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Abstract

Many reef-building corals reproduce through synchronised broadcast-spawning events, maximising
fertilisation success and larval dispersal. The mechanisms behind this remarkably precise synchro-
nisation remain largely unknown, yet understanding them is vital for effective reef conservation in
a changing climate. This study investigates if theoretical coral communication explains these fine-
scale spawning patterns of the species Orbicella franksi. A reef in Bocas del Toro, Panama, is set in
a spatial simulation including a framework combining an agent-based model with a discrete-event
simulation to create spawning synchrony as an emergent phenomenon of the years 2002 to 2009.
Alongside inter-coral communication mechanisms the model incorporates seasonal changes of key
environmental cues: photoperiod, sea water temperature, lunar illumination, and periods of dark-
ness. The emerging spatial and temporal patterns of spawning are simulated and their clustering
compared to the real-world. The results suggest that while broad environmental factors set the
general timing for spawning events, local communication between corals help to achieve real-world
clustering patterns. Sensitivity analyses indicate that the strength and spatial decay of communi-
cation signals significantly influence the degree of clustering, supporting diffusion-based chemical
signalling as a synchronising mechanism. These findings emphasise that spatial simulations provide
a strategic framework to guide the investigation of complex ecological processes by identifying gaps
in knowledge. Focused research efforts will ultimately solve the puzzle of coral spawning synchrony

and coral communication.
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1 INTRODUCTION

1 Introduction

Coral reefs only cover an area of 0.1 % to 0.5 % of the world’s oceans (Spalding and Grenfell, 1997)
but are nevertheless of immense importance to marine life, economy and human society. Reef-building
corals, commonly known as stony corals, are the foundational species of these ecosystems (Brusca
et al., 2016). Their growth form provide the physical structure of the reef, which serves as a habitat
for thousands of marine organisms. Over 30% of the diversity of marine fish live in coral reefs
and they are the nursery grounds for even more fish species. The economic goods and ecosystem
services that coral reefs provide range from food security to fisheries, coastal protection, and driving
tourism and recreation industries (Moberg and Folke, 1999; Woodhead et al., 2019; Spalding et al.,
2017). However, in recent times coral reefs have been degrading rapidly due to numerous anthro-
pogenic drivers (Hughes et al., 2017a) such as global warming (Hughes et al., 2017b), eutrophi-
cation (D’Angelo and Wiedenmann, 2014) and ocean acidification (Hoegh-Guldberg et al., 2017).
Understanding coral reproductive processes, such as broadcast spawning, is critical for preserving
these ecosystems in the face of such challenges (Shlesinger and Loya, 2019; Davies et al., 2023).
Coral spawning is essential for the maintenance of coral populations, as it is the primary means by
which corals reproduce and establish new colonies (Harrison, 2011). By studying the mechanisms
and conditions that influence successful spawning events, we can better inform conservation efforts

and restoration strategies to safeguard the future of coral reefs.

1.1 Coral biology

“It is a remarkable fact, that widely extended reefs should be developed in the midst of seas, where

no land exists, and where the water is generally clear, and pure” — Darwin.

This observation is part of what Darwin termed the ”coral paradox,” made during his journey
aboard the HMS Beagle in 1831. Darwin was intrigued by how such a thriving ecosystem could exist
in nutrient-poor waters (Darwin, 1842). Coral scientists later resolved this paradox by discovering
the symbiotic relationship between corals and the algae living in their tissues, which allows coral

reefs to flourish in these conditions (Muscatine, 1990).

Reef-building corals, classified within the phylum Cnidaria (class Anthozoa, order Scleractinia),
are related to jellyfish, similarly possessing stinging cells known as nematocysts. They exist as either
solitary polyps or, more commonly, as colonies composed of genetically identical polyps (see Figure 1).
Even though each polyp can feed by catching and digesting particulate matter with their tenta-
cles (Houlbreque and Ferrier-Pages, 2009), they meet up to 95 % of their energy demand by hosting
symbiotic algae, dinoflagellates from the family Symbiodiniaceae, commonly referred to as zoox-
anthellae (Muscatine, 1990; LaJeunesse et al., 2018). These symbionts are integrated within their
endodermal tissue and assimilate nutrients via photosynthesis (Rédecker et al., 2015). In return,
zooxanthellae have a secured and sunlit habitat to flourish. This symbiosis provides reef-building
corals with enough energy for growth and the secretion of their calcium carbonate skeleton. The
coral life cycle alternates between a long sessile stage, during which the colony grows, and a short

planktonic stage when a larva colonises a new area (Harrison et al., 1984).

1
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Figure 1: Acroporid coral colony (a) showing extended polyps and (b) the depiction of coral
anatomy indicating the main features (Encyclopaedia Britannica Inc., 2024).

1.2 Coral reproduction

Coral reproduction can be broadly categorised into asexual and sexual reproduction. Asexual repro-
duction involves the budding of a coral polyp to produce genetically identical offspring, which is a
key mechanism for sustaining and growing colonies (Yeemin et al., 2022). Additionally, if a coral frag-
ment breaks off due to mechanical stress the fragment can grow, under favourable conditions, into a
new coral colony. This process, known as fragmentation, is widely employed in modern coral restora-
tion techniques (Hein et al., 2021). On the other hand, sexual reproduction in corals occurs through
two primary modes: broadcast spawning and brooding (Harrison, 2011). Broadcast spawners, which
will be discussed in detail later, release their eggs and sperm into the water where fertilisation occurs

externally.

In brooding corals, fertilisation occurs internally within the coral polyps (Harrison, 2011). The
fertilised eggs are retained inside the parent coral, where they develop into planula larvae, called
planulae. Planulae are capable of swimming and settling to a new location shortly after being expelled
by the parent (Rougée et al., 2015). Compared to broadcast spawners, this method shortens the time
planulae spend in the planktonic phase, decreasing the risk of predation, however, also decreasing

the range of settlement area.

Corals exhibit a variety of sexual systems, with the majority being hermaphroditic, meaning
that individual corals produce both male and female gametes, meaning sperm and eggs respec-

tively (Harrison, 2011). Some coral species are gonochoric, meaning that individual corals are either
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male or female. In these species, successful reproduction depends on the proximity of male and female
individuals. There are also species that exhibit mixed sexual systems, where individuals may func-
tion as one sex in one breeding season and switch to another in subsequent seasons, or where some
colonies within a species are hermaphroditic while others are gonochoric (Yeemin et al., 2022). This
diversity in reproductive strategies allows corals to adapt to a wide range of environmental condi-

tions.

1.2.1 Spawning process of broadcast spawners

The broadcast spawning process was discovered in the late 1970s when researchers observed that
many stony corals did not contain planulae (Stimson, 1978; Kojis and Quinn, 1981). Over the next
decade, coral mass spawning events were documented and further investigated (Babcock et al., 1986;
Harrison et al., 1984). Today, it is known that broadcast spawning is the dominant reproductive
strategy among stony corals. In this process, corals release vast quantities of buoyant gamete bundles,
containing both eggs and sperm, into the surrounding water during synchronised mass spawning
events (see Figure 2). The success of this external fertilisation depends heavily on accurate synchro-
nisation and the proximity of other corals, as sperm must encounter eggs at the water’s surface.
The fertilised egg (zygote) develops into a free-swimming planula, which eventually settles on hard
substrates to establish a new coral colony. This reproductive method enhances genetic diversity,
enables corals to spread across larger areas, and helps maintain population resilience (Harrison,
2011).

e Fertilisat.i?r: ) —_— e Zygote to planula development

o Sperm and eggs release o Planula sinks
for settlement

\

© Mouth and

‘7 tentacles of

polyp forms

- i)
T
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Figure 2: Infographic visualising the life and reproduction cycle of a broadcast spawning coral.

1.2.2 Gametogenesis

Corals, like many other marine organisms, produce steroid hormones that play critical roles in
their reproductive cycles, particularly in the process of gametogenesis which is the development
and maturation of gametes (Tarrant, 2015). The three primary sex steroids identified in corals are
progesterone, testosterone, and estradiol-174, all of which influence various stages of coral reproduc-

tion (Tan et al., 2021). Before corals can undergo spawning, as depicted in number 1 of Figure 2,
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gametogenesis must be completed. This process typically spans several months and begins after the
previous spawning event, often during winter when water temperatures are lower (Harrison, 2011).
Various studies have tracked egg development over time, offering detailed measurements for specific
coral species (Mendes, 2002; Chui et al., 2014; Tan et al., 2020). Gametogenesis is broadly cate-
gorised into six stages, beginning with Stage I, the resting phase that occurs right after spawning

(Stage VI), and progressing through the maturation and development of gametes (see Figure 3).

700
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Figure 3: Yearly cycle of the gametogenesis of a broadcast spawning coral showing the process
through various development stages in regard to the egg size. This generalisation is a summary

from multiple studies (Mendes, 2002; Chui et al., 2014; Tan et al., 2020) and is representative for
the coral species in this study.

1.2.3 Spawning synchrony

Chronobiology is the study of the internal rythm and clocks of living organisms which fundamental
importance for marine organisms has been explored and summarised by Naylor (2010). Accordingly,
the most remarkable aspect of coral broadcast spawning is the precise synchronisation of individuals.
This mass spawning usually happens at a specific time on one or two nights, primarily after full moon
periods (Sorek and Levy, 2014). The exact timing of spawning varies strongly across coral species
where they spawn at a specific day around the full moon and release gametes at specific hours after

sunset (Baird et al., 2009), emphasising the role of chronobiology in reproductive timing.

1.2.3.1 Large-scale synchrony

The synchronous spawning across reef systems, sometimes covering entire regions is driven by envi-
ronmental cues. In this study, large-scale refers not only to the spatial extent but also to its temporal

precision, specifically the alignment of spawning on particular days.

e Water Temperature. Water temperature influences coral reproduction where rising seawater
temperature after winter induces gamete development and maturation (Gouezo et al., 2020).
The molecular analysis by Tan et al. (2020) found that the expression of key reproductive
genes, are synchronised with these temperature fluctuations. These genes regulate egg devel-
opment and ensure the coral’s reproductive readiness by promoting the incorporation of yolk
protein.
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e Photoperiod. Gene regulation in corals is influenced by the solar cycle (Brady et al., 2011)
and therefore the photoperiod, the length of daylight, was chosen as an environmental influ-
ence. Furthermore, Penland et al. (2004) proposed that the increase in solar insolation in
January /February, which corresponds to increasing photoperiod, triggers the onset of game-

togenesis.

e Moonlight. The lunar cycle is a fundamental driver of biological rhythms in marine organ-
isms, synchronising critical behaviours such as reproduction, spawning, and migration (Naylor,
2010; Andreatta and Tessmar-Raible, 2020). Corals possess photoreceptors sensitive to blue
light, enabling them to detect changes in moonlight intensity (Gornik et al., 2021; Levy et al.,
2007; Gorbunov and Falkowski, 2002). Moonlight, particularly during full moon, is known to be
a key environmental influence for coral mass spawning events (Kaniewska et al., 2015; Komoto
et al., 2023; Sorek and Levy, 2014).

e Dark Time. The period of darkness between sunset and moonrise is another environmental
factor that influences the timing of coral spawning (Brady et al., 2009). This window of relative
darkness before the rising moon is believed to be decisive trigger for the onset of the spawning
event (Lin et al., 2021; Fogarty and Marhaver, 2019).

1.2.3.2 Fine-scale synchrony

The precise coordination of spawning within local populations is synchronised to an accuracy of
minutes to a couple of hours. While it is hypothesised that local factors such as minor variations in
temperature, current patterns may influence fine-scale timing, conclusive evidence for this process
is lacking (Sorek and Levy, 2014). However, communication pathways in corals have been described
to take place within coral colonies and between neighbouring corals (Witzany, 2010; Tarrant, 2015).

These communication mechanisms may help in achieving spawning synchrony.
1.2.4 Theories of coral communication

1.2.4.1 Chemical signalling

The first evidence of estrogen in and around corals dates back to the early 1990s, when measure-
ments revealed the presence of estradiol during a spawning event (Atkinson and Atkinson, 1992).
Subsequent research has revealed the presence of various sex steroids, including estrogens, andro-
gens, and progestogens discussing their potential roles in coral reproduction and early developmental
processes (Tarrant, 2015; Rougée et al., 2015). Recent work by (Tan et al., 2021) suggests that while
most known steroidogenic enzymes were identified in the coral genome, the pathways for steroid

production and their exact regulatory functions in coral reproduction remains unclear.

Nevertheless, chemical signalling is the strongest theory explaining how fine-scale coral spawning
synchrony may be induced by releasing hormones or hormone-like compounds into the water (Twan
et al., 2003, 2006b). Hormones such as estradiol and gonadotropin-releasing hormone (GnRH) are
known to regulate gametogenesis and spawning in corals (Twan et al., 2006a), making them plausible

candidates for facilitating inter-colony communication. For example, peaks in estradiol levels prior to

5




1 INTRODUCTION

spawning have been observed in several coral species, suggesting a role in triggering gamete release
within colonies (Slattery et al., 1999; Tarrant et al., 1999; Atkinson and Atkinson, 1992).

While direct evidence for chemical communication transmission in corals is missing (Tarrant,
2015), other marine invertebrates have been studied more thoroughly. Research on sea urchin popu-
lations found that spawning synchrony may be initiated by the release of a chemical signal, poten-
tially a pheromone, into the water promoting spawning of nearby individuals (Watts and Wasson,
2020; Reuter and Levitan, 2010).

