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Abstract 
Refuges play a key role in mediating species interactions, influencing movement 

patterns and shaping ecological communities. As ecosystems worldwide face 

increasing pressure from anthropogenic activities, understanding how, and to what 

extent, refuges contribute to the persistence of biodiversity is crucial for effective 

conservation management. Using coral reef ecosystems and biological invasions as 

model systems, this thesis explores whether refuges fulfil their expected roles and 

how they directly and indirectly influence species behaviour and distribution. First, 

by reviewing scientific literature on biological invasions, I demonstrate that refuge-

mediated processes influence the outcomes of non-native species introductions, 

revealing common patterns across terrestrial, marine, and freshwater ecosystems. 

Second, an investigation into depth refuges on coral reefs reveals that mesophotic 

fish communities have undergone greater compositional changes over time than 

those in shallower waters, which is inconsistent with the expectations of the deep 

reef refugia hypothesis. Third, I find no clear evidence that invasive lionfish undergo 

ontogenetic niche shifts from shallow to deeper waters. This suggests that 

management efforts at shallow depths will have little impact on deeper populations, 

which may serve as a refuge from culling efforts. Finally, I show that farming 

damselfish display different anti-predator behaviours across sites with varying 

structural complexity. A greater field of view led to more cautious behaviour, while 

refuge availability had little apparent effect. This suggests that changes in the visual 

landscape of a reef can shape how fish perceive risk and influence predator-prey 

dynamics. By examining the role of refuges at multiple ecological levels, from 

individuals to entire communities, this work provides new insights and suggests 

future research directions, emphasising the need to acknowledge and integrate 

refuges into conservation strategies. 
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General Introduction  

0.1 The ecological refuge 

Refuges play a fundamental role in shaping ecological communities. Defined as 

areas of the environment that offer individuals or populations buffering or shelter 

from one or more stressors, refuges provide this protection over timescales from 

seconds to several decades (Bongaerts & Smith, 2019; Keppel et al., 2012). This 

enables individuals or populations to survive and recolonise nearby areas once 

stressors subside (Bongaerts & Smith, 2019; Keppel et al., 2012). Refuges can be 

either static, like rock crevices that consistently offer protection, or dynamic, 

shifting location over time as environmental conditions or species interactions 

change (Pavey et al., 2017; Reside et al., 2019). It is important to note that this 

concept differs from ‘refugia’ (singular ‘refugium’), which refers to places where 

species can persist and adapt to changing abiotic conditions over much longer 

evolutionary timescales (Ashcroft, 2010; Keppel et al., 2012; Morelli et al., 2016). 

However, the distinction between refuges and refugia is not always clear, as some 

areas can function as both, depending on the timescale considered (Bongaerts & 

Smith, 2019). In the short term, an area may act as a refuge by providing temporary 

protection from immediate stressors such as predation, extreme weather events, or 

seasonal environmental fluctuations (Bongaerts & Smith, 2019; Keppel et al., 2012). 

Over longer, multi-generational timescales, if the same area continues to offer 

stable conditions that support population persistence and adaptation, it may also 

serve as refugia (Bongaerts & Smith, 2019; Keppel et al., 2012). 

By protecting organisms against stressors, refuges play a crucial role in mediating 

species interactions (Berryman & Hawkins, 2006), influencing movement patterns 

(Shaw, 2016), and safeguarding species, communities, and ecological functions 

that are threatened by anthropogenic activities (Selwood & Zimmer, 2020). Thus, in 

this era of rapid environmental change, understanding the role of refuges in 

affecting species interactions and the persistence of ecological communities is 

increasingly important. 
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0.1.1 Role of refuges in species dynamics 

The concept of the ecological refuge was first proposed in the early 20th century, 

initially used to describe areas that offer prey protection from predators (Elton, 

1939; Gause, 1934). Structurally complex habitats, like branching corals or trees, 

offer prey crevices and hiding spots that enhance their chances of survival (Hixon & 

Beets, 1993; Sih, 1987). For predators, these environments increase the time and 

energy needed to locate prey, lowering their capture rates (Berryman & Hawkins, 

2006). These counterbalancing effects help stabilise predator-prey dynamics by 

regulating population cycles, preventing drops in prey numbers, and reducing the 

risk of predator population crashes (Chen et al., 2009; Sih, 1987). For example, coral 

reefs with moderate levels of refuge availability often support the highest predator 

and prey abundance, but when refuge availability is too high or too low, prey 

become less accessible, leading to decreased predator growth rates and population 

sizes (Rogers et al., 2014, 2018). Thus, shifts in structural features and the 

availability of refuges could disrupt predator-prey dynamics, triggering cascading 

effects on community structure and ecosystem integrity (Rogers et al., 2018). 

Refuges can also moderate competitive interactions. When two populations 

compete for the same resource, they will either adapt by utilising different 

resources (niche differentiation), or the weaker competitor will be outcompeted, 

potentially resulting in its extinction or a shift to a different niche (competitive 

exclusion; Brown et al., 2013). For competitive exclusion not to occur, sufficient 

niche space and environmental heterogeneity must exist (Broekhuis et al., 2013). A 

well-known example is found in the Serengeti, where cheetahs (Acinonyx jubatus), 

as subordinate predators to hyenas (Crocuta crocuta) and lions (Panthera leo), seek 

refuge in areas with lower prey densities, which dominant competitors tend to avoid 

due to limited resources (Durant, 1998). In this scenario, cheetahs use spatial 

avoidance in a heterogeneous landscape to limit competitive interactions with their 

more dominant rivals (Durant, 1998).  

Movement and migration patterns are often closely tied to the availability of refuges. 

In some cases, species undergo ‘refuge migrations’, where they leave the habitat 

they feed and breed in to seek temporary refuge from extreme shifts in climate or 
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biotic interactions (Gnanadesikan et al., 2017; Shaw, 2016). For instance, Bogong 

moths (Agrotis infusa) in Australia feed and reproduce along the coastline, but 

migrate to mountain caves during the dry and hot summer to survive in cooler 

conditions (Common, 1954). Similarly, refuges are an important mediator of 

ontogenetic migrations, where organisms in their early life stages depend on safer 

areas to avoid predators and withstand environmental pressures (Nakazawa, 2015). 

The larvae of many reef fish species settle in shallow-water habitats, like seagrasses 

and mangroves, where predation risk and competition is lower (Lecchini & Galzin, 

2005; Mellin et al., 2007; Shima et al., 2012). As they grow, predation risk decreases  

and resources requirements increase, triggering a movement to more exposed but 

bountiful habitats, such as the forereef (Dahlgren & Eggleston, 2000).  

When refuges are considered a limiting ecological resource, the relationship 

between refuge availability and species diversity is not necessarily linear (Berryman 

& Hawkins, 2006). Population models suggest biodiversity peaks at intermediate 

levels of refuge availability (Hochberg & Hawkins, 1992). When refuges are scarce, 

increased predation or competition can remove species less adapted to these 

greater pressures, while too many refuges can suppress predators or competitors, 

allowing a few dominant species to proliferate (Hawkins et al., 1993). In reality, 

refuges are not the only limiting resource in the environment and by promoting the 

coexistence and persistence of species, more refuges typically increases species 

richness (Berryman & Hawkins, 2006; Caley & St John, 1996; Garrick, 2011; Mohd et 

al., 2023). For instance, increasing the number of predation and thermal refuges in 

hedgerow habitats is positively correlated with insect and mammalian species 

richness (Lecq et al., 2017), and more crevices on reefs can increase fish species 

richness (Caley & St John, 1996). However, most studies exploring the relationship 

between refuges and diversity tend to focus on taxonomic diversity, while functional 

diversity, which is the variation in species traits that affect ecosystem function, 

remains largely underexplored (Cadotte et al., 2011; Loiseau et al., 2023) 

0.1.2 The need to study refuges in a fast-changing world  
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As ecosystems around the world come under growing pressure from human 

activities, refuges are increasingly recognised as vital ecological features for 

effective conservation (Cowan et al., 2021; Selwood & Zimmer, 2020). Areas with 

lower levels of human disturbance are often prioritised for ecological restoration, 

the establishment of protected areas, and species reintroduction programs 

(Braidwood et al., 2018; Keppel et al., 2012; Reside et al., 2019). On a more 

localised scale, artificial refuges, such as bird shelters, are commonly constructed 

to replace natural refuges lost to habitat destruction or alteration (Cowan et al., 

2021; Watchorn et al., 2022, 2024). As refuges become increasingly important in 

conservation, it is important to better understand whether they truly serve their 

intended function and how species and populations of conservation concern utilise 

them. 

