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Este trabalho investiga a dinamica populacional e a estrutura de rede da rede
global de corais e simbiontes (algas zooxantelas) sob o impacto de variagoes de
temperatura da agua. Para isso, foram desenvolvidos modelos matematicos que
descrevem o crescimento populacional de corais e simbiontes em redes bipartidas,
considerando suas interagoes ecologicas e os efeitos do estresse térmico. Dois modelos
principais foram propostos: um modelo de crescimento populacional sem capacidade
de carga e outro que inclui a capacidade de carga, oferecendo uma visao mais real-
ista das limitagoes ecologicas. Esses modelos incorporam explicitamente a estrutura
da rede, evidenciando como a conectividade entre espécies influencia a resiliéncia,
i.e. capacidade de um organismo — ou de uma populagao — de recuperar-se apos
sofrer uma reducao em seu tamanho populacional em decorréncia de perturbagoes
térmicas, dos corais e de seus simbiontes diante de eventos repetidos de aumento
de temperatura. Por meio de analises numéricas em diferentes regides oceénicas, o
trabalho avalia as dinamicas populacionais em redes reais e em redes aleatérias. Os
resultados indicam que a estrutura da rede tem impacto significativo nas dinamicas
populacionais: corais geralmente mostram maior resiliéncia ao estresse térmico do
que os simbiontes, e a complexidade e a conectividade da rede influenciam a ca-
pacidade das populacoes de resistirem a eventos de aquecimento. Além disso, as
redes reais se mostraram mais sensiveis a perturbagoes do que as redes aleatorias,
ressaltando a importancia de conservar as interacoes ecolégicas naturais. Este estudo
gera insights a respeito dos efeitos das mudancas climéticas sobre a rede simbidtica
coral-alga e avalia a resiliéncia ecologica dos recifes de corais em um cenario de

mudancas globais.
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This work investigates the population dynamics and network structure of the
global coral and symbiont network (zooxanthellae algae) under the impact of wa-
ter temperature variations. For this purpose, mathematical models were developed
that describe the population growth of corals and symbionts in bipartite networks,
considering their ecological interactions and the effects of thermal stress. Two main
models were proposed: a population growth model without carrying capacity and
another that includes carrying capacity, offering a more realistic view of ecological
limitations. These models explicitly incorporate network structure, evidencing how
connectivity between species influences the resilience, i.e. the ability of an organism
— or a population — to recover after suffering a reduction in its population size due
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events. Using numerical analyses in different oceanic regions, the work evaluates
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Chapter 1
Introduction

The oceans are home to an astonishing diversity of life forms. In this vast marine
world, ecosystems are shaped by complex interactions between species, ranging from
predator-prey dynamics to various forms of mutualism. These relationships are
essential not only for the survival of individual organisms, but also for maintaining
ecological balance. Among the many associations in marine environments, one of
the richest biologically and ecologically is the symbiotic relationship between reef-
building corals and microscopic photosynthetic algae known as zooxanthellae.

Coral reefs are vibrant ecosystems that thrive primarily in shallow tropical and
subtropical waters. Despite occupying a small portion of the ocean floor, they are
home to a wide variety of marine species, providing habitat, breeding grounds, and
protection. This extraordinary biodiversity is largely sustained by the mutualistic
bond between corals and their algal partners. Zooxanthellae reside in the coral
tissues, where they photosynthesize and produce organic compounds that serve as
a crucial energy source for the host coral. In return, the algae receive shelter and
access to nutrients contained in the corals’ metabolic waste.

This relationship is not only essential to the health of individual corals, but also
the basis for reef building. The energy provided by algae enables corals to build
enormous reef structures over time. These structures, in turn, provide habitat for a
huge variety of marine life, protect coastlines from erosion, and support fishing and
tourism industries around the world. The ecological and economic value of coral
reefs is therefore closely linked to the success of the symbiosis between corals and
algae.

However, this relationship is extremely sensitive to changes in environmental
conditions. The balance between corals and algae depends on a narrow window
of physical and chemical parameters, especially temperature. When sea surface
temperatures rise even slightly above typical maximums for long periods, the physi-

ological stress experienced by the coral-algae association can lead to the breakdown
of the symbiosis (DONNER et al. [2], WILLIAMS e PATTERSON [3]). Under ther-



mal stress, zooxanthellae produce substances that are harmful to both partners. As
a defense mechanism, the coral expels the algae from its tissues, leading to a drastic
loss of pigmentation. This phenomenon, known as coral bleaching, is not merely the
disappearance of beautiful landscapes—it is a sign of metabolic perturbation and a
prelude to potential mortality.

The implications of coral bleaching extend far beyond the loss of color. Once
expelled, microalgae may not return or may be replaced by species that form less
efficient symbiotic associations. Without their primary source of energy, bleached
corals suffer from reduced growth and reproduction rates and are more susceptible to
disease. The prolonged bleaching can result in partial or complete mortality of coral
colonies. Reefs that experience widespread bleaching lose structural complexity,
which reduces their ability to support marine life. As reef ecosystems collapse, the
species that depend on them—from small invertebrates to large predatory fish—are
forced to migrate, adapt, or perish. The ecological chain reactions triggered by coral
bleaching can therefore lead to drastic changes in community composition and loss
of biodiversity.

Furthermore, the consequences of reef degradation are not limited to the oceans.
Coral reefs benefit millions of people around the world. They act as natural barriers
that reduce the impact of waves, helping to protect coastlines from storms and
erosion. Their biological wealth supports artisanal and commercial fisheries, which
serve as a vital source of food and economic resources for coastal communities.
Coral reefs also support marine tourism industries, contributing significantly to the
economies of many tropical countries. When reefs bleach and die, all of this is
reduced or lost, increasing the vulnerability of human populations that depend on
healthy marine ecosystems.

The increasing frequency and intensity of bleaching events in recent decades
are strongly linked to climate change. Global warming, driven by rising concentra-
tions of greenhouse gases in the atmosphere, is raising ocean temperatures at an
unprecedented rate. This warming is compounded by local stressors such as pollu-
tion, overfishing and coastal development, which further undermine reef resilience.
Bleaching events are recurrent and have become more frequent in the last decade
(HUGHES et al. [4]), affecting reefs in nearly every ocean basin.

Despite the challenges posed by rising ocean temperatures, there is considerable
variability in how organisms respond to environmental stress. Differences in phys-
iological, genetic, and ecological characteristics can influence tolerance levels, with
some species exhibiting greater resistance than others. For instance, certain traits
may enhance an organism’s capacity to withstand stress, such as structural adap-
tations or more effective defense mechanisms. Similarly, within a single species or

functional group, different subtypes may display varying degrees of resilience and



efficiency under changing conditions (WILLIAMS e PATTERSON 3], SWAIN et al.
[5]). This diversity is essential for understanding potential adaptive responses and
the resilience of ecosystems in the face of climate change.

Moreover, several studies have highlighted the capacity for organisms to adjust
their symbiotic associations over time. These shifts may occur in response to envi-
ronmental fluctuations, seasonal cycles, or stress events such as bleaching (ROWAN
et al. [6], GLYNN et al. [7], TOLLER et al. [§]). This notion—that symbiotic part-
nerships can reorganize following disturbances—has been formalized as the adap-
tive bleaching hypothesis BUDDEMEIER e FAUTIN [9]. Rather than interpreting
bleaching solely as a pathological breakdown of the symbiosis, this hypothesis pro-
poses that it may serve as a regulatory and adaptive mechanism: stress-induced
dissociation from a symbiont opens a window for the host to establish new partner-
ships, potentially with algal types that are better suited to prevailing environmental
conditions. According to this study, such reassortment of host-symbiont combina-
tions enables rapid physiological adjustment without requiring genetic evolution in
either partner. Over time, this dynamic flexibility may explain both the persistence
of coral through repeated environmental oscillations and the apparent ecological
stability of coral reef systems despite their sensitivity to short-term stressors. In
this view, bleaching—though disruptive in the short term—may ultimately promote
long-term resilience by facilitating symbiotic adaptation BUDDEMEIER e FAUTIN
[9].

However, the extent of this flexibility is limited. While some hosts can har-
bor multiple symbiont types simultaneously, not all combinations are functionally
compatible or equally beneficial WEIS et al. [10]. Even when shifts in symbiont
composition occur, they may come with trade-offs. For instance, certain symbionts
can enhance thermal tolerance and support host survival during stressful periods,
but this often comes at the cost of reduced growth, lower energy transfer, or dimin-
ished reproductive output under more stable conditions JONES e BERKELMANS
[11], LITTLE et al. [12]. These limitations indicate that symbiotic flexibility, while
potentially advantageous in the short term, may not always translate into long-term
benefits, and its adaptive value depends heavily on the surrounding environmental
context.

This ability to reorganize their symbiotic communities makes corals fascinating
organisms, showing that they have biological mechanisms to try to adapt. Still,
these changes don’t always come without a cost. By switching symbiotic partners,
a coral can alter its growth rate, its ability to reproduce, and even the physical
structure of its colony. This means that even when a coral survives the heat, it
can become less efficient at building the reef around it—and this affects the entire

marine ecosystem that depends on these structures.



Therefore, coral survival depends not only on water temperature, but also on
a complex network of biological interactions, the diversity of algae available in the
environment, and the physiological flexibility of each coral species. Understanding
these dynamics is essential to predict which populations are most likely to resist
changes and to guide conservation strategies that take into account biological re-
silience, not just the physical environment.

In this context, the present study proposes a mathematical model that captures
coral-algae growth dynamics, incorporating their symbiotic relationship and thermal
responses under recurring warming events. This research aims to provide insights
into the interactions between corals and algae when exposed to environmental stress
(in particular, water temperature variations) and contribute to a better understand-

ing of how reef systems can be preserved in a rapidly changing world.

1.1 Main Contributions

This study presents some important contributions to the understanding of
coral-symbiont network dynamics under repeated thermal stress. First, two math-
ematical models were proposed with the aim of capturing the population dynamics
within these symbiotic networks, considering the network structure. The first model
considers population growth without an upper limit, while the second incorporates
a carrying capacity, providing a more ecologically realistic representation of natural
population limitations.

By explicitly integrating network structure into the population growth equations,
the models offer a framework for analyzing how connectivity patterns shape the re-
silience of coral-algal systems in the face of environmental stressors. Here, resilience
is understood as a property of population dynamics—specifically, the capacity of a
population to recover after experiencing declines caused by thermal disturbances. It
refers to the ability of the population to resume growth or restore its size over time
following episodes of thermal disturbances. Connectivity, in this context, refers to
the number of links a given node has within the network—that is, the number of
neighbors with which it interacts, also known as the node’s degree. This integration
highlights the crucial role of mutualistic interactions in determining species survival
and system stability. The numerical solution of these equations reveals that network
structure—specifically node degrees and the connectivity of neighboring nodes—has
significant effects on population outcomes.

The study also assesses the impact of disrupting biological affinities through net-
work randomization. Comparisons between real and randomized networks demon-
strate that shuffling the natural symbiotic connections reduces system stability, em-

phasizing the ecological importance of preserving authentic interaction patterns.