1.2.4.2 Acoustic signalling

An experimental study by Ibanez and Hawker (2021) showed that certain corals produce ultra-
sonic emissions at night. Furthermore, reef soundscapes can guide larval settlement of corals (Aoki
et al., 2024). Both studies suggest a role for acoustic signalling in reproductive behaviour. Addition-
ally, moonlight-driven biological choruses imply a link between lunar illumination and reef acous-
tics (Duane et al., 2024). This is a newly emerging field with experimental theories suggesting that
acoustic cues may influence biological processes in coral reef ecosystems, including spawning synchro-

nization.

1.3 Study species Orbicella franksi

Orbicella franksi (Gregory, 1895) is a key reef-building coral species in the Caribbean and adjacent
regions, ranging from Brazil to Bermuda (Budd et al., 2012). They belong to the Orbicella annu-
laris’ species complex which consists of three closely related taxa: O. annularis, O. faveolata, and
O. franksi (Pandolfi and Budd, 2008). Colony size ranges from 30 cm to over 60 cm depending on
location (Moulding and Ladd, 2022).

Figure 4: Orbicella franksi colony exhibiting a flat plate morphology, characteristic of this species
in Caribbean reef environments. Photo credit: Ernesto Weil.
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0. franksi is a hermaphroditic coral that reproduces through external fertilisation during annual
mass spawning events as described in previous chapters. They release buoyant gamete bundles into
the water column (Szmant, 1991; Van Veghel, 1994). Each gamete bundle, produced by individual
polyps, contains both sperm and eggs and becomes visible on the coral surface approximately 30
minutes before spawning in a process referred to as ‘setting.” Upon release, these bundles ascend to
the water surface, where they break apart, facilitating cross-fertilisation with gametes from other
O. franksi colonies (Harrison, 2011; Levitan et al., 2004).

1.4 Study aim

Environmental factors of coral spawning fail to explain the observed fine-scale synchrony, where indi-
viduals of one coral species spawn within minutes of each other. This study aimed to further deepen
the understanding of the spatio-temporal patterns of spawning events and how coral communication
may influence them. The hypothesis is based on the theory that coral communication signals could

induce fine-scale spawning synchronisation of corals as an emergent phenomenon.
Hypothesis: Coral communication explains fine-scale spawning patterns.
Objectives:

1. Simulation model development: Create an agent-based model (ABM) that integrates environ-
mental factors (solar cycle, lunar cycle, sea water temperature) and communication scenarios
to trigger spawning of coral agents.

2. Baseline establishment: Investigate the fine-scale spawning patterns of the validation data set.

3. Predictive validation: Compare the predicted outcomes of the simulation with empirical data
of coral spawning.

4. Testing communication hypotheses: Define measurables and indicators in terms of timing and
spatial patterns that allow for comparison to real-life spawning on the reef. Implement a test

procedure for each communication mode.




2 MATERIALS AND METHODS

2 Materials and methods

2.1 Study location

This study focuses on a coral reef site (coordinates: 9.3273, -82.2039) near Bocas del Toro, located
on the Caribbean coast of Panama (see Figure 5). The real-world validation data, kindly provided by
Professor Don R. Levitan was collected at this location during the research on O. franksi spawning
synchrony, as detailed in Levitan et al. (2011) ”Genetic, Spatial, and Temporal Components of
Precise Spawning Synchrony in Reef Building Corals”. The calculation for the relevant large-scale
environmental influences regarding solar and solar cycles and water temperature were tailored to

this location.

. 82.29°W | | 82.26°W . 82.23°W . 82.20°W | . 82.17°W . 82.14°W
09.39°N Panama
9.36°N
9.33°N- * Reef site
0 2 4 km
9_3OoN_©carto.com A f f |

Figure 5: Location of the reef site studied by Levitan et al. (2011) in Bocas del Toro, Panama.
The marker indicates the reef’s coordinates (9.3273°N, 82.2039°W), and the inset map provides
the geographical context of Bocas del Toro within Panama.

2.2 Model development

The applied modelling approach is grounded in systems theory, which views systems as intercon-
nected sets of components interacting over time (von Bertalanffy, 2003). A complex system allows
for interactions between individuals (agents) leading to behaviours and patterns that are neither
predictable nor planned solely by the attributes of the individuals themselves (Waldrop, 1992; Grimm
and Railsback, 2005).

Systems often exhibit emergence, where the interactions of numerous autonomous agents, each
following relatively simple rules, yet leading to complex, system-wide phenomena (Railsback and
Grimm, 2019). Additionally, they may display self-organisation, as order and patterns emerge without
centralised control (Camazine et al., 2001).

The simulation model developed in this thesis adopts a hybrid approach integrating Agent-Based
Modelling (ABM) with Discrete-Event Simulation (DES). By combining ABM and DES, the model
captures both the micro-level behaviours of individual corals preparing and communicating prior to

spawning, and the macro-level, event-driven triggering of the spawning event.

8




2 MATERIALS AND METHODS

2.2.1 Agent Based Model (ABM)

ABM is a simulation method that models the actions and interactions of autonomous agents within
an environment (Gooding, 2019). Each agent can have individual attributes, follows simple rules but
can interact with other agents and the environment, leading to the emergence of complex system-
level behaviours. According to Railsback and Grimm (2019), ABM is used for modelling systems
where individual behaviours and interactions result in emergent properties, for example to simulate

social or ecological models.

2.2.2 Discrete-Event Simulation (DES)

DES models a system as a series of discrete events that occur at specific points in time. Each event
triggers a change in the system’s state, and the simulation progresses by moving from one event
to the next. Law (2014) defines DES as an effective approach for simulating systems with distinct

operational processes, such as manufacturing, queuing networks, or logistics systems.

2.3 Analysis plan

The research focus was on the fine-scale spatio-temporal spawning pattern of corals. This pattern

was examined using the global Moran’s I cluster analysis on spawning time of individual coral agents.

Resulting from each cluster analysis were two values, the Moran’s I and the Z-score. The Moran’s I
is a measure of spatial autocorrelation (Moran, 1950), indicating how similar or dissimilar values are
distributed across space. A positive value indicates a positive spatial correlation, where similar values
are clustered together, while values near 0 suggest a random spatial distribution, and negative values
indicate negative spatial correlation, where dissimilar values are adjacent. The Z-score (Anselin,
1995) indicates whether the observed clustering is likely due to random variation or is statistically
significant. High positive or negative Z-scores (above or below 1.96) denote the significance of either

clustering or dispersion, respectively.

2.3.0.1 Baseline analysis: the real-world data

Real-world datasets by Levitan et al. (2011) documented spawning events of O. franksi between 2002
and 2009. To establish the baseline for comparison between communication scenarios, the spawning

times of individual corals were analysed for clustering on each spawning day.

The the real-world spawning events with significant clustering (Z-score above 1.96) were selected

for model comparison.

2.3.0.2 Communication scenarios: data collection
Simulation procedure:

e Spawning duration calibration: To effectively compare the baseline with the communication
scenarios, the real-world spawning durations were the baseline to which the communication
scenarios were calibrated to. Details to the calibration procedure is found in the corresponding
Chapter 3.

e 30 simulation runs per scenario and spawning day were executed to ensure statistical robust-
ness.

e The attributes and spawning time (in minutes) of each coral agent were logged to a CSV file

during each run for further analysis.




2 MATERIALS AND METHODS

2.3.0.3 Spatio-temporal analysis

e Fach CSV file was loaded into a GIS software and analysed for clustering using the QGIS
Hotspot Analysis plugin (Oxoli and Prestifilippo, 2017) was used, employing the K-nearest
neighbors (KNN) approach with K set to 5. The results include the Global Moran’s I value
and corresponding Z-score.

e The cluster analysis results were collected and descriptive statistics and graphical interpreta-

tion was performed in R (R Core Team, 2024).

2.3.1 Simulation and analysis software
e GAMA, Version 1.9.3 (Taillandier et al., 2019)

e QGIS, Version 3.38.3 ”Grenoble” (QGIS Development Team, 2024)
— Plugin Hotspot Analysis, Version 2.0.0 (Oxoli and Prestifilippo, 2017)

e R, Version 4.4.1 (2024-06-14 ucrt) ”Race for Your Life” (R Core Team, 2024)
— RStudio, Version 2024.9.0.375 ” Cranberry Hibiscus” (Posit-team, 2024)
— R Package ggplot2, Version 3.5.1 (Wickham, 2016)
— R Package dplyr, Version 1.1.4 (Wickham et al., 2023)
— R Package patchwork, Version 1.3.0 (Pedersen, 2024)

10



2 MATERIALS AND METHODS

2.4 Overview, Design concepts, and Details (ODD)

This ODD protocol was created using the guidelines and template by Grimm et al. (2010). According
to these guidelines, the ODD protocol must be written to act as a stand-alone section. Thus, certain

elements of the thesis, e.g. the purpose and study aim, will be repeated.

2.4.1 Purpose

This model simulates the spawning behaviour of corals within a defined coral reef at Bocas del Toro,
Panama. This phenomenon, known as broadcast spawning where corals release their gametes almost
simultaneously, is critical for successful fertilisation and subsequent coral recruitment (Harrison,
2011). While large-scale environmental factors such as water temperature, the lunar cycle, and the
solar cycle are known to influence the timing of coral spawning events (Sorek and Levy, 2014), the
precise mechanisms by which corals synchronise their spawning within a narrow time window remain

poorly understood.

Potential communication scenarios between corals were explored without defining specific commu-
nication types. The reason is that research on whether and how coral individuals may influence each
other is still in progress and evidence is in insufficient to define specific mechanisms (Witzany, 2010).

The following objectives outline the development of the model and subsequent simulation procedure:

1. Develop a coral reef model at the specific location which includes all large-scale environmental
factors influencing the corals. The simulation runs through the year, starting on January 1st,
until the coral reef spawns. The chosen environmental factors are: water temperature, solar
cycle, lunar cycle, and dark time.

2. Calibrate and validate the environmental factors.

3. Define measurable outputs: Analyse the clustering pattern concerning spawning time for different
communication scenarios.

4. Establish a baseline: Investigate the clustering pattern of the real-world dataset to provide the
baseline.

5. Load the coral individuals into the model as agents, each with their individual characteristics
at their respective real-world location on the simulated reef.

6. Simulate communication and non-communication scenarios and record the resulting spawning

times.

Hypothesis: Coral communication explains fine-scale spawning patterns.
2.4.2 Entities, state variables and scales

2.4.2.1 Entity: environmental condition

The environmental condition defines key factors such as date, water temperature, solar, and lunar
cycles. Its state variables (see Table 1) vary temporally but are spatially independent, meaning they
are valid for all agents within the simulation. Note that the state variables of submodels are listed

in the respective chapters.
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Table 1: State variables for the environmental condition.

State Variable Identifier Data Type Unit
Spawning year: User input parameter spawningYear int year (yyyy)
between 2002 and 2009.

Spawning day: User input parameter to spawningDay int 1or?2

chose between day 1 or 2 of spawning.

Spawning Recording: User input if recordSpawning bool true/false
spawning times should be recorded.

Cycle step duration: changes from days step float days or minutes

to minutes when first coral spawns.

Solar variables

Sunrise time sunrise float hours (decimal)
Sunset time sunset float hours (decimal)

Normalised photoperiod: day duration. normPhotoperiod float -

Lunar variables

Lunar Ephemeris data 2002-2029 LunarEphemeris file .CSV

Moonrise time moonrise float hours (decimal)
Moonset time moonset float hours (decimal)
Moonlight dose moonlightDose float -

Dark time darktime float hours (decimal)

Sea water temperature variables

Mean annual water temperature by TEMP_MEAN float °C
Kaufmann and Thompson (2005)

Min annual water temperature TEMP_MIN float °C
by Kaufmann and Thompson (2005)

Max annual water temperature TEMP _MAX float °C
by Kaufmann and Thompson (2005)

Summer amplitude amplitudeSummer float °C
Winter amplitude amplitudeWinter float °C
Normalised sea Water temperature normWaterTemp float -

Spawning variables

Spawning event has started. isReefSpawning bool true/false

12
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2.4.2.2 Entity: coral reef grid

A rectangle grid representing the reef and used to define the physical location of coral agents when

they are initiated (see Table 2).

Table 2: State variables of the reef grid.

State Variable

Identifier

Data Type

Unit

Reduces the ordinary 100x100 grid of
GAMA to the size of the reef: rectangle
(37 x 80).

shape

geometry

meters

2.4.2.3 Entity: coral colony species

Coral colonies are represented as agents with individual attributes (see Table 3).

Table 3: State variables of the coral species.

State Variable Identifier Data Type Unit
Coral identification number. corallD int -
(Levitan et al., 2011)
Spatial location on the reef. coralX, float meters
(Levitan et al., 2011) coraly,

coralDepth
Coral size: average cross section. coralSize int cm
(Levitan et al., 2011)
Spawning readiness: measure of the coral’s spawnReadiness float -
readiness to spawn.
The coral colony decides to spawn. isSpawning bool true/false

Reproductive variability (random).
Total influence of neighbouring corals ot
the self-readiness for spawning.
Spawning time: difference to reef

spawning start.

reproductiveVar float

influenceSum float

spawningStart int

cycles (minutes)

2.4.2.4 Scales
e Spatial Scale

— Extent: The model covers a reef area of 80 to 37 meters.

