household, with neighbors, with the clan community at large,

and seasonally between island communities.
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By describing Micronesian culture and their relationship to coral reefs through

fishing, I attempt to critically shift the nature of the ecological literature’s predom-

inant negative discourses of ’human-environment’ relationships, while laying some

groundwork for beginning to dissect historically-embedded power dynamics that

decouple generally horizontal ontological relationships between people and reef

environments.

5.2 Reef relationships in colonized societies

Iterative colonization by European, Japanese and American nation-states

brought gradual and erratic changes to the coral islanders across Micronesia [Hezel,

2001, Hezel, 2003]. Coral islanders experienced severe depopulation from newly

introduced diseases (e.g., tuberculosis, influenza, small pox, sexually transmitted

diseases), enslavement and dispossession [Petersen, 2009b, Hanlon, 1994].

The eventual establishment of monetary exchange and connections to re-

gional and global market economies had a significant weakening effect on the subsis-

tence relationship between people and coral reefs [Clausen, 2005]. Fishing pressure

on the reef was no longer driven just by family and communal need, but also by

external market demand [Cinner et al., 2013, Rapaport, 1990]. The strong ethic of

cooperation also eroded as wage based economies increasingly replaced traditional

subsistence lifestyles, accentuating a trend towards individualization of land tenure,

a shift to the nuclear family system, and urban/rural social distancing [Ward and

Proctor, 1980, Hezel, 2001, Hezel, 2013]. The transition from traditional fishing

vessels and gear to outboard motors, easily replaceable metal hooks, and flash-

lights for night fishing further exacerbated the decoupling between fishers and the

coral reef environment [Dalzell et al., 1996]. More recently, power-imbalanced con-

tractual agreements renouncing ’access rights’ to external large-scale commercial

fishing, mining and logging developments are damaging Pacific island resources

and ways of life (from heavy metal pollution, deforestation, and water depletion

from mining), although some successful cases of traditional clans closing their reefs

to commercial fisheries have been reported [Mangubhai et al., 2012, Ruddle et al.,
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1992, Dürr and Pascht, 2017].

In addition to outright land dispossession and exploitative resource extrac-

tion, the most insidious, long time-scale effects of colonialism are the erosion of the

coupling between the reef ecosystem and people by diminishing the subsistence-

based relationship, and the deliberate erasure of customary traditional knowledge

deemed primitive and shameful in the minds of newly educated indigenous youth.

The destruction of culture identities and the communal family structures that

ensured social cohesion can have devastating consequences for people and local

environments. For example, an extraordinarily high rate of suicide among adoles-

cent boys (from age 15 to 24, 1 in 40) across urban centers in Micronesia coincided

with disintegration of social support systems and economic roles traditionally re-

inforced in village men’s houses [Rubinstein, 1995, Rubinstein, 2002] . Similar im-

pacts have been documented in Native American communities, for example, with

boarding schools, where widespread abuse was commonplace [Adams, 1995]. These

examples capture the violence of setter colonialism in erasing and assimilating in-

digenous people and their traditional knowledge and environmental relationships

developed over centuries [Teaiwa, 2008]. The impact of the cash economy, mili-

tarization, salaried work, and the dismantling of culturally-rooted dependence on

reef ecosystems threatens continued decoupling of the links that bind people to

their environment, with detrimental effects for both subsystems.

Despite the significant impacts of colonialism across the region, the char-

acteristic Micronesian matrilineal clans and lineages have also exhibited a signifi-

cant capacity for adaptation. Still relatively intact, the islanders’ high regard for

generosity and communal well-being and prioritization of ’resource’ sharing (i.e.,

redistribution of concentrated wealth) is one of many traditional means of plac-

ing checks on abuses of power in their societies [Petersen, 2009b]. Because of the

continued survival of communal customs (e.g., strong paternal ties, high rates of

extended family child-rearing, customary tenure systems, and the organization of

lineages into overarching clans) especially in the more rural islands, Micronesian

societies continue to remain embedded in networks of social and environmental

connections that provide them with profoundly adaptive social possibilities.
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5.3 Quantitative characterizations of human soci-

eties

In the process of converting qualitative knowledge of human societies into

quantitative dynamical representations, several considerations about model struc-

ture and individual and collective decision-making are warranted.

