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Abstract

Coral reef fishes are increasingly subjected to anthropogenic benthic change, habitat
degradation and loss. This alters fish communities that rely in many different
ways on coral reef habitat for resources and, in consequence, perils ecosystem
functioning and human livelihoods. It is therefore vital to explore the underlying
ecological interactions by which fish communities may shift, and to gain a detailed
understanding of their functional properties in relation to spatial-environmental
context. Yet, this requires a sufficient fine-scale resolution of empirical data,
which has been difficult to achieve. This thesis investigates effects of spatial
variation and habitat degradation on coral reef fish communities, diets, and gut
microbiomes using spatial, functional, and molecular tools (DNA metabarcoding).
Chapter 2 investigates fish taxonomic and functional diversity patterns in relation
to specific reef structures across three atolls within a high biodiversity system,
the Mesoamerican Barrier Reef, Belize, and develops a visual analysis of relative
functional trait-space occupancy. The results show a diversity gradient with highest
levels at the largest and least isolated atoll contrasting relative protection levels
among the three atolls at the time of sampling. This suggests that effects of
biogeography and geomorphology may override protection status and highlight the
need to integrate these factors into marine spatial planning for effective conservation.
Furthermore, different levels of functional trait space occupancy among atolls may
reflect variation in the dominant functional processes at play within each atoll
ecosystem. Overall, the atoll fish communities featured low levels of redundancy
suggesting a potential for functional vulnerability. Chapter 3 investigates two
benthic fish feeding strategies (browsing and active predation) with largely unknown
levels of specialisation across a habitat gradient at Bocas del Toro, Panama. The
results show that different feeding strategies exhibit variable responses in terms of
resource use across reefs with varying levels of coral cover. DNA-based stomach
and gut content analysis (metabarcoding) revealed that the diets of a facultative
corallivore (Chaetodon capistratus) and a benthic crustaceans feeder (Hypoplectrus
puella) were predicted by coral cover but to different degrees. Both species coped
with low habitat quality at degraded reefs, but dietary adjustments appeared

associated with subtle declines in physical condition. H. puella broadened its



diet where coral cover was low and increasingly consumed planktonic prey. C.
capistratus switched its dominant diet item from cnidarians to annelids. These
findings suggest that fish trophic roles may spatially vary and that such variation
might be exacerbated with increasing coral decline. Building on Chapter 3, Chapter
4 examines how the gut microbiome of a coral reef fish changes across Caribbean
reefs that vary in coral cover. Using 16S high-throughput sequencing of the gut
microbiome of C. capistratus, the results show an increase in gut microbiome
variability for some components of the microbial assemblage at the most degraded
reefs. This microbial pattern extended to closely host-associated, and presumably
beneficial bacteria (i.e., the core microbiome) that were expected to remain stable.
Altered fish-microbe associations in response to habitat degradation entail potential
for acclimatisation, but on the other hand may bear consequences for fish health if
stressors continue to intensify. This thesis provides a detailed spatial description of
fish taxonomic and functional diversity patterns and contributes to understanding
how coral reef habitat degradation affects fish trophic and microbial interactions
via fish interrelations with the benthos. Using extensive visual surveys, DNA-
Metabarcoding and spatial analysis, this thesis gives insight into spatial determinants
of fish functional diversity and little explored processes of intraspecific variation and
feeding strategy responses, influencing fish communities and ecosystem functioning.
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Chapter 1

General Introduction

1.1 Anthropogenic biodiversity change and un-
derlying ecological mechanisms

Human-made global climate change and local modifications to the environment
have become pervasive, causing biodiversity decline, widespread re-organisation
of ecological communities and habitat degradation across terrestrial and aquatic
ecosystems (Franca et al. 2019; Magurran et al. 2015; Dornelas et al. 2014; Pimm
et al. 2014). Ecological communities (defined as assemblages formed by species
occurrences overlapping in space and time, Ricklefs 2008) play important roles
in ecosystem dynamics via the relationship between biodiversity and ecosystem
functioning (this is, rates of energy flow and storage of materials such as carbon
and organic matter, Hooper et al. 2005). Therefore, how communities respond to
disturbances will shape ecosystem resilience (this is a system’s capacity to recover
from and absorb perturbations while maintaining functioning, Folke et al. 2004;
Gunderson, Allen, and Holling 2009). On local scales, species assemblages appear to
mainly change in terms of their relative abundances and due to species replacements,
rather than declining species numbers (Dornelas et al. 2014). The underlying
mechanisms causing this pattern are likely rooted in the variation and responses of
species’ behavioural traits, because animals respond to changes in their environment
most immediately via their behaviour (Wong and Candolin 2015). Behavioural
versatility forms a key mechanism by which species may cope with changing

environmental conditions. Ecological versatility has been defined as 'the degree to



2 1.1. Anthropogenic biodiversity change and underlying ecological mechanisms

which organisms can fully exploit the resources in their local environment’ (MacNally
1995; Berkstrom et al. 2012). This definition corresponds to the notion of exogenous,
contextual plasticity (sensu Stamps 2016) describing variation in the behaviour
of individuals in response to external factors. The relative ability of consumers
to exploit dietary resources (specialisation to generalisation) influences population
dynamics and community processes. In particular, relative levels of niche overlap
and partitioning among closely related species mediate competitive interactions
and facilitate co-existence (Schoener 1974). In response to changing environmental
conditions, shifts in species’ niches may translate into species assemblage structure
and alter ecosystem productivity and stability. In this context, trophic interactions
play an important role in modulating how biodiversity affects ecosystem functioning
(Duffy et al. 2007). For example, reductions in the availability of prey caused by
habitat fragmentation and/or land use change have the potential to cascade up
through trophic levels and result in simplified food web structure (Layman et al.
2007; Price et al. 2019). Quantifying versatility (e.g., relative degrees of plasticity
in feeding behaviour) within and among individuals informs the understanding
of species’ realised niches (this is, a species’ niche space considering all limiting
abiotic and biotic factors, Hutchinson 1957) and therefore their roles or functions
within ecosystems towards the goals of (i) understanding species’ susceptibilities to
changing environments and their potential to adapt and use novel environments, and
(ii) predicting ecosystem productivity and stability based on species’ niche responses.
While this type of information is urgently needed to better manage ecosystems
under conditions of environmental change, the complexity of species behaviours and
the scales and limited accessibility of natural environments—especially with marine
ecosystems—prevent a comprehensive empirical assessment of species’ realised
niches across space and time (Donelson et al. 2019). In this context, recent
technological advances such as high-throughput sequencing and DNA-Metabarcoding
provide powerful tools to enhance our capability to assess and understand consumer-
resource interactions (Parravicini et al. 2020) (see section DNA-based diet and

microbiome analysis below).
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Figure 1.1: Early depiction of sessile and mobile invertebrate and fish associates of a
branching coral on an Indo-Pacific coral reef (Gerlach 1959 in Glynn and Enochs 2017).
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A strategy to establish links between community and ecosystem levels is to
consider the roles species play within ecosystems instead of treating species as
comparable units with traditional taxonomic metrics (e.g., species richness) (Stuart-
Smith et al. 2013; van der Plas 2019; Bellwood et al. 2018). Specifically, trait-
based approaches represent a powerful tool in detecting community responses to
environmental change (Mouillot et al. 2013) using simplified and thus manage-
able representations of ecosystem processes (Bellwood et al. 2018). Yet, these
approaches require detailed empirical data from natural systems on species’ niches

for approximating the goal of precise trait assignments (Parravicini et al. 2020).

1.2 Fish trophic responses to coral reef degrada-
tion

The carbonate architecture and morphology of coral reefs provide complex habitat
that supports a multitude of organisms (Gerlach 1959; Plaisance et al. 2009; Glynn
and Enochs 2011; Coker, Wilson, and Pratchett 2014) (Fig. 1.1). This diversity
underpins ecosystem functioning and thus enables important ecosystem services
such as fisheries and coastal protection. Local stressors (e.g., overfishing, pollution)
and global warming effects (e.g., mass coral bleaching events, increasing storms)
alter biotic habitat assemblages towards more resilient coral species and non-reef
building taxa such as macro-algae and sponges (Norstrom et al. 2009). This
benthic community change and the associated deterioration of reef architecture and
changing biogeochemical conditions in turn alter the composition and structure
of associated fish- and non-habitat forming invertebrate communities (Wilson et
al. 2006; Nelson, Stella et al. 2011; Kuempel, and Altieri 2016; Richardson et
al. 2018). Because of their dependence on few particular resources (food and/or
shelter), specialist species are usually the first to respond adversely to degrading
conditions (Munday 2004; Sano 2004; Graham et al. 2009; Devictor et al. 2010,
Clavel, Julliard, and Devictor 2011). In contrast, generalists have the ability to

cope with changing environments owing to a broader behavioural spectrum (i.e.,
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their versatility) that allows them to exploit alternative habitats and food resources
(Graham 2007a; Berkstrom et al. 2012).

While coral feeding specialists tend decline rapidly if their preferred coral
resources become scarce, facultative coral feeders and generalists of other trophic
groups respond mainly to the subsequent loss of reef structure (Jones et al. 2004;
Pratchett, Wilson, and Baird 2006; Graham et al. 2006; Graham et al. 2009). In
addition, some species depend on life coral for recruitment and thus may experience
population declines in the long-term (Feary 2007). Consequently, generalist species
are expected to dominate ecosystems increasingly with decreasing habitat quality.
However, this dichotomous view of generalists and specialists is being challenged
by evidence showing that abundance of fishes across almost all trophic groups
(including those considered generalists) decline in response to the loss of coral cover
(Wilson et al. 2006; Pratchett et al. 2018). The underlying causes of these findings
remain poorly understood but likely reflect complex fish responses to suboptimal
habitat conditions associated with both coral cover decline and loss of reef structure
inducing responses spanning direct and lagged abundance changes (Graham et al.
2007b). For example, altered resource use may compromise the physical condition
of fishes and potentially their fitness (Pratchett et al. 2004; Berumen, Pratchett,
and McCormick 2005; Hempson et al. 2018). Despite the immediacy of behavioural
responses to disturbance (e.g., diet switches), associated sublethal effects may be
hard to detect until ultimately fish populations decline (Hempson et al. 2018). These
findings demonstrate that it is essential to study how diets vary intraspecifically over
space and time to understand the effects of habitat change. For example, dietary
plasticity allows species to adapt to habitat degradation on coral reefs (Graham
2007a; Karkarey et al. 2017), facilitate co-existence (Kingsbury et al. 2020) and
potentially can compensate for functions if species are lost. In this context, a crucial
knowledge gap regards how the functions provided by fish assemblages differ between
healthy and degraded reefs and how this may influence ecosystem productivity and
stability. On coral reefs, understanding degrees of resource use between specialisation

and generalisation in response to habitat degradation forms an important starting



o 1.2. Fish trophic responses to coral reef degradation

Figure 1.2: Images of study species Hypoplectrus puella (top) and Chaetodon capistratus
(bottom). Photos: Friederike Clever
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point to detect trophic relationships, which influence energy pathways and shape
species’ realised niches. Such knowledge informs the emerging conservation goal of
protecting ecological processes as opposed to key species or species groups on coral

reefs (Brandl and Bellwood 2014; Bellwood et al. 2018; Brandl et al. 2019).

1.3 Host associated microbes

Another crucial but little understood aspect that influences fish responses to
changing environments regards host associated microbial communities. Symbiotic
interactions between hosts and their microbiomes (this is, communities of host-
associated microbes comprising bacteria, archaea, fungi, unicellular eukaryotes,
protozoa, and viruses) influence ecological processes across organisational levels
from individuals to ecosystems and thus play critical roles in ecosystem functioning
in both marine (Wilkins 2019) and terrestrial systems (Coley, Endara, and Kursar
2018). Environmental stressors and disease, or compromised physical condition,
may cause disruption of persistent host-microbe interactions (i.e., symbiosis) by
decreasing microbial diversity (Zaneveld, McMinds, and Vega Thurber 2017; Ramsby
et al. 2018), altering microbes towards becoming pathogenic (Alberdi et al. 2016;
Oliver and Higashi 2021), or via stochastic assemblage shifts that increase microbial
community variability among hosts (Zaneveld et al. 2016; Zaneveld, McMinds, and
Vega Thurber 2017; Sepulveda and Moeller 2020). However, variation in microbial
communities may also reflect non-detrimental processes related to environmental
fluctuations or host trait variability and this microbial flexibility may facilitate
host acclimatisation and adaptation (Webster and Reusch 2017; Apprill 2020).
Despite the central role of host-associated microbes in responding to stressors
and acclimatising and adapting to novel, anthropogenic environments, little is
known on their spatial and temporal dynamics and the characteristics and causes of
unfavourable community states (e.g., dysbiosis), especially within host-systems in
the wild (Dethlefsen and Relman 2011; Voigt et al. 2015; Bjork et al. 2019;
Caporaso et al. 2011).
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1.4 DNA-based diet and microbiome analysis

1.4.1 Metabarcoding

Traditionally, fish diet has been studied using visual, morphological approaches to
gut and stomach content analysis and behavioural observations of foraging and
bite rates (Hyslop 1980; Baker, Buckland, and Sheaves 2014). These approaches
represent momentary snap-shots of dietary intake and can be combined with
chemical approaches (i.e., stable isotopes and short-chain fatty acids) to detect
longer term nutritional profiles (Nielsen et al. 2017; Traugott et al. 2013). Despite
providing invaluable dietary information, these methods have the limitation of
limited taxonomic resolution. DNA-Metabarcoding has opened up entirely new
pathways to study diet (Ji et al. 2013) and outperforms morphological gut
content analysis because of its ability to identify semi-digested and food items
with unprecedented taxonomic resolution (Bohmann et al. 2011; Berry et al.
2015; Egeter, Bishop, and Robertson 2015; Albaina et al. 2016). By combining
barcoding and high throughput sequencing (HTS) technology, metabarcoding allows
to infer taxonomic information from DNA bulk samples such as environmental
DNA (eDNA), community DNA from stomachs, guts or feces, or mass collections
of organisms (Neigel, Domingo, and Stake 2007). The primary advantage of
HTS technology over conventional Sanger sequencing is that it allows for rapid,
simultaneous sequencing of hundreds of samples at low cost (Taberlet et al. 2012;
Ji et al. 2013) and thus facilitates the processing of DNA mixtures (Hudson 2008).
Although the field is fast moving, metabarcoding workflows are prone to biases
with factors potentially affecting results regarding every step from sample collection
to bioinformatics analyses of sequencing data (Alberdi et al. 2019; Corse et al.
2017; Zinger et al. 2019). Therefore, metabarcoding projects require study- and
question-specific optimisation and the reliability of outcomes highly depends on
careful consideration of steps and experience values. Yet, metabarcoding is a
promising tool to study species dietary niches in relation to anthropogenic change

in natural systems (Forin-Wiart et al. 2018), which can be especially challenging in
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the marine realm. On coral reefs, metabarcoding has been recently employed to
detect niche partitioning among species and its effects on ecosystem functioning

(Leray, Meyer, and Mills 2015; Leray et al. 2019).

1.4.2 16S sequencing

High-throughput sequencing of the 16S rRNA gene is commonly applied to assess
microbial communities (Armougom 2009) with more established workflows compared
to metabarcoding of e.g., eDNA, gut contents, or bulk samples. However, this
powerful tool is still in the beginning of revealing the extraordinary microbial
diversity on coral reefs (Cleary et al. 2019; Neave et al. 2019; Frade et al. 2020)
and associated with coral reef fishes (Neave et al. 2019; Chiarello et al. 2018;
2020; Miyake, Ngugi, and Stingl 2016; Nielsen et al. 2017). This is paramount
given the current rate of biodiversity loss and the central roles of host-associated
microbes in mediating host health and species acclimatisation and adaptation

to environmental change.

1.5 Thesis aims and chapter objectives

This thesis aims to investigate little understood determinants of coral reef fish
responses to habitat variability and human-induced habitat degradation across
different ecological levels: i.e., communities, species, and host-associated microbes.
Specifically, Chapter 2 addressed how specific reef structures (atolls and reef zones)
influence fish taxonomic and functional diversity patterns across spatial scales on
the Mesoamerican Barrier Reef, Belize. The objective of this chapter was to assess
the relative importance of geomorphological reef zones versus entire reef systems
(atolls) in explaining coral reef fish taxonomic and functional diversity at spatial
scales that apply to management. This chapter also developed a simple visual
analysis of relative trait space occupancy in ecological communities. Chapter
3 investigated the relative degrees at which fish feeders of sessile and/or mobile

invertebrate prey rely on live coral using a gradient of coral cover at Bocas del Toro,
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Panama. I capitalised on DNA-Metabarcoding to analyse the diets of invertebrate-
feeding fishes that closely associate with the reef benthos at unprecedented high
taxonomic resolution. This chapter’s aim was to investigate fish dietary responses
to habitat degradation for two different feeding strategies (browsing and active
predation) with potentially different degrees of dietary versatility. Using the same
habitat gradient, Chapter 4 elucidated whether essential relationships among fish
hosts and their gut microbiomes are vulnerable to coral reef degradation using 165
sequencing-based analysis. This chapter also improved statistical approaches for
identifying ecologically relevant microbial community subsets and for teasing out

responses in these subsets across the habitat gradient.



Chapter 2

Local and regional differences in
fish community structure on the
Mesoamerican Barrier Reef

2.1 Abstract

The importance of coral reefs as centres of biodiversity is well recognised, however,
the scale at which specific structures relate to fish diversity patterns remains poorly
explored. This is especially true for fish functional properties, despite their critical
roles in buffering negative effects of global climate change. Here we investigated
the relative importance of geomorphological reef zones versus entire reef systems in
influencing fish communities across three Caribbean offshore atolls. We compared
shallow water (<6 m) reef fish communities at 93 sites among and within atolls
and across five geomorphological reef zones to assess their relative effects on both
taxonomic and functional fish diversity. Overall, diversity levels varied more among
reef zones than among atolls. Among atolls, fish richness and abundance were
highest at the largest, least isolated and least protected atoll and lowest at a smaller,
more isolated atoll that is partially protected from fishing but is periodically exposed
to river plumes. This suggests that biogeographic effects of isolation and area, in
tandem with environmental factors linked to geomorphology (e.g., wave exposure,
water residence time), affect fish communities and have the potential to enhance
or reduce the effectiveness of marine reserves. Taking into account functional

traits revealed variation in fish niches among atolls, suggesting that some functional

11
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pathways might differ among the atolls. Most functional trait groups comprised only
a few fish species in our dataset. This suggested high vulnerability to functional loss
in Caribbean coral reef fish communities, in agreement with previous findings from
research conducted on larger spatial scales. Furthermore, we identify areas of high
productivity, which are currently not accounted for in reserve protection schemes.
Integrating geomorphological and functional metrics can aid in detecting spatial fish

diversity patterns crucial to resilience-based conservation and fisheries management.

2.2 Introduction

Anthropogenic climate-related habitat degradation increasingly threatens the in-
tegrity of fish communities on coral reefs with far-reaching implications for ecosystem
functioning and provisioning of essential resources to human livelihoods (Hughes et
al. 2017; Robinson et al. 2019). Biodiversity and fisheries management can locally
reduce negative effects, but successful interventions rely on detailed knowledge
of spatial fish diversity patterns and underlying ecological mechanisms (Graham
et al. 2011; Bates et al. 2019; Bellwood et al. 2018; Graham et al. 2020).
Particularly promising strategies aim to manage resilience by promoting critical
ecosystem functions (or processes) (Mcleod et al. 2019; Bellwood et al. 2018;
Williams and Graham 2019). This requires data on the functional properties of
fish assemblages and their spatial distributions. Integrating functional attributes
of fishes with species-based diversity descriptors allows to spatially map critical
ecological processes mediated by fishes and to assess their level of vulnerability to
local stressors such as fishing (D’Agata et al. 2016b). Trait-based approaches often
study the ecological robustness of different patches or site groups by identifying
differences in the occupancy of functional trait space (Villéger, Mason, and Mouillot
2008; Mouillot et al. 2013). Several studies have investigated the distribution of
functions within coral reef fish assemblages at large (Mouillot et al. 2014; Cinner et
al. 2020; Mellin et al. 2016), regional (Micheli et al. 2014, D’Agata et al. 2016a;
D’Agata et al. 2016b) and local spatial scales (Villéger et al. 2010; Brandl et al.
2016; Richardson et al. 2017). But little is known about spatial patterns of fish
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functional diversity at meso- (10-100 km) and seascape-scales (0.1-10 km) (but see
Guillemot et al. 2011, Elise et al. 2017, Rincén-Diaz et al. 2018).

The spatial distribution of reef organisms is governed by biophysical gradients
(Graus and Macintyre 1989) that result in well established ecological zonation
patterns occurring independently of geographic location (Done 1982; Galzin 1987;
Lecchini et al. 2003; Depczynski and Bellwood 2005). Geomorphological reef zones
(e.g., backreef, forereef, crest, lagoonal patch reef) are commonly considered in
ecological studies as the most basic comparable spatial units (Beger, Jones, and
Munday 2003) harbouring characteristic fish and coral assemblages (Geister 1977;
Alevizon et al. 1985; Mejia and Garzén-Ferreira 2000, Letourneur et al. 2008;
Friedlander et al. 2010; Harborne 2013) and modulate—together with specific
seascape features (e.g., channels)—crucial ecological processes including spawning
(Heyman and Kjerfve 2008; Ezer et al. 2011), larval dispersal (Pinsky et al.
2012) and food and shelter availability for fishes (Floeter et al. 2007; Noble et al.
2014). Yet, increasing anthropogenic influences may shift the composition of biotic
communities away from what can be predicted by natural abiotic factors (Nunez-
Lara, Arias-Gonzalez, and Legendre 2005, Estrada-Saldivar et al. 2019; Williams et
al. 2019) and potentially displace fish habitats (MacNeil et al. 2010; Brander 2010).
While reef zone fish assemblages are taxonomically well described (e.g., Alevizon et
al. 1985; Mejia and Garzén-Ferreira 2000; Harborne 2013), analyses considering
functional traits have been focused on single zones (e.g., outer slopes, Richardson
et al. 2017, Yeager et al. 2017), or have combined data from multiple zones (e.g.,
in temporal comparisons, Brandl et al. 2016; D’Agata et al. 2016a), while few
exceptions took into account reef zonation (Rincon-Diaz et al. 2018, Elise et al.
2017). With on-going habitat degradation and associated biotic homogenization
at play (Olden et al. 2004; van der Plas et al. 2016; Richardson et al. 2018)
it is vital to revisit relationships among fish diversity and reef geomorphology
to elucidate how physical-environmental factors in relation to reef structure and

positioning influence diversity patterns.
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We use taxonomy-based diversity metrics and a functional trait approach (based
on Mouillot et al. 2013; 2014) to describe fish communities in relation to the
relative influences of different spatial units (i.e., atolls and reef zones) across a
latitudinal gradient spanning ~100 km off the Mesoamerian Barrier Reef. Our
goal in this analysis was to represent trait parameter space in a way that captures
both the magnitude of under- or over-occupancy and our statistical confidence in
that measure, to answer the question whether different reef zones (or atolls) have
relatively less occupancy of different functional groups. We studied spatial variation
in fish community structure among and within three Caribbean atolls representing
ecosystems of high biodiversity and endemism (McField, Hallock, and Jaap 2001;
Smith et al. 2003). Being situated in relatively close proximity (<30 km apart),
the atolls are comparable in terms of shared regional and geographic conditions,
but differ regarding their geomorphological characteristics, local environmental
conditions (Gischler and Hudson 1998; Stoddart 1962) and management schemes.
Using three of the four atolls associated with the Mesoamerican barrier reef as
a model system, we asked whether fish assemblages were more consistent across
reef zones than among atolls at shallow depths (<6m). We quantified the relative
contribution of reef-scale versus atoll-scale effects on fish community composition
and investigated if observed patterns of species distributions hold when taking

into account functional diversity.

2.3 Methods

2.3.1 Study area

The three atolls of Belize (i.e., Lighthouse Reef, Glover’s Reef and Turneffe Atoll)
are located on the Mesoamerican Barrier Reef (MBRS). Despite similar geological
foundations (Purdy, Pusey, and Wantland 1975) and regional conditions, they exhibit
local environmental and geomorphological differences. Most conspicuously, the atolls
differ in lagoon size, depth, shape and coral development (e.g., number of patch

reefs), island area, and mangrove cover. They also differ in permeability, determined
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Figure 2.1: Study area with fish survey sites (n=93) across three adjacent offshore coral
atolls at the Mesoamerican Barrier Reef, Belize. The satellite image depicts differences
among the three atolls i.e., size, island area, and lagoon depths.

by the number and characteristics of passes (e.g. channels, swashes) within their
outer rim as well as rim height regulating rates of lagoonal water exchange (Gischler
and Hudson 1998). Furthermore, the atolls vary markedly in terms of protection
level through conservation and fisheries regulations, historical fishing pressure, and
disturbance histories (e.g. hurricanes, coral bleaching). Regional and local current
regimes influence environmental conditions and larval recruitment as well as pollution
rates (Soto et al. 2009) and generate gradients of exposure: Lighthouse Reef and
Glover’s Reef are fully exposed to the east, whereas Turneffe Atoll is partly sheltered
by the Lighthouse Reef. This has allowed for development of an extensive mangrove
system, which is unique among the three atolls and includes several lagoons with

productive, sediment-rich waters and a multitude of creeks (Stoddart 1962).
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2.3.2 Reef zone classification and site allocation

To generate meaningful spatial comparisons of atoll fish assemblages, and to
explore the potential for geomorphological proxies of fish diversity based on satellite
images, we defined five reef zones based on predominant geomorphological features
using satellite images obtained from Google Earth (v. 7.1.2.2041) and personal
communication with local fishermen and stakeholders: lagoonal patchreef, backreef,
channel, windward forereef (in the following referred to as “forereef”), and leeward
forereef (in the following referred to as “westreef”). Our distinction between forereef
and westreef environments reflects the structure of atolls featuring exposed windward
sides and relatively more sheltered leeward sides. Exposed forereefs mainly comprise
high relief spurs and grooves structures dominated by Agaricia spp. and Millepora
complanata and a few non-spur and groove sites dominated by Orbicalla spp. In
contrast, sheltered westreefs consist of submerged, crest-like environments with
rather fluent transition among crest and shallow forereef as well as the lagoon in
most cases (e.g., Banco Chinchorro, Jordan and Martin 1987). We surveyed a total
of 36 sites at Glover’s Reef, of which four were protected from fishing; 28 sites at
Lighthouse Reef, of which three were protected from fishing; and 29 sites at Turneffe

Atoll, of which none were protected from fishing at the time.

2.3.3 Fish surveys

Fish species richness and abundance were assessed by visual census at all 93 sites
(< 6 m). Fish surveys were conducted using a modified version of REEF Roving
Diver Technique (RDT) (Pattengill-Semmens and Semmens 2003). Surveys were
45 min timed swims while snorkeling. One surveyor (F.C.) counted individual
fish instead of assigning roving diver approximate abundance categories (as in the
original description of the RDT). This method was chosen for being non-intrusive,
having little diver effect on fishes, and being suitable for detecting high numbers
of species (Holt et al. 2013; Schmitt and Sullivan 1996; Beck et al. 2014). All
encountered fish individuals were counted and identified to the species level and

life phase. During timed swims, the surveyor slowly moved in a circle (or in one
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Figure 2.2: Distribution and classification of survey sites according to geomorphological
reef zones at each atoll; TN = Turneffe Atoll, LH = Lighthouse Reef, GL = Glover’s Reef

direction) across the reef without returning to the same location twice. The surveyor

was accompanied by a snorkel buddy for safety where appropriate, staying a few

meters behind with as little movement as possible avoiding diver effect on fishes.

2.3.4 Seasonality and Sampling Consistency

We controlled for seasonal variation in fish communities and consistency of our

sampling method. To do so we re-surveyed fish communities at Turneffe Atoll

(N=12) and compared the same sites among summer and winter using Analysis

of Similarities (ANOSIM; Clarke and Warwick 2001).
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2.3.5 Species-based analysis

Alpha diversity

We square root transformed the fish abundance data to control for extremely
high abundance values. To account for differences in the numbers of surveyed
sites between atolls, we calculated both mean richness and abundance across sites
for each atoll (N=3). In addition, we calculated the unbiased Simpson’s Index
(Hurlbert 1971) using the raw fish abundance data (rarefy function, vegan package
v. 2.5-6; Oksanen et al. 2012). The same metrics were also calculated for each
geomorphological reef zone (N=5) (using pooled data from three atolls). Non-
parametric Kruskal-Wallis tests were used with post-hoc Dunn tests and Benjamin
Hochberg correction to compare alpha-diversity among three atolls and among

the five geomorphological reef zones, respectively.

Beta diversity

We visualised distances among fish assemblages across five reef zones (i.e., la-
goonal patchreef, backreef, windward forereef, leeward forereef) using Non-metric
Multidimensional Scaling (NMDS; Clarke and Warwick 2001) with Bray-Curtis
dissimilarity for both presence-absence and abundance data. To test differences
in fish communities among the three atolls and five reef zones respectively, we
used Permutational Analysis of Variance (PERMANOVA; Anderson 2001) in a
2-way ANOVA design accounting for potential interaction among atoll and reef
zone (Adonis2 function, vegan package v. 2.5-6, Oksanen et al. 2012). To test the
hypothesis that different reef zones support distinct fish communities within our
study area, we tested for significant differences among five reef types pooling data
from three atolls (N=93) (PERMANOVA; Anderson 2001). Pairwise tests were
performed to explore variation in fish communities among individual reef zones
(Adonis function; Oksanen et al. 2012). To infer whether fish communities at a
specific reef zone differed or were consistent among atolls, we used PERMANOVA
to test for significant differences within each individual reef zone among three atolls

(e.g., backreef at Glovers vs. backreef at Lighthouse vs. backreef at Turneffe).
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Pairwise tests were used to determine differences in fish communities at respective

reef zones between atolls (Adonis function; Oksanen et al. 2012).

2.3.6 Functional analysis

We characterised six traits for each species in our data set (N=154) and including
only adult individuals: trophic group, mobility, maximum size, gregariousness,
water column position, and activity time. Traits were assigned based on ecological
knowledge on fish species obtained from fishbase (www.fishbase.org), the literature
(Randall 1967; Bohnsack et al. 1999; Claro, Lindeman, and Parenti 2001) and
personal observations (F.C.) (Table A4-A9). These traits have been used to
characterise species in previous studies due to their ecological relevance (D’Agata
et al. 2016a; Mouillot et al. 2014; Richardson et al. 2017). Trophic group
and mobility are categorical. All other traits are numerical, and we discretised
them so that species could be classified ordinally. Groups of species with identical
characterisations comprise functional entities (FEs) (Mouillot et al. 2014).

To build the functional space, we computed the Gower distance between each
pair of FEs in our system. Gower distances allow us to combine categorical and
ordinal variables into a single measure that weighs each variable equally (Legendre
et al. 1998). Then, we conducted a Principal Coordinates Analysis (PCoA) based
on the Gower distance matrix and plotted the results in two dimensions, these
axes are interpreted as representing composites of trait categories. We then plotted
points representing species sharing unique trait combinations (i.e., FEs). This
functional space was based on the multidimensional functional trait space for the
fish community of the three atolls combined, which served as a global reference
space for comparisons of subcommunities (Mouillot et al. 2013; Villéger, Mason,
and Mouillot 2008). To assess whether FE spaces were under- or over-occupied
in different atolls or reef zones, we calculated the average number of individuals
in each FE observed per visit in each atoll or reef zone, and divided this by the
average number of individuals observed per visit in the same FE across all atolls

and reef zones. We took the log of this ratio to standardise the measure for under-
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and over-occupancy. We call the result the ‘log relative occupancy’, and indicate it
by the colour (red to blue) and size of circles representing FEs in figures.

To assess our confidence that particular FEs were under- or over-occupied in
particular atolls or reef zones, we compared each log relative occupancy to the
null distribution of values that it might have taken if there were no relationship
between the FE and the atoll or reef zone. We created permutations of the data in
which there was no relationship between FEs and atolls by reassigning the observed
numbers of individuals in each FE among all visits, subject to the constraints that i)
observations made in a particular reef zone must be assigned to that reef zone, and
ii) the number of visits per reef zone in each atoll could not change. We calculated
the log relative occupancy of each FE in each atoll in the permutation, and repeated
this 104 times to create null distributions for the log relative occupancy of each FE
in each atoll. To create null distributions for the log relative occupancy of each FE
in each reef zone, we repeated the same process, but replaced constraint i) so that
observations made in a particular atoll must be assigned to visits to that atoll. In
each case, constraints on permutations ensure that we do not confound effects of
atolls and reef zones when the number of visits per reef zone differs among atolls.
For each FE in each atoll or reef zone, we calculated the proportion of the null
distribution in which the magnitude of the null was greater than the magnitude of
the observed log relative occupancy. This is equivalent to assigning a p value to
each FE within each atoll or reef zone. We indicate this by the darkness or lightness
of the circles representing each FE in figures. This analysis does not account
for multiple comparisons, and should not be interpreted as a test of statistical
significance for the effect of atolls or reef zones on any particular FE. Nonetheless,
areas of functional space that appear more red or blue in figures are likely to be

numerically under- or over-occupied, respectively.

2.3.7 Indicator Analysis

We identified indicator species (i.e., species whose presence is indicative of a

particular atoll or reef zone) following Dufréne and Legendre (1997)) and using
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the labdsv package in R (Roberts 2019). Indicator values (IndVal) were calculated
for each fish species across two spatial scales i) among three atolls, ii) among five
reef zones (three atolls combined), iii) among five reef zones within each atoll.
We tested for significance of the relationships between each fish species and each
sample group using 1000 permutations at a significance level of p value 0.05. All
statistical analysis was done in R (version 3.6.1, R Core Team 2019) and Matlab (v.
R2017b, Language and Computing 2004) except ANOSIM was run in Community
Analysis Package 4 (Seaby and Henderson 2014).

2.4 Results

We recorded a total of 79,002 individual fish belonging to 156 species in 44 families
at 93 reef sites across three atolls (Table A4-A9). The number of individuals
per site ranged from 413 to 1921, while the number of species recorded per site

ranged from 43 to 86.

2.4.1 Fish diversity

Fish species richness was significantly different among the three atolls (Kruskal
Wallis Test; x? = 18.03, p = 0.0001); with higher levels at both Turneffe Atoll
and Lighthouse Reef (mean species richness = 68.28 and 67.71 respectively) than
Glover’s Reef (mean species richness = 61) (Fig. 2.3A, Table 2.1). Posthoc testing
confirmed that richness levels were significantly lower at Glover’s Reef than at both
other atolls (Table A.1). Fish abundance showed a similar pattern with highest
levels at Turneffe Atoll (mean fish abundance = 886.17), intermediate levels at
Lighthouse reefs (mean fish abundance = 851.21) and lowest levels at Glover’s Reef
(mean fish abundance = 819.14) (Kruskal Wallis Test; x? = 14.88, p = 0.0006)
(Fig. 2.3B). Posthoc Dunn Test revealed significantly lower abundance levels at
Glover’s Reef than at the other two atolls (Table A.1). The unbiased Simpson
index (Hurlbert 1971) also differed significantly between the three atolls (Kruskal
Wallis Test; x? = 7.1, p = 0.03). In particular, Simpson’s Index was significantly
higher at Lighthouse Reef than Glover’s Reef (Table A.1).
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Figure 2.3: Mean (+/- SE) fish species richness (A) and abundance (square root
transformed) (B) by coral atoll (n=93). Sampling period: August and September 2011
and August, September and October 2014.

Fish species richness differed significantly among five reef zones across three
atolls (Kruskal Wallis Test; x? = 22.27, p = 0.0002) (Table 2.1); posthoc testing
revealed significantly lower richness levels at lagoon patches (mean richness =
60.89) than both Westreefs (mean richness = 70.94) and channels (mean richness =
70.19) (Table A.1). Fish abundance levels were significantly different among the
five reef zones (Kruskal Wallis Test; x* = 18.69, p = 0.001) and posthoc results
were congruent with the pattern found for fish richness: channel was the zone with
the highest fish abundance (mean abundance = 980.63), whereas lagoon patch
(mean abundance = 814.70) showed significantly lower fish abundance levels than
both westreef (mean abundance = 877.24) and channel; levels at backreefs (mean
abundance = 717) were significantly lower than at channels (Table A.1). Fishes
among reef zones also significantly differed in terms of the unbiased Simpson Index
(Kruskal Wallis Test; x? = 12.12, p = 0.016); however, we found no significant
differences in pairwise posthoc comparisons (Table A.1).

We tested for the temporal consistency of alpha diversity patterns. There were no
significant differences in species richness (ANOSIM; p = 1, permutations >1000) (Fig.
A.1) and abundance between seasons (ANOSIM; p = 0.852, permutations >1000)
(Fig. A.1). Our results suggested that seasonality had no significant influence on fish

communities in terms of species richness and relative abundance at our study site.
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2.4.2 Fish community composition

Non-metric multidimensional scaling ordination (NMDS) based on pooled data
from three atolls segregated sites of each reef zone with the majority of windward
forereef sites furthest away from lagoonal patchreefs, whereas channel, back reef,
and leeward forereefs largely spread in between (Fig. 2.4). We found a significant
interaction between atolls and reef zones explaining 9% (Jaccard) and 8% (Bray
Curtis) of variation in structuring fish communities (Table 2.2). Overall, the effect
of reef zone (~20%) was stronger than the effect of atoll (< 5%). In total, our models
explained ~36% of variation in fish species composition. Species composition differed
significantly among the three atolls for both Jaccard similarity and Bray Curtis
dissimilarity (Table 2.2). We tested the hypothesis that different reef zones (i.e.,
lagoonal patchreef, backreef, forereef, westreef) support distinct fish communities
within our study area at the regional scale (using data from three atolls combined).
There were significant differences in composition between the five reef zones with
both distance metrics (Table 2.2). We compared fish communities at individual
reef zones among the three atolls and found that the majority of comparisons
differed significantly (Tables 2.3). However, there was no significant difference
among atoll-specific forereefs (PERMANOVA; Jaccard R? = 0.27, p = 0.16; Bray
Curtis; R? = 0.16, p = 0.4) and species presences at westreefs among the three
atolls (PERMANOVA; Jaccard R?> = 0.16, p = 0.076).

yet, fish assemblages at westreefs differed when taking into account abundances
of common species (PERMANOVA; Bray Curtis R = 0.2, p = 0.002). Backreefs
communities significantly differed between Lighthouse Reef and Glover’s Reef in
terms of presence-absence (PERMANOVA; Jaccard R? = 0.13, p = 0.044) but they
were similar between the other two atoll pairs i.e., Turneffe Atoll and Lighthouse
Reef (PERMANOVA; Jaccard R? = 0.11, p = 0.23) and Turneffe Atoll and Glover’s
Reef (PERMANOVA; Jaccard R* = 0.12, p = 0.071) (Table A.2). This pattern
was reversed when taking into account abundance (Table A.3). Communities at
Lighthouse Reef and Glover’s Reef did not significantly differ (PERMANOVA; Bray

Curtis R? = 0.11, p = 0.152) but both other pairwise comparisons were significant
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Figure 2.4: The relationship between fish community composition and five different
reef zones at a total of 93 sites (n = 93) represented by points across three atolls based
on Bray-Curtis dissimilarity using presence-absence data. Lagoonal patch reefs (left)
appear clearly separated from all other reef types. Blue=lagoon patch; green=forereef;
olive=channel; red=backreef; pink=westreef.

i.e., Turneffe Atoll and Lighthouse Reef (PERMANOVA; Bray Curtis R? = 0.14, p
= 0.019) and Turneffe Atoll and Glover’s Reef (PERMANOVA; Bray Curtis R* =
0.14, p = 0.02) (Table S2.1B). We found significant differences among zones within
atolls for both Jaccard similarity and Bray-Curtis dissimilarity (Table A.2 and A.3).

2.4.3 Functional Analysis
Atolls

We identified a total of 89 functional entities (i.e., groups of species with identical
sets of traits, FEs) among all fish species observed at our sites. Atoll communities
differed in the degree to which they filled the global functional space (Fig 2.5; Fig.
2.6). Glover’s Reef appeared most functionally depauperate with high levels of
confidently under-occupied FEs. In contrast, over-occupied FEs had low levels

of confidence across Glover’s Reef. Lighthouse Reef was balanced between FE
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Factor Diversity Kruskal-Wallis x> DF P-Value
Mean richness 18.028 2 0.0001
Atoll Mean abundance 14.884 2 0.0006
Unbiased Simpsons 7.1028 2 0.03
Mean richness 22.274 4 0.0002
Zone Mean abundance 18.689 4 0.009
Unbiased Simpsons 12.124 4 0.016

Table 2.1: Kruskal-Wallis test comparing alpha diversity levels among fish communities
among 3 atolls and 5 reef zones, respectively.

Distance Model Factor Df SumsOfSqs R2 F.Model Pr(>F) Significance
3 Atolls Atoll*Zone 2 0.5704 0.04557 2.6824 0.0001 HHE
5 Zones Atoll*Zone 4 2.5537 0.20403 6.0045 0.0001 HAE
Jaccard Atoll:Zone  Atoll*Zone 1.0986 0.08777 1.2915 0.0076 **

Residual 78 8.2935 0.66262

Total 92 12.5163 1
3 Atolls Atoll*Zone 2 0.3091 0.05255 3.3727 0.0001 HHE
5 Zones Atoll*Zone 4 1.5011 0.25524 8.1908 0.0001 HHE

Bray Curtis  Atoll:Zone  Atoll*Zone 8 0.4973 0.08456 1.3569 0.0132  *

Residual 78 3.5737 0.60765

Total 92 5.8812 1

Table 2.2: Permutational Analysis of Variance among fish communities of 3 atolls and 5
reef zones and their interaction (data of 3 atolls combined) and testing the interaction
among atoll and reef zone. The analyses were performed for using Jaccard similarity
(species presence-absence) and Bray-Curtis dissimilarity (putting weight on common
species) respectively. The fish abundance data was square root transformed to control for
extremely high abundances of some fish species.
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Distance Model Factor Df SumsOfSqs R2 F.Model Pr(>F) Significance
Lagoon Patch Atoll 2 0.2046 0.14392 2.0173 0.001 ok
Backreef Atoll 2 0.13871 0.15741 1.4946 0.043 *
Westreef Atoll 2 0.25934 0.16379 1.3711 0.026 *
Taccard Channel Atoll 2 0.34319 0.20275 1.653 0.002 *k
Forereef Atoll 2 0.19554 0.27209 1.246 0.16
5 Reef Zones  Glovers 4 0.88963 0.3625 4.4068 0.001 HkE
5 Reef Zones Lighthouse 4 0.52488 0.3457 3.038 0.001 HokE
5 Reef Zones  Turneffe 4 0.59327 0.35628 3.3209 0.001 Hokk
Lagoon Patch Atoll 2 0.601 0.14463 2.029 0.003 **
Backreef Atoll 2 0.37627 0.15578 1.4762 0.033 *
Westreef Atoll 2 0.24054 0.20045 1.7549 0.002 Hk
Bray Curtis Channel Atoll 2 0.339 0.233 1.9746 0.001 HAE
Forereef Atoll 2 0.18349 0.1609 1.0547 0.342
5 Reef Zones  Glovers 4 1.4664 0.36349 4.4257 0.001 HkE
5 Reef Zones Lighthouse 4 0.96936 0.35501 3.1648 0.001 HkE
5 Reef Zones  Turneffe 4 1.168 0.39774 3.9625 0.001 ook

Table 2.3: Permutational Analysis of Variance (PERMANOVA) results of atoll and reef
zone models comparing individual reef zones among and within atolls using Jaccard Index
and Bray-Curtis dissimilarity, respectively.

over- and under-occupation, whereas Turneffe Atoll showed a pattern of dominant
over-occupation with only one trait entity appearing confidently under-occupied
in our analysis. Turneffe Atoll also featured the highest number of entities that
show no divergence from the global community, while Glover’s Reefs showed the
least. Overall, we found that the magnitude of FE occupancy across all three atolls
increased towards traits related to smaller fish size classes and benthic feeding
strategies (Fig. 2.6). Glover’s Reef was dominated by planktivores and herbivores
but appeared depauperate regarding larger commercially important groups (i.e.,
groupers and snappers) and to a lesser degree mobile, pelagic traits. The trait entity
comprising surgeonfishes was more represented at Glover’s Reef in comparison
to the other two atolls. Smaller nocturnal invertivores were under-represented,
while entities comprising rare, small, ectoparasite and invertebrate feeders were
over-represented at Glover’s Reef.

Lighthouse Reef uniquely featured entities comprising sessile invertivores (over-

occupied) and mobile invertivores (over-occupied) such as the ecologically important
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Figure 2.5: Functional trait niche space of the global community using data from
three atolls combined. The PCoA is based on Gower distances between unique trait
combinations (functional entities) in 152 species. Circles depict species in functional
space, colours depict the respective mean trait levels of six trait categories: Trophic group,
gregariousness, watercolumn position, activity time (depicted by planets), maximum size
(gradient is reflected by relative fish shape sizes), mobility.