— Resolution: Corals are positioned on a metered grid with a resolution defined by coordi-
nates, such as (19.89397, 25.43924).

e Temporal Scale

— Extent: The simulation covers the time period starting in January of a chosen year (2002-

2009) leading up to and including the spawning event.

— Resolution: The resolution is set to "day” during the spawning preparation phase A and

switches to ”second” as soon the first coral spawns (discrete event) which starts phase B.
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2.4.2.5 Additional calculations

Supplementary variables which provide insight into the system behaviour but are not required for

the simulation functionality (see Table 4).

Table 4: Computed variables for simulation monitoring.

State Variable Identifier Data Type Unit
Average spawning readiness of all agents. avgSpawnReady float -
Minimum spawning readiness of all agents. minSpawnReady float -
Maximum spawning readiness of all agents. maxSpawnReady float -

2.4.2.6 Optional visualisations

These are designed to enhance understanding and presentation but do not affect the model’s compu-

tational logic or outcomes (see Table 5).

Table 5: State variables for additional visualisations.

State Variable Identifier Data Type Unit

Spatial file visualising reef depth. REEF_DEPTH_GRID file tif

Reef depth normalised value. normDepth float -

RGB red value: for reef or coral color. red float 0-255

RGB green value for reef or coral color. green float 0-255

RGB blue value for reef or coral color. blue float 0-255

Pinkish hue for corals. PINK rgh rgh(255, 192, 203)
Brownish hue for corals. BROWN rgb rgb(139, 61, 33)
Randomiser for coral color. colorRandomiser float 0.1-1.2

3D object of a coral colony. CORAL_3D obj_file .0bj

Color of coral object. coralColor rgb color code
Rotation angle of coral object. rotationAngle int degrees

14
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2.4.3 Process overview and scheduling

The process overview and scheduling for the model is separated into two phases to simulate coral
spawning events (see Figure 6). Initially, the model operates in Phase A, where environmental condi-
tions (water temperature, solar and lunar cycles) are updated daily. According to these factors, the
coral agents’ spawning readiness increases. The coral agent goes through three stages of readiness,
the development stage, the maturation stage and the spawning stage, each focusing on a different
set of environmental factors. When the first coral spawns, a discrete event is triggered. This discrete
event causes the model to transitions to Phase B and the cycle duration switches from days to

minutes.

In Phase B, the model introduces the communication of agents according to the selected scenario,
where each agent assesses the readiness of its neighbours and adapts its own readiness accordingly.

This phase continues until all corals have spawned.
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Figure 6: Process flow of model showing the two phases and scheduling of update events.
Visualisation created with Modelio Version 5.4.01 (Modelio.org, 2023).
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2.4.4 Design concepts

2.4.4.1 Basic principles

The design of this model is grounded in the principles of coral ecology, particularly focusing on
the phenomenon of synchronised spawning, which is essential for successful fertilisation of released
gametes. These principles are paired with the appropriate methods used in complex systems and

modelling theories.

1. Environmental cues influencing spawning. Coral spawning is closely linked to environ-
mental cycles, particularly the lunar cycle, solar cycle, and water temperature (Harrison, 2011).
These large-scale environmental factors serve as primary triggers for the initiation of gameto-
genesis and the eventual synchronised release of gametes (Gouezo et al., 2020). The model
incorporates these cycles to simulate the readiness of corals to spawn.

2. Integration of Discrete-Event Simulation. The integration of DES allows for the efficient
simulation of events that vary in time scale (Law, 2014), such as the gradual development of
gametes over months and the rapid release during spawning, which occurs within minutes. The
event is defined by a trigger (the first coral spawning), the entities involved, and the resulting
state changes. In this model, events such as coral spawning and environmental updates are
scheduled and executed only in their corresponding phase (see Figure 6).

3. Integration of Agent-Based Modelling and Individual-Based theory. Each coral is
modelled as an individual agent with specific traits, such as reproductive readiness and prox-
imity to other corals (Gooding, 2019). These agents follow decision rules based on their internal
states (e.g., gametogenesis progression) and external interactions (e.g., environmental cues,
neighbour interactions). The model draws from individual-based theory, which emphasises how
emergent behaviours, such as synchronised spawning, arise from the localised interactions of
agents within a given environment (Grimm and Railsback, 2005).

4. Emergent synchronisation through communication. Beside the large-scale environ-
mental factors, the fine-scale synchronous spawning of a coral reef remains a critical area of
investigation (Sorek and Levy, 2014). In this model, fine-scale spawning synchrony arises from
local communication interactions between corals, where the spawing readiness of coral agents
is influenced by both the readiness of nearby individuals.

5. Deterministic and stochastic processes. The model incorporates both deterministic and
stochastic elements. Deterministic processes are environmental factors which follow predictable
patterns and are implemented as algorithms. The stochastic element is the variability in repro-
ductive strength of each coral individual as a reflection of the internal biological variability.

This stochasticity prevents unrealistic, simultaneous spawning of all corals.
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2.4.4.2 Emergence

The key emergent output of the model is the fine-scale spatial pattern of coral spawning, which arises
from the communication between coral agents. The model incorporates a feedback loop where a coral
agent detects the higher spawning readiness state of neighbouring corals, which in turn increases its
own readiness. On the other hand, corals exhibit individual reproductive strengths that influence
their responses to environmental factors, these individual responses are defined by model rules rather
than emergent properties. A coral agent can spawn based solely on environmental factors, however,
these individual responses alone cannot reproduce the fine-scale timing and clustering of observed

real-world spawning events.

While the focus of the model is on the fine-scale spatial patterns and clustering behaviour, the
coral spawning synchrony is a collective outcome of the coral agents’ adaptive responses to the

changing environment and their emergent response to communication.

2.4.4.3 Adaptation

The model has no implemented adaptive traits of its individuals.

2.4.4.4 Objectives

The model has not implemented objectives for its individuals.

2.4.4.5 Learning

The model has not implemented learning abilities to its individuals.

2.4.4.6 Prediction

The model has not implemented predictive abilities to its individuals.

2.4.4.7 Sensing

Coral agents can sense the environmental factors in a way that they simply know the variables
and don’t need to obtain them. This reflects the condition on the reef where a coral, due to its
immobility, is exposed to its environment. This exposition is emphasised by the coral’s physiological
processes being controlled by the environment (Brusca et al., 2016). For a simple example: while a
mammal’s body temperature is tightly controlled internally, the coral’s body temperature is always
equal to the surrounding sea water temperature. The output of all sensing procedures (four environ-
mental factors and the inter-agent communication) is converged into the increase of the coral agent’s
spawning readiness. The spawning readiness used in this model represents the coral agent’s internal
physiological progression of gametogenesis. This variable summarises various biological factors that
influence a coral’s reproductive strength, including the maturation of reproductive tissues, energy
reserves, and the overall health of the colony. As detailed in Figure 6, spawning readiness accumu-
lates gradually over time within each agent, driven by large-scale environmental factors: sea water
temperature, photoperiod and moonlight (Van Woesik et al., 2006; Nozawa, 2012; Gouezo et al.,
2020). While the coral progresses through the gametogenesis, spawning readiness approaches 100%,
signifying that the gametes are fully developed and the coral is physiologically prepared for spawning.
After reaching 98%, the coral is getting ready to spawn and is triggered by the final clue, the dark-
time period (time between sunset and moonrise). During spawning, the coral agents sense and adapt

to their neighbours spawning readiness which influences the fine-scale spawning pattern.
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2.4.4.8 Interaction

After the first coral spawns, the discrete event changes the model’s time step from days to minutes.
Following this, the remaining corals begin sensing the readiness state of their neighbours and adjust
their own readiness accordingly. Although this process is implemented using a sensing-based approach,
it serves as a computational simplification of a more complex communication process, where corals

release signals that are received by neighbouring individuals.

2.4.4.9 Stochasticity

Variability is introduced with the reproductive strength of individual corals. By introducing stochas-
ticity into the model, each coral’s reproductive readiness is allowed to vary within a certain range,
preventing all corals from spawning simultaneously under identical conditions. This introduces a
level of unpredictability that mirrors real-world biological processes, where even under the same envi-
ronmental conditions, individual corals may exhibit different timing and intensity in their spawning

behaviours.

2.4.4.10 Collectives

The model has no implemented collectives or aggregations that affect, or are affected by individuals.

2.4.4.11 Observation

The simulated scenarios are directly compared with the equivalent real-world data. In the real world,
the spawning times of each coral was recorded in minutes using SCUBA divers on the reef (Levitan
et al., 2011). Accordingly, in the simulation when a coral agent starts spawning, it writes their
attributes and spawning time into a CSV file. The simulation ends after the last coral has spawned

and the file contains a complete list with all spawning times.

Saved coral attributes:

corallID: from real-world data.

coralX: from real-world data.

coralY: from real-world data.

coralDepth: from real-world data.

coralSize: from real-world data.

reproductiveVar: randomised value the agent received during initialisation.

spawningStart: minutes elapsed since reef spawning began.

The 3D visualisation of the reef and agents is not required to create the output for statistical anal-
ysis. However, it provides insight into the coral agent distribution and also over the environmental
parameters progressing through time. Therefore, the optional visualisation variables are described
in this ODD and a suitable graphical user interface (GUI) experiment can be set up. A screenshot

showing the GUI setup is found in Appendix A.
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Parameters:

- spawningYear: chose the spawning year between 2002 and 2009.

spawningDay: select the spawning day between 1 or 2.

recordSpawning: if enabled, spawning times of agents are recorded.

spawnFactor: change the spawning factor, if required.
- commFactor: change the communication factor, if required.
- distanceDecay: change the distance decay factor, if required.

- weightComm: change the communication weight, if required.

Monitors (Textual Outputs):

- current_date: the simulation’s current date.

- maxSpawnReady: the maximum value of spawning readiness, if it reaches 100, the reef starts
spawning.

- dayDifference: how many days remain until the observed (real-world) spawning date.

- isReefSpawning: indicates whether spawning has begun (true/false).

- spawningDuration: displays the minutes elapsed since spawning began.

Reef Display:
Using the type ”opengl”, the reef grid and the coral species can be loaded.

Environmental Chart Display:

- Water temperature waterTemp.

- Photoperiod (day length) photoperiod.
- Moonlight dose moonlightDose.

- Dark time duration darktime.

- Min/Max spawning readiness values minSpawnReady & maxSpawnReady.

Spawning Chart (Pie Chart):
A pie chart that dynamically shows the proportion of corals that have spawned (coralsNotSpawned)

versus those that have not yet spawned.
2.4.5 Initialisation

At the start of the simulation (time ¢ = 0), the model is initialised with predefined conditions and

settings.

The simulation is designed to run for a selected year, with spawningYear defined as a param-
eter (2002-2009), while spawningDay (set to 1 or 2) can be selected if this year showed two consec-
utive days of spawning in the real world. With starting_date defined during initialisation, the
simulation always starts on the 1st of January of the selected year. This is because O. franksi game-

togenesis begins around three months after the last spawning in September (see Figure 3).

The starting values of many global environmental parameters, as well as the submodels, are
fundamental to the functioning of the model (see Table 6). Many astrological calculations require

constants that are essential for determining daily changes.

Some values are optional visualisations. The action load_reef initialises the reef’s depth data,
which is used to visualise the reef in 2.5D and calculates the blue coloration based on depth. This

data is imported from a raster file (reef_depth.tif).
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Table 6: Initialisation values of global environmental variables and submodels.

Model Part Identifier Init. value

Global Variables spawningYear 2009 (user defined)
spawningDay 1 (user defined)
recordSpawning false (user defined)
step 1 day
shape rectangle(37m, 80m)

REEF_DEPTH_GRID

file containing depth values

LunarEphemeris file containing lunar ephemeris
data for moon submodel
Solar Submodel LATITUDE 9.3273
Moon Submodel BO 1.0
ml 0.308
rho 4.862
m2 0.877
h 0.7
d_average 384400.0
Temperature Submodel = T_MEAN 28.6°C
T_MIN 26.6°C
T_MAX 30.5°C
LOWEST_TEMP DAY _SHIFT 182.0 days
Spawning isReefSpawning false
count_not_spawning_corals (not zero because of model stop
condition)
welghtTemperature 0.209
weightPhotoperiod 0.21
weightMoonDose 0.175
weightDarktime 0.2
Communication spawnFactor depends on scenario
(see Table 17 & 19)
distanceDecay depends on scenario
(see Table 19)
weightComm depends on scenario
(see Table 19)
CommFactor depends on scenario

(see Table 19)
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During global initialisation, the 1oad_corals action is triggered, which loads coral agents using
values from the corresponding CSV file containing real-world data for a specific spawning day (see
Table 7). Further variables are randomised during the species initialisation, from which only the
reproductive variability (reproductiveVar) has a significant impact on the model. The remaining

are used for optional 3D visualisation of coral agents.

Table 7: Initialisation values of the coral species.