Additionally, extensive numerical results of the proposed models were conducted
across multiple regional networks, providing an evaluation of how species-specific

traits and network-level factors modulate resilience under repeated warming events.

1.2 Organization

This dissertation is organized into six chapters. Chapter 1 introduces the study’s
objectives, motivation, and context, and presents the main contributions and the
organization of the dissertation. Chapter 2 reviews the fundamental concepts and
related work, including population dynamics, network models, types of symbiotic
relationships, coral bleaching, and previous studies relevant to the coral-symbiont
network. Chapter 3 details the construction of the global coral-symbiont network,
focusing on its structure and degree distributions. Chapter 4 presents the first popu-
lation growth model, its mathematical formulation, and results regarding population
dynamics and the influence of network structure. Chapter 5 presents another model
that incorporate carrying capacity, providing a more realistic ecological scenario,
and discusses the corresponding numerical results and insights. Finally, Chapter 6
concludes the dissertation by summarizing the key findings, discussing their impli-

cations, and proposing future research directions.



Chapter 2

Concepts and Related Work

2.1 Populational growth

The study of population dynamics is crucial to ecological theory. In the literature,
there are a wide variety of models proposed to describe how populations grow,
interact and respond to environmental conditions. Classical approaches generally
rely on differential equations to represent population changes over time, while more
recent models incorporate other factors such as spatial heterogeneity, environmental
variability and evolutionary processes.

One of the earliest and most widely used models is the logistic growth model,
originally proposed by VERHULST [13| and later popularized by PEARL e REED
[14]. This model describes population growth as a function of the current population
size and a carrying capacity, with the slowing of growth interpreted as a consequence
of intraspecific competition—that is, individuals of the same species competing for
limited resources. Its popularity is largely due to its simplicity and clear biological
interpretation. However, empirical studies—such as those conducted by SMITH [I5]
on Daphnia magna—demonstrated that real populations often deviate from logistic
behavior due to temporal discrepancies and other factors. To address this issue,
SMITH [15] developed an alternative model based on empirical data from controlled
experiments using expanding cultures, introducing a new formulation that explicitly
considers metabolic substitution rates and the effects of size structure.

In natural ecosystems, populations rarely exist in isolation. Instead, they are em-
bedded in networks of interactions that include competition, predation, parasitism,
and mutualism. These interactions are fundamental to population regulation and
community dynamics and have been extensively explored through mathematical
modeling.

One of the classic approaches to modeling interspecific interactions is the Lotka-
Volterra framework (LOTKA [I6, 17]), originally developed in the 1920s to de-



scribe predator-prey dynamics. In its simplest form, this model assumes that the
prey population grows exponentially in the absence of predators, while the predator
population declines in the absence of prey. The interaction term couples the two
populations through a linear functional response, representing the predation rate.
Although elegant, this model has limitations. These limitations have led to the
development of more detailed models, such as the Rosenzweig-MacArthur model
(ROSENZWEIG e MACARTHUR [18]), which incorporates prey carrying capacity
and functional saturation responses.

Another important class of models is the competition model that often extend
the logistic growth model to include terms representing the negative effect of one
species on another. For example, in the two-species Lotka-Volterra competition
model (widely presented in KOT [19] and MURRAY [20]) the growth rate of each
species is reduced not only by its own density but also by the density of its com-
petitor, scaled by a competition coefficient. These models predict outcomes such
as competitive exclusion, stable coexistence, or priority effects, depending on the
intrinsic growth rates of the species and the intensity of the interaction.

Mutualistic interactions, such as those between pollinators and plants or between
host corals and their symbiotic algae, can be modeled by incorporating terms that
increase the growth rate of each species as a function of the density of the partner
species. These models often include saturated interaction benefits or costs, to avoid
runaway positive feedbacks. For example, HOLLAND e DEANGELIS [21] proposed
models of mutualism with tradeoffs that balance benefit and cost over a range of
densities, capturing more realistic dynamics.

These models illustrate the evolution of ecological thinking from simple, homo-
geneous systems to more realistic, structured models that integrate space, evolution,
and environmental change. They serve as essential tools for understanding persis-

tence, extinction, and adaptation—key concerns in ecology and conservation biology.

2.2 Network models

Network models have emerged as powerful tools for exploring complex biological
systems, offering a structured way to represent and analyze the interactions between
individual units such as species, populations, or habitats. In the context of ecology
and evolutionary biology, these models provide a framework to understand not only
the structure of biological systems but also their dynamic behavior in response to
environmental and internal perturbations.

A notable example of this approach is the work by BASTOLLA et al. [22], who
developed an analytical framework to explore how the structure of mutualistic net-

works influences biodiversity. Focusing on plant—pollinator systems, the authors



showed that the nested architecture commonly found in empirical networks plays a
key role in reducing effective interspecific competition. By incorporating network
topology into a dynamical model of population interactions, they demonstrated that
more nested networks promote higher species coexistence compared to random or
compartmentalized structures. Their results also revealed that nestedness emerges
naturally when new species preferentially associate with generalist partners, mini-
mizing their competitive load. This study highlights how structural properties of
ecological networks, such as nestedness, are not merely descriptive features but can
actively shape the stability and diversity of ecological communities.

Ecological networks also play a critical role in conservation biology. VERBOOM
et al. [23] applied network models to assess how climate-induced increases in envi-
ronmental variability affect species persistence. Their numerical evaluations demon-
strated that networks with large, well-connected habitat patches are more resilient
to extinction under variable conditions. The network structure was essential to eval-
uate how spatial configuration influences population viability and to develop robust
design criteria for ecological reserves.

Network models are also used to study migratory species, whose life cycles
span multiple geographically disjoint habitats. Taylor and Norris (2010) developed
a graph-based model to simulate the population dynamics of migratory animals
across breeding and wintering sites. Their results demonstrated how the structure
and connectivity of migratory networks—along with the associated costs of mi-
gration—influence both local population sizes and global species persistence. The
network perspective was crucial to uncovering these context-dependent outcomes.

Overall, these studies demonstrate how network models allow for a more inte-
grated and dynamic understanding of biological systems. They allow the exploration

of how spatial, temporal, and evolutionary processes interact across multiple scales.

2.3 Symbiotic Relationship

The term symbiosis was first introduced by BARY [24] to describe the close
associations between fungi and algae in lichens, defining it as “the living together of
two dissimilar organisms”. Over time, the definition has expanded to include a wide
range of interactions that may include beneficial, harmful, and neutral outcomes,
and that can change over time and in different environmental contexts.

Essentially, symbiosis refers to a prolonged and close biological association be-
tween two or more distinct species (BARY [24]). This association can occur intra-
cellularly or extracellularly and may involve direct physical contact or functional
interdependence (by biochemical or ecological means). It is important to emphasize

that the nature of the symbiotic relationship often cannot be understood by study-



ing organisms in isolation, but through the interaction of these organisms with a
complex system (RELMAN [25]).

2.3.1 Types of Symbiotic Relationship

Symbiotic associations are generally classified into three main categories, based
on the ecological or evolutionary outcomes for the partners involved: mutualism,
commensalism, and parasitism. These categories do not necessarily represent fixed

states, but rather can change over time depending on environmental conditions.

Mutualism

In mutualistic relationships, both organisms benefit from the interaction, which
can lead to strong interdependence. In some cases, this reciprocal advantage be-
comes so essential that the association turns obligate, meaning neither species can
thrive—or even survive—without the other. A classic example in marine systems
is the mutualistic interactions between chemosynthetic bacteria and deep-sea inver-
tebrates that enable life in otherwise inhospitable environments (DUBILIER et al.
[26]).

Commensalism

Commensalism describes relationships in which one organism benefits while the
other remains unaffected. These associations are often transient or facultative and
may be difficult to detect or quantify. Furthermore, the distinction between com-
mensalism and mutualism or parasitism can be ambiguous, since apparently neutral
interactions can cause subtle long-term effects or change under conditions of stress
or disease. An example is the microbial communities in the human gut that derive
nutrients or habitat without significantly impacting the host’s health or physiology
under normal conditions but contribute to disease in dysbiotic states (DETHLEF-
SEN et al. [27], LEY et al. [28]).

Parasitism

In parasitic associations, one organism benefits at the expense of another. Par-
asites typically exploit the host’s resources, often causing damage. Some parasites
develop complex mechanisms to evade host immunity or manipulate their reproduc-
tion, as observed in the Wolbachia bacteria, which infects arthropods and nematodes
(WERREN et al. [29)).

Therefore, symbiosis represents a fundamental organizing principle in biology,



highlighting the interconnectedness of life and the importance of cooperation, com-

petition, and coadaptation.

2.4 Coral Bleaching

Coral reef ecosystems are among the most diverse and productive environments
on Earth, largely due to the mutualistic symbiosis between reef-building corals (Scle-
ractinia) and microalgae of the genus Symbiodinium, commonly referred to as zoox-
anthellae. These unicellular algae reside in the tissues of their host coral, forming
a critical relationship for the nutrition, calcification, and overall resilience of the
coral in nutrient-poor tropical waters (MUSCATINE e PORTER [30]). Through
photosynthesis, zooxanthellae translocate a large portion of the fixed carbon to the
coral, while in return receiving inorganic nutrients, protection, and access to light
in the shallow marine environment (FALKOWSKI et al. [31]).

However, this symbiosis is extremely sensitive to environmental disturbances.
Coral bleaching refers to the physiological response to stress in which corals expel
their symbiotic algae that are usually responsible for their coloration, resulting in
the characteristic bleaching of coral tissue (GLYNN [32]). Bleaching seriously com-
promises the health of corals, reducing growth and reproduction, and increasing
susceptibility to disease and mortality if the stress conditions persist (HOEGH-
GULDBERG [33]).

Figure 2.1: Comparison between a bleached coral (left) and a health coral (right).
Photo from XL Catlin Seaview Survey team [I]

Among the various stressors linked to coral bleaching, increased sea surface
temperature stands out as the most significant and well-documented cause. Nu-
merous mass bleaching events have been strongly correlated with anomalous ther-
mal stress, particularly those associated with El Niio-Southern Oscillation (ENSO)
events (HOEGH-GULDBERG [33|, HUGHES et al. [34]).

The breakdown of symbiosis through bleaching has profound ecological conse-

quences, as it can lead to widespread coral mortality, reef degradation, and biodi-
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versity loss. Bleached reefs provide reduced habitat and food supplies for associated
organisms, leading to cascading effects throughout the reef ecosystem (GRAHAM
et al. [35]). On an evolutionary scale, recurrent bleaching events exert selective pres-
sures on both host corals and symbionts. There is growing interest in the potential
for thermal tolerance through symbiont switching or shuffling, whereby corals asso-
ciate with more thermally resilient Symbiodinium clades (BAKER [36]). However,
such adaptive responses may be limited and insufficient to keep pace with climate

change.