Queen Triggerfish Balistes vetula. Our analysis suggested an over-occupation of
sharks (family Carcharhinidae) at Lighthouse Reef. Turneffe Atoll displayed the
most complete trait space in comparison to all other atolls featuring the highest
levels of over-occupation and lowest levels of under- combination with the highest
proportion of neither over- nor under- occupation in occupation (neutral) FEs. In
particular, Turneffe Atoll harboured over-occupied areas in trait space that appeared

depauperate at the other two atolls and represented niches of commercially important



28 2.4. Results

; Glovers Reef Atoll , Lighthouse Reef Atoll
0.8 0.8
0.6 . 0.6
N . °°®
04+ . 0.4 .
. 4
0.2 ‘ 0.2 . ’
® e o o .‘
0 ’ .. 0 o °
L [ ]
@
02 ° o O [ ] 02 ° ° ®
L4 [ ] '. ] e o ' )
04 ) ‘. ‘ 04 : ‘ o ® oF°
L] LI
-0.6 . . . . L L . -06 .
-1 0.8 0.6 0.4 0.2 0 0.2 0.4 0.6 -1 0.8 0.6 0.4 0.2 0 0.2 0.4 0.6
; Turneffe Atoll
0.8
0.6 ° .
°® 9
il @ o
[ ]
2 ° 2
0.2 . ()
ol “»®
0 o &
) o o
-02 [ ] L
e
[ J
0.4 ° o © O
M
-0.6 - - - -
-1 0.8 0.6 0.4 0.2 0 0.2 0.4 0.6 -
0.50

Figure 2.6: Functional niche trait space by atoll. Points represent functional entities
and depict their relative over- and under-occupation at each atoll. Transparency indicates
confidence. Red = under-occupied, blue = over-occupied. Colour chart represents p value.
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large, highly mobile, piscivorous fishes. The distribution of species richness within
functional trait entities appeared low for most entities (~2), whereas few entities

were supported by several species (Fig. 2.8).

Reef zones

The functional niche space of the five reef zones for data from three atolls combined
revealed functional differences among zones. Lagoonal patches and backreefs
appeared functionally most similar (Fig. 2.7). Both zones shared large under-
occupied areas in functional space comprising functional entities of both small
and larger sized planktivores, herbivores as well as mobile, pelagic predators.
Both zones were dominated by small to medium sized fisheries species (e.g.,
snappers, Lutjanidae) and non-commercial (e.g., wrasses, Labridae) invertivores.
Backreefs featured two FEs comprising large predators i.e., sharks in the family
Carcharhinidae. Channels showed a high proportion of over-occupied FEs. This zone
was characterised by mobile, schooling, medium to large herbivores and small and
mobile, medium sized planktivores as well as benthic feeding elasmobranchs. Under-
occupied FEs at this zone included ~4 FEs of nocturnal, medium-sized invertivores
and small mobile invertivores. Forereefs appeared occupied by herbivores and
planktivores as well as phoretic behavioural niches. Westreef was over-occupied by
pelagic, commercially important predators, whereas FEs featuring snapper species
(Lutjanidae) were under-occupied. FEs composed of invertivorous meso-predators
were over-occupied as well as FEs of small sedentary invertebrate-feeders and

small planktivores.

2.4.4 Indicator Analysis

Indicator analysis among three atolls revealed three distinct sets of species but
numbers of fish species identified of each atoll varied greatly with eleven and nine
species respectively at Turneffe Atoll and Lighthouse Reef and only one indicator
at Glover’s Reef (i.e., intitial phase Thalassoma bifasciatum (indval = 0.493, p

= 0.004, frequency = 93) (Table 2.4). Indicator species sets of reef zones were
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Figure 2.7: Functional niche trait space for each reef zone based on data from three
atolls combined (regional scale). Points represent functional entities and depict their
relative over- and under-occupation at each zone.Transparency indicates confidence. Red
= under-occupied, blue = over-occupied. Colour chart represents p value.



2. Local and regional differences in fish community structure on the Mesoamerican
Barrier Reef 31

Functional Redundancy

0.5 0.6
|

0.4

0.2
|

Proportion Functional Entities

0.1

—_— ]

1 2 3 4 6

Species Richness

Figure 2.8: Number of fish species per functional trait entity. A high proportion of
entities (> 60%) is supported by only one species and few entities are supported by several
species indicating a pattern of “over-redundancy” proposed by Mouillot et al. (2014).

overall numerically larger than those of atolls reflecting distinct assemblages. This
was especially pronounced at both forereefs and westreefs with the largest number
of indicator species among zones (19 and 18, respectively). In contrast, only
eight relatively weak indicators characterised channels. Both lagoon patches and
backreefs harboured the highest proportion of juvenile phase indicators (29.4%

and 28.7%, respectively) (Table 2.5).

Reef zones among atolls

Zonal fish assemblages varied across atolls in terms of their most characteristic
species. This reflected local influences on fish communities at each zone among

the three atolls (Table A.5).
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Species Atoll IndVal P - value Frequency
Thalassoma bifasciatum 1P Glovers  0.492506733 0.004 93
Holacanthus tricolor Lighthouse  0.49569122 0.001 28
Chromis cyanea Lighthouse 0.367442839 0.03 53
Chaetodon ocellatus Lighthouse 0.355870467 0.023 59
Chromis multilienata Lighthouse 0.294500838 0.028 27
Balistes vetula Lighthouse 0.276743497 0.039 30
Hypoplectrus unicolor Lighthouse 0.275481635 0.004 15
Scarus coelestinus TP Lighthouse 0.239430767 0.002 13
Malacoctenus triangulatus Lighthouse 0.229780491 0.008 16
Anchovie Lighthouse 0.107142857 0.029 3
Halichoeres garnoti TP Turneffe  0.441416113 0.003 58
Scarus iseri TP Turneffe  0.439535419 0.009 78
Sparisoma rubripinne TP Turneffe  0.377081012 0.011 46
Gramma loreto Turneffe  0.336030686 0.036 39
Anisotremus virginicus Turneffe  0.319120645 0.001 11
Stegastes adustus JV Turneffe  0.287204362 0.038 35
Bodianus rufus JV Turneffe  0.284770566 0.014 30
Pterois volitans/P. miles Turneffe  0.261976284 0.026 25
Lutjanus griseus Turneffe  0.212489113 0.022 18
Caranx crysos Turneffe  0.137931034 0.015 4
Lutjanus jocu Turneffe  0.128166005 0.04 7

2.4. Results

Table 2.4: Indicator analysis comparing fish communities among three atolls. Indicator
values reflect the degree to which a species is indicative of each atoll, respectively in
terms of the specific conditions found there. P values reflect the significance of the
relationships between each species and sample group and are based on 1000 permutations
at a significance level of p value 0.05. JV = Juvenile, IP = Initial Phase, TP = Terminal
Phase. Fish adult trophic groups are color coded, juvenile trophic groups are not assigned

due to incomplete information.
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Species Reef Zone Indval P-value  Frequency
Stegastes leucostictus BR 0.532537764 0.001 32
Halichoeres bivittatus JV BR 0.464950856 0.001 59
Halichoeres bivittatus IP BR 0.460406355 0.002 75
Sparisoma chrysopterum I[P BR 0.4187257 0.001 78
Lutjanus apodus BR 0.401113936 0.005 93
Halichoeres radiatus JP BR 0.38842892 0.003 59
Stegastes diencaeus JV BR 0.370743231 0.002 80
Stegastes leucostictus JV BR 0.357484305 0.004 61
Chaetodon ocellatus BR 0.314286961 0.011 59
Stegastes diencaeus BR 0.292444071 0.017 88
Chaetodon striatus BR 0.291504288 0.026 70
Acanthurus tractus/chirurgus JV BR 0.282653536 0.047 64
Halichoeres bivittatus TP BR 0.251861966 0.015 28
Sparisoma chrysopterum JV BR 0.157894737 0.021 3
Haemulon sciurus LP 0.572518599 0.011 83
Haemulon plumierii LP 0.56775784 0.001 90
Pomacanthus arcuatus LP 0.500528939 0.001 39
Chaetodon capistratus JV LP 0.444121072 0.001 18
Stegastes planifrons Lp 0.414431789 0.001 66
Scarus iserti JV LP 0.393276437 0.001 90
Ocyurus chrysurus LP 0.367802688 0.007 67
Sparisoma atomarium IP LP 0.36667005 0.001 18
Holacanthus ciliaris Lp 0.349239968 0.001 35
Sparisoma aurofrenatum JV LpP 0.337031817 0.005 63
Sparisoma aurofrenatum IP LP 0.305312296 0.002 86
Halichoeres garnoti IP LP 0.299157525 0.015 91
Pomacanthus paru LP 0.269427099 0.016 40
Thalassoma bifasciatum TP Lp 0.267770169 0.017 92
Sparisoma atomarium. JV LpP 0.254632709 0.006 15
Calamus SPPJV LP 0.185185185 0.013 5
Hypoplectrus puella LP 0.177483311 0.035 15
Gramma loreto WR 0.721609393 0.001 39
Holacanthus tricolor WR 0.450089614 0.001 28
Stegastes planifrons JV WR 0.437126895 0.002 66
Scarus iserti TP WR 0.350820819 0.001 78
Coryphopterus personatus/hyalinus WR 0.338780558 0.043 36
Chromis cyanea WR 0.334702167 0.006 53
Halichoeres garnoti TP WR 0.331837625 0.005 58
Canthigaster rostrata WR 0.32806271 0.004 64
Hypoplectrus indigo WR 0.313525252 0.001 21
Clepticus parrae JV WR 0.30969611 0.007 18
Sparisoma aurofrenatum TP WR 0.290608912 0.014 75
Chromis cyanea JV WR 0.290197455 0.03 35
Hypoplectrus nigricans WR 0.287333645 0.008 33
Sphyraena barracuda WR 0.286326478 0.037 49
Sparisoma viride IP WR 0.285381282 0.022 90
Halichoeres pictus JV WR 0.239100353 0.006 21
Holacanthus tricolor JV WR 0.214176314 0.009 1
Epinephelus guttatus WR 0.210435639 0.009 9
Lutjanus mahagony CH 0.372198338 0.031 64
Pseudupeneus maculatus CH 0.363242525 0.034 60
Caranx ruber CH 0.36249084 0.031 87
Kyphosus sectatrix/incisor CH 0.329920504 0.009 40
Haemulon chrysargyreum CH 0.202276342 0.032 15
Haemulon carbonarium CH 0.196071402 0.049 14
Lutjanus jocu CH 0.155132193 0.03 7
Haemulon vittata CH 0.123387097 0.043 3
Melichthys niger FR 0.892883641 0.001 18
Ophioblennius macclurei FR 0.70936519 0.001 32
Scarus vetula IP FR 0.585561857 0.001 32
Microspathodon chrysurus JV FR 0.577704355 0.001 57
Microspathodon chrysurus FR 0.55762013 0.001 68
Cephalopholis fulva FR 0.46806337 0.001 13
Scarus vetula TP FR 0.458608272 0.001 20
Abudefduf sexatilis FR 0.443895712 0.006 82
Sparisoma rubripinne TP FR 0.428337958 0.002 46
Chromis multilienata FR 0.415260799 0.004 27
Stegastes adustus FR 0.408026639 0.001 83
Sparisoma rubripinne IP FR 0.407901177 0.001 72
Acanthurus coeruleus FR 0.352004201 0.005 93
Bodianus rufus FR 0.316804722 0.006 47
Malacoctenus triangulatus FR 0.311436305 0.001 16
Halichoeres radiatus TP FR 0.293503847 0.011 46
Cantherhines pullus FR 0.171250664 0.03 13
Malacanthus plumieri FR 0.149342613 0.037 9
Echeneis naucrates FR 0.142857143 0.02 2

Table 2.5: Fish indicator species at reef zones. Indicator values reflect the degree to which
a species is indicative of individual reef zones across three atolls in terms of the specific
conditions found at each reef zone, respectively. P values reflect the significance of the
relationships between each species and sample group and are based on 1000 permutations
at a significance level of p value 0.05. JV = Juvenile, IP = Initial Phase, TP = Terminal
Phase. Fish adult trophic groups are color coded, juvenile trophic groups are not assigned
due to incomplete information.
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2.5 Discussion

Knowledge of appropriate biodiversity metrics and spatial scales forms a critical
prerequisite when conservation relies on area prioritization and species diversity
patterns (Beger, Jones, and Munday 2003; Mellin et al. 2011; Beier et al. 2015;
Oliveira et al. 2017). Here we used a series of classic alpha and beta diversity
descriptors to understand how reef fish communities vary within and across three
atolls and among geomorphological reef zones of the MBRS across a north-south
gradient of ~100 km. We then implemented a novel approach to describe differences
in the functional diversity among the three atolls.

We found a conspicuous biodiversity gradient (taxonomic and functional) among
the three atolls with the highest diversity levels at the largest, least isolated and
least protected atoll, and the lowest levels at a smaller, more isolated atoll featuring
a no-take fisheries closure implemented since 1995. Overall, our analysis showed that
a high proportion of functional trait groups was supported by only one or few species
suggesting that the atoll fish communities are highly partitioned and thus potentially
vulnerable to functional loss. This corroborated previous findings from the tropical
Western Atlantic at larger spatial scales (Micheli et al. 2014, Mouillot et al. 2014).

The three atolls differed in terms of their functional integrity; that is, the extent
to which global niche space was filled at each atoll. The trait space at the largest
atoll, Turneffe Atoll, was least depauperate, whereas the Glover’s Reef appeared
most depauperate. Similarly, species diversity levels were lowest at Glover’s Reef
and highest at Turneffe Atoll. It needs to be kept in mind that we censused
fish assemblages across both fished and unfished areas at Glover’s Reef, and that
reserve benefits appear commonly most pronounced when considering the biomass
of targeted species suites among no-take versus fished sites. Yet, it would have been
still plausible to detect positive protection effects from our fish community data
(Lester et al. 2009, especially since the small-scale fisheries at Glovers’s reef targets
a wide range of fish species (Babcock, Tewfik, and Burns-Perez 2018). Possible

explanations for the reduced functional space and lower diversity at Glover’s Reef
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could be that local environmental factors such as low rates of lagoonal water exchange
(McClanahan and Karnauskas 2011), lack of mangrove nursery habitat (Mumby et
al. 2004), and insufficient enforcement of no-take zones override reserve effects at
Glover’s Reef. In contrast, diversity levels may have been highest in Turneffe Atoll
due to larger atoll size, a largely open reef structure allowing water to circulate,
greater vicinity to the Barrier Reef and coastal lagoons promoting larval connectivity,
and the presence of an extensive mangrove system that serves as important nursery
habitat for fishes (Mumby et al. 2004). The observed diversity gradient from highest
levels at Turneffe Atoll to lowest levels at Glover’s Reef may be consistent with
species-area relationships (Lomolino 2000). Spatial isolation and reef area have
previously shown to influence distributions of coral reef fishes in the Caribbean
(Ault and Johnson 1998; Chittaro 2002; Sandin, Vermeij, and Hurlbert 2008).
Within one atoll, Glover’s Reef, Acosta and Robertson (2002) found larger patch
reefs supported greater species abundances than smaller patch reefs. Furthermore,
atoll fish diversity may be affected by a cross-shelf gradient typical for coral reefs
(Williams and Hatcher 1983; McField, Hallock, and Jaap 2001) and latitudinal
effects related to diverging fish and benthic distributions patterns observed between
the northern and southern Belize Barrier Reef (McField, Hallock, and Jaap 2001).

In comparison to Turneffe Atoll, Glover’s Reef lacked large, benthic feeding, reef-
associated predators including important fished groups such as groupers (Serranidae)
and snappers (Lutjanidae). However, Glover’s Reef featured ecological important
niches comprising medium and large sized benthic herbivores i.e., surgeonfishes
(Acanthuridae) as well as large mobile solitary invertivores of several species groups.
The presence of roving herbivores may relate to the predominance of macroalgae
within the atoll’s lagoon. Caribbean coral reefs have undergone a phase shift from
coral towards macroalgae dominated states over the past fifty years (Gardner, 2003;
Schutte, 2010) and the lagoonal patch reefs at Glover’s Reef are among the most
severely affected sites due to this regional habitat change and decline (McClanahan
and Muthiga, 1998; Schutte, 2010). A recent study assessing effects of reserve

protection since 1995 and a more recent parrot fish fishing ban implemented in Belize
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found parrotfishes were decreasing on lagoonal patches at Glover’s Reef (McClanahan
and Muthiga 2020). Our findings corroborate this as we found functional entities
capturing small and medium sized parrotfishes were under-represented at Glover’s
Reef. While Glover’s Reef differed compositionally in terms of common species from
the other two atolls, a unique fish assemblage featuring niches of more rare species
characterised Lighthouse Reef. These were solitary, sedentary, sessile and to lesser
extent mobile invertebrate-feeders. Moreover, Lighthouse Reef was the only atoll
where niches representing large predators (i.e., sharks, family Carcharhinidae) were
occupied. Fish abundance levels were similar to those of Turneffe Atoll, which may
reflect a potential benefit from Lighthouse Reef‘s vicinity to Turneffe Atoll (~20 km)
in terms of larval connectivity. Puebla et al. (2012) suggested reef fish dispersal
encompasses distances of tens of km or even less on the Belize Barrier Reef.
Another factor influencing spatial patterns of fish diversity may be each atoll’s
vicinity to the mainland and associated levels of human access as has been recently
demonstrated at other coral reef locations (Elise et al. 2017; D’Agata et al. 2016a;
Maire et al. 2016). Fishermen traditionally fishing Glovers Reef originate from
Northern Belize but are often seasonally based on the southern mainland for
easier access to the atoll. In contrast, Lighthouse Reef being located further
north may therefore be relatively less accessible and thus less frequented than
Glover’s Reef. Turneffe Atoll was still unprotected from fishing at the time of
surveying apart from two spawning aggregation sites. Moreover, being closest to
the mainland and the largest centre of human population, Belize City, it is the
most accessible of the atolls and harbours the greatest emergent island area that
allows for establishment of fishing camps. Thus, the largely over-occupied functional
trait space at Turneffe Atoll with the presence of large, highly mobile, piscivorous
fishes and functional entities relevant to fisheries exploitation may suggest that
biogeographic and seascape effects were stronger than negative effects from human
use. Human use (D’Agata et al. 2016a; Maire et al. 2016), biogeographic effects
and the seascape (Sandin, Vermeij, and Hurlbert 2008, Karnauskas et al. 2012)

previously have been found to influence fish communities.
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Coral reef zonation patterns appear consistent among reefs at different biogeo-
graphic regions (Blanchon 2011), here we asked the question whether this effect
was stronger in shaping fish communities than local influences at each atoll when
considering species diversity. We found a significant interaction between atoll and
reef zone explaining ~9% of variation in our model. Specifically, we found individual
atoll characteristics influenced the way fish communities varied at particular reef
zones across atolls, yet zones reflected distinct fish assemblages when pooling data
from three atolls. Thus at the regional scale, our findings confirmed early ecological
studies showing that fish assemblages vary across broad geomorphological reef zones
such as lagoon, reef flat, and forereef (Goldman and Talbot 1976; Clarke 1977; Sale
and Dybdahl 1978; Alevizon et al. 1985). Using similarly coarse zonal classes, our
results confirmed distinct patterns of habitat use by fishes in relation to zonation.
Our results were similar to those by Mejia et al. (2000) showing fish assemblages at
the atolls of San Andrés and Providencia (Colombia) were stronger governed by reef
zones than individual atolls. However, the significant interaction among atoll and reef
zone in our data indicated local, atoll-specific influences contributed to variation in
fish community composition. This was in line with studies from the near-by Mexican
MBRS describing fish diversity as a function of variation in reef geomorphology
among distinct sections along the barrier reef (Nunez-Lara, Arias-Gonzélez, and
Legendre 2005; Arias-Gonzalez, Legendre, and Rodriguez-Zaragoza 2008).

Conspicuously, local atoll effects appeared least important in our study at the
outer reef zones i.e., forereefs and westreefs, and most pronounced at lagoonal patches
and channels. This may suggest higher homogeneity in habitat characteristics across
each of the outer reef zones across atolls. Jordan and Martin (1987) suggested
that westreefs (“leeward margins”) exhibit the most consistent geomorphological
features across the four atolls of the MBRS, including Banco Chinchorro located
in Mexico. Furthermore, dominant physical forces such as high wave exposure
commonly present across forereefs may have contributed to reduced influences of
local effects, whereas environmental conditions among the other zones may appear

less variable among different zones and less consistent across atolls. Interestingly,
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fish species composition (considering presence/absence) between the two atolls
with the most pronounced differences in terms of both species and functional
diversity—Glover’s Reef and Turneffe Atoll—only significantly differed in terms of
their lagoons. This may have been caused by the marked geomorphological variation
among atoll lagoons. Lagoon morphology may also influence local environmental
conditions; for example, more enclosed lagoons will more likely retain sediments
and pollutants than flushed areas (Fabricius 2011) and geomorphology influences
salinity gradients among the three atolls (Gischler, 2007). Lagoonal environments
appear more susceptible to habitat degradation than exposed reefs and were more
impacted by human activities than other reef zones within the Mexican MBRS
(Ntnez-Lara, Arias-Gonzdlez, and Legendre 2005).

The distribution of fish functional niches varied among reef zones. Both lagoons
and backreefs reflected their role as habitat for small to medium sized commercial
Lutjanidae but otherwise were functionally more depauperate than the other four
zones, which reflected spatial patterns of species diversity. In contrast, channels
supported processes such as herbivory, planktivory and those linked to mobile
life-styles. While functionally resembling channels, forereefs additionally supported
species interactions associated with phoresy. Westreefs emerged as remarkably
species-rich fish habitat in our study and showed to serve as nursery for planktivores
and live coral associated juveniles. Westreefs supported the highest abundances
of large predators in comparison to all other reef types at the limited depth
gradient examined here. This was also reflected by the over-occupancy of functions
associated with pelagic, commercially important predators and may be explained
due to sheltered westreefs being potential Orbicella spp. habitats (Chollett and
Mumby 2012), which have shown to support the most diverse fish communities
in the Caribbean (Mumby et al. 2008). Our finding is relevant in the context
that atoll westreefs are largely excluded from no-take conservation areas in current
management plans in Belize. This also has previously been highlighted by Acosta
et al. (2015) who reported similar observations for the west side at Glover’s Reef;

however, their study regarded deeper reefs than ours. Our findings underpin their
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recommendation that atoll westreefs should be considered in fisheries protection.
Furthermore, westreef locations in Turneffe Atoll appeared especially productive,
possibly due to mangrove islands providing additional shelter to leeward reefs. These
sites were among the most fish species rich and abundant in our study but are
to date not protected from fishing in the relatively recently implemented Turneffe
Marine Reserve management plan. We further suggest that the western reefs at
Turneffe reflect a unique functional role of atoll ecosystems within the MBRS.
Our findings suggest that local processes at the scale of atolls mediate the
influence of reef zones on fish communities, which are related to largely universal
biophysical forces. This suggests that considering both reef zonation and locality as
proxies of biophysical forces and local influences (e.g., fishing, pollution, geographic
setting) respectively, may aid in discerning factors influencing fish communities that

are in different ways caused by or subjected to human induced environmental change.
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Chapter 3

Metabarcoding reveals dietary
versatility of coral reef fishes in
response to habitat degradation

3.1 Abstract

The ability of consumers to behaviourally adjust to shifts in resources associated
with habitat degradation is a key mechanism promoting population persistence
since it determines a given species’ adaptive capacity. While generalist feeders are
expected to be less vulnerable than specialist feeders to changes in prey availability
associated with habitat change, the extent to which species manage to expand or
switch diet as a behavioural response to mitigate environmental changes is poorly
known. To test how the degradation of coral reef habitat has the potential to directly
affect food web linkages and trophic functions of benthic feeding fish, and ultimately
their physical condition, we used a DNA-based approach (metabarcoding) to link
variation in fish diet to differences in habitat quality across sites on the Caribbean
coast of Panama. Furthermore, we studied how fish condition varied as a function
of coral cover. Metabarcoding of gut contents of two invertebrate-feeding fish
species representing different feeding strategies (Chaetodon capistratus, a browser
and Hypoplectrus puella, an active predator) revealed dietary responses to habitat
degradation (i.e., live coral cover) in both species. However, the response was
much more pronounced for the browsing species showing a shift from an anthozoan

to an annelid dominated diet. Our results indicate the potential for adaptive
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capacity in the form of behavioural switches where diet is adjusted in degraded

environments according to prey availability.

3.2 Introduction

Behavioural versatility, particularly as it pertains to diet, is important for species to
persist despite habitat degradation (MacNally 1995; Wong and Candolin 2015). The
ongoing severe decline of coral reefs has shown to affect fish communities beyond
well-recognised negative effects on specialist species (Pratchett et al. 2018). Fish
adaptive capacity to altered habitats depends on how fishes cope with depleted or
alternative sets of resources (Munday 2004; Pratchett et al. 2004; Brooker, Brand],
and Dixson 2016). However, the degree to which species may adjust their diet in
response to benthic change remains poorly understood.

Generalised feeding strategies are common among coral reef fishes and may
allow fishes to adjust to changes in resource availability (Graham 2007a; Berkstrom
et al. 2012). However, alternative prey choice in response to habitat change may
entail lowered nutrition and thus reduce fish health condition (Pratchett et al. 2004;
Berumen, Pratchett, and McCormick 2005; Hempson et al. 2017) with potential
negative consequences for fitness and population persistence (Graham 2007a). The
majority of fishes that directly forage within benthic reef habitats on sessile (e.g.,
corals, sponges) and mobile (e.g., crabs, worms) invertebrates (later referred to as
invertivores) are generalist feeders and therefore largely assumed to be unaffected
by habitat decline due to their ability to switch diet in response to food availability
(Vézquez and Simberloff 2002). Recent research suggests that a more detailed
knowledge of dietary resource use is required to understand potential responses
to habitat and prey community change in coral reef fish (Harborne et al. 2017;
Pratchett et al. 2015; Brandl, Robbins, and Bellwood 2015). First, the realised
dietary niches of “generalist” species may be narrower than previously thought
(Kramer et al. 2015; Leray, Meyer, and Mills 2015). Second, contrary to expectations,

the response of generalist invertivores to habitat disturbance and decline appears
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variable (McClanahan et al. 2000; Wilson et al. 2006; Roff et al. 2013), likely as a
result of differences in their ability to switch prey or need for a broad diet.
Previous studies looking at responses in fish diet to habitat decline have mostly
focused on butterflyfishes (Chaetontidae) that specialise to various degrees on live
corals in the Indo-Pacific (Pratchett et al. 2004; Graham 2007a). However, with
extreme feeding specialisation being rare (Fox and Morrow 1981) we need to examine
the whole spectrum of resource use by fishes in order to better understand ecological
processes. Furthermore, it is not known whether and to what degree species’
versatility is sufficient to cope with rapid human-induced change. In addition, while
generalist behaviour is part of ecosystem tropho-dynamics, extreme dietary switches
may alter trophic pathways with unknown consequences for ecosystem functioning.
We here investigated the dietary versatility in two generalist feeding benthic
fishes. We selected two common reef fish species that feed on benthic prey and
represent two different feeding strategies: the barred hamlet Hypoplectrus puella
(Cuvier), a small, reef-associated sea bass (Perciformes: Serranidae) that is a
generalist, benthic predator (Holt et al. 2008) of mainly crustaceans and to a lesser
extent fishes (Randall 1967; Whiteman, Coté, and Reynolds 2007) and forages
within the reef structure within small foraging territories (Barlow 1975) (as opposed
to other hamlet species, foraging in H. puella has not been associated with aggressive
mimicry, Puebla 2009); the foureye butterflyfish Chaetodon capistratus (Linnaeus),
a browser feeding primarily on anthozoans with a preference for scleractinian corals
but has shown to complement its diet with other invertebrates such as polychaetes
(Birkeland and Neudecker 1981; Liedke et al. 2018). Chaetodon capistratus exhibits
differences in diet among geographical locations indicating dietary plasticity in
response to prey availability or differences in dietary preferences (Lasker 1985).
Geographical diet variation has also been observed in hamlets (H. nigricans, H.
chlorus) although not specifically in H. puella (Whiteman, Cété, and Reynolds
2007). Because hamlets exhibit little morphological and ecological variation (Lobel
2011; Hench et al. 2017; Thresher 1978), H. puella likely possess comparable

capabilities to adjust its diet.
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We quantified links between diet (composition and breadth), fish condition,
resource availability, and coral cover across a habitat gradient at the Bahia Almirante
in Bocas del Toro, Panama. We capitalised on the bay’s disturbance history of recent
severe hypoxic events leading to the die-off of many benthic organisms including
corals (Altieri et al. 2017) with increasing intensity towards the inner parts of the
bay. To assess levels of dietary versatility and fine-scale differences in generalist
diets with unprecedented taxonomic resolution, we employed DNA-metabarcoding.
Metabarcoding of gut contents allows identifying semi-digested as well as soft bodied
prey and small or cryptic organisms (meio- and microbiota) (Leray and Knowlton
2015; Chariton et al. 2015) that can remain undetected by conventional methods
(Nagelkerken et al. 2009, Berry et al. 2015).

3.3 Methods

3.3.1 Study area

The Bahia Almirante is a large (450 m?), semi-enclosed coastal lagoon forming part
of the Bocas del Toro Archipelago on the Caribbean coast of Panama (Aronson et
al. 2014). The bay harbours a diverse coral reef ecosystem characterised by strong
environmental forcing that influences the distribution, abundance, and persistence
of corals and associated benthic communities (Greb 1996; Seemann et al. 2014;
Cortes 2003). Reefs form isolated shallow structures on the slopes of the numerous
mangrove islets and larger islands, and to a lesser extent on shoals rising from the
lagoon seafloor (Greb 1996). The bay is confined by the mainland and protected
from ocean swell by several islands leading to restricted water-exchange with the
open ocean. Together with local climatic conditions, this creates an environment
with limited water flow, variable salinity (fluctuating locally from 30-34 PSS to
20 PSS) (Kaufmann and Thompson 2005; Collin et al. 2009) and elevated sea
surface temperatures during calm weather periods (Altieri et al. 2017; Cramer 2013).
While terrestrial run-off naturally elevates nutrients within the bay, both untreated

wastewater from tourism development and agricultural discharges intensify eutrophic
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levels (Guzman et al. 2005; D’Croz, Rosario, and Gondola 2005; Cramer 2013;
Altieri et al. 2017). Together these factors contribute to occasional reductions
in dissolved oxygen levels. In 2010 an unprecedented hypoxic stress event led to
drastic coral cover decline and die-off (Altieri et al. 2017), which resulted in a
hypoxia-induced gradient of habitat degradation across the bay. Similarly, this
gradient represents an exposure gradient from the outer bay to increased levels to
land-based pollution at the inner bay (Cramer et al. 2012). We took advantage
of this gradient of reef condition formed by hypoxia disturbance to test how reef
condition affects diet and condition of two species of reef associated, benthic-feeding
fishes. We selected nine discrete reefs that we assigned to one of three reef zones
based coral cover data: “outer bay”, “inner bay” and “inner bay disturbed”. The
outer bay zone featured highest coral cover and high topographic complexity, while
reefs in the inner bay zone were characterised by intermediate levels of coral cover
and coral morphologies of lower architectural profile, and reefs in the inner bay

disturbed zone comprised recently dead reefs of very low live coral cover.

3.3.2 Benthic, fish and invertebrate surveys

Benthic cover and reef fishes were surveyed in May and June of 2016 at our nine
study reefs. Three replicate transect lines (20 m) per reef were placed parallel to the
shore at a depth of 2-4 m. To estimate benthic cover and community composition,
ten quadrats (100 x 70 cm) were photograped at two meter increments along each
transect (quadrats per site N = 30). We analysed photos using CoralNet (Beijbom
et al. 2015) with a stratified random sampling approach consisting of ten rows by
ten columns with one point per cell (100 points per photo). Mean cover per reef
was quantified at the level of broad taxonomic groups (e.g., hard coral, soft coral,
macroalgae, sponge, dead coral, zoanthids, rubble) to avoid potential identification
errors arising from variation in image quality. Fish communities were surveyed along
a 20 m belt (2.5 m at each transect side) by one experienced surveyor recording the
abundance and identity of all non-cryptic fish species using scuba. Diversity and

abundance of macro-invertebrates (> 2 millimetres; mm) was assessed using three
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Figure 3.1: Study area at the Bahia Almirante, Bocas del Toro (Panama). Fish were
collected at nine reefs across three zones of different levels of coral cover: outer bay (blue),
inner bay (green) and inner bay disturbed (orange).

quadrats per reef (0.5 x 0.5 m). Quadrats were placed on continuous surfaces of
dead coral (mainly Agaricia tenuifolia) and all coral rubble was carefully collected in
bins and transported to the field station. At the laboratory, collected invertebrates

were counted and identified to the lowest taxonomic level.

3.3.3 Fish collection

Both study species are common Caribbean reef fishes and their conservation status
is of least concern (IUCN; Rocha et al. 2010; Anderson et al. 2015). Twenty adult
fishes per species were collected by spearfishing at each of the nine reefs in February

and March of 2018 (Fig. 3.1) following protocols approved by the Institutional
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Animal Care and Use Committee of the Smithsonian Tropical Research Institute
(IACUC). Immediately after capture, each fish was anesthetized on the boat in a
sterile and labelled Whirl-Pak bag with seawater and clove oil and subsequently
stored on ice. Upon return to the field station, fish weight (g wet weight), Standard
Length (mm SL), and Total Length (mm TL) were measured using a digital calliper.
At a later stage, further linear body size parameters were obtained after thawing fish
i.e., head length (mm), body depth (mm)]. Each fish was dissected under a laminar
flow hood using sterile, DNA de-contaminated tools and gastrointestinal tracts were
individually preserved in 96% ethanol and stored at —20°C' until DNA extraction.
To prevent cross-contamination, sterile gloves were changed after processing each
fish and the hood was DNA de-contaminated using 10% Sodium Hypochlorite
followed by 90% EtOH. A new set of sterile, de-contaminated tools was used for
each fish. To do so, scissors and forceps were put in a 10% Sodium Hypochlorite
bath for 15 min, thoroughly rinsed with Milli-Q water and subsequently 70% ethanol

and flamed to remove any remaining bleach, water contaminants or tissue.

3.3.4 Prey tissue preparation

Due to different degradation states of prey between stomach and gut potentially
leading to amplification biases during PCR, the digestive tracts of both fish species
were separated into stomach and gut. In addition, variation in size or biomass
among prey remains may inhibit recovery of the complete prey community when
extracting DNA in bulk samples of benthic marine communities (Aylagas et al.
2016; Leray and Knowlton 2015). To exclude as much predator tissue as possible
from the metabarcoding analysis, the stomachs of C. capistratus and intestines of
C. capistratus and H.puella were dissected longitudinally and stomach contents
and digesta isolated respectively. In the case of H. puella, stomachs contained
mainly morphologically identifiable, whole or partial prey organisms; thus, these
were excluded from metabarcoding.

Prey tissue was removed from stomachs and digesta and mucosa isolated from

guts using sterile and DNA-decontaminated forceps and disposable sterile surgical
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blades. Gut mucosa was included here since samples were also used for analysis
of bacterial communities with a 16S marker. Isolated stomach contents and
digesta were then weighed (wet weight mg) individually on clean, sterile weighing
boats on a digital scale. A dissection and extraction blank as negative control
was introduced at this step by performing each preparation step with a sample
consisting of nuclease-free water. One negative control was included in each set

of extractions (~20 samples).

3.3.5 DNA extraction

DNA was extracted using the Qiagen Powersoil DNA isolation kit following the
manufacturers instructions with minor modifications to increase the yield. Since the
Powersoil kit is designed to counteract potential PCR inhibitors such as humic acids
that can induce false negative results (Matheson et al. 2010; Thomsen and Willerslev
2015, Aylagas et al. 2016) it is well-suited for extracting DNA from stomach contents
of mixed diet including invertebrates containing high levels of polysaccharides.
Between 0.05 and 0.25 g of prey tissue per sample from C. capistratus’ stomach
contents and between 0.05 and 0.25 g of H.puella digesta (gut contents) were
added to individual eppendorf tubes containing power beads with bead solution,
C1 solution (60 ul) and 20 ul proteinaseK (0.4 mg.mL-1) to enhance the lysis
of animal tissue as well as algae. Because yield was low in an initial set of five
extractions of gut content samples, we briefly vortexed the eppendorf tubes with
digesta before an additional incubation step of 15 min at 60°C" with 1000 rpm
agitation to allow for beginning of tissue lysis by Proteinase K before mechanic
disruption by vortexing with beads. Samples were then vortexed for 5 min on the
Vortex Genie 2 with vortex adapter followed by a 1:45 hour incubation at 60°C' with
1000 rpm agitation. The eppendorf tubes containing stomach content samples were
vortexed for 5 min using a Vortex Genie 2 (Scientific Industries) with vortex adapter
and subsequently incubated at 60°C for two hours with agitation (1000 rpm) on
an Eppendorf™ Thermomixer™ R. The longer incubation step recommended in

previous studies (Leray, Meyer, and Mills 2015; Wangensteen and Turon 2017)
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helped lyse hard shelled invertebrates as well as coral and potentially algae. DNA
was eluted in 100 ul buffer (C6 solution).

3.3.6 DNA extract quality assessment

DNA extracts were diluted 5 times in nuclease-free water and the molecular weight
of the extracted genomic DNA was assessed with electrophoresis of GelRed™-
stained DNA on an agarose gel of 1.5%. DNA concentration (ng/ul) was quantified
with Quant-iT™ dsDNA High-Sensitivity Assay Kit using a Invitrogen Qubit®

Fluorometer (Life Technologies), before storing DNA extracts at —20°C.

3.3.7 Metabarcoding

To enable identification of prey items at species levels, we targeted a 313bp fragment
of the hyper variable mitochondrial Cytochrome ¢ Oxidase subunit I (mtCOI)
gene region with a versatile PCR primer set (mlCOIlintF and jgHCO2198, Geller
et al. 2013; Leray et al. 2013a) (Table B.1). This primer set was originally
designed for the amplification of metazoan DNA, was tested on coral reef fish gut
contests (Leray et al. 2013a), and has previously successfully amplified diverse bulk
samples of marine benthic taxa as well as provided reliable abundance estimates
(Leray and Knowlton 2015). In each PCR reaction, we included consumer-specific
annealing blocking primers (Table B.2) (at 10x COI primers) since amplification
of consumer DNA can overwhelm the recovery of prey (Vestheim and Jarman
2008). Blocking primer design and thermocycling parameters followed the methods
described in Leray et al. (2013b).

Tagging approach

We used matching oligonucleotide indices (Coissac, Riaz, and Puillandre 2012;
Binladen et al. 2007) on both forward and reverse primers of each sample to
allow for multiplexed sequencing runs and subsequent identification of read-sample
affiliations as well as to prevent tag-jumping—a process that may generate spurious

assignments of sequence reads to samples (Schnell, Bohmann, and Gilbert 2015;



50 3.3. Methods

Alberdi et al. 2017; Caroe and Bohmann 2020). The first tag was introduced
at the amplicon PCR stage using indexed primers and a second tag was added
via the ligation of single indexed TruSeq adaptors (Y adaptors) during library
preparation as detailed in Leray et al. (2016). This resulted in each sample
being indexed following the scheme: samplel: Index1-mlCOIF /jgHCO-Adapter 1;
sample 2: Index2-mICOIF/jgHCO-Adapter 2. For each PCR primer, indices of 6bp
nucleotide sequences were placed at the 5’ end with a minimum of variation in 3bp
among primers. Using the same index sequences has previously been shown not to

significantly compromise the retrieval of OTUs (Leray and Knowlton 2017).

Amplicon PCRs

Polymerase Chain Reaction (PCR) was carried out for three replicates of each
sample to enhance prey detection probability and account for variation in PCR
amplifications caused by PCR drift (Leray and Knowlton 2015; De Barba et al. 2014;
Alberdi et al. 2017). Per reaction, a total volume of 20 pl comprised of 2 x PCR
buffer (Clonetech) with 1.8 mM MgCl2, 3% DMSO, 0.2 mM dNTP, 0.4 Advantage
TAQ polymerase (Clonetech), 1 pM of forward and reverse primer respectively
(mlCOlintF and jgHCO2198) and 1 ng/ul of DNA template. PCR blank (using
1 ng/ul nuclease free water instead of DNA template) was included in each PCR
run and positive controls were included in PCRs of gut samples. PCR thermal
cycling conditions consisted of an initial denaturation step of 5 minutes at 95°C
followed by 38 cycles of 95°C' (30 seconds), 48°C' (30 seconds), 72°C' (45 seconds),
with a final 5 minute extension at 72°C' and a final cooling step of 4°C'. Aliquots
of PCR product were diluted five times in nuclease-free water and amplicon size
assessed with electrophoresis on 1.5% agarose gel stained with GelRed™. DNA
concentration (ng/ul) was quantified using a Qubit Fluorometer (dsDNA High-
Sensitivity Assay Kit, Invitrogen, Life Technologies) and PCR product stored at

3°C' for subsequent clean-up.
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PCR clean-up and quantitation

To ensure optimal conditions for downstream preparation of libraries for sequencing,
PCR reaction artefacts and impurities such as primer dimers and dntps need to
be removed from the PCR product. PCR clean-up was performed using DNA
Purification SPRI (Solid Phase Reversible Immobilization) Magnetic Beads (KAPA
Pure Beads, Roche) with fragment size selection of desired clean-up targets, which
was achieved by using a bead:DNA ratio of 1:1.6. The three PCR replicates generated
for each sample were pooled and eluted in 30 pl nuclease-free water and 28 nl purified
PCR product obtained per sample. An aliquot per sample of the cleaned PCR
product was diluted 10 times (2 pl PCR product and 18 pl of nuclease-free water)
and quantified using a Qubit R 2.0 Fluorometer with Qubit R dsDNA HS Assay Kit.

Library preparation

To achieve similar numbers of reads per sample after sequencing, amplicon DNA
was normalized at 5ng/ul using nuclease-free water for equimolar concentration
among cleaned PCR products for pooling. Equimolar amplicon DNA of samples
with each unique tags were then pooled into the same adapter group respectively,
for adapter ligation. Adapters consist of short sequences of few nucleotides that
enable DNA fragments to bind to flow cells on the sequencing platform. Using
adapter ligation prevents the need of additional PCR cycles, which would represent
additional sources of bias. TruSeq DNA PCR-free LT library Prep Kit (Illumina)
was used for the following library preparation steps. First, end repair was performed
to convert damaged DNA fragments (e.g., resulting from PCR or repeated freezing
and thawing) incompatible protruding ends (5L- and/or 3L-) to 5L-phosphorylated
and 3L-hydroxyled, blunt-ended fragments. Then, an A homopolymeric nucleotide
was added to the 3’ end of the double stranded, blunt ended DNA molecule via
enzymatic reaction to prepare for ligation of adapters with 3’dT overhangs. Y-
adapters were ligated and adapter pools diluted to 10ng/nl using resuspension
buffer. 4yul of each 10ng/pl adapter pool was pooled into the same tube for the

the final library and paired end sequenced on an Illumina Miseq.
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Sequence analysis

After demultiplexing, sequence reads were adapter-, primer- and quality-trimmed
with Flexbar (version 3.0.3, Roehr, Dieterich, and Reinert 2017). Subsequently,
sequences were filtered, chimera-checked, and processed into amplicon sequence
variants (ASVs) with DADA2 (Callahan et al. 2016). ASVs were then clustered
with VSEARCH (Rognes et al. 2016) at a 97% identity threshold into OTUs
to approximate biological species. OTU were curated with the LULU algorithm
(Freslev et al. 2017) by reducing taxonomic redundancy and enhancing the richness
estimate accuracy (LULU parameters: minimum ratio type = “min”, minimum
ratio = 1, minimum match 84, minimum relative co-occurrence = 0.95). OTUs were
assigned taxonomy using the Bayesian Least Common Ancestor (BLCA) taxonomic
classifier (Gao et al. 2017) against the Midori-Unique v20180221 database (Machida
et al. 2017), which is a curated metazoan COI sequence library (available at
www.reference-midori.info). We omitted all BLCA taxonomy assignments of less
than 50% confidence. Unassigned OTUs were blasted (BLAST searches, word
size = 7; max e-value = 5e-13) against the whole NCBI NT database (retrieved
May 2018) and the lowest common ancestor of the top 100 hits was used to assign

taxonomy. The taxonomy assignment results and LULU-curated OTU table were

analysed in R (R Development Core Team, 2008).

3.3.8 Statistical analyses

Benthic and fish surveys

Differences in benthic composition among three reef zones were visually assessed
using Principal Coordinates Analysis (PCoA) based on Bray-Curtis dissimilarity
(Bray and Curtis 1957). We plotted eigenvectors depicting the relative contribution
of benthic groups to separation among zones. To test for significance in differences
among mean percentage coral cover among zones, we used Kruskal Wallis tests
(Kruskal and Wallis 1952). Fish and invertebrate communities were compared
among zones using Nonmetric Multidimensional Scaling (NMDS) (Clarke and

Warwick 2001) based on Jaccard similarity (Jaccard 1912) for presence absence
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data and Bray-Curtis dissimilarity for abundances. Plots were generated of fish

focal species abundance across zones using line graphs.

Diet composition

Dietary composition for both fish species was visualised with stacked bar charts
of prey relative abundances using the phyloseq package version 1.30-0 (McMurdie
and Holmes 2013). To examine differences in fish dietary composition among
reef zones, we used NMDS ordination based on Bray Curtis dissimilarity (MASS
package v7.3.51.6, Riplley et al. 2002).