Model Part Identifier Init. value

Coral Agent corallD Loaded from CSV file
coralSize Loaded from CSV file
coralX Loaded from CSV file
coralyY Loaded from CSV file
coralDepth Loaded from CSV file
reproductiveVar Random (0.002 - 0.008)
coralColor Random (pink-brownish)
rotationAngle Random (0° to 360°)
colorRandomiser Random (0.1 - 1.2)

2.4.6 Input data

In-situ coral spawning time measurements. For the calibration and validation of the model,
real in-situ measurements of coral spawning events are required. These datasets were kindly provided
by Professor Don R. Levitan of the Florida State University. Levitan et al. (2011) observed and
measured coral spawning on a reef at Bocas del Toro in Panama during the years between 2002 and
2009. These datasets contain following information: coral id, coral size, coral location (x and y from

a starting point), time of spawning each year.

Lunar ephemeris data. To calculate the lunar cycle, lunar ephemeris data were downloaded
from U.S. Naval Observatory (2024) which provides the daily results of the Moon’s orbit and phases

of a specific location on Earth. A sample of the original dataset structure can be seen in Appendix B.

Environmental conditions of each year’s main spawning day, where most of the corals spawned,
were extracted by running the simulation model in GAMA (see Table 8). In turn, these results are

used for normalisation purposes in the submodels of some environmental factors.
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Table 8: Environmental variables extracted from the simulation model on the main spawning
days between 2002-2009 recorded by Levitan et al. (2011).

Date Moonlight Dose (%) Dark Time (h) Water Temp. (°C) Photoperiod (h)
27/09/2002 15.58 4.85 31.55 11.94
16/09/2003 15.28 4.76 31.46 12.04
04/09/2004 15.67 4.80 31.27 12.14
23/09,/2005 14.57 5.11 31.53 11.98
13/09/2006 12.75 5.67 31.42 12.07
03/09/2007 11.85 5.91 31.23 12.15
20/09/2008 16.79 5.00 31.51 12.00
09/09,/2009 20.23 4.15 31.35 12.10
Min 11.85 4.15 31.23 11.94
Max 20.23 5.91 31.55 12.15
Average 15.34 5.03 31.42 12.05

2.4.7 Submodels

Submodels may contain complex mathematical calculations. To maintain the clarity of these equa-
tions, the corresponding mathematical notation was used instead of the coding identifiers. At the
beginning of each submodel a table states the mathematical notation and corresponding identifier of
the state variables. Some state variables are repeated from the previous chapter 2.4.2 to help under-

stand the equations, alongside the helper variables used only within the corresponding submodel.

2.4.7.1 Solar cycle

The solar cycle is driven by the Earth’s rotation and its orbit around the Sun. The position of the
Sun relative to a specific location on Earth determines the times of sunrise and sunset (Duffett-
Smith and Zwart, 2011). The Earth’s rotation on its axis over a 24-hour period generates the cycle
of day and night. Its orbit around the Sun, completed in approximately 365 days, results in seasonal
changes to the length of daylight throughout the year. The axial tilt of approximately 23.5 degrees

is responsible for the seasonal changes in the solar cycle (Meeus, 1998).

Table 9: State variables (repetition marked with asterisk) and helper variables including their
mathematical notation in equations to calculate the solar cycle.

State Variable Math Identifier Data Type Unit

*Sunrise time Shise sunrise float hours (decimal)
*Sunset time Ssot sunset float hours (decimal)
*Normalised photoperiod Poorm Normphotoperiod float hours (decimal)
Latitude of reef location. 10) LATITUDE float decimal degrees
Solar declination 0 solarDeclination float degrees

Solar declination Hiise sunriseHourAngle float degrees

Solar declination Heet sunsetHourAngle float degrees
Photoperiod - photoperiod float hours (decimal)
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1. Solar Declination
The solar declination (6) is the angle between the rays of the Sun and the plane of the Earth’s
equator. It varies throughout the year as the Earth orbits the Sun. The declination can be approx-

imated by the following formula (Meeus, 1998):

. (360
d(r) = € X sin (365 x (t— 81)) (1)

where:

- 0 is the solar declination,

- t is the day of the year, with January 1st as t = 1,

- € is the Earth’s tilt, 23.438 degrees, also called the obliquity of the ecliptic,
360

- 3g5 converts the number of days in a year to an angular movement in a full circle,

- (t — 81) shifts the day of the year such that ¢ = 81 corresponds to the vernal equinox (March 21).
2. Solar Elevation at Sunrise and Sunset
Sunrise and sunset at a specific location occur when the solar elevation angle is zero (Meeus, 1998).

Solving for the hour angle (H) at these times, results in:
cos(H) = — tan(¢) tan(d) (2)

where:
- H is the solar hour angle,
- ¢ is the latitude of the location in degrees,

- 0 is the solar declination from the previous equation (1).

Converting this equation, the hour angle at sunrise (Hyige) and sunset (Hget) results in:
Hyige = — cos ™ (— tan(¢) tan(s)) (3)
Hgyei = cos ! (— tan(¢) tan(d)) (4)

3. Hour Angle at a Specific Time
The hour angle (H) is the measure of time since solar noon, expressed in degrees (Duffett-Smith
and Zwart, 2011):
H =15°x (S —12) (5)

where:
- 15° is the angular rotation of the Earth in one hour,

- S is the local solar time in hours.

4. Combining the equations
The hour angle equations (3) & (4) and the Specific Time equation (5) are set equal to each other

and subsequently solved for the time (.5) to find the exact times of sunrise and sunset:

Hri

Srise =12 - 15se (6)
H,

Sset =12+ ;;t (7)
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5. Creating a Function Over Time
Expressing the above equations (6) & (7) as functions of the day of the year (¢) requires to access ¢

from the solar declination equation (1):

cos™ 1 (— tan(¢) tan (23'440 X sin (% X (t = 81))))
15

Srise(t) =12 —

cos™! (— tan(¢) tan (23.440 X sin (% X (t— 81))))
15

Sset(t) =12+

where:
- ¢ is the latitude of the location in degrees,

- t is the day of the year, with January 1st as ¢t = 1.

The resulting sunrise and sunset times will vary over time according to the relative position of

the Earth to the Sun at a specific latitude (see Figure 7).
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Figure 7: Example output of GAMA experiment for 100 cycles showing the variation of sunrise
and sunset times.

6. Photoperiod & Normalisation
The photoperiod (P) of a given day is calculated by subtracting the sunrise time from the sunset
time. Finally, the result is normalised with the optimal condition for spawning (see Table 8) which

is 12.05 hours.
Sset (t) - Srise (t)

12.05 (10)

Pnorm (t) =

Specific parameters to model solar cycle
The latitude (¢) for the coral reef at Bocas del Toro, Panama, is 9.3273°.
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2.4.7.2 Lunar cycle

Calculating the lunar orbit is inherently complex due to several factors that affect the Moon’s posi-
tion. The Moon’s elliptical orbit is inclined relative to the Earth’s equator and is perturbed by the
Sun and other gravitational influences (Meeus, 1998). Correspondingly, the positions of moonrise
and moonset vary each day further complicating the exact calculation of lunar phases and illumi-

nation levels at specific times and locations (Duffett-Smith and Zwart, 2011).

To perform these calculations in the model would require simplifications of the astronomic equa-
tions. Consequently, this would induce systematic errors and high tolerances. To mitigate this error,
historic lunar ephemeris data were downloaded from U.S. Naval Observatory (2024) which provides
the daily results of the Moon’s orbit and phases of a specific location on Earth. A subset of the

original dataset structure can be seen in Appendix A.

Table 10: State variables (repetition marked with asterisk) and helper variables including their
mathematical notation in equations to calculate the lunar cycle.

State Variable Math Identifier Data Type Unit
*Moonrise time - moonrise float hours (decimal)
*Moonset time - moonset float hours (decimal)
*Moonlight Dose - moonlightDose float -

*Dark Time - darktime float hours (decimal)
Ephemeris Matrix - LunarEphemerisMatrix matrix various
Ephemeris Map - LunarEphemerisMap map various

Indexer used to run - indexer int -

through the map.

Moonshine (Midnight to - moonshineMorning float hours (decimal)
Sunrise)

Moonshine (Sunset to - moonshineEvening float hours (decimal)
Midnight)

Total Moonshine Duration - moonshineDuration float hours (decimal)
Yesterday’s Sunset - sunsetYesterday float hours (decimal)
Fraction Illuminated from f f float percent

ephemeris data.

Transit altitude from - altitude float degrees

ephemeris data.

Moon-Earth Distance from d dl float km
ephemeris data.

Phase Angle o} phaseAngle float radians
Brightness of lunar disk. B B float -

* Table continued on next page
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State Variable Math Identifier Data Type Unit
Brightness normalisation By BO float -
factor

Coefficient (m1) (Korokhin mi ml float -

et al., 2007)

Coefficient (rho) (Korokhin p rho float -

et al., 2007)

Coefficient (m2) (Korokhin ma m2 float -

et al., 2007)

Surface Roughness (h) h h float -
(Korokhin et al., 2007)

Distance correction factor D D float -
Average Distance between - dAverage float km
Earth and Moon

Atmospheric Correction A A float -
Zenith Angle z zenithAngle float degrees
Angle of Incidence 1 I float -
Relative Intensity M M float -

1. Moonrise and moonset times

The moonrise and moonset times (see Figure 8) are directly extracted from the ephemeris dataset.
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Figure 8: Example output of GAMA experiment for 100 cycles showing the variation of moonrise
and moonset times during lunar phases.
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2. Moonlight intensity
Traditional measures using the moon phase (or fraction of the moon illuminated) as a proxy for
moonlight intensity are insufficient because they fail to account for the nonlinear relationship between
the illuminated fraction and actual intensity on the ground (Smielak, 2023). For instance, a full moon
is not only double but six times brighter than a half-moon, emphasising the clear distinction of full

moon days (see Figure 9).
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Figure 9: Reprinted from Smielak (2023), p. 3, under the terms of the Creative Commons
Attribution 4.0 International License. The original caption reads: ”Lunar phase (dashed line) and
moonlight intensity on the ground (solid line). Grey bars in the background represent night, with
light grey representing parts of the night when the moon is visible and dark grey representing
parts of the night when there is no moonlight.”

According to Austin et al. (1976), two main factors influence the intensity of moonlight reaching
the Earth’s surface at any given time. The first is the Moon’s intrinsic brightness and its distance
from Earth, which determine the amount of light entering the Earth’s atmosphere. The second factor
is the Moon’s altitude in the sky, as atmospheric refraction and absorption reduce the moonlight
reaching the ground. Additionally, the angle of incidence at which moonlight strikes the ground
further affects illumination levels (Meeus, 1998). Following is the proposal by Smielak (2023) to

include these influences into a final equation for relative moonlight intensity (M).
M=BxDxAxI (11)

where:

- B is the lunar disk brightness,

- D is the correction for the distance to the moon,
- A is the correction for atmospheric extinction,

- I is the correction for the angle of incidence.
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B - Lunar Disk Brightness
As mentioned before, the brightness of the lunar disk does not vary proportionally with the Moon’s
phases due to the complexity of its reflection properties, such as opposition surge, surface roughness,
wavelength-dependency, etc. (Korokhin et al., 2007; Buratti et al., 1996). The crucial variable is the

amount of reflected sunlight, i.e. the Moon’s albedo.

Further astronomic calculations require the the lunar phase angle («) which is acquired by the
conversion of an equation by Meeus (1998) to calculate the fraction of the moon illuminated (f) :
_ l4cos(a)

X — = «a=arccos(2f — 1) x . (12)

/ 2 180 180

where:
- f is the fraction of the moon illuminated from the lunar ephemeris data,
- « is the phase angle,

s

- 1gg converts the angle from degrees to radians for the calculation of the Moon’s equigonal albedo.

The Moon’s albedo is calculated as equigonal albedo A¢q(a) and has been standardised in a study
by Korokhin et al. (2007):
Agy(@) = mpe P 4+ mae ™ (13)

where:

- «v is the phase angle calculated in equation (12),

- m1 and mg are coefficients,

- p is the coefficient of an additional phase slope appearing at relatively small phase angles,

- h = 0.7 mean roughness factor of the Moon’s landscape.

The three coefficients (m1, mg and p) are dependent on wavelength of the reflected light (Korokhin
et al., 2007). Coral research showed that moonlight in the blue spectrum (around 480 nm) is effec-
tive in regulating coral spawning cycles, making it the most accurate wavelength for studying the
impact of lunar light on corals (Levy et al., 2007; Gorbunov and Falkowski, 2002). Therefore, the
closest wavelength from Korokhin et al. (2007) is 501.2 nm, resulting in the following coefficients:

- m1 = 0.308,
- mo = 0.877,
- p=4.862.

The lunar disk brightness (B) changes over time, as the fraction of the moon illuminated (f)

and thus the phase angle («) varies:
B(a) = By x Aeg() (14)

where:

- By is a normalisation constant (set to 1) representing the brightness of an average full moon.

D - Distance to the Moon
The average distance between the Earth and the Moon (D) is 384 400 km, ranging from 357 000 km
to 407 000 km (Meeus, 1998). This variation causes a difference of up to 30 % in moonlight bright-

29



2 MATERIALS AND METHODS

ness between perigee (the closest point) and apogee (the farthest point), due to the inverse square

relationship of the light propagation with distance.

-2
P (525

where:
- d is the distance between the moon and the Earth at time ¢ (in days) from the lunar ephemeris

dataset.

A - Atmospheric Extinction
Moonlight travelling through the atmosphere will be scattered, refracted, and absorbed (Meeus,
1998). The lower the Moon’s altitude in the sky, the longer the distance where moonlight travels
through the atmosphere, reducing the intensity of light reaching the surface. This atmospheric extinc-
tion (A) is calculated as follows (Duffett-Smith and Zwart, 2011).