2.5 Related work

This section brings together the topics discussed above by integrating real-world
data, temperature fluctuations, and mathematical modeling. Recent studies have
increasingly used network analysis to understand how rising ocean temperatures af-
fect the structure and development of coral reef systems. A notable work studies the
global network between coral species and Symbiodiniaceae and its resistance to tem-
perature stress as well as its robustness to temperature perturbations (WILLIAMS e
PATTERSON [3]). Another recent work proposes and evaluates an eco-evolutionary
model that shows that shortcuts in the dispersal network (e.g., corals that disperse
larvae throughout the ocean to coral reefs) across environmental gradients (i.e.,
changes in non-living factors through space or time) hinder the persistence of pop-
ulation growth across regions (MCMANUS et al. [37, 38]). These works have been
quite successful in identifying how the network structure affects the sensitivity of
corals to changes in water temperature, either in symbiotic associations networks or
in dispersal networks.

For instance, in the context of the global coral-symbiont network (WILLIAMS
e PATTERSON |[3]), null networks were created by altering physiological parame-
ters of organisms or the network structures. A bleaching model was developed with
weighted links representing temperature thresholds for host—symbiont pairs. Resis-
tance to temperature stress and ecological robustness were assessed by analyzing
how different networks responded to increasing temperatures (e.g., link removal)
and species (e.g., node) removal. Results indicated that robustness to bleaching and
other perturbations varied across spatial scales and differed from null networks. The
global coral-symbiont network was more sensitive to environmental attacks, such as
rising temperatures, with symbionts providing more stability than hosts. Network
structure and thermal tolerances are not represented by uniform random patterns,
making the system more vulnerable to environmental changes.

The dispersal networks represent demographic connectivity between populations

located in different habitats. These networks describe how offspring of species move
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between these habitats, forming connections that influence both the demography
and the growth of populations (MCMANUS et al. [37, 38]). Additionally, through
the eco-evolutionary model, it was observed that random networks performed better
in non-evolving populations, while regular networks favored populations with higher
evolutionary potential (MCMANUS et al. [37]). These networks, by reducing mal-
adaptive gene flow, allowed local populations to adapt more efficiently. Results
reinforce the importance of considering eco-evolutionary dynamics, network struc-
tures, and environmental gradients when assessing species’ ability to migrate and

persist under climate change.
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Chapter 3

Global Coral-Symbiont Network

Data from the GeoSymbio database (FRANKLIN et al. [39]) and a complemen-
tary database compiled by WILLIAMS e PATTERSON [3] were used to construct
the bipartite coral-symbiont network. The GeoSymbio database provides extensive
information on symbiotic associations, including the Symbiodinium type (based on
ITS2 sequence), the scientific names (genus and species) of both coral hosts and
symbionts, and the oceanic region where each association sample was collected. In
total, 53 distinct ocean regions are represented in the GeoSymbio dataset, offering
a broad geographic distribution of host—symbiont interactions.

To complement these structural data with functional information, the database
assembled by WILLIAMS e PATTERSON [3] was used to incorporate thermal toler-
ance values for both corals and symbionts. Thermal tolerance in this context refers
to the relative ability of each organism to withstand elevated water temperatures
without experiencing physiological collapse or bleaching. These values were derived
from the ranking proposed by SWAIN et al. [5], which aggregates experimental
evidence from multiple studies to produce a unified and comparative scale. The
resulting index is dimensionless and normalized between 0 and 1, where 0 indicates
extreme sensitivity to thermal stress and 1 denotes high resistance to bleaching. Un-
fortunately, the database is not complete and some organisms do not have a specified
thermal tolerance. In such cases, the mean value of the thermal tolerance was used
as a reference.

To construct the final bipartite network, the information from both datasets was
combined into a single file. This integrated table includes, for each coral-symbiont
pair, their taxonomic identification, geographic region of occurrence, and assigned
thermal tolerance values. The resulting dataset not only defines the structure of
the network but also provides key biological attributes to each network node. For
reproducibility, the merged dataset is available in a public GitHub repository linked
to this dissertation and can be accessed here.

Based on this combined dataset, a bipartite network encoding the relationship
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between host corals and their endosymbiotic algae was generated. In this represen-
tation, a link corresponds to the symbiotic association between a symbiont species
and a host species (Fig. [3.1). Each node in the network represents a species in a
specific region, such that if a given coral or symbiont species occurs in k£ distinct

regions, it is represented by k separate nodes in this network.

Symbiont nodes
Host nodes N

(g

,______

A S

Figure 3.1: Bipartite coral-symbiont network with host nodes (blue) and symbiont
nodes (yellow).

3.1 Network Structure and Characteristics

The global coral-symbiont network has 867 symbiont nodes and 1178 host nodes,
2747 links and 181 connected components. Note that the connected components
are at least the number of ocean regions (i.e., 53), however the global network has
many more connected components. Hence, there are multiple connected components
within the same ocean region.

Moreover, five connected components of the global network each corresponding
to a different region were chosen to be analyzed separately, as shown in Table [3.1]
These regions represent the most threatened regions of coral bleaching in the oceans.
Note that these networks have a different number of nodes and links, but relatively
similar density, where density is the ratio of the number of edges to the maximum

possible number of edges in the graph.

Table 3.1: Network nodes and links in different connected components analyzed.

Region Symbiont nodes Host nodes links Density
Great Barrier Reef 76 198 415 0.055
Phuket 36 152 442 0.162
Western Indian 43 131 337 0.120
Western Caribbean 36 61 111 0.101
Florida 26 32 75 0.180
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3.2 Degree Distribution

The degree of the global coral-symbiont network is analyzed, considering all 53
ocean regions. Table shows that the average degree of both types of nodes is
relatively similar but not the standard deviation, which is larger for the symbiont
nodes. Furthermore, since the minimum degree is 1, there are no isolated organisms

(nodes) in the coral-symbiont network.

Table 3.2: Degree in the global coral-symbiont network.

Type of Standard Minimum Average Maximum

node Deviation degree degree degree
Symbiont 8.306 1 3.168 102
Host 2.346 1 2.332 51

Fig.[3.2]shows the complementary cumulative distribution function for the degree
of both symbiont and host nodes. Note that both distributions are heavy-tailed since
a tiny number of symbionts are connected to 100 or more hosts and a tiny number
of hosts are connected to 50 or more symbionts. Further, note that the symbionts
have a heavier tail (the distribution curve decreases more slowly) indicating that

symbionts connect more, also because the number of host nodes is much larger.

10%4 Symbiont Nodes
Host Nodes
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v
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Figure 3.2: The complementary cumulative distribution function of symbiont and
host nodes.

Moreover, the difference between the tail values and the average degree values
of the two types of nodes is very significant. Recall that the average degree of the
symbionts and hosts are approximately 3 and 2, respectively. Thus, the majority of
hosts and symbionts are specialists (have very few connections) while a tiny amount

of both nodes are generalists (have large number of connections).
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Chapter 4

Population Growth Model in
Networks

This chapter presents the first mathematical model proposed in this thesis in
order to represent the population growth of different species while capturing network

structure and water temperature variations.

4.1 Mathematical model

In essence, the model is a system of coupled ordinary differential equations to
track the population size of symbionts and hosts over time. This model considers the
coral-symbiont network, where every node has associated with it a population size.
Note that this model uses a single variable per node instead of a variable for each
symbiotic relationship (i.e., links). Consequently, this model has significantly fewer
variables (see Table . However, network links drive the population dynamics as
growth of corals and algae are coupled and symbiotic.

Let S;(t) and H,(t) denote the population size of symbiont ¢ and host j at time
t, respectively. These are the only variables in the model, all other quantities are

parameters. The population dynamics (derivative) of S; over time is given by:

dSZ s Sz Tf s
a V7| (1 + e%(Cf(t)C_S)) S (4.1)

Note that there is a growth term (positive) and a mortality term (negative) that

s

are driven by a growth rate (r;

5) and mortality rate (m$). Moreover, the growth

term also depends on the network structure. This is the main contribution of the
proposed model. In particular, the growth rate also depends on the population size
of the corals that have a symbiotic relationship (link) with this symbiont, i.e., the

interaction between neighboring nodes.
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Table 4.1: Definition for symbols of variables and parameters of the model.

Symbol Definition (variables and parameters)

Si(t) population size of the i-th symbiont species at time ¢
H;(t)  population size of the j-th host species at time ¢

N number of symbiont species in the network
np number of host species in the network

N? neighborhood of the i-th symbiont species
NI neighborhood of the j-th host species

|N?| degree of the i-th symbiont species

| N degree of the j-th host species

e growth rate of the i-th symbiont species

7‘;? growth rate of the j-th host species

m? mortality rate of the i-th symbiont species
m? mortality rate of the j-th host species

o thermal tolerance of the i-th symbiont species
Tjh thermal tolerance of the j-th host species

The influence of the network on symbiont ¢ is given by:

HOEDY % (4.2)
JEN? j

Where each host j connected to symbiont i (i.e., j € Nf) contributes a term given
by the logarithm of its population size, In(H;(¢) + 1) (with a logarithmic transfor-
mation to compress the scale), divided by |[N!'|. Dividing the population size of an
organism by its degree assumes that each population interacts uniformly with the
population of neighboring organisms. This normalization ensures that the interac-
tion of a symbiont or host population is distributed evenly among its connections.
Moreover, this assumption significantly simplifies the model as it requires a single
variable (population size) for each node while also capturing network heterogeneity
(different degrees).

The growth rate (r7) is then added to a logistic factor (W) that de-
pends on ¢(t) (Eq. and reaches its maximum at 7. This logistic formulation
acts as a regulatory mechanism that limits the contribution of the interaction term,
ensuring that it does not drive the organism’s growth beyond its biologically plausi-
ble maximum. In practice, the interaction term is summed with the intrinsic growth

rate of the species, but its effect is constrained so that population growth remains

within physiologically realistic bounds. Biologically, the term “€—| (W)

can be interpreted as the effective strength of the pairwise interaction between sym-
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biont ¢ and host j. Note that the first term <%) does not depend on j, as this
represents the fraction of population S; interacting with host H;.
The midpoint of the logistic curve (¢) is defined as the average initial influence

over all symbionts, given by:

&= ) (43)

g
where n; is the total number of symbiont nodes and ¢(0) is a model parameter.
This value represents the average of the initial ¢ values across all symbionts at the
beginning of the numerical analysis (i.e., at ¢ = 0). At this initial time point, all
symbionts are assigned a population size of ¢§(0) = 1000, and all hosts begin with a
population size of ¢}(0) = 100.
The growth rate (rf) is given by:

" (vr(T(t>22)2>
Tis = 0 .e (Tf) (44)

While the mortality rate (m;) is given by:

7

(

i, if7T(t) <=z

<vm(T<t>2z>2>
1—e () +p, iT() >z

\

Note that both the growth and mortality rates have already been proposed in
the literature (MCMANUS et al. [37], WALSWORTH et al. [40]) and depend on the
current local sea temperature (7'(¢)) and thermal tolerance (77) of each organism.