0.2 Biological invasions 
The impact of non-native species is one of the major global threats facing 

biodiversity (Pyšek et al., 2020; Roy et al., 2023; Seebens et al., 2017). Non-native 

species are organisms that have been introduced to regions outside of their natural 

range because of human interference (Jeschke et al., 2014). This broad definition 

encompasses ‘invasive’ species, which are non-native organisms that form self-

sustaining populations, spread extensively from their point of introduction, and are 

often associated with negative ecological or economically impacts (Blackburn et al., 

2014). Since the beginning of the 20th century, the occurrence of non-native species 

has increased globally, with more than 13,000 plant species alone being introduced 

to areas outside their natural habitats (van Kleunen et al., 2015).  This rise is 

primarily driven by the expansion of global transport and trade (Chapman et al., 

2017). While non-native species can offer some socio-economic benefits, such as 

contributing to food, recreation, and fuel resources (Sax et al., 2022, 2023), they can 

negatively affect native ecosystems across all ecological levels (Blackburn et al., 

2014). Non-native species can reduce genetic diversity in their new locations 

through hybridisation with native species, especially when hybrids have low survival 

rates or are sterile (Huxel, 1999; Kovach et al., 2015; Mooney & Cleland, 2001). They 

can also trigger shifts in the behaviour (Ruland & Jeschke, 2020) and movement 
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patterns of native species (Stodola et al., 2013), and alter predation (Doherty et al., 

2016) and competition dynamics (Orrock et al., 2010). These combined effects can 

lead to the loss of biodiversity (Vilà et al., 2011), ecosystem functions and the 

provision of ecosystem services (Linders et al., 2020; Pejchar & Mooney, 2009; 

Walsh et al., 2016).  

Ecological features that influence species interactions are likely key factors in 

determining the outcomes of a biological invasion. Despite the high costs 

associated with managing non-native species, many management strategies prove 

ineffective or require significant financial and human resources to merely suppress 

non-native populations temporarily (DiTomaso et al., 2017; McMillan et al., 2023; 

Zavaleta et al., 2001). Thus, recognising the role of refuges in biological invasions 

could not only deepen our understanding of non-native species ecology, but also 

lead to more efficient and sustainable management efforts (Chapter 1).  

0.3 Coral reef ecosystems 
Tropical coral reefs are among the most biodiverse ecosystems on the planet, 

providing crucial ecosystem services including food, income, and coastal 

protection (Moberg & Folke, 1999; Woodhead et al., 2019). Although they cover less 

than 0.01% of the ocean’s surface, they host up to one-third of all marine species 

(Bellwood & Hughes, 2001; Plaisance et al., 2011). This diversity stems from the 

structures, habitats, and food sources provided by scleractinian (hard) and non-

scleractinian (soft) corals, as well as from sponges and algae (Darling et al., 2017; 

Graham & Nash, 2013). Over six million people rely on reefs for fishing, which 

supplies vital protein, micronutrients and financial income (Cinner, 2014; Hicks et 

al., 2019; Woodhead et al., 2019). The main global threat to reefs is climate change, 

as rising temperatures increase the likelihood marine heatwaves, which causes 

mass bleaching events (Hughes et al., 2017, 2018; Spalding & Brown, 2015). This 

process, where corals expel their photosynthetic symbionts, can result in coral 

death if warming periods occur over long enough periods (Brown, 1997; Hoegh-

Guldberg, 1999; Lesser, 1997). This can lead to shifts in benthic composition, 

reduce the reef's structural complexity, limit feeding opportunities, and decrease 

fish diversity (Bellwood et al., 2006; Graham et al., 2007; Pratchett et al., 2011). 
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Ocean warming, combined with regional stressors like overfishing, pollution, and 

invasive species, further threatens reef biodiversity and the communities that 

depend on them (Ban et al., 2014; Ellis et al., 2019; França et al., 2020; 

Muthukrishnan & Fong, 2014).  

0.3.1 Depth as a refuge – mesophotic coral ecosystems  
Mesophotic coral ecosystems (MCEs) are typically considered as extensions of 

shallow-water coral reefs (< 30 m depth) and are located at depths of approximately 

30 to 150 m (Hinderstein et al., 2010; Lesser et al., 2009). These ecosystems are 

largely home to light-dependent communities, such as zooxanthellate corals, algae, 

and sponges (Kahng et al., 2010). MCEs are often divided into upper (30 – 60 m) and 

lower zones (60 – 150 m), with the upper zone sharing many species with shallow 

reefs, while the lower zone hosts distinct communities with more specialised 

adaptations to low light (Lesser et al., 2019; Semmler et al., 2017). MCEs are 

thought to cover as much, if not more, area globally than shallow-water 

counterparts, but are far less studied (Rocha et al., 2018). Detailed studies only 

began in the latter half of the 20th century due to advancements in SCUBA and 

submersible technologies, allowing researchers to access these greater depths 

(Kahng et al., 2014). Consequently, the role MCEs play in the ecology of reef 

species, and the threats facing these deeper ecosystems, remain poorly understood 

(Turner et al., 2017).   

MCEs have been identified as possible refuges for shallow-water communities. 

Glynn (1996) was among the first to report that ocean warming events affected 

shallow reefs more severely than those at moderate depths. Hughes & Tanner 

(2000) later suggested that deeper reefs could provide refuges for corals with broad 

depth distributions, a concept subsequently expanded to include fish and sponge 

species (Lesser et al., 2009). This idea was formally developed by Bongaerts et al. 

(2010), as the deep reef refugia hypothesis. This hypothesis puts forward that (1) 

major disturbances affecting shallow-water reefs are less intense on deeper reefs, 

and (2) deeper reefs can act as a source of recruits for shallower areas, aiding in 

their recovery post-disturbance (Bongaerts et al., 2010). Under the theoretical 

framework of the deep reef refugia hypothesis, both mesophotic refuges and refugia 
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are considered (Bongaerts & Smith, 2019). As such, mesophotic reefs may function 

as both, depending on the timescale considered. In the short term, MCEs can 

provide refuge, offering protection particular disturbance episodes, such as a 

singular ocean warming event (Bongaerts & Smith, 2019). Over longer, multi-

generational timescales, MCEs may also serve as refugia, providing stable 

conditions that support species persistence and adaptation over multiple and 

reoccurring disturbance events, thereby sustaining populations through longer-term 

climate shifts (Bongaerts & Smith, 2019). 

Previous studies have primarily tested the deep reef refugia hypothesis by 

examining whether shallow and deep reefs share common species, using these 

similarities to suggest refuge potential (e.g. Laverick et al., 2018 and Semmler et al., 

2017). However, the growing number of reports highlighting stressors like marine 

heatwaves, tropical storms, destructive fishing practices, and invasive species 

affecting mesophotic reefs raises doubts about whether these deeper habitats can 

truly serve as refuges for fish communities (Andradi-Brown et al., 2017a; Diaz et al., 

2023a; McWhorter et al., 2024; Rocha et al., 2018; Soares et al., 2019; Venegas et 

al., 2019). A key limitation in assessing the deep reef refugia hypothesis is the lack of 

long-term data across the reef depth gradient, which makes it challenging to 

determine whether MCEs provide more stable habitats and support less variable 

communities compared to shallower depths over time (Chapter 2). 

0.3.2 Caribbean reefs as a model system  
This thesis uses Caribbean coral reefs as the primary study system (Figure 0.1). In 

recent decades, reefs in this region have experienced a 'regime shift' due to 

cumulative stressors, including the mass mortality of the key herbivore Diadema 

antillarum (Lessios, 1988), increased sedimentation from runoff (Rogers & Ramos-

Scharrón, 2022), invasive species (Côté & Smith, 2018), and more frequent thermal 

stress and storms driven by climate change (Bruno et al., 2009; Hughes, 1994; 

Mumby, 2009). Once dominated by large branching corals like Acropora palmata 

and A. cervicornis, Caribbean reefs are now primarily composed of octocorals, non-

scleractinian fire corals (Millepora spp.), sponges, and algae (Contreras-Silva et al., 

2020; Gardner et al., 2003). As a result, fish communities are now dominated by 
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herbivorous and omnivorous species, with high densities of territorial damselfish, 

wrasse, and parrotfish (Alvarez-Filip et al., 2015; Andradi-Brown et al., 2016; 

Newman et al., 2006). In comparison, MCEs in the Caribbean are mainly comprised 

of planktivorous and piscivorous fish species, with certain species like parrotfish, 

snappers, and threatened Caribbean reef sharks (Carcharhinus perezii) often more 

abundant at greater depth than in shallower waters (Andradi-Brown et al., 2016). 