A=10"4=%) (16)

where:

- 107%4% converts a stellar magnitude to a proportion (Meeus, 1998),

- z is the zenith angle, defined as z = 90°—altitude (the altitude is from the lunar ephemeris dataset),
- 0.2 is the assumption of an average extinction coefficient per air mass (Duffett-Smith and Zwart,
2011).

I - Angle of Incidence
When the Moon is in the zenith (a 90° altitude), the angle of incidence is 0°, meaning that the
light is scattered over the smallest surface area. As the angle of incidence increases, the surface area

illuminated increases, and the moonlight intensity decreases (Smielak, 2023).
I =sin(z) (17)

where:

- z is the zenith angle, defined as z = 90° — altitude (the altitude in in the lunar ephemeris dataset).

3. Moonlight Dose
The moonlight dose (see Figure 10) is defined here as a normalisation of the moonlight intensity
(B) from equation (11) using the amount of time the Moon is visible at night (see Figure 10). All
calculations are made for a day lasting from midnight to midnight. Therefore, the visibility in the

morning and in the evening have to be summed up. Following scenarios define the calculations.

1. Midnight to Sunrise:
e If the moon is visible at midnight and moonset occurs after sunrise:
Calculate the time from midnight to sunrise.
e [f the moon is visible at midnight, and moonset occurs before sunrise:
Calculate the time from midnight to moonset.
e If moonrise occurs before sunrise:

Calculate the time from moonrise to sunrise.
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2. Sunset to Midnight:
e If moonrise occurs after sunset:
Calculate the time from moonrise to midnight.
e If moonrise occurs before sunset and moonset is the next day:
Calculate the time from sunset to midnight.
e If moonrise occurs before sunset and moonset is between sunset and midnight:
Calculate the time from sunset to moonset.
Finally, the daily moonshine hours is the sum of the moonshine time from midnight to sunrise and
sunset to midnight.
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Figure 10: Example output of GAMA experiment for 100 cycles showing the moonlight dose.
4. Dark Time

Dark Time defines the duration between sunset and moonrise. It further includes the duration

between midnight and sunrise in the morning (see Figure 11).

Dark Time duration

Dark Time [h]

a 10 20 ao 40 50 G0 70 a0 j=lu} 100
Days

— Dark Time duration

Figure 11: Example output of GAMA experiment for 100 cycles showing the dark time.
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2.4.7.3 Sea water temperature

Sea water temperature at Bocas del Toro varies due to seasonal changes, ocean currents, and atmo-
spheric conditions (Kaufmann and Thompson, 2005). A sinusoidal function provides a useful first-
order approximation for the seasonal cycle of solar radiation (see Figure 12). This approach is
commonly used in climate modelling to represent periodic phenomena like seasonal temperature
changes (Thomson, 1995).

Table 11: State variables (repetition marked with asterisk) and helper variables including their
mathematical notation in equations to calculate the sea water temperature cycle.

State Variable Math Identifier Data Type Unit
*Mean annual water temperature Timean TEMP_MEAN float °C
*Min annual water temperature - TEMP_MIN float °C
*Max annual water temperature - TEMP_MAX float °C
*Summer amplitude A_summer amplitudeSummer float °C
*Winter amplitude A_winter amplitudeWinter float °C
*Normalised water temperature Thorm waterTemp float -
Phase shift to day of lowest 10} LOWEST_TEMP DAY_SHIFT float days

annual sea water temperature

(Kaufmann and Thompson,

2005).

Sinus Angle inside sea water - sinAngle float degrees
temperature function.

Sea Water Temperature T waterTemp float °C

For the summer season, when the sine value is positive:

T(t) = Thmean + Asummer - Sin ((M> X (180)> (18)

Tyear ™

For the winter season, when the sine value is negative:

T(t) = Tmean + AWinter - sin ((M_gb)> X (180)> (19)

Tyear 77

Final normalisation with the optimal condition for spawning (see Table 8) which is 31.42°C:

Thorm (t) = —= (20)

where:
- T'(t) is the water temperature at time ¢ (in days),
- Thean is the mean annual temperature,

- Agummer: amplitude of the temperature variation during summer,
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- Awinter: amplitude of the temperature variation during winter,

- t is the day of the year, with January 1st as t = 1,

- Tyear is the period of the function, here 365 days,

- ¢ is the phase shift, aligning the sine function to the measured temperature changes,

- % converts the angle from radians to degrees as expected by the GAML trigonometric functions.
Specific parameters to model water temperature

These values are derived from long-term data by Kaufmann and Thompson (2005) who between 1999
and 2004 monitored physical conditions around Bocas del Toro, Panama. The designated location
is labelled as ”Isla Colén Coral Reef”. The values are taken from the mean of the 4m depth because

the mean depth of the observed corals by Levitan et al. (2011) is 5.3m.

1. sea water temperature values: T ¢, = 28.6°C, Tinin = 26.6°C, Thax = 30.5°C.

2. The Amplitude (A) is calculated as the difference between the mean and the minimum or
maximum temperature.

3. Phase Shift (¢) The phase shift adjusts the timing of the maximum and minimum tempera-
tures to match the observed seasonal pattern. The mean temperatures peak in May or June and
reach lows in December or January (Kaufmann and Thompson, 2005). Assuming a simple sinu-
soidal model, the mean temperature would be reached roughly halfway between these extremes

and results in a ¢ of 182 days.
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Figure 12: Example output of GAMA experiment for 100 cycles showing the water temperature.
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2.4.7.4 Spawning

The spawning submodel defines how the spawning readiness (R) of the coral agent is influenced

by large-scale environmental factors and fine-scale inter-agent communication (see Figure 13). A

detailed description was given in chapter 2.4.4.7 Sensing.

Table 12: State variables (repetition marked with asterisk) and helper variables including their
mathematical notation in equations to calculate the spawning readiness of a coral.

State Variable Math Identifier Data Type Unit
*Spawning event has started. - isReefSpawning bool true/false
*Spawning readiness of coral R spawnReadiness float -
agent.

*Reproductive variability. % reproductiveVar float -
Hard-coded list of observed - OBSERVED_SPAWNING_DATES map dates
spawning dates for each year.

Number of corals that have not - coralsNotSpawned int count
spawned yet.

Weight of temperature wr weightTemperature float -
influence on corals.

Weight of photoperiod wp weightPhotoperiod float -
influence on corals.

Weight of moon dose influence wy  weightMoonDose float -

on corals.

Weight of darktime influence wp  weilghtDarktime float -

on corals.

Factor to calculate dynamic R unreadyFactor float -
weights.

Dynamic temperature weight. wp  dynamicWeightTemperature float -
Dynamic photoperiod weight. wp dynamicWeightPhotoperiod float -
Dynamic moon dose weight. wh,  dynamicWeightMoonDose float -
Counts the minutes after - spawningDuration int minutes
spawning start

Day difference of simulated - dayDifference int days

spawning to

OBSERVED_SPAWNING_DATES

1. Gametogenesis Initiation

For many coral species, gametogenesis is initiated (start of stage I in Figure 3) as water tempera-

tures decline during the winter months (Sorek and Levy, 2014).

Model implementation. Accordingly, the modelled initiation of gametogenesis begins on the

first day of the year, together with the start of the simulation.
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2. Development Phase
The development phase of coral gametogenesis (stage IT- IV in Figure 3) encompasses several months
of gamete growth within the coral polyps (Mendes, 2002). The accumulation of spawning readiness

(R) increases as the environment approaches optimal spawning conditions (see Table 8).

Model implementation. Sea water temperature and photoperiod are the main drivers when
the gametogenesis starts (Nozawa, 2012). To implement an increasing influence of the moonlight,
the triggers are modelled using dynamic weights. This approach allows moonlight dose to have
an increasing influence as spawning readiness nears completion, reflecting its role to specify the
spawning day (Levy et al., 2007; Gorbunov and Falkowski, 2002).

For every timestep ¢ (in days), the dynamic weights are calculated as:

wr(t) = R(t) - wr, wp(t) =R(t) wp, wy(t)=(1-R({)) wu (21)

where:

- wh, wlp, and w), are the dynamic weights for temperature, photoperiod, and moonlight dose,

100—R
100

- wp, wp, and wys are the calibrated weights for temperature, photoperiod, and moonlight dose.

- R is the unready factor (opposite of spawning readiness), calculated as R =

Accordingly, the spawning readiness (R) is updated as:
R(t) = R(t — 1) +wp(t) - T(t) + wp(t) - P(t) +wh,(t) - M(t) +V (22)

where:

- T(t) is the temperature at time ¢,

- P(t) is the photoperiod (daylight hours) at time ¢,
- M(t) is the moonlight dose at time ¢,

- V' is the reproductive variability, randomly assigned to a coral agent.

3. Maturation Phase
The maturation phase is the final stage of gametogenesis (stage V in Figure 3), during which the
coral’s gametes reach full maturity and the coral becomes ready to spawn. During this phase, the egg
volume increases in a relatively short time. This phase is heavily influenced by the lunar cycle (Levy
et al., 2007; Gorbunov and Falkowski, 2002).

Model implementation. The gametogenesis enters the maturation phase as soon as the spawning

readiness reaches 90%. Now the spawning readiness (R) increases based only on moonlight dose.
Rt)=R(t—1)+wn-M(t)+V (23)

where:
- M(t) is the moonlight dose at time ¢,
- wyy is the calibrated weight for moonlight dose,

- V is the reproductive variability, randomly assigned to a coral agent.
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4. Spawning Trigger
Stage VI is the day of spawning where the gametes are released and the spawning cycle ends (Figure 3).
Darktime has a strong influence on the exact moment of spawning (Lin et al., 2021). The spawning
of O. franksi observed by Levitan et al. (2011) happened approximately two hours after sundown,
i.e. when the darktime duration was 1.97 hours (decimal). This value is calculated from the average
of individual spawning times over all observed years. However, it is important to notice that the

total darktime duration for these spawning days range between 4.15 and 5.91h (see Table 8).

Model implementation. The coral agent is ready to spawn as spawning readiness crosses 98%.

Now the spawning readiness (R) increases only based on the darktime duration.

R(t) = R(t — 1)+ wp - D(t) (24)

where:
- wp is the calibrated weight for moonlight dose,
- D(t) is the darktime duration at time t.

5. Spawning Event
When the first coral agent reaches a readiness level of 100%, the discrete event of spawning happens.
The simulation switches from phase A to phase B (see Figure 6). The cycle duration switches from
days to minutes. Accordingly, the update of environmental factors stops. It is important to note that
this is the calibration and validation point of the model (see Figure 16). Subsequently, coral agents
with a readiness level equal or above 90% will increase their spawning readiness according to the
communication scenarios described in the following submodels.
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Figure 13: Example output of a GAMA experiment for the year 2002 showing the changes of all
environmental factors over time and, in green, the spawning readiness (min and max) increasing
due to the influence of the factors.
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2.4.7.5 No-communication model

The no-communication model simulates a spawning coral reef with no inter-agent communication.

Table 13: State variables (repetition marked with asterisk) and helper variables including their
mathematical notation in equations to simulate the no-communication scenario.

State Variable Math Identifier Data Type Unit
*Spawning readiness of coral R spawnReadiness float -
agent.

*Reproductive variability. \%4 reproductiveVar float -
Spawning factor for phase B. - spawnFactor float -

Model implementation. The simulated reef must achieve an identical total spawning dura-
tion as the real-world coral reef. To achieve this, the spawnFactor is implemented controlling the
increase of spawning readiness during the spawning event. Note that for each spawning day, the

spawnFactor must be calibrated separately (see Table 17).

The spawning readiness (R) increases linearly according to the coral’s individual reproductive
variability (V).
R(t) = R(t — 1) 4+ spawnFactor -V (25)

where:
- R is the spawning readiness,
- spawnFactor is calibrated to simulate the real-world spawning duration,

- V is the reproductive variability, randomly assigned to a coral agent.

2.4.7.6 Communication model

The communication model simulates how neighbouring coral agents influence the spawning readi-
ness. The proximity to neighbours and the difference in spawning readiness both define how a coral
agent evaluates this influence. Thus, the fine-scale spawning pattern emerges from this spatially

distributed communication.

Table 14: State variables (repetition marked with asterisk) and helper variables including their
mathematical notation in equations to calculate to simulate the communication scenario.

State Variable Math  Identifier Data Type Unit
*Spawning readiness of coral agent. R spawnReadiness float -
Communication signal decay. k distanceDecay float -
Communication factor for Scenario 2. - commFactor float -
Weight of communication influence - weightComm float -

on corals.

* Table continued on next page
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State Variable Math  Identifier Data Type Unit
Distance to the neighbouring coral. dyeighbour distanceNeighbour float m
Difference between readiness levels. - differenceReady float -
Influence of neighbour. F influence float -

Model implementation. The exponential decay function simulates the decreasing influence of a
neighbour with increasing spatial distance. The neighbourhood distance decay factor, k, determines
the spatial extent of influence corals have on each other (influence attenuation). Higher k values
(closer to 1) indicate that only very close neighbours affect each other, whereas lower k values (closer
to 0) extend the communication range, allowing corals to influence others at greater distances (see
Figure 14).
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Figure 14: Influence decay over distance for different values of k from a test setup in GAMA.
Influence values were derived from a fixed readiness difference of 100 between a tested coral
(readiness = 0) and neighboring corals (readiness = 100), spaced at 10 m intervals. The y-axis is
plotted on a log scale to common for exponential functions.
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The influence (F) is the sum of all neighbours’ influence on a coral’s spawning readiness.