However, some adjustments were made to the growth and mortality rates. Ini-

S
"o

tially, the growth rate included the term JorGTR introducing an unintended duality

into the model. On one hand, a higher thermal tolerance (7) means that the expo-

(T(t)—2)2
T2

nential term e< ) decays more slowly, contributing positively to the growth

rate. However, at the same time, this higher thermal tolerance also increases the

denominator of the term \/27"(:’—5)2, thereby reducing the overall growth rate. As
a result, the growth rate could paradoxically be lower for symbionts with higher

thermal tolerances.
To resolve this issue and avoid the conflicting effects of thermal tolerance, the
denominator was simplified by removing the thermal tolerance term, resulting in

\;57. This change ensures that the beneficial effect of thermal tolerance—slower
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decay of the exponential term—remains the sole driver of its influence on the growth
rate.

Finally, damping coefficients (v, in Eq. and 7, in Eq. were introduced.
These coefficients control the rate at which the exponential terms decay, allowing the

model to better capture the resilience of populations to environmental fluctuations.
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(a) Growth rate of symbionts (b) Mortality rate of symbionts

Figure 4.1: Variation in growth (left) and mortality (right) rates of symbionts with

s

different thermal tolerance values (77) across different temperatures. The red zone

in the plot mark when the system is above the optimal temperature for growth
(T'(t) > z) and the blue dotted line represents 7 and m; equals to zero.

Figure illustrates how the growth rate of symbionts responds to changes
in temperature. As expected, the maximum growth rate occurs at 26°C, which
is defined as the optimal temperature for growth (z). The curve is symmetrical
around this point, indicating that deviations above or below the optimum lead to a
similar reduction in growth. The figure also highlights differences among organisms
with varying thermal tolerances. Symbionts with higher thermal tolerance maintain
relatively high growth rates across the full temperature range, whereas those with
lower tolerance show consistently reduced growth, regardless of the temperature.

Figure shows how the mortality rate changes across different temperature
values. The plot reveals distinct behaviors depending on whether the temperature
is below or above the optimal growth temperature. When the temperature is equal
to or below z, the mortality rate remains constant at y (as defined in Table [£.2). In
contrast, when the local sea temperature exceeds the optimum, mortality increases
according to a function that depends on the organism’s thermal tolerance.

Finally, the population dynamics (derivative) of H; over time is given by:

dH; H; rh
— g J J | - Hm" 4.6
dt T] J + |Nh| (1 + 6_70(C?(t)_38) ]m] ( )

J
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Note that this equation is identical to Eq. making the model symmetric. The
growth rate, the term dependent on the network structure and mortality rate for
hosts are also given by equations Eq. 1.4, Eq4.2] Eq/4.3 and Eq. [£.5] respectively
(replacing superscript s with h and subscript ¢ with j, as shown in Table .
Thus, there is no inherent population growth advantage between symbionts and
hosts. Of course, their growth depends on the parameters of the model such as

network structure, thermal tolerance, water temperature and initial population size.

Table 4.2: Parameter definitions and values used in the numerical evaluation.

Parameter Value Definition

TS 0.185  scaling factor for symbionts’ growth rate

rh 0.185  scaling factor for hosts’ growth rate

z 26°C  optimum growth temperature for symbionts and hosts
1 0.1 the base mortality rate

o 8-10~* damping coefficient for growth

Y 1073 damping coefficient for mortality

Ye 1072 damping coefficient for interaction

The parameters 7§ and rh were used in the MCMANUS et al. [37] article with
values equal to 1. Furthermore, the base mortality was used in MCMANUS et al.
[37] with a value equal to zero and used in WALSWORTH et al. [40] with a value
equal to 0.1.

The growth and mortality rate of symbionts and hosts depend on the current local
sea temperature. Thus, a model for the variation of the sea temperature is needed.
The temperature model used in this work was based on real ocean temperature
data, collected over 26 months, in two regions of Western Australia: Coral Bay and
Tantabiddi (FULTON et al. [41]) which is shown to be recurrent. In particular, the

temperature model is given by:

T(t) = 4cos (% + 22> + 26 (4.7)

The choice of parameters for the temperature model was arbitrary to emulate
recurrence within a temperature range and timescale. Fig. [4.2/ shows the variation

of the temperature over time, indicating the sucessive warming events.
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Figure 4.2: Local sea temperature function over time. The red colored zones mark
when the environment is heating up (7°(t)) > z2).

Finally, Eq. and Eq. will be solved numerically and independently for
each region (see Table according to the above temperature model over a time
horizon that simulates successive warming events over 1500 days, as shown in Fig.
4.2

4.2 Results

The numerical solution of the population model offers valuable insights into
how the populations of host corals and their endosymbiotic algae respond when
exposed to successive warming events, especially when their growth is intricately
linked through the network of interactions. By solving these coupled dynamics,
it is possible to explore not only how individual species behave but also how the
structure of the network shapes the overall population trajectories over time. This
approach allows us to investigate how the network structure influences the resilience
and recovery of these populations after thermal stress events.

To explore how network structure shapes population trajectories, every popula-
tion began with non-zero initial sizes: each symbiont was set to 1,000 individuals
and each host species to 100. This uniform initialization removes any initial ad-
vantage among species, so differences that emerge over time can be attributed to
network structure and model parameters rather than to unequal starting conditions.
The coupled systems of differential equations for symbionts and hosts (Eqs.
were solved numerically, region by region, with Python’s scipy.integrate.odeint.
Identical parameter values were applied to all regions, so any variation in popula-
tion growth or collapse reflects network structure and initial conditions alone. The
full implementation, including data loading, parameter settings, and odeint calls,

is available here.
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4.2.1 Population Dynamics

As illustrated in Figure 4.3 symbionts generally exhibit a declining trend in
their population dynamics over time. Although there is some oscillatory behavior
driven by temperature fluctuations, the overall trend is for all populations to decline,
approaching zero over time. This declining trend reflects the combined effects of
environmental stress and the inherent vulnerability of symbiotic relationships under
heat stress.

However, as illustrated in Table [£.3] there is a small subset of symbiont types
that manage to overcome this general decline and instead exhibit a growing trend
over time. These symbionts are able to escape the downward trajectory observed in
most species, persisting and even increasing in size for a longer period before facing
potential collapse, or in some cases, avoiding extinction altogether. This observation
is particularly interesting because it highlights the influence of network structure in
shaping symbiont population dynamics in different regions. It suggests that certain
network structures may help to mitigate the effects of temperature perturbations by
allowing some symbiont species to thrive despite challenging overall conditions.

Furthermore, as shown in Figure [£.4] the population dynamics of host coral
species reveal a trend that contrasts significantly with that of their endosymbiotic
algae. Across all regions analyzed, host species are more likely to exhibit more sus-
tained population growth over time compared to symbionts (see Table . This
trend suggests that, under the same thermal disturbance scenarios, hosts tend to be
more resilient and able to maintain viable population sizes compared to their sym-
biotic partners. Such a result points to important differences in the way these two
groups of organisms respond to environmental stress, highlighting the complexity of
their interactions within the network.

This resilience observed in host species can be attributed to a combination of
biological and network-related factors. One of the most relevant biological factors
is the thermal tolerance of the hosts themselves. According to the parameter values
used in our model, host species exhibit a wide range of thermal tolerance values (77),
ranging from 0.136 to 0.997, with a mean of 0.706. These values are, in general,
higher than those of their symbiotic algae (77), which range from 0.210 to 0.843,
with a mean of 0.519. This difference implies that host corals, on average, have a
greater inherent capacity to cope with higher temperatures and repeated thermal
disturbances than their endosymbiotic partners. This characteristic is favored in the
proposed model, since a higher thermal tolerance implies a higher growth rate (see
Eq. and Fig. and a lower mortality rate (see Eq. and Fig. 4.1(b)).
As a consequence, they are less likely to suffer immediate population collapses under

heat stress.
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In addition to these biological differences, the structure of the interaction network
itself also plays a crucial role in shaping host population dynamics. As illustrated
in Fig. and , host nodes tend to have fewer connections (i.e., fewer neigh-
boring nodes) than symbiont nodes. This lower connectivity can have significant
implications for the propagation of disturbances through the network. Specifically,
as will be discussed in Table [I.5 species with lower connectivity may suffer less
from the negative effects that may arise from the decline of neighboring species. For
host corals, this means that they are less exposed to the indirect effects of symbiont
population collapse.

This difference in network connectivity highlights the importance of considering
not only the specific characteristics of each species, but also the broader ecological
context in which these species interact. The way in which hosts are embedded in
the symbiotic network determines their vulnerability or resilience to environmental
changes. In scenarios where symbionts suffer a sharp decline, the relative isolation
of hosts within the network may be favorable, allowing them to maintain their
population sizes.

Taken together, these findings highlight the complex interplay between biolog-
ical traits and network structure in determining species resilience. The observed
ability of host corals to sustain and even increase their population sizes in the face
of repeated warming events suggests that they may play a key role in maintaining
the overall stability of coral-algal symbiosis under climate change scenarios. Such
resilience is likely a crucial factor in the long-term persistence of coral reef ecosys-

tems.

Table 4.3: Percentage of species that became extinct over the course of population
dynamics in the different regions.

Region Symbiont species Host species
Great Barrier Reef 96.1% 66.2%
Phuket 97.2% 86.8%
Western Indian 97.7% 89.3%
Western Caribbean 100% 45.9%
Florida 92.3% 56.2%
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Figure 4.3: Population dynamics of symbiont species in the five regions studied
(Table . On the left, linear scale plots with identical y-axis ranges facilitate
comparisons across regions. On the right, semi-log plots (logarithmic y-axis) reveal
different population size magnitudes over time. Red colored zones mark when the
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Nevertheless, even when all species begin with the same initial population sizes,
differences in their population trajectories emerge due to the interplay between the
network structure and the thermal tolerances of each species. Since the network
is not uniform—some nodes have higher degrees than others—population growth
is not uniform either. This variation in network connectivity is reflected in the
complementary cumulative distribution function of node degrees for each region (Fig.
. Specifically, the complementary cumulative distribution function for symbionts
(Fig. shows that larger networks exhibit heavy-tailed degree distributions,
indicating the presence of highly connected nodes that can significantly influence
network dynamics. In contrast, smaller networks of symbionts do not display such
heavy-tailed patterns. For host nodes, none of the networks display heavy-tailed
degree distributions (Fig. . Moreover, since all networks have more host nodes
than symbiont nodes (see Table , symbionts are generally more connected than
hosts. This difference in connectivity can lead to distinct responses to environmental

disturbances and influence the overall resilience of the network.
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Figure 4.5: Complementary cumulative distribution function of symbiont nodes
(left) and host nodes (right) degree in different regions

Figure [4.6| shows the population size distributions after 830 days—immediately
following the second warming event—for both symbionts and host corals across all
regions analyzed. The choice of t = 830 was deliberate to ensure that the differences
in the orders of magnitude of each population size were more balanced, making it
easier to compare the different species and regions. Notably, the population size
distribution of hosts exhibits a heavy tail in every region, indicating that while most
species maintain small population sizes, a few species achieve disproportionately

large population sizes. This highlights the key role of network structure in shaping
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population dynamics, as it determines how species interactions influence resilience.