Representing humans as agents who demonstrate autonomous behavior,

ability to sense their environment, ability to act upon their environment, and ra-

tionality, is one way of exploring which aspects of behavior are driving emergent

patterns of interest [Shafer, 2007, Montes De Oca Munguia et al., 2009]. The idea

is that collective effects of individual actions can elucidate the interactions result-

ing in the patterns seen in complex coupled human-landscape systems [Jager et al.,

2000, Parker et al., 2003, Jager and Mosler, 2007]. However, agent-based modeling

necessitates that actors be defined as discrete units, which has been argued to nar-

row the consideration and inclusion of collective-based behaviors in human systems

[Sullivan and Haklay, 2000]. Therefore, to capture collectively-driven pro-

cesses in systems, one can explicitly build collective dynamics into the

framework of agent-based models in a way that also allows for tracking

the evolution of longer time-scale dynamics.

Decision-making by agents is driven by underlying complex, multi-

dimensional values that might change, depending upon the context. But the me-

chanics of how agents make decisions are typically represented using utility func-

tions or formal logic-based methods, including heuristic decision-trees [Acevedo

et al., 2008]. Utility functions characterize the value structure of each agent, so

that the selected action decision optimizes expected utility. Logic-based methods

specify a set of rules that define the actions to be taken by an agent. Acevedo

([Acevedo et al., 2008]) argued that the two approaches differ more in style and

emphasis than substance, because logic-based approaches explicitly define decision

rules, while implicitly defining value sets and utility, and utility functions explic-

itly define a value set, while implicitly defining a set of decision rules. In addition,

using utility functions to describe behavior on multiple scale-separated levels of
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description remains challenging, while heuristics, in many cases, do not respond

to willing-based decision-making [Gigerenzer and Gaissmaier, 2011]. Societies of-

ten impose restrictions that are enforced through decision trees that might have

only weak relationships to clearly defined goals (and that could form the basis

for use of utility functions within an optimization scheme), such as the long-time

scale mechanisms societies and resistance movements have developed for dispersing

power [Graeber, 2001, Zibechi, 2010, Zibechi, 2012].

A comprehensive framework for analyzing coupled human-environmental

systems would aid in unifying the foundational analyses that should be made to

dynamically characterize coupled systems. Using a complexity approach, these ele-

ments, at a minimum, should include specification of the dominant times scales and

levels of description, stability analyses to identify system attractors, bifurcation

analyses, quantification of intrinsic time scales of the system using perturbations,

and identification of the role of feedbacks on emergent patterns across the coupled

system [Werner and McNamara, 2007, Mena et al., 2011]. For example, I expect

that for Micronesian societal-reef systems, the direct connection between between

fisher families and the reef ecosystem that allows for reef health evaluation will act

as a critical feedback for the stability of the coupled system.

*

5.4 Coupling indigenous societies to coral reef

ecosystems

Here, I summarize an initial attempt to couple the continuum coral reef

ecosystem model to a human society parameterized loosely around Micronesian

societies. Previous model representations of coupled human-reef systems have fo-

cused largely on exploring case study scenarios of human over-exploitation without

comprehensively characterizing the nonlinearities (e.g., reciprocal feedbacks), in-

trinsic timescales of the different levels of the system, and the interactions linked

to emergent large-scale patterns, nor interrogating who is the ’human’ in these sys-

tems and the historical legacies that molded the power structures in which they are
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embedded [Gray et al., 2006, Kramer, 2008, Little et al., 2007, Melbourne-Thomas

et al., 2011b, Ruiz Sebastián and McClanahan, 2013, Shafer, 2007, Nietschmann,

1997].

The overall coupled human-reef model is comprised of two dynamical sub-

systems: the coral reef ecosystem model and the human societal model. At this

early stage, the coupled human-reef model developed here is not designed to be

representative of any particular reef or human society. Instead I am endeavoring

to develop a general but reasonable representation of a coral reef system and an

end-member human society tied to the reef through fishing. The coral reefscape

model includes the novel continuum model developed in chapter 4, while the hu-

man societal model is an agent-based model broadly representing a traditional

Micronesian subsistence-based fishing society. The fishing society is coupled to

the coral reef benthic community in two ways: via a fish population and by the

continual evaluation of the health of the reef by fisher families having a deep rela-

tionship with the coastal ocean. The societal model is composed of fisher family

agents and community agents. The need of each fishing family is the projected

food requirement, plus a supplementary fraction for storage or sharing, referred

to as personal stores. The overall community can undertake fishing activities in

preparation for upcoming celebratory feasts, or to maintain community food stores

to which all members have access. Agent decision-making behavior is represented

heuristically using decision-trees that can evolve slowly and be bounded by long-

time-scale characteristics of the society (Fig. 5.1). This approach is appropriate

for societies that emphasize collective long- time-scale decisions over individual

short- time-scale decisions [Werner, 2012].