N
F =Y AR;-exp(—k - ducighvour,:) (26)
i=1
where:
- 4 is the index of each neighbour,
- N is the total number of neighbours,
- AR; = Rycighbour — Rself is the difference in spawning readiness,
- k is the exponential decay constant,

- dyeighbour,i is the distance between the corals.

The no-communication equation (25) acts as a base maintaining the spawnFactor as a cali-
brated value for each spawning day. For this communication scenario, the equation is expanded where
the communication influence (F') is multiplied with a communication factor (commFactor). This
communication factor will be the new variable to calibrate the total spawning duration, similar to
the spawnFactor in the no-communication scenario. The balance between the two parts is regu-
lated with the communication weight wC, valued between 0 and 1, and its antagonist (1 — wC).
The introduction of this balance is necessary to gain control over how strong the communication

influence acts on the coral agent compared to the no-communication influence (see Figure 15).

wC

Figure 15: Infographic to visualise the use of wC' as balancing weight between the linear increase
of no-communication (green) and the influence of coral communication (blue).

R(t) = R(t—1)4+V - (spawnFactor - (1 —wC)) + F - commFactor - wC (27)

where:
- R is the spawning readiness,

- V' is the reproductive variability, randomly assigned to a coral agent,

spawnFactor as it was calibrated during the no-communication scenario,

wC and (1 —wC) are the balancing weights between communication and no-communication,

- commFactor is calibrated to simulate the real-world spawning duration.
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3 Calibration and validation

The calibration and validation of the model is partitioned into phase A, the large-scale spawning
synchronisation according to the environmental factors, and phase B, the fine-scale synchronisation
of spawning times by individual corals (see Figure 16). The environmental model has been calibrated
and validated to the real-world spawning days. Subsequently, phase B is based on this validated
framework. To create output with comparable clustering results, the (no)-communication scenarios

are calibrated to achieve similar spawning durations like the real-world reef.

LARGE-SCALE (Phase A)
Environmental Influence

@hich day does the reef spawnD

v

Calibrate weights of triggers to achieve
similar spawning day in 2002 + 2007
compared to the real world.

Genetic Algorithm with:
wT, wP, wM, wD

¥

Validate this calibration with the
remaining 6 years.

Calibrated & Validated
environmental model for the
communication scenarios.

}

FINE-SCALE (Phase B)
Communication Influence

4@hat is the spawning patternD

A 4 A 4

No-Communication . Communication
. Calibrate factors to .
Scenario . . Scenarios
achieve similar
spawning duration
spawnFactor commFactor

Comparable Results <

v

Figure 16: Calibration and validation plan showing how the validated environment is created and
the how the communication scenarios are calibrated to achieve comparable results. Visualisation
created with Modelio Version 5.4.01 (Modelio.org, 2023).
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3.1 Baseline: the real world

The baseline scenario presents real-world measurements of O. franksi spawning days from 2002 to
2009 by Levitan et al. (2011). The resulting value of spawning duration (see Table 15) will aid to cali-
brate the scenarios ensuring comparable spawning times for the final spatiotemporal pattern anal-

ysis.

Table 15: Real-world spawning durations. The three marked spawning days are chosen for further
investigation in the communication scenarios.

Real-world Spawning Day Spawning
Spawning Date Duration (min)
2002, 27. Sept 1 67
2003, 15. Sept 1 62
2003, 16. Sept 2 71
2004, 04. Sept 1 72
2004, 05. Sept* 2 157
2005, 23. Sept 1 83
2005, 24. Sept 2 104
2006, 12. Sept 1 15
2006, 13. Sept 2 161
2007, 2. Sept 1 43
2007, 3. Sept 2 61
2008, 20. Sept 1 61
2008, 21. Sept* 2 53
2009, 09. Sept* 1 73
2009, 10. Sept 2 99

The Global Moran’s I analysis of the baseline scenario revealed Moran’s I global values ranging
from -0.12 to 0.36, indicating varying degrees of spatial autocorrelation (see Figure 17). The highest
positive correlation was observed on 21 September 2008 (Moran’s I = 0.36, Z-score = 5.15), suggesting
significant clustering, while the lowest value appeared on 12 September 2006 (Moran’s I = -0.12, Z-

score = -0.39), indicating spatial dispersion.

Three Z-scores indicated significant positive spatial clustering on 21 September 2008 (Z-score =
5.15), 9 September 2009 (Z-score = 4.83), and 5 September 2004 (Z-score = 3.26). These Z-scores
exceed the £1.96 threshold for a 95% confidence level, confirming that clustering on these dates is

unlikely to be random. These dates were selected for further analysis of coral spawning patterns.
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Figure 17: Spatial analysis results for the real-world data by Levitan et al. (2011). The figure
displays the mean Moran’s I values and Z-scores (red triangles) of all spawning days. The green
area indicates the +1.96 threshold for a 95% confidence level.

3.2 Large-scale calibration

To ensure the spawning readiness model accurately reflects real-world timing, the environmental
weights w1 (temperature), wP (photoperiod), wM (moonlight dose), and wD (dark time) were
calibrated.

Calibration Data Selection. The years 2002 and 2007 were selected as calibration benchmarks
due to their differences in spawning day, where the 3rd of September 2007 represents the earliest
observed spawning date and the 27th of September 2002 the latest (see Table 8). Calibrating the
model for these years presents a challenge: without precise weight values, the model can trigger

spawning one full moon too early or too late.

Genetic Algorithm Calibration. The genetic algorithm (GA) implemented in GAMA was chosen
for its ability to test the range of multiple parameters at the same time and locating optimal solu-
tions that fit the target spawning dates (GAMA Platform, 2024). By iteratively adjusting the four
weight variables, the GA searched for weight combinations that minimise the difference between the

simulated spawning date and the observed spawning date in both calibration years.

Firstly, a broad range of weights with large steps was chosen to evaluate an approximate average

value. Afterwards, the finer GA setup was as follows:
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experiment GeneticAlgorithm type: batch repeat: 5 keep_seed: false until: (

isReefSpawning = true) {

parameter "wT" var: wT min: 0.20 max: 0.22 step:0.005;
parameter "wP" var: wP min: 0.20 max: 0.22 step:0.005;
parameter "wM" var: wM min: 0.17 max: 0.18 step:0.005;
parameter "wD" var: wD min: 0.19 max: 0.21 step:0.005;
method genetic maximise: —-abs(day_of_year (current_date) - day_of_year(

OBSERVED_SPAWNING_DATES [spawningYear]))
pop_dim: 50 crossover_prob: 0.8 mutation_prob: 0.1 max_gen: 100;
reflex save_output{

save [spawningYear, spawningDay, dayDifference,wT, wP, wM, wD]

to: "file.csv" format:"csv" rewrite:false; }}

The value combinations which led to the closest fitting spawning day compared to the real world
dates were filtered and analysed (see Figure 18). The averages of these results serve as the calibrated

weight values for the model:

e wT (temperature) = 0.209

e wP (photoperiod) = 0.21

e wM (moonlight dose) = 0.175
e wD (dark time) = 0.2

0.22 4

0.21 -

0.20 -

0.19 1

Parameter Values

0.18 1

0.17 1

T T T T

wT wP wM wD
Weights

Figure 18: Weight values of w7, wP, wM and wD which result in the similar spawning date as
the calibration dataset of 2004 and 2007. n = 230. The boxplot shows the median (horizontal
line), the mean (red cross), the 1st and the 3rd quartile (box start/end) and 1.5 times the
interquartile range (whiskers).

43



3 CALIBRATION AND VALIDATION

3.3 Large-scale validation

The validation of the model compared the simulated spawning dates against real-world spawning
dates for the years 2002-2009. The two calibration years 2002 and 2007 have been included for addi-
tional verification. A batch of 100 simulations for each year were performed in GAMA and the mean
difference between simulated and observed spawning dates (dayDifference) extracted.
experiment ValidationBatch type: batch repeat: 100 keep_seed: false until: (
isReefSpawning = true) {
parameter "spawningYear" var: spawningYear among: [2002, 2003, 2004, 2005, 2006,
2007, 2008, 20091];

parameter "spawningDay" var: spawningDay among: [1, 2];

reflex save_output {
save [spawningYear, spawningDay, simulations mean_of each.dayDifference]

to: "file.csv" format: "csv" rewrite: false;}}

A dayDifference of zero indicates perfect alignment with the real-world spawning date, while
negative values signify that spawning occurred either earlier or later than observed. Table 16 shows
the average dayDifference across the years.

Table 16: Validation results for the spawning date. The years in blue (2002 and 2007) were used
for calibration.

Real-world Spawning Date Spawning Day Mean Difference (days)

2002, 27. Sept 1 -2
2003, 15. Sept 1 -3
2003, 16. Sept 2 -4
2004, 04. Sept 1 0
2004, 05. Sept 2 -1
2005, 23. Sept 1 -3
2005, 24. Sept 2 3.9
2006, 12. Sept 1 -1
2006, 13. Sept 2 -2
2007, 2. Sept 1 +0.7
2007, 3. Sept 2 0
2008, 20. Sept 1 -2
2008, 21. Sept 2 -3
2009, 09. Sept 1 -1
2009, 10. Sept 2 -2

The model predicts spawning dates with an average deviation of 1.8 days ranging from -4 to +0.7
day across the six validated years. Known coral spawning calendars by several research institutes
publish with a prediction accuracy of 2-4 days (ORE, 2024). Compared to these calendars the model

captures the temporal dynamics of coral spawning with a reasonable degree of accuracy.
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3.4 Fine-scale calibration: communication scenarios

3.4.1 Scenario 1: no-communication (null hypothesis)

This scenario assumed that corals do not communicate, and the only factor contributing to differ-
ences in spawning time was the stochastic variability in reproduction strength (reproductiveVvar).
The spawning factor (spawnFactor) was calibrated for each spawning day to replicate the duration

of spawning observed on the real reef (see Table 17).

Table 17: Calibrated Spawning factor values for the no-communication scenario.

Real-world Spawning Day spawnFactor

Spawning Date

2002, 27. Sept 1 3.025
2003, 15. Sept 1 10.250
2003, 16. Sept 2 9.700
2004, 04. Sept 1 18.000
2004, 05. Sept 2 7.166
2005, 23. Sept 1 5.200
2005, 24. Sept 2 3.000
2006, 12. Sept 1 22.200
2006, 13. Sept 2 2.230
2007, 2. Sept 1 22.300
2007, 3. Sept 2 17.400
2008, 20. Sept 1 5.375
2008, 21. Sept 2 6.090
2009, 09. Sept 1 6.517
2009, 10. Sept 2 4.835

3.4.2 Scenario 2: communication with varying distance decay factor

This scenario examined the impact of communication among corals using the distance decay factor k

to simulate varying influence over distance of neighbouring corals.
Required Calibrations:

e A sensitivity analysis was conducted on one specific spawning day (2008, 21. Sept) to investi-
gate the relationship between the balancing weight of the communication wC' and the distance
decay factor k (see Table 18). Resulting from this analysis, the wC-value of 0.5 was chosen for
the rest of the simulations. Because wC' and k are important discussion points in this thesis,
the results and discussion are in the corresponding chapters.

e Three spawning days with significant clustering were selected: 21 September 2008, 9 September
2009 and 5 September 2004 (see Figure 17). The distance decay factor k was adjusted across a

range of values, where the commFactor required recalibration for each setting (see Table 19).
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Table 18: Calibrated commFactor for the sensitivity analysis of the relationship between the
weight of the communication wC' and the distance decay factor k (weightComm x distanceDecay).

Spawning Date Spawning Day spawnFactor wC k commFactor
2008, 21. Sept 2 6.090 0.8 0.1 0.018
2008, 21. Sept 2 6.090 0.9 0.1 0.028
2008, 21. Sept 2 6.090 0.5 0.3 0.044
2008, 21. Sept 2 6.090 0.6 0.3 0.055
2008, 21. Sept 2 6.090 0.7 0.3 0.075
2008, 21. Sept 2 6.090 0.5 0.5 0.13
2008, 21. Sept 2 6.090 0.6 0.5 0.22
2008, 21. Sept 2 6.090 0.4 0.7 0.28
2008, 21. Sept 2 6.090 0.5 0.7 0.285
2008, 21. Sept 2 6.090 0.6 0.7 0.56
2008, 21. Sept 2 6.090 0.5 0.8 0.415
2008, 21. Sept 2 6.090 0.6 0.8 1.00
2008, 21. Sept 2 6.090 0.4 0.9 0.65
2008, 21. Sept 2 6.090 0.5 0.9 1.25

Table 19: Calibrated commFactor for Communication Scenarios with varying distance decay
factor k.