The loss of hard corals and their structural complexity has led to what is often 

referred to as the ‘flattening’ of Caribbean coral reefs (Alvarez-Filip et al., 2009; 

Alvarez-Filip et al., 2011). This decline likely disrupts predator-prey dynamics, as 

reef structures provide prey with refuge (Camp et al., 2013; Warfe & Barmuta, 2004). 

However, most studies assessing the impact of this loss on predator-prey 

interactions focus solely on rugosity, a measure of surface roughness, as the 

primary metric of complexity (Luckhurst & Luckhurst, 1978; González-Rivero et al., 

2017). It is often assumed that higher rugosity means more refuges and is the main 

factor influencing risk perception (Nunes et al., 2015; Quadros et al., 2019). Theory 

suggests however, that other aspects of structural complexity can influence prey 

behaviour, but they have yet to be explored in the context of coral reefs (Chapter 4). 

For instance, an individual's field of view (i.e., extent of observable area from a given 

position), which can be shaped by the topography of their environment, is also 

thought to affect when individuals begin to assess predation risk (Ndaimani et al., 

2013; Stein et al., 2022). 

0.3.3 Invasive lionfish  
Invasive lionfish (Pterois volitans and P. miles) have rapidly spread throughout both 

shallow and mesophotic reefs in the Caribbean (Schofield, 2009; Whitfield et al., 

2002). Originally from the Indian and Pacific Oceans, lionfish were first introduced 

to the western Atlantic near southern Florida in the mid-1980s, likely from aquarium 

releases (Whitfield et al., 2002). In just 30 years, they rapidly spread throughout the 

Caribbean Sea, driven by a lack of natural predators in their new range and their high 

reproductive capacity (Côté & Smith, 2018; Eddy et al., 2019). Lionfish have 

colonised most marine and estuarine habitats in the Caribbean, from sea grass and 

mangrove forests to deep sea habitats of more than 300 m depth (Côté et al., 2013; 
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Goodbody-Gringley et al., 2019; Gress et al., 2017). As gape-limited opportunistic 

predators, they consume a wide variety of prey, including fish, crustaceans, and 

echinoderms (Acero et al., 2019; Albins & Hixon, 2013; Morris & Whitfield, 2009; 

Peake et al., 2018). Their rapid geographic spread and broad diet has led to declines 

in native reef fish biomass and diversity, as well as shifts in benthic community 

structure of reefs (Albins, 2015; Ballew et al., 2016; Green et al., 2012a; Lesser & 

Slattery, 2011).  

In the invaded range of lionfish, the current management strategy primarily relies on 

opportunistic culling by recreational SCUBA divers using hand spears (Andradi-

Brown, 2019). Though this approach can be effective in the short term and in small 

areas, it requires ongoing removal efforts and substantial resources (Davis, 2018; 

Davis et al., 2021; Johnston & Purkis, 2015). Moreover, recreational divers tend to 

stay above 30 m depth, meaning that deeper lionfish are regularly missed (Andradi-

Brown, 2019; Andradi-Brown et al., 2017b; Malpica-Cruz et al., 2019). These deeper 

lionfish are reported to be larger in body size than those at shallower depths 

(Andradi-Brown et al., 2017a). This pattern has been observed in lionfish 

populations in Honduras, the Gulf of Mexico, Bahamas and Costa Rica (Andradi-

Brown et al., 2017a). One hypothesis for this is that it is driven by ontogenetic niche 

shifts, where lionfish move from shallow to deeper habitats as they grow (Andradi-

Brown, 2019; Andradi-Brown et al., 2017b; Malpica-Cruz et al., 2019). MCEs may 

therefore serve as a refuge for the largest, most reproductively capable lionfish 

(Chapter 3). 

0.4 Methods in studying refuges on coral reefs 
Recent technological advancements have improved the ability to explore reef 

refuges. In the past, studying MCEs was restricted by the logistical challenges of 

surveying beyond recreational diving depths (Kahng et al., 2014). However, advances 

in technical diving and remotely operated vehicles (ROVs) have made it possible to 

explore greater depths and gather foundational data on fish communities at various 

depths in locations around the world (Lesser et al., 2019). Moreover, traditional 

methods for assessing reef structural complexity, such as the ‘chain-and-tape’ 

rugosity technique, have been improved by digital photogrammetry (Aston et al., 
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2022; Ferrari et al., 2016; Urbina-Barreto et al., 2021). This method provides 

detailed, three-dimensional data on reef habitats, enhancing our ability to explore 

ecologically relevant aspects of structural complexity (González-Rivero et al., 2017). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 0.1 Shallow-water reefs (top) and mesophotic coral ecosystems (bottom) in the 
Caribbean. Photos from Utila, Honduras. 
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0.5 Thesis overview  
The aims and scope of this thesis changed over the course of my PhD. Initially, I set 

out to develop a novel approach for studying invasive lionfish using a small ROV that 

could survey MCEs and capture lionfish. My goal was to use demographic models to 

examine how lionfish populations change with depth and to develop optimal culling 

strategies. However, in April 2022 it became clear that the ROV was unsuitable for 

our needs. Consequently, my project aim had to be changed.  

The aim of this thesis is to further our understanding of the role of refuges in coral 

reef ecosystems and biological invasions (Figure 0.1). My thesis improves our 

knowledge by examining whether refuges fulfil their expected roles and exploring the 

direct and indirect ways they influence species behaviour and distribution. 

This thesis explores the following research questions: 

1. To what extent are refuges considered explicitly in the invasion literature and 

are there common patterns? (Chapter 1) 

2. Does greater depth reduce the temporal variability in the composition of reef 

fish communities? (Chapter 2) 

3. Can the size increase of invasive lionfish with greater depth be attributed to 

ontogenetic niche shifts? (Chapter 3) 

4. How do different features of structural complexity influence perceived 

predation risk of reef fish? (Chapter 4) 

I address my thesis questions using fish on coral reefs as the primary study system. 

My thesis combines a synthesis of existing knowledge, in-situ field observations, 

statistical analysis and laboratory-based techniques (Figure 0.2). I address the first 

question in Chapter 1 of this thesis, where I conducted systematic review of the 

current knowledge base from scientific publications on refuges in biological 

invasions to synthesise their role, detect general ecological patterns, and identify 

research gaps. I then address, in Chapter 2, whether greater depth provides a 

refuge for the broader reef community by exploring the temporal variation in the 

taxonomic and functional composition of reef fish communities across shallow and 

deeper reefs. In Chapter 3, I focus on one example of refuge use in biological 
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invasions and coral reefs where I explore whether invasive lionfish in deeper 

habitats represent an extension of their ontogenetic niche shifts using stable 

isotope analysis. Finally, in Chapter 4, I use in-situ experiments and 3D 

photogrammetry to assess how the perceived predation risk of reef fish is 

influenced by their surrounding structural environment.  

The four data chapters (Chapters 1–4) of this thesis have been prepared for 

publication. Chapter 1 has already been published in Global Ecology and 

Biogeography, while Chapter 2 is currently under review at Coral Reefs. Chapter 3 

will be prepared for submission at a later date, and Chapter 4 is currently under 

review at Behavioural Ecology.
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Figure 0.2 Thesis overview outlining research theme, ecological scale, specific research questions, methodological 
approach and statistical techniques used. 

 

 

Figure 1.0.12. Preferred reporting items for systematic reviews and meta-analyses (PRISMA) flow chart showing the 
screening and appraisal procedure, resulting in the studies retained in the review.Figure 0.13 Thesis overview 
outlining research theme, ecological scale, research questions, methodological approach and statistical 
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Abstract 
Aim: Ecological refuges buffer organisms against stressors and mediate a range of 

species interactions. However, their role in the context of biological invasions has 

yet to be synthesised, despite the increasing prevalence and impact of non-native 

species. To address this, I conducted a systematic review aiming to determine the 

extent to which refuges are considered explicitly in the invasion literature and to 

synthesise their function. 