Fish length-weight relationships and condition

We first modelled the length-weight relationship for the whole dataset using linear
regression (Im function, FSA R package v 0.8.30, Ogle, Wheeler, and Dinno 2020)

logW « logL

where L and W are the respective natural log transformed fish total length
(mm) and weight (g). To assess whether fish length-weight relationships followed
an allometric or isometric growths pattern, we tested the hypothesis that the slope
of the fitted regression models was not equal to three (b 3) (hoConf function, FSA
R package v 0.8.30). To compare fish condition (e.g., the relative ‘plumpness’ of
a fish in relation to a given length-—with plumper fish of a given length assumed
to be in better condition, Tesch 1968; Froese 2006) among zones, we calculated
the relative condition factor (Kn) (Cren 1951) by estimating the deviation between
the observed weight to the predicted length-specific mean weight of the population
(Blackwell 2000, Froese 2006)

W

Kn = alb

where a and b are the species- and population specific length — weight parameters
obtained from the length-weight regression, L is the natural log transformed observed
total length (mm) and W the natural log transformed observed weight. Due to

the local scope of our study focusing on small-scale spatial differences among fish
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subpopulations within species, the relative condition measure was used as opposed
to the relative weight (wr), the latter of which is based on standard weight developed
across populations (Blackwell, Brown, and Willis 2000). To assess how fish condition
varied across zones, we plotted relative fish condition b’ against fish size classes
grouped by zone. Lastly, we assessed whether the slopes of the regression differed
among zones by modelling the interaction between fish total length and zone in

affecting the length-weight relationship

logW «~ logL x Zone

One-way Analysis of Variance (ANOVA) was used to determine whether slopes
differed significantly (anova function, FSA R package v 0.8.30; Ogle, Wheeler,
and Dinno 2020)

Statistical models

We used generalized linear mixed effects models (GLMMs) with a negative binominal
distribution (function glmer.nb, lIme4 package v1.1-21, Bates et al. 2015) to test
for effects of percent coral cover and position (inside versus outside of the bay) on
sequence relative read abundance of dominant diet categories as identified prior by
metabarcoding for C. capistratus (annelids and hard corals) and H. puella (benthic
and planktonic crustaceans). In addition, we tested whether coral cover predicted
fish and sessile invertebrate prey as well as parasite load in H. puella. According to
our study design, we included the random effect of zone, with reef nested within zone.
The distribution of data was checked using histograms and transformed to optimise
models i.e., hard coral was square root-, annelid fourth root-, and crustaceans log
transformed. Akaike information criterion (AICc) (aictab function, AICcmodavg
v2.2-2, Mazerolle 2019) was used to pre-select models. Final selection was based
on likelihood ratio tests (function anova, lme4 package v1.1-21, Bates et al. 2015)
testing the significance of the predictor variables against null-models. Data were

visualised using q plots and model fit was examined with Q-Q plots.
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Diet strategy

To characterise the feeding strategy of both fish species in terms of how specialised
or generalised the diet appears on the population level, we used a graphical analysis
proposed by Amundsen et al. (Amundsen, Gabler, and Staldvik 1996) modified
from Costello (1990). To generate diagrams representing feeding strategy and
prey importance at three reef zones, frequency of occurrence was calculated as
the percentage of fish individuals in which a prey item is present against the total
number of fish. Prey specific abundance was calculated as the percentage of the diet

that a food item represents across only those fish individuals where it was present

where P; is the prey-specific abundance of prey i, S; is the abundance prey
i in the stomach (or gut) content and S the total prey abundance in only those
consumers where prey i is present. Because a species generalist diet profile may
arise from either broad individual diets and/or high variation in diet composition
among individuals (Bolnick et al. 2003; Amundsen, Gabler, and Staldvik 1996),
Amundsen’s method includes an indirect measure of the contribution to niche
width of both within individual variation (within phenotype component, WPC)

and variation among individuals (between phenotype component, BPC).

3.4 Results

3.4.1 Benthic, fish, and invertebrate surveys

Benthic composition and amount of live coral cover differed among the nine study
reefs and the three reef zones. Reefs located at the outer bay featured the highest
levels of live coral cover (mean cover per transect: SCR 37.1%, PPR 33.0%, CCR
29.3%; Fig. 3.2) and coral diversity (Shannon diversity) and were dominated by
stony coral species (i.e., Acropora cervicornis, Agaricia tenuifolia) and fire corals
(i.e., Millepora alcicornis, Millepora complanata). Live coral cover was lower at

inner bay reefs (mean cover per transect: ALR 21.21%, SIS 13.33%, ROL 9.4%;
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Fig. 3.2) and dominated by lettuce coral Agaricia tenuifolia but cover of sponges
was high (mean sponge cover per transect: ALR 23%, SIS 18.5%, ROL 34.23%).
The inner bay disturbed zone showed the lowest levels of live coral cover (mean
cover per transect: RNW 0.77%, PST 0.27%, PBL 0%; Fig. 3.2) with a high
proportion of dead coral (mean cover per transect: RNW 45.3%, PST 21.4%, PBL
53.6%) and similar high levels of sponges to the inner bay (mean cover per transect:
RNW 27.33%, PST 21.33% and PBL 21.93%). Nonmetric multidimensional scaling
(NMDS) of fish communities showed no separation between the outer and inner
bay zone but the inner bay disturbed zone appeared distinct (NMDS; Bray Curtis
dissimilarity) (Fig. B.4A). Abundance levels of both fish species appeared overall
similar among reef zones (<5 individuals per transects) with highest abundances at
the inner bay zone for both species (Fig. B.2A and B.2B). Invertebrate communities
(>2 mm) did not significantly differ significantly among the three reef zones (NMDS,
Fig. B.4B). However, crustaceans in the family Mithracidae, which were important
diet items of H. puella, showed significantly lower abundances at the inner bay

disturbed zone (Fig. B.3B).

3.4.2 Fish length-weight relationship and condition

Chaetodon capistratus total length (TL) ranged from 53.49 to 98.19 mm (mean +
SD = 79.99 + 10.65) and wet weight (W) ranged from 5.34 to 34.40 gr (mean + SD
= 17.93 £+ 7.19). Hypoplectrus puella total length (TL) ranged from 56.73 to 125.23
mm (mean + SD = 91.35 + 8.96) and wet weight (W) ranged from 3.01 to 23.49 gr
(mean + SD = 14.67 + 3.91). One-way ANOVA showed that fish length and weight
differed significantly among zones for both species (ANOVA; C. capistratus F =
3482.79, p < 2e-16; H. puella F = 1736.52, p < 2e-16) with C. capistratus being of
largest size and heaviest at the inner bay zone (TL mean + SD = 87.00 + 10.26; W
mean £+ SD = 23.04 £ 6.71) and smallest and lightest at the inner bay disturbed
zone (mean £ SD = 73.17 + 9.92; W mean + SD = 13.57 £ 6.46) with intermediate
values at the outer bay zone (mean + SD = 80.33 + 6.99; W mean + SD = 17.59

+ 5.16). Hypoplectrus puella was largest and heaviest at the inner bay disturbed



3. Metabarcoding reveals dietary versatility of coral reef fishes in response to habitat
degradation 57

Coral Cover

(Habitat gradient)
80
° Reef
60 1 E3 SCR
X E3 PPR
o E3 CCR
3 E3 ALR
8 40
= + SIS
5 Tl ROL
O E3 PST
20 EJ RNW
¢ | E4 PBL
04 | _;__ﬁ___
Oute'r bay Inne;' bay Inner bay'disturbed
Zone

Figure 3.2: Percent live hard coral cover across the habitat gradient from high coral
cover (outer bay zone) to low coral cover (inner bay disturbed zone). Diamonds depict
means across transects per reef.

zone (TL mean + SD = 94.07 £ 6.56; W mean + SD = 15.98 + 3.08), whereas
individuals were slightly smaller and lighter at the inner bay (TL mean + SD =
92.44 + 9.01; W mean + SD = 14.13 + 4.97) and outer bay zone (TL mean + SD
= 93.91 £ 9.71; W mean £+ SD = 13.23 £ 4.31). We found a significant interaction
between fish total length and zone in affecting the length-weight relationship for
both species (ANOVA; C. capistratus F' = 3.383, p = 0.037; H. puella F' = 4.546,
p = 0.012). The relative fish condition factor (Kn) across fish size classes varied
by zone (Fig. 3.3B, 3.4B). Chaetodon capistratus showed a greater variability in
condition within and among size classes at the inner bay disturbed zone where
it also featured the most size classes (class 1-9) compared to the other zones. At
the inner bay zone, condition dropped sharply below the optimum value of 1 for
the second largest size class (size class 8), contrasting smaller size classes (classes
3-5) with mean condition factors above 1, and the largest size class (9) was not
observed at this zone. The outer bay zone showed the most consistent condition

values across size classes in C. capistratus (Fig. 3.3B). Unlike C. capistratus, H.
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puella featured the greatest spectrum of size classes at the outer bay (Fig. 3.4B).
Fishes of largest size classes appeared in better condition at the outer bay than
at both zones inside of the bay (Kn > 1). Fish condition was similar at inner bay
and inner bay disturbed zones; however, only five of ten size classes were present

at the inner bay disturbed zone (Fig. 3.4B).

3.4.3 Diet composition

Sequence Analysis

A total of 18,427,824 raw paired-end reads were recovered. After denoising, removing
chimeras, and processing, retained high quality reads resulted in 1009 OTUs assigned
to the kingdom of Metazoa, of which 166 (16.5%) were matched to species level
in the Midori reference library and Genbank (>97% similarity). An additional
613 OTUs could be assigned to higher taxonomic levels. The extraction and PCR

controls did not show contamination.

Chaetodon capistratus

Non-metric multidimensional scaling (NMDS; Clarke and Warwick 2001) of sequence
read relative prey abundance data showed clear separation among reef zones of
varying coral cover: high coral cover reefs at the outer bay grouped together and
were clearly separated from the group of the most degraded lagoonal reefs (Fig. 3.5).
Thus, the NMDS ordination of C. capistratus’ diet composition reflected the habitat
gradient (Fig. 3.5). Barplots exploring diet composition by phylum among sites
across the habitat gradient showed diet was dominated by cnidarians at high coral
cover sites whereas diet was dominated by annelids at the most degraded sites with
less dietary preference apparent at intermediate sites (Fig. 3.7). The predominant
dietary pattern across the habitat gradient described a switch between phyla from a
cnidarian-dominated diet towards an annelid-dominated diet. Chaetodon capistratus’
dietary composition of cnidarian taxa shifted across the habitat gradient: at the
high coral cover zone Porites sp. together with soft corals were prevalent, while

anemones and Porites sp. were dominant in the diet inside of the bay. There were
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Figure 3.5: Differences in fish diet across sites for C.capistratus. Nonmetric multidimen-
sional scaling plot (NMDS) is based on Bray-Curtis distance matrices between individual
fish. Dots depict fish individuals; reef zones are coded by colour: blue = outer bay, green
= inner bay, and orange = inner bay disturbed.

low proportions of reads belonging to coralimorpharia and zoantharia, and soft

corals were in negligible proportions in diets of fish at the inner bay.

Hypoplectrus puella

The NMDS showed a similar but less pronounced separation of prey taxa relative
abundances among reefs and reef zones for Hypoplectrus puella (Fig 3.6). Outer bay
reefs separated from the inner bay disturbed and inner bay zone; however, there was
no separation between two zones located inside of the bay. At the phylum level, diets
were dominated by arthropods across all reefs and zones. However, differences in diet
composition among reefs and zones emerged at lower taxonomic levels. At the order
level, differentiation among reefs became apparent within Arthropoda, with more
copepods being consumed inside of the bay and more decapods at the high coral cover
outer bay reefs. When comparing arthropods in the diet of H. puella across reefs at

the genus level, macro-crustacean dominated diet at outer bay reefs and a planktonic
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Figure 3.6: Differences in fish diet across sites for H. puella. Nonmetric multidimensional
scaling plot (NMDS) is based on Bray-Curtis distance matrices between individual fish.
Dots depict fish individuals; reef zones are coded by colour: blue = outer bay, green =
inner bay, and orange = inner bay disturbed.

micro-crustacean dominated diet across the inner bay and inner bay disturbed zones
(Fig. 3.8). Diets within the bay had a large proportion of the copepod Temora
stylifera, whereas diets at outer bay reefs were dominated by the genus Mithraculus
and to a lesser extent Leptochelia, and Pseudosquilla as well as smaller proportions

of Sicyonia, Panoplax, Synalpheus, and Neogonodactylus (Fig. 3.8).

3.4.4 Effects of coral cover on fish diet

Coral cover had a significant effect on the relative abundance of hard corals (x? =
8.58, p = 0.003) and annelids in the diet of C. capistratus (x* = 5.94, p = 0.015)
(Fig. 3.9A and 3.9B, Table 3.2). Reef position (outside versus inside of the bay)
also affected the butterflyfish diet (hard coral, x* = 4.46, p = 0.035; annelid, x? =
7.64, p = 0.006). Likewise, the interaction between position and coral cover was

significant for both corals and annelids in the diet of C. capistratus, indicating
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Figure 3.7: Variation in diet composition across the habitat gradient for Chaetodon
capistratus by phylum. MLCCR, = high coral cover - MLPBL = low coral cover

that the effect of coral cover differed if inside or outside the bay (hard coral, x?
= 9.87, p = 0.02; annelid abundance, x*> = 8.56, p = 0.036).

Coral cover did not predict benthic arthropods, the dominant diet item in the
gut of H. puella, (x* = 1.73, p = 0.188) (Fig. 3.9C, Table 3.2). In contrast, coral
cover predicted the consumption of planktonic arthropods (x? = 4.62, p = 0.032)
(Fig. 3.9D, Table 3.2). Position across the bay had no effect on the consumption
of benthic or planktonic arthropods but the amount of sessile invertebrates in
the guts of H. puella was predicted by position (x? = 3.89, p = 0.049), whereas
coral cover had no significant influence (y* = 1.66, p = 0.297) (Table 3.2). We
found no significant relationship between the abundance of fishes consumed by
H. puella with coral cover or position; this was also the case for parasite DNA

detected within the guts of H. puella (Table 3.2).
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3.4. Results

Class Order Family Genus Species Common name
Actinopteri  Acanthuriformes Acanthuridae Acanthurus Acanthurus chirurgus doctor fish
Actinopteri Kurtiformes Apogonidae Phaeoptyx Phaeoptyx xenus sponge cardinalfish
Actinopteri Kurtiformes Apogonidae Phaeoptyx Phaeoptyx pigmentaria dusky cardinalfish
Actinopteri Blenniiformes Blenniidae Hypleurochilus Hypleurochilus geminatus crested blenny
Actinopteri NA Centropomidae NA NA snook
Actinopteri Blenniiformes Chaenopsidae Acanthemblemaria Acanthemblemaria chaplini papillose blenny
Actinopteri Blenniiformes Chaenopsidae Emblemariopsis Emblemariopsis arawak araw glass blenny
Actinopteri Gobiiformes Gobiidae Coryphopterus Coryphopterus glaucofraenum bridled goby
Actinopteri Gobiiformes Gobiidae Elacatinus Elacatinus illecebrosus barsnout goby
Actinopteri Gobiiformes Gobiidae Coryphopterus Coryphopterus personatus masked goby
Actinopteri Gobiiformes Gobiidae Coryphopterus Coryphopterus eidolon pallid goby
Actinopteri Gobiiformes Gobiidae Risor Risor ruber tusked goby
Actinopteri Gobiiformes Gobiidae Gnatholepis Gnatholepis thompsoni goldspot goby
Actinopteri Lutjaniformes Haemulidae Haemulon Haemulon macrostomum spanish grunt
Actinopteri Lutjaniformes Haemulidae Haemulon Haemulon steindachneri latin grunt
Actinopteri  Gymnotiformes Hypopomidae Brachyhypopomus Brachyhypopomus occidentalis  bluntnose knifefish
Actinopteri Labriformes Labridae Sparisoma Sparisoma chrysopterum redtail parrotfish
Actinopteri Blenniiformes Labrisomidae Starksia Starksia occidentalis occidental blenny
Actinopteri NA Sciaenidae NA NA drum
Actinopteri Perciformes Serranidae Serranus Serranus flaviventris Twinspot bass
Actinopteri Blenniiformes Tripterygiidae Enneanectes Enneanectes altivelis lofty triplefin

Table 3.1: Fishes identified in the diet of Hypoplectrus puella (including only those
OTUs that have been identified to at least family level, 41% of all 51 OTUs assigned to

Actinopteri).
Species Model Response (diet) Predictor Random Effect X2 P
1 Annelid Coral cover Zone/Reef 5.94 0.015
2 Annelid Position Zone/Reef 7.64 0.006
Chaetodon 3 Hard coral Coral cover Zone/Reef 2.39 0.122
capistratus 4 Hard coral Coral cover Reef 8.58 0.003
5 Hard coral Coral cover Zone 5.38 0.02
6 Hard coral Position Reef 4.46 0.035
7 Benthic arthropod Coral cover Zone/Reef 1.73 0.188
8 Benthic arthropod Position Zone/Reef 1.66 0.197
9 Planktonic arthropod Coral cover Zone/Reef 4.62 0.032
Hypoplectrus 10 Planktonic arthropod Position Zone/Reef 1.55 0.214
puella 11 Sessile invertebrates Coral cover Zone/Reef 1.66 0.297
12 Sessile invertebrate Position Zone 3.89 0.049
13 Fish Coral cover Zone/Reef 0.77 0.38
14 Parasite Coral cover Zone/Reef 0.02 0.885

Table 3.2: Results of general linear mixed effects models examining the effect of coral
cover on different prey items in the diets of Chaetodon capistratus and Hypoplectrus
puella. Coral cover accounted for variation in both the hard coral and annelid diet of C.
capistratus and the consumption of pelagic arthropods in the diet of H. puella. Significant
effects are depicted in bold.



3. Metabarcoding reveals dietary versatility of coral reef fishes in response to habitat
degradation 65

Hypoplectrus puella Diet Composition

Habitat Gradient
1.00 A
. Genus
Undinula
;\-.; Temora
N 0.754 . Synalpheus
ﬁ Sicyonia
'GEJ . Pseudosquilla
9, - Petrolisthes
3 0504 Penilia
§ ’ . Panulirus
E . Panoplax
< . Nonala
_02’ [ Neogonodactylus
% 0.254 - Mithraculus
o . Leptochelia
. Hemus
- Eurythenes
0.00

MLéCR MLIE’PR MLéCR ML;\LR ML‘S[S MLI'?OL MLIE—’ST MLR;NW Mth—’BL

Figure 3.8: Variation in diet composition across the habitat gradient for Hypoplectrus
puella at the genus level within arthropods, their main prey target group. MLCCR =
high coral cover — MLPBL = low coral cover

3.4.5 Diet strategy

Chaetodon capistratus

Amundsen plots of fish diet strategy across zones indicated that the diet of C.
capistratus was dominated by very few dominant prey items indicated by points
located in the middle to upper right corner of the plots (Fig. 3.11A, 3.11B,
3.11C). However, this relatively specialised diet was complemented by a diverse
array of occasional prey items that were consumed in low abundance (lower left
corner of the plot). According to the Amundsen plots, C. capistratus appears
as a facultative specialist. Across the habitat gradient, C. capistratus switched
its main diet item from hard coral i.e., Poritis sp. (phylum Cnidaria) at the
outer bay zone (Fig. 3.11A, 3.11B, 3.11C), to a mix of Poritis sp. and a sessile
worm, Loima medusa (phylum Annelida) at the inner bay zone (Fig. 3.11B),
towards a diet dominated by Loima medusa at the inner bay disturbed zone (Fig.

3.11C). The observed switch in specialisation entailed a decrease in the within
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Figure 3.9: Negative binomial generalized linear mixed-effects models (GLMMs) were
fitted to predict the effect of percent coral cover on the amount of dominant diet items
consumed by two fish species; C. capistratus feeding on annelids (A) and hard coral (B)
and H. puella feeding on benthic arthropods (C) and planktonic arthropods (D). Smoothed
black lines depict the overall trends across the coral cover gradient while coloured lines
represent variability within each reef zone; the contrasting patterns between black and
coloured lines suggest the presence of scale-dependent trends in prey consumption. Annelid
read abundance was fourth root transformed, hard coral read abundance was square root
transformed and reads of both arthropod groups were log transformed to improve model
fitting.

phenotype component (WPC component) indicating that the diet was less diverse
within individuals at the disturbed zone and more specialised in comparison with

both other zones (Fig. 3.11C).

Hypolectrus puella

H. puella displayed an arthropod dominated, generalist diet across zones (Fig.

3.11D,3.11E,3.11F). At the outer bay, some arthropods (e.g., crabs in the genus
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Mithraculus) appeared to be consumed frequently and in large quantities (25-50%)
relative to other prey items, but this was not as apparent at both zones located
inside of the bay (<25%) (Fig. 3.11D,3.11E,3.11F). In contrast, the frequency of
micro-crustaceans in the diet increased across the inner bay dominated by copepods
in the genus Temora (Fig. 3.11E,3.11F). At both inner bay zones, we found an
increase of the between phenotype component (BPC component) indicating an
increase in individual specialisation and a broader diet on the population level at
these reefs as opposed to the outer bay reefs. There was also slightly more fish

consumed at reefs located inside of the bay (Fig. 3.11E,3.11F).
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Figure 3.10: Schematic feeding strategy diagram obtained from Amundsen et al.
1996. The diagram illustrates how niche width contribution (feeding strategy) and
prey importance is inferred from i) the vertical axes indicating specialisation (upper part)
and generalisation (lower part) and ii) the diagonal axes representing the WPC (within
phenotype component, lower right corner) and BPC (between phenotype component,
upper left corner) indices. For example, if there are no prey points in the upper right of
the diagram and all prey points are located along or below the diagonal from the upper
left to the lower right, the predator population is considered to have a broad dietary niche
width.
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3.5 Discussion

Here we showed that the diet composition of two invertivorous coral reef fish
species (Chaetodon capistratus, Hypoplectrus puella) is triggered by a change in the
proportion of live coral cover despite their relatively generalised feeding strategies
and tendency to feed on different components of the community. The browsing,
sessile invertebrate feeder C. capistratus gradually switched from a diet dominated
by cnidarians on the healthier reefs (~30% live coral cover) to a diet dominated
by annelids on severely degraded reefs (~0% live coral cover). Hypoplectrus puella,
a predator of predominantly mobile invertebrates, also showed dietary changes
associated with the proportion of coral cover. It shifted from a diet primarily
composed of macro-crustacean on outer bay reefs (~30% coral cover) to a diet
dominated by pelagic micro-crustacean on inner bay reefs (~0-13% coral cover).
Additionally, some H. puella individuals broadened their diet by including an
increased proportion of fish prey at reefs located inside of the bay.

The dietary switch in C. capistratus was clearly driven by coral cover. On the
population-level, its diet appeared to relate to availability of prey as suggested
by a mixed diet of corals and annelids at intermediate levels of coral cover at the
inner bay zone, whereas corals dominated the diet in the high coral cover outer
bay zone and annelids dominated at the low coral cover disturbed zone. Prey
switching is predicted to occur in relation to disproportional high versus low prey
frequency or rate of encounter, defined as change in preference between two prey
items as a function of their relative densities in the environment (Murdoch 1969;
Rindorf, Gislason, and Lewy 2006). At degraded reefs, C. capistratus switched to
the presumably less preferred diet item (Loima medusa). Given the high mobility
of this species within reefs, and the observation that live hard corals are still
present at the degraded zone (although scarce and scattered) along with other
anthozoans such as anemones and zoanthids, we did not expect C. capistratus to
entirely switch its dietary preference. When adjusting diet, species are predicted

to seek maintaining a constant effort regarding energy expense (foraging) and



3. Metabarcoding reveals dietary versatility of coral reef fishes in response to habitat
degradation 71

return (nutrition) (Uchida, Drossel, and Brose 2007). It is possible that prey
needs to exceed a certain abundance threshold to represent a diet item worth
exploiting to C. capistratus rendering scarce coral colonies inefficient at degraded
sites. This observation may describe a type III functional response; this is, a
predator disproportionally consumes a particular prey when abundant but excludes
it prey when scarce (Holling 1959; Beukers-Stewart and Jones 2004; Nentwig,
Bacher, and Brandl 2011). Interestingly, C. capistratus maintained its browsing
mode on degraded reefs. This selectivity may reflect and efficiency that comes
from predators seeking out resources that matches attributes of familiar prey, e.g.,
regarding morphology, chemical defences, or spatial positioning within the habitat
matrix (Van Leeuwen et al. 2013), probably to maintain predictability of foraging
energy budget (Uchida, Drossel, and Brose 2007).

Our findings contrast previous studies that found no correlation between the
diet of C. capistratus and food availability (Birkeland and Neudecker 1981; Lasker
1985) describing it to feed selectively (Birkeland and Neudecker 1981) with high
percentages of anthozoans in its diet (>80%) (Pitts 1991). It is important to bear
in mind that these previous studies investigated less disturbed reefs during the
early 1980’s than our study of a habitat gradient nearly 40 years later. However, a
recent study from Puerto Rico reported similar prey composition as early studies
for C. capistratus (Liedke et al. 2018). Birkeland Neudecker (1981) described C.
capistratus to forage for an even diet by complementing anthozoan prey with higher
nutritional value items such as polychaete worms (Rotjan and Lewis 2008). Mixed
diets have been proposed to enhance fitness (balanced diet hypothesis, Pulliam
1975); however; recent meta-analysis found the ‘single optimal prey item’ better
promoted predator fitness (Lefcheck et al. 2013). The annelid diet at degraded reefs
increased condition only for the largest size classes and exhibited most variability
among and within classes suggesting suboptimal conditions for C. capistratus where
coral cover was very low. In contrast, the coral dominated diet lead to the most

stable levels of body condition among size classes.
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In addition, we found the largest and heaviest individuals at the inner bay zone,
notwithstanding decreasing body condition in the largest size class. This might
be due to more sheltered conditions and potentially decreased predation pressure
possibly due to overfishing (Guzmén et al. 2005; Cramer 2013; Seemann et al.
2018). Noble et al. (2014) found higher wave exposure led to greater foraging
intensity on scleractinian coral by butterflyfishes on the Great Barrier Reef. In our
study system in Bocas, browsing on hard corals at the outer bay zone might support
higher metabolic energy costs associated with foraging at this exposed location.
Additionally, there might be differences between time spent searching, travelling,
and feeding among the inner and outer bay zones suggesting different energy costs
associated with browsing at different exposure regimes (Noble et al. 2014)

The dietary switch was accompanied by a decrease in dietary variability among
individuals (i.e., reduced individual specialisation) (sensu Bolnick et al. 2003)
at the degraded zone, which potentially could lead to interspecific competition.
Furthermore, closely related butterflyfishes have shown to partition their diets at
fine taxonomic scales (Nagelkerken et al. 2009; Liedke et al. 2018). To this end,
the observed dietary shift from cnidaria to annelids in our study might forecast
increased competition among Caribbean butterflyfishes if reefs further degrade. For
example, a closely related butterflyfish species, Chaetodon striatus, predominantly
feeds on annelids (Liedke et al. 2016).

The diet of Hypoplectrus puella was largely based on crustaceans in agreement
with previous findings (Randall 1967; Whiteman, Coté, and Reynolds 2007), but
we found evidence of shifts within this prey type in association with coral cover.
More specifically, our model of coral cover predicted the consumption of planktonic
arthropods. The increase in micro-crustaceans (e.g., calanoid copepods) at the
disturbed sites may be indicative of a decreased availability of preferred dietary items.
Mithraculus crabs were a dominant diet item and most abundant in surveys and at
high coral cover sites, whereas both consumption and abundance of this prey was low

at disturbed reefs. This provides some evidence for H. puella preferring Mithraculus
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to other crustacean prey at our study area given that overall macro-crustacean
abundance did not vary among zones in our benthic surveys.

This was in line with predictions from optimal foraging theory: the predator
seeks out the more profitable food item if present in high densities but less so if less
readily available (Charnov 1976; Nentwig, Bacher, and Brandl 2011). Similarly, a
recent study found no differences in zooplankton composition across reef zones at our
study sites (Rodas et al. 2020). This suggests the observed dietary pattern was not
driven by differences in plankton availability. Instead, the increased consumption of
fishes across both inner bay zones might entail increased secondary consumption
of planktonic prey. Whiteman et al. (2007) found hamlets prey upon fish recruits
(e.g., Blenniidae, Gobiidae, Pomacentridae, Acanthuridae), which may feed upon
planktonic prey. The higher taxonomic range of fishes (i.e., 13 families) detected
in the gut of H. puella in our study (Table 3.1), could be either facilitated by a
higher detection rate achieved with metabarcoding or due to geographic variation
in the diet. Furthermore, digestion times vary between fishes and crustaceans, with
fishes having shown to be digested four times faster than crustaceans in rock cod
from the Great Barrier Reef (Beukers-Stewart and Jones 2004). This implies that
previous dietary analyses based on visual inspections of digestive tracts might have
underestimated both the proportion of fish and fish diversity in the diet of H. puella

The observed pattern in dietary variation across the habitat gradient in both
study species may be due to versatile, behavioural responses to prey availability but
could also be a sign of distinct subpopulations with differential adaptations to habitat
condition. We lack information regarding to what extent subpopulations inside
versus outside the bay rely on self-recruitment. However, dispersal distances can be
surprisingly small; Puebla et al. (2009b) found a mean dispersal distance of only 10
km for H. puella along the Caribbean coast of Central America indicating recruitment
remains within a range of 2-14 km from parents. This pattern may be exacerbated by
seascape morphology at the Bahia Almirante where small, discontiguous reefs and an

enclosed lagoon might promote relatively closed subpopulations (Pinsky et al. 2012).
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Focal fish species abundances did not largely vary across reefs at our study
area. While peaked abundances at the inner bay reefs for both species may
reflect a preference for sheltered conditions, the local abundance of versatile
feeders will not immediately respond to changes in prey availability. In Indo-
Pacific butterflyfishes, the population size of only the most specialised species
appeared limited by preferred resources (Lawton and Pratchett 2012). Thus,
potential consequences of benthic change may remain unnoticed but potentially
bear sublethal consequences for fish health. Specifically, diet change may imply
different foraging costs and/or energy returns based on prey nutritional quality
potentially compromising fish health (Pratchett et al. 2004; Berumen, Pratchett,
and McCormick 2005; Hempson et al. 2017).

Here we found evidence of diet switching allowing fishes to persist in coral
depauperate environments. While diet switching maintains species diversity in
the environment, it might come at a cost for fish physical condition. Our findings
suggest that the study species’ functional roles differed with habitat state and/or
wave exposure level (inside versus outside of the bay). This implies high spatial
variability in trophic pathways and levels of species’ functional redundancies with

potential consequences for ecosystem functioning especially if reefs further decline.
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Chapter 4

The gut microbiome variability of
a butterflyfish increases on
severely degraded Caribbean reefs

4.1 Abstract

Environmental degradation has the potential to alter key mutualisms that underline
the structure and function of ecological communities. While it is well recognised
that the global loss of coral reefs alters fish communities, the effects of habitat
degradation on microbial communities associated with fishes remain largely unknown
despite their fundamental roles in host nutrition and immunity. Using a gradient of
reef degradation, we show that the gut microbiome of a facultative, coral-feeding
butterflyfish (Chaetodon capistratus) is significantly more variable among individuals
at degraded reefs with very low live coral cover (~0%) than reefs with higher coral
cover (~30%), mirroring a known pattern of microbial imbalance observed in
immunodeficient humans and other stressed or diseased animals. We demonstrate
that fish gut microbiomes on severely degraded reefs have a lower abundance of
Endozoicomonas and a higher diversity of anaerobic fermentative bacteria, which
suggests a broader and less coral dominated diet. The observed shifts in fish gut
bacterial communities across the habitat gradient extend to a small set of potentially
beneficial host associated bacteria (i.e., the core microbiome) suggesting essential

fish-microbiome interactions are vulnerable to severe coral degradation.
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4.2 Introduction

Environmental degradation associated with the Anthropocene is threatening the
persistence of mutualistic relationships that are key to the stability of ecological
functioning (Kiers et al. 2010). The increasingly severe degradation of coral
reefs from both local and climatic stressors has led to novel habitat states with
conspicuously altered fish and invertebrate communities, making them a model
system for studying ecological responses to environmental change (Idjadi and
Edmunds 2006; Wilson et al. 2006; Norstrom et al. 2009; Richardson et al. 2018).
A potentially pervasive but largely overlooked response to habitat degradation is
the change to host-associated microbiomes - the communities of bacteria, archaea,
fungi, unicellular eukaryotes, protozoa and viruses that live on internal and external
surfaces of reef organisms. It has been suggested that coral microbiomes respond
faster than their hosts to changing environmental conditions and can promote
acclimatisation processes as well as genetic adaptation (Webster and Reusch 2017).
Microbial communities could play a key role in mediating a host’s resilience and
ability to adapt to environmental change. However, it remains to be explored
whether mutualisms between fish hosts and gut microbiomes can shift to alternative
beneficial relationships to provide a mechanism of resilience to habitat change,
or whether the mutualism breaks down and simply reflects a cascading effect of
degradation at all levels of ecological organisation.

The importance of gut microbial communities in maintaining host health is
well recognised in mammals and other vertebrates (Ley, Hamady, et al. 2008; Ley,
Lozupone, et al. 2008), including a wealth of research into the importance of
microbes in fish in aquaculture (Llewellyn et al. 2014; Tarnecki et al. 2017; Egerton
et al. 2018; Wang et al. 2018). In coral reef fishes, recent studies have revealed
that intestinal microbiomes can perform key physiological functions associated with
nutrient acquisition, metabolic homeostasis and immunity (Clements et al. 2014;
Miyake, Ngugi, and Stingl 2015; Parris et al. 2016; Jones et al. 2018; Neave et al.

2019). For example, gut bacteria provide many herbivorous fish hosts with the ability
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to digest complex algal polymers (Clements et al. 2014; Miyake, Ngugi, and Stingl
2015; Ngugi et al. 2017). The gut microbiome is also a major actor in the innate
immune responses to a wide variety of pathogenic microorganisms and other stressors
in the surrounding environment (Gémez and Balcazar 2008; Butt and Volkoff 2019).
Given the rapid physical, chemical and biotic changes affecting coral reefs, it is
essential to gain a predictive understanding of how fish gut microbiome assemblages
and metabolic functions respond to environmental variation to assess how the
response of these mutualisms govern host health and resilience to habitat change.

Fish harbour microbiomes that are unique from the microbial communities in
their surrounding environment (Legrand et al. 2019; Rawls et al. 2006). The
development of the gastrointestinal microbiome can start during hatching via
acquisition of microorganisms from the egg’s chorion (i.e., the acellular protective
envelope encasing the oocyte) (Cotelli et al. 1988), and with both water and the
first food source entering the gastrointestinal tract (Egerton et al. 2018; Romero
and Navarrete 2006; Ghanbari, Kneifel, and Domig 2015; Llewellyn et al. 2014;
Hansen and Olafsen 1999). Parental effects and host genotype likely mediate the
early microbiome colonisation process from egg and environmental sources (Legrand
et al. 2019; Llewellyn et al. 2014; Wilkins, Fumagalli, and Wedekind 2016). As the
gut microbiome diversifies throughout the development of the fish host, a relatively
stable gut microbiome is typically established within the first months of the fish’s
life and is influenced by a combination of host selection mechanisms and bacterial
regulation of the fish host’s gene expression (Egerton et al. 2018; Gémez and
Balcazar 2008; Kim, Brunt, and Austin 2007). These resident (autochthonous)
microbes, which are consistently found associated with the fish population across
space and time and potentially provide critical functions for the host are referred to
as the “core microbiome” (Shade and Handelsman 2012; Sullam et al. 2012; Tarnecki
et al. 2017). In contrast, the numerous microbes occurring in the gastrointestinal
tract after being ingested are transient (allochthonous) and may vary intraspecifically
with developmental stage and potentially include opportunistic pathogens that may

colonise in the case of impaired residential communities.
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Because of their importance in maintaining host metabolic homeostasis, the
degree of stability of the core microbiome across a range of environmental conditions
is a key trait for predicting the resilience of the host population (e.g., Ainsworth et
al. 2015; Hernandez-Agreda et al. 2016; Roeselers et al. 2011). The stability of the
core gut community may be altered if the host experiences severe physiological stress.
It may switch to an alternative stable state (i.e., a novel but stable community), or
communities may become more variable between individuals (i.e., communities are
destabilised as stressors reduce the ability of hosts or their microbiome to regulate
community composition) (Zaneveld, McMinds, and Vega Thurber 2017).

The Chaetodontidae family (Butterflyfishes) is among the largest and most iconic
families of coral reef-associated fishes (Bellwood et al. 2010) and an ideal group
for studying microbiome responses to habitat degradation. Chaetodontidae species
range from extreme diet specialists to facultative corallivores and generalists capable
of consuming different types of prey such as corals, algae, polychaetes or crustaceans
(Berumen, Pratchett, and McCormick 2005; Pratchett 2005; Nagelkerken et al. 2009).
Due to their intimate link to the reef benthos, specialised coral feeding species of
Indo-Pacific butterflyfishes were shown to be highly sensitive to reductions in coral
cover (Bouchon and Harmelin-Vivien 1985; Graham 2007a; Pratchett et al. 2006).
The foureye butterflyfish, Chaetodon capistratus (Linnaeus, 1758), is the only one
of the four Western Atlantic Chaetodon species with a relatively high proportion of
anthozoans in its diet (mainly hard and soft corals) (Birkeland and Neudecker 1981;
Gore 1984; Liedke et al. 2018). Due to this relative specialisation, we chose it as a
model species to study links between reef habitats, hosts and the gut microbiome.

Here, we examined how differences in benthic habitat composition and coral
coverage influence the variability and composition of the gut microbiota of Chaetodon
capistratus across a tropical coastal lagoon in Bocas del Toro on the Caribbean
coast of Panama. The Bay of Almirante encompasses an inner bay of protected
reefs subjected to seasonal high temperatures and a watershed delivering nutrients
from agriculture and sewage. In 2010, the bay faced an unprecedented hypoxic

event, which led to massive coral bleaching and mortality on some reefs while
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others located near the bay’s mouth remained unaffected (Altieri et al. 2017). We
capitalised on this gradient of habitat states across the bay of Almirante to test the
resilience of fish gut microbiomes to environmental degradation. We hypothesised
that fish residing on more degraded reefs have a more diverse microbiome as a
result of alternative feeding behaviours and potentially increased stress (Zaneveld,
McMinds, and Vega Thurber 2017). On the other hand, we predicted that the core

microbial community remains stable across the habitat gradient.

4.3 Methods

4.3.1 Study area

Bahia Almirante, located in the Bocas del Toro Archipelago on the Caribbean coast
of Panama, is a coastal lagoonal system of approximately 450 km2 where numerous,
relatively small and patchy fringing coral reefs occur (Greb 1996). Hydrographic
and environmental conditions vary across the semi-enclosed bay but are generally
characterised by limited water exchange with the open ocean (Altieri et al. 2017).
Furthermore, areas of the bay are subjected to uncontrolled sewage and dredging
due to increasing coastal development and agricultural runoffs from the adjacent
mainland (D’Croz, Rosario, and Gondola 2005; Collin et al. 2009; Aronson et al
2014; Seemann et al. 2014). A total of nine discontiguous reefs distributed from
the mouth towards the inner bay were selected for this study based on distinct
hydrogeographical zones and disturbance history (Fig. 4.1A). Throughout the
manuscript, we will refer to the three distinct reef zones as “outer bay”, “inner
bay”, and “inner bay disturbed”. Outer bay reefs [Salt Creek (SCR), Cayo Corales
(CCR) and Popa (PPR)] are located at the mouth of the bay. These reefs represent
typical Caribbean reef communities featuring both massive and branching coral
colonies with higher benthic cover and diversity as compared to the inner bay (Fig.
4.1B). Inner bay reefs [Almirante (ALR), Cayo Hermanas (SIS), and Cayo Roldan
(ROL)] are largely coral and sponge dominated reefs of lower coral diversity than

the outer bay reefs (Fig. 4.1C). Inner bay disturbed reefs [Punta Puebla (PBL),
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Punta STRI (PST) and Runway (RNW)] were heavily impacted by the 2010 hypoxic
event (Altieri et al., 2017), which resulted in the current cover of largely dead coral

comprised of formally prevalent Agaricia and Porites species (Fig. 4.1D).

4.3.2 Benthic habitat and fish communities

Visual surveys of benthic cover and fish communities were conducted between May
and June 2016. At each of the nine reefs, three 20 m transects were placed parallel
to the shore at 2-4 m depth. Benthic community cover was estimated from 100
x 70 cm photographic quadrats placed every two meters resulting in a total of 10
quadrats per transect. Photos were analysed on the CoralNet platform (Beijbom et
al. 2015) using a stratified random sampling design (10 rows x 10 columns with 1
point per cell for a total of 100 points per image). Due to the difficulty involved
with photo-based taxonomic identification, analyses were conducted at the level of
broad functional groups. Mean cover of each benthic category was calculated per
reef. Fish communities were characterised by one trained surveyor who recorded the
identity and abundance of all reef fishes encountered along each 20 m belt (2.5 m on

each side of the transect line) while swimming slowly using scuba (except at CCR).

4.3.3 Sample collection

The foureye butterflyfish, Chaetodon capistratus, is a common member of Caribbean
coral reef fish communities (IUCN classified as least concern, Rocha et al., 2010)
with a distribution that extends across the subtropical Western Atlantic (Froese,
2019; McBride and Able, 1996; Smith, 1997) (Fig. 4.1E). The following protocol of
fish capture and euthanisation was approved by the Smithsonian Tropical Research
Institute’s Institutional Animal Care and Use Committee (IACUC). An average of
11 individual adult fish were collected at each of the nine reefs (min = 7; max = 16;
total = 102) by spearfishing in February and March 2018 (Table D.1). Captured
fish were immediately brought to the boat, anesthetised with clove oil and placed
on ice in an individual and labelled sterile Whirl-Pak bag. Upon return to the

research station, fish were weighed (g wet weight), and Standard Length (mm
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SL) as well as Total Length (mm TL) were measured with a digital caliper. The
intestinal tract of each fish was removed under a laminar flow hood using tools
decontaminated with 10hypochlorite, preserved in 96% ethanol in individual 15
ml or 5 ml centrifuge tubes and stored at —20°C' until DNA extraction. To assess
microbial communities present in the fish’s environment, we also obtained samples
of potential prey taxa and seawater. At each of nine reefs, a total of four liters of
seawater was collected immediately above the reef substratum using sterile Whirl-
Pak bags and filtered through a 0.22 pm nitrocellulose membrane (Millipore). Small
pieces of hard coral (Siderastrea siderea, Porites furcata, Agaricia tenuifolia), soft
coral (A. bipinnata, Eunicea spp.), sponges (Amphimedon compressa, Amphimedon
sp., Chondrilla caribensis, Mycale sp., Dysidea sp., Xestospongia sp.), macroalgae
(Amphiroa sp.), turf, and zoantharia (Zoanthus pulchellus, Palythoa caribaoerum)
were collected and kept in sterile Whirl-Pak bags on ice on the boat. At the field
station, samples were individually placed in 50 ml or 15 ml centrifuge tubes with

96% ethanol and stored at —20°C' until DNA extraction.

4.3.4 DNA analysis

The gastrointestinal tract of each fish was opened longitudinally to isolate the
digesta and the mucosa tissue by lightly scraping the intestinal epithelium. Between
0.05 and 0.25 g of both tissue types combined was used for DNA extraction using
the Qiagen Powersoil DNA isolation kit following the manufacturers instructions
with minor modifications to increase yield (see Supplementary text). Tissues of
all potential prey organisms (invertebrates and macroalgae) were homogenised per
sample. Additionally, infaunal communities (small worms) were isolated from two
sponges, Amphimedon compressa and Dysidea sp. and the tissue homogenised
for each sponge separartely. DNA was extracted (0.25g per sample) following
protocols described previously. Seawater DNA was isolated from nitrocellulose
membranes filters using the Qiagen Powersoil Kit following a modified protocol

described previously (Nguyen et al. 2019).
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A dual Polymerase Chain Reaction (PCR) approach was used to amplify the
V4 hypervariable region [primers 515F (Parada, Needham, and Fuhrman 2016)
and 806R (Apprill et al. 2015)] of the 16S ribosomal rRNA gene of each sample
and the product of all samples was sequenced by combining into a single Illumina
MiSeq sequencing run. Our protocol followed the 16S Illumina Amplicon Protocol
of the Earth Microbiome Project (Weber et al. 2018) using locus-specific primers
to which Illumina “overhang” sequences were appended. These overhang sequences
served as a template to add dual index Illumina sequencing adaptors in a second
PCR reaction (see supplementary text for detailed PCR protocols). The final
product was sequenced on the Illumina MiSeq sequencer (reagent kit version 2,
500 cycles) at the Smithsonian Tropical Research Institute with 20% PhiX. The
absence of contaminants was confirmed with negative DNA extractions and negative
PCR amplifications (see supplementary text for detailed DNA extraction and
PCR protocols).