Interestingly, the symbiont population sizes also exhibit a heavy-tailed distribu-
tion, reflecting the same underlying network influence as the hosts. This result un-
derscores that, even with identical initial conditions, the network’s structure drives
differences in population size outcomes for both groups. These findings emphasize
the need to consider both species-specific traits and the ecological interaction net-
work to fully understand the dynamics and resilience of coral-algal symbioses in a

changing climate.
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Figure 4.6: Complementary cumulative distribution function of symbionts’ (left)
and hosts’ (right) population sizes (at time ¢t = 830) in their respective collection
region in the real networks.

To further investigate how network structure itself modulates the resistance of
species to thermal stress, we conducted additional numerical analysis using random-
ized networks. Here, resistance is understood not as a biological trait of individual
organisms, but as a property of population dynamics—specifically, the ability of
a population to maintain positive growth or avoid collapse even under repeated
thermal disturbances. Specifically, to test whether the arrangement of interactions
within the network influences species’ resistance to thermal disturbances, we gener-
ated a random bipartite network for each region following the methodology proposed
by WILLIAMS e PATTERSON [3]. In this procedure, each original link was ran-
domly repositioned among the nodes, effectively breaking any biological symbiotic
affinity while keeping both the number of links and the total number of nodes con-
stant for each network. Moreover, the randomization ensured that no nodes were
left disconnected (minimum degree of one), and all numerical analysis for these

randomized networks were run using the same parameter values as those for the
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real networks (see Table , ensuring a fair comparison between real and random-
ized network scenarios. The full implementation, including data loading, parameter
settings is available here.

Figure[4.7 presents the complementary cumulative distribution function of popu-
lation sizes—evaluated at time ¢ = 830—in one instance of the randomized networks.
The choice of t = 830 was made because, at this point, population sizes tend to be
more balanced across orders of magnitude, allowing for a clearer interpretation of
the complementary cumulative distribution function plots and a more meaningful
comparison of species performance.

When comparing these randomized networks with the real ones (Fig. 7 it is
clear that the complementary cumulative distribution function of symbiont popula-
tion sizes in the randomized networks generally displays a lighter tail. For example,
none of the regions’ networks in the randomized case reached population sizes be-
tween 10% and 10°. In contrast, the complementary cumulative distribution function
of the real networks shows that symbionts in all regions, except Western Caribbean,
achieve population sizes within this range. Moreover, the complementary cumula-
tive distribution function plots for host population sizes in the randomized networks
remain quite similar to those from the real networks, with all regions exhibiting
consistent patterns of distribution.

This similarity in the complementary cumulative distribution functions of host
population sizes across real and randomized networks may be due to inherent char-
acteristics of the network structure itself. Notably, every regional network has a
significantly higher number of host nodes compared to symbiont nodes. As a re-
sult, during the link randomization process, host nodes have fewer options for link
repositioning than symbionts, which restricts the variability in their node degrees.
Consequently, the overall connectivity patterns of host nodes in the randomized
networks may remain similar to those in the real networks, explaining the observed
consistency in the complementary cumulative distribution functions of hosts between
these scenarios.

This contrast between randomized and real networks highlights the critical role
of network structure in shaping population dynamics and resilience. The loss of
structured symbiotic relationships in the randomized networks underscores how es-
sential it is to preserve biological interaction patterns when assessing coral-algal
populations’ responses to repeated warming events. Additionally, it is worth men-
tioning that the complementary cumulative distribution function plots for both real
and randomized networks do not necessarily start at P[Y > k] = 1 because species
with near-zero population sizes were removed to focus on biologically meaningful
population sizes. To ensure consistent visual interpretation, we also limited the

x-axis to 1072% across all plots.
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https://github.com/basilio-gabriella/Population-Dynamics-and-Network-Structure-in-the-Global-Coral-Symbiont-Network.git

Altogether, these findings emphasize that both the structure of species interac-
tions and individual traits—such as thermal tolerance—play a fundamental role in

determining the resilience of coral-algal symbioses to recurrent thermal stress.
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Figure 4.7: Complementary cumulative distribution function of symbionts’ (left)
and hosts’ (right) population sizes (at time ¢t = 830) in their respective collection
region in the random networks.

4.2.2 Influence of Network Structure

The role of network structure and species’ thermal tolerances in shaping popu-
lation size outcomes can also be studied through correlation analysis. By assessing
the relationship between these factors and the size of populations achieved by each
species, we can better understand how both intrinsic traits and network connectiv-
ity influence species resilience. In all cases, these relationships are quantified using
Pearson correlation coefficients.

Table presents the correlation coefficients between thermal tolerance and
population size (at time ¢ = 830) across all regions. Notably, these correlations
are consistently high, indicating that species with greater thermal tolerance tend to
achieve larger population sizes after the numerical evaluation. To ensure a fair anal-
ysis, the correlation was calculated between the logarithm of the population sizes (at
time ¢ = 830), rather than the raw population sizes. This transformation compresses
the scale of the data and makes the population dynamics more linear, given that
populations that grow exponentially become linear on a logarithmic scale. More-
over, this step helps balance the differences in magnitude between the population
sizes and the thermal tolerance values (which range between 0 and 1). Without this

transformation, the magnitude of the population size data could have dominated
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the correlation calculation, potentially overshadowing the role of thermal tolerance

in driving population growth.

Table 4.4: Correlation between population sizes (at time ¢ = 830) and thermal
tolerances in the different regions.

Region Symbiont nodes Host nodes
Great Barrier Reef 0.392 0.550
Phuket 0.767 0.596
Western Indian 0.612 0.579
Western Caribbean 0.256 0.076
Florida 0.485 0.454

In contrast, Table [4.5] presents the correlation between the population size at
time ¢ = 830 of species and their node degrees across different regions. Notably, for
most regions, the correlation values are below -0.3 (which is generally considered a
moderate negative correlation) for both symbionts and hosts. Biologically, this sug-
gests that specialist species—those with fewer connections—tend to achieve higher
population sizes compared to generalist species with many connections. In the con-
text of thermal stress, this implies that species with fewer partners (specialists) are
better able to sustain or even grow their populations than generalists, who might
be more vulnerable to fluctuations in the environment.

This counterintuitive result can be explained by the structure of the mathe-
matical model used to simulate these interactions. In particular, Eq. [1.2] defines
the interaction term that represents the symbiotic relationship between microalgae
(symbionts) and host corals. This term is expressed as the sum of the fractions of
the populations of host species connected to a given symbiont species .5;, divided
by the number of neighboring hosts. While symbionts with more neighbors receive
a larger number of portions being added in this sum, this sum is then divided by
the symbiont’s degree (see Eq. , which effectively diminishes the benefit of hav-
ing many connections. As a result, symbionts with fewer connections avoid this
weakening effect and receive a greater contribution from each host, facilitating their
population growth.

The same logic applies to hosts as well: since both equations are symmetric (see
Eqgs. and , specialists with fewer neighbors tend to experience stronger in-
dividual contributions, promoting their population growth. Therefore, the negative
correlation between degree and population size at time ¢ = 830 observed in most
regions is consistent with the mathematical formulation of the model and highlights
the nuanced role of network structure in shaping species’ resilience to environmental

stress.
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Additionally, correlations between node degrees and population sizes at time
t = 830 were calculated using 50 instances of random networks generated for each of
the analyzed regions. In these random networks, links were redistributed randomly
while preserving the original number of nodes and links in each region. This pro-
cedure removed any structural patterns that could potentially influence population
dynamics, enabling an assessment of whether the real network structure genuinely
affects population size distributions or whether the observed patterns could simply
result from network density and the number of nodes and links.

The results indicate that, in the random networks, the structure does not ex-
hibit sufficiently strong patterns to maintain the significant negative correlations
observed for the symbionts in the real networks of the Great Barrier Reef, Phuket,
and Western Indian regions. In other words, the random redistribution of links di-
lutes any structural effects that might influence symbiont population dynamics in
these regions.

Conversely, for the hosts in these same regions, strong negative correlations per-
sist even in the random networks. This can be explained by the higher number of
hosts compared to symbionts, which limits the repositioning possibilities for links
in the host nodes. Consequently, the structure of the host connections remains less
affected by the randomization process.

It is also important to note that the random networks exhibit considerable vari-
ation among the 50 samples, as reflected in the standard deviations reported in the
Table[4.5] These standard deviations highlight the stochasticity inherent in the ran-
domization process and underscore that the randomized networks do not reproduce
the same consistent correlation patterns observed in the real networks. This fur-
ther emphasizes the role of network structure in shaping population dynamics and
suggests that real-world network structures play a crucial role in maintaining the

observed correlations between node degree and population size.

Table 4.5: Correlation between population sizes (at time ¢ = 830) and node degrees
in the different regions. For the random network, the sample average correlation
and its standard deviation is reported using 50 independent instances of the random
network.

Region Real network Random network

Symbionts  Hosts Symbionts Hosts

Great Barrier Reef -0.410 -0.481 -0.149 £+ 0.055 -0.367 £ 0.047

Phuket -0.390 -0.445  -0.094 + 0.126 -0.252 4+ 0.082
Western Indian -0.428 -0.520 -0.192 + 0.128 -0.421 £ 0.065
Western Caribbean -0.572 -0.871 -0.396 £+ 0.055 -0.012 4+ 0.160
Florida -0.682 -0.788  -0.560 £+ 0.098 -0.016 4+ 0.192
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Finally, Table presents the correlation between the sum of the degrees of
each species’ neighbors and their population sizes at time ¢t = 830. Similar to the
correlation observed with node degree, this analysis also reveals significant negative
values for both symbionts and host nodes across most regions. This finding under-
scores that having neighbors with many connections can actually hinder population
growth for both types of species in this system.

This result can be understood by examining the mathematical formulation of the
model. The growth of the symbionts, determined by the network structure through
Eq[4.2] is directly influenced by the degrees of the neighboring host nodes. In
particular, the interaction term includes the sum of fractions of the host populations,
each fraction being inversely proportional to the degree of the respective host species
(the denominator term |[N?| in Eq. . When a symbiont’s neighboring hosts
have a high degree, each fraction becomes smaller due to this larger denominator,
effectively reducing the contribution from each neighbor. Consequently, symbionts
connected to hosts with lower degrees receive larger fraction sums, which in turn
enhance their growth rates.

The same logic applies to the hosts themselves, since their growth rates are influ-
enced by the degrees of their neighboring symbionts in a similar manner. Thus, the
negative correlation between the sum of neighbor degrees and population size rein-
forces the idea that specialists—those species embedded in simpler, less connected
local neighborhoods—tend to thrive better in this model than those in highly con-
nected, complex environments.

This pattern highlights how not only a species’ own degree but also the connec-
tivity of its neighbors can significantly impact population dynamics. It emphasizes
that in mutualistic networks, resilience is not solely determined by the number of
direct connections a species has but also by how connected its partners are, under-
lining the intricate role of network structure in ecological dynamics. Furthermore,
the correlations presented in Tables and were also computed using the loga-
rithm of the population sizes at time ¢ = 830, following the same logic presented in
the calculations of Table [4.4]
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Table 4.6: Correlation between population sizes (at time ¢ = 830) and sum of degrees
of neighbors in the different regions.