Location: Global. 

Time period: Present day. 

Major taxa studied: All. 

Methods: My search of the literature was conducted using the SCOPUS and Web of 

Science databases and followed the preferred reporting items for systematic 

reviews and meta-analyses (PRISMA) protocol. I obtained 315 records of refuge use 

in biological invasions from 300 studies. From each record, I extracted information 

relating to the experimental design, species characteristics and refuge type, where 

available. 

Results: Refuges and refuge-mediated processes are widely reported in the 

invasion literature. Native species commonly use refuges to avoid non-native 

predation and competition, with spatial complexity and habitat heterogeneity key 

factors in facilitating their coexistence. Records show that artificial structures 

safeguard non-natives in their introduced range. However, there were key 

differences in the use of such structures in marine and terrestrial environments. 

Moreover, the enhanced structural complexity created by non-native plants and 

bivalves is often reported to act as a predation refuge for other species. 

Main conclusions: The ubiquity of refuge-based processes suggests that refuges 

can play an important role in affecting the persistence, spread and impacts of non-

native species, either through previously described mechanisms (i.e. refuge-

mediated apparent competition and the persistent pressure scenario) or through a 

mechanism I describe (i.e. when non-native species use existing refuges), or both. 
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1.1 Introduction 
Ecological refuges have seen growing attention over recent decades due to their 

ability to mediate a range of ecological processes and species interactions 

(Berryman & Hawkins, 2006). Refuges are habitat features that provide individuals or 

populations buffering or protection against environmental, biotic or anthropogenic 

stressors (Bongaerts & Smith, 2019; Keppel et al., 2012; Pavey et al., 2017). 

Structures created by habitat-forming species (e.g. plants and corals), areas 

inaccessible to predators or competitors due to physiological tolerances, geological 

features, and protected areas are often reported to act as refuges for a broad range 

of taxa (Berryman & Hawkins, 2006; Gallardo et al., 2017; Selwood & Zimmer, 2020). 

Among the leading global stressors of biodiversity are biological invasions, which 

are increasing in frequency and cost (Seebens et al., 2017). Refuges may play a key 

role in the persistence and spread of non-native species, and in mediating their 

interactions with native species. Despite the clear importance of the topic, I am not 

aware of any attempts to review and synthesise the current literature on refuges in 

invasion biology. 

Refuges facilitate the coexistence and persistence of species across a range of 

contexts. The concept of an ecological refuge has been around since the first half of 

the 20th century, originally in reference to areas that provide prey with shelter from 

predation (Elton, 1939; Gause, 1934). Refuges generally have a stabilising effect on 

predator–prey interactions and allow the coexistence of species by reducing 

predator effectiveness and lowering extinction risk (Chen et al., 2009; Sih, 1987). 

Prey refuges are particularly key during vulnerable early life stages, when predation 

risk is often high (Grof-Tisza et al., 2015). Refuges also mediate competitive 

interactions, whereby a species with poor competitive abilities can persist in areas 

where competition is reduced (Durant, 1998). Subordinate competitors may find 

sanctuary by changing spatial or temporal resource use to reduce niche overlap 

(Broekhuis et al., 2013; Durant, 1998). Furthermore, the dispersal and migration 

patterns of organisms can be linked to refuges. For instance, summer steelheads 

(rainbow trout, Oncorhynchus mykiss) move between cool-water areas, migrating 

upstream during periods of high water temperatures (Hess et al., 2016). Although 
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generally considered to have a positive impact on their inhabitants, the limited 

resources and sub-optimal conditions often found within refuges can reduce 

activity, growth and fecundity levels (Orrock et al., 2013). However, refuges with high 

carrying capacities can result in altered trophic pathways, displaced consumer 

pressure or predator extinction (Křivan, 1998). 

More recently, the identification of refuges in conservation science has seen 

growing interest, owing to their role in the persistence of species under threat from 

anthropogenic disturbances (Cowan et al., 2021; Selwood & Zimmer, 2020). Areas 

less impacted by human stressors are often judged to be priority sites for 

restoration initiatives, the placement of protected areas and species translocations 

or re-introductions (Braidwood et al., 2018; Michalak et al., 2018; Selwood & 

Zimmer, 2020). Furthermore, the creation of artificial refuges is increasingly used as 

a substitute for natural refuges lost due to habitat alteration or destruction (Chester 

& Robson, 2013; Cowan et al., 2021). 

In the context of biological invasions, refuges against non-native threats can 

promote the persistence of native species. Environmental conditions beyond the 

tolerances of non-natives can restrict their growth, competitive ability and 

distribution, which in turn can provide natives with areas of sanctuary (Kestrup & 

Ricciardi, 2009; MacDougall et al., 2006; Melbourne et al., 2007). These areas can 

occur in patches where non-natives are totally excluded, or they can occur along 

environmental gradients with reduced non-native abundance compared to the 

broader environment (Astorg et al., 2021). For instance, areas of greater water 

movement inhibit the establishment of the introduced macrophyte Utricularia 

inflata, thus safeguarding native macrophytes that are otherwise outcompeted for 

space in sheltered sites (Urban & Titus, 2010). Similarly, conductivity gradients can 

provide native prey with refuge from introduced round goby (Neogobius 

melanostomus), while the impacts of introduced Nile perch (Lates niloticus) 

diminish along hypoxia gradients (Astorg et al., 2021; Chrétien & Chapman, 2016). 

Refuges also influence the persistence and spread of non-native species in their 

introduced range. The success of a non-native species is often limited by its 

physiological limits and the climatic regime of the novel location, meaning areas 
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that remain within their physiological thresholds can be crucial for the persistence 

of non-native populations (Kelley & Cooke, 2014). For example, in freshwater non-

native fishes, warm-water effluent flows facilitate the persistence of species 

invading from warmer climates during cooler temperatures (Nico et al., 2012; 

Peterson et al., 2005). Invaders can also find refuge in structures created by native 

habitat-forming species, such as the tub-like shells created by Galeolaria 

caespitosa, which buffer the non-native porcelain crab (Petrolisthes elongatus) 

from stressful abiotic conditions in intertidal rocky shores (Gribben et al., 2020; Uyà 

et al., 2020; Wright et al., 2016). Knowledge of non-native refuges can also inform 

management. For example, artificial refuge traps that resemble invasive crayfish 

burrows can be used in conjunction with hand removal or more effective, but less 

species-specific, baited minnow traps, to improve culling efficiency (Curti et al., 

2021; de Palma-Dow et al., 2020; Green et al., 2018). 

Recent work has demonstrated that non-native species can create refuges for other 

taxa in their introduced range (Holzer & Lawler, 2015; Rodriguez, 2006; Wright et al., 

2014). Non-native plants often lack coevolved natural enemies (i.e. enemy release 

hypothesis), meaning they can survive, grow and spread with less resistance than 

natives (Keane & Crawley, 2002; Mattos & Orrock, 2010; Oduor et al., 2018). This 

proliferation can enhance spatial complexity and create novel refuges (Dutra et al., 

2011; Pearson, 2009; Vilà et al., 2011). Non-native shrubs that construct thick 

understories can elicit shifts in the abundance and behaviour of native taxa, 

particularly low-trophic-level consumers (Dutra et al., 2011; Guiden & Orrock, 2017, 

2019; Stewart et al., 2021; Watling et al., 2011; Watling & Orrock, 2010). The Amur 

honeysuckle (Lonicera maackii), which is non-native in the eastern United States, is 

used as a predation refuge for small mammals and birds and alters levels of seed 

predation on native plants (Mattos & Orrock, 2010; Schmidt & Whelan, 1999). These 

novel shelters can also benefit the non-native that creates them. For example, 

refuge-mediated apparent competition is an established process by which a non-

native plant provides a superior refuge than its neighbour and displaces consumer 

pressure onto native plants, facilitating non-native persistence and spread (Orrock 

et al., 2010a; Orrock et al., 2010b). 
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Cases of refuge use and refuge-mediated processes in the invasion literature are 

currently dispersed and lack synthesis. To address this, I conducted a systematic 

review aiming to determine the extent to which refuges are considered explicitly in 

the invasion literature and synthesise their role. In uniting this research under a 

common theme, we can detect general ecological patterns, identify research gaps 

and potentially guide future conservation. Specifically, I systematically searched 

the peer-reviewed literature for studies reporting refuges that: (1) reduce the impact 

of non-native species on native species; (2) are used by non-native species in their 

introduced range; or (3) are provided by non-natives. 