4.3.5 Analysis of sequence data

[llumina adapter and primer sequences were removed from forward and reverse
reads using “cutadapt” (Martin 2011) with a maximum error rate of 0.12 (-e
0.12). Remaining reads were filtered and trimmed based on their quality profiles
and potential chimeras removed using DADA2 1.12.1 (Callahan et al. 2016) in
R environment version 3.6.1 (R Core Team 2019). Sequences were discarded if
they had more than two expected errors (maxEE = 2), or at least one ambiguous
nucleotide (maxN = 0) or at least one base with a high probability of erroneous
assignment (truncQ = 2). Forward and reverse reads were trimmed to 220 bp
and 180 bp respectively to remove lower quality bases while maintaining sufficient
overlap between paired end reads. Sequences were kept when both the forward and
reverse reads of a pair passed the filter. Quality filtered reads were dereplicated
and Amplicon Sequence Variants (ASVs) inferred. Paired-end reads were merged
and pairs of reads that did not match exactly were discarded. Taxonomy was

assigned to each ASV using a DADA2 implementation of the naive Bayesian RDP
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classifier (Wang et al. 2007) against the Silva reference database version 132 (Quast
et al. 2013). ASVs identified as chloroplast, mitochondria, eukaryota, or that
remained unidentified (i.e, “NA”) at the kingdom level were removed from the
dataset. Sequences of each ASV were aligned using the DECIPHER R package
version 2.0 (Wright 2016). The phangorn R package version 2.5.5 (Schliep et
al. 2017) was then used to construct a maximum likelihood phylogenetic tree
(GTR+G+I model) using a neighbor-joining tree as a starting point. Fourteen
samples containing few sequences were removed from the dataset (Fig. C.1). The
remaining samples were rarefied to even sequencing depth (n = 10,369 sequences) for
downstream analysis. Our approach followed the recommendation for normalisation
of sequencing data (Weiss et al. 2017). Statistical analysis was conducted using

phyloseq version 1.28.0 in R (McMurdie and Holmes 2013).

4.3.6 Delineation of the core gut microbiome

To identify the persistent and potentially beneficial bacteria associated with the
fish gut [i.e., the “core gut microbiome” (Shade and Handelsman 2012; Astudillo-
Garcia et al. 2017)], we employed a statistical approach taking into account both
relative abundance and relative frequency of occurrence of ASVs as opposed to the
common procedure of using an arbitrary minimum frequency threshold based on
presenceabsence data only (Astudillo-Garcia et al. 2017). Indicator species analysis
(Dufréne and Legendre, 1997; labdsv package in R, Roberts, 2019) was used to
identify which ASVs were relatively more abundant and predominantly found in
fish guts and not in their surrounding environment. We calculated an Indicator
Value (IndVal) Index between each ASV and two groups of samples: (1) all fish
gut samples, and (2) all seawater and sessile invertebrate samples upon which the
fish potentially feeds (for a schematic diagram of the analysis workflow see Fig.
4.2). The statistical significance of the association between ASVs and groups of
samples was tested using 1000 permutations. ASVs were considered indicators of

fish guts (i.e., components of the core) if P-value 0.001.
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Sequences of ASVs identified as part of the core microbiome were compared to
the non-redundant nucleotide (nr/nt) collection database of the National Centre for
Biotechnology Information (NCBI) using the Basic Local Alignment Search Tool
for nucleotides (BLASTn) (Altschul et al. 1990). We extracted metadata associated
with all sequences that matched each query at 100% similarity or the first five top

hits to identify where each core ASVs and close relatives were previously found.

4.3.7 Diversity analyses

The workflow of our microbial community analysis is visualised in a diagram (Fig.
4.2). To account for presence of rare sequence variants caused by sequencing errors or
other technical artifacts (Leray and Knowlton 2017), we used Hill numbers (Hill 1973)
following the approach recommended by Alberdi and Gilbert (2019) for sequence data
to compare alpha diversity between groups of samples. Hill numbers allow scaling
the weight put on rare versus abundant sequence variants while providing intuitive
comparisons of diversity levels using “effective number of ASVs” as a measuring unit
(Hill 1973; Alberdi and Gilbert 2019; Jost 2006). This approach allowed for balancing
the over representation of rare ASVs that might be inflated due to sequencing errors
(Chiu and Chao 2016). We calculated three metrics that put more or less weight
on common species: (1) observed richness, (2) Shannon exponential that weighs
ASVs by their frequency, and (3) Simpson multiplicative inverse that overweighs
abundant ASVs. Alpha diversity was calculated and visualised using boxplots for
the whole and core fish microbiome. Because Shapiro-Wilk tests indicated that
the data were not normally distributed, non-parametric Kruskal-Wallis tests were
used to compare alpha diversity among reefs (N=9) and the three reef zones (outer
bay, inner bay, inner bay — disturbed) with post-hoc Dunn tests.

To test the hypothesis that fish gut microbiome are more variable between
individuals at disturbed sites, we calculated non-parametric Permutational Analysis
of Multivariate Dispersion (PERMDISP2) [betadisper function, vegan package
implemented in phyloseq (Oksanen et al. 2012; McMurdie and Holmes 2013)].

PERMDISP2 is a measure of the homogeneity of variance among groups and
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compares the average distance to group the centroid between each predefined
group of samples in multidimensional space. We used a range of phylogenetic
and nonphylogenetic dissimilarity metrics that differentially weigh the relative
abundance of ASVs to identify the effect of abundant ASVs (Anderson, Ellingsen,
and McArdle 2006) [Phylogenetic: Unifrac, Generalized Unifrac and Weighted
Unifrac (Lozupone et al. 2007) (R package GUniFrac, Chen et al., 2012); non-
phylogenetic: Jaccard (Jaccard 1912), modified Gower with log base 10 (Anderson,
Ellingsen, and McArdle 2006) and Bray Curtis (Bray and Curtis 1957)]. P-values
were obtained by permuting model residuals of an ANOVA (Analysis of Variance)
null-model 1000 times [betadisper function, vegan package implemented in phyloseq
(McMurdie and Holmes 2013)]. Principal Coordinates Analysis (PCoA) plots were
generated for each distance measure respectively to visually explore patterns of
variance dispersion across the three reef zones.

Differences in microbial composition were tested using Permutational Multi-
variate Analysis of Variance (PERMANOVA) with the Adonis function in vegan
(Anderson 2001) computed with 10,000 permutations. Comparisons were made (1)
between fish gut microbiomes of the three reef zones (‘zone model’), (2) between
fish gut microbiomes of outer bay reefs versus inner bay reefs (‘position model’) and
(3) between fish gut microbiomes of inner bay reefs and inner bay disturbed reefs
which differed in coral cover (‘cover model’). Permanova is robust to the effect of
heterogeneity of multivariate dispersions in balanced or near balanced designs as in
our study (Anderson and Walsh 2013). Pairwise Adonis with Bonferroni corrected p-
values was computed using the pairwise Adonis function in R (Martinez Arbizu 2019).

Finally, we used the Prevalence Interval for Microbiome Evaluation (PIME)
R package (Roesch et al. 2020) to identify sets of ASVs that are predominantly
found (more frequent) in fish guts of each zone of the Bay of Almirante (outer
bay, inner bay, inner bay — disturbed). PIME uses a supervised machine learning
Random Forest algorithm (Breiman 2001) to reduce within-group variability by
excluding low frequency sequences potentially confounding community comparisons

of microbiome data (Roesch et al. 2020). PIME identifies the best model to predict
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community differences between groups by defining a prevalence threshold that
retains as many ASVs as possible in the resulting filtered communities (i.e., the
random forest classifications), while minimising prediction error (out of bag error,
OBB). To do so, the algorithm uses bootstrap aggregating (100 iterations) of each
sample group at each filtering step (prevalence interval) by 5% increments. Random
Forest calculates a global prediction from a multitude of decision trees based on
the bootstrap aggregations and estimates the out of bag error rate (OBB) from
omitted subsamples during aggregating (Breiman 2001). Validation was done by
randomising the original dataset (100 permutations) and subsequently estimating
Random Forest error to determine if group differences in the filtered dataset were
due to chance (pime.error.prediction function, PIME R package, Roesch et al.
2020). A second function (pime.oob.replicate, PIME R package, Roesch et al. 2020)
repeated the Random Forest analysis using the filtered dataset for each prevalence
interval without randomising group identity. In a preliminary step, we assessed
whether the OOB error for our unfiltered data was >0.1, which indicated that

de-noising with PIME would improve model accuracy.

4.4 Results

4.4.1 Benthic habitat and fish communities

Reefs located in the three zones classified a priori as outer bay, inner bay and inner
bay disturbed, differed both in terms of their benthic composition (PCoA; Fig. 4.3A)
and level of live coral cover (Fig. 4.3B). Live coral cover (mean cover per site: SCR
37.1%, PPR 33%, CCR 29.3%; Fig. 4.3B) and coral diversity (Shannon diversity;
Fig. C.2) were highest on reefs of the outer bay. Both stony coral species (i.e.,
Acropora cervicornis, Agaricia tenuifolia) and fire corals (i.e., Millepora alcicornis,
Millepora complanata) dominated at outer bay reefs. At the inner bay zone, reefs
displayed an intermediate level of live coral cover (mean cover per transect: ALR
21.2%, SIS 13.3%, ROL 9.4%; Fig. 4.3B), largely dominated by the lettuce coral

Agaricia tenuifolia. Sponges represented more than a quarter of the benthic cover
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Figure 4.1: Study area and study species. (A) Map of the Bay of Almirante (Bocas
del Toro, Panama) indicating the position of the nine reefs where samples were collected.
(B) Outer bay reefs with highest levels of live coral cover, (C) inner bay reefs with
intermediate levels of coral cover, (D) reefs located in the inner bay disturbed zone were
highly impacted by a hypoxic event in 2010, (E) the study species foureye butterflyfish
(Chaetodon capistratus).
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Figure 4.2: Microbial community analysis workflow illustrating how we subsetted the
whole fish gut microbiome dataset to delineate the core microbiome and microbial zone
communities, respectively. To identify the core microbiome, we used indicator analysis
between the whole fish gut microbiome and the environmental sample fraction consisting
of samples of potential fish prey taxa and the surrounding seawater. Diversity analysis
was done for the whole and core fish gut microbiome, respectively. The whole fish gut
microbiome was filtered for prevalence with a machine learning-based algorithm (PIME)
to detect community differences among zones that reflect fish microbiome responses to
the habitat gradient.

at these reefs (mean sponge cover per transect: ALR 23%, SIS 18.5%, ROL 34.2%;
Table D.3). Live coral cover was lowest at the inner bay disturbed zone (mean
cover per transect: RNW 0.8%, PST 0.3%, PBL 0%; Fig. 4.3B) where dead coral
skeleton was prevalent (mean cover per transect: RNW 45.3%, PST 21.4%, PBL
53.6%) together with sponges (mean cover per transect: RNW 27.3%, PST 21.3%
and PBL 21.9%; Table D.3). Principal Coordinates Analysis (PCoA; Bray Curtis
dissimilarity) indicated distinct fish communities at the inner bay disturbed zone.

In contrast, fish communities at the inner and outer bay zone appeared more
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Figure 4.3: Composition and percent coral cover of benthic communities across nine reefs
and three reef zones illustrating a habitat gradient: (A) PCoA representing dissimilarities
in benthic community composition based on Bray-Curtis. Reefs are colour coded by reef
zone, substrate groups are depicted in black; (B) percent live coral cover across reef zones
from high coral cover at the outer bay to very low cover at disturbed reefs at the inner
bay. Diamonds depict means.

similar (Fig. S4.3A). Our focal species Chaetodon capistratus was present at all
surveyed reefs in similar abundance levels (1 - 5 individuals per 100 m2 transect)
apart from Cayo Hermanas (SIS, inner bay zone) where up to 25 individuals were

recorded in one of the transects (Fig. C.3B).

4.4.2 Composition of the whole gut microbiome

A total of 5,844,821 high quality reads were retained for subsequent analyses.
The number of reads per sample ranged from 10,369 to 79,466, with a mean
+ SD of 41,307 + 10,990 reads. 10,711 different ASVs were identified in the
total dataset. The number of ASVs per sample ranged from 13 to 1,281, with
a mean £+ SD of 179 £ 210 ASVs. This data set primarily comprised ASVs
belonging to 15 bacterial phyla (abundance > 5% ; Fig. C.4A). As predicted,
C. capistratus’ gut microbiome composition was distinct from the microbiome in
seawater and the microbiome of potential prey items (sessile invertebrates) (Fig.
C.4A and S4.4B). Chaetodon capistratus’ overall gut microbiome was dominated
by Proteobacteria (68.6%) followed by Firmicutes (16.1%), Spirochaetes (9.27%),
Cyanobacteria (3.98%) (Fig. C.4A). Bacteria in the phylum Proteobacteria were
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dominated by a single genus (Endozoicomonas) in the gut of C. capistratus (93.9%)
(Fig. C.4B). Firmicutes was abundant in fish guts (16.1% of fish gut bacteria) but
representatives of this phylum were nearly absent from potential prey (0.005%,
0.06%, 0.47%, 0.26% and 0.07% in algae, hard corals, soft corals, sponges and
zoanthids, respectively) and seawater (and 0.02%) (Fig. C.4A and C.4B).

4.4.3 Composition of the core gut microbiome

Indicator Analysis identified 27 ASVs in eight families (i.e., Endozoicomonadaceae,
Brevinemataceae, Ruminococcaceae, Lachnospiraceae, Vibrionaceae, Peptostrepto-
coccaceae, Clostridiaceae, Thermaceae) as part of the ‘core’ microbiome associated
with the fish intestinal tract (IndVal; p 0.001) (Fig. C.5, Table C.7). The genus
Endozoicomonas (phylum Proteobacteria, class Gammaproteobacteria), described
as a symbiont of marine invertebrates (Naeve 2017), comprised 71.3% of the ASVs
in the core followed by genus Brevinema (phylum Spirochaetes, class Spirochaetia)
(10.7%) and anaerobic fermentative bacteria in the families Ruminococcaceae
(9.7%), Lachnospiraceae (5.6%), and Clostridiaceae (1.7%) (phylum Firmicutes,
class Clostridia).

Blastn searches against nr/nt NCBI database revealed that ASVs identified as
part of the core gut microbiome were previously found in scleractinian and soft
coral tissue (Endozoicomonas ASV1, ASV3, ASV5, ASV6, ASV11, ASV17) at our
study area and in Curacao (ASV1, ASV3, ASV5, ASV17, ASV68) among other
locations (ASV1, ASV5, ASV7, ASV11, ASV68) (Table 4.1). Some Endozoicomonas
ASVs were closely related to sequences identified previously in sponges, clams,
ascidians, tunicates, and coral mucus (ASV7, ASV59, ASV68, ASV 163) as well as
the intestinal tract of a coral reef fish species (Pomacanthus sexstriatus) (ASV5).
Sequences assigned to Ruminococcaceae closely resembled bacteria reported from
herbivorous marine fishes (Kyphosus sydneyanus, Naso tonganus, Acanthurus
nigrofuscus, Siganus canaliculatus) (ASV9, ASV14, ASV15, ASV25, ASV39), the
omnivorous coral reef fish Pomacanthus sexstriatus (ASV25) and a freshwater

fish (ASV18). An Epulopiscium ASV matched with 100% identity to a sequence
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detected in the guts of two coral reef fishes, the omnivorous Naso tonganus and
the carnivorous Lutjanus bohar (ASV27) and to sequences found in the coral
Orbicella faveolata (ASV27). Other Lachnospiraceae bacteria found in this study
resembled sequences known from cattle rumen, hot springs, farm waste, human
and other animal feces (ASV10, ASV 24). Within Ruminococcaceae in Firmicutes,
ASVs assigned to genus Flavonifractor closely resembled bacteria reported from
the hind gut of the temperate herbivorous marine fish Kyphosus sydneyanus in
New Zealand (ASV9). Brevinema sequences similar to ours have been previously
isolated from the gut of the coral reef fish Naso tonganus as well as freshwater
and intertidal fish intestinal tracts (ASV2). Retrieved Vibrionaceae (genus Vibrio)
were similar to sequences found in a coral reef fish gut of Zebrasoma desjardinii
(ASV95). An Romboutsia ASV (family Peptostreptococcaceae), a recently described
genus of anaerobic, fermentative bacteria associated with the intestinal tract of
animals including humans (Ricaboni et al. 2016; Zhang et al. 2020; Gerritsen et
al. 2019) but which also occur in mangrove sediments (Fernandez-Cadena et al.
2020) matched 100% a sequence found in tissue of the sea fan Gorgonia ventalina

at our study site Bocas del Toro (ASV 30) (Table 4.1).

4.4.4 Alpha diversity of the whole gut microbiome

We estimated alpha diversity using Hill numbers of three different orders of diversity
(Hill numbers, q = 0, 1, 2) that place more or less weight on the relative abundance
of ASVs. This approach allowed for balancing the representation of rare ASVs
that might be the result of sequencing errors. Diversity of the gut microbiome was
lower in fishes of the outer bay zone than in fishes of the inner bay and inner bay
disturbed zones [Observed ASV richness (Hill number q=0); 60.23, 85.49, 75.53;
Shannon index (Hill number q=1); 4.77, 7.39, 10.1; Simpson index (Hill number
q=2); 2.29, 2.96, 4.58; Table D.4] (Fig. 4.4A, 4.4B and 4.4C). Diversity differed
significantly among the three zones when taking into account ASV frequency with

the Shannon index (Kruskal-Wallis-Test, p = 0.004; Fig. 4.4B and Table D.4)
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and when emphasising abundant ASVs with the Simpson index (Kruskal-Wallis-
Test; p = 0.013, Fig. 4.4C and Table D.4). However, observed ASV richness did
not significantly differ among zones (Kruskal-Wallis-Test; p = 0.174, Table D.4)
(Fig. 4.4A). Benjamin Hochberg corrected posthoc tests showed significantly higher
Shannon diversity in fish guts of the inner versus the outer bay zone (Dunn Test; p
= 0.033, p 0.001, Table D.5). Fish of the inner bay disturbed zone had a higher
microbial diversity than fishes of the outer bay zone based on both Shannon and
Simpson (Dunn Test; p = 0.004, Table D.5). Pairwise comparisons of alpha diversity
between reefs revealed that fishes resident on the reef with the highest level of
coral cover overall (37.07%), Salt Creek (SCR, outer bay), had a significantly lower
diversity of microbes in their guts than fishes from all three inner bay disturbed
reefs (RNW, PST, PBL) for both Shannon (Dunn-Test; SCR-RNW p = 0.013,
SCR-PBL p = 0.024) and Simpson diversity (Dunn-Test; SCR-RNW p = 0.016,
SCR-PST p = 0.04 SCR-PBL p = 0.026, Table D.5).

4.4.5 Patterns of alpha diversity of the core gut micro-
biome

Diversity of ASVs in the core microbiome was lowest at the outer bay when
comparing ASV richness among fishes of the outer bay, inner bay, and inner bay
disturbed zones [(Hill number q=0); 11.57, 14.26, 14.05] and was highest in fishes at
the inner bay disturbed zone with both the Shannon index [(Hill number q=1); 2.71,
3.27, 4.45] and Simpson index [(Hill number q=2) 1.8, 2.06, 2.83] (Fig. 4.4D, 4.3E
and 4.3F; Table D.4). Alpha diversity differed significantly among the three zones
[Kruskal-Wallis-Test; observed richness: p = 0.025; Shannon index: p = 0.015 and
Simpson index: p = 0.016; Table D.4) and pairwise testing revealed that this was
largely due to differences between fishes of the outer bay and inner bay disturbed
zones (Dunn-Test with Benjamin Hochberg correction; Observed p = 0.049; Shannon
p = 0.012; Simpson p = 0.012, Table D.5). When comparing by reef, lower core
microbial diversity in fishes from Salt Creek (SCR, outer bay) than fishes from other

reefs across all zones was responsible for most significant comparisons (Table D.6).
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Figure 4.4: Differences in diversity of ASVs between the whole gut microbiome (A-C)
and the core gut microbiome (D-F) of Chaetodon capistratus across reefs. Alpha diversity
was measured based on Hill numbers using three metrics that put more or less weigh on
common species. The observed richness (panels A and D) does not take into account
relative abundances. Shannon exponential (panels B and E) weighs OTUs by their
frequency. Simpson multiplicative inverse (panels C and F) overweighs abundant OTUs.
Diamonds depict means.

4.4.6 Beta Diversity for the whole gut microbiome

Permutational Analysis of Multivariate Dispersion (PERMDISP2) indicated no
difference in variability in the whole fish gut microbiome across zones and reefs using
dissimilarity metrics that put limited weight on abundant ASVs (PERMDISP2;
Jaccard: p = 0.978; modified Gower: p = 0.182; Fig. 4.5A and 4.5B, Table
D.8). However, Bray-Curtis, which more heavily weights abundant ASVs, identified

significantly higher multivariate dispersion for fishes from the inner bay disturbed
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zone than for fishes from the outer bay zone (PERMDISP2, p = 0.0007, Fig. 4.5C).
The same pattern was observed with phylogenetic dissimilarity metrics. Only the
two metrics taking into account relative abundances (i.e., GUniFrac, WUniFrac)
revealed significant differences in dispersion patterns among the three zones. Using
GUniFrac, an index that adjusts the weight of abundant ASVs based on tree
branch lengths, gut microbiomes of fishes from the inner bay disturbed zone were
significantly more spread in multivariate space than gut microbiomes of fishes from
the outer bay zone (PERMDISP2, p = 0.021, Fig. 4.5E). Gut microbial communities
were significantly more variable in fishes from the inner bay zone than in fishes
from the outer bay zone using both GUniFrac (PERMDISP2, p = 0.038, Fig. 4.5E)
and WUniFrac (PERMDISP2, p = 0.025, Fig. 4.5F).

The three Permanova models explained a small portion of the variance in the
composition of the whole gut microbiome using all metrics (2.29% - 9.22%; Fig.4. 6A,
Table D.10). Nevertheless, gut microbiome composition was significantly different
between fishes from all three zones (zone model), between fishes collected inside and
outside the bay (position model) and between fishes collected at inner bay reefs that
differ in coral cover (cover model) when using Jaccard (Permanova; R* = 0.04, p =
0.0001; R? = 0.03, p = 0.0002; R?=0.03, P =0.002), modified Gower (Permanova;
R%? = 0.06, p = 0.0001; R? = 0.04, p = 0.0002; R? = 0.04, p = 0.001) and Bray
Curtis (Permanova; R? = 0.04, p = 0.0001; R? = 0.03, p = 0.0002; R?> = 0.03, p =
0.002) (Fig. 4.6A, Table D.10) distances. Whole gut microbiomes differed using
phylogenetic metrics UniFrac (Permanova; R? = 0.04, p = 0.0004; R? = 0.03, p =
0.0007; R* = 0.03, p = 0.047) and GUniFrac (Permanova; R? = 0.05, p = 0.008;
R? =0.03, p = 0.013; R? = 0.03, p = 0.115) but not when emphasising microbial
relative read abundance (WUniFrac) (Permanova; R* = 0.04, p = 0.071; R? = 0.02,
p = 0.091; R* = 0.03, p = 0.229) (Fig. 4.6A, Table D.10). Pairwise Adonis with
Bonferroni corrected P-values revealed significant differences among all pairs of
zones using non-phylogenetic metrics (Table S4.7C). Pairwise tests were significant

using the Unifrac distance except between gut microbiomes of fish from the inner
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bay and inner bay disturbed zones. None of the pairwise tests using GUnifrac and
WUnifrac were significantly different among zones (Table D.12).

Gut microbiomes of fishes from the inner bay disturbed zone had a lower
proportion of microbial reads assigned to Endozoicomonadaceae (Proteobacteria),
(48.0%, 67.0%, 69.4%) but a higher proportion of Vibrionaceae (6.5%, 0.8%, 0.8%),
and Rhodobacteraceae (1.0%, 0.4%, 0.4%). In contrast, the relative contribution of
Spirochaetes (12.8%, 8.9%, 7.7%) and Firmicutes (20.7%, 13.5%, 16.1%) was highest
in guts of fishes at the inner bay disturbed zone (Fig. C.6). Within Spirochaetes,
the relative abundance of Brevinemataceae was highest in gut microbiomes of fishes
from the inner bay disturbed zone (13.8%, 9.1%, 7.8), while Clostrideaceae within
Firmicutes contributed more to gut microbiomes of fishes at inner bay reefs but
relatively little to the gut microbiomes of fishes of the outer bay zone (1.5%, 4.3%,
0.5%). Schewanellaceae (phylum Proteobacteria) represented a higher proportion

of the gut microbiome of fishes at inner bay disturbed reefs (2.2%, 0.2%, 0.6%).

4.4.7 Beta Diversity for the core gut microbiome

Patterns in multivariate dispersion were largely consistent between whole and core
gut microbiomes. Differences among the three reef zones were significant with
metrics that place more weight on ASV relative abundance (PERMDISP2; Jaccard
p = 0.83; modified Gower p = 0.13; Bray Curtis p = 0.005) (Fig. 4.5G, 4.5H,
4.51, Table D.9). The variability of the core gut microbiome differed significantly
between fishes from the inner bay and inner bay disturbed zones (PERMDISP2;
modified Gower p = 0.037) and between fishes from the inner bay disturbed and
outer bay zones (PERMDISP2; Bray Curtis P=0.001) with highest variability levels
at the inner bay disturbed zone. However, none of the phylogenetic metrics showed
significant differences in dispersion among zones (PERMDISP2; Unifrac p = 0.12;
GUnifrac p = 0.299; WUnifrac p = 0.301) (Fig 4.5J, 4.5K, 4.51,, Table D.9).

As with the whole gut microbiome, the three Permanova models explained a
limited amount of the variance in the composition of the core gut microbiome

[0.6% (position model with weighted Unifrac); 10.1% (zone model with Jaccard);
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Figure 4.5: Compositional variability of the whole gut microbiome (A-F) and core gut
microbiome (G-L) of Chaetodon capistratus across reefs. Compositional variability is
measured as the distance to centroid of each group (fishes at each reef) in multivariate
space. Multivariate analyses were computed with non-phylogenetic [Jaccard: panels A and
G; Modified Gower: panels B and H; and Bray Curtis: panels C and I] and phylogenetic
(Unifrac: panels D and J; Generalized Unifrac: E and K; Weighted Unifrac F and L) that
differ in how much weigh they give to relative abundances. On one end of the spectrum,
Jaccard and Unifrac only use presence-absence data, whereas on the end of the spectrum
Bray Curtis and Weighted Unifrac give a lot of weigh to abundant ASVs in dissimilarity
calculations. Significance depicts differences in multivariate dispersion between reef zones
(ANOVA). Diamonds depict means.
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Fig. 4.6B, Table D.11]. Yet, composition differed significantly among fish from
the three zones (Permanova ‘zone model’; Jaccard R? = 0.1, p = 0.0001; modified
Gower R? = 0.09, p = 0.0001; Bray Curtis R* = 0.09, p = 0.0001) and between
fish at inner bay and outer bay zones (Permanova‘position model’; Jaccard R? =
0.07, p = 0.0001; modified Gower R? = 0.06, p = 0.0001; Bray Curtis R? = 0.05,
p = 0.0006) as well as between zones of differential coral cover within the bay
(Permanova ‘cover model’; Jaccard R? = 0.05, p = 0.003; modified Gower R? =
0.04, p = 0.012; Bray Curtis R? = 0.06, p = 0.006) (Fig. 4.6B, Table D.11). The
core gut microbiome appeared largely similar in composition using all phylogenetic
metrics but Unifrac (Table D.11): (Permanova ‘zone model’; Unifrac R? = 0.07,
p = 0.001, ‘position model’ R? = 0.06, p = 0.0001, ‘cover model’ R? = 0.02, p
= 0.279). Similar to the whole microbiome, Pairwise Adonis with Bonferroni
corrected P-values showed significant differences among almost all pairs of zones
when using taxonomic metrics (Table D.13). Of the phylogenetic metrics, the only
significant differences were found between the inner bay versus outer, and inner bay
disturbed versus outer bay zones, with Unifrac (Table D.13). Differences in the
composition of the core microbiome among reef zones was largely driven by changes
in the relative abundance of ASVs assigned to the genus Endozoicomonas (class
Gammaproteobacteria) (Fig. C.5). For example, the most common Endozoicomonas
ASV (ASV1) was much more represented in the guts of fishes of outer bay and inner
bay zones than in the gut of fishes at inner bay disturbed zones (57.7%, 53.4%,
25.6%) while Endozoicomonas assemblages became more even towards the inner bay
disturbed zone. In contrast, bacteria in the genus Brevinema (phylum Spirochaetes)
were most abundant relative to other members of the core in fish of the inner bay
disturbed zone (15.4%) and least abundant at the outer bay zones (9.6%). The
giant bacterium FEpulopiscium (family Lachnospiraceae, order Clostridia), which
is known to aid the digestion of algae in surgeonfishes, contributed more to the
core gut microbiome of fishes at reefs of the inner bay disturbed zone (3.5%) than
the inner (1.0%) and outer bay zones (0.9%). Anaerobic, fermentative bacteria

showed contrasting patterns: The relative abundance of the four Ruminococcaceae
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Figure 4.6: Proportion of the variance explained in Permutational Analysis of Variance
(PERMANOVA) comparing the composition of the whole gut microbiome (A) and the
core gut microbiome (B) of Chaetodon capistratus. Three independant PERMANOVA
analysis were conducted. "Zone" compares gut microbiones of the three zones of the bay
(inner bay, inner bay disturbed and outer bay). "Position" contrasts the composition
of gut microbiones of fishes collected inside vs. outside the bay. "Cover" compares gut
microbiomes of fishes on disturbed and undisturbed reefs inside the bay. Three non-
phylogenetic (circles) and three phylogenetic (triangles) dissimilarity metrics were used.
They place more (red) or less (blue) weigh on relative abundances

core ASVs respectively varied across reef zones (ASV15 outer 3.0%, inner 0.3%,
inner disturbed 0.8%; ASV14 outer 1.9%, inner 1.2%, inner disturbed 2.2%; ASV19
outer 1.6%, inner 1.2%, inner disturbed 1.6%; ASV25 outer 0.1%, inner 1.5%, inner
disturbed 1.8%), whereas Flavonifractor was slightly more abundant at outer reefs

(outer 4.2%, inner 3.1%, inner disturbed 3.%) (Fig. C.5).

4.4.8 Prevalent ASVs in each reef zone

A machine learning-based, de-noising algorithm (PIME) was used to detect sets
of ASVs in the whole gut microbiome that significantly contribute to differences
between reef zones. The initial out of bag (OOB) error rate (i.e., the prediction
error in a RandomForest model) for our unfiltered dataset was greater than 0.1
(PIME, OOB 0.27) indicating that PIME filtering would effectively remove noise.
PIME identified a prevalence cut-off of 65% for the highest improved accuracy
(OOB=2.25) indicating that the model was 97.75% accurate (Table D.14). The

validation step found no significant differences between the randomised errors (Fig.
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C.7B) and the predicted prevalence cut-off value of 0.65 indicating absence of
false positives (Type I error).

The filtered dataset after selecting ASVs that were present in at least 65%
of all fish guts comprised 17 ASVs in eight families; i.e., Endozoicomonadaceae,
Ruminococcaceae, Pirellulaceae, Lachnospiraceae, Brevinemataceae, Cyanobiaceae,
Rhodobacteraceae, Peptostreptococcaceae (Fig. 4.7, Table D.15 and D.16). Fish
of the inner bay zone showed highest richness levels with 13 ASVs, compared
to eight and nine ASVs in fish of outer bay and inner bay disturbed zones,
respectively (Fig. 4.7). An Endozoicomonas ASV (ASV1), which was also a
dominant component of the core, had a much higher relative abundance in fish
of the outer bay zone (82.1%) than in fish of the inner bay disturbed zone
(41.0%) (Fig. 4.7). Communities differed most in composition between fish of
the outer bay and inner bay disturbed zone, whereas, fish of the inner bay zone
reflected an intermediate community between these two and the highest richness
of Endozoicomonas ASVs (N=5). Evenness among Endozoicomonas increased and
richness decreased (3 ASVs) in fish of the inner bay disturbed zone, as observed
with the core community. Bacteria in the genus Flavonifractor occurred in fish of
both inner bay zones but not outside, whereas the outer bay zone uniquely featured
Rhodobacteraceae, genus Ruegeria. Two distinct ASVs of the giant bacterium
Epulopiscium (family Lachnospiraceae) were significantly prevalent in fish of the
inner and inner bay disturbed zones, respectively but were more abundant at
disturbed reefs (2.75%). Disturbed reefs uniquely featured anaerobic gut bacteria
in the genus Romboutsia (family Peptostreptococcaceae) and a particular ASV

in the family Lachnospiraceae (Fig. 4.7).

4.5 Discussion

Detecting how host associated microbial communities differ as a function of habitat
state and how spatial turnover of microbiomes varies within and among host
populations is essential to understanding and predicting host species responses to

environmental change. We show that both the whole and the core gut microbiome of
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ASV ID Taxon % ldentity | source Host group Host species Country Ocean/River Reference
100 coral tissue scleractinian coral Porites astreoides Pa"a'":;:"“s ¢l Western Atlantic Sunagawa 2010
’ ) ) P Bocas del
Asvi Endozoicomonas 100 coral tissue scleractinian coral Orbicella faveolata a"“”“:;f“ e Western Atlantic Sunagawa et al. 2009
100 coral tissue scleractinian coral Orbicella annularis Curacao Western Atlantic Klaus et al. 2007
99.6 Gltract coral reef fish Pomacanthus sexstriatus NP NP Ward et al. 2009
ASV5 Endozoicomonas
99.21 coral tissue scleractinian coral Porites astreoides Pm"‘:g:’"“ del Western Atlantic Sunagawa et al. 2010
ASV6 Endozoicomonas 100 coral tissue scleractinian coral Porites astreoides Pa"a'":gz;m ¢l Western Atlantic Sunagawa et al. 2010
99.6 coral tissue scleractinian coral Porites lutea South Africa Western Indian Ocean Sere etal. 2013
ASVIL Endozoicomonas 99.6 coral tissue scleractinian coral NP Thailand, KoTao  Western South China Sea Roder et al. 2014
P Bocas del
99.6 coral tissue scleractinian coral Porites sp. a""’"‘?;ﬁ;““ € Western Atlantic Roder 2014
Asve Flavonifractor 98.2 Gl tract Marine fish Kyphosus sydneyanus New Zealand South-Western Pacific Moran et al. 2005
" - Australia (Great " Mendell et al. 2010 Accession:
Asv14 Ruminococcaceae 98.42 Gl tract coral reef fish Naso tonganus sarmer feeh Pacific ea0a1e
98.81 gill bivalve mollusc (clam) Ctena orbiculata  Florida, Sugarloaf Key Western Atlantic Lim et al. 2017 Accession: KY687505
ASV7 End i
8 ndozoicomonas 98.81 gill bivalve mollusc (clam) Loripes lacteus Meditarranean Meditarranean Mausz et al. 2008
98.81 sponge tissue sponge Theonella swinhoei China South China Sea Feng 2015 Accession: KT121420
93.7 Gl tract coral reef fish Naso tonganus Australia (Great Pacific Mendell et al. 2010 Accession:
Barrier Reef) HM630215
ASV2 Brevinema United States
93.68 Gl tract marine and brakish fish  Gillichthys mirabilis ) Pacific Bano et al. 2007
(California)
100 coral mucus scleractinian coral NP Curacao Western Atlantic Frade et al. 2016
ASV3 Endozoicomonas I3 Eset
100 coral tissue scleractinian coral Porites astreoides a"‘““:r:jc“ e Western Atlantic Sunagawa 2010
99.6 coral tissue scleractinian coral Porites astreoides Panama (Bocas del Western Atlantic Sunagawa 2010
AsV17 Endozoicomonas Toro)
99.6 coral mucus scleractinian coral NP Curacao Western Atlantic Frade et al. 2016
95.26 Gl tract freshwater fish Thymallus sp. Russia Bol'shaya Tira River Sukhanova et al. 2011
. Accession:HES84732
AsVi8 Ruminacoccaceae Nishioka et al. 2019 Accession:
95.28 biogas reactor reactor water NP Japan (Hokkaido) NP \earaos
Koike 201 :AB821.
%47 rumen black beef cattle NP Japan NP oike 2013 Accession:ABE21803
Asv10 Lachnospiraceae 9.7 feces human Homo sapiens NP NP Turnbaugh et al. 2009
94.7 feces human Homo sapiens United States NP Ley et al. 2006
100 healthy coral tissue  scleractinian coral Orbicella faveolata Puerto Rico Western Atlantic Kimes et al. 2013
) Australia (Great . Mendell et al. 2010
D Epuloplscium 100 Gl tract coral reef fish Naso tonganus ) Pacific 30730
: )
100 Gl tract (distal coral reef fish Lutjanus bohar Palmyra Atoll Femiie Smriga et al. 2010
intestine, feces)
98.41 Gl tract coral reef fish Acanthurus nigrofuscus Saudi Arabia Red Sea Miyake et al. 2015
AsV1S Ruminococcaceae 98.02 Gl tract coral reef fish Siganus canaliculatus China NP Zhang et al. 2018
96.43 feces kangaroo Macropus rufus Australia NP Ley et al. 2008
Danish-Daniel et al. 2018
99,60 ti ine tunicat NP Malaysi Western South China S )
issue marine tunicates alaysia estern South China Sea o C896100
Asv68 Endozoicomonas ) ) Schreiber et al. 2016 Accession:
99,60 tissue ascidians Styela clava Denmark NP CeagE
99,60 coral tissue scleractinian coral Colpophyllia natans Curacao NP Klaus et al. 2011
P: B |
ASV30 Romboutsia 100 soft coral tissue soft coral Gorgonia ventalina a"amiim'fas de Western Atlantic Sunagawa 2010
99,61 Gl tract coral reef fish Zebrasoma desjardi Saudi Arabia Red Sea Miyake et al. 2016
' Coutinho et al. 2012 Accession:
B . 99,60 water water NP Brazil NP Jaa30694
A R India (Andaman ) Cherian et al. 2019 Accession:
99,21 marine sediment marine sediment NP ) Indian Ocean MKoasdse
Asves Romboutsia NP NP NP NP NP NP NP
Clostridium_sensu_stricto_1 9.6 feces goose Branta canadensis Canada NA Lu et al. 2009
" ) P ) Munguia-Fragozo et al. 2016
asvig  Clostridium_sensu_stricto 1 99.21 aquaponic biofilm NP NA Mexico NA v Iooasn
- ) ’ ) - Tidjani Alou et al. 2016 Accession:
Clostridium_sensu_stricto_1  98.81 feces human child Homo sapiens Nigeria NP idjani Alou et 2 ccession
17161894
suspended plant
ASV24 Tyzzerella 97.23 residue ina NP NP NP NA Ueki et al. 2017
methanogenic reactor
of cattle farm waste
Ruminococcaceae 98.02 fish gut coral reef fish Acanthurus nigrofuscus Saudi Arabia Red Sea Miyake et al. 2016
Ruminococcaceae 97.62 fish gut coral reef fish Siganus canaliculatus China South China Sea Juan et al. Accession: HG970996
Asv2s . USA, Saint Louis
Ruminococcaceae 96.03 feces Red Kangaroo Macropus rufus ! NA Ley et al. 2008
Zoological Park
Ruminococcaceae 95.28 Gl tract coral reef fish Pomacanthus sexstriatus NP NP Ward et al. Accession:EU885024
Anaerofilum 97.62 fish gut coral reef fish Acanthurus nigrofuscus Saudi Arabia Red Sea Miyake et al. 2016
ASV30 Anaerofilum 97.22 fish gut coral reef fish Siganus canaliculatus China South China Sea Juan et al. Accession: HG970996
i
Anaerofilum 96.83 Gl tract coral reef fish Naso tonganus Australia (Great Pacific Mendell et al. Accession: HM630257
Barrier Reef)
Epulopiscium 100 coral mucus scleractinian coral NP Curacao Western Atlantic Frade et al. 2016
Asv41
Epulopiscium 100 freshwater microbialite NA NA Mexico NP Corman et al. Accession:KP479649
Endozoicomonas 99.21 bivalve gill bivalve Ctena orbiculata USA,Florida Atlantic Lim et al. Accession: KY687505,
ASV59 Endozoicomonas 99.21 pharynx tissue ascidian Ascidia sp. Sweden North Sea Schreiber et al. Accession: KU64822
Endozoicomonas 99.21 gil bivalve mollusc Loripes lacteus NP Meditarranean Mausz et al. Accession: GQ853556
ASV74  Clostridium_sensu_stricto_2 ~ 98.02  >ntaminated groundwat NA NA UsA NA Bowman et al. 2008
D: -D: | . E: 3
Endozoicomonas 100 marine tunicates tunicate NP Malaysia NP anish a:;z;;;ggcc SSION
ASV163
Schreiber et al. ACCESSION:
Endozoicomonas 100 pharynx tissue ascidian Ascidia sp. Sweden North Sea chreiber e 3327 A
ASV589 Thermus 100 plant root plant NP UsA NA Bueno de Mesquita et al 2020

Table 4.1: Basic Local Alignment Search Tool for nucleotides (BLASTn) (Altschul et
al. 1990) search results for ASVs identified as part of the core microbiome to infer where
these ASVs or close sequences have been previously identified. Core ASVs were compared
to the non-redundant nucleotide (nr/nt) collection database of the National Centre for
Biotechnology Information (NCBI) with BLASTn. Metadata are recorded for sequences
that matched each query at 100% similarity or the first five top hits. NP = Information
not provided. NA = Not Applicable.
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a facultative coral feeding fish are destabilised on the most coral-depauperate reefs
across a habitat degradation gradient of reefs ranging from 0% to ~30% live corals.
Shifts in the fish gut microbiome may reflect changes in diet in degraded habitats
and/or suggest possible limits to the host’s ability to regulate its microbiome with
increasing severity of habitat degradation.

Whole gut microbial communities were significantly more diverse and variable in
fish from inner bay disturbed reefs than from the outer bay zone. Conspicuously, the
core microbiome, a small set of microbial strains that form sustained relationships
with the fish host, also showed higher dispersion on degraded reefs, with greater
variability of microbial assemblages among individual fish. Significant differences in
diversity (Fig. 4.4B, 4.4C) and group dispersion were only observed with diversity
metrics that place less weight on rare ASVs (Fig. 45C, 4.5E and 4.5F) indicating
that changes in the relative abundance of the most common taxa are responsible for
this pattern. Unstable host-associated microbial communities have been observed
in humans with immunodeficiency syndromes (reviewed in Williams, Landay, and
Presti 2016; Zaneveld, McMinds, and Vega Thurber 2017) and in marine animals
such as scleractinian corals and anemones under acute stress (Zaneveld, McMinds,
and Vega Thurber 2017; Zaneveld et al. 2016; Beatty et al. 2019; Ahmed et al.
2019). Zaneveld et al. (2017) referred to this pattern of variability as the “Anna
Karenina principle” applied to host associated microbiomes (AKP). They argued
that this is a common but often overlooked response of organisms that become
unable to regulate their microbiome. Our results are consistent with patterns
expected under the Anna Karenina principle suggesting that fish experience some
level of stress in association with habitat degradation.

More variable gut microbial communities at disturbed reefs, where corals, the
preferred food of C. capistratus, are nearly absent, could be a symptom of stress
induced by reductions in resource availability including increased foraging costs
if, for example, fish spent more energy to search, capture and handle their prey.
Indeed, physiological stresses imposed by environmental conditions may cause

immune signals that imbalance gut microbiota (Zaneveld, McMinds, and Vega
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Thurber 2017; Ma et al. 2019; Pita et al. 2018; Butt and Volkoff 2019). Disturbance
to the microbiome, in turn, can affect the brain and further alter behaviours related
to movement such as the ability to forage (Johnson and Foster 2018; Butt and
Volkoff 2019). The scarcity of resources may also increase stress through intra-
and interspecific competition. For example, social stress in the form of aggressive
interactions among conspecifics was shown to alter the behaviour and microbial
assemblages associated with mice by setting off immune responses critical to host
health (Werbner et al. 2019). In Indo-Pacific butterflyfishes, coral degradation
was shown to decrease aggressive encounters among and within Chaetodon species
(Keith et al. 2018) as well as change the frequency of pair formation (Thompson
et al. 2019), and the way species responded to loss of the coral resource was
dependent on their level of dietary specialisation (Thompson et al. 2019; Keith
et al. 2018). Foraging on degraded reefs may also increase predation risk when
architectural complexity is reduced (Almany 2004). Anxiety-like behaviours induced
by exposure to predators can lead to sustained physiological stress in vertebrates
(reviewed in Clinchy, Sheriff and Zanette, 2013).

Another possible explanation for more variable gut microbiomes at disturbed
reefs could be increased behavioural heterogeneity among fish individuals (e.g.,
feeding behaviour). Where preferred food sources are scarce, foraging behaviour
may become more diverse and lead to increased individual specialisation in various
alternative food items (Bolnick et al. 2007; Svanbéck and Bolnick 2007) translating
into more varied gut microbiomes. Higher alpha diversity at the inner bay disturbed
zone supports this explanation (Fig. 4.4B, 4.C). Although C. capistratus is able to
consume a broad range of diet items (Birkeland and Neudecker 1981; Neudecker
1985; Lasker 1985), deviations from its preferred coral prey may come with fitness
consequences as shown for Indo-Pacific Butterflyfishes (Pratchett et al., 2004;
Berumen, Pratchett and McCormick, 2005; Cole, Pratchett and Jones, 2008). For
example, studies found that Chaetodon species have reduced energy reserves at
reefs where they diversify or shift their diet in response to limited coral availability

(Berumen, Pratchett, and McCormick 2005; Pratchett et al. 2004). To this end,
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more variable gut bacterial communities at disturbed reefs in our study could be
a symptom of weakened fish health due to altered nutrition.