Region Symbiont nodes Host nodes
Great Barrier Reef -0.417 -0.411
Phuket -0.397 -0.437
Western Indian -0.459 -0.320
Western Caribbean -0.656 -0.165
Florida -0.717 -0.471

In addition to the correlation analyses, plots to visually illustrate how the popu-
lation dynamics of both symbionts and hosts unfold across the networks were made.
These plots help to understand how network structure influences species’ resilience
in a more intuitive way.

The networks analyzed share several symbiont and host species in common, but
to focus the analysis and maintain consistency, four symbiont types (D1, C1, C3 and
D1la) that are present in all networks and three host species (Pocillopora damicornis,
Acropora tenuis and Acropora valida) that are present in all region networks, except
Western Caribbean, were selected to be analyzed. These selected symbionts and host
species were exposed to the same thermal variation conditions across all networks,
ensuring that any differences observed are not due to differences in environmental
stress. Moreover, each symbiont’s and host’s thermal tolerance remained constant
regardless of the region in which the organism was found. Thus, the only factor that
varied among the networks was the structure of interactions, which was measured
using metrics such as node degree and sum of neighbors’ degree.

As detailed in the table below, each of these symbionts (Tab. and hosts
(Tab. exhibits different degrees and sum of neighbors’ degrees depending on
the network. These structural differences affect how each species interacts with
others and, ultimately, how its population grows or declines over time.

Hence, Figs. [£.8 and [4.9]demonstrate how the population dynamics of both sym-
bionts and hosts change when the degree and the sum of the degrees of their neigh-
bors differ from one network to another. This approach assesses how variations in
network structure—independent of species traits like thermal tolerance—shape pop-
ulation trajectories and potentially influence community resilience under repeated

thermal stress events.
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Table 4.7: Structural characteristics (node degree and sum of neighbor degrees) of
the same types of symbionts that were found in different regions (Fig. . Thermal
tolerance values for these types are D1: 0.662, C1: 0.466, C3: 0.510 and D1a: 0.419.

Node degree Sum of neighbors’ degree

Symbiont type D1 C1 C3 Dila D1 C1 C3 Dla

Great Barrier Reef 10 86 100 9 56 208 239 34
Phuket 56 14 102 55 238 57 325 232
Western Indian 17 34 78 15 64 100 218 61
Western Caribbean 4 7 16 4 17 16 40 17
Florida 6 3 11 6 29 11 33 29

Interestingly, the Florida and Western Caribbean networks—where the observed
symbionts exhibited the lowest node degrees and the lowest sums of degrees of their
neighboring nodes (see Table —still managed to reach a higher population size
than the other networks in certain scenarios (Figs. 4.8(a)t.8(b)l4.8(c)¥.8(d)I4.8(g)|
and , including symbionts that had lower thermal tolerance. This outcome

corroborates what was found in the results of the correlation analysis, which sug-

gested a negative relationship between node degree and population growth.

It is also important to note that the larger networks, such as the Great Barrier
Reef and Phuket, where the observed symbionts displayed higher node degrees and
higher neighbor degree sums, tended to have a faster population decay than other
networks (Figs. [4.8(b)l4.8(f)land 4.8(h))). This trend suggests that nodes with fewer

links have greater resilience to environmental stressors; yet it is also important to

highlight that connectivity alone does not fully explain the observed patterns.
Moreover, it is worth noting that despite the varying patterns of network con-
nectivity and environmental conditions, all observed symbiont populations exhibited
declining population sizes over time. This consistent downward trend underscores
the overall vulnerability of symbionts to thermal stress, highlighting that even in
networks where some structural advantages might exist, the long-term survival of

these species remains threatened.
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Figure 4.8: Comparison between the population dynamics of four different types of
symbionts (D1, C1, C3 and Dla) that appeared in all regions analyzed.
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Table 4.8: Structural characteristics (node degree and sum of neighbor degrees) of
the same species of hosts that were found in different regions (Fig. [4.9). Thermal
tolerance values for these types are Pocillopora damicornis (P.d.): 0.577, Acropora
tenuis (A.t.): 0.622 and Acropora valida (A.v.): 0.837.

Node degree Sum of neighbors’ degree
Host species P.d. A t. A.v. P.d. A.t. A.v.
Great Barrier Reef 8 3 1 101 191 100
Phuket 3 4 6 128 239 350
Western Indian 2 2 4 38 95 98
Florida 5 1 1 17 4 11

For the hosts, a similar overall declining trend in population dynamics was ob-
served. However, two noteworthy cases emerged: the host species Acropora tenuis
and Acropora valida. Specifically, Acropora tenuis demonstrated significantly higher

population sizes in the Florida network compared to other regions (see Figs. |4.9(a)|

1.9(c)| and [4.9(e)). The case of Acropora tenuis is particularly interesting, as its

population size managed to escape the overall declining trend and exhibited growth
over time (see Fig. . Moreover, Acropora valida in the West Indian region, it
also managed to overcome this downward trend and reached considerable population
sizes in this region, where it also has few links and its neighbors have few connec-
tions. These scenarios are especially relevant because they align with the expected
relationship from the degree correlation analysis, indicating that species with fewer
connections and less-connected neighbors can, in certain contexts, thrive even under
stressful conditions.

Another important point concerns the connectivity patterns of the neighbors of
these host species. It is evident that the neighbors of all three host species exhibited
high degrees of connectivity, which is expected given the substantially higher number
of hosts compared to symbionts in all networks, allowing symbionts to establish many
connections. This high connectivity may significantly influence host population
dynamics, as indicated by the negative correlation between neighbor degree and final
population size: host growth tends to be constrained when neighboring symbionts
are highly connected. This effect arises from the formulation in Eq/4.2] which shows
that the contribution of each neighboring node to the growth of the target species
decreases as the neighbor’s degree increases.

These results, along with neighbor degree correlations, show that ecological net-
work structure can positively or negatively affect population sizes, depending on

context and local configuration—highlighting the complexity of such interactions.

36



40000
—— Great Barrier Reef
32000 4 —— Phuket
- —— Western Indian
o = Florida
‘5 24000 4
o
g. 16000 1
(o]
o
8000
0 T T T T y
0 300 600 900 1200 1500

Time (in days)

(a) Host species Pocillopora damicornis across

different regions in linear scale

40000
= Great Barrier Reef

32000 — Phuket
c —— Western Indian
o —— Florida
.2 240001
o
3 i
3 16000
&

8000
0 L T T T T T T
0 300 600 900 1200 1500

Time (in days)

(c) Host species Acropora tenuis across differ-

ent regions in linear scale

40000
—— Great Barrier Reef
32000 4 —— Phuket
c = Western Indian
= Florid
_g 24000 4 Florida
o
2 16000
o
o
8000
[ T T T T y
0 300 600 900 1200 1500

Time (in days)

(e) Host species Acropora valida across differ-

ent regions in linear scale

105
1014
103
10-7 4

Population

1011

= Great Barrier Reef
——— Phuket

—— Western Indian
== Florida

1015

0 300

600 200 1200 1500

Time (in days)

(b) Host species Pocillopora damicornis across

different regions in semi-log scale

105_
101,
c
S
E 1073
3
g— 1077 { — Great Barrier Reef
o —— Phuket
1071 { — western Indian
—— Florida
10-15 1 T T T . T
0 300 600 900 1200 1500

Time (in days)

(d) Host species Acropora tenuis across differ-

ent regions in semi-log

Population

1011

—— Great Barrier Reef
—— Phuket

—— Western Indian
== Florida

10-15

600 900 1200 1500

Time (in days)

0 300

(f) Host species Acropora valida across differ-

ent regions in semi-log scale

Figure 4.9: Comparison between the population dynamics of three different species
of host (Pocillopora damicornis, Acropora tenuis and Acropora valida) that appeared
in all regions analyzed, except Western Caribbean.
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Chapter 5

Population Growth Model with
Carrying Capacity

This chapter presents another model, the second proposed in this thesis, which
includes a carrying capacity term that limits the growth of all species. Although it
is a different model, this one also captures the population growth of the different
species, taking into consideration the symbiotic network and water temperature

variations.

5.1 Mathematical model

Essentially, the model is a system of coupled ordinary differential equations that
tracks the dynamics of the symbiont population sizes over time. This model ex-
plicitly incorporates the network structure of the mutualistic relationship between
symbionts and their host corals, where every node represents an organism’s popu-
lation size, and links represent the symbiotic interactions between the two types of
organisms, exactly like the previous model. This model also uses a single variable
per node instead of defining variables for each interaction (link). Consequently, this
formulation greatly reduces the dimensionality of the system (see Table .

Let S;(t) denote the population size of symbiont i at time ¢t. The population
dynamics over time of S; is given by:

as, A S,

7

dt Ko |N?|

K= Sitam | Y 1, (5.1)

h
JEN} N7

Eq. is inspired by the equations presented in the book KOT [19].
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Table 5.1: Definition for symbols of variables and parameters of the model with
carrying capacity.

Symbol Definition (variables and parameters)

S;(t) population size of the i-th symbiont species at time ¢
H;(t)  population size of the j-th host species at time ¢

N? neighborhood of the i-th symbiont species

7

=t

j neighborhood of the j-th host species

| N/ degree of the i-th symbiont species

|N ]h| degree of the j-th host species

re growth rate of the i-th symbiont species

’r’é‘ growth rate of the j-th host species

ms mortality rate of the i-th symbiont species
m;‘ mortality rate of the j-th host species

A? net growth rate of the i-th symbiont species
A? net growth rate of the j-th host species

T’ thermal tolerance of the i-th symbiont species
T]h thermal tolerance of the j-th host species

Note that this equation combines both growth and network-driven interactions.
The parameter A; represents the net growth rate of symbiont ¢, defined as the dif-
ference between its intrinsic growth () and mortality rates (m$). In this model,
the intrinsic growth and mortality rates are also determined by Eqs. [£.4] and [4.5]
respectively. This term captures the inherent biological capacity of the symbiont to
increase its population size, reflecting both environmental conditions and species-
specific characteristics independent of network interactions. Note that A? can be
positive or negative, depending on the balance between intrinsic growth and mortal-
ity processes. For example, a negative A implies that the symbiont cannot sustain
itself without mutualistic support from host corals.

Figure provides an intuitive view of how the net growth rate—defined as the
difference between intrinsic growth and mortality —Changes with temper-
ature. As shown in the plot, when the system temperature rises above the optimal
value, A becomes negative, indicating that mortality outweighs growth. In con-
trast, under cooling scenarios, the net growth rate remains positive. The figure
also illustrates that organisms with higher thermal tolerance experience less severe
reductions in net growth under warming conditions compared to those with lower

thermal tolerance.
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s

values (77) across different temperatures. The red zone in the plot mark when the

system is above the optimal temperature for growth (7'(t) > z) and the blue dotted
line represents r; and m; equals to zero.