1.2 Methods 

1.2.1 Definitions 
In this study, I define a ‘refuge’ as a habitat feature that provides individuals or 

populations buffering or shelter against single or multiple stressors (Bongaerts & 

Smith, 2019; Keppel et al., 2012). They provide this protection over periods ranging 

from seconds to decades, allowing either individuals or populations to persist and 

recolonise adjacent areas when stressors are alleviated (Keppel et al., 2012). 

Refuges can occur in fixed locations that consistently safeguard organisms (e.g. 

rock crevices), or they can be dynamic, in that their location may shift depending on 

local abiotic conditions or species associations (Dickman et al., 2011; Magoulick & 

Kobza, 2003; Orrock et al., 2010a; Pavey et al., 2017; Reside et al., 2019). This 

characterisation contrasts with ‘refugia’, a term used to describe locations where 

species can persist and adapt to changing climates and abiotic conditions over 

substantially longer evolutionary timescales (Keppel et al., 2012). 

I use the term ‘non-native’ to define species that have been introduced to regions 

outside of their natural range because of human interference (Jeschke et al., 2014). 

This broad definition includes but is not limited to ‘invasive’ species, which are 

defined as non-native species that form self-sustaining populations and spread 

significant distances from their initial point of introduction (Blackburn et al., 2011). 

In policy, ‘invasive’ species are often associated with negative socio-economic or 

environmental impacts. Here, however, the term ‘non-native’ is used irrespective of 

establishment status, geographic extent or perceived impacts. 
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1.2.2 Study selection 
To find the relevant literature, I first created a Boolean search string using the 

package litsearchr (Grames et al., 2019) in R v. 4.2.3 (R Core Team, 2023). This uses 

a Rapid Automatic Keyword Extraction (RAKE) algorithm to select common words 

from the titles, abstracts and keywords of studies of interest (Grames et al., 2019). 

However, I initially found the search string too narrow in scope, so I included terms 

to broaden the search (i.e. included synonyms of the word ‘refuge’) and make the 

results more pertinent to the review. This included the terms ‘refugia’ and ‘refugium’ 

because these are often used interchangeably with ‘refuge’ in the literature, despite 

formal distinctions. Additionally, expert reviewers suggested I include search terms 

used in the literature that infer but do not explicitly use the word “refuge.” The 

following search string was deemed suitable: (“refuge” OR “refuges” OR “refugium” 

OR “refugia” OR “shelter” OR “habitat structure” OR “non-consumptive effects” OR 

“risk-sensitive foraging” OR “anti-predator behavio*” OR “flight initiation”) AND 

(“non-native” OR “invasive” OR “exotic” OR “introduced species” OR “invasion” OR 

“alien” OR “non-indigenous”). 

A search of the literature was conducted using the SCOPUS and Web of Science 

databases on 6 December 2022, applying my pre-defined search string. The search 

was limited by document type (only peer-reviewed publications) and by language 

(only studies with an English version), but not by study date or country. Study 

inclusion criteria were that (1) at least one species of non-native animal, plant, alga 

or fungus was investigated and (2) a refuge was reported. Papers related to ‘refugia’ 

(as defined in this study) were not included in the analysis – only those that were 

defined as ‘refugia’ in the study in question but would be identified as a ‘refuge’ in 

this study. I did not include studies that (1) investigated non-native bacteria, viruses 

or pathogens; (2) assessed shelter competition between non-natives and natives; or 

(3) demonstrated facilitation but did not show that refuge use was the underlying 

mechanism. Although reviews and meta-analyses were not included in the formal 

review, I did search their reference lists for additional studies. 

I followed the preferred reporting items for systematic reviews and meta-analyses 

(PRISMA) protocol when appraising studies (Moher et al., 2015). The SCOPUS 
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search identified 3375 studies, and the Web of Science search identified 3116 

studies. Following the removal of 2499 duplicates, I was left with 3992 studies to 

screen. Studies were first filtered by title and abstract to assess general applicability 

to my aims. This removed 3398 studies. The full texts of the remaining 594 studies 

were then retrieved and screened in full. Of these, 270 papers met my criteria. From 

scoping the reference lists of review articles identified by my search string, I then 

added a further 14 studies. Based on expert advice from peer reviewers, I added a 

further 16 studies. Therefore, my review contains information from 300 peer-

reviewed studies (see PRISMA flow diagram, Figure 1.1, and Table S1.1 for full list of 

studies included in review). Fifteen studies recorded two separate instances of 

refuge use, meaning both were included in the analysis. I use the individual record 

of refuge use as the unit of observation, so in total I found 315 records. 

1.2.3 Analysis 
From each of the 315 records, I extracted information relating to the study design, 

native species characteristics, non-native species characteristics and refuge type, 

where available (see Table 1.1 for full list). Three records were theoretical works on 

refuge-mediated apparent competition, meaning I could not ascribe a specific 

disturbance or a mechanism to them. Similarly, two records did not provide a 

specific description of the disturbance or habitat. To illustrate connections between 

taxa, habitats, disturbances, refuges and mechanisms, I created tripartite network 

diagrams using the R package ‘igraph’ (Csárdi, 2019). 
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Figure 1.1 Preferred reporting items for systematic reviews and meta-analyses (PRISMA) 
flow chart showing the screening and appraisal procedure, resulting in the studies 
retained in the review. 
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Table 1.1 Data collected from the records included in the review. 

 

 

 

Study 
background 

Reference Harvard reference 
Study design Whether an observational or experimental 

study 
Region of study The country or broad region of study 

Latitude & 
Longitude 

Estimate of location. If more than one 
location was mentioned, then an 
approximate mid-point was used. If an ex-
situ study, the location of the institution was 
recorded 

System Terrestrial, freshwater, brackish or marine 
Habitat Habitat description 

Native species 
information 

Native type Classified as plant, fungus, alga or animal 
Native taxon Animals were classified as amphibian, bird, 

fish, invertebrate, mammal or reptile. Plants 
were classified as macrophyte, tree, herb, 
shrub, grass, cactus or forb. Algae were 
classified as seaweed or diatom. If more than 
one, I recorded “several.” 

Native family Family of native taxon. If more than one, I 
recorded “several.” 

Native species Species of native taxon. If more than one, I 
recorded “several.” 

Native trophic level Classified as autotroph, detritivore, 
herbivore, omnivore or carnivore. If more 
than one, I recorded “several.” 

Non-native 
species 
information 

Non-native type Same classification as native taxa 
Non-native taxon Same classification as native taxa 
Non-native family Same classification as native taxa 

Non-native species Same classification as native taxa 
Non-native trophic 

level 
Same classification as native taxa 

Refuge 
information 

Refuge A description of the refuge 
Broad disturbance Biotic, environmental or anthropogenic 

Specific 
disturbance 

A specific description of the disturbance 

Mechanism How the refuge provides protection against 
disturbance 
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1.3 Results  
In total, I found 315 records of refuge use in biological invasions (see Table S1.1 for 

full dataset). Records were found across all continents (Figure 1.2a) except 

Antarctica. Most records were from the USA (n = 130, 41%), followed by Australia 

(n = 19, 6%) and Canada (n = 18, 6%), while records from Asia (n = 14, 4%) and Africa 

(n = 16, 5%) were poorly represented. Refuge use was mainly reported via 

observational methods (n = 178, 57%) compared to experimental (n = 137, 43%). 

Freshwater (n = 131, 42%) and terrestrial (n = 107, 34%) systems were highly 

represented, while fewer records were found in marine (n = 47, 15%) and brackish 

(n = 30, 10%) environments. Rivers (n = 66, 21%) and lakes (n = 42, 13%) received the 

most attention of all the habitats (Figure 1.2b), while records from desert (n = 4), 

shrubland (n = 5) and sand dune (n = 1) habitats were rare. Since the early 1980s, 

research on refuge use in the context of biological invasions has risen considerably 

(Figure 1.2c). 