A customary tenure system of equally allotted reef parcels provides the

cultural context for the subsistence functioning of the fishing society. An area

of the reef is subject to closure (restricted from fishing) and reopening based on

the community’s collective decision tree process (Fig. 5.1). At each timestep, the

community first asks whether a reef closure is necessary and proceeds to check

whether the current state of reef health is above or below the 10 % coral fractional

cover threshold. If reef health is severely degraded, the community then closes part
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of the reef, regardless of whether there is a celebratory feast event or community-

wide food stores are below the defined threshold. The reef closure stays in place

only until the reef recovers and then the closure is lifted if community stores are

below a defined thresold or a celebratory feast is scheduled. When reef closures

are imposed, 20 % of the reef is closed and the remaining reef parcels are divided

equally amongst the families in the community. In a similar fashion, fisher families

and community fishing agents make decisions about whether to pursue fishing

activities, simulating drop-line or spear fishing for fisher families and communal

leaf sweep fishing for community agents. Celebratory feasts occur, on average,

every six months.

The fishing society is dynamically coupled to the reef ecosystem via the

fish population and the direct evaluation of the reef condition by the community.

The order of processes is such that each of N fisher families makes a decision

about whether to fish and where to fish, they fish, the biology of the system

updates, and then fishers reevaluate the reef and decide whether and where to fish

in the next timestep. Coupling the societal model to the reef ecosystem model

also calls for synchronizing the time scale of fishing decisions to the scale of coral

reefscape ecological dynamics. Additional characteristics of fisher behavior can be

explored by deviating from the rational expectations assumption, where all fishers

have access to all knowledge, by introducing uncertainty and risk into decision-

making or differentially constraining the behaviors of fishers to simulate adaptive

harvesting. Broadly, representing human societies as autonomous agents capable of

sensing their environment and responding to it, can inform which aspects of human

behavior are related to emergent spatial patterns unfolding across the reefscape and

the overall coupled system.

The nearly complete coupled model is being built to be expandable (e.g.,

the current global fish population can be expanded into functional types: herbi-

vores and piscivores) and adaptable to treating evolving representations of island

societies. The coupled model will be used to investigate how the dynamics of the

coupled system change in response to societal integration into market economies,

effects of cultural erosion from colonization on the inheritance of traditional knowl-
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edge, societal cohesion, and the connection to the reef. In the context of accelerat-

ing climate change, the adaptive capacity of the coupled system can be quantified to

inform historical and predicted system responses to slow and rapid shifts in climate.

The characterization of the adaptive capacity inherent in these subsistence-based

coupled systems along with deciphering the cultural characteristics that underlie it

can provide a metric for gauging other societies and assessing current efforts aimed

at adaptation to global warming. For example, current climate change discourse

and conservation efforts have mostly promoted: government imposed no-take nat-

ural areas without including affected peoples in decision-making processes [Adams

et al., 2004, Ferse et al., 2010], and/or alternative economic livelihoods that sever

historical and cultural connections to ecosystems [King and Stewart, 1996]. Using

the coupled indigenous societal-reef model, future research will be aimed at explor-

ing how societal resilience can be encouraged by maintaining strong links between

people and environmental systems and the traditional customs that underlie co-

hesive societies. In particular, the question of how resilience in western societies

might be bolstered by investing in spaces that maintain interconnected practices

and traditions will be addressed.
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5.5 Figures
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Figure 5.1: Heuristic decision trees used by agents to make fishing and
reef closure decisions.
Fisher agents based there decision on whether to fish or not on the level of two
types of stores, personal and community, which could be above or below a defined
threshold, TH. The community collectively decides whether the reef is above or
below a certain reef health threshold and whether an area of the reef will be closed
to allow for recovery.
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