The net growth rate of symbiont ¢ is given by:

Al =ri—m] (5.2)

The parameter oy, represents the strength of the mutualistic interaction between
symbionts and hosts. A higher oy, means that symbionts derive more substantial
benefits from their interactions with hosts, increasing their population growth. This
parameter thus controls the extent to which host population sizes can positively
influence symbiont growth—a critical component of mutualistic networks.

The parameter g, represents the strength of the mutualistic interaction between
symbionts and hosts. A higher a, means that symbionts derive more substantial
benefits from their interactions with hosts, increasing their population growth. The
value of ayy, is defined in the model as half of the maximum growth rate r{ (Eq.
4.4) of the symbiont. The maximum 7} is achieved when the system reaches the

optimal temperature for growth—at this point (7'(t) = z), the exponential term
,],.8
in the growth rate equation (see Eq. i becomes zero ( 0 .eo), causing the

\V2r

entire exponential term to equal one, thereby maximizing ;. This means that r}

e

attains its theoretical peak value under ideal thermal conditions (see Fig. |4.1(a))).

Consequently, oy, is defined as:

®»

"o

g = LT (5.3)

ﬁ

[\
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This definition ensures that the mutualistic contribution from the hosts cannot,
by itself, exceed half of the maximum growth potential of the symbiont population.
Biologically, this reflects the assumption that mutualistic interactions enhance—but
do not completely determine—symbiont growth, which also depends on intrinsic and
environmental factors.

In addition, it is important to highlight that the strength of the mutualistic in-
teraction (ag,) must be carefully constrained. According to the model derivation
(see KOT [19] pg. 226), the product ag,ans must be less than one (agpaps < 1).
Otherwise, the mutualistic benefit would overpower the density-dependent regula-
tion (K, —.S;), causing the system to diverge instead of stabilizing at an equilibrium.
In other words, if ayy, is too large, the positive feedback from the mutualistic inter-
action could lead to uncontrolled exponential growth of the symbiont population —
an unrealistic scenario that would not reflect natural population dynamics. More-
over, one key aspect of this model is the assumption that ay, is always positive.
This reflects the fundamental assumption that the mutualistic interaction between
symbionts and hosts is always beneficial.

The term K, denotes the carrying capacity of the symbiont population, set to
10* in this model. This parameter represents the maximum number of individuals
that an environment can sustainably support. The logistic component K, — S;
captures intraspecific competition; when the symbiont population size S; is small, the
expression is positive, encouraging growth. As S; approaches K, the term decreases,
slowing the growth rate, ensuring that the population size saturates at the carrying
capacity and cannot grow indefinitely. The additional term (ash <Z jeNs %)) in
Eq. represents the positive contribution of neighboring host population sizes to
the growth of the symbiont, normalized by the connectivity (|N}'|) of those hosts.
This term allows the model to capture the benefits of mutualism: the presence of
neighboring host populations can enhance the growth rate of the symbionts.

Analyzing this model, it is possible to identify two key equilibrium points: extinc-
tion and coexistence. The extinction equilibrium occurs when S = 0, corresponding
to the collapse of the symbiont population, which may occur in the absence of suf-
ficient growth or mutualistic support. The coexistence equilibrium occurs when
Si = Ky + ag, (Zje Ns l;) This positive equilibrium represents a stable state

N

in which the symbiont population size not only grows to fill the carrying capacity
but also benefits from the positive influence of its host neighbors. The additional
term proportional to ay, highlights the important role of mutualism in enhancing

the effective carrying capacity of the symbiont population.

Additionally, note that the term | ]€| distributes the mutualistic benefits pro-
portionally among the symbiont’s neighbors. Dividing the population size of an

organism by its degree assumes that each population interacts uniformly with the
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population of neighboring organisms. This normalization ensures that the interac-
tion of a symbiont or host population is distributed evenly among its connections,
preventing highly connected symbionts from gaining an unrealistic advantage simply
because they have more neighbors.

The population dynamics(derivative) of H; over time is given by:

aH; Al H,
dt K" |N!|

Si
| V7|

(2

K'—Hi+ag | >

-~ Nh
ZEN].

(5.4)

Note that this equation is identical to Eq. making the model symmetric. The
net growth rate, growth rate, mortality rate, and the positive force of mutualism
are also given by equations Eq. [5.2] Eq. .4 Eq. [£.5 and Eq. [5.3] respectively
(replacing superscript s with h and subscript ¢ with j, as shown in Table .
Therefore, there is no inherent population growth advantage between symbionts
and hosts. Of course, in this model, their growth also depends on the parameters
of the model such as network structure, thermal tolerance, water temperature, and

initial population sizes.

Table 5.2: Parameter definitions and values used in the numerical evaluation.

Parameter Value Definition

re 0.25  scaling factor for symbionts’ growth rate

rh 0.25  scaling factor for hosts’ growth rate

z 26°C  optimum growth temperature for symbionts and hosts
7 0.08  the base mortality rate

Vr 8-107%* damping coefficient for growth

Y 2-107% damping coefficient for mortality

K, 10*  carrying capacity of symbionts

Ky, 103 carrying capacity of hosts

Qsh 0.099  positive effective of host on symbionts

s 0.099  positive effective of symbionts on hosts

The parameters 75 and rh were used in the MCMANUS et al. [37] article with
values equal to 1. Furthermore, the base mortality was used in MCMANUS et al.
[37] with a value equal to zero and used in WALSWORTH et al. [40] with a value
equal to 0.1.

The net growth depends on the growth rate (Eq. and mortality rate (Eq.
of symbionts and hosts, which depend on the current local sea temperature. Thus,
a model for the variation of the sea temperature is needed. The water temperature

model is identical to the one used in the first model presented in Chapter 4 (see Eq.
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7).
The choice of parameters for the temperature model was arbitrary to emulate
recurrence within a temperature range and timescale.
Finally, Eq. and Eq. will be solved numerically and independently for
each region (see Table according to the temperature model (Eq. over a

time horizon that simulates successive warming events over 4500 days.

5.2 Results

Similar to what was done in the first model, numerical analysis of these coupled
dynamics were performed, so that it is possible to explore not only how individual
species behave, but also how the structure of the network shapes the overall popula-
tion trajectories over time. This approach allows us to investigate how the structure
of the network influences the resilience and recovery of these populations after heat
stress events.

To investigate how network structure influences population dynamics, all species
were initialized with non-zero population sizes: each symbiont started with 1,000
individuals, and each host species with 100. This standardized initialization ensures
that no species has an initial advantage, allowing any differences in population tra-
jectories over time to be attributed to the network structure and model dynamics,
rather than unequal starting conditions. The coupled differential equations gov-
erning symbiont and host populations sizes over time (Egs. were solved
numerically for each region using Python’s scipy.integrate.odeint function. All
model parameters were kept identical across regions, ensuring that observed differ-
ences in population growth or decline result solely from network topology and initial
conditions. The full implementation—including data preprocessing, parameter def-

initions, and the use of odeint—is available here.

5.2.1 Population Dynamics

Unlike what was observed with the model presented in the previous section, in
the current model incorporating carrying capacity, the populations demonstrated
an improved ability to thrive. For example, considering the symbiont populations
that previously exhibited a pronounced decay trend (as shown in Fig. , more
symbiont species now successfully converge towards the carrying capacity of the
model, although they converge at different rates. This indicates that the carrying
capacity allows for a more stable population dynamic compared to the earlier model.

Despite the improved stability introduced by the carrying capacity, it is evident

that some symbiont populations continue to converge towards the extinction equi-
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librium point (see Figs. and and Table . This outcome suggests that
while the carrying capacity supports population persistence for some nodes, certain
local interactions or initial conditions may still drive specific populations towards
extinction. Consequently, the carrying capacity acts as a regulatory mechanism that
balances population growth but does not guarantee universal survival.

Regarding host populations, a pattern of improved resilience is observed when
compared to the numerical results in Fig. 4.4, However, hosts now (Fig. show
a more pronounced ability to thrive, with most populations achieving steady growth
over time. Furthermore, an interesting difference can be noted when comparing the
dynamics of hosts and symbionts. As illustrated in Figs. and 5.3 more host
species can reach population equilibrium at carrying capacity and they converge
more quickly to this equilibrium than symbionts. This observation indicates that
hosts are more efficient in reaching their carrying capacity.

Moreover, across all scenarios analyzed, hosts exhibit a lower proportion of pop-
ulations that converge towards the extinction equilibrium compared to symbionts
(see Table . This pattern underscores the differential resilience of the two groups
and highlights the asymmetric nature of the interactions modeled within this frame-
work. One possible explanation for this difference lies in the structure of the network
itself: hosts typically have fewer neighbors than symbionts. Additionally, the inter-
action term involving hosts and symbionts might be configured in such a way that
hosts benefit more consistently from mutualistic interactions, thereby enhancing
their growth potential.

Finally, when comparing the results presented in Table [£.3] with those in Ta-
ble 5.3 a clear difference emerges regarding species persistence between the two
models. In the second model, the percentage of species that went extinct—defined
here as populations that converged to zero over the course of the simulation—is
substantially lower than in the first. This trend holds across both groups of organ-
isms, but is especially pronounced for host species, which show a marked increase in
survival rates under the second modeling approach. Furthermore, in both models,
host species showed lower extinction rates than symbionts, indicating more robust
population dynamics in this group. Here, robust refers to a comparatively better
population outcome: although population sizes in these networks still declined under
thermal stress, the decline occurred more slowly or less severely than in others.

Overall, these results emphasize the crucial role that carrying capacity plays in
shaping the long-term dynamics of the model. By imposing an upper bound on
population size (which does not happen in the previous model, as you may see in
Figs. and , the carrying capacity acts as a stabilizing force that mitigates
unbounded growth and provides a mechanism for population sizes to reach a stable

equilibrium. Furthermore, the differences in convergence rates between hosts and
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symbionts highlight the importance of accounting for the network structure and

local interactions when interpreting the trajectories of these populations.

Table 5.3: Percentage of species that became extinct over the course of population
dynamics in the different regions.

Region Symbiont species Host species
Great Barrier Reef 86.8% 21.7%
Phuket 75.0% 25.6%
Western Indian 79.1% 20.6%
Western Caribbean 83.3% 0%
Florida 76.9% 12.5%
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Figure 5.2: Population dynamics of symbiont species in the five regions studied
(Table . On the left, linear scale plots with identical y-axis ranges facilitate
comparisons across regions. On the right, semi-log plots (logarithmic y-axis) reveal
different population size magnitudes over time. Red colored zones mark when the

environment is heating up(7'(¢)) > z).
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Figure 5.3: Population dynamics of host species in the five regions studied (Table
. On the left, linear scale plots with identical y-axis ranges facilitate comparisons
across regions. On the right, semi-log plots (logarithmic y-axis) reveal different pop-
ulation size magnitudes over time. Red colored zones mark when the environment

is heating up (7'(t)) > 2).
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Fig. presents the complementary cumulative distribution functions of the
final population sizes (i.e., at time ¢t = 4500) of both symbionts and hosts.