1.3.1 Refuges that reduce the impact of non-native species on native 
species 
Of the records included in my review, 125 reported the use of refuges by native 

species in response to non-natives. Most were from invaded freshwater (n = 74, 

59%) systems, particularly riverine (n = 39, 31%) habitats, while records from marine 

systems were less common (n = 9, 7%). Native families that were commonly 

assessed were Gammaridae (n = 11, 9%), Salmonidae (n = 9, 7%) and Unionidae 

(n = 7, 6%). The most common non-native families that threatened natives in the 

dataset were Salmonidae (n = 20, 16%), Gammaridae (n = 9, 7%) and Dreissenidae 

(n = 7, 6%). Common native refuges included structures created by native plants 

(n = 20, 16%), headwater streams (n = 11, 9%), substrata (n = 7, 6%) and areas with 

high-velocity water flow (n = 6, 5%; Figure 1.3a). 

The tripartite network analysis, based on the 125 records, identified two key findings 

(Figure 1.3b). Firstly, predation by non-natives (n = 59, 47%) and competition with 

non-natives (n = 61, 49%) were the main threats posed to natives. Secondly, the 

mechanism by which native species found refuge tended to differ according to 

threat. When competition was the main threat, greater environmental stress 
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tolerance typically allowed natives to find refuge (n = 42), while areas of enhanced 

structural complexity were rarely reported (n = 4). In response to non-native 

predation, greater environmental stress tolerance (n = 23) and areas of enhanced 

structural complexity (n = 21) allowed natives to find refuge. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.2 Summary of records included in the review. (a) Spatial distribution of the records. Red 
dots represent record location and pie charts represent the proportion of records from freshwater, 
terrestrial, marine, estuarine or all environments. (b) Representation of habitats. (c) Year of record 
publication. 
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1.3.2 Use of refuges by non-native species in their introduced range 
Of the 98 records that reported the use of refuges by non-native species in their 

introduced ranges, artificial structures were the most frequently reported refuge 

type (n = 27, 28%; Figure 1.4a). These primarily buffered non-natives from 

environmental stressors such as low temperatures (n = 6), desiccation (n = 4), high-

velocity water flow (n = 4) and winter conditions (n = 4), although refuge from 

predation (n = 7) was also often reported. Native plants (n = 10, 10%), substrata 

Figure 1.3 Records that reported refuges that buffer native species from non-natives. (a) 
Representation of native refuges, (b) Links between native taxa (dark purple), the threat posed 
by non-native species (yellow) and the process by which the native species sought refuge 
(teal). The widths of the connecting lines illustrate the numbers of records. 
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(n = 9) and warm water zones (n = 7) were also commonly reported to act as refuges. 

Notably, I found several examples of non-natives finding refuge in structures 

created by other introduced species, particularly non-native plants (n = 4) and 

invertebrates (n = 2). Refuges from anthropogenic stressors were rarely assessed 

(n = 4) with few records of refuges from non-native management (n = 3) and 

anthropogenic disturbance (n = 1).  

Refuges primarily buffered non-natives from thermal extremes and predation, 

although this varied across taxa (Figure 1.4b). Non-native invertebrates (n = 57, 

58%) were the most studied taxa in this context, particularly in river (n = 19) and 

marine intertidal habitats (n = 13). Invertebrates sought refuge from predation 

(n = 21), low temperatures (n = 10) and winter conditions (n = 11). Similarly, non-

native fish and mammals sought refuge from the same stressors. On the other hand, 

introduced amphibians primarily sought refuge from desiccation (n = 4), high 

temperatures and areas of high-velocity water flows. Interestingly, few records 

reported the use of refuges by non-native plants (n = 5) or algae (n = 2) in their 

introduced ranges. 

1.3.2 The provision of refuge by non-native species 
Ninety-two records reported the provision of refuges by non-native species. 

Examples were found across terrestrial (n = 39, 42%), freshwater (n = 24, 26%), 

marine (n = 18, 20%) and brackish (n = 11, 12%) environments. Non-native plants 

were commonly reported to provide refuge (n = 57), particularly those from the 

Poaceae (n = 18) and Caprifoliaceae (n = 8) families. Introduced invertebrates 

(n = 20) also provided refuges, although these records were largely restricted to 

bivalves in the families Ostreidae (n = 8) and Dreissenidae (n = 7). No records 

reported the provision of a refuge from a non-native mammal, fish, amphibian or 

reptile. Non-natives mainly provided refuges from predation (n = 60; Figure 1.5a), 

although various other stressors were identified, such as herbivory, desiccation, 

anthropogenic disturbances and parasitism. Refuges were primarily created 

through the enhancement of structural complexity (n = 70; Figure 1.5b). In fact, 

enhancement of spatial complexity accounted for 97% of records of non-natives 

providing predation refuges. 
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Figure 1.4 Records that reported refuge use by non-natives in their introduced range. (a) 
Representation of non-native refuges split between the broad disturbance types they buffered, 
and (b) links among habitat (red), non-native taxa (dark purple) and the specific disturbance that 
refuges buffered (blue). The widths of connecting lines illustrate the numbers of records. 
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1.4 Discussion 

As biological invasions are considered a global threat to biodiversity, ecological 

features that consistently influence the interactions between native and non-native 

species require attention. Here, I have synthesised research on refuge use in 

biological invasions, considering refuges for natives, non-natives and those created 

by non-natives. I present a large number of records that, together, highlight the 

significance and ubiquity of refuge-mediated processes in the invasion biology 

literature (Figure 1.2). I reveal geographic biases towards North America and 

Europe, although examples are found globally, and habitat bias towards freshwater 

systems. Refuges are more frequently reported for rivers and lakes than other 

habitats, although I demonstrate that refuges are key elements in invaded habitats 

ranging from marine neritic zones to forests, to urban settlements. The refuge 

concept has been applied to biological invasions for several decades, although 

Figure 1.5 Refuges provided by non-natives. (a) Representation of the disturbance against 
which non-natives were recorded to provide protection. (b) The mechanism of refuge 
provision. 
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research effort has increased substantially since the start of the 21st century, 

suggesting growing recognition of its significance. 

1.4.1 Refuges for natives 

In areas of enhanced structural complexity, natives are often able to find refuge 

from non-native predation and competition by means of greater tolerance of 

environmental extremes (Figure 1.3). Structurally complex environments increase 

the foraging time of predators and decrease their encounter rate with prey, thereby 

increasing prey survival (Gotceitas & Colgan, 1989; Sih, 1987). This increases the 

potential for predator and prey species to coexist, which is reflected in the high 

number of records that highlight the importance of vegetation in safeguarding 

natives from non-native predation. For instance, densely vegetated areas were 

found to be the most important factor facilitating the coexistence of non-native trout 

(Salmonidae) and native prey species (Hartman et al., 2013). 

Structurally complex environments also provide more niche space, which can 

mediate competitive interactions (Holbrook & Schmitt, 2002). When two species are 

in competition for a shared resource, they will either be driven to use different 

resources (niche differentiation), or the subordinate competitor will be displaced, 

leading to their extinction or shift to a new niche (competitive exclusion). For 

competitive exclusion to be avoided via niche differentiation, there must be 

adequate habitat complexity and heterogeneity (Brown et al., 2013), which can be 

provided by refuges. We must also consider that the impacts of non-natives often 

diminish as abiotic conditions move closer to their physiological limits, meaning 

communities in harsher environments can have greater biotic resistance, and thus 

exist as refuge communities (Environmental Matching Hypothesis; Ricciardi et al., 

2013; Iacarella et al., 2015). I found many records that showed empirical support for 

these ideas, as natives found refuge from non-native interactions in more complex 

habitats and through greater environmental stress tolerances, notably in areas of 

extreme water velocity, temperature, salinity and ion concentrations. This review, 

therefore, offers strong empirical support for the already-recognised importance of 

habitat heterogeneity and structural complexity in mitigating non-native threats 
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(Astorg et al., 2021; Gea-Izquierdo et al., 2007; Hollandsworth et al., 2011; Ricciardi 

et al., 2013; Vander Zanden et al., 2017). 

Determining the viability of refuge populations over generational timescales could 

be a key future research direction. Refuges incur costs for their inhabitants, as it can 

be inefficient to persist in refuges for long periods of time due to greater levels of 

competition, reduced resources and sub-optimal abiotic conditions (Orrock et al., 

2013; Persson, 1993). Moreover, if totally constrained to refuge habitats, native 

populations may become isolated, resulting in reduced genetic diversity and lower 

population-level resistance to other stressors (Keller & Waller, 2002). 