Spawning Date Spawning Day spawnFactor wC k commFactor
2008, 21. Sept 2 6.090 0.5 0.1 0.0085
2008, 21. Sept 2 6.090 0.5 0.3 0.044
2008, 21. Sept 2 6.090 0.5 0.5 0.13
2008, 21. Sept 2 6.090 0.5 0.7 0.285
2008, 21. Sept 2 6.090 0.5 0.8 0.415
2008, 21. Sept 2 6.090 0.5 0.9 1.25
2009, 09. Sept 1 6.517 0.5 0.1 0.003
2009, 09. Sept 1 6.517 0.5 0.3 0.014
2009, 09. Sept 1 6.517 0.5 0.5 0.04
2009, 09. Sept 1 6.517 0.5 0.7 0.085
2009, 09. Sept 1 6.517 0.5 0.9 0.39
2004, 05. Sept 2 7.166 0.5 0.1 0.0039
2004, 05. Sept 2 7.166 0.5 0.3 0.025
2004, 05. Sept 2 7.166 0.5 0.5 0.1
2004, 05. Sept 2 7.166 0.5 0.7 0.48
2004, 05. Sept 2 7.166 0.5 0.9 1
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4 Results

4.1 Scenario 1: no-communication (null hypothesis)

The results of Scenario 1 showed that the mean Moran’s I values across 30 simulation runs for each
spawning day ranged from -0.17 to 0.02 (see Table 19). The majority of the Z-scores were near zero
or negative, reflecting no significant spatial clustering across the simulated spawning days. Whith

this scenario, no clustering can be simulated across all spawning days.
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Figure 19: Spatioal analysis result of scenario 1: no-communication. Black points show the mean
Moran’s I values and Z-scores with corresponding standard deviations (error bars) across 30
simulation runs for each spawning day. Red triangles represent the Z-scores from the real-world
baseline scenario as a reference.

47



4 RESULTS

4.2 Scenario 2: communication between agents

4.2.1 Sensitivity analysis of wC and k

Results showed an inverse exponential relationship between wC' and k, visualised by the fitted curve
(see Figure 20). The real-world clustering patterns can be reproduced using suitable variable pairs

within a range of wC' values 1 to 0.45 and k values 0.2 to 0.9.
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Figure 20: Sensitivity analysis of wC' and k. This figure displays the mean Moran’s I and Z-score
values for specific wC' and k& combinations for the spawning day 2 in 2008. Blue points indicate a
mean value above the baseline real-world result and orange points indicate a mean value below the
baseline. Each mean value is based on 20-30 simulation runs per combination. The black diamond
marker represents the calculated wC' that aligns with the real-world values and its corresponding
fitted black line depicts the inverse exponential relationship observed in this sensitivity analysis.
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4.2.2 Sensitivity Analysis of k
For the specified spawning days (2004 Day 2, 2008 Day 2, and 2009 Day 1), the sensitivity anal-

ysis showed that a similar clustering strength to the baseline real-world results was achievable (see

Figure 21). The specific k values where clustering matched the baseline were found at k = 7.3 for
2004 Day 2, k = 8.3 for 2008 Day 2, and k = 8.6 for 2009 Day 1.
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Figure 21: Spatial analysis results of scenario 2: communication. The mean Moran’s I values and
Z-scores are shown as black points, along with their standard deviation (error bars), based on 30
simulation runs for each spawning day (2004 Day 2, 2008 Day 2, and 2009 Day 1) under varying k
values. The blue shaded area represents the 95% confidence interval. For comparison, results from
scenario 1 (no-communication) are shown as first value on the left, as well as the real-world
baseline results (Moran’s I and Z-score) as a red dashed line.
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Figures 22, 23, and 24 on following three pages show the fine-scale spatial spawning pattern
across various simulation scenarios for three specific spawning events: 2004 Day 2, 2008 Day 2, and
2009 Day 1. The histograms of spawning time distribution in each figure show the spatio-temporal
clustering difference between the baseline distribution (real-world data) and simulated outcomes

under both the no-communication and communication scenarios.

For all three spawning days, it is evident that the baseline (real-world data) showed natural clus-
tering, while the no-communication scenario displayed no apparent clustering. Increasing distance
decay factors (k) corresponded with progressively stronger clustering trends. A distance decay factor
of 0.7 or 0.9 resulted in a similar spawning time histogram as the real-world especially for the years
2008 and 2009.
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Figure 22: Spatio-temporal distribution of spawning corals on 2004 Day 2. Except the baseline,

each result is from one randomly chosen simulation sample of the corresponding scenario. Colour
classification of spawning time (in min) into five bins using natural jenks, with 30-bin histograms

for each scenario: (a) baseline - real-world data, (b) no-communication, and (c-f) communication

scenarios with varying k values: 0.1, 0.5, 0.7, and 0.9.
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Figure 23: Spatio-temporal distribution of spawning corals on 2008 Day 2. Except the baseline,
each result is from one randomly chosen simulation sample of the corresponding scenario. Colour
classification of spawning time (in min) into five bins using natural jenks, with 40-bin histograms

for each scenario: (a) baseline - real-world data, (b) no-communication, and (c-f) communication
scenarios with varying k values: 0.1, 0.5, 0.7, and 0.9.
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Figure 24: Spatio-temporal distribution of spawning corals on 2009 Day 1. Except the baseline,

each result is from one randomly chosen simulation sample of the corresponding scenario. Colour
classification of spawning time (in min) into five bins using natural jenks, with 30-bin histograms

for each scenario: (a) baseline - real-world data, (b) no-communication, and (c-f) communication

scenarios with varying k values: 0.1, 0.5, 0.7, and 0.9.
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5 Discussion

5.1 Ancillary finding: predictive accuracy

The validation of environmental factors selected to simulating O. franksi spawning events revealed
a relatively high degree of accuracy in predicting real-world spawning dates even though forecasting
was not the primary focus of this model (see Table 16). Despite the randomisation of individual
reproductive strength to reflect biological variability, the model reproduced known spawning events
with a deviation mean of 1.8 days and a range of -4 to +0.7 days. This accuracy underscores the

validity of the chosen environmental factors as foundational to the model’s performance.

Before implementing agent-based sensitivity of reproductive readiness to each environmental
variable, initial model development involved hardcoded ranges for spawning start, defined by the
real-world data (see Table 8). This preliminary approach produced an even closer approximation to
real-world spawning dates, suggesting that strict environmental thresholds can enhance predictive
precision of the model. However, to sustain biological authenticity and agent sensing behaviour, the

hardcoded ranges were removed.

Nevertheless, there is indisputable potential to adapt the model for coral spawning day predic-
tions. Including prediction parameters to include more coral species would be a valuable enhance-

ment.

5.2 Scenario 1: no-communication (null hypothesis)

The no-communication scenario tests whether clustering patterns randomly appear in the absence of
inter-agent communication. Its results showed that the simulated fine-scale coral spawning patterns
exhibited no detectable clustering and were distributed randomly (see Figure 19). This supports the
expectations of the null hypothesis, stating that clustering does not emerge without communication

mechanisms.

Compared to the real-world, where several spawning days showed various degrees of clustering
(see Figure 17), the no-communication scenario invariably produces random spawning patterns, with
means Moran’s I and Z-scores close to zero (see Figure 19). Some real-world spawning days, specif-
ically 2002 Day 1, both 2003 days, 2005 Day 1, 2006 Day 1, both 2007 days, and 2008 Day 1, fall
within the standard deviation range (error bars) of the no-communication scenario, suggesting that

also the no-communication scenario may be true for theses days.

Certain real-world days like 2004 Day 1, 2005 Day 2, and 2006 Day 2 demonstrated clustering
that exceeded the no-communication scenario’s standard deviation range, however, their Z-scores

did not reach statistical significance.

These results imply that the null hypothesis holds in years with no clustering. On the other
hand, it cannot explain the increased clustering of certain years and definitely not the significant
clustering of the three chosen communication years. Therefore, the no-communication scenario is

both supported and refuted, depending on the specific year and spawning day.
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5.3 Scenario 2: communication between agents

The results from the communication scenarios reveal that interactions between coral agents enhance
spawning synchronisation which results in spatio-temporal clustering patterns more closely aligned

with real-world observations than the no-communication scenario (see Figures 22, 23, 24).

The sensitivity analysis of the interplay between the communication weight (wC') and the distance
decay factor (k) shows their variability in creating similar synchronisation patterns. Meaning that
different combination of these values result in similar clustering (see Figure 20). Accordingly, if the
calibrated value of wC would have been chosen higher than 0.5, the real-world clustering intensity
would haven been crossed at lower k values than the current results (see Figure 21). Given this influ-
ence of wC, it is difficult to assign either a quantitative distance or a communication speed to k.
However, it can be said that a lower k indicates that communication lasts over a longer distance and
effectively broadens the spatial range over which corals influence one another’s spawning readiness.
Which can be inferred to a ”higher communication speed”. In this model, a high k was required to
approximate real-world spawning patterns which correlates to a slow communication between coral

agents.

These results suggest that chemical signalling is the more appropriate communication method
compared to the theory of acoustic signalling. The transmission speed of sound underwater is approx-
imately 1500 ms~!, more than four times faster than the transmission speed of sound in air. Such
acoustic signals underwater would be modelled with a very low k (see Figure 20) where the observed

spatial spawning patterns could not be achieved.

Furthermore, research of other marine invertebrates found that chemical signals promoted repro-
ductive synchrony (Watts and Wasson, 2020). However, recent studies present conflicting evidence
about the biological pathways within corals to detect and respond to chemical signals. On the one
hand, although steroid hormones are found in corals and sea anemones, Morgan et al. (2022) empha-
sises the lack of traditional estrogen receptors and steroidogenic pathways. On the other hand, Khal-
turin et al. (2018) identified a family of steroid receptor-like proteins (NR3E) in certain cnidarians
which suggests they may have receptors capable of binding aromatic steroids in unconventional ways.
These contradictions underpin the need for targeted studies clarifying whether corals possess path-

ways to perceive and respond to chemical signals.

Concluding, the communication scenarios suggest that observed fine-scale spawning patterns
may be due to early-spawning corals releasing chemical signals that form localised gradients around
them. Subsequently, these gradients may induce the observed synchronisation of spawning time of
nearby colonies. The model’s simulation results can be regarded as circumstantial support for the

concept of chemical communication during coral spawning.

5.4 Model limitations and uncertainties

The environmental factors modelled in this study are not directly validated against local measure-
ments for the observed years 2002-2009. While the submodels rely on well-established datasets and

methods, this lack of validation against ground-truthed measurements introduces uncertainties.
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5.4.1 Calculation of environmental factors

The model’s large-scale synchrony which lead to a spawning event align closely with real-world
timing data over multiple years (see Table 8). This emphasises the importance of the chosen envi-
ronmental factors, the lunar and solar cycles, water temperature, and dark time, as main drivers of
spawning events. Nevertheless, coral research proposes further possible environmental factors. For
example van Woesik (2009) pointed out a positive relationship between calm weather periods and the
onset of spawning. However, because of limited sources and the complexity of implementing weather
data into the model, this environmental factor was not considered. Furthermore, some studies inves-
tigated the influence of tides, particularly neap tides, as spawning factor (Mendes, 2002; Babcock
et al., 1986). As the tide is dependent on the moon phase, it remains unclear how these two factors
can be distinguished. For this model it is assumed that accounting for the influence of the lunar

cycle, indirectly considers the tidal influence.

Furthermore, it should be noted that the influence of each environmental factor is modelled
linearly and it is not certain whether this approach is biologically accurate. The regulation of a
coral’s metabolism may not respond linearly to changes, as demonstrated by Sawall et al. (2022), who
observed non-linear metabolic variation to temperature changes. Additionally, coral species differ in
their sensitivity to environmental factors depending on their locations’ environmental characteris-
tics (Gouezo et al., 2020). This model is specifically tailored to simulate the spawning behaviour of

0. franksi and thus, improvements would require research on this particular species.

Solar Cycle. While the solar cycle calculations presented here yield reliable approximations for
sunrise and sunset times, there are potential uncertainties. For instance, the formulas by Meeus
(1998) assume a perfectly spherical Earth and consistent orbital parameters. Furthermore, they
neglect atmospheric refraction, cloud cover, and the coral reef bathymetry that can slightly change

observed daylight hours as well as the light attenuation due to water depth.

Another model limitation is the choice of photoperiod as solar influence compared to solar inso-
lation. The findings by Penland et al. (2004) suggested that solar insolation, particularly its maxima
during the vernal and autumnal equinoxes, provide a more reliable environmental influence to coral
spawning in tropical regions. They explain this observation that at higher latitudes the photope-
riod changes strongly throughout the year but remains relatively constant near the equator where
solar insolation peaks may be more influential. Furthermore, Mendes (2002) found no correlation
between photoperiod and spawning for Montastraea annularis in Jamaica, suggesting that photope-
riod may not universally drive spawning timing, particularly at lower latitudes. They concluded that
temperature and light intensity were correlated with gonad size. This further supports the role of
light availability (via solar insolation) influencing coral spawning times. Improvement of this model

could exchange the photoperiod with solar insolation.

Lunar Cycle. The calculations of the lunar cycle depend on the accuracy of the lunar ephemeris
dataset by the U.S. Naval Observatory (2024). Some irregularities in the dataset must be assumed
because the moonlight curves exhibit a recurring anomaly at each monthly change of the dataset
tables (see Figure 10). Furthermore, the accuracy of lunar cycle calculations can be improved through

more precise methods (Duffett-Smith and Zwart, 2011), however, beyond a certain level of complexity,
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the involvement of an astronomy expert is required. The moonlight dose calculations define the
moonlight reaching the ground but the model does not account for light attenuation and scattering
by sea water (Jerlov, 1976). This would theoretically introduce an additional gradient depending on
the depth at which the coral agents are located.