Significant differences in the composition of the whole gut microbiome in
nearly all comparisons (i.e., between all three zones, between inner and outer
bay, and between inner bay disturbed and undisturbed; Fig 4.6A) may primarily
reflect changes in diet. Microbial prevalence analysis (PIME, Roesch et al. 2020)
identified sets of ASVs that suggested a more broad, likely omnivorous trophic
profile for fish where coral cover was low. This included a distinct Endozoicomonas
community in codominance with anaerobic fermentative bacteria (e.g., Flavonifractor
and Romboutsia in Firmicutes, Epulopiscium as well as other Lachnospiraceae in
Firmicutes) (Fig. 4.7). Prevalence of these fermentative microbes at disturbed reefs
likely reflect the consumption of algae. Epulopiscium, often considered a hostspecific
symbiont of herbivorous surgeonfishes (family: Acanthuridae) (Miyake, Ngugi, and
Stingl 2015; Ngugi et al. 2017; Fishelson, Montgomery, and Myrberg 1985), was
represented in the core microbiome and identified as distinct to the inner bay
predominantly at disturbed reefs. This suggests that C. capistratus can assimilate
nutrients from algae and that this metabolic function is enhanced on degraded reefs
by the increase in key microbial functional groups. Alternatively, the fish in our
study may take up these microbes while foraging for invertebrates on the epilithic
algal matrix. Overall, levels of Epulopiscium here were approximately similar to
those previously found in omnivores and detritivores in the Red Sea (Miyake, Ngugi,
and Stingl 2015) with the two most prevalent ASVs matching (100%) to a strain
previously isolated from the turf algal grazer Naso tonganus (Choat, Robbins, and
Clements 2004). Additionally, the presence of Rhodobacteraceae, which are often
found associated with algal biofilms (Pujalte et al. 2014; Elifantz et al. 2013), may
suggest detritus feeding but might also be related to the consumption of mucus
from stressed (Glasl, Herndl, and Frade 2016) and diseased corals (Sunagawa et al.
2009; Roder et al. 2014) where Rhodobacteraceae are also found. Lower relative

abundance of a compositionally distinct Endozoicomonascommunity at disturbed
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reefs could reflect different proportions of prey species featuring Endozoicomonas
(Morrow et al. 2012) in the diet of C. capistratus.

In contrast, a single dominant Endozoicomonas ASV along with a few Firmicutes
characterised the gut microbiome of C. capistratus on outer bay reefs (Fig. 4.7).
The presence of some Endozoicomonas ASVs shared between fish guts and potential
prey (i.e., hard corals, soft corals, zoanthids, sponges) including exact matches to
microbial sequences previously detected in two coral species (Orbicella faveolata,
Poritis asteroides) at our study area in Bocas del Toro (Sunagawa, Woodley,
and Medina 2010; Sunagawa et al. 2009), suggests the horizontal acquisition of
these microbes via feeding on corals. In addition, we identified an ASV in the
genus Ruegeria as indicative of outer bay reefs, which matched (100%) a sequence
previously retrieved from the soft coral species Pterogorgia anceps on the Caribbean
coast of Panama (unpublished sequence, GenBank Accession: MG099582) and
which was also present across samples of potential prey taxa including hard and
soft corals and sponge-infauna. Even if Endozoicomonas originated from the food,
they might nevertheless promote the assimilation of nutrients via interactions with
resident bacteria (Zhang et al. 2016).

The core microbiome composition differed under similar environmental conditions
across the inner bay between fish from disturbed and undisturbed reefs (Fig. 4.6B).
This finding suggests that bacterial communities that are most likely to have
intimate metabolic interactions with C. capistratus might fail to provide beneficial
functions to hosts at severely degraded habitats. Distinct core assemblages at
the more exposed outer bay could also reflect microbial plasticity mediated by
diet, gut colonisation history (Uren Webster et al. 2020) and/or potential genetic
differentiation between inner bay and outer bay fish subpopulations (Smith et al.
2015; Uren Webster et al. 2018; Fietz et al. 2018).

Our analysis identified ten Endozoicomonas ASVs as part of the core microbiome
indicating potential true resident symbionts. Members of the genus Endozoicomonas
spp. are known as bacterial symbionts of marine sessile and some mobile inverte-

brates and fishes (Neave et al. 2017; Pogoreutz et al. 2018; Fiore et al. 2015; Neave et



4. The gut microbiome variability of a butterflyfish increases on severely degraded
Caribbean reefs 107

al. 2016). Reverter et al. (2017) found Endozoicomonas associated with butterflyfish
gill mucus in Chaetodon lunulatus and Parris et al. (2016). found Endozoicomonas
in the gut of damselfishes (Pomacentridae) and cardinalfishes (family: Apogonidae)
pre- but not post-settlement on the reef. Corallivory in butterflyfish has been
found to have evolved in close association with coral reefs (Bellwood et al. 2010;
Reese 1977) and this likely involved adaptive mechanisms to metabolise defense
compounds from corals and many other sessile invertebrates (e.g., polychaetes).
Adapted gut microbial communities may help butterflyfish hosts cope with toxins or
facilitate the digestion of complex prey tissues as in insects, mammalian herbivores
and surgeonfish (Hammer and Bowers 2015). It is likely that the gut microbial
profile of C. capistratus — featuring high abundances Endozoicomonas — facilitates
the digestion of complex coral prey. More detailed knowledge will be required
to understand whether the potential intake of Endozoicomonas via fish browsing
on sessile invertebrates is essential to trophic strategies involving fish corallivory.
Although the health of fishes is thought to be highly dependent on the state of their
microbiome (Gémez and Balcazar 2008; Llewellyn et al. 2014), little is known about
what constitutes a balanced versus imbalanced microbial assemblage. Thus, defining
microbial homeostasis or dysbiosis remains challenging and these terms should be
applied with caution (Hooks and O’Malley 2017; Levy et al. 2017; Brussow 2019).
We found an increase in microbiome variability, diversity, and community turnover
that extended to the core microbiome suggesting that the microbiome may be
vulnerable to extremely low levels of live coral cover. Additional work should
focus on linking changes in the gut microbiome to host health. Our results give
insight into the poorly understood spatial fluctuations in host associated microbial
communities across a natural system and in response to coral reef habitat decline.
This work highlights intricate links between ecosystem-scale and microbial-scale
processes, which have so far been mostly overlooked. We suggest there is an urgent
need to integrate measurements of the role of microbes in the response of reef

fishes to the global loss of coral reefs.
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Chapter 5

General discussion

The ongoing reorganisation of ecological communities in response to human pressures
poses major challenges in detecting and interpreting community patterns and
underlying ecological mechanisms such as species’ trophic interactions. Knowledge
of species-level mechanisms and how they scale up to communities is crucial for
predicting the functioning and service provision of future ecosystems and to inform
the development of resilience-based management strategies. This thesis generated
in-depth descriptions of ecological communities at unprecedented taxonomic reso-
lution and on different levels of biological organisation (i.e., coral reef fishes, prey
within fish stomachs, host associated microbes) using traditional visual-census
techniques, dietary DNA-Metabarcoding and 16S-based gut microbiome analysis.
By investigating spatial variability in diversity patterns and ecological interactions,
this thesis gained insight into fish functional (Chapter 2), dietary (Chapter 3)
and gut microbial (Chapter 4) niches along habitat gradients (Chapter 3 and
4) and across spatial scales (Chapter 2).

At the community level, I confirmed that taxonomic species assemblages of
Caribbean coral reef fishes are governed by the spatial axis of geomorphological
reef zonation (Alevizon et al. 1985, Mejia et al. 2000, Chapter 2). Yet, the
significant interaction among atolls and reef zones indicated that local environmental
characteristics at each atoll contributed to fish diversity patterns (Chapter 2).
Both taxonomic and functional diversity levels were highest at the largest, least
isolated but also least protected atoll, whereas taxonomic diversity was significantly

lower at the atoll that was most protected. All three atolls differed in terms of
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the relative levels of occupancy of different functional trait entities. This may
reflect differences in the dominant functional processes at play within each atoll
ecosystem. Fish communities were vulnerable to losing functions at the regional
scale, indicated by a pattern of functional over-redundancy (sensu Mouillot 2014)
(Chapter 2). At the species level, I found that different benthic feeding strategies
showed variable resource use patterns across a habitat gradient (Chapter 3).
Coral cover predicted the diet of a facultative corallivore (Chaetodon capistratus),
whereas, the diet of a benthic crustaceans feeder (Hypoplectrus puella) responded
to exposure level rather than habitat. Interestingly, C. capistratus switched from a
coral dominated diet at high coral cover reefs to an annelid dominated diet at low
coral cover reefs (Chapter 3). This finding suggested that the trophic functions
provided by this species differ between healthy and degraded reefs (Chapter 3)
and highlighted variable responses to habitat degradation between different feeding
strategies and dietary niches. Building on Chapter 3, Chapter 4 found—at the
level of host-associated microbes—that a microbial community pattern, which has
been previously linked to microbiome instability (Zaneveld, McMinds, and Vega
Thurber 2017) characterised the gut microbiome of C. capistratus at degraded reefs.
Species interactions underpin mechanisms potentially stabilising communities
and ecosystem functioning under conditions of change, such as functional redun-
dancy (i.e., the presence of species performing equivalent roles ensures ecosystem
functioning in cases of diversity loss, Rosenfeld 2002) and trophic compensation
(e.g., Ghedini, Russell, and Connell 2015). Whether and how such mechanisms
actually stabilise ecological processes on coral reefs is being increasingly scrutinised.
For example, dietary studies of high taxonomic resolution based on either expert
knowledge or novel technologies (e.g., DNA-metabarcoding, compound specific
isotopes) revealed that resource partitioning among closely related coral reef fish
species appears more complex and differentiated than previously assumed, rendering
communities potentially vulnerable to losing functions (Longenecker 2007; Leray,
Meyer, and Mills 2015; Leray et al. 2019; Brandl and Bellwood 2014; Brandl, Casey,
and Meyer 2020; Kramer et al. 2015; McMahon et al. 2016). Similarly, studies
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analysing coarser resolutions of fish species’ traits at the community level found
that species were disproportionately distributed among functions, with a broad
suite of functions represented by only one species lacking insurance against species
loss (Guillemot et al. 2011, Micheli et al. 2014, Mouillot et al. 2014; D’Agata et
al. 2016b, McLean et al. 2019, Chapter 2). This thesis showed that this globally
consistent pattern of functional over-redundancy in fish assemblages, which was first
established at the scale of tropical bioregions, persisted at spatial scales relevant
to local conservation and resource management (10-100 km, Spalding 2000) in the
Caribbean. Proposing a standardised measure of relative trait-space occupancy,
this thesis generated novel insight by taking into account both the occurrence and
abundance distribution among fish functions (Chapter 2).

Functionally vulnerable fish assemblages may be reflective of the high levels of
niche complementarity detected among closely related species based on, for example,
their diets, habitat use, swimming abilities, and gut microbiomes (Whiteman,
Coté, and Reynolds 2007; Frédérich et al. 2009; Nagelkerken et al. 2009; Brandl
and Bellwood 2014; Kramer et al. 2015; Leray, Meyer, and Mills 2015; Bejarano
et al. 2017; Liedke et al. 2018; Leray et al. 2019; Scott et al. 2020; Brandl,
Casey, and Meyer 2020). This thesis highlighted the role of within-species trait
variation (e.g., dietary plasticity) in potentially mediating this pattern (Albert
et al. 2010; Chapter 3). For example, species may influence levels of niche
overlap within communities through dietary plasticity, which may allow them to
maintain functions if richness declines. Yet, knowledge of coral reef fish intraspecific
dietary variation across space, e.g., between geographic locations (Whiteman, Coté,
and Reynolds 2007; Lawton and Pratchett 2012; Liedke et al. 2016) or on small
spatial scales (Berumen, Pratchett, and McCormick 2005), is scarce but crucial
to understanding potential niche shifts in relation to habitat change (Berumen,
Pratchett, and McCormick 2005; Graham 2007a; Layman et al. 2007; Hempson,
Graham, MacNeil, Williamson, et al. 2017; Kingsbury et al. 2020; Monaco et al.
2020, Chapter 3). Versatile reef fish predators have been little explored regarding

their potential for feeding plasticity in response to altered prey resources on degraded
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Figure 5.1: Sketch for the visual method developed in Chapter 2 for depicting relative
levels of occupancy in functional trait space by fish assemblages. Drawing: Friederike
Clever

reefs. Few examples document switches in foraging mode and/or prey (Hempson et
al. 2017; Karkarey et al. 2017, Chapter 3) or dietary niche contraction (Layman
et al. 2007). Prey switching (Murdoch 1969) was found in predators that feed
on small fishes (Hempson, Graham, MacNeil, Williamson, et al. 2017), juvenile
fishes (Chapter 3), and benthic mobile and sessile invertebrates (Chapter 3) at
mid-trophic levels. These findings suggest that the trophic functions delivered by a
given species may spatially vary, even at small spatial scales (Chapter 3). The
spatial and/or temporal variation in feeding interactions may mediate whether
and how trophic networks adjust to degraded habitat conditions (Nagelkerken et
al. 2020) and suggests that patterns of niche overlap are dynamic and context
dependent, which may influence the adaptive capacity of communities.

Feeding behaviour may be mediated by interactions between animal hosts and
their gut microbiomes, the latter of which can constitute a crucial determinant
of dietary niches in coral reef fish herbivores (Clements et al. 2014; Ngugi et al.
2017; Scott et al. 2020). Diet can also directly affect the composition of fish gut
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microbiomes (Lyons et al. 2017). Thus, knowledge about gut microbiomes can aid
in delineating fish trophic niches and vice versa (Clements et al. 2014; Colston
and Jackson 2016; Escalas et al. 2021). Moreover, host associated microbes can
adjust rapidly in response to changing environmental conditions or diets and, thus,
may facilitate host acclimatisation processes (Alberdi et al. 2016) and underpin
plastic feeding behaviour (Chapter 4). Vertebrate gut microbiomes have shown
diverse responses to suboptimal habitat conditions. For example, a study of bird gut
microbiomes in Costa Rica found that only few host species appeared vulnerable
to land use change (San Juan et al. 2020). Yet, microbiomes often become less
diverse as found in primates (Amato et al. 2013; Barelli et al. 2015), likely related
to simplified diets and potentially associated with a loss of microbial functions
(Amato et al. 2013; West et al. 2019; Borbén-Garcia et al. 2017). The gut
microbiome of a coral feeding butterflyfish (Chaetodon capistratus) increased in
alpha diversity and became more variable among individuals at coral depauperate
reefs in tandem with a change in main diet item (Chapter 3 and 4). Similar
microbial patterns have been found to characterise responses to disturbance in
invertebrate hosts such as sponges (reviewed in Pita et al. 2018) and corals (Zaneveld
et al. 2016). These findings highlight the complexity and diversity in gut microbial
responses among different taxa (West et al. 2019) and demonstrate that detailed
information on within-species dietary and gut microbiome variation enhances our
understanding of species’ realised niches and can elucidate species’ responses to

changing conditions (Chapter 3 and 4).

5.0.1 Implications for management

The findings of this thesis suggested that the effectiveness of marine reserves
for protecting fish diversity depends on biogeographic setting and the seascape
characteristics at a given reef location (Chapter 2). Biogeography and seascape
factors (e.g., reef area, spatial isolation, reef geomorphology) can mediate the relative
strength of both, global climate effects and local human stressors on local scales

and thus should guide decision making for area prioritisation, while ideally also
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incorporating knowledge on reef recovery trajectories (Graham et al. 2015; Graham
et al. 2020). I showed that biogeographic factors may counteract benefits from
protection, while on the other hand they may mitigate detrimental local human
influences (e.g., fishing, pollution) and potentially vice versa (Chapter 2). For
example, Cinner et al. (2016) identified coral reefs of high fish biomass despite
proximity to negative local impacts. Identifying and understanding the drivers
behind these observations may guide choosing areas for conservation (Cinner et
al. 2016; Graham et al. 2020).

A central goal in resilience-based management is to manage ecosystem processes
(McLeod et al. 2019). To this end, groups of functional traits can serve as proxies
for important ecological functions provided by fishes (Chapter 2) and should
be increasingly integrated into management to maintain and rebuild ecosystem
resilience (e.g., Micheli et al. 2014) and to better predict the impacts of fishing
on ecosystem functioning (e.g., Allgeier et al. 2016; D’Agata et al. 2016b). This
thesis showed that reef geomorphology provides simple proxies of fish diversity
(taxonomic and functional), which could aid in mapping the spatial distributions
of fish functions (Chapter 2). However, effectively managing ecological processes
requires more research to better understand the nature fish functions within coral
reef ecosystems (Bellwood et al. 2018, Brandl et al. 2018). For example, a
potentially crucial but little understood aspect, which appears largely ignored
by fisheries and conservation management, regards the role of intraspecific trait
variability in influencing functioning (Allgeier et al. 2020, Chapter 3 and 4)
(see 'Future outlook’ below).

Furthermore, a holistic approach integrating different levels of ecological organi-
sation could inform the development of effective tools for monitoring and targeted
interventions. My findings suggested that species’ trophic roles can vary across
small spatial scales and are (to various degrees depending on the species in question)
predictable by habitat characteristics (e.g., coral cover) (Chapter 3). Based on
further research, such knowledge could be extended towards key fish functions to

better predict ecosystem dynamics. For example, local management may incorporate
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spatially explicit information on fish functions to improve trait-based, community-
level assessments of functional parameters (e.g., functional redundancy) to better
predict which functions may be particularly vulnerable to fishing (e.g., D’Agata
et al. 2016b). Screenings of fish gut microbiomes (using non-lethal methods e.g.,
collecting fecal samples) could potentially aid in detecting fish population stress
levels, overall health, and dietary states as well as acclimatisation and adaptation
potential under changing conditions (Apprill 2020). However, establishing effective
indicators will require more baseline knowledge on drivers of fish gut microbiome

variability in natural systems.

5.0.2 Future outlook

By investigating different levels of ecological organisation from fish communities
to fish diets to gut microbiomes, this thesis marks a first step towards a holistic
view of key processes that influence coral reef fish responses to changing habitat
conditions. This approach generated a number of novel questions and possible
future research directions.

A useful next step would be experiments testing hypotheses regarding i) degrees
of specialisation in relation to resource availability, habitat and physical condition;
and ii) relationships between host gut microbiomes, habitat condition and diet
with the aim to understand and discriminate stress versus plastic responses and
to investigate variation in microbial functioning.

The findings of this thesis raised the question whether the two fish species studied
across reefs at the Bahia Amirante at Bocas del Toro constitute one or several
subpopulations. Population genetics tools (e.g., microsatellite or mitochondrial DNA
markers) could elucidate potential influences of host genotypes on diet breadth and
microbiome composition and potentially provide insight into whether the observed
dietary differences reflect adapted traits or versatile behaviour. In this context, a
further question would be whether versatile feeding behaviour reflects immediate
plastic responses or was acquired during development. These questions could also

potentially be addressed with field experiments using species replacements.
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Chapter 3 and 4 could be expanded to sequencing the diets and gut mi-
crobiomes of larger species suites while ideally retaining robust sample sizes per
species across different habitats, habitat conditions, and if feasible across time
(using non-lethal sampling methods). For example, analyses spanning multiple
trophic levels would allow to determine trophic interaction networks (e.g., Casey et
al. 2019) and elucidate pathways by which individual-level processes (e.g., dietary
plasticity) affect ecosystem functioning. Trophic networks could further be used
to understand how habitat change may shift food-web structure and potentially
ecosystem functioning on coral reefs (e.g., Nagelkerken et al. 2020).

This thesis showed that diets of versatile feeders can be highly context-dependent
to the degree where species’ trophic functions may vary across space within an
ecosystem (Chapter 3). However, trait-based approaches studying coral reef fish
communities commonly treat diet as a ‘fixed” as opposed to a trait that is flexible
across space and time (regardless of degree of dietary specialisation), due to a
lack of empirical and high-resolution data. This corresponds to the notion that,
as useful tools, ‘traits should vary more between than within species’ (McGill et
al. 2006; discussed in Violle et al. 2012). Extracting trait values at the species
level as opposed to population or individual level may mask niche variability and
hinder the understanding of ecosystem processes (Bolnick et al. 2003; Violle et al.
2012; Hadj-Hammou, Mouillot, and Graham 2021). Integrating intraspecific trait
variation is challenging in high diversity assemblages such as coral reef fishes. A
way forward may be to combine dietary metabarcoding data obtained along habitat
gradients (e.g., Chapter 3) and ideally across spatial scales with easy to measure
but powerful traits such as size (total length) (proposed by Hadj-Hammou, Mouillot,
and Graham 2021) or potentially a measure of the level of specialisation.

Fishes are important players in the functioning, maintenance and resilience of
coral reef ecosystems through their roles in tropho-dynamics. This thesis contributed
to identifying and understanding mechanisms by which trophic interactions and

community assemblages may shift under increasingly severe conditions of change.



References

Acosta, CA, and DN Robertson. 2002. “Diversity in Coral Reef Fish Communities:
The Effects of Habitat Patchiness Revisited.” Marine Ecology Progress Series
227 (February): 87-96.

Acosta, Charles, Robin Barnes, and Rebecca McClatchey. 2015. “Spatial Dis-
cordance in Fish, Coral, and Sponge Assemblages across a Caribbean Atoll Reef
Gradient.” Marine Ecology 36 (2): 167-77.

Ahmed, Hanin Ibrahim, Marcela Herrera, Yi Jin Liew, and Manuel Aranda.
2019. “Long-Term Temperature Stress in the Coral Model Aiptasia Supports
the ‘Anna Karenina Principle’ for Bacterial Microbiomes.” Frontiers in Microbiology
10 (May): 975.

Ainsworth, Tracy D, Lutz Krause, Thomas Bridge, Gergely Torda, Jean-Baptise
Raina, Martha Zakrzewski, Ruth D Gates, et al. 2015. “The Coral Core Microbiome
Identifies Rare Bacterial Taxa as Ubiquitous Endosymbionts.” The ISME Journal
9 (10): 2261-74.

Albaina, Aitor, Mikel Aguirre, David Abad, Maria Santos, and Andone Estonba.
2016. “18S RRNA V9 Metabarcoding for Diet Characterization: A Critical

Evaluation with Two Sympatric Zooplanktivorous Fish Species.” Ecology and
Evolution 6 (6): 1809-24.

Alberdi, Antton, Ostaizka Aizpurua, Kristine Bohmann, Shyam Gopalakrishnan,
Christina Lynggaard, Martin Nielsen, and Marcus Thomas Pius Gilbert. 2019.
“Promises and Pitfalls of Using High-throughput Sequencing for Diet Analysis.”
Molecular Ecology Resources 19 (2): 327-48.

Alberdi, Antton, Ostaizka Aizpurua, Kristine Bohmann, Marie Lisandra Zepeda-
Mendoza, and M. Thomas P. Gilbert. 2016. “Do Vertebrate Gut Metagenomes Con-
fer Rapid Ecological Adaptation?” Trends in Ecology and Evolution. Elsevier Ltd.

Alberdi, Antton, Ostaizka Aizpurua, M Thomas P Gilbert, and Kristine Bohmann.

117



118 References

2017. “Scrutinizing Key Steps for Reliable Metabarcoding of Environmental
Samples.” Methods in Ecology and Evolution.

Alberdi, Antton, and M. Thomas P. Gilbert. 2019. “A Guide to the Application
of Hill Numbers to DNA-based Diversity Analyses.” Molecular Ecology Resources
19 (4): 1755-0998.13014.

Albert, Cécile Hélene, Wilfried Thuiller, Nigel Gilles Yoccoz, Rolland Douzet, Serge
Aubert, and Sandra Lavorel. 2010. “A Multi-Trait Approach Reveals the Structure
and the Relative Importance of Intra- vs. Interspecific Variability in Plant Traits.”
Functional Ecology 24 (6): 1192-1201.

Alevizon, William, Rebecca Richardson, Patrick Pitts, and Gary Serviss. 1985.
“Coral Zonation and Patterns of Community Structure in Bahamian Reef Fishes.”
Bulletin of Marine Science 36 (2): 304-18.

Allgeier, Jacob E., Timothy J. Cline, Timothy E. Walsworth, Gus Wathen, Craig
A. Layman, and Daniel E. Schindler. 2020. “Individual Behavior Drives Ecosystem
Function and the Impacts of Harvest.” Science Advances 6 (9).

Allgeier, Jacob E., Abel Valdivia, Courtney Cox, and Craig A. Layman. 2016.
“Fishing down Nutrients on Coral Reefs.” Nature Communications 7 (1): 1-5.

Almany, Glenn R. 2004. “Differential Effects of Habitat Complexity, Predators and
Competitors on Abundance of Juvenile and Adult Coral Reef Fishes.” Oecologia
141 (1): 105-13.

Altieri, Andrew H, Seamus B Harrison, Janina Seemann, Rachel Collin, Robert
J Diaz, and Nancy Knowlton. 2017. “Tropical Dead Zones and Mass Mortalities
on Coral Reefs.” Proceedings of the National Academy of Sciences of the United
States of America 114 (14): 3660-65.

Altschul, Stephen F., Warren Gish, Webb Miller, Eugene W. Myers, and David
J. Lipman. 1990. “Basic Local Alignment Search Tool.” Journal of Molecular
Biology 215 (3): 403-10.

Amato, Katherine R., Carl J. Yeoman, Angela Kent, Nicoletta Righini, Franck
Carbonero, Alejandro Estrada, H. Rex Gaskins, et al. 2013. “Habitat Degradation
Impacts Black Howler Monkey (Alouatta Pigra) Gastrointestinal Microbiomes.”
ISME Journal 7 (7): 1344-53. Amundsen, P.-A., H.-M. Gabler, and F. J. Staldvik.
1996. “A New Approach to Graphical Analysis of Feeding Strategy from Stomach
Contents Data-Modification of the Costello (1990) Method.” Journal of Fish Biology
48 (4): 607-14.

Anderson, G. R. V., A. H. Ehrlich, P. R. Ehrlich, J. D. Roughgarden, B. C. Russell,
and F. H. Talbot. 1981. “The Community Structure of Coral Reef Fishes.” The
American Naturalist 117 (4): 476-95.



References 119

Anderson, Marti J. 2001. “A New Method for Non-Parametric Multivariate Analysis
of Variance.” Austral Ecology 26 (1): 32-46.

Anderson, Marti J., Kari E. Ellingsen, and Brian H. McArdle. 2006. “Multivariate
Dispersion as a Measure of Beta Diversity.” Ecology Letters 9 (6): 683-93.

Anderson, Marti J., and Daniel C. I. Walsh. 2013. “PERMANOVA, ANOSIM, and
the Mantel Test in the Face of Heterogeneous Dispersions: What Null Hypothesis
Are You Testing?” Ecological Monographs 83 (4): 557-74.

Anderson, W, K.E. Carpenter, G. Gilmore, G. Milagrosa Bustamante, and R.
Robertson. 2015. “Hypoplectrus Puella (Barred Hamlet). The IUCN Red List
of Threatened Species 2015.” 2015.

Apprill, A, S McNally, R Parsons, and L. Weber. 2015. “Minor Revision to V4
Region SSU RRNA 806R Gene Primer Greatly Increases Detection of SAR11
Bacterioplankton.” Aquatic Microbial Ecology 75 (2): 129-37.

Apprill, Amy. 2020. “The Role of Symbioses in the Adaptation and Stress Responses
of Marine Organisms.” Annual Review of Marine Science 12 (1).

Armougom, Fabrice. 2009. “Exploring Microbial Diversity Using 16S RRNA
High-Throughput Methods.” Journal of Computer Science Systems Biology 02 (01):
74-92.

Aronson, RB, NL Hilbun, TS Bianchi, TR Filley, and BA McKee. 2014. “Land Use,
Water Quality, and the History of Coral Assemblages at Bocas Del Toro, Panama.”
Marine Ecology Progress Series 504 (May): 159-70.

Astudillo-Garcia, Carmen, James J. Bell, Nicole S. Webster, Bettina Glasl, Jamalud-
din Jompa, Jose M. Montoya, and Michael W. Taylor. 2017. “Evaluating the Core

Microbiota in Complex Communities: A Systematic Investigation.” Environmental
Microbiology 19 (4): 1450-62.

Ault, Timothy R., and Craig R. Johnson. 1998. “Spatially and Temporally
Predictable Fish Communities on Coral Reefs.” Ecological Monographs 68 (1): 25-50.

Aylagas, Eva, Inaki Mendibil, Angel Borja, and Naiara Rodriguez-Ezpeleta. 2016.
“Marine Sediment Sample Pre-Processing for Macroinvertebrates Metabarcoding:
Mechanical Enrichment and Homogenization.” Frontiers in Marine Science 3: 203.

Babcock, Elizabeth A., Alexander Tewfik, and Virginia Burns-Perez. 2018. “Fish
Community and Single-Species Indicators Provide Evidence of Unsustainable
Practices in a Multi-Gear Reef Fishery.” Fisheries Research 208 (December): 70-85.

Barba, M. De, C. Miquel, F. Boyer, C. Mercier, D. Rioux, E. Coissac, and P. Taberlet.
2014. “DNA Metabarcoding Multiplexing and Validation of Data Accuracy for
Diet Assessment: Application to Omnivorous Diet.” Molecular Ecology Resources



120 References

14 (2): 306-23.

Barelli, Claudia, Davide Albanese, Claudio Donati, Massimo Pindo, Chiara Dallago,
Francesco Rovero, Duccio Cavalieri, Kieran Michael Tuohy, Heidi Christine Hauffe,
and Carlotta De Filippo. 2015. “Habitat Fragmentation Is Associated to Gut
Microbiota Diversity of an Endangered Primate: Implications for Conservation.”
Scientific Reports 5 (1): 1-12.

Bates, Amanda E., Robert S.C. Cooke, Murray I. Duncan, Graham J. Edgar, John
F. Bruno, Lisandro Benedetti-Cecchi, Isabelle M. Coté, et al. 2019. “Climate
Resilience in Marine Protected Areas and the ‘Protection Paradox.”” Biological
Conservation. Elsevier Ltd.

Bates, Douglas, Martin Méchler, Benjamin M. Bolker, and Steven C. Walker.
2015. “Fitting Linear Mixed-Effects Models Using Lme4.” Journal of Statistical
Software 67 (1).

Beatty, Deanna S., Jinu Mathew Valayil, Cody S. Clements, Kim B. Ritchie, Frank
J. Stewart, and Mark E. Hay. 2019. “Variable Effects of Local Management

on Coral Defenses against a Thermally Regulated Bleaching Pathogen.” Science
Advances 5 (10).

Beck, Hayden J., David A. Feary, William F. Figueira, and David J. Booth. 2014.
“Assessing Range Shifts of Tropical Reef Fishes: A Comparison of Belt Transect
and Roaming Underwater Visual Census Methods.” Bulletin of Marine Science
90 (2): T05-21.

Beger, Maria, Geoffrey P Jones, and Philip L. Munday. 2003. “Conservation of
Coral Reef Biodiversity: A Comparison of Reserve Selection Procedures for Corals
and Fishes.” Biological Conservation 111 (1): 53-62.

Beier, Paul, Patricia Sutcliffe, Jan Hjort, Daniel P Faith, Robert L. Pressey, and
Fabio Albuquerque. 2015. “A Review of Selection-Based Tests of Abiotic Surrogates
for Species Representation.” Conserv Biol 29 (3): 668-79.

Beijbom, Oscar, Peter J. Edmunds, Chris Roelfsema, Jennifer Smith, David 1. Kline,
Benjamin P. Neal, Matthew J. Dunlap, et al. 2015. “Towards Automated Annotation
of Benthic Survey Images: Variability of Human Experts and Operational Modes of
Automation.” Edited by Chaolun Allen Chen. PLOS ONE 10 (7): €0130312.

Bejarano, Sonia, Jean Baptiste Jouffray, Iliana Chollett, Robert Allen, George Roff,
Alyssa Marshell, Robert Steneck, Sebastian C.A. Ferse, and Peter J. Mumby. 2017.
“The Shape of Success in a Turbulent World: Wave Exposure Filtering of Coral
Reef Herbivory.” Edited by Timothy Higham. Functional Ecology 31 (6): 1312-24.

Bellwood, D. R., S. Klanten, P. F. Cowman, M. S. Pratchett, N. Konow, and L.
van Herwerden. 2010. “Evolutionary History of the Butterflyfishes (f: Chaetodon-



References 121

tidae) and the Rise of Coral Feeding Fishes.” Journal of Evolutionary Biology
23 (2): 335-49.

Bellwood, David R., Morgan S. Pratchett, Tiffany H. Morrison, Georgina G. Gurney,
Terry P. Hughes, Jorge G. Alvarez-Romero, Jon C. Day, et al. 2019. “Coral Reef
Conservation in the Anthropocene: Confronting Spatial Mismatches and Prioritizing
Functions.” Biological Conservation 236 (August): 604-15.

Bellwood, David R., Robert P. Streit, Simon J. Brandl, and Sterling B. Tebbett.
2018. “The Meaning of the Term ‘Function’ in Ecology: A Coral Reef Perspective.”
Functional Ecology 33 (6): 1365-2435.13265.

Berkstrom, Charlotte, Geoffrey P Jones, Mark I McCormick, and Maya Srinivasan.
2012. “Ecological Versatility and Its Importance for the Distribution and Abundance
of Coral Reef Wrasses.” Marine Ecology Progress Series 461: 151-63.

Berry, O, C Bulman, M Bunce, M Coghlan, DC Murray, and RD Ward. 2015.
“Comparison of Morphological and DNA Metabarcoding Analyses of Diets in
Exploited Marine Fishes.” Marine Ecology Progress Series 540 (November): 167-81.

Berumen, ML, MS Pratchett, and MI McCormick. 2005. “Within-Reef Differences
in Diet and Body Condition of Coral-Feeding Butterflyfishes (Chaetodontidae).”
Marine Ecology Progress Series 287 (February): 217-27.

Beukers-Stewart, B. D., and G. P. Jones. 2004. “The Influence of Prey Abundance
on the Feeding Ecology of Two Piscivorous Species of Coral Reef Fish.” Journal
of Experimental Marine Biology and Ecology 299 (2): 155-84.

Binladen, Jonas, M. Thomas P. Gilbert, Jonathan P. Bollback, Frank Panitz,
Christian Bendixen, Rasmus Nielsen, and Eske Willerslev. 2007. “The Use of
Coded PCR Primers Enables High-Throughput Sequencing of Multiple Homolog
Amplification Products by 454 Parallel Sequencing.” PLoS ONE 2 (2).

Birkeland, C. and Neudecker S.. 1981. “Foraging Behavior of Two Caribbean
Chaetodontids: Chaetodon Capistratus and C. Aculeatus.” Copeia 1981 (169-178).

Bjork, Johannes R., Mauna Dasari, Laura Grieneisen, and Elizabeth A. Archie. 2019.
“Primate Microbiomes over Time: Longitudinal Answers to Standing Questions in
Microbiome Research.” American Journal of Primatology. John Wiley and Sons Inc.

Blackwell, Brian G., Michael L. Brown, and David W. Willis. 2000. “Relative
Weight (Wr) Status and Current Use in Fisheries Assessment and Management.”
Reviews in Fisheries Science 8 (1): 1-44.

Blanchon, Paul. 2011. “Geomorphic Zonation.” In Encyclopedia of Earth Sciences
Series, Part 2:469-86. Springer Netherlands.

Bohmann, Kristine, Ara Monadjem, Christina Lehmkuhl Noer, Morten Rasmussen,



122 References

Matt R. K. Zeale, Elizabeth Clare, Gareth Jones, Eske Willerslev, and M. Thomas
P. Gilbert. 2011. “Molecular Diet Analysis of Two African Free-Tailed Bats

(Molossidae) Using High Throughput Sequencing.” Edited by Carles Lalueza-Fox.
PLoS ONE 6 (6): 21441

Bohnsack, James A, David B McClellan, Douglas E Harper, Guy S Davenport,
George J Konoval, Anne-Marie Eklund, Joseph P Contillo, et al. 1999. “Baseline
Data for Evaluating Reef Fish Populations in the Florida Keys, 1979-1998.” NOAA
Technical Memorandum NMFS-SEFSC: 1-61.

Bolnick, Daniel 1., Richard Svanbéck, James A. Fordyce, Louie H. Yang, Jeremy
M. Davis, C. Darrin Hulsey, and Matthew L. Forister. 2003. “The Ecology of
Individuals: Incidence and Implications of Individual Specialization.” American
Naturalist 161 (1): 1-28.

Bolnick, Daniel I, Richard Svanbéck, Marcio S Aratjo, and Lennart Persson. 2007.
“Comparative Support for the Niche Variation Hypothesis That More Generalized
Populations Also Are More Heterogeneous.” Proceedings of the National Academy
of Sciences of the United States of America 104 (24): 10075-79.

Borbén-Garcia, Andrea, Alejandro Reyes, Martha Vives-Flérez, and Susana Ca-
ballero. 2017. “Captivity Shapes the Gut Microbiota of Andean Bears: Insights
into Health Surveillance.” Frontiers in Microbiology 8 (JUL): 1316.

Bouchon Harmelin-Vivien. 1985. “Impact of Coral Degradation on a Chaetodontid
Fish Assemblage, Moorea, French Polynesia.” In The Fifth International Coral.
Tahiti, 5. 427-432pp.

Brandl, Simon J., Jordan M. Casey, and Christopher P. Meyer. 2020. “Dietary
and Habitat Niche Partitioning in Congeneric Cryptobenthic Reef Fish Species.”
Coral Reefs, January.

Brandl, Simon J, and David R Bellwood. 2014. “Individual-Based Analyses
Reveal Limited Functional Overlap in a Coral Reef Fish Community.” J Anim
Ecol 83 (3): 661-70.

Brandl, Simon J, Douglas B Rasher, Isabelle M Coté, Jordan M Casey, Emily S
Darling, Jonathan S Lefcheck, and J Emmett Duffy. 2019. “Coral Reef Ecosystem
Functioning: Eight Core Processes and the Role of Biodiversity.” Frontiers in
Ecology and the Environment 17 (8): 445-54.

Brandl, Simon J, Michael J Emslie, Daniela M Ceccarelli, and Zoe T. Richards.
2016. “Habitat Degradation Increases Functional Originality in Highly Diverse
Coral Reef Fish Assemblages.” Ecosphere 7 (11): e01557.

Brandl, Simon J, William D Robbins, and David R Bellwood. 2015. “Exploring the
Nature of Ecological Specialization in a Coral Reef Fish Community: Morphology,



References 125

Diet and Foraging Microhabitat Use.” Proc Biol Sci 282 (1815).

Brander, Keith. 2010. “Impacts of Climate Change on Fisheries.” Journal of
Marine Systems 79 (3-4): 389-402.

Bray, J. Roger, and J. T. Curtis. 1957. “An Ordination of the Upland Forest
Communities of Southern Wisconsin.” Ecological Monographs 27 (4): 325-49.

Breiman, Leo. 2001. “Random Forests.” Machine Learning 45 (1): 5-32.

Brooker, Rohan M, Simon J Brandl, and Danielle L Dixson. 2016. “Cryptic Effects
of Habitat Declines: Coral-Associated Fishes Avoid Coral-Seaweed Interactions
Due to Visual and Chemical Cues.” Sci Rep 6: 18842.

Briissow, Harald. 2019. “Problems with the Concept of Gut Microbiota Dysbiosis.”
Microbial Biotechnology, August, 1751-7915.13479.

Butt, Robyn Lisa, and Helene Volkoff. 2019. “Gut Microbiota and Energy
Homeostasis in Fish.” Frontiers in Endocrinology 10 (January): 9.

Callahan, Benjamin J, Paul J McMurdie, Michael J Rosen, Andrew W Han, Amy
Jo A Johnson, and Susan P Holmes. 2016. “DADA2: High-Resolution Sample
Inference from Illumina Amplicon Data.” Nature Methods 13 (May): 581.

Caporaso, J. Gregory, Christian L. Lauber, Elizabeth K. Costello, Donna Berg-
Lyons, Antonio Gonzalez, Jesse Stombaugh, Dan Knights, et al. 2011. “Moving
Pictures of the Human Microbiome.” Genome Biology 12 (5).

Caroe, Christian, and Kristine Bohmann. 2020. “Tagsteady: A Metabarcoding
Library Preparation Protocol to Avoid False Assignment of Sequences to Samples.”
BioRxiv, January, 2020.01.22.915009.

Casey, Jordan M., Christopher P. Meyer, Fabien Morat, Simon J. Brandl, Serge
Planes, and Valeriano Parravicini. 2019. “Reconstructing Hyperdiverse Food Webs:
Gut Content Metabarcoding as a Tool to Disentangle Trophic Interactions on
Coral Reefs.” Edited by Andrew Mahon. Methods in Ecology and Evolution
10 (8): 1157-70.

Chariton, Anthony A, Sarah Stephenson, Matthew J Morgan, Andrew D L Steven,
Matthew J Colloff, Leon N Court, and Christopher M Hardy. 2015. “Metabarcoding
of Benthic Eukaryote Communities Predicts the Ecological Condition of Estuaries.”
Environmental Pollution 203: 165-74.

Charnov, Eric L. 1976. “Optimal Foraging: Attack Strategy of a Mantid.” The
American Naturalist 110 (971): 141-51.

Chase, Jonathan M., Brian J. McGill, Patrick L. Thompson, Laura H. Antao,
Amanda E. Bates, Shane A. Blowes, Maria Dornelas, et al. 2019. “Species Richness



124 References

Change across Spatial Scales.” Oikos 128 (8): 1079-91.

Chen, Jun, Kyle Bittinger, Emily S Charlson, Christian Hoffmann, James Lewis,
Gary D Wu, Ronald G Collman, Frederic D Bushman, and Hongzhe Li. 2012. “Asso-
ciating Microbiome Composition with Environmental Covariates Using Generalized
UniFrac Distances.” Bioinformatics (Oxford, England) 28 (16): 2106-13.

Chittaro, PM. 2002. “Species-Area Relationships for Coral Reef Fish Assemblages
of St. Croix, US Virgin Islands.” Marine Ecology Progress Series 233 (May): 253-61.

Chiu, Chun Huo, and Anne Chao. 2016. “Estimating and Comparing Microbial
Diversity in the Presence of Sequencing Errors.” PeerJ 2016 (2): e1634.

Choat, J. H., and K. D. Clements. 1993. “Daily Feeding Rates in Herbivorous
Labroid Fishes.” Marine Biology 117 (2): 205-11.

Choat, J.Howard, WilliamD. Robbins, and KendallD. Clements. 2004. “The Trophic
Status of Herbivorous Fishes on Coral Reefs II.” Marine Biology 145 (3): 445-54.

Chollett, 1., and P. J. Mumby. 2012. “Predicting the Distribution of Montastraea
Reefs Using Wave Exposure.” Coral Reefs 31 (2): 493-503.

Cinner, Joshua E., Cindy Huchery, M. Aaron MacNeil, Nicholas A.J. Graham, Tim
R. McClanahan, Joseph Maina, Eva Maire, et al. 2016. “Bright Spots among the
World’s Coral Reefs.” Nature 535 (7612): 416-19.

Cinner, Joshua E., Jessica Zamborain-Mason, Georgina G. Gurney, Nicholas A.J.
Graham, M. Aaron MacNeil, Andrew S. Hoey, Camilo Mora, et al. 2020. “Meeting
Fisheries, Ecosystem Function, and Biodiversity Goals in a Human-Dominated
World.” Science 368 (6488): 307-11.

Clarke, K R, and R M Warwick. 2001. Change in Marine Communities: An
Approach to Statistical Analysis and Interpretation, 2nd Ed., PRIMER-E Ltd.
Nat Env Res Counc UK.

Clarke, R. D. 1977. “Habitat Distribution and Species Diversity of Chaetodontid
and Pomacentrid Fishes near Bimini, Bahamas.” Marine Biology 40 (3): 277-89.

Claro, Rodolfo, Kenyon Lindeman, and Lynne R Parenti. 2001. Ecology Of The
Marine Fishes Of Cuba. Smithsonian Institution Press.

Clavel, Joanne, Romain Julliard, and Vincent Devictor. 2011. “Worldwide Decline
of Specialist Species: Toward a Global Functional Homogenization?” Frontiers in
Ecology and the Environment. John Wiley Sons, Ltd.

Cleary, Daniel F. R., Thomas Swierts, Francisco J. R. C. Coelho, Ana R. M. Polonia,
Yusheng M. Huang, Marina R. S. Ferreira, Sumaitt Putchakarn, et al. 2019. “The
Sponge Microbiome within the Greater Coral Reef Microbial Metacommunity.”



References 125

Nature Communications 10 (1): 1644.

Clements, Kendall D., Esther R. Angert, W. Linn Montgomery, and J. Howard
Choat. 2014. “Intestinal Microbiota in Fishes: What’s Known and What’s Not.”
Molecular Ecology 23 (8): 1891-98.

Clinchy, Michael, Michael J. Sheriff, and Liana Y. Zanette. 2013. “Predator-
Induced Stress and the Ecology of Fear.” Edited by Rudy Boonstra. Functional
Ecology 27 (1): 56-65.

Coissac, Eric, Tiayyba Riaz, and Nicolas Puillandre. 2012. “Bioinformatic Chal-
lenges for DNA Metabarcoding of Plants and Animals.” Mol Ecol 21 (8): 1834-47.

Coker, Darren J., Shaun K. Wilson, and Morgan S. Pratchett. 2014. “Importance of
Live Coral Habitat for Reef Fishes.” Reviews in Fish Biology and Fisheries. Springer.

Cole, Andrew J., Morgan S. Pratchett, and Geoffrey P. Jones. 2008. “Diversity
and Functional Importance of Coral-Feeding Fishes on Tropical Coral Reefs.” Fish
and Fisheries 9 (3): 286-307.

Coley, Phyllis D., Marfa José Endara, and Thomas A. Kursar. 2018. “Consequences
of Interspecific Variation in Defenses and Herbivore Host Choice for the Ecology
and Evolution of Inga, a Speciose Rainforest Tree.” Oecologia. Springer Verlag.