1.4.2 Refuges for non-natives 

Records revealed that non-native species frequently use artificial structures as 

refuges against abiotic and biotic stressors (Figure 1.4). Artificial structures are 

considered focal points for biological invasions due to their proximity to common 

introduction vectors (e.g. ports and roads), the provision of colonisable structures 

away from interactions with native species and through the amelioration of abiotic 

stressors (Dafforn, 2017; Giachetti et al., 2020; Price & Banks, 2018; Twining et al., 

2021). However, there were important differences in the use of such structures in 

marine and terrestrial environments. In aquatic systems, artificial structures were 

used by non-native species to buffer both abiotic and biotic threats in aquatic 

systems, whereas in terrestrial systems, they were typically used as shelters from 

abiotic stressors. For instance, non-native bryozoans and ascidians find sanctuary 

from benthic and neritic predators on artificial pilings and aquaculture installations, 

where natural predators are unable to colonise (Dumont et al., 2011a; Dumont et 

al., 2011b; Giachetti et al., 2020). The seaweeds Codium fragile ssp. tomentosoides 

and Caulerpa racemosa find refuge against high-velocity water flows through the 

enhanced structural complexity of artificial structures (Bulleri & Airoldi, 2005; 

Vaselli et al., 2008). In contrast, terrestrial non-native lizards, flies, snails and 

rodents all used artificial habitats as a source of thermal stability against low 

temperatures and winter conditions (Bergey, 2019; Mitchell et al., 2021; Rossi-

Stacconi et al., 2016; Singleton et al., 2007). It is unclear why this contrast exists 

and whether it is simply an artefact of research bias or reflects important ecological 
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differences, such as the relatively small temperature fluctuations in aquatic 

habitats compared with terrestrial (Steele, 1985). 

In the context of non-native refuges, I found two key research areas that warrant 

further investigation. Refuges for non-native plants and refuges from anthropogenic 

stressors were rarely assessed. Only five records identified plants using refuges in 

their introduced ranges, which is surprising considering plants are some of the most 

prolific invaders; this could prove a fruitful space for future research (Keller et al., 

2011). Furthermore, determining how non-natives find refuge from anthropogenic 

stressors may become more important in understanding how they sustain their 

populations under increasing habitat modification and climatic variability. 

Notably, I found several records of non-natives that found shelter in structures 

created by other non-native species. This demonstrates how invasional meltdown 

(i.e. where non-native species facilitate other non-natives) could occur through the 

provision of refuge habitats (sensu Simberloff & Von Holle, 1999). For example, 

structures created by introduced Pacific oysters (Magallana gigas) may represent 

refuges for non-native barnacles against native competitors (Firth et al., 2021). 

Moreover, non-native amphipods utilise introduced zebra mussel (Dreissena 

polymorpha) structures as refuges from native predators more efficiently than 

native amphipods, possibly due to both non-natives originating from the Ponto-

Caspian region (Kobak et al., 2014). The invasional meltdown theory has received 

conflicting support in the past (see Braga et al., 2018; Jackson, 2015); nevertheless, 

meltdown due to refuge provision is currently an underexplored concept. 

1.4.3 The provision of refuge by non-natives 

Many records show that the enhanced structural complexity created by introduced 

plants can provide novel predation refuges (Figure 1.5). Reduced levels of predation 

around non-natives may lead to the aggregation of herbivores around their 

structures (Utz et al., 2020; Watling et al., 2011; Watling & Orrock, 2010). This can 

lead to consumers foraging across larger distances due to the reduced levels of 

perceived risk (Mattos & Orrock, 2010). For instance, small mammals feed on seeds 

across wider areas in habitats invaded by buckthorn (Rhamnus cathartica) 
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compared to sites where buckthorn is absent (Guiden & Orrock, 2017). As a result, 

seed predation is less intense but spread over a greater area, resulting in reduced 

seedling establishment across the broader environment and greater pressure on 

native plants (Orrock et al., 2008). These refuge-induced shifts in animal behaviour 

can also influence temporal patterns in behaviour. For example, non-native plants 

that reduce moonlight penetration at ground level increase the activity of small 

mammals at night due to reduced predation risk (Guiden & Orrock, 2019; Johnson & 

De León, 2015). Similarly, introduced plants that keep their leaves for longer into 

winter months can extend the seasonal activity of small mammals (Bartowitz & 

Orrock, 2016). These indirect effects of predator refuges created by non-native 

plants can have unexpected community-wide implications and deserve more 

attention (Stewart et al., 2021). 

The altered dispersal patterns of species associated with non-native plants can 

influence the abundance and distribution of disease vectors (Allan et al., 2010). The 

spread of white-tailed deer (Odocoileus virginianus), their associated ticks and tick-

borne disease, depends on the non-native shrub Lonicera maackii, which the deer 

use for shelter when bedding (Allan et al., 2010). Similarly, the understorey created 

by introduced Japanese barberry (Berberis thunbergia) provides black-legged ticks 

(Ixodes scapularis) protection against desiccation, resulting in higher tick 

abundance and higher prevalence of Borrelia burgdorferi, a primary cause of Lyme 

disease in humans (Williams & Ward, 2010). 

Non-native bivalves can create similar shifts in habitat complexity and benthic 

community structure of plants. Mussels and oysters form dense aggregations of 

living and dead shells, which can alter hydrological processes and create sheltered 

microhabitats for benthic species, often increasing the abundance of benthic 

invertebrates (Beekey et al., 2004; Karatayev et al., 2002; Nicholls et al., 2011; 

Stewart et al., 1998). However, non-native bivalves can also lead to the 

homogenisation of benthic communities, reducing variability in species 

composition across substrates and habitat types (Burlakova et al., 2012). Moreover, 

these novel refuges can lead to increased predator abundance, increased 

deposition rates, altered nutrient flows, disrupted parasite–host interactions and 
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changes in trophic interactions (Botts et al., 1996; Eschweiler & Christensen, 2011; 

Goedknegt et al., 2020; Lohner et al., 2007; Ward & Ricciardi, 2007). This 

emphasises that although certain taxa may directly benefit from non-native 

structures, the indirect effects on the wider ecological community and human 

health can be complex and potentially harmful. Therefore, any effort to assess the 

impact of non-native species, especially those that create complex structures, 

should include potential refuge-mediated effects. 

1.4.4 Refuge-mediated processes in biological invasions 

In reviewing the literature, I highlight three refuge-mediated processes that 

influence the establishment, spread and impact of non-natives (Figure 1.6). 

Dumont et al. (2011a) proposed the “persistent pressure scenario,” which 

demonstrates how non-natives use refuges to become established in new 

environments. When species are initially introduced to new areas, their population 

levels are low and may be constrained to refuges due to high levels of resistance in 

the wider community (Dumont et al., 2011b). Propagules are constantly released 

into the broader habitat by refuge inhabitants, but fail. However, when there is a flux 

in resources or a disturbance event that weakens this resistance, propagules from 

the refuge can then successfully establish in the wider habitat, and spread. For 

instance, the exclusion of native fish and invertebrate predators in rocky-bottom 

habitats resulted in the establishment of the non-native ascidian Ciona intestinalis 

by recruits from populations on nearby artificial structures, acting as predation 

refuges for the non-native (Dumont et al., 2011a). Similarly, the proliferation of the 

non-native green alga Codium fragile in Northern Chile after the 1997–1998 El Niño 

event was probably due to recruits from adjacent aquaculture structures, and 

because native kelp abundance dropped (Neill et al., 2006). 
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Figure 1.6 Models demonstrating how refuges influence the establishment, spread and impact 
of non-native species. Dumont et al. (2011a) proposed the persistent pressure scenario (top) to 
illustrate how non-natives can persist within refuges after their initial introductions and are then 
able to establish into the broader environment when resistance is alleviated. I propose a model 
of refuge-mediated spread via existing refuges (middle) to demonstrate how non-native 
populations may move through novel environments despite recurring stressors. Orrock et al. 
(2010b) proposed refuge-mediated apparent competition (bottom) to demonstrate how non-
natives plants that provide a superior shelter for a shared consumer can displace pressure onto 
native plants (arrow size shows magnitude of interaction). 
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Next, I present a model for non-native spread via existing refuges. To spread through 

their new environments, non-natives need to overcome geographic barriers, abiotic 

stress and biotic resistance, with some areas able to safeguard individuals from 

stressors (Blackburn et al., 2011). During unfavourable conditions (e.g. seasonal 

thermal regimes), individuals in refuge habitats are more likely to persist and 

allocate energy to reproduction than individuals in the broader environment. When 

conditions improve, refuge inhabitants can disperse and spread more effectively 

than those outside the refuge. If stressors return, the same process occurs but in a 

new location. These waves of expansion out of and contraction into refuges allow a 

non-native population to spread despite recurring stressors. In this way, individuals 

located in refuges have a disproportionately large influence on the spread of the 

non-native population. Thermally stable habitats and anthropogenic structures are 

often referred to as invasional ‘stepping-stones’ as they provide surfaces to settle 

on and refuge from disturbances (Apte et al., 2000; De Mesel et al., 2015; Miranda et 

al., 2016; Wasson et al., 2001). Non-native spread via existing refuges is similar to 

the stepping-stone effect in that individuals use isolated habitat patches to enable 

their range expansion through successive movements (Saura et al., 2014). However, 

it differs in that the broader landscape is only temporarily unsuitable for the non-

native population and can support that population during favourable conditions. 