For symbionts (Fig, the results clearly indicate that most species expe-
rienced population decline to the point of extinction, with their sizes converging to
zero by the end of the simulation. Only a very small fraction of symbiont species
managed to persist and reach their carrying capacity equilibrium, highlighting the
overall fragility of this group under the modeled conditions. In contrast, host species
exhibited a markedly different pattern, as shown in Fig A substantial propor-
tion of host populations successfully converged to their carrying capacity, suggesting
greater stability and resilience. This is especially evident in the Western Caribbean
region, where all host species reached the carrying capacity equilibrium, indicating
complete survival across the network in that area. These contrasting outcomes em-
phasize the distinct dynamics and vulnerabilities of hosts and symbionts within the
same ecological framework.

Overall, these results reinforce the role of carrying capacity as a stabilizing fac-
tor in the system and highlight differences in the dynamics of symbiont and host
populations. The complementary cumulative distribution functions thus provide a

clear way to compare the convergence behavior of both groups in the network.
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Figure 5.4: Complementary cumulative distribution function of symbionts’ (left)
and hosts’ (right) final population sizes in their respective collection region.

5.2.2 Influence of Network Structure

The role of network structure and species’ thermal tolerances in shaping popula-
tion size outcomes can also be studied through correlation analysis. By assessing the
relationship between these factors and the final population sizes achieved by each

species, we can better understand how both intrinsic traits and network connectiv-
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ity influence species’ resilience. In all cases, these relationships are quantified using
Pearson correlation coefficients.

Table [5.4] presents the correlation coefficients between thermal tolerance and fi-
nal population size (at time ¢t = 4500) across all regions. Similar to the correlation
analysis done in Table [£.4] these correlations are consistently high, indicating that
species with greater thermal tolerance tend to achieve larger final population sizes
after the numerical analysis. To ensure a fair analysis, the correlation was calculated
between the logarithm of the population sizes (at time ¢t = 4500), rather than the
raw population sizes. This transformation compresses the scale of the data and helps
balance the differences in magnitude between the population sizes and the thermal
tolerance values (which range between 0 and 1). Without this transformation, the
magnitude of the population size data could have dominated the correlation calcu-
lation, potentially overshadowing the role of thermal tolerance in driving population

growth.

Table 5.4: Correlation between final population sizes and thermal tolerances in the
different regions.

Region Symbiont nodes Host nodes
Great Barrier Reef 0.712 0.648
Phuket 0.635 0.663
Western Indian 0.502 0.653
Western Caribbean 0.781 0.269
Florida 0.643 0.652

In the previous section, Table presents the correlation between the popula-
tion size at time ¢ = 830 of species and their node degrees across different regions,
showing that for most regions, the correlation values are below -0.3 (which is gen-
erally considered a moderate negative correlation) for both symbionts and hosts.
However, this pattern is not observed in Table [5.5]

As shown, neither the symbionts (with the exception of those in Florida) nor the
host species exhibited significant correlations between node degree and final popu-
lation size. In the case of host species, correlation values were consistently close to
zero, indicating a complete absence of correlation. These results suggest that, under
the second model, the number of neighbors a species has in the network does not
play a major role in determining its population outcome. In other words, network
connectivity alone appears to have a much weaker influence on population dynam-
ics when compared to the first model, possibly due to the presence of additional

regulatory mechanisms such as carrying capacity or intrinsic biological thresholds.
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Table 5.5: Correlation between final population sizes and node degrees in the dif-
ferent regions.

Region Symbiont nodes Host nodes
Great Barrier Reef 0.173 0.030
Phuket 0.252 0.016
Western Indian 0.192 0.149
Western Caribbean 0.298 -0.057
Florida 0.512 0.036

Finally, Table [5.6] shows the correlation between the sum of the degrees of
each species’ neighbors and their final population sizes. In contrast to the results
presented in Tables and [£.6] symbionts displayed positive correlations in this
case—although the values were not statistically significant. This suggests a weak
tendency for symbionts connected to highly connected species to reach slightly higher
population sizes, but without consistent or meaningful strength. For host species,
the same pattern observed in Table [5.5) was repeated: there was no clear correla-
tion between the sum of neighbor degrees and final population sizes. These findings
further support the idea that, in the second model, local connectivity—whether mea-
sured directly through degree or indirectly through neighbor influence—has limited

explanatory power over the population dynamics of both groups, especially hosts.

Table 5.6: Correlation between final population sizes and sum of degrees of neighbors
in the different regions.

Region Symbiont nodes Host nodes
Great Barrier Reef 0.171 -0.074
Phuket 0.256 -0.038
Western Indian 0.205 0.068
Western Caribbean 0.299 -0.075
Florida 0.424 0.055

In addition to the correlation analyses, plots to visually illustrate how the popu-
lation dynamics of both symbionts and hosts unfold across the networks were made.
These plots help to understand how network structure influences species’ resilience
in a more intuitive way.

The networks analyzed share several symbiont and host species in common, but
to focus the analysis and maintain consistency, four symbiont types (D1, C1, C3 and
D1a) that are present in all networks and three host species (Pocillopora damicornis,

Acropora tenuis and Acropora valida) that are present in all region networks, except
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Western Caribbean, were selected to be analyzed. These selected symbionts and host
species were exposed to the same thermal variation conditions across all networks,
ensuring that any differences observed are not due to differences in environmental
stress. Moreover, each symbiont’s and host’s thermal tolerance—a fixed, species-
specific trait—remained constant regardless of the region in which the organism was
found. Thus, the only factor that varied among the networks was the structure of
interactions, which was measured using metrics such as node degree and sum of
neighbors’ degree.

As detailed in the Tables [.7[4.8] these symbiont types and hosts species exhibits
different degrees and sum of neighbors’ degree depending on the network. These
structural differences affect how each species interacts with others and, ultimately,
how its population grows or declines over time.

Hence, Figs. [p.5]and [5.6demonstrate how the population dynamics of both sym-
bionts and hosts change when the degree and the sum of the degrees of their neigh-
bors differ from one network to another. This approach assess how variations in
network structure—independent of species traits like thermal tolerance—shape pop-
ulation trajectories and potentially influence community resilience under repeated
thermal stress events.

As shown in Fig. [5.5], symbiont populations in nearly all regions tended to decline
and eventually converge to zero, reflecting a general vulnerability of these organisms
under the modeled conditions. However, in some regions—particularly where sym-
bionts had a greater number of connections and were linked to neighbors that were
themselves highly connected—this decline was delayed. In a few notable cases, these
structural advantages even allowed the symbionts to increase their populations over
time. A clear example of this is symbiont D1 in the Phuket region, which not only
avoided extinction but exhibited population growth throughout the simulation (see
Fig. [5.5(b)).

This behavior may be related to the weak but positive correlations observed
between population size and both node degree and neighbor degree sum, as reported
in Tables 5.5/ and [5.6] Although these correlations are not statistically strong, they
suggest that local connectivity and indirect structural support from neighboring
species can influence the persistence and success of certain symbionts within the

network, especially under environmental stress.
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Figure 5.5: Comparison between the population dynamics of four different types of
symbionts (D1, C1, C3 and Dla) that appeared in all regions analyzed.
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For host populations, an interesting and somewhat unexpected pattern emerged.
Although the correlation analyses in Tables [5.5] and indicated no significant
relationship between final population size and either node degree or the sum of
neighbors’ degrees, Fig. reveals a distinct outcome in the Florida region. In
all scenarios, host species (with different thermal tolerance values) in this region
consistently achieved higher population sizes by the end of the simulation. This is
particularly notable given that the Florida network is characterized by relatively low
degrees and weak neighbor connectivity. Despite these structural limitations, the
same host species—when embedded in larger or more connected networks—displayed
poorer population performance.

Furthermore, these analyses emphasize the importance of local network structure
in determining the population dynamics of symbionts and highlight how the interplay
between network structure and biological parameters can affect the overall resilience

and persistence of coral-algal systems.
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Chapter 6
Conclusions

In this study, the interplay between network structure and population dynamics
in the global coral-symbiont network under varying water temperatures was system-
atically analyzed through the development and implementation of two mathematical
models. The first model captures population dynamics without an upper limit on
growth, while the second introduces a carrying capacity that restricts population
growth, providing a more biologically realistic scenario. These models, offer in-
sights into how different network structures and species-specific traits modulate the
resilience of coral-algal systems in the face of repeated warming events.

The analysis revealed that even when all species begin with identical initial pop-
ulation sizes and parameter values, differences in population trajectories emerge due
to the structure of the network and species-specific thermal tolerances. Symbionts in
particular exhibited a pronounced decline in the first model, highlighting their vul-
nerability to repeated thermal stress events. However, the carrying capacity model
allowed some symbiont species to stabilize near the carrying capacity, even though
some populations still converged to extinction points depending on local interactions
and initial conditions.

Host populations demonstrated greater resilience compared to their symbiotic
partners in both models. This result aligns with their generally higher thermal
tolerance values and lower network connectivity, which reduces their exposure to
negative indirect effects from neighboring symbiont collapses. Interestingly, the
structure of the symbiotic network proved to be a key factor in shaping the popula-
tion trajectories of both hosts and symbionts.

The complementary cumulative distribution functions of population sizes further
emphasized the role of network structure. While heavy-tailed distributions were
observed in real networks—particularly for host populations—randomized networks
generally exhibited lighter tails, indicating reduced resilience and stability when
biological symbiotic affinities are disrupted. These findings highlight the importance

of preserving the ecological network structure to maintain the resilience of coral reef
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ecosystems.

Moreover, correlation analyses revealed complex relationships between node de-
grees, sum of neighbor degrees, and final population sizes. Contrary to the ini-
tial hypothesis suggested by degree correlations, higher connectivity did not always
translate into better population performance. For symbionts, negative correlations
were often observed, indicating that species with fewer direct connections were bet-
ter able to thrive under thermal stress. In contrast, host population sizes sometimes
exhibited zero correlation between degree and population size.

Altogether, these results demonstrate that resilience in coral-algal systems is
not determined solely by individual species traits or environmental factors, but is
fundamentally shaped by the structure of their interaction network. This finding un-
derscores the importance of considering network structure in conservation strategies

to enhance reef resilience in the face of climate change.

6.1 Future Work

The present study helps to understand the dynamics of coral-symbiont interac-
tions under changing environmental conditions. However, there are several promis-
ing avenues for extending this research in the future.

First, incorporating additional ecological processes such as competition, preda-
tion, or evolutionary dynamics could provide a more reliable model. These processes
often interact with mutualistic relationships in complex ways, and their inclusion
may reveal emergent patterns or thresholds not captured by the current model.

Second, future work could involve utilizing empirical databases on population
growth or coral bleaching that account for both network structure and temperature
variability. Integrating such datasets would enable the calibration and validation of
the model under real-world scenarios, enhancing its predictive power and relevance
to conservation efforts.

Lastly, biological validation of the model could be pursued through collabora-
tion with experts in marine ecology. These specialists could interpret the numerical
results within a biological context, ensuring that model outputs align with observed
ecological phenomena and providing valuable feedback for refining the model’s as-
sumptions and parameters.

These proposed directions represent important steps towards developing a robust
framework for understanding the complex dynamics of coral reef ecosystems under

environmental stressors.
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