Collin, Rachel, Luis D’Croz, Plinio Gondola, and Juan B. Del Rosario. 2009.
“Climate and Hydrological Factors Affecting Variation in Chlorophyll Concentration
and Water Clarity in the Bahia Almirante, Panama.” Smithsonian Contributions
to the Marine Sciences, 323-334.

Colston, Timothy J., and Colin R. Jackson. 2016. “Microbiome Evolution along
Divergent Branches of the Vertebrate Tree of Life: What Is Known and Unknown.”
Molecular Ecology 25 (16): 3776-3800.

Cortes, Jorge. 2003. Latin American Coral Reefs. Elsevier.

Costello, M. J. 1990. “Predator Feeding Strategy and Prey Importance: A New
Graphical Analysis.” Journal of Fish Biology 36 (2): 261-63.

Cotelli, Franco, Francesca Andronico, Maurizio Brivio, and Carla Lora Lamia. 1988.
“Structure and Composition of the Fish Egg Chorion (Carassius Auratus).” Journal
of Ultrastructure and Molecular Structure Research 99 (1): 70-78.

Cramer, Katie L., Jeremy B. C. Jackson, Christopher V. Angioletti, Jill Leonard-
Pingel, and Thomas P. Guilderson. 2012. “Anthropogenic Mortality on Coral Reefs
in Caribbean Panama Predates Coral Disease and Bleaching.” Ecology Letters
15 (6): 561-67.

Cramer, Katie L. 2013. “History of Human Occupation and Environmental



126 References

Change in Western and Central Caribbean Panama.” Bulletin of Marine Science
89 (4): 955-82.

Cren, E. D. Le. 1951. “The Length-Weight Relationship and Seasonal Cycle
in Gonad Weight and Condition in the Perch (Perca Fluviatilis).” The Journal
of Animal Ecology 20 (2): 201.

D’Croz, Luis, Juan B. del Rosario, and Plinio Gondola. 2005. “The Effect of
Fresh Water Runoff on the Distribution of Dissolved Inorganic Nutrients and

Plankton in the Bocas Del Toro Archipelago, Caribbean Panaméa.” Caribbean
Journal of Science 41 (3): 414-429.

D’Agata, Stéphanie, David Mouillot, Laurent Wantiez, Alan M Friedlander, Michel
Kulbicki, and Laurent Vigliola. 2016a. “Marine Reserves Lag behind Wilderness in
the Conservation of Key Functional Roles.” Nature Communications 7: 12000.

D’Agata, Stéphanie, Laurent Vigliola, Nicholas A J Graham, Laurent Wantiez,
Valeriano Parravicini, Sébastien Villéger, Gerard Mou-Tham, et al. 2016b. “Unex-
pected High Vulnerability of Functions in Wilderness Areas: Evidence from Coral

Reef Fishes.” Proc Biol Sci 283 (1844).

Deagle, Bruce E, Roger Kirkwood, and Simon N Jarman. 2009. “Analysis of
Australian Fur Seal Diet by Pyrosequencing Prey DNA in Faeces.” Mol Ecol
18 (9): 2022-38.

Depczynski, M, and DR Bellwood. 2005. “Wave Energy and Spatial Variability
in Community Structure of Small Cryptic Coral Reef Fishes.” Marine Ecology
Progress Series 303 (November): 283-93.

Dethlefsen, Les, and David A. Relman. 2011. “Incomplete Recovery and Individ-
ualized Responses of the Human Distal Gut Microbiota to Repeated Antibiotic

Perturbation.” Proceedings of the National Academy of Sciences of the United
States of America 108 (SUPPL. 1): 4554-61.

Devictor, Vincent, Joanne Clavel, Romain Julliard, Sébastien Lavergne, David
Mouillot, Wilfried Thuiller, Patrick Venail, Sébastien Villéger, and Nicolas Mouquet.
2010. “Defining and Measuring Ecological Specialization.” Journal of Applied
Ecology 47 (1): 15-25.

Done, T. J. 1982. “Patterns in the Distribution of Coral Communities across the
Central Great Barrier Reef.” Coral Reefs 1 (2): 95-107.

Donelson, Jennifer M., Jennifer M. Sunday, Will F. Figueira, Juan Diego Gaitan-
Espitia, Alistair J. Hobday, Craig R. Johnson, Jeffrey M. Leis, et al. 2019.
“Understanding Interactions between Plasticity, Adaptation and Range Shifts in
Response to Marine Environmental Change.” Philosophical Transactions of the
Royal Society B: Biological Sciences. Royal Society Publishing.



References 127

Dornelas, Maria, Nicholas J. Gotelli, Brian McGill, Hideyasu Shimadzu, Faye
Moyes, Caya Sievers, and Anne E. Magurran. 2014. “Assemblage Time Series
Reveal Biodiversity Change but Not Systematic Loss.” Science 344 (6181): 296-99.

Dufty, J. Emmett, Bradley J. Cardinale, Kristin E. France, Peter B. McIntyre,
Elisa Thébault, and Michel Loreau. 2007. “The Functional Role of Biodiversity in
Ecosystems: Incorporating Trophic Complexity.” Ecology Letters 10 (6): 522-38.

Dufréne, Marc, and Pierre Legendre. 1997. “Species Assemblages and Indicator
Species: The Need for a Flexible Asymmetrical Approach.” Ecological Monographs
67 (3): 345-66.

Egerton, Sian, Sarah Culloty, Jason Whooley, Catherine Stanton, and R. Paul Ross.
2018. “The Gut Microbiota of Marine Fish.” Frontiers in Microbiology 9 (May): 873.

Egeter, Bastian, Phillip J Bishop, and Bruce C Robertson. 2015. “Detecting Frogs
as Prey in the Diets of Introduced Mammals: A Comparison between Morphological
and DNA-Based Diet Analyses.” Mol Ecol Resour 15 (2): 306-16.

Elifantz, Hila, Gilad Horn, Meir Ayon, Yehuda Cohen, and Dror Minz. 2013.
“Rhodobacteraceae Are the Key Members of the Microbial Community of the Initial
Biofilm Formed in Eastern Mediterranean Coastal Seawater.” FEMS Microbiology
Ecology 85 (2): 348-57.

Elise, Simon, Isabel Urbina-Barreto, Hazael Boadas-Gil, Miguel Galindo-Vivas, Jests
Ernesto Arias-Gonzalez, Sergio Ricardo Floeter, Alan Marc Friedlander, Michael
Nemeth, and Michel Kulbicki. 2017. “Archipelago Los Roques: A Potential Baseline
for Reef Fish Assemblages in the Southern Caribbean.” Aquatic Conservation:
Marine and Freshwater Ecosystems 27 (6): 1116-32.

Escalas, Arthur, Jean-Christophe Auguet, Amandine Avouac, Raphaél Seguin,
Antoine Gradel, Lucie Borrossi, and Sébastien Villéger. 2021. “Ecological Spe-
cialization Within a Carnivorous Fish Family Is Supported by a Herbivorous
Microbiome Shaped by a Combination of Gut Traits and Specific Diet.” Frontiers
in Marine Science 8 (February): 91.

Estrada-Saldivar, Nuria, Eric Jordan-Dalhgren, Rosa E. Rodriguez-Martinez, Chris
Perry, and Lorenzo Alvarez-Filip. 2019. “Functional Consequences of the Long-
Term Decline of Reef-Building Corals in the Caribbean: Evidence of across-Reef
Functional Convergence.” Royal Society Open Science 6 (10).

Eurich, J. G., J. K. Matley, R. Baker, M. I. McCormick, and G. P. Jones. 2019.
“Stable Isotope Analysis Reveals Trophic Diversity and Partitioning in Territorial
Damselfishes on a Low-Latitude Coral Reef.” Marine Biology 166 (2): 17.

Ezer, Tal, William D. Heyman, Chris Houser, and Bjorn Kjerfve. 2011. “Modeling
and Observations of High-Frequency Flow Variability and Internal Waves at a



128 References

Caribbean Reef Spawning Aggregation Site.” Ocean Dynamics 61 (5): 581-98.

Fabricius, Katharina E. 2011. “Factors Determining the Resilience of Coral Reefs to
Eutrophication: A Review and Conceptual Model.” In Coral Reefs: An Ecosystem
in Transition, 493-505. Springer Netherlands.

Feary, David A. 2007. “The Influence of Resource Specialization on the Response
of Reef Fish to Coral Disturbance.” Marine Biology 153 (2): 153-61.

Fietz, Katharina, Christian Olaf Rye Hintze, Mikkel Skovrind, Tue Kjeergaard
Nielsen, Morten T. Limborg, Marcus A. Krag, Per J. Palsbgll, Lars Hestbjerg
Hansen, Peter Rask Mgller, and M. Thomas P. Gilbert. 2018. “Mind the Gut:
Genomic Insights to Population Divergence and Gut Microbial Composition of
Two Marine Keystone Species.” Microbiome 6 (1): 82.

Fiore, Cara L., Micheline Labrie, Jessica K. Jarett, and Michael P. Lesser. 2015.
“Transcriptional Activity of the Giant Barrel Sponge, Xestospongia Muta Holobiont:
Molecular Evidence for Metabolic Interchange.” Frontiers in Microbiology 6 (APR).

Fishelson, Lev, W. Linn Montgomery, and Arthur A. Myrberg. 1985. “A Unique
Symbiosis in the Gut of Tropical Herbivorous Surgeonfish (Acanthuridae: Teleostei)
from the Red Sea.” Science 229 (4708): 49-51.

Floeter, Sergio R., Werther Krohling, Joao Luiz Gasparini, Carlos E.L. Ferreira, and
Ilana R. Zalmon. 2007. “Reef Fish Community Structure on Coastal Islands of the
Southeastern Brazil: The Influence of Exposure and Benthic Cover.” Environmental
Biology of Fishes 78 (2): 147-60.

Folke, Carl, Steve Carpenter, Brian Walker, Marten Scheffer, Thomas Elmqvist,
Lance Gunderson, and C.S. Holling. 2004. “Regime Shifts, Resilience, and
Biodiversity in Ecosystem Management.” Annual Review of Ecology, Evolution,
and Systematics 35 (1): 557-81.

Forin-Wiart, Marie-Amélie, Marie-Lazarine Poulle, Sylvain Piry, Jean-Francois
Cosson, Claire Larose, and Maxime Galan. 2018. “Evaluating Metabarcoding to
Analyse Diet Composition of Species Foraging in Anthropogenic Landscapes Using
Ion Torrent and Illumina Sequencing.” Scientific Reports 2018 8:1 8 (1): 17091.

Fox, L. R., and P. A. Morrow. 1981. “Specialization: Species Property or Local
Phenomenon.” Science 211 (4485): 887-93.

Frade, Pedro R., Bettina Glasl, Samuel A. Matthews, Camille Mellin, Ester A.
Serrao, Kennedy Wolfe, Peter J. Mumby, Nicole S. Webster, and David G. Bourne.
2020. “Spatial Patterns of Microbial Communities across Surface Waters of the
Great Barrier Reef” Communications Biology 3 (1): 442.

Francga, Filipe M., Cassandra E. Benkwitt, Guadalupe Peralta, James P. W.



References 129

Robinson, Nicholas A.J. Graham, Jason M. Tylianakis, Erika Berenguer, et al.
2019. “Climatic and Local Stressor Interactions Threaten Tropical Forests and
Coral Reefs.” Philosophical Transactions of the Royal Society of London. Series B.

Frédérich, Bruno, Grégory Fabri, Gilles Lepoint, Pierre Vandewalle, and Eric
Parmentier. 2009. “Trophic Niches of Thirteen Damselfishes (Pomacentridae) at
the Grand Récif of Toliara, Madagascar.” Ichthyological Research 56 (1): 10-17.

Friedlander, AM, SA Sandin, EE DeMartini, and E Sala. 2010. “Spatial Patterns
of the Structure of Reef Fish Assemblages at a Pristine Atoll in the Central Pacific.”
Marine Ecology Progress Series 410 (July): 219-31.

Froese, R. and D. Pauly. Editors. n.d. “FishBase.” FishBase. 2019. Accessed
January 24, 2020.

Froese, Rainer. 2006. “Cube Law, Condition Factor and Weight-Length Rela-
tionships: History, Meta-Analysis and Recommendations.” Journal of Applied
Ichthyology. John Wiley Sons, Ltd.

Frgslev, Tobias Guldberg, Rasmus Kjgller, Hans Henrik Bruun, Rasmus Ejrneaes,
Ane Kirstine Brunbjerg, Carlotta Pietroni, and Anders Johannes Hansen. 2017.
“Algorithm for Post-Clustering Curation of DNA Amplicon Data Yields Reliable
Biodiversity Estimates.” Nature Communications 8 (1): 1-11.

Galzin, R. 1987. “Structure of Fish Communities of French Polynesian Coral Reefs.
I. Spatial Scales.” Marine Ecology Progress Series 41: 129-36.

Gao, Xiang, Huaiying Lin, Kashi Revanna, and Qunfeng Dong. 2017. “A Bayesian
Taxonomic Classification Method for 16S RRNA Gene Sequences with Improved
Species-Level Accuracy.” BMC Bioinformatics 18 (1).

Gardner, Toby A., Isabelle M. Cété, Jennifer A. Gill, Alastair Grant, and Andrew
R. Watkinson. 2003. “Long-Term Region-Wide Declines in Caribbean Corals.”
Science 301 (5635): 958-60.

Geister, Jorn. 1977. “The Influence of Wave Exposure on the Ecological Zona-
tion of Caribbean Coral Reefs.” Proceedings of Third International Coral Reef
Symposium Vol. 2: Geology. Rosenstiel School of Marine and Atmospheric
Science, Miami, Florida.

Geller, J, C Meyer, M Parker, and H Hawk. 2013. “Redesign of PCR Primers
for Mitochondrial Cytochrome ¢ Oxidase Subunit I for Marine Invertebrates and
Application in All-Taxa Biotic Surveys.” Mol Ecol Resour 13 (5): 851-61.

Gerlach, S.A. 1959. “Uber Das Tropische Korallenriff Als Lebensraum.” Verh Dt
Zool Ges, no. 39S: 356-363.

Ghanbari, Mahdi, Wolfgang Kneifel, and Konrad J. Domig. 2015. “A New View of



130 References

the Fish Gut Microbiome: Advances from next-Generation Sequencing.” Aquaculture
448 (November): 464-75.

Ghedini, Giulia, Bayden D. Russell, and Sean D. Connell. 2015. “Trophic
Compensation Reinforces Resistance: Herbivory Absorbs the Increasing Effects of
Multiple Disturbances.” Edited by David Mouillot. Ecology Letters 18 (2): 182-87.

Gischler, Eberhard. 2007. “Pleistocene Facies of Belize Barrier and Atoll Reefs.”
Facies 53 (1): 27-41.

Gischler, Eberhard, and J. Harold Hudson. 1998. “Holocene Development of
Three Isolated Carbonate Platforms, Belize, Central America.” Marine Geology
144 (4): 333-47.

Givens, CE, B Ransom, N Bano, and JT Hollibaugh. 2015. “Comparison of the
Gut Microbiomes of 12 Bony Fish and 3 Shark Species.” Marine Ecology Progress
Series 518 (January): 209-23.

Glasl, Bettina, Gerhard J. Herndl, and Pedro R. Frade. 2016. “The Microbiome of
Coral Surface Mucus Has a Key Role in Mediating Holobiont Health and Survival
upon Disturbance.” ISME Journal 10 (9): 2280-92.

Glynn, Peter W., and Tan C. Enochs. 2011. “Invertebrates and Their Roles in
Coral Reef Ecosystems.” In Coral Reefs: An Ecosystem in Transition, 273-325.
Springer Netherlands.

Goldman, B. and, and F.I. Talbot. 1976. Aspects of the Ecology of Coral Reef
Fishes. In: Jones, O.A. and Endean, R., Eds., Biology and Geology of Coral
Reefs. Academic Press, New York.

Gémez, Geovanny D.; and José Luis Balcazar. 2008. “A Review on the Interactions
between Gut Microbiota and Innate Immunity of Fish: Table 1.” FEMS Immunology
Medical Microbiology 52 (2): 145-54.

Gore, Mauvis A. 1984. “Factors Affecting the Feeding Behavior of a Coral Reef
Fish, Chaetodon Capistratus.” Bulletin of Marine Science 35 (2): 211-20.

Graham, N. A.J., S. K. Wilson, M. S. Pratchett, N. V.C. Polunin, and M. D. Spalding.
2009. “Coral Mortality versus Structural Collapse as Drivers of Corallivorous
Butterflyfish Decline.” Biodiversity and Conservation 18 (12): 3325-36.

Graham, Nicholas A. J. 2007a. “Ecological Versatility and the Decline of Coral
Feeding Fishes Following Climate Driven Coral Mortality.” Marine Biology 153 (2):
119-27.

Graham, Nicholas A. J., Simon Jennings, M. Aaron MacNeil, David Mouillot, and
Shaun K. Wilson. 2015. “Predicting Climate-Driven Regime Shifts versus Rebound
Potential in Coral Reefs.” Nature 518 (7537): 94-97.



References 131

Graham, Nicholas A.J., James P.W. Robinson, Sarah E. Smith, Rodney Govinden,
Gilberte Gendron, and Shaun K. Wilson. 2020. “Changing Role of Coral Reef
Marine Reserves in a Warming Climate.” Nature Communications 11 (1): 1-8.

Graham, Nicholas A J, Pascale Chabanet, Richard D Evans, Simon Jennings, Yves
Letourneur, M Aaron MacNeil, Tim R McClanahan, Marcus C Ohman, Nicholas V
C Polunin, and Shaun K Wilson. 2011. “Extinction Vulnerability of Coral Reef
Fishes.” Ecology Letters 14 (4): 341-48.

Graham, Nicholas A J, Shaun K Wilson, Simon Jennings, Nicholas V C Polunin,
Jude P Bijoux, and Jan Robinson. 2006. “Dynamic Fragility of Oceanic Coral Reef
Ecosystems.” Proceedings of the National Academy of Sciences 103 (22): 8425-29.

Graham, Nicholas A J, Shaun K Wilson, Simon Jennings, Nicholas V C Polunin,
Jan Robinson, Jude P Bijoux, and Tim M Daw. 2007b. “Lag Effects in the
Impacts of Mass Coral Bleaching on Coral Reef Fish, Fisheries, and Ecosystems.”
Conserv Biol 21 (5): 1291-1300.

Graus, Richard R., and Tan G. Macintyre. 1989. “The Zonation Patterns of
Caribbean Coral Reefs as Controlled by Wave and Light Energy Input, Bathy-

metric Setting and Reef Morphology: Computer Simulation Experiments.” Coral
Reefs 8 (1): 9-18.

Greb, Lars. 1996. Okologie Und Sedimentologie Eines Rezenten Rampensystems
an Der Karibikkiiste von Panamé. Edited by Universitat Stuttgart Institut fir
Geologie und Paldontologie.

Guillemot, Nicolas, Michel Kulbicki, Pascale Chabanet, and Laurent Vigliola. 2011.
“Functional Redundancy Patterns Reveal Non-Random Assembly Rules in a Species-
Rich Marine Assemblage.” PLoS One 6 (10): e26735.

Gunderson, Lance H., Craig R. Allen, and C. S. Holling. 2009. “Foundations
of Ecological Resilience,” 466.

Guzman, Héctor M., Penelope A. G. Barnes, Catherine E. Lovelock, and Ilka C Feller.
2005. “A Site Description of the CARICOMP Mangrove, Seagrass and Coral Reef
Sites in Bocas Del Toro, Panam4.” Caribbean Journal of Science 41 (3): 430-440.

Hadj-Hammou, Jeneen, David Mouillot, and Nicholas A. J. Graham. 2021. “Re-
sponse and Effect Traits of Coral Reef Fish.” Frontiers in Marine Science 8 (March):
249.

Hansen, G.H., and J.A. Olafsen. 1999. “Bacterial Interactions in Early Life Stages
of Marine Cold Water Fish.” Microbial Ecology 38 (1): 1-26.

Harborne, A. R. 2013. “The Ecology, Behaviour and Physiology of Fishes on
Coral Reef Flats, and the Potential Impacts of Climate Change.” Journal of Fish



132 References

Biology 83 (3): 417-47.

Harborne, Alastair R, Alice Rogers, Yves-Marie M Bozec, and Peter J Mumby. 2017.
“Multiple Stressors and the Functioning of Coral Reefs.” Ann Rev Mar Sci 9: 445-68.

Harmelin-Vivien, Mireille L. 1989. “Implications of Feeding Specialization on the
Recruitment Processes and Community Structure of Butterflyfishes.” Environmental
Biology of Fishes 25 (1-3): 101-10.

Hempson, Tessa N, Nicholas A J Graham, Aaron M MacNeil, Nathalie Bodin, and
Shaun K Wilson. 2017. “Regime Shifts Shorten Food Chains for Mesopredators
with Potential Sublethal Effects.” Functional Ecology.

Hempson, Tessa N, Nicholas A J Graham, M Aaron MacNeil, David H Williamson,
Geoffrey P Jones, and Glenn R Almany. 2017. “Coral Reef Mesopredators Switch
Prey, Shortening Food Chains, in Response to Habitat Degradation.” Ecology
and Evolution.

Hench, K; W O Mcmillan, R Betancur-R, and O Puebla. 2017. “Temporal Changes
in Hamlet Communities (Hypoplectrus Spp., Serranidae) over 17 Years.” J Fish Biol.

Hernandez-Agreda, Alejandra, William Leggat, Pim Bongaerts, and Tracy D
Ainsworth. 2016. “The Microbial Signature Provides Insight into the Mechanistic
Basis of Coral Success across Reef Habitats.” Edited by EugeneAzam Rosenberg
Farooq. MBio 7 (4): e00560-16.

Heyman, William D., and Bjorn Kjerfve. 2008. “Characterization of Transient
Multi-Species Reef Fish Spawning Aggregations at Gladden Spit, Belize.” Bulletin
of Marine Science 83 (3): 531-51.

Hill, M. O. 1973. “Diversity and Evenness: A Unifying Notation and Its Con-
sequences.” Ecology 54 (2): 427-32.

Holling, C. S. 1959. “Some Characteristics of Simple Types of Predation and
Parasitism.” The Canadian Entomologist 91 (7): 385-98.

Holt, Ben G., Rodolfo Rioja-Nieto, M. Aaron MacNeil, Jan Lupton, and Carsten
Rahbek. 2013. “Comparing Diversity Data Collected Using a Protocol Designed

for Volunteers with Results from a Professional Alternative.” Edited by Pedro
Peres-Neto. Methods in Ecology and Evolution 4 (4): 383-92.

Holt, BG, BC Emerson, J Newton, MJG Gage, and IM Coté. 2008. “Stable Isotope
Analysis of the Hypoplectrus Species Complex Reveals No Evidence for Dietary
Niche Divergence.” Marine Ecology Progress Series 357 (April): 283-89.

Hooks, Katarzyna B., and Maureen A. O’Malley. 2017. “Dysbiosis and Its
Discontents.” MBio 8 (5).



References 135

Hooper, D. U., F. S. Chapin, J. J. Ewel, A. Hector, P. Inchausti, S. Lavorel, J.
H. Lawton, et al. 2005. “Effects of Biodiversity on Ecosystem Functioning: A
Consensus of Current Knowledge.” Ecological Monographs 75 (1): 3-35.

Hudson, Matthew E. 2008. “Sequencing Breakthroughs for Genomic Ecology and
Evolutionary Biology.” Molecular Ecology Resources. John Wiley Sons, Ltd.

Hughes, Terry P., Michele L. Barnes, David R. Bellwood, Joshua E. Cinner, Graeme
S. Cumming, Jeremy B.C. Jackson, Joanie Kleypas, et al. 2017. “Coral Reefs in
the Anthropocene.” Nature. Nature Publishing Group.

Hurlbert, Stuart H. 1971. “The Nonconcept of Species Diversity: A Critique and
Alternative Parameters.” Ecology 52 (4): 577-86.

Hutchinson, G. E. 1957. “Concluding Remarks.” Cold Spring Harbor Symposia
on Quantitative Biology 22 (0): 415-27.

Idjadi, JA, and PJ Edmunds. 2006. “Scleractinian Corals as Facilitators for
Other Invertebrates on a Caribbean Reef.” Marine Ecology Progress Series 319
(August): 117-27.

Ingala, Melissa R., Daniel J. Becker, Jacob Bak Holm, Karsten Kristiansen, and
Nancy B. Simmons. 2019. “Habitat Fragmentation Is Associated with Dietary
Shifts and Microbiota Variability in Common Vampire Bats.” Ecology and Evolution
9 (11): 6508-23.

Jaccard, Paul. 1912. “The Distribution of the Flora in the Alpine Zone.1.” New
Phytologist 11 (2): 37-50.

Ji, Yinqiu, Louise Ashton, Scott M Pedley, David P Edwards, Yong Tang, Aki-
hiro Nakamura, Roger Kitching, et al. 2013. “Reliable, Verifiable and Efficient
Monitoring of Biodiversity via Metabarcoding.” Ecol Lett 16 (10): 1245-57.

Johnson, Katerina V.A., and Kevin R. Foster. 2018. “Why Does the Microbiome
Affect Behaviour?” Nature Reviews Microbiology 16 (10): 647-55.

Jones, Jacquelyn, Joseph D. DiBattista, Michael Stat, Michael Bunce, Mary C.
Boyce, David V. Fairclough, Michael J. Travers, and Megan J. Huggett. 2018. “The
Microbiome of the Gastrointestinal Tract of a Range-Shifting Marine Herbivorous
Fish.” Frontiers in Microbiology 9 (August): 2000.

Jordan, Eric, and Eduardo Martin. 1987. “Morphology and Composition of a
Caribbean Atoll” Atoll Research Bulletin 306-311 (310): 1-20.

Jost, Lou. 2006. “Entropy and Diversity.” Oikos 113 (2): 363-75.

Karkarey, Rucha, Teresa Alcoverro, Sanjeev Kumar, and Rohan Arthur. 2017. “Cop-
ing with Catastrophe: Foraging Plasticity Enables a Benthic Predator to Survive in



134 References

Rapidly Degrading Coral Reefs.” Animal Behaviour 131 (September): 13-22.

Karnauskas, Mandy, Laurent M Chérubin, Brittany E Huntington, Elizabeth A
Babcock, and Dennis A Thoney. 2012. “Physical Forces Influence the Trophic

Structure of Reef Fish Communities on a Remote Atoll.” Limnology and Oceanog-
raphy 57 (5): 1403-14.

Kaufmann, Karl W., and Ricardo C. Thompson. 2005. “Water Temperature
Variation and the Meteorological and Hydrographic Environment of Bocas Del
Toro, Panama.”

Keith, Sally A., Andrew H. Baird, Jean-Paul A. Hobbs, Erika S. Woolsey, Andrew S.
Hoey, N. Fadli, and Nathan J. Sanders. 2018. “Synchronous Behavioural Shifts in
Reef Fishes Linked to Mass Coral Bleaching.” Nature Climate Change 8 (11): 986-91.

Kiers, E. Toby, Todd M. Palmer, Anthony R. Ives, John F. Bruno, and Judith L.
Bronstein. 2010. “Mutualisms in a Changing World: An Evolutionary Perspective.”
Ecology Letters 13 (12): 1459-74.

Kim, D.-H., J. Brunt, and B. Austin. 2007. “Microbial Diversity of Intestinal
Contents and Mucus in Rainbow Trout (Oncorhynchus Mykiss).” Journal of Applied
Microbiology 102 (6): 1654-64.

Kingsbury, Kelsey M., Bronwyn M. Gillanders, David J. Booth, and Ivan Nagelk-
erken. 2020. “Trophic Niche Segregation Allows Range-extending Coral Reef
Fishes to Co-exist with Temperate Species under Climate Change.” Global Change
Biology 26 (2): 721-33.

Kramer, Michael J., Orpha Bellwood, Christopher J. Fulton, and David R. Bellwood.
2015. “Refining the Invertivore: Diversity and Specialisation in Fish Predation on
Coral Reef Crustaceans.” Marine Biology 162 (9): 1779-86.

Kruskal, William H., and W. Allen Wallis. 1952. “Use of Ranks in One-Criterion
Variance Analysis.” Journal of the American Statistical Association 47 (260):
583-621.

Lasker, HR. 1985. “Prey Preferences and Browsing Pressure of the Butterfly-
fish Chaetodon Capistratus on Caribbean Gorgonians.” Marine Ecology Progress
Series 21: 213-20.

Lawton, Rebecca J., and Morgan S. Pratchett. 2012. “Influence of Dietary
Specialization and Resource Availability on Geographical Variation in Abundance
of Butterflyfish.” Ecology and Evolution 2 (7): 1347-61.

Layman, Craig A., John P. Quattrochi, Caroline M. Peyer, and Jacob E. Allgeier.
2007. “Niche Width Collapse in a Resilient Top Predator Following Ecosystem
Fragmentation.” Ecology Letters 10 (10): 937-44.



References 135

Lecchini, David, Mehdi Adjeroud, Morgan S. Pratchett, Laurence Cadoret, and
René Galzin. 2003. “Spatial Structure of Coral Reef Fish Communities in the
Ryukyu Islands, Southern Japan.” Oceanologica Acta 26 (5-6): 537-47.

Leeuwen, E. Van, A. Brannstrom, V. A.A. Jansen, U. Dieckmann, and A. G.
Rossberg. 2013. “A Generalized Functional Response for Predators That Switch
between Multiple Prey Species.” Journal of Theoretical Biology 328 (July): 89-98.

Lefcheck, Jonathan S., Matthew A. Whalen, Theresa M. Davenport, Joshua P.
Stone, and J. Emmett Duffy. 2013. “Physiological Effects of Diet Mixing on
Consumer Fitness: A Meta-Analysis.” Ecology 94 (3): 565-72. Legendre, P, Loic F
J Legendre, TotalBoox, and TBX. 1998. “Numerical Ecology.” Elsevier Science.

Legrand, Thibault P.R.A., James W. Wynne, Laura S. Weyrich, and Andrew
P.A. Oxley. 2019. “A Microbial Sea of Possibilities: Current Knowledge and
Prospects for an Improved Understanding of the Fish Microbiome.” Reviews in
Aquaculture, August, raq.12375.

Leray, Matthieu, Natalia Agudelo, Suzanne C Mills, and Christopher P Meyer.
2013b. “Effectiveness of Annealing Blocking Primers versus Restriction Enzymes
for Characterization of Generalist Diets: Unexpected Prey Revealed in the Gut

Contents of Two Coral Reef Fish Species.” PLoS One 8 (4): e58076.

Leray, Matthieu, Alice L. Alldredge, Joy Y. Yang, Christopher P. Meyer, Sally
J. Holbrook, Russell J. Schmitt, Nancy Knowlton, and Andrew J. Brooks. 2019.

“Dietary Partitioning Promotes the Coexistence of Planktivorous Species on Coral
Reefs.” Molecular Ecology 28 (10): 2694-2710.

Leray, Matthieu, Quiterie Haenel, and Sarah J. Bourlat. 2016. “Preparation of
Amplicon Libraries for Metabarcoding of Marine Eukaryotes Using Illumina MiSeq:
The Adapter Ligation Method.” In Methods in Molecular Biology, 1452:209-18.
Humana Press Inc.

Leray, Matthieu, and Nancy Knowlton. 2015. “DNA Barcoding and Metabarcoding
of Standardized Samples Reveal Patterns of Marine Benthic Diversity.” Proc Natl
Acad Sci U S A 112 (7): 2076-81.

Leray, Matthieu, and Nancy Knowlton. 2017. “Random Sampling Causes the
Low Reproducibility of Rare Eukaryotic OTUs in Illumina COI Metabarcoding.”
PeerJ 5: e3006.

Leray, Matthieu, Christopher P Meyer, and Suzanne C Mills. 2015. “Metabarcod-
ing Dietary Analysis of Coral Dwelling Predatory Fish Demonstrates the Minor
Contribution of Coral Mutualists to Their Highly Partitioned, Generalist Diet.”
PeerJ 3: e1047.

Leray, Matthieu, Joy Y Yang, Christopher P Meyer, Suzanne C Mills, Natalia



136 References

Agudelo, Vincent Ranwez, Joel T Boehm, and Ryuji J Machida. 2013a. “A New
Versatile Primer Set Targeting a Short Fragment of the Mitochondrial COI Region
for Metabarcoding Metazoan Diversity: Application for Characterizing Coral Reef
Fish Gut Contents.” Frontiers in Zoology 10 (1): 34.

Lester, Sarah E., Benjamin S. Halpern, Kirsten Grorud-Colvert, Jane Lubchenco,
Benjamin I. Ruttenberg, Steven D. Gaines, Satie Airamé, and Robert R. Warner.
2009. “Biological Effects within No-Take Marine Reserves: A Global Synthesis.”
Marine Ecology Progress Series 384: 33-46.

Letourneur, Yves, Jean Claude Gaertner, Jean Pierre Durbec, and Marie E. Jessu.
2008. “Effects of Geomorphological Zones, Reefs and Seasons on Coral Reef
Fish Communities of Réunion Island, Mascarene Archipelago, SW Indian Ocean.”
Estuarine, Coastal and Shelf Science 77 (4): 697-709.

Levy, Maayan, Aleksandra A. Kolodziejczyk, Christoph A. Thaiss, and Eran Elinav.
2017. “Dysbiosis and the Immune System.” Nature Reviews Immunology. Nature
Publishing Group.

Ley, Ruth E., Catherine A. Lozupone, Micah Hamady, Rob Knight, and Jeffrey 1.
Gordon. 2008. “Worlds within Worlds: Evolution of the Vertebrate Gut Microbiota.”
Nature Reviews Microbiology 6 (10): 776-88.

Ley, Ruth E, Micah Hamady, Catherine Lozupone, Peter J Turnbaugh, Rob Roy
Ramey, J Stephen Bircher, Michael L. Schlegel, et al. 2008. “Evolution of Mammals
and Their Gut Microbes.” Science 320 (5883): 1647-51.

Liedke, Ana M. R., Diego R. Barneche, Carlos E. L. Ferreira, Barbara Segal, Lucas
T. Nunes, Ana P. Burigo, José A. Carvalho, Sonia Buck, Roberta M. Bonaldo, and
Sergio R. Floeter. 2016. “Abundance, Diet, Foraging and Nutritional Condition
of the Banded Butterflyfish (Chaetodon Striatus) along the Western Atlantic.”
Marine Biology 163 (1): 6.

Liedke, Ana M.R., Roberta M. Bonaldo, Barbara Segal, Carlos E.L. Ferreira,
Lucas T. Nunes, Ana P. Burigo, Sonia Buck, Luiz Gustavo R. Oliveira-Santos, and
Sergio R. Floeter. 2018. “Resource Partitioning by Two Syntopic Sister Species
of Butterflyfish (Chaetodontidae).” Journal of the Marine Biological Association
of the United Kingdom 98 (7): 1767-73.

Llewellyn, Martin S., Sébastien Boutin, Seyed Hossein Hoseinifar, and Nicolas
Derome. 2014. “Teleost Microbiomes: The State of the Art in Their Character-
ization, Manipulation and Importance in Aquaculture and Fisheries.” Frontiers
in Microbiology 5 (June): 207.

Llewellyn, Martin S, Philip McGinnity, Melanie Dionne, Justine Letourneau,
Florian Thonier, Gary R Carvalho, Simon Creer, and Nicolas Derome. 2016.
“The Biogeography of the Atlantic Salmon (Salmo Salar) Gut Microbiome.” The



References 137

ISME Journal 10 (5): 1280-84.

Lobel, Phillip S. 2011. “A Review of the Caribbean Hamlets (Serranidae, Hypoplec-
trus) with Description of Two New Species.” Zootaxa.

Lomolino, M. V. 2000. “Ecology’s Most General, yet Protean Pattern: The Species-
Area Relationship.” Journal of Biogeography.

Longenecker, Ken. 2007. “Devil in the Details: High-Resolution Dietary Analysis
Contradicts a Basic Assumption of Reef-Fish Diversity Models.” Https://Doi.Org/10.1643,/0045-
8511(2007)2007[543: DITDHD]2.0.CO;2 2007 (3): 543-55.

Lozupone, C. A., M. Hamady, S. T. Kelley, and R. Knight. 2007. “Quantitative and
Qualitative Diversity Measures Lead to Different Insights into Factors That Structure
Microbial Communities.” Applied and Environmental Microbiology 73 (5): 1576-85.

Lyons, Philip P, James F Turnbull, Karl A Dawson, and Margaret Crumlish.
2017. “Effects of Low-level Dietary Microalgae Supplementation on the Distal
Intestinal Microbiome of Farmed Rainbow Trout Oncorhynchus Mykiss (Walbaum).”
Aquaculture Research 48 (5): 2438-52.

Ma, Qianquan, Changsheng Xing, Wenyong Long, Helen Y. Wang, Qing Liu,
and Rong Fu Wang. 2019. “Impact of Microbiota on Central Nervous System
and Neurological Diseases: The Gut-Brain Axis.” Journal of Neuroinflammation.
BioMed Central Ltd.

Machida, Ryuji J, Matthieu Leray, Shian-Lei -. L Ho, and Nancy Knowlton.
2017. “Metazoan Mitochondrial Gene Sequence Reference Datasets for Taxonomic
Assignment of Environmental Samples.” Scientific Data 4: sdata201727.

MacNally, Ralph C. 1995. Ecological Versatility and Community Ecology. Ecological
Versatility and Community Ecology. Cambridge University Press.

MacNeil, M. Aaron, Nicholas A.J. Graham, Joshua E. Cinner, Nicholas K. Dulvy,
Philip A. Loring, Simon Jennings, Nicholas V.C. Polunin, Aaron T. Fisk, and
Tim R. McClanahan. 2010. “Transitional States in Marine Fisheries: Adapting
to Predicted Global Change.” Philosophical Transactions of the Royal Society B:
Biological Sciences. Royal Society.

Magurran, Anne E, Maria Dornelas, Faye Moyes, Nicholas J Gotelli, and Brian
McGill. 2015. “Rapid Biotic Homogenization of Marine Fish Assemblages.” Nature
Communications 6: 8405.

Maire, Eva, Joshua Cinner, Laure Velez, Cindy Huchery, Camilo Mora, Stephanie
Dagata, Laurent Vigliola, Laurent Wantiez, Michel Kulbicki, and David Mouillot.
2016. “How Accessible Are Coral Reefs to People? A Global Assessment Based
on Travel Time.” Ecology Letters 19 (4): 351-60.



138 References

Martin, Marcel. 2011. “Cutadapt Removes Adapter Sequences from High-Throughput
Sequencing Reads.” EMBnet.Journal 17 (1): 10.

Martinez Arbizu, P. 2019. “PairwiseAdonis: Pairwise Multilevel Comparison Using
Adonis. R Package Version 0.3.” 2019.

Matheson, Carney D., Carli Gurney, Neal Esau, and Ryan Lehto. 2010. “As-
sessing PCR Inhibition from Humic Substances.” Open Enzyme Inhibition Jour-
nal 3 (1): 38-45.

MathWorks, Inc. 2004. “MATLAB The Language of Technical Computing.”
Components 3 (7): 750.

Mazerolle, Marc J. 2019. “AlCcmodavg: Model Selection and Multimodel Inference
Based on (Q)AIC(C).

McBride, Richard S.; and Kenneth W. Able. 1996. “Ecology and Fate of Butter-
flyfishes, Chaetodon Spp., in the Temperate, Western North Atlantic.” Bulletin
of Marine Science 63 (2).

McClanahan, T., and M. Karnauskas. 2011. “Relationships between Benthic
Cover, Current Strength, Herbivory, and a Fisheries Closure in Glovers Reef Atoll,
Belize.” Coral Reefs 30 (1): 9-19.

McClanahan, Timothy R., and Nyawira A. Muthiga. 1998. “An Ecological Shift
in a Remote Coral Atoll of Belize over 25 Years.” Environmental Conservation
25 (2): 122-30.

McClanahan, TR, K Bergman, M Huitric, M McField, T Elfwing, M Nystrom,
and I Nordemar. 2000. “Response of Fishes to Algae Reduction on Glovers Reef,
Belize.” Marine Ecology Progress Series 206 (November): 273-82.

McClanahan, T. R., and N. A. Muthiga. 2020. “Change in Fish and Benthic
Communities in Belizean Patch Reefs in and Outside of a Marine Reserve, across
a Parrotfish Capture Ban.” Marine Ecology Progress Series 645: 25-40.

McField, M. D., P. Hallock, and W. C. Jaap. 2001. “Multivariate Analysis of
Reef Community Structure in the Belize Barrier Reef Complex.” In Bulletin of
Marine Science, 69:745-58. University of Miami - Rosenstiel School of Marine
and Atmospheric Science.

McGill, Brian J., Brian J. Enquist, Evan Weiher, and Mark Westoby. 2006.
“Rebuilding Community Ecology from Functional Traits.” Trends in Ecology and
Evolution 21 (4): 178-85.

McLean, Matthew, Arnaud Auber, Nicholas A.J. Graham, Peter Houk, Sébastien
Villéger, Cyrille Violle, Wilfried Thuiller, Shaun K. Wilson, and David Mouillot.
2019. “Trait Structure and Redundancy Determine Sensitivity to Disturbance in



References 139

Marine Fish Communities.” Global Change Biology 25 (10)

Mcleod, Elizabeth, Kenneth R.N. Anthony, Peter J. Mumby, Jeffrey Maynard,
Roger Beeden, Nicholas A.J. Graham, Scott F. Heron, et al. 2019. “The Future of
Resilience-Based Management in Coral Reef Ecosystems.” Journal of Environmental
Management 233 (March): 291-301.

McMahon, Kelton W., Simon R. Thorrold, Leah A. Houghton, and Michael L.
Berumen. 2016. “Tracing Carbon Flow through Coral Reef Food Webs Using a
Compound-Specific Stable Isotope Approach.” Oecologia 180 (3): 809-21.

McMurdie, Paul J., and Susan Holmes. 2013. “Phyloseq: An R Package for
Reproducible Interactive Analysis and Graphics of Microbiome Census Data.” Edited
by Michael Watson. PLoS ONE 8 (4): e61217.

Mellin, Camille, Steve Delean, Julian Caley, Graham Edgar, Mark Meekan, Roland
Pitcher, Rachel Przeslawski, Alan Williams, and Corey Bradshaw. 2011. “Effec-
tiveness of Biological Surrogates for Predicting Patterns of Marine Biodiversity:
A Global Meta-Analysis.” PLoS One 6 (6): e20141.

Micheli, Fiorenza, Peter J. Mumby, Daniel R. Brumbaugh, Kenny Broad, Craig P.
Dahlgren, Alastair R. Harborne, Katherine E. Holmes, Carrie V. Kappel, Steven
Y. Litvin, and James N. Sanchirico. 2014. “High Vulnerability of Ecosystem
Function and Services to Diversity Loss in Caribbean Coral Reefs.” Biological
Conservation 171 (March): 186-94.

Mejia, Luz Stella, and Jaime Garzon-Ferreira. 2000. “Estructura de Comunidades de
Peces Arrecifales En Cuatro Atolones Del Archipiélago de San Andrés y Providencia
(Caribe Sur Occidental).” Revista de Biologia Tropical, 883-96.

Mendell, J.E., Beinart, R.A., Choat, J.H., Clements, K.D. and Angert, E.R. 2012.
“Molecular Characterization Of The Intestinal Microbiome Of Naso Tonganus
And Its Unusually Large Polyploid Symbiont, Epulopiscium Type B in: Molecular
Characterization Of The Intestinal Microbiome Of Naso Tonganus And Its Unusually
Large Polyploid Symbion.” Cornell University.

Miyake, Sou, David Kamanda Ngugi, and Ulrich Stingl. 2015. “Diet Strongly
Influences the Gut Microbiota of Surgeonfishes.” Molecular Ecology 24 (3): 656-72.

Monaco, Cristian J., Corey J. A. Bradshaw, David J. Booth, Bronwyn M. Gillanders,
David S. Schoeman, and Ivan Nagelkerken. 2020. “Dietary Generalism Accelerates
Arrival and Persistence of Coral-reef Fishes in Their Novel Ranges under Climate
Change.” Global Change Biology 26 (10): 5564-73.

Morrow, Kathleen M., Anthony G. Moss, Nanette E. Chadwick, and Mark R.
Liles. 2012. “Bacterial Associates of Two Caribbean Coral Species Reveal Species-
Specific Distribution and Geographic Variability.” Applied and Environmental



140 References

Microbiology 78 (18): 6438-49.

Mouillot, David, Nicholas A J Graham, Sébastien Villéger, Norman W H Mason, and
David R Bellwood. 2013. “A Functional Approach Reveals Community Responses
to Disturbances.” Trends Ecol Evol 28 (3): 167-77.

Mouillot, David, Sébastien Villéger, Valeriano Parravicini, Michel Kulbicki, Jesus
Ernesto Arias-Gonzalez, Mariana Bender, Pascale Chabanet, et al. 2014. “Func-
tional Over-Redundancy and High Functional Vulnerability in Global Fish Faunas
on Tropical Reefs.” Proc Natl Acad Sci U S A 111 (38): 13757-62.

Mumby, Peter J., Alasdair J. Edwards, J. Ernesto Arias-Gonzilez, Kenyon C.
Lindeman, Paul G. Blackwell, Angela Gall, Malgosla I. Gorczynska, et al. 2004.
“Mangroves Enhance the Biomass of Coral Reef Fish Communities in the Caribbean.”

Nature 427 (6974): 533-36.