Dark Time. The darktime is inferred from the solar cycle submodel and the lunar ephemeris
dataset (U.S. Naval Observatory, 2024) and its accuracy is defined by the uncertainties in these data

sources.

Water Temperature. The sinusoidal model provides a convenient mathematical approxima-
tion for the seasonal pattern of sea water temperatures. However, the real-world observations at
Bocas del Toro deviate clearly (Kaufmann and Thompson, 2005). Interactions between local oceano-
graphic conditions, atmospheric processes, and large-scale climate patterns lead to non-sinusoidal
temperature cycles exhibiting asymmetry, abrupt shifts, or multiple peaks (Yang and Wu, 2024;
Proietti and Maddanu, 2022).

Suggestions for Mlodel Improvement. Improving the modelling accuracy of physical processes
over time is a constantly iterating process. At the beginning of creating this model, there was the
vision to create a simulated world that is independent from a fixed location, i.e. to have the choice
to change the geographic location and the environmental calculations would adapt accordingly.
While implementing the lunar cycle, this vision was suspended due to the extent of such a calcula-
tion (Duffett-Smith and Zwart, 2011).

Therefore, before implementing improvements, it must be decided which way the model has to
evolve. One way is to improve the model accuracy of a specific location with the goal to assess the
spawning of a specific set of corals. The other way is to evolve the model to be independent of location
where spatial fine-scale fluctuations of the environment are probably not included. The creation of a

hybrid version implementing both features is theoretically feasible but would require greater effort.

5.4.2 Modelling of a coral agent

Which coral spawns first? Some studies hypothesised that larger and more mature colonies reach
readiness earlier due to their greater energy reserves and enhanced capacity for gamete produc-
tion (Szmant, 1991; Kai and Sakai, 2008). However, when analysing the raw data provided by Levitan
et al. (2011), there was no correlation between coral size and spawning time. Therefore, the size factor
was not introduced into this model. Their finding is supported by the gametogenesis development
of fragmented corals which reach maturity at the same time as their parent colony (Rapuano et al.,
2023). Accordingly, the analysis for correlation between genotype and spawning time by Levitan
et al. (2011) also resulted in a more synchronous spawning time of cloning-mates. Thus, genetic

factors are suspected to answer the question of which coral spawns first.

The random reproductive variability reproductiveVar was introduced as placeholder for this
unknown cause of variability. However, this randomness further induces another variability across
multiple simulations in regard of the distribution of the first-spawning corals. The location of these

corals influences spawning patterns by affecting their respective distances to neighbours.

No sensitivity analysis was performed for the variable reproductiveVvar because the variation

is balanced out by the model’s calibration. Increasing the variability would only delay the spawning
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of certain corals, requiring an adjustment of the factors spawnFactor & commFactor to ensure
the resulting spawning simulation matches the real-world spawning duration. Reducing variability

would require lower calibration factors respectively.

Gametogenesis. The model assumes that the initiation of gametogenesis starts on the first day
of the year across all coral colonies. During the development phase, the assumption is that gamete
growth is influences by temperature and photoperiod. Similarly, the maturation phase assumes the
influence of solely the moonlight dose where the dark time duration is the final trigger to spawning.
Even though these decisions were based on coral biology research, as described in the corresponding
submodel in Chapter 2.4.7.4, the equation implementation of the factors, weights, and reproductive

variability remains open to scrutiny.

Suggestions for model improvement. Further coral research is required to provide transfer-
able results quantifying the mechanisms behind early and late spawners. Given the strong influence
of this stochastic variability on the resulting fine-scale spawning patterns, it represents a critical

limitation of the model.

5.4.3 Communication implementation versus null hypothesis

In the model, the influence of communication begins after the spawning starts. The environment was
calibrated and validated without communication. This approach uses the real-world spawning day
as a calibration and validation point. Consequently, the environment and the influence of the four
environmental factors must cause the coral reef to spawn at a specific time without communication.
Otherwise, this validated environment could not be used for the no-communication null hypothesis.
Introducing communication earlier would have required a different validation of the environment
or the exclusion of the no-communication scenario, which would prevent the formulation of a null
hypothesis. To scientifically justify a result comparison between differently validated environments

was considered difficult.

This approach prohibited the testing of the concept that coral spawning emerges as self-organised
criticality through coral communication. This is a drawback because self-organised criticality would
provide a compelling explanation for the emergent spawning phenomenon (Tadi¢ and Melnik, 2021).
However, out of the before mentioned reason the decision was made to retain a hypothesis-driven
focus and pursue the null hypothesis and its comparison to the communication scenario and the

real-world dataset.

However, it is acknowledged that this method may have introduced an inherent systemic error

in how the corals become ready to spawn and how communication influences this process.

Suggestions for model improvement. Developing a validation method for the environment
that does not rely on distinguishing between communication and no-communication scenarios would

provide more freedom to implement and test emergent behaviours such as self-criticality.

5.4.4 Missing communication definition

Because no unified and validated explanation of the communication mechanism exists in the liter-

ature, the model uses a generic distance-based communication approach. The exponential decay
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function is often used to model influence spread in spatial ecological systems (Costa and Schulte,
2023). Exponential decay is preferred over linear decay when modelling rapid decline in influence

over distance which is assumed in a 3D environment (de Smith et al., 2024).

Suggestions for model improvement. Spatially modelling the dispersal of sexual hormones,
which is the most widely researched theory of coral communication, would give the model more
validity. However, implementing such a detailed process may subsequently lead to incorporating
hydrological dynamics using a 3D reef model and water flow simulations. Including hydrodynamics
is inevitable for this approach because dispersion of chemical signals through water flow would be
stronger compared to simple diffusion. This enhancement would increase model complexity and

require additional data and expertise in physical oceanography.
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6 Conclusion

In this study, coral communication explains the clustering observed in fine-scale spawning patterns
of some years through a simulated coral reef. These findings demonstrate that inter-agent commu-
nication is likely necessary to achieve certain observed spatial patterns. While the model required
strong simplification of biological processes, such as a simplified distance-based influence mechanism,

it effectively connects large-scale environmental factors with fine-scale synchronisation.

The model, in its present form, functions as a baseline highlighting knowledge gaps through the
difficulty of assigning precise values or parameters to certain biological processes. It indicates where
targeted empirical research and quantification efforts are needed. In this sense, the model does not
merely simulate current understanding, it serves as a “playground,” where new hypotheses can be
tested and refined, guiding future investigations into the mechanisms underlying coral communica-

tion and synchronised spawning.

As coral reefs face increasing environmental pressures, scientific observations already report the
negative influence of climate change on coral spawning (Levitan et al., 2014; Paxton et al., 2016;
Bouwmeester et al., 2023; Shlesinger and Loya, 2019). Improving our knowledge about the under-
lying mechanisms of coral spawning, including the role of coral communication, may prove essen-
tial to predict how spawning synchrony might shift under future conditions. This information will
further inform conservation strategies and management decisions aimed at preserving the reproduc-

tive resilience and biodiversity of coral reef ecosystems.

6.1 Implications for future research

As repeatedly stated within the possible model improvements discussed in the previous chapter,
targeted research on coral biology is foundational. The specific spawning mechanisms have to be
quantified in a transferable way to enhance the model’s accuracy. Two key areas have been evaluated

as most important for further exploration.

Mechanisms of coral communication. The primary focus is on understanding the mechanisms
of coral communication. The current model assumes a generic distance-based influence of inter-agent
communication, without knowing the biological basis for this interaction. Investigating these mecha-
nisms in a controlled in-vitro settings would excludes external factors. Subsequently, the distribution
speed of these signals must be quantified. The final results may require the implementation of reef

hydrology modelling to simulate distribution and diffusion.

Reproductive variability in spawning readiness. The model uses stochastic variability in
reproductive strength to account for differences in spawning timing among corals, leading to randomi-
sation of the first corals to spawn. Identifying the specific biological or environmental factors that
influence this spawning initiation would refine the model’s parameters, reducing the reliance on
randomisation. Controlled experiments or detailed field surveys could help correlate spawning readi-
ness with biological traits of this individual. The results must clarify whether the observed repro-

ductive variability is truly random or due to clearly identifiable differences between individuals.
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7 AI STATEMENT

7 Al statement

The UNIGIS guidline ”Leitfaden zum Umgang mit generativer KI” provided by UNIGIS (2024)
released in September 2024 was considered during the creation of this document. Acknowledging
the release of an updated version on 2 December 2024, when the draft of this thesis had already
been created. Therefore, the Al statement is still included to comply to the previous version of the

guideline.

7.0.1 Text review

For grammar review, ChatGPT (version 4, November 2024) was used. I, the author, reviewed and

corrected the output, as needed, and takes full responsibility for the content of this document.

Example prompt for text review: ”Please, review the following chapter for grammatical errors.
Follow these guidelines: Mark your changes, keep your changes minimal, do not change the content
and meaning of sentences, be concise, do not change or move citations, do not add repetitive or

redundant words.”

7.0.2 GAML coding

I, the author, confirm that NO Al support was used for the creation of the simulation code in the
software GAMA.

7.0.3 Graphs

I, the author, confirm that NO graphs were created with AI. The graphs are the result of loading
the raw data into the statistical software R (R Core Team, 2024) to create the accurate graphical

output.
7.0.4 QGIS and spatial analysis

I, the author, confirm that NO Al support or Al-plugins were used for GIS analysis, the creation of

maps or visual outputs.
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Appendix A: GUI setup of GAMA experiment

Following screenshots provide an example in how to setup the experimental GUI in GAMA to
perform the simulations of coral reef spawning. It is repeated here that the GUI is not mandatory

to create the model output which could be achieved solely by coding.

Model reefSYMNC / Expenment coralSimulation
Parameters for simulation Simulation 0

Spawning Date
Spawni
ng year
Spawni
ng day
Factors for Scenarios
Change spawning factor
Change communication factor

Change distance decay factor

Change communication weigth

Output

Write spawning output

Monitors

Day difference to spawning: 0

Min Spawning Readiness: 0.0
Average Spawning Readiness: 0.0
Max Spawning Readiness: 0.0
Current Date: date ("2 01-01
Spawning Timer: 0

Spawning Started: false

Figure 25: GUI Setup of parameters and monitors in GAMA.
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Figure 26: GUI Setup of 3D coral reef visualisation in GAMA.
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Figure 27: GUI Setup of charts showing changes in environmental factors, spawning readiness
and number of corals spawned / not-spawned.
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Appendix B: lunar ephemeris data

The lunar ephemeris data by U.S. Naval Observatory (2024) has been downloaded for a timespan
from 2002-01-01 to 2029-05-17. Because of the extend of the data, only an excerpt is shown here.
The complete dataset is attached to the thesis as supplementary file.

Rise/Set/Transit Times for Major Solar System Bodies and Bright Stars
Astronomical Applications Department

U. S. Naval Observatory
Washington, DC 20392-5420

Moon

Location: W 82°12714.0", N 9°19’38.3", Om

(Longitude referred to Greenwich meridian)

Time Zone: 5h 00m west of Greenwich

Date and Time Rise Transit Transit Altitude Set Fraction Illuminated
2002-01-01 00:00:00 20.867 2.350 77 8.833 0.96
2002-01-02 00:00:00 21.867 3.333 81 9.767 0.9
2002-01-03 00:00:00 22.817 4.267 85 10.617 0.82
2002-01-04 00:00:00 23.733 5.133 89 11.417 0.72
2002-01-05 00:00:00 none 5.967 83 12.183 0.61
2002-01-06 00:00:00 0.617 6.783 77 12.933 0.5
2002-01-07 00:00:00 1.500 7.600 71 13.667 0.39
2002-01-08 00:00:00 2.367 8.417 66 14.450 0.28
2002-01-09 00:00:00 3.267 9.267 62 15.250 0.19
2002-01-10 00:00:00 4.183 10.133 59 16.083 0.11
2002-01-11 00:00:00 5.100 11.033 57 16.967 0.06
2002-01-12 00:00:00 6.000 11.933 56 17.850 0.02
2002-01-13 00:00:00 6.883 12.800 57 18.733 0
2002-01-14 00:00:00 7.717 13.650 59 19.600 0
2002-01-15 00:00:00 8.483 14.450 62 20.417 0.03
2002-01-16 00:00:00 9.200 15.200 65 21.217 0.07
2002-01-17 00:00:00 9.867 15.900 70 21.967 0.12
2002-01-18 00:00:00 10.517 16.600 75 22.700 0.19
2002-01-19 00:00:00 11.133 17.267 80 23.433 0.27
2002-01-20 00:00:00 11.750 17.950 85 none 0.36
2002-01-21 00:00:00 12.383 18.650 90 0.167 0.45
2002-01-22 00:00:00 13.050 19.383 85 0.933 0.55
2002-01-23 00:00:00 13.783 20.183 81 1.750 0.64
2002-01-24 00:00:00 14.600 21.050 78 2.600 0.74
2002-01-25 00:00:00 15.483 22.000 76 3.533 0.83
2002-01-26 00:00:00 16.467 23.000 75 4.517 0.9
2002-01-27 00:00:00 17.500 none none 5.533 0.96
2002-01-28 00:00:00 18.567 0.033 76 6.550 0.99
2002-01-29 00:00:00 19.617 1.050 79 7.517 1
2002-01-30 00:00:00 20.617 2.050 83 8.433 0.98
2002-01-31 00:00:00 21.583 2.983 89 9.300 0.92

v
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