Mumby, Peter J, Kenneth Broad, Daniel R Brumbaugh, Craig P Dahlgren, Alastair
R Harborne, Alan Hastings, Katherine E Holmes, Carrie V Kappel, Fiorenza Micheli,
and James N Sanchirico. 2008. “Coral Reef Habitats as Surrogates of Species,
Ecological Functions, and Ecosystem Services.” Conserv Biol 22 (4): 941-51.

Munday, Philip L. 2004. “Habitat Loss, Resource Specialization, and Extinction
on Coral Reefs” Global Change Biology 10 (10): 1642-47.

Murdoch, William W. 1969. “Switching in General Predators: Experiments on
Predator Specificity and Stability of Prey Populations.” Ecological Monographs
39 (4): 335-54.

Nagelkerken, I., G. van der Velde, S. L. J. Wartenbergh, M. M. Nugues, and M. S.
Pratchett. 2009. “Cryptic Dietary Components Reduce Dietary Overlap among Sym-
patric Butterflyfishes (Chaetodontidae).” Journal of Fish Biology 75 (6): 1123-43.

Nagelkerken, Ivan, Silvan U. Goldenber, Camilo M. Ferreir, Hadayet Ullah, and
Sean D. Conne. 2020. “Trophic Pyramids Reorganize When Food Web Architecture
Fails to Adjust to Ocean Change.” Science 369 (6505): 829-32.

Neave, Matthew J., Amy Apprill, Greta Aeby, Sou Miyake, and Christian R. Voolstra.
2019. “Microbial Communities of Red Sea Coral Reefs.” In , 53-68. Springer, Cham.

Neave, Matthew J., Amy Apprill, Christine Ferrier-Pages, and Christian R. Voolstra.
2016. “Diversity and Function of Prevalent Symbiotic Marine Bacteria in the Genus
Endozoicomonas.” Applied Microbiology and Biotechnology. Springer Verlag.

Neave, Matthew J., Craig T. Michell, Amy Apprill, and Christian R. Voolstra.
2017. “Endozoicomonas Genomes Reveal Functional Adaptation and Plasticity in
Bacterial Strains Symbiotically Associated with Diverse Marine Hosts.” Scientific
Reports 7 (January).



References 141

Neigel, J, A Domingo, and J Stake. 2007. “DNA Barcoding as a Tool for Coral
Reef Conservation.” Coral Reefs 26 (3): 487-99.

Nelson, Hannah R., Caitlin D. Kuempel, and Andrew H. Altieri. 2016. “The
Resilience of Reef Invertebrate Biodiversity to Coral Mortality.” Ecosphere 7 (7):
e01399.

Nentwig, Wolfgang, Sven Bacher, and Roland Brandl. 2011. Okologie Kompakt.
Okologie Kompakt. Third edit. Spektrum Akademischer Verlag.

Neudecker, Steven. 1985. “Foraging Patterns of Chaetodontid and Pomacanthis
Fishes at St. Croix (U.S. Virgin Islands).” Proceedings of the Fifth International
Coral Reef Symposium, Tahiti, Franch Polynesia, no. 5: 415-414.

Ngugi, David Kamanda, Sou Miyake, Matt Cahill, Manikandan Vinu, Timothy J
Hackmann, Jochen Blom, Matthew D Tietbohl, Michael L. Berumen, and Ulrich
Stingl. 2017. “Genomic Diversification of Giant Enteric Symbionts Reflects Host
Dietary Lifestyles.” Proceedings of the National Academy of Sciences of the United
States of America 114 (36): E7592-7601.

Nguyen, Bryan N, Elaine W Shen, Janina Seemann, Adrienne M S Correa, James
L O’Donnell, Andrew H Altieri, Nancy Knowlton, et al. 2019. “Environmental
DNA Survey Captures Patterns of Fish and Invertebrate Diversity across a Tropical
Seascape.” BioRxiv, October, 797712.

Nielsen, Jens M, Elizabeth L Clare, Brian Hayden, Michael T Brett, and Pavel
Kratina. 2017. “Diet Tracing in Ecology: Method Comparison and Selection.”
Methods in Ecology and Evolution.

Nielsen, Shaun, Jackson Wilkes Walburn, Adriana Vergés, Torsten Thomas, and
Suhelen Egan. 2017. “Microbiome Patterns across the Gastrointestinal Tract of
the Rabbitfish Siganus Fuscescens.” PeerJ 5 (May): e3317.

Noble, Mae M., Morgan S. Pratchett, Darren J. Coker, Christopher Cvitanovic,
and Christopher J. Fulton. 2014. “Foraging in Corallivorous Butterflyfish Varies
with Wave Exposure.” Coral Reefs 33 (2): 351-61.

Norstrom, AV, M Nystrom, J Lokrantz, and C Folke. 2009. “Alternative States
on Coral Reefs: Beyond Coral-Macroalgal Phase Shifts.” Marine Ecology Progress
Series 376 (February): 295-306.

Nunez-Lara, Enrique, J. Ernesto Arias-Gonzélez, and Pierre Legendre. 2005.
“Spatial Patterns of Yucatan Reef Fish Communities: Testing Models Using a
Multi-Scale Survey Design.” Journal of Experimental Marine Biology and Ecology
324 (2): 157-69.

Ogle, Derek H., Powell Wheeler, and Alexis Dinno. 2020. “Simple Fisheries Stock



142 References

Assessment Methods [R Package FSA Version 0.8.30].

Oksanen, Jari, F Guillaume Blanchet, Roeland Kindt, Pierre Legen-, Peter R
Minchin, R B O Hara, Gavin L. Simpson, Peter Solymos, and M Henry H Stevens.
2012. “Community Ecology Package.” Vienna: R Foundation for Statistical
Computing, 263.

Olden, Julian D, N LeRoy Poff, Marlis R Douglas, Michael E Douglas, and
Kurt D Fausch. 2004. “Ecological and Evolutionary Consequences of Biotic
Homogenization.” Trends in Ecology Evolution 19 (1): 18-24.

Oliveira, Victor Hugo Fonseca, Jos Barlow, Toby Gardner, and Julio Louzada. 2017.
“Are We Selecting Appropriate Metrics to Assess Human Impacts on Biodiversity?”
Basic and Applied Ecology.

Oliver, K. M., and C. H. V. Higashi. 2021. “Symbiosis in a Rapidly Changing
World.” In , 263-96.

Oliver, Tom H., Matthew S. Heard, Nick J.B. Isaac, David B. Roy, Deborah Procter,
Felix Eigenbrod, Rob Freckleton, et al. 2015. “Biodiversity and Resilience of
Ecosystem Functions.” Trends in Ecology FEvolution 30 (11): 673-84.

Parada, Alma E., David M. Needham, and Jed A. Fuhrman. 2016. “Every
Base Matters: Assessing Small Subunit RRNA Primers for Marine Microbiomes
with Mock Communities, Time Series and Global Field Samples.” Environmental
Microbiology 18 (5): 1403-14.

Parata, Lara, Shaun Nielsen, Xing Xing, Torsten Thomas, Suhelen Egan, and
Adriana Vergés. 2019. “Age, Gut Location and Diet Impact the Gut Microbiome
of a Tropical Herbivorous Surgeonfish.” FEMS Microbiology Ecology, November.

Parravicini, Valeriano, Jordan M. Casey, Nina M.D. Schiettekatte, Simon J. Brandl,
Chloé Pozas-Schacre, Jérémy Carlot, Graham J. Edgar, et al. 2020. “Delineating
Reef Fish Trophic Guilds with Global Gut Content Data Synthesis and Phylogeny.”
PLoS Biology 18 (12 December): €3000702.

Parris, Darren J, Rohan M Brooker, Michael A Morgan, Danielle L. Dixson, and
Frank J Stewart. 2016. “Whole Gut Microbiome Composition of Damselfish and
Cardinalfish before and after Reef Settlement.” PeerJ 4: e2412.

Pattengill-Semmens, Christy V., and Brice X. Semmens. 2003. “Conservation and
Management Applications of the Reef Volunteer Fish Monitoring Program.” In
Coastal Monitoring through Partnerships, 43-50. Springer Netherlands.

Pimm, S. L., C. N. Jenkins, R. Abell, T. M. Brooks, J. L. Gittleman, L. N.
Joppa, P. H. Raven, C. M. Roberts, and J. O. Sexton. 2014. “The Biodiversity
of Species and Their Rates of Extinction, Distribution, and Protection.” Science



References 145

344 (6187): 1246752-1246752.

Pinsky, Malin L, Stephen R Palumbi, Serge Andréfouét, and Sam J Purkis. 2012.
“Open and Closed Seascapes: Where Does Habitat Patchiness Create Populations
with High Fractions of Self-Recruitment?” Ecological Applications 22 (4): 1257-67.

Pita, L., L. Rix, B. M. Slaby, A. Franke, and U. Hentschel. 2018. “The Sponge
Holobiont in a Changing Ocean: From Microbes to Ecosystems.” Microbiome.
NLM (Medline).

Pitts, Patrick A. 1991. “Comparative Use of Food and Space by Three Bahamian
Butterflyfishes.” Bulletin of Marine Science 48 (3): 749-56.

Plaisance, L, N Knowlton, G Paulay, and C Meyer. 2009. “Reef-Associated
Crustacean Fauna: Biodiversity Estimates Using Semi-Quantitative Sampling and
DNA Barcoding.” Coral Reefs 28 (4): 977-86.

Plas, Fons van der. 2019. “Biodiversity and Ecosystem Functioning in Naturally
Assembled Communities.” Biological Reviews 94 (4): 1220-45.

Plas, Fons van der, Pete Manning, Santiago Soliveres, Eric Allan, Michael Scherer-
Lorenzen, Kris Verheyen, Christian Wirth, Miguel A Zavala, Evy Ampoorter,
and Lander Baeten. 2016. “Biotic Homogenization Can Decrease Landscape-
Scale Forest Multifunctionality.” Proceedings of the National Academy of Sciences
113 (13): 3557-62.

Pogoreutz, Claudia, Nils Réddecker, Anny Cardenas, Astrid Gérdes, Christian
Wild, and Christian R. Voolstra. 2018. “Dominance of Endozoicomonas Bacteria
throughout Coral Bleaching and Mortality Suggests Structural Inflexibility of the
Pocillopora Verrucosa Microbiome.” Ecology and Evolution 8 (4): 2240-52.

Pompanon, Francois, Bruce E Deagle, William O C Symondson, David S Brown,
Simon N Jarman, and Pierre Taberlet. 2012. “Who Is Eating What: Diet Assessment
Using next Generation Sequencing.” Mol Ecol 21 (8): 1931-50.

Pratchett, M. S., S. A. Blowes, D. Coker, E. Kubacki, J. Nowicki, and A. S. Hoey.
2015. “Indirect Benefits of High Coral Cover for Non-Corallivorous Butterflyfishes.”
Coral Reefs 34 (2): 665-72.

Pratchett, M. S., C. A. Thompson, A. S. Hoey, P. F. Cowman, and S. K. Wilson.
2018. “Effects of Coral Bleaching and Coral Loss on the Structure and Function
of Reef Fish Assemblages.” In , 265-93. Springer, Cham.

Pratchett, M. S., Wilson, S. K., and A. H. Baird. 2006. “Declines in the Abundance
of Chaetodon Butterflyfishes Following Extensive Coral Depletion.” Journal of
Fish Biology 69 (5): 1269-80.

Pratchett, Morgan S. 2005. “Dietary Overlap among Coral-Feeding Butterflyfishes



144 References

(Chaetodontidae) at Lizard Island, Northern Great Barrier Reef.” Marine Biology
148 (2): 373-82.

Pratchett, Morgan S, Shaun K Wilson, Michael L. Berumen, and Mark I Mc-
Cormick. 2004. “Sublethal Effects of Coral Bleaching on an Obligate Coral Feeding
Butterflyfish.” Coral Reefs 23 (3): 352-56.

Price, Elliott L., Mirela Serti¢ Peri¢, Gustavo Q. Romero, and Pavel Kratina. 2019.
“Land Use Alters Trophic Redundancy and Resource Flow through Stream Food
Webs.” Edited by Peter Hambaéck. Journal of Animal Ecology 88 (5): 677-89.

Puebla, O. 2009. “Ecological Speciation in Marine v. Freshwater Fishes.” Journal
of Fish Biology. John Wiley Sons, Ltd.

Puebla, O., E. Bermingham, and W. O. McMillan. 2012. “On the Spatial Scale
of Dispersal in Coral Reef Fishes.” Molecular Ecology 21 (23): 5675-88.

Puebla, Oscar, Eldredge Bermingham, and Frédéric Guichard. 2009. “Estimating
Dispersal from Genetic Isolation by Distance in a Coral Reef Fish (Hypoplectrus
Puella).” Ecology 90 (11): 3087-98.

Pujalte, Maria J., Teresa Lucena, Maria A. Ruvira, David Ruiz Arahal, and M.
Carmen Macidn. 2014. “The Family Rhodobacteraceae.” In The Prokaryotes:
Alphaproteobacteria and Betaproteobacteria, 9783642301971:439-512. Springer-
Verlag Berlin Heidelberg.

Pulliam, H. Ronald. 1975. “Diet Optimization with Nutrient Constraints.” The
American Naturalist 109 (970): 765-68.

Purdy, Edward G., Walter C. Pusey, and Kenneth Franklin Wantland. 1975.
“Continental Shelf of Belize-Regional Shelf Attributes.”

Quast, Christian, Elmar Pruesse, Pelin Yilmaz, Jan Gerken, Timmy Schweer, Pablo
Yarza, Jorg Peplies, and Frank Oliver Glockner. 2013. “The SILVA Ribosomal
RNA Gene Database Project: Improved Data Processing and Web-Based Tools.”
Nucleic Acids Research 41 (Database issue): D590-6.

R Core Team. 2019. “R: A Language and Environment for Statistical Computing.
R Foundation for Statistical Computing, Vienna, Austria.”

R Development Core Team. 2008. “R: A Language and Environment for Statistical
Computing.” Vienna, Austria.: R Foundation for Statistical Computing.

Ramsby, Blake D., Mia O. Hoogenboom, Steve Whalan, and Nicole S. Webster.
2018. “Elevated Seawater Temperature Disrupts the Microbiome of an Ecologically
Important Bioeroding Sponge.” Molecular Ecology 27 (8): 2124-37.

Randall, JE. 1967. Food Habits of Reef Fishes of the West Indies. Stud. Trop.



References 145

Hawaii Institute of Marine Biology. University of Hawaii, Honolulu.

Rawls, John F., Michael A. Mahowald, Ruth E. Ley, and Jeffrey I. Gordon. 2006.
“Reciprocal Gut Microbiota Transplants from Zebrafish and Mice to Germ-Free
Recipients Reveal Host Habitat Selection.” Cell 127 (2): 423-33.

Reese, Ernst S. 1977. “Coevolution of Corals and Coral Feeding Fishes of the
Family Chaetodontidae.” In Proceedings of the 3rd International Coral Reef Sym-
posium, 267-74.

Reverter, Miriam, Pierre Sasal, N. Tapissier-Bontemps, D. Lecchini, and M. Suzuki.
2017. “Characterisation of the Gill Mucosal Bacterial Communities of Four
Butterflyfish Species: A Reservoir of Bacterial Diversity in Coral Reef Ecosystems.”
FEMS Microbiology Ecology 93 (6).

Richardson, Laura E, Nicholas A J Graham, Morgan S Pratchett, Jacob G Eurich,
and Andrew S Hoey. 2018. “Mass Coral Bleaching Causes Biotic Homogenization
of Reef Fish Assemblages.” Global Change Biology 24 (7): 3117-29.

Richardson, Laura E, Nicholas A J Graham, Morgan S Pratchett, and Andrew S
Hoey. 2017. “Structural Complexity Mediates Functional Structure of Reef Fish As-
semblages among Coral Habitats.” Environmental Biology of Fishes 100 (3): 193-207.

Ricklefs, Robert E. 2008. “Disintegration of the Ecological Community.” The
American Naturalist 172 (6): 741-50.

Rincén-Diaz, Martha Patricia, Simon J. Pittman, Ivan Arismendi, and Selina S.
Heppell. 2018. “Functional Diversity Metrics Detect Spatio-Temporal Changes
in the Fish Communities of a Caribbean Marine Protected Area.” Ecosphere
9 (10): e02433.

Rindorf, Anna, Henrik Gislason, and Peter Lewy. 2006. “Prey Switching of Cod and
Whiting in the North Sea.” Marine Ecology Progress Series 325 (November): 243-53.

Riplley, B., B. Venables, D. M. Bates, D. Firth, K. Hornik, and A. Gebhardt. 2002.
“Modern Applied Statistics with S.” Springer New York. Roberts, David W. 2019.
“Labdsv: Ordination and Multivariate Analysis for Ecology.”

Robinson, James P. W., Shaun K. Wilson, Simon Jennings, and Nicholas A. J.
Graham. 2019. “Thermal Stress Induces Persistently Altered Coral Reef Fish
Assemblages.” Global Change Biology 25 (8): 2739-50.

Rocha, L.A., Jernej. Jogan, Gergely. Kirdly, Viera. Ferdkova, and Karl-Georg.
Bernhardt. 2010. “Chaetodon Capistratus.” The ITUCN Red List of Threatened
Species . 2010.

Rodas, Andrea M., Rachel M. Wright, Logan K. Buie, Hannah E. Aichelman, Karl
D. Castillo, and Sarah W. Davies. 2020. “Fukaryotic Plankton Communities across



146 References

Reef Environments in Bocas Del Toro Archipelago, Panama.” Coral Reefs, July, 1-15.

Roder, Cornelia, Chatchanit Arif, Till Bayer, Manuel Aranda, Camille Daniels,
Ahmed Shibl, Suchana Chavanich, and Christian R. Voolstra. 2014. “Bacterial
Profiling of White Plague Disease in a Comparative Coral Species Framework.”
ISME Journal 8 (1): 31-39.

Rodriguez-Zaragoza, Fabian A., and Jests E. Arias-Gonzalez. 2008. “Additive
Diversity Partitioning of Reef Fishes across Multiple Spatial Scales.” Caribbean
Journal of Science 44 (1): 90-101.

Roehr, Johannes T, Christoph Dieterich, and Knut Reinert. 2017. “Flexbar 3.0
— SIMD and Multicore Parallelization.” Bioinformatics 33 (18): 2941-42.

Roesch, Luiz Fernando W., Priscila T. Dobbler, Victor S. Pylro, Bryan Kolaczkowski,
Jennifer C. Drew, and Eric W. Triplett. 2020. “<scp>pime</Scp>: A Package for

Discovery of Novel Differences among Microbial Communities.” Molecular Ecology
Resources 20 (2): 415-28.

Roeselers, Guus, Erika K Mittge, W Zac Stephens, David M Parichy, Colleen M
Cavanaugh, Karen Guillemin, and John F Rawls. 2011. “Evidence for a Core Gut
Microbiota in the Zebrafish.” The ISME Journal 5 (10): 1595-1608.

Roff, George, Sonia Bejarano, Mark Priest, Alyssa Marshell, Iliana Chollett, Robert
S. Steneck, Christopher Doropoulos, Yimnang Golbuu, and Peter J. Mumby.
2019. “Seascapes as Drivers of Herbivore Assemblages in Coral Reef Ecosystems.”
Ecological Monographs 89 (1): e01336.

Roff, George, Colette C. C. Wabnitz, Alastair R. Harborne, and Peter J. Mumby.
2013. “Macroalgal Associations of Motile Epifaunal Invertebrate Communities on
Coral Reefs.” Marine Ecology 34 (4): 409-19.

Rognes, Torbjgrn, Tomas Flouri, Ben Nichols, Christopher Quince, and Frédéric
Mahé. 2016. “VSEARCH: A Versatile Open Source Tool for Metagenomics.”
PeerJ 2016 (10).

Romero, Jaime, and Paola Navarrete. 2006. “16S RDNA-Based Analysis of
Dominant Bacterial Populations Associated with Early Life Stages of Coho Salmon
(Oncorhynchus Kisutch).” Microbial Ecology 51 (4): 422-30.

Rosenfeld, Jordan S. 2002. “Functional Redundancy in Ecology and Conservation.”
Oikos. John Wiley Sons, Ltd.

Rotjan, RD, and SM Lewis. 2008. “Impact of Coral Predators on Tropical Reefs.”
Marine Ecology Progress Series 367 (September): 73-91.

Sale, Peter F., and Rand Dybdahl. 1978. “Determinants of Community Structure
for Coral Reef Fishes in Isolated Coral Heads at Lagoonal and Reef Slope Sites.”



References 147

Oecologia 34 (1): 57-74.

San Juan, Priscilla A., J. Nicholas Hendershot, Gretchen C. Daily, and Tadashi
Fukami. 2020. “Land-Use Change Has Host-Specific Influences on Avian Gut
Microbiomes.” ISME Journal 14 (1): 318-21.

Sandin, Stuart A., Mark J. A. Vermeij, and Allen H. Hurlbert. 2008. “Island
Biogeography of Caribbean Coral Reef Fish.” Global Ecology and Biogeography
17 (6): 770-77.

Sano, Mitsuhiko. 2004. “Short-Term Effects of a Mass Coral Bleaching Event on a
Reef Fish Assemblage at Iriomote Island, Japan.” Fisheries Science 70 (1): 41-46.

Schliep, Klaus, Alastair J. Potts, David A. Morrison, and Guido W. Grimm.
2017. “Intertwining Phylogenetic Trees and Networks.” Edited by Richard Fitzjohn.
Methods in Ecology and Evolution 8 (10): 1212-20.

Schmitt, E. F., and K. M. Sullivan. 1996. “Analysis of a Volunteer Method for
Collecting Fish Presence and Abundance Data in the Florida Keys.” Bulletin of
Marine Science 59 (2): 404-16.

Schnell, Ida Baerholm, Kristine Bohmann, and M Thomas P Gilbert. 2015. “Tag
Jumps [lluminated-Reducing Sequence-to-Sample Misidentifications in Metabar-
coding Studies.” Mol Ecol Resour 15 (6): 1289-1303.

Schoener, Thomas W. 1974. “Resource Partitioning in Ecological Communities.”
Science 185 (4145): 27-39.

Schutte, VGW, ER Selig, and JF Bruno. 2010. “Regional Spatio-Temporal Trends
in Caribbean Coral Reef Benthic Communities.” Marine Ecology Progress Series
402 (March): 115-22.

Scott, Jarrod J., Thomas C. Adam, Alain Duran, Deron E. Burkepile, and Douglas
B. Rasher. 2020. “Intestinal Microbes: An Axis of Functional Diversity among
Large Marine Consumers.” Proceedings of the Royal Society B: Biological Sciences

287 (1924): 20192367.

Seaby, R, and P Henderson. 2014. “Pisces Software - Community Analysis
Package.” 2014.

Seemann, Janina, Cindy T. Gonzalez, Rodrigo Carballo-Bolanos, Kathryn Berry,
Georg A. Heiss, Ulrich Struck, and Reinhold R. Leinfelder. 2014. “Assessing the
Ecological Effects of Human Impacts on Coral Reefs in Bocas Del Toro, Panama.”
Environmental Monitoring and Assessment 186 (3): 1747-63.

Seemann, Janina, Alexandra Yingst, Rick D. Stuart-Smith, Graham J. Edgar,
and Andrew H. Altieri. 2018. “The Importance of Sponges and Mangroves in
Supporting Fish Communities on Degraded Coral Reefs in Caribbean Panama.”



148 References

PeerJ 6 (March): e4455.

Sepulveda, Juan, and Andrew H. Moeller. 2020. “The Effects of Temperature on
Animal Gut Microbiomes.” Frontiers in Microbiology 11 (March): 384.

Shade, Ashley, and Jo Handelsman. 2012. “Beyond the Venn Diagram: The Hunt
for a Core Microbiome.” Environmental Microbiology 14 (1): 4-12.

Smith, C. Lavett, James C. Tyler, William P. Davis, Robert S. Jones, David G.
Smith, and Carole C. Baldwin. 2003. “Fishes of the Pelican Cays, Belize.” Atoll
Research Bulletin 497 (497-508): 1-80.

Smith, Chris CR, Lisa K Snowberg, J Gregory Caporaso, Rob Knight, and Daniel
I Bolnick. 2015. “Dietary Input of Microbes and Host Genetic Variation Shape
Among-Population Differences in Stickleback Gut Microbiota.” The ISME Journal
2015 9:11 9 (11): 2515.

Smith, Lavett C. 1997. “National Audubon Society Field Guide to Tropical Marine
FishesCaribbean, Gulf of Mexico, Florida, Bahamas, Bermuda.” National Audubon
Society Field Guide Series.

Soto, 1., S. Andréfouét, C. Hu, F. E. Muller-Karger, C. C. Wall, J. Sheng, and B. G.
Hatcher. 2009. “Physical Connectivity in the Mesoamerican Barrier Reef System
Inferred from 9 Years of Ocean Color Observations.” Coral Reefs 28 (2): 415-25.

Spalding, M.D. 2000. “Spatial Variation in Coral Reef Fish Biodiversity at Inter-
mediate Scales around Oceanic Islands.” In Proceedings of the Ninth International
Coral Reef Symposium, Bali. 23-27 Oct., edited by Soekarno and Suharsono Moosa,
M.K., S. Soemodihardjo, A. Soegiarto, K. Romimohtarto, A. Nontji, Vol 1: 81-87.

Stamps, Judy A. 2016. “Individual Differences in Behavioural Plasticities.” Biological
Reviews 91 (2): 534-67.

Stella, Jessica, Morgan Pratchett, Pat Hutchings, and Geoffrey Jones. 2011. “Coral-
Associated Invertebrates.” In Oceanography and Marine Biology An Annual Review,
Volume 49, 1st Editio.

Stoddart, David R. 1962. “Three Caribbean Atolls: Turneffe Islands, Lighthouse
Reef, and Glover’s Reef, British Honduras.” Atoll Research Bulletin 87: 1-151.

Stuart-Smith, Rick D., Amanda E. Bates, Jonathan S. Lefcheck, J. Emmett
Dulffy, Susan C. Baker, Russell J. Thomson, Jemina F. Stuart-Smith, et al. 2013.

“Integrating Abundance and Functional Traits Reveals New Global Hotspots of
Fish Diversity.” Nature 501 (7468): 539-42.

Sullam, Karen E., Steven D. Essinger, Catherine A. Lozupone, Michael P. O’Connor,
Gail L. Rosen, Rob Knight, Susan S. Kilham, and Jacob A. Russell. 2012.
“Environmental and Ecological Factors That Shape the Gut Bacterial Communities



References 149

of Fish: A Meta-Analysis.” Molecular Ecology 21 (13): 3363-78.

Sullam, Karen E., Benjamin E.R. Rubin, Christopher M. Dalton, Susan S. Kilham,
Alexander S. Flecker, and Jacob A. Russell. 2015. “Divergence across Diet, Time and

Populations Rules out Parallel Evolution in the Gut Microbiomes of Trinidadian
Guppies.” ISME Journal 9 (7): 1508-22.

Sunagawa, Shinichi, Todd Z DeSantis, Yvette M Piceno, Eoin L Brodie, Michael K
DeSalvo, Christian R Voolstra, Ernesto Weil, Gary L. Andersen, and Ménica Medina.
2009. “Bacterial Diversity and White Plague Disease-Associated Community
Changes in the Caribbean Coral Montastraea Faveolata.” The ISME Journal
3 (5): 512-21.

Sunagawa, Shinichi, Cheryl M. Woodley, and Ménica Medina. 2010. “Threatened
Corals Provide Underexplored Microbial Habitats.” Edited by Stuart A. Sandin.
PLoS ONE 5 (3): e9554.

Sutcliffe, P.R., C.J. Klein, C.R. Pitcher, and H.P. Possingham. 2015. “The
Effectiveness of Marine Reserve Systems Constructed Using Different Surrogates
of Biodiversity.” Conservation Biology 29 (3): 657-67.

Svanback, Richard, and Daniel I. Bolnick. 2007. “Intraspecific Competition Drives
Increased Resource Use Diversity within a Natural Population.” Proceedings of the
Royal Society B: Biological Sciences 274 (1611): 839-44.

Taberlet, Pierre, Eric Coissac, Frangois Pompanon, Christian Brochmann, and Eske
Willerslev. 2012. “Towards Next-Generation Biodiversity Assessment Using DNA
Metabarcoding.” Molecular Ecology 21 (8): 2045-50.

Tarnecki, A.M., F.A. Burgos, C.L. Ray, and C.R. Arias. 2017. “Fish Intestinal
Microbiome: Diversity and Symbiosis Unravelled by Metagenomics.” Journal of
Applied Microbiology 123 (1): 2-17.

Tesch, F. W. 1968. Age And Growth, Methods for Assessment of Fish Production in
Fresh Waters; Edited by W. E. (William Edwin) Ricker. Oxford; Edinburgh:
Blackwell Scientific.

Thompson, Cassandra A., Samuel Matthews, Andrew S. Hoey, and Morgan S.
Pratchett. 2019. “Changes in Sociality of Butterflyfishes Linked to Population
Declines and Coral Loss.” Coral Reefs 38 (3): 527-37.

Thomsen, Philip Francis, and Eske Willerslev. 2015. “Environmental DNA - An
Emerging Tool in Conservation for Monitoring Past and Present Biodiversity.”
Biological Conservation. Elsevier Ltd.

Thresher, RE. 1978. “Polymorphism, Mimicry, and the Evolution of the Hamlets
(Hypoplectrus, Serranidae).” Bulletin of Marine Science 28 (2): 345-53.



150 References

Traugott, Michael, Stefaniya Kamenova, Liliane Ruess, Julia Seeber, and Manuel
Plantegenest. 2013. “Empirically Characterising Trophic Networks: What Emerging
DNA-Based Methods, Stable Isotope and Fatty Acid Analyses Can Offer.” Advances
in Ecological Research 49 (January): 177-224.

Uchida, Satoshi, Barbara Drossel, and Ulrich Brose. 2007. “The Structure of Food
Webs with Adaptive Behaviour.” Ecological Modelling 206 (3—4): 263-76.

Uren Webster, Tamsyn M., Sofia Consuegra, Matthew Hitchings, and Carlos Garcia
de Leaniz. 2018. “Interpopulation Variation in the Atlantic Salmon Microbiome
Reflects Environmental and Genetic Diversity.” Applied and Environmental Mi-
crobiology 84 (16).

Uren Webster, Tamsyn M., Deiene Rodriguez-Barreto, Giovanni Castaldo, Peter
Gough, Sofia Consuegra, and Carlos Garcia de Leaniz. 2020. “Environmental
Plasticity and Colonisation History in the Atlantic Salmon Microbiome: A Translo-
cation Experiment.” Molecular Ecology 29 (5): 886-98.

Vazquez, Diego P., and Daniel Simberloff. 2002. “Ecological Specialization and
Susceptibility to Disturbance: Conjectures and Refutations.” American Naturalist
159 (6): 606-23.

Vestheim, Hege, and Simon N Jarman. 2008. “Blocking Primers to Enhance PCR
Amplification of Rare Sequences in Mixed Samples - a Case Study on Prey DNA
in Antarctic Krill Stomachs.” Front Zool 5: 12.

Villéger, Sébastien, Norman W H Mason, and David Mouillot. 2008. “New
Multidimensional Functional Diversity Indices for a Multifaceted Framework in
Functional Ecology.” Ecology 89 (8): 2290-2301.

Violle, Cyrille, Brian J. Enquist, Brian J. McGill, Lin Jiang, Cécile H. Albert,
Catherine Hulshof, Vincent Jung, and Julie Messier. 2012. “The Return of the
Variance: Intraspecific Variability in Community Ecology.” Trends in Ecology and
Evolution. Elsevier Current Trends.

Voigt, Anita Y., Paul I. Costea, Jens Roat Kultima, Simone S. Li, Georg Zeller,
Shinichi Sunagawa, and Peer Bork. 2015. “Temporal and Technical Variability of
Human Gut Metagenomes.” Genome Biology 16 (1): 73.

Wainwright, Peter C. 1988. “Morphology and Ecology: Functional Basis of Feeding
Constraints in Caribbean Labrid Fishes.” Ecology 69 (3): 635-45.

Wang, An R., Chao Ran, Einar Ringg, and Zhi G. Zhou. 2018. “Progress in Fish
Gastrointestinal Microbiota Research.” Reviews in Aquaculture 10 (3): 626-40.

Wang, Qiong, George M. Garrity, James M. Tiedje, and James R. Cole. 2007.
“Naive Bayesian Classifier for Rapid Assignment of RRNA Sequences into the New



References 151

Bacterial Taxonomy.” Applied and Environmental Microbiology 73 (16): 5261-67.

Wangensteen, Owen S., and Xavier Turon. 2017. “Metabarcoding Techniques for
Assessing Biodiversity of Marine Animal Forests.” In Marine Animal Forests: The
Ecology of Benthic Biodiversity Hotspots, 445-73. Springer International Publishing.

Ward, R.J., Allen, M.E., Feld, H.K., Fernandes-da-costa, S., Choat, J.H., Clements,
K.D. and Angert, E.R. 2009. “The Microbial Community of the Hindgut Chamber
of Pomacanthus Sexstriatus in: Gastrointestinal bacterial symbionts: Reproductive
strategy and community struture.”

Weber, Laura, William A, Peter J, Luke Thompson, Luke R, Geoff Smith, Rachel
Parsons, et al. 2018. “EMP 16S Illumina Amplicon Protocol.” Protocols.lo.

Webster, Nicole S, and Thorsten B H Reusch. 2017. “Microbial Contributions to
the Persistence of Coral Reefs.” The ISME Journal 11 (10): 2167-74.

Weiss, Sophie, Zhenjiang Zech Xu, Shyamal Peddada, Amnon Amir, Kyle Bit-
tinger, Antonio Gonzalez, Catherine Lozupone, et al. 2017. “Normalization

and microbial differential abundance strategies depend upon data characteristics.”
Microbiome 5 (1): 27.

Werbner, Michal, Yiftah Barsheshet, Nir Werbner, Mor Zigdon, Itamar Averbuch,
Oren Ziv, Boris Brant, et al. 2019. “Social-Stress-Responsive Microbiota Induces
Stimulation of Self-Reactive Effector T Helper Cells.” MSystems 4 (4).

West, Annie G., David W. Waite, Peter Deines, David G. Bourne, Andrew Digby,
Valerie J. McKenzie, and Michael W. Taylor. 2019. “The Microbiome in Threatened
Species Conservation.” Biological Conservation. Elsevier Ltd.

Whiteman, E. A., I. M. Cété, and J. D. Reynolds. 2007. “Ecological Differences
between Hamlet (Hypoplectrus: Serranidae) Colour Morphs: Between-Morph
Variation in Diet.” Journal of Fish Biology 71 (1): 235-44.

Wilkins, Laetitia G. E., Luca Fumagalli, and Claus Wedekind. 2016. “Effects of
Host Genetics and Environment on Egg-Associated Microbiotas in Brown Trout
( Salmo Trutta ).” Molecular Ecology 25 (19): 4930-45.

Williams, Brett, Alan Landay, and Rachel M. Presti. 2016. “Microbiome Alterations
in HIV Infection a Review.” Cellular Microbiology. Blackwell Publishing Ltd.

Williams, D. McB., and A. I. Hatcher. 1983. “Structure of Fish Communities on
Outer Slopes of Inshore, Mid-Shelf and Outer Shelf Reefs of the Great Barrier
Reef”” Marine Ecology Progress Series 10: 239-50.

Williams, Gareth J., Nicholas A. J. Graham, Jean-Baptiste Jouffray, Albert V.
Norstrém, Magnus Nystrom, Jamison M. Gove, Adel Heenan, and Lisa M. Wedding.
2019. “Coral Reef Ecology in the Anthropocene.” Edited by Charles Fox. Functional



152 References

Ecology 33 (6): 1014-22.

Williams, Gareth J., and Nicholas A.J. Graham. 2019. “Rethinking Coral Reef
Functional Futures.” Functional Ecology 33: 942 947.

Wilson, Shaun K, Nicholas A J Graham, Morgan S Pratchett, Geoffrey P Jones, and
Nicholas V C Polunin. 2006. “Multiple Disturbances and the Global Degradation
of Coral Reefs: Are Reef Fishes at Risk or Resilient?” Global Change Biology
12 (11): 2220-34.

Wong, Bob B.M., and Ulrika Candolin. 2015. “Behavioral Responses to Changing
Environments.” Behavioral Ecology. Oxford University Press.

Wright, Erik S. 2016. “Using DECIPHER v2.0 to Analyze Big Biological Sequence
Data in R.” R Journal 8 (1): 352-59.

Wynsberge, Simon Van, Serge Andréfouét, Mélanie A. Hamel, and Michel Kulbicki.
2012. “Habitats as Surrogates of Taxonomic and Functional Fish Assemblages

in Coral Reef Ecosystems: A Critical Analysis of Factors Driving Effectiveness.”
Edited by Sebastian C. A. Ferse. PLoS ONE 7 (7): e40997.

Yeager, Lauren A., Mairin C.M. Deith, Jana M. McPherson, Ivor D. Williams,
and Julia K. Baum. 2017. “Scale Dependence of Environmental Controls on

the Functional Diversity of Coral Reef Fish Communities.” Global Ecology and
Biogeography 26 (10): 1177-89.

Zaneveld, Jesse R., Ryan McMinds, and Rebecca Vega Thurber. 2017. “Stress
and Stability: Applying the Anna Karenina Principle to Animal Microbiomes.”
Nature Microbiology 2 (9): 17121.

Zaneveld, Jesse R, Deron E Burkepile, Andrew A Shantz, Catharine E Pritchard,
Ryan McMinds, Jérome P Payet, Rory Welsh, et al. 2016. “Overfishing and
Nutrient Pollution Interact with Temperature to Disrupt Coral Reefs down to
Microbial Scales.” Nat Commun 7: 11833.

Zhang, Chenhong, Muriel Derrien, Florence Levenez, Rémi Brazeilles, Sonia A
Ballal, Jason Kim, Marie-Christine Degivry, et al. 2016. “Ecological Robustness of
the Gut Microbiota in Response to Ingestion of Transient Food-Borne Microbes.”
The ISME Journal 10 (9): 2235-45.



Appendices

153






Appendix A

Supporting material for Chapter 2

155



156

A. Supporting material for Chapter 2

Factor Diversity Groups Z P adjusted
Lighthouse - Glovers -3.522625 0.0004
Mean richness Turneffe - Glovers -3.682877 0.0003
Turneffe - Lighthouse -0.118272 0.45
Lighthouse - Glovers -3.111691 0.002
Atoll Mean abundance Turneffe - Glovers -3.420814 0.0009
Turneffe - Lighthouse -0.262282 0.4
Lighthouse - Glovers -2.418518 0.023
Unbiased Simpsons Turneffe - Glovers -2.07294 0.04
Turneffe - Lighthouse 0.347873 0.36
Backreef - Channel -2.318789 0.05
Backreef - Forereef 0.344821 0.73
Backreef - Lagoon Patch 1.18844 0.47
Backreef - Westreef -2.429633 0.05
. Channel - Forereef 2.481791 0.05
Mean richness
Channel - Lagoon Patch 3.621816 0.001
Channel - Westreef -0.069882 0.47
Forereef - Lagoon Patch 0.711789 0.71
Forereef -Westreef -2.584018 0.04
Lagoon Patch - Westreef -3.769233 0.0008
Backreef - Channel -2.938466 0.01
Backreef - Forereef -0.838741 0.4
Backreef - Lagoon Patch 0.697502 0.24
Backreef - Westreef -1.991411 0.16
Zone Mean abundances Channel - Forereef 1.917216 0.17
Channel - Lagoon Patch 3.822304 0.0007
Channel - Westreef 0.953796 0.51
Forereef - Lagoon Patch 1.531203 0.31
Forereef -Westreef -1.02356 0.61
Lagoon Patch - Westreef -2.821891 0.02
Backreef - Channel 1.900072 0.14
Backreef - Forereef 2.309405 0.07
Backreef - Lagoon Patch 2.328868 0.08
Backreef - Westreef -0.143961 0.44
Unbiased Simpsons Channel - Forereef 0.460999 1
Channel - Lagoon Patch 0.166908 0.87
Channel - Westreef -1.988933 0.14
Forereef - Lagoon Patch -0.35237 1
Forereef -Westreef -2.387014 0.08
Lagoon Patch - Westreef -2.407628 0.08

Table A.1: Comparison of fish community alpha diversity among atolls and reef zones,
respectively showing posthoc Dunn test results with Benjamin Hochberg corrected P-

values.
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Model Factor Df SumsOfSqs  MeanSqs F.Model R2 Pr(>F)
Lagoon Patch GL-TN Atoll 1 0.11064 0.110641 2.1473 0.10658 0.01
Lagoon Patch GL-LH Atoll 1 0.09944 0.099444 1.8598 0.08916 0.007
Lagoon Patch LH-TN Atoll 1 0.08856 0.088561 2.0936 0.1599 0.007
Backreef LH-TN Atoll 1 0.05258 0.052579 1.2486 0.111 0.23
Backreef LH-GL Atoll 1 0.07978 0.079778 1.6599 0.13111 0.044
Backreef TN-GL Atoll 1 0.07442 0.074423 1.5296 0.12208 0.071
Westreef LH-TN Atoll 1 0.11669 0.116695 1.2094 0.10789 0.184
Westreef LH-GL Atoll 1 0.13991 0.13991 1.5656 0.14818 0.046
Westreef TN-GL Atoll 1 0.13359 0.133593 1.3679 0.13194 0.088
Channel LH-TN Atoll 1 0.2007 0.200703 2.16 0.2126 0.009
Channel LH-GL Atoll 1 0.19052 0.19052 1.6779 0.15713 0.006
Channel TN-GL Atoll 1 0.1262 0.1262 1.2165 0.11907 0.238
LP-BR Glovers 1 0.2506 0.250599 4.6385 0.19623 0.001
LP-WR Glovers 1 0.16259 0.162591 32175 0.15914 0.001
LP-CH Glovers 1 0.18976 0.18976 3.449 0.1608 0.001
LP-FR Glovers 1 0.4092 0.4092 7.8235 0.32839 0.001
BR-WR Glovers 1 0.17693 0.176931 3.8208 0.27645 0.001
BR-CH Glovers 1 0.19237 0.192366 3.5929 0.24621 0.002
BR-FR Glovers 1 0.32382 0.32382 6.7173 0.42738 0.001
WR-CH Glovers 1 0.06563 0.065628 1.3945 0.13416 0.155
WR-FR Glovers 1 0.2325 0.232496 5.9808 0.46074 0.01
CH-FR Glovers 1 0.15435 0.154354 3.0971 0.27909 0.006
LP-BR Lighthouse 1 0.1427 0.142697 3.2252 0.22672 0.001
LP-WR Lighthouse 1 0.14197 0.141973 3.3734 0.2347 0.002
LP-CH Lighthouse 1 0.18087 0.180866 3.9661 0.28398 0.001
LP-FR Lighthouse 1 0.24028 0.24028 5.0767 0.36064 0.001
BR-WR Lighthouse 1 0.1279 0.127899 3.2724 0.24656 0.001
BR-CH Lighthouse 1 0.09781 0.097806 2.2928 0.20303 0.023
BR-FR Lighthouse 1 0.11026 0.110261 2.4927 0.23756 0.009
WR-CH Lighthouse 1 0.06031 0.06031 1.507 0.14343 0.073
WR-FR Lighthouse 1 0.12328 0.123282 2.9875 0.2719 0.004
CH-FR Lighthouse 1 0.06367 0.063673 1.379 0.16458 0.091
LP-BR Turneffe 1 0.14852 0.148522 3.6274 0.26619 0.001
LP-WR Turneffe 1 0.15259 0.152592 3.6522 0.26752 0.004
LP-CH Turneffe 1 0.13725 0.13725 3.7769 0.2956 0.006
LP-FR Turneffe 1 0.32871 0.32871 6.5158 0.39452 0.001
BR-WR Turneffe 1 0.15302 0.15302 3.5097 0.25979 0.004
BR-CH Turneffe 1 0.07731 0.077308 2.0154 0.18296 0.003
BR-FR Turneffe 1 0.18037 0.180369 3.451 0.25656 0.001
WR-CH Turneffe 1 0.08942 0.089415 2.2758 0.20183 0.001
WR-FR Turneffe 1 0.11001 0.110011 2.0717 0.17161 0.004
CH-FR Turneffe 1 0.0893 0.089301 1.8255 0.16863 0.052

Table A.2: Posthoc pairwise Permutational Analysis of Variance (PERMANOVA) results
of atoll and reef zone models comparing reef zones among atolls within atolls using Jaccard
Index.
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Model Factor Df  SumsOfSqs MeanSqs F.Model R2 Pr(>F)
Lagoon Patch GL-TN Atoll 1 0.44211 0.44211 3.0014 0.14291 0.004
Lagoon Patch GL-LH Atoll 1 0.1583 0.15827 0.98832 0.04944 0.45
Lagoon Patch LH-TN Atoll 1 0.18233 0.18233 1.7804 0.13931 0.009
Backreef GL-TN Atoll 1 0.12866 0.128664 1.7274 0.13572 0.02
Backreef GL-LH Atoll 1 0.09737 0.097368 1.3336 0.10812 0.152
Backreef LH-TN Atoll 1 0.11002 0.110019 1.593 0.13741 0.019
Channe GL-TN Atoll 1 0.1533 0.1533 1.8266 0.16872 0.006
Channel GL-LH Atoll 2 0.73974 0.36987 3.9515 0.46755 0.002
Channel LH-TN Atoll 1 0.16666 0.16666 2.0963 0.20763 0.005
Westreef GL-TN Atoll 1 0.11684 0.116844 1.595 0.15054 0.042
Westreef GL-LH Atoll 1 0.12326 0.123256 1.9337 0.17686 0.001
Westreef LH-TN Atoll 1 0.1194 0.119402 1.7152 0.14641 0.004
LP-BR Glovers 1 0.354 0.354 4.1966 0.18092 0.001
LP-WR Glovers 1 0.30157 0.30157 3.6351 0.17616 0.001
LP-CH Glovers 1 0.41808 0.41808 4.652 0.20537 0.001
LP-FR Glovers 1 0.58737 0.58737 6.9741 0.30356 0.001
BR-WR Glovers 1 0.3311 0.3311 4.4777 0.30928 0.002
BR-CH Glovers 1 0.37733 0.37733 4.3839 0.28497 0.003
BR-FR Glovers 1 0.47833 0.47833 6.3618 0.41413 0.007
WR-CH Glovers 1 0.1651 0.165099 1.9696 0.17955 0.015
WR-FR Glovers 1 0.31605 0.316051 4.5682 0.39489 0.008
CH-FR Glovers 1 0.18918 0.189178 2.1881 0.21477 0.022
LP-BR Lighthouse 1 0.22641 0.226408 3.0349 0.21624 0.002
LP-WR Lighthouse 1 0.26086 0.260859 3.6622 0.24977 0.003
LP-CH Lighthouse 1 0.30365 0.303647 3.5978 0.26459 0.001
LP-FR Lighthouse 1 0.35122 0.35122 4.1418 0.31516 0.003
BR-WR Lighthouse 1 0.29169 0.291688 4.5764 0.31396 0.003
BR-CH Lighthouse 1 0.19438 0.194379 2.5069 0.21786 0.005
BR-FR Lighthouse 1 0.19797 0.197967 2.5667 0.2429 0.009
WR-CH Lighthouse 1 0.18131 0.181313 2.4696 0.21532 0.005
WR-FR Lighthouse 1 0.25764 0.257641 3.5539 0.30759 0.003
CH-FR Lighthouse 1 0.12351 0.12351 1.35 0.16168 0.084
LP-BR Turneffe 1 0.2843 0.284296 4.4282 0.30691 0.006
LP-WR Turneffe 1 0.33215 0.33215 4.9251 0.32999 0.002
LP-CH Turneffe 1 0.27268 0.272677 4.3585 0.32627 0.005
LP-FR Turneffe 1 0.61498 0.61498 8.1463 0.44892 0.003
BR-WR Turneffe 1 0.26984 0.269838 3.6504 0.26742 0.005
BR-CH Turneffe 1 0.14501 0.145013 2.0787 0.18763 0.008
BR-FR Turneffe 1 0.3891 0.3891 4.7467 0.32188 0.005
WR-CH Turneffe 1 0.14325 0.143252 1.9527 0.17829 0.008
WR-FR Turneffe 1 0.22693 0.226929 2.6631 0.21031 0.006
CH-FR Turneffe 1 0.20859 0.208591 2.5343 0.21972 0.009

Table A.3: Posthoc pairwise Permutational Analysis of Variance (PERMANOVA)
results of atoll and reef zone models comparing reef zones among atolls within atolls using
Bray-Curtis dissimilarity.
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Figure A.1: Mean (+/- SE) seasonal comparison of fish species richness and abundance
compared among September 2011 and January 2012 at 12 sites at Turneffe Atoll (n=12).
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Species Zone within atoll IndVal P-value Frequency
Stegastes leucostictus Backreef Glovers 0.308324769 0.001 32
Halichoeres bivittatus JV 0.211908422 0.049 59
Lutjanus apodus Backreef Lighthouse 0.213157303 0.019 93
Chaetodon ocellatus 0.161916132 0.046 59
Chaetodon striatus 0.153730012 0.044 70
Gnatholepis thompsoni Backreef Turneffe 0.2734375 0.029 5
Stegastes diencaeus 0.146046602 0.034 88
Chaetodon capistratus JV Lagoon patch Glovers  0.226510067 0.037 18
Sparisoma atomarium JV Lagoon patch Lighthouse 0.277992278 0.009 15
Sparisoma atomarium IP 0.270880361 0.006 18
Holacanthus ciliaris 0.222565137 0.019 35
Stegastes leucostictus JV 0.213304366 0.02 61
Pomacanthus arcuatus 0.206270627 0.019 39
Halichoeres garnoti JV 0.15762263 0.03 81
Sparisoma aurofrenatum IP 0.136119141 0.017 86
Halichoeres garnoti IP 0.134966592 0.033 91
Haemulon sciurus Lagoon patch Turneffe 0.45564328 0.002 83
Lutjanus griseus 0.41750167 0.003 18
Haemulon plumierii 0.295450255 0.011 90
Gerres cinereus 0.285990981 0.041 49
Epinephelus striatus 0.248667851 0.01 20
Aulostomus maculatus 0.216352908 0.01 35
Scarus iserti JV 0.162287481 0.012 90
Canthigaster rostrata Westreef Glovers 0.203736974 0.005 64
Holacanthus tricolor JV 0.191271347 0.05 11
Holacanthus tricolor Westreef Lighthouse 0.440998304 0.001 28
Halichoeres pictus JV 0.215179969 0.031 21
Clepticus parrae JV Westreef Turneffe 0.459918749 0.005 18
Gramma loreto 0.385830642 0.002 39
Hypoplectrus indigo 0.329773869 0.001 21
Anisotremus virginicus 0.277044855 0.008 11
Stegastes planifrons JV 0.271441002 0.035 66
Epinephelus striatus 0.26119403 0.013 9
Hypoplectrus nigricans 0.19658013 0.038 33
Stegastes planifrons 0.189205295 0.035 66
Scarus iserti TP 0.158149392 0.029 78
Mulloidichthys martinicus Channel Lighthouse 0.276437034 0.024 53
Lutjanus jocu Channel Turneffe 0.336 0.005 7
Halichoeres garnoti TP 0.260285763 0.002 58
Scarus iserti IP 0.19537686 0.05 87
Chaetodon capistratus 0.180665397 0.019 84
Scarus vetula I[P Forereef Glovers 0.326169087 0.003 32
Scarus vetula TP 0.287593985 0.016 20
Acanthurus coeruleus 0.17756623 0.029 93
Thalassoma bifasciatum IP 0.173853087 0.035 93
Melichthys niger Forereef Lighthouse 0.440740408 0.006 18
Chromis multilienata 0.423529412 0.014 27
Microspathodon chrysurus 0.234616176 0.022 68
Microspathodon chrysurus JV 0.224741647 0.017 57
Echeneis naucrates Forereef Turneffe 0.333333333 0.023 2
Ophioblennius macclurei Forereef Turneffe 0.300820419 0.004 32
Sparisoma rubripinne TP Forereef Turneffe 0.219389887 0.018 46

Table A.10: Fish indicator species at reef zones within atolls. Indicator values reflect
the degree to which a species is indicative of individual reef zones at a given atoll and in
terms of the specific conditions found at each site group, respectively. P-values reflect the
significance of the relationships between each species and sample group and are based on
1000 permutations at a significance level of P-value 0.05. JV = Juvenile, IP = Initial

Phase, TP = Terminal Phase. Fish adult trophic groups are color coded, juvenile trophic

a 9
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primer name primer sequence (5'-3')

Hpuella-Blocker CAAAGAATCAGAATAGATGTTGGTAAAGA-C3
Ccapistratus-Blocker CAAAGAATCAGAACAGGTGTTGGTAAAGA-C3
mICOlintF GGWACWGGWTGAACWGTWTAYCCYCC
jgHCO2198 TAIACYTCIGGRTGICCRAARAAYCA
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Figure B.1: Sample-based rarefaction curves for both study species across all samples (A)
and for Hypoplectrus puella (B) and Chaetodon capistratus (C) by reef zone, respectively
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Figure B.2: Mean abundance of two fish species among three habitat zones (high= high
coral cover, outer bay; low = intermediate coral cover, inner bay; very low = low coral
cover, inner bay disturbed zone); Hypoplectrus puella (A) and Chaetodon capistratus (B)
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Figure B.3: Invertebrate prey taxa mean abundance for terrebelid worms (A) between
inside and outside of the bay; mithracid crabs (B) across three zones of different levels of
coral cover (high = outer bay, low = inner bay, very low = inner bay disturbed); and
arthropod mean abundance across eight reefs (C).
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Figure B.4: Nonmetric multidimensional scaling (NMDS) using Bray Curtis dissimilarity
of fish (A) and invertebrate (B) communities across reefs and zones (color coded). For A
= blue = outer bay, green = inner bay, red = inner bay disturbed. For B = blue = outer
bay, orange = inner bay, grey = inner bay disturbed.
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DNA extraction of gut contents

The gastrointestinal tract of each fish was opened longitudinally to isolate the
digesta and the mucosa by lightly scraping the intestinal epithelium. Between 0.05
and 0.25 g of tissue was used for DNA extraction using the Qiagen Powersoil DNA
isolation kit following the manufacturers instructions with minor modifications. To
improve tissue lysis, 20 uL of Proteinase K (0.4 mg.mL-1) was added into eppendorf
tubes containing power beads and solution. Samples were briefly vortexed and
incubated in a shaking incubator (1000 rpm) at 60°C' for 15 minutes (min). Samples
were vortexed for 5 min using a Vortex Genie 2 (Scientific Industries) with vortex
adapter and incubated at 60°C' for 1 hour and 45 min (1000 rpm) for a total of 2
hours incubation time. DNA was eluted in 100 ul buffer (Qiagen PowerSoil kit C6
solution) and DNA concentration was quantified with a Qubit Fluorometer (dsDNA
High-Sensitivity Assay Kit, Invitrogen, Life Technologies). DNA extractions of
the invertebrate and macroalgal tissues (0.25g per sample) were conducted using
the same modified protocol.

PCR protocols

The first PCR amplification was performed in a total volume of 12.5 pL. with 0.2 uL
of 10 millimolars (mM) forward primer 515F (5" GTGYCAGCMGCCGCGGTAA
3’9, 0.2 pLL of 10 mM reverse primer 806R (5" GGACTACNVGGGTWTCTAAT
3’; 10), 5 pL of “5 PRIME Hot Master Mix (2.5x)” solution, 5.1 pL of nuclease-
free water and 2nL of genomic DNA extract. This combination of primers has
been recommended for marine microbial studies 11. Primers were phased with
heterogeneity spacers to increase the per base variability during Illumina sequencing
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12. PCR cycling conditions were 94°C' for 3 min, followed by 35 cycles at 94°C
for 45 s, 50°C' for 1 min and 72°C for 1 min 30 sec and a final elongation step
at 72°C' for 10 min. Each sample was amplified three times independently and
the product checked on 1.5% agarose gel. Triplicate PCRs were then pooled and
purified using paramagnetic beads (KAPA Pure Beads) at a ratio sample:beads
of 1:1.6. Purified PCR products were quantified using a Qubit Fluorometer and
diluted to 5 nanograms per microlitre (ng.nl-1). These dilutions were used in a
second PCR to add unique combinations of dual index Illumina sequencing adaptors
to each sample. Each PCR amplification was performed in a total volume of 11.5
nL with 1pL of 2.5 mM Forward indexed Illumina primer, 1 ul of 2.5 mM Reverse
indexed [lumina primer, 5 nL. of “5 PRIMER Hot Master Mix (2.5x)” solution, 3.5
nL of nuclease-free water and 1nL of diluted DNA. Here, cycling conditions were:
94°C', 3 min, followed by 6 cycles of 94°C' for 45 s, 50°C' for 1 min and 72°C for
1 min 30 s; and a final elongation step at 72°C' for 10 min. Unique combinations
of 16 unique Forward and 24 unique Reverse [llumina indexed primers were used
in order to allow multiplexing of all samples (Table S2). Finally, an equal volume
of indexed PCR product for each sample was mixed into a single tube. The pool
was purified two successive times with paramagnetic beads at a ratio bead:sample
of 1:1 to remove leftover primers and primer dimers.
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Figure C.2: Shannon diversity of the coral community at each of nine reefs inferred
from transect data. The data reflect a gradient from high coral cover at the outer bay
reefs (SCR, PPR, CCR) to the inner bay (ALR, SIS, ROL) and inner bay disturbed reefs
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dissimilarity. Reefs are colour-coded by reef zone: blue= outer bay, green=inner bay,
orange=inner bay disturbed. (B) Study species (Chaetodon capistratus) abundances
across nine study reefs.
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Figure C.4: Relative abundance of microbial taxa across the different sample fractions
comparing fish gut microbiome to potential prey items (i.e., algae, hard coral, soft coral,
sponge, sponge infauna, zoanthid, anemone) and the surrounding seawater by phylum
(A) and family (B).
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Figure C.5: Core bacterial community (relative read abundance on the level of ASVs)
in the gut of Chaetodon capistratus identified with Indicator Analysis by comparing 16S
sequences found in fish guts to all other sample fractions (seawater and potential prey
taxa) combined (A); core microbiome community variation shown across three zones (B).
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Figure C.7: To validate PIME results, the algorithm assessed the likelihood of bias by
simulating OBB error predictions. This was done by (i) by randomising the group labels
(i.e., zone identity) of the original dataset (17 ASVs) and using bootstrap aggregating
(100 iterations) to perform a Monte Carlo simulation of Random Forest classifications
on each filtering step (by 5 increments) generating boxplots for each prevalence interval
at approximately the predicted best prevelance cut-off (65%) (A) and (ii) by repeating
Random Forest OBB error estimations on the bootstrap aggregations of the filtered
dataset at each prevalence interval (resulting in boxplots corresponding to the empirical
data in Table 8A) (B).
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Reef Reef name Latitude Longitude Reef Zone Number of fishes sampled
ALR Almirante N 09.28998 W 82.34308 Inner Bay 14

ROL Cayo Roldan N 09.21478 W 82.32454 Inner Bay 16

SIS Cayo Hermanas N 09.26751 W 82.35178 Inner Bay 10

PBL Punta Puebla N 09.36665 W 82.29124 Inner Bay, dead 9

PST Punta STRI N 09.34885 W 82.26292 Inner Bay, dead 6
RNW Runway N 09.34193 W 82.25997 Inner Bay, dead 9

CCR Coral Caye N 09.26747 W 82.11983 Outer Bay, exposed 16

PPR Popa Reef N 09.23344 W 82.11189 Outer Bay, exposed

SCR Salt Creek N 09.28002 W 82.10175 Outer Bay, exposed 15

Table D.1: Number of fish individuals sampled per reef and reef site geographic
coordinates. The reef zone category shows the assignment of individual reefs to zones.
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Primer name
SC501F
SC502F
SC503F
SC504F
SC505F
SC506F
SC507F
SC508F
SDS501F
SD502F
SDS03F
SD504F
SD505F
SD506F
SD507F
SD508F
SC701R
SC702R
SC703R
SC704R
SC705R
SC706R
SC707R
SC708R
SC709R
SC710R
SC711R
SC712R
SD701R
SD702R
SD703R
SD704R
SD705R
SD706R
SD707R
SD708R
SD709R
SD710R
SD711R
SD712R

Illumina flow cell adapter sequence
AATGATACGGCGACCACCGAGATCTACAC
AATGATACGGCGACCACCGAGATCTACAC
AATGATACGGCGACCACCGAGATCTACAC
AATGATACGGCGACCACCGAGATCTACAC
AATGATACGGCGACCACCGAGATCTACAC
AATGATACGGCGACCACCGAGATCTACAC
AATGATACGGCGACCACCGAGATCTACAC
AATGATACGGCGACCACCGAGATCTACAC
AATGATACGGCGACCACCGAGATCTACAC
AATGATACGGCGACCACCGAGATCTACAC
AATGATACGGCGACCACCGAGATCTACAC
AATGATACGGCGACCACCGAGATCTACAC
AATGATACGGCGACCACCGAGATCTACAC
AATGATACGGCGACCACCGAGATCTACAC
AATGATACGGCGACCACCGAGATCTACAC
AATGATACGGCGACCACCGAGATCTACAC
CAAGCAGAAGACGGCATACGAGAT
CAAGCAGAAGACGGCATACGAGAT
CAAGCAGAAGACGGCATACGAGAT
CAAGCAGAAGACGGCATACGAGAT
CAAGCAGAAGACGGCATACGAGAT
CAAGCAGAAGACGGCATACGAGAT
CAAGCAGAAGACGGCATACGAGAT
CAAGCAGAAGACGGCATACGAGAT
CAAGCAGAAGACGGCATACGAGAT
CAAGCAGAAGACGGCATACGAGAT
CAAGCAGAAGACGGCATACGAGAT
CAAGCAGAAGACGGCATACGAGAT
CAAGCAGAAGACGGCATACGAGAT
CAAGCAGAAGACGGCATACGAGAT
CAAGCAGAAGACGGCATACGAGAT
CAAGCAGAAGACGGCATACGAGAT
CAAGCAGAAGACGGCATACGAGAT
CAAGCAGAAGACGGCATACGAGAT
CAAGCAGAAGACGGCATACGAGAT
CAAGCAGAAGACGGCATACGAGAT
CAAGCAGAAGACGGCATACGAGAT
CAAGCAGAAGACGGCATACGAGAT
CAAGCAGAAGACGGCATACGAGAT
CAAGCAGAAGACGGCATACGAGAT

Table D.2: Index PCR primers used in this study.

Index sequence
ACGACGTG
ATATACAC
CGTCGCTA
CTAGAGCT
GCTCTAGT
GACACTGA
TGCGTACG
TAGTGTAG
AAGCAGCA
ACGCGTGA
CGATCTAC
TGCGTCAC
GTCTAGTG
CTAGTATG
GATAGCGT
TCTACACT
ACCTACTG
AGCGCTAT
AGTCTAGA
CATGAGGA
CTAGCTCG
CTCTAGAG
GAGCTCAT
GGTATGCT
GTATGACG
TAGACTGA
TCACGATG
TCGAGCTC

Locus specific primer
ACACTCTTTCCCTACACGAC
ACACTCTTTCCCTACACGAC
ACACTCTTTCCCTACACGAC
ACACTCTTTCCCTACACGAC
ACACTCTTTCCCTACACGAC
ACACTCTTTCCCTACACGAC
ACACTCTTTCCCTACACGAC
ACACTCTTTCCCTACACGAC
ACACTCTTTCCCTACACGAC
ACACTCTTTCCCTACACGAC
ACACTCTTTCCCTACACGAC
ACACTCTTTCCCTACACGAC
ACACTCTTTCCCTACACGAC
ACACTCTTTCCCTACACGAC
ACACTCTTTCCCTACACGAC
ACACTCTTTCCCTACACGAC
GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT
GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT
GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT
GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT
GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT
GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT
GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT
GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT
GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT
GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT
GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT
GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT

ACCTAGTATGCTCTTCI GTGACTGGAGTTCAGACGTG
ACGTACGTTGCTCTTC: GTGACTGGAGTTCAGACGTG

ATATCGCGTGCTCTTC GTGACTGGAGTTCAGACGTG
CACGATAGTGCTCTTC GTGACTGGAGTTCAGACGTG

CGTATCGCTGCTCTTCI GTGACTGGAGTTCAGACGTG

CTGCGACTTGCTCTTCI GTGACTGGAGTTCAGACGTG

GCTGTAAC
GGACGTTA
GGTCGTAG
TAAGTCTC

TACACAGT
TTGACGCA

GTGACTGGAGTTCAGACGTG
GTGACTGGAGTTCAGACGTG
GTGACTGGAGTTCAGACGTG
GTGACTGGAGTTCAGACGTG
GTGACTGGAGTTCAGACGTG
GTGACTGGAGTTCAGACGTG
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Cover %
Reef type Sponge Dead hard coral Live hard coral
Outer bay 3.1 17.37 33.46
Inner bay 25.24 10.8 14.65
Inner bay - disturbed 23.53 40.1 0.35

Table D.3: Percent substrate cover across reef zones of the main substrate groups.
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A By Zone
Microbiota Factor Diversity | Kruskal-Wallis x2 DF P-Value
Observed g=0 3.494 2 0.174
Shannon
Whole Zone exponential 10.996 2 0.004
g=1
Simpsons
multiplicative 8.634 2 0.013
inverse g=2
Observed 7.416 2 0.025
Shannon
Core Zone exponential 8.357 2 0.015
g=1
Simpsons
multiplicative 8.263 2 0.016
inverse g=2
B By Reef
Microbiota Factor Diversity | Kruskal-Wallis x* DF P-Value
Observed =0 9.916 8 0.271
Shannon
Whole | Reef | exponential 13.543 8 0.094
q=1
Simpsons
multiplicative 10.529 8 0.23
inverse q=2
Observed 19.944 8 0.011
Shannon
Core Reef exponential 23.421 8 0.003
a=1
Simpsons
multiplicative 22.052 8 0.005
inverse g=2
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Table D.4: Kruskal Wallis Rank Sum Test of Hill diversity. Alpha diversity was measured
using three metrics that put more or less weight on common species (ASVs) (Hill numbers,
q =0, 1, 2) and Kruskal Wallis tests were used to test for significant differences in alpha
diversity levels for each metric among reef zones and reefs respectively.
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:\:/Iicrobiota Factor Diversity [Zone z P-Value |adjusted P-Value
Inner bay-Inner bay disturbed 0.009 0.993 0.993
Observed =0 ||nner bay-Outer bay 1.701 0.089 0.267
Inner bay disturbed-Outer bay 1.418 0.156 0.234
Shannor? Inner bay-Inner bay disturbed 1416 0.157 0157
Whole Zone exp<;n=elnt|al et 0 GEE B
Inner bay disturbed-Outer bay 3.201 0.001 0.004
Simpsons Inner bay-Inner bay disturbed -1.579 0.114 0.114
multiplicative (|nner bay-Outer bay 1.587 0.113 0.169
nverse =2 Inner bay disturbed-Outer bay 2.911 0.004 0.011
Inner bay-Inner bay disturbed 0.16 0.436 0.436
Observed 9=0 (|nner bay-Outer bay 2.535 0.006 0.017
Inner bay disturbed-Outer bay 1.966 0.025 0.049
Shannon |Inner bay-Inner bay disturbed -1.633 0.102 0.154
Core Zone exponential [|nher bay-Outer bay 1.48 0.139 0.139
ot Inner bay disturbed-Outer bay 2.875 0.004 0.012
Simpsons Inner bay-Inner bay disturbed -1.945 0.052 0.078
multiplicative ||nner bay-Outer bay 1.106 0.269 0.269
nverse 4=2 Inner bay disturbed-Outer bay 2.872 0.004 0.012

Table D.5: Posthoc Dunn Test by zone with Benjamin Hochberg correction for the
whole and the core gut microbiome by zone.
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I\DIIicrobiota Factor Diversity Reef z P-Value |adjusted P-Value
SCR-SIS -3.525 0.0002 0.008
SCR-ROL 3.441 0.0003 0.01
SCR -PST 2.448 0.007 0.216
SCR-RNW 3.493 0.0002 0.008
Observed =0
SCR-PBL 1.758 0.039 1
SCR-ALR 2.847 0.002 0.073
SCR-CCR 2.837 0.002 0.073
SCR-PPR 2.483 0.007 0.202
SCR-SIS -2.83 0.005 0.033
SCR-ROL 3.266 0.001 0.01
SCR-ALR 2.252 0.024 0.11
Shannon SCR-RNW 3.869 0.0001 0.004
Core Reef exponential
g=1 SCR-PBL 2.484 0.013 0.067
PST-SCR 3.443 0.001 0.01
SCR-CCR 2.794 0.005 0.031
SCR-PPR 3.27 0.001 0.013
ALR-PST -1.943 0.052 0.208
ALR-RNW -2.06 0.039 0.177
SCR-SIS -2.417 0.016 0.081
Simpsons SCR-ROL 3.046 0.002 0.021
multiplicative | gcp pp| | 2.419 0.016 0.093
inverse q=2
SCR-PST 3.385 0.001 0.013
SCR-RNW 3.742 0.0002 0.007
SCR-CCR 2.667 0.008 0.055
SCR-PPR 3.061 0.002 0.027
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Table D.6: Posthoc Dunn Test by zone with Benjamin Hochberg correction for the core

gut microbiome by reef.
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Metric Model Source of Variation Df SumSq MeanSq F N.Perm Pr(>F)
Inner vs. Groups 1 0.00124  0.0012389 0.34 10000 0.5637
Jaccard Outer bay Residuals 87 0.31702  0.0036439
Low vs. Groups 1 0.000012  0.0000116 0.0027 10000 0.9614
high coral Residuals 52 0.222844  0.0042855
Inner vs. Groups 1 0.051 0.050968 0.9796 10000 0.3213
Modified  Outer bay Residuals 87 4.5267 0.052031
Gower Low vs. Groups 1 0.11257 0.112573 2.1817 10000 0.1467
high coral Residuals 52 2.68311 0.051598
Inner vs. Groups 1 0.27014 0.270138 13.215 10000 Se-04 ***
Bray-Curtis Outer bay Residuals 87 1.77841 0.020441
Low vs. Groups 1 0.09116 0.091155 2.7183 10000 0.1066
high coral Residuals 52 1.74376 0.033534
Inner vs. Groups 1 0.0058 0.0058003 0.9247 10000 0.3446
Unifrac Outer bay Residuals 87 0.69462  0.0079841
Low vs. Groups 1 0.00025  0.0002453 0.0353 10000 0.8512
high coral Residuals 52 0.36158  0.0069535
Inner vs. Groups 1 0.07265 0.072651 7.6237 10000 0.006899 **
Generalized  Outer bay Residuals 87 0.82908 0.00953
Unifrac Low vs. Groups 1 0.00005 0.0000468 0.005 10000 0.9426
high coral Residuals 52 0.48636  0.0093531
Inner vs. Groups 1 0.02471 0.024714 4.8833 10000 0.0268 *
Weighted ~ Outer bay Residuals 87 0.4403 0.0050609
Unifrac Low vs. Groups 1 0.00176  0.0017639 0.2856 10000 0.6054
high coral Residuals 52 0.32119  0.0061768
Jaccard 3 habitat Groups 2 0.00017  0.0000857 0.0208 10000 0.9775
zones Residuals 86 0.35484  0.0041261
Modified 3 habitat Groups 2 0.1586 0.07928 1.7449 10000 0.182
Gower zones Residuals 86 3.9074 0.045435
3 habitat Groups 2 0.27062 0.13531 5.9346 10000 0.0033 **
zones Residuals 86 1.96081 0.0228
Bray-Curtis Outside vs
Inner 0.0007
disturbed
Unifiac 3 habitat Groups 2 0.0038 0.0018976 0.2856 10000 0.7483
zones Residuals 86 057141  0.0066443
3 habitat G 2 0.06929 0.034647 3.6283 10000 0.0295 *
Toups
, zones Residuals 86 0.82122  0.009549
Generalized outside vs
Unifrac . 0.0212
mner
oults1de vs 0.0381
inner
3 habitat 2 0.02588 0.0129393 2.561 10000 0.07729 .
Weighted zones Grf)ups
Unifrac ) Residuals 86 0.43451 0.0050524
outside vs 0.0251
inner

Table D.8: Multivariate beta dispersion (Anderson 2006; Anderson, Ellingsen, and
McArdle 2006) of the whole fish gut microbial communities compared among reef zones.
We were interested whether the variability of individual fish gut microbiomes differed
among the different zones.
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Metric Model Df SumSq MeanSq F N.Perm Pr(>F)
Inner vs. Groups 1 0.00212 0.0021159 0.1517 10000 0.7032
Jaccard Outer bay Residuals 87 1.21375 0.0139511
Low vs. high ~ Groups 1 0.00561 0.0056089 0.3921 10000 0.5372
coral cover  Residuals 52 0.74391 0.014306
Inner vs. Groups 1 0.0179 0.017936 0.2367 10000 0.6254
Outer bay Residuals 87 6.5933 0.075785
mod Gower -
Low vs. high ~ Groups 1 0.3177 0.3177 4.5296 10000 0.0387 *
coral cover  Residuals 52 3.6472 0.07014
Inner vs. Groups 1 0.23731 0.237309 10.907 10000 0.0011 **
. Outer bay Residuals 87 1.89296 0.021758
Bray-Curtis .
Low vs. high  Groups 1 0.07669 0.076693 3.5233 10000 0.06939 .
coral cover  Residuals 52 1.1319 0.021767
Inner vs. Groups 1 0.0547 0.054697 3.4941 10000 0.06419 .
Unifrac Outer bay Residuals 87 1.3619 0.015654
Low vs. high ~ Groups 1 0.01119 0.011193 0.7669 10000 0.3815
coral cover  Residuals 52 0.75896 0.014596
Inner vs. Groups 1 0.0082 0.0082037 0.3851 10000 0.5394
Generalized | Outer bay Residuals 87 1.8534 0.0213034
Unifrac | Low vs. high ~ Groups 1 0.04683 0.046834 2.3263 10000 0.1372
coral cover  Residuals 52 1.04689 0.020132
Inner vs. Groups 1 0.00466 0.0046557 0.1563 10000 0.7019
Weighted Outer bay Residuals 87 2.59206 0.0297938
Unifrac Low vs. high Groups 1 0.07048 0.070476 2.4078 10000 0.1297
coral cover  Residuals 52 1.52204 0.02927
Jaccard 3 habitat Groups 2 0.00563 0.0028155 0.1903 10000 0.8311
zones Residuals 86 1.27258 0.0147974
3 habitat Groups 2 0.3199 0.15996 2.0397 10000 0.1333
zones Residuals 86 6.7443 0.078422
mod Gower Inner
disturbed vs 0.036996
inner
3 habitat Groups 2 0.2554 0.127699 5.4236 10000 0.005 **
zones Residuals 86 2.0249 0.023545
Outside vs
Bray-Curtis | Inner 0.0014
disturbed
Inner
disturbed vs 0.0675932
inner
Unifiac 3 habitat Groups 2 0.06817 0.034086 2.1679 10000 0.1203
zones Residuals 86 1.3522 0.015723
Generalized | 3 habitat Groups 2 0.05237 0.026185 1.2036 10000 0.2994
Unifrac zones Residuals 86 1.87099 0.021756
Weighted 3 habitat Groups 2 0.07351 0.036753 1.2255 10000 0.3012
Unifrac zones Residuals 86 2.5791 0.029989

Table D.9: Multivariate beta dispersion (Anderson 2006; Anderson, Ellingsen, and
McArdle 2006) of the core fish gut microbial communities compared among reef zones.
We were interested whether the variability of individual fish gut microbiomes differed
among the different zones.
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Distance Model Factor Df SumsOfSqs MeanSqs  F.Model R2 Pr(>F)
Zone/Reef Zone 2 1.561 0.78028 2.0715 0.04506 1.00E-04
Zone:Reef 6 2.935 0.48922 1.2988 0.08476 1.00E-04
Jaccard Position/Reef Position 1 0.889 0.88946 2.361 0.02568 2.00E-04
Position:Reef 7 3.606 0.51521 1.3678 0.10414 1.00E-04
Cover/Reef Cover 1 0.6711 0.6711 1.7386 0.03235 0.0019
Cover:Reef 4 2.0033 0.50082 1.3304 0.09657 0.0015
Zone/Reef Zone 2 3.479 1.73941 3.0818 0.06451 1.00E-04
Zone:Reef 6 5.293 0.88213 1.5629 0.09815 2.00E-04
Modified Position/Reef Position 1 2.044 2.0439 3.6213 0.0379 2.00E-04
Gower Position:Reef 7 6.728 0.9611 1.7028 0.12476 1.00E-04
Cover/Reef Cover 1 1.435 1.43492 2.4181 0.04267 0.0009999
Cover:Reef 4 3.707 0.92679 1.5618 0.1102 0.0016998
Zone/Reef Zone 2 2.2745 1.13725 4.4843 0.09217 1.00E-04
Zone:Reef 6 2.1136 0.35226 1.389 0.08565 0.049
. Position/Reef Position 1 1.2818 1.28176 5.0541 0.05194 0.0003
Bray Curtis L
Position:Reef 7 3.1063 0.44376 1.7498 0.12588 0.0029
Cover/Reef Cover 1 0.9927 0.99273 3.4134 0.0611 0.0022
Cover:Reef 4 1.2951 0.32377 1.1133 0.07971 0.2915
Zone/Reef Zone 2 1.0915 0.54576 2.3968 0.05179 0.0004
Zone:Reef 6 1.7687 0.29479 1.2946 0.08392 0.0292
Unifrac Position/Reef Position 1 0.6944 0.69435 3.0494 0.03294  0.0006999
Position:Reef 7 2.1659 0.30941 1.3588 0.10276  0.0092991
Cover/Reef Cover 1 0.3972 0.39716 1.69 0.03116 0.0472
Cover:Reef 4 1.0699 0.26748 1.1382 0.08393 0.1919
Zone/Reef Zone 2 0.3157 0.157865 2.2534 0.04856 0.008199
Zone:Reef 6 0.5813 0.096875 1.3828 0.0894 0.055794
Generalized Position/Reef Position 1 0.1855 0.185504 2.6479 0.02853 0.0129
Unifrac Position:Reef 7 0.7115 0.10164 1.4508 0.10943 0.0283
Cover/Reef Cover 1 0.1302 0.130226 1.5992 0.0294 0.1154
Cover:Reef 4 0.3903 0.097563 1.1981 0.08811 0.1997
Zone/Reef Zone 2 0.06542 0.032708 1.9084 0.04175 0.07089
Zone:Reef 6 0.13032 0.02172 1.2673 0.08318 0.18758
Weighted Position/Reef Position 1 0.03581 0.035813 2.0896 0.02286 0.09119
Unifrac Position:Reef 7 0.15992 0.022846 1.333 0.10207 0.14389
Cover/Reef Cover 1 0.0296 0.029603 1.3917 0.0259 0.229
Cover:Reef 4 0.09229 0.023073 1.0847 0.08075 0.3582
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Table D.10: Permutational Analysis of Variance (PERMANOVA) (Anderson 2001)
Differences among fish gut microbial
communities were tested using three models: (1) among three zones (“Group” in table);
(2) between reefs located inside versus outside of the bay (position model) and (3) between
reefs of differential coral cover levels inside of the bay (cover model).

results for the whole fish gut microbiome.
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Distance Model Factor Df  SumsOfSqs  MeanSqs F.Model R2 Pr(>F)
Zone/Reef Zone 2 1.7548 0.87738 5.1227 0.10103 1.00E-04

Zone:Reef 6 1.9124 0.31873 1.861 0.1101 0.0005999

Jaccard Position/Reef  Position 1 1.2367 1.23675 7.2209 0.0712 1.00E-04
Position:Reef 7 2.4304 0.3472 2.0272 0.13993 2.00E-04

Cover/Reef Cover 1 0.518 0.518 2.9928 0.05207 0.0031

Cover:Reef 4 1.1226 0.28065 1.6215 0.11284 0.0163

Zone/Reef Zone 2 11.341 5.6703 4.4255 8.65E-02 1.00E-04

Zone:Reef 6 17.216 2.8694 22395 1.31E-01 1.00E-04

modified  Position/Reef  Position 1 7.98 7.9798 6.228 0.06089 1.00E-04
Gower Position:Reef 7 20.577 2.9396 22943 0.15701 1.00E-04
Cover/Reef Cover 1 3.361 3.3608 2.5099 0.04429 0.0115

Cover:Reef 4 8.244 2.0609 1.5391 0.10865 0.0302

Zone/Reef Zone 2 1.9772 0.98858 4.2749 0.08802 1.00E-04

Zone:Reef 6 1.9861 0.33102 1.4314 0.08841 0.05409

. Position/Reef  Position 1 1.1449 1.14491 4.9509 0.05097 0.0005999

Bray Curtis L

Position:Reef 7 2.8183 0.40262 1.741 0.12546 0.0053995

Cover/Reef Cover 1 0.8323 0.83225 3.1407 0.05604 0.005599

Cover:Reef 4 1.2991 0.32478 1.2256 0.08748 0.184882
Zone/Reef Zone 2 0.7624 0.3812 3.4988 0.07136 0.0006999
Zone:Reef 6 1.2049 0.20082 1.8431 0.11278 0.0079992

Unifrac Position/Reef  Position 1 0.6341 0.63405 5.8195 0.05935 1.00E-04
Position:Reef 7 1.3332 0.19046 1.7481 0.12479 0.0103

Cover/Reef Cover 1 0.1284 0.12835 1.2834 0.02381 0.2794

Cover:Reef 4 0.462 0.11549 1.1548 0.08569 0.3073

Zone/Reef Zone 2 0.4435 0.22176 1.3724 0.0295 0.1942

Zone:Reef 6 1.6639 0.27732 1.7163 0.11068 0.0421

Generalized Position/Reef  Position 1 0.1747 0.1747 1.0812 0.01162 0.3097
Unifrac Position:Reef 7 1.9327 0.27611 1.7087 0.12856 0.0346
Cover/Reef Cover 1 0.2688 0.26882 1.5667 0.02899 0.1618

Cover:Reef 4 0.7682 0.19206 1.1193 0.08285 0.3236

Zone/Reef Zone 2 0.2567 0.12835 1.0153 0.02215 0.38056

Zone:Reef 6 1.2182 0.20304 1.6061 0.10513 0.09289

Weighted ~ Position/Reef  Position 1 0.0664 0.066447 0.52562 0.00573 0.60884
Unifrac Position:Reef 7 1.4085 0.201211 1.59165 0.12154 0.08489
Cover/Reef Cover 1 0.1903 0.19025 1.4289 0.0265 0.2238

Cover:Reef 4 0.5972 0.14929 1.1212 0.08319 0.3352

Table D.11: Permutational Analysis of Variance (PERMANOVA) (Anderson 2001)
results for the core fish gut microbiome. Differences among fish gut microbial communities
were tested using three models: (1) among three zones (“Group” in table); (2) between
reefs located inside versus outside of the bay (position model) and (3) between reefs of
differential coral cover levels inside of the bay (cover model).
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Distance Pairs Df SumsOfSqs F.Model R2 p.value p.adjusted
Jaccard Qi 1 09179362 2391052 0.03396813 0.001 0.003
Inner bay
Jaccard Crifmm 1 0.7110085 1.852244  0.03439494 0.003 0.009
Inner dist.
Jaccard l““erd‘i’:t e 1 0.6710959 1738583 0.03235261 0.002 0.006
modGower ~ OUervs 1 1.771492 32316 0.04536756 0.001 0.003
Inner bay
modGower DLV 1 2002315 331333 0.05990112 0.001 0.003
Inner dist.
modGower I““e’d‘i’:t e 1 1434917 23179 0.04267286 0.002 0.006
By Gty U 1 0.7351019 3.061599  0.04308373 0.012 0.036
Inner bay
By Gty O 1 1.8030557 7.091213  0.12000453 0.001 0.003
Inner dist.

Inner vs Inner

Bray Curtis s 1 0.9927345 338389 0.06109882 0.004 0.012

Unifrac it v 1 0.7211911 3130732 0.04401377 0.001 0.003
Inner bay

Unifrac it m 1 0.4669362 2030862 0.03758708 0.012 0.036
Inner dist.

Unifrac '““e’d‘i’:t AT 1 0.397157 1672233 0.03115639 0.056 0.168

GUnifrac itz m 1 0.1862079 2.693074  0.03809531 0.021 0.063
Inner bay

GUnifrac itz 1 0.1487629 2294963 0.04226843 0.019 0.057
Inner dist.

GUnifrac I"“”d‘i’; Lac 1 0.1302265 1575228 0.02940218 0.114 0342

WUnifrac itz 1 004234835 2472368 0.0350828 0.063 0.189
Inner bay

WUnifrac Ot 1 002331571 1672923 0.03116885 0.136 0.408
Inner dist.

WUnifrac  20er Vs Inner 1 0.0296028 1.382646  0.02590066 0227 0.681

dist.

Table D.12: Pairwise Permutational Analysis of Variance (PERMANOVA) (Anderson
2001) results for the whole fish gut microbiome. Posthoc pairwise PERMANOVA
(Martinez Arbizu 2019) were calculated with Bonferroni corrected P-values.
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Distance Pairs Df SumsOfSqs F.Model R2 p.value p.adjusted

Jaccard iy 1 1.0424578 5865352 0.079406 0.001 0.003
Inner bay

Jaccard Qe 1 1.0227554 5475954 0.09527383  0.001 0.003
Inner dist.

Jaccard l““e'd‘i’:t I g 0.5180037 2856284  0.05206849  0.007 0.021

modGower Qe 1 6.22975 4689234 0.06451071  0.001 0.003
Inner bay

modGower Qitzrog 1 7254523 4926 0.0865334 0.001 0.003
Inner dist.

Inner vs Inner

modGower s 1 3360785 2409937  0.04429222  0.019 0.057

Bray Curtis Qv 1 0.6038367 2763475 003905227  0.012 0.036
Inner bay

Bray Curtis Outiivis 1 1.6436521 7.066327  0.11963376  0.001 0.003
Inner dist.

Inner vs Inner

Bray Curtis A 1 0.8322521 3087106 005604045  0.005 0.015

Unifrac itz 1 0.4691397 3860933 005372784  0.004 0.012
Inner bay

Unifrac Critzree 1 0.5200624 4280836 0.07606205  0.001 0.003
Inner dist.

Unifrac [““e‘d‘i’:t“‘“e‘ 1 0.1283554 1268345 0.02381048  0.243 0.729

GUnifrac Qe 1 0.1198879 07424537  0.01080051  0.497 1

Inner bay

GUnifrac Qi og 1 0.306756 1734408 0.03227742  0.142 0.426
Inner dist.

Inner vs Inner

GUnifrac e 1 02688158 1.5524443  0.02898923  0.164 0.492

WUnifrac Qitzree 1 0.05790827  0.4694963  0.006857015  0.664 1
Inner bay

WUnifrac CTEE 1 0.15775916  1.1256392  0.021188247  0.328 0.984
Inner dist.

WUnifrac I““e'd‘i’:th‘““ 1 0.1902502 14156865 0.026503198  0.213 0.639

Table D.13: Pairwise Permutational Analysis of Variance (PERMANOVA) (Anderson
2001) results for the core fish gut microbiome. Posthoc pairwise PERMANOVA (Martinez
Arbizu 2019) were calculated with Bonferroni corrected P-values.
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Prevalence OBB error

Interval rate % ASVs Nseas
5% 22.47 1143 897208
10% 20.22 266 844546
15% 13.48 118 799278
20% 10.11 76 784277
25% 8.99 57 770883
30% 8.99 42 753340
35% 11.24 36 744032
40% 10.11 36 739985
45% 8.99 30 732452
50% 6.74 23 706945
55% 4.49 21 674387
60% 3.37 18 600083
65% 2.25 17 561593
70% 7.87 10 496649
75% 4.49 7 457736
80% 15.73 4 424993
85% 6.74 4 418457
90% 6.74 3 405206
95% 67.42 1 365907

Table D.14: Prevalence Interval for Microbiome Evaluation (PIME)(Roesch et al. 2019).
Using RandomForest, the algorithm determined the prevalence level, which provided the
best model to predict differences among the three reef zone microbial communities. The
table lists the output of the best prevalence function (PIME R package, Roesch et al.
2019) with the out of bag (OBB) error rate for each prevalence interval and the AVSs
retained in the dataset as well as the associated number of remaining sequences (Nseq).
The prevalence bin chosen for the present study (65%) is depicted in bold.
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Mean Mean
ASV Inner bay Ir.mer bay Outer bay Decrease Decrease
disturbed Accuracy Gini

ASV6 0.056103703 0.021597619 0.174855597 0.093632368 6.740867519
ASV7 0.08671229 0.088669841 0.099411424  0.09076883  7.98316477
ASV3 0.005125934 0.160498485 0.050850058 0.053926743 5.720833825
ASV9 0.001270734 0.011368326 0.096647221 0.040011572 3.573840343
ASV42 0.02385976 0.043803535 0.049101124 0.037602644 4.043649685
ASV27 0.024402986 0.03225267 0.055083597 0.036728284 3.320584212
ASV41 0.021518957 0.062058802 0.024365059 0.031886283 3.95981884
ASV2 0.023511911 0.029188745 0.038238022 0.030100204 3.120207217
ASV10 0.008987344 0.066901371 0.027017528 0.028201424 3.030194539
ASV4 0.018321354 0.030409235 0.037108942  0.02782255 2.688240385
ASV14 0.054866006 0.012504834 0.007273479 0.026189242 2.776662362
ASV38 0.019521715 0.029386797 0.018296985 0.020691546 2.628507801
ASV94 0.010840017 0.032298196 0.018855767 0.018416502 2.371929934
ASV1 0.00192246 0.018927056 0.011505233 0.008862312 1.360170402
ASV11 0.000392347 0.051716667  -0.003903 0.008319567 1.061015645
ASV8 0.00148597 9.00E-05 0.012271321 0.005533648 1.131796017
ASV5 3.85E-05  0.005655916 0.005317374 0.003572141 0.954048098

Table D.15: Prevalence Interval for Microbiome Evaluation (PIME)(Roesch et al. 2019).
Results for the PIME filtered community comprising 17 ASVs that are responsible for
discriminating the three reef zone communities. Based on RandomForest, the algorithm
calculated (i) Mean Decrease Accuracy where higher values indicate the importance of
taxa in causing differences among the three reef zones, while positive values indicate
ASVs truly contributed to discern zones — the importance values are reported across all
decision trees and broken up by respective reef zones and (ii) Mean Decrease Gini (or
mean decrease impurity), a measure of how reliable a variable predicts the model and
refers to node splitting in a decision tree, where the algorithm looks for the feature (here
ASV) to split where the split results in the lowest node impurity for the most optimal

model.
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