Spread via existing refuges is demonstrated by introduced cane toads (Rhinella 

marina) that gather around artificial water installations to avoid desiccation during 

harsh Australian summers, and spread to new locations from these water points 

once cooler temperatures return (Gregg et al., 2019). Similarly, non-native 

arthropods use compost heaps as thermal refuges to survive Nordic winters and 

then expand out when temperatures warm (Ødegaard & Tømmerås, 2000). 

Refuge-mediated apparent competition is an established concept: a process by 

which a non-native plant can out-compete a native plant by providing a superior 

refuge for a shared consumer compared with its neighbour, and so displaces 

consumer pressure onto native species (Orrock et al., 2010b). For example, small 

rodents do not consume the non-native grass Ammophila arenaria but use the grass 

stands as a refuge, resulting in greater rodent abundance and increased seed 
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predation on adjacent native plants (Pardini et al., 2017). Importantly, the non-

native plant experiences less herbivory than the native, allowing the invader to 

proliferate and reduce the native's competitive ability. This process may be key in 

invaded habitats with abundant herbivore populations and high levels of predation 

pressure, as more refuges will promote herbivore survival (Enge et al., 2013; Orrock 

et al., 2010b). Records of refuge-mediated apparent competition are found in both 

marine (Enge et al., 2013) and terrestrial (Dutra et al., 2011; Orrock et al., 2008) 

environments. In concentrating their feeding around non-native plants, herbivores 

can create free space for the non-native (Orrock et al., 2010a). This results in a 

progressing invasion front, allowing the non-native to spread through the habitat 

because of altered consumer behaviour. Non-native spread via refuge-mediated 

apparent competition is a viable means of spread for introduced plants and has 

been described in theoretical works that use spatially implicit and spatially explicit 

models (Orrock et al., 2010a; Orrock et al., 2010b). Empirical work by Malo et al. 

(2022) also demonstrated that greater seed predation from rodents around the 

introduced Rhododendron ponticum, which acts as a predation refuge, reduced 

recruitment of native tree species, and probably facilitated the spread of the non-

native, possibly due to reduced competition for light. 

This is not an exhaustive list of refuge-mediated processes in biological invasions, 

but it does highlight that theory already exists for how refuges influence the 

establishment, spread and impacts of non-native populations. Importantly, it is 

unlikely that these processes operate in isolation and may occur at the same time or 

at different stages along a species' invasion timeline. 

1.4.5 Management implications 

Recognising the significance of refuges in biological invasions has the potential to 

improve the accuracy of predictive modelling, and the effectiveness of management 

efforts. Species distribution models (SDMs) are regularly used to forecast the 

spread and impact of non-native populations. SDMs could be improved by explicitly 

considering refuge availability, which can influence spread, and offer a missing 

component to better explain the observed spatial patterns. For instance, Conley et 

al. (2011) showed that predicting oviposition by cavity-dwelling mosquitos is more 
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accurate when the presence of refuge-providing non-native shrubs is included in the 

landscape-level analysis. Therefore, any effort to model these animals, or 

associated disease would be much more effective if it incorporated the refuge 

provided by introduced shrubs (Allan et al., 2010). 

The broad-scale removal of non-native individuals is a common strategy, but often 

uneconomical because of the high management resource requirements. For 

invaders that periodically retreat into sanctuaries to survive temporary stress, 

focusing removal efforts on those areas could have a disproportionately greater 

impact on the overall population than less intense but year-round removal over a 

broader area. For example, culling non-native rainbow trout in small tributaries 

during early winter, where fecund females are concentrated to avoid cool 

temperatures, could increase management effectiveness (Koizumi et al., 2017). 

Moreover, models showed that only removing introduced carp during years of low 

water levels, when they were concentrated in deep pools, reduced their population 

by an equivalent amount as removing them annually, thus potentially saving time 

and money (Pearson et al., 2022). 

Refuges can also be exploited to increase biotic resistance to biological invasions 

and assist native species in developing novel strategies to escape non-native 

stressors. Schlaepfer et al. (2005) proposed that refuges could be used to allow 

natives to be exposed to non-native threats to a sufficient level that they develop 

their own behavioural or evolutionary strategies to coexist with invaders, while also 

ensuring population survival. Once these traits become ubiquitous across the 

population, then there is no longer the need for intensive removal of the non-native 

species. It is unlikely that this could be used for non-native predators that have 

general feeding habitats, but for predators with narrower feeding preferences or 

prey species with small ranges, this could prove an innovative tool (Schlaepfer et 

al., 2005). Moreover, increasing carrying capacity and biodiversity of protected 

areas could elicit similar behavioural responses, and promote biological resistance 

to further invasion (Gallardo et al., 2017). 
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It is also important to consider potential non-native refuges from management, 

particularly in relation to culling efforts (Andradi-Brown et al., 2017b; Latham et al., 

2018). Shelters from culling could negate the efficacy of management efforts, as 

they can allow rapid recovery of non-native populations once management efforts 

reduce. An example of this is invasive lionfish (Pterois volitans and P. miles) in the 

Caribbean. High densities of large lionfish are found below the depth of recreational 

SCUBA limits (30< metres), making them largely inaccessible to culling that uses 

SCUBA, thus acting as a refuge from management (Andradi-Brown et al., 2017a). As 

lionfish eggs are buoyant, these deeper populations potentially drive shallow-water 

recruitment and undermine management efforts (Andradi-Brown et al., 2017a; 

Andradi-Brown et al., 2017b). 

1.4.6 Future research directions 

From this review, I offer three broad avenues of future research to expand our 

understanding of the role of refuges in biological invasions: 

1 What is the magnitude of refuge effects in biological invasions? Future research 

could assess refuge effects using meta-analytical techniques, such as exploring 

survival of individuals or viability of populations within and outside of noted 

refuges. The references used in this review could provide a useful foundation for 

such work. 

2 For how long are refuge populations viable? It is important to consider that 

refuge use can reduce the fitness of individuals, or it is possible that reported 

refuges are areas where decline or impacts are delayed compared with adjacent 

areas. Studies could use population viability models and experimental 

approaches to determine how long native refuges remain viable sources of 

shelter from non-native species. 

3 Will targeting refuge populations increase the efficacy of management 

programmes? In principle, prioritising refuges in non-native species 

management can cut resource costs and increase effectiveness, but this is 

rarely tested. Future research could assess this potential, utilising spatially 

structured demographic models and cost–benefit analysis. 
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[The literature on refuges in biological invasions reveals geographic and taxonomic 

biases, particularly the underrepresentation of bird species, despite the extensive 

research on avian invasions (Clavero et al., 2009). The reasons for this gap are 

unclear but could stem from the challenges of tracking and monitoring birds, or 

because refuge use in birds is less clear to detect. This could also result from the 

search strategy employed, as studies on birds might use terms such as "nest" or 

"roost" to describe refuge behaviour. The overrepresentation of studies from North 

America and Europe likely arises from the fact that this review only included studies 

published in English. While this likely covers a large portion of available research, it 

inevitably overlooks studies published in other languages. This is especially 

problematic as the most significant impacts of non-native species are often felt in 

the Global South and non-English-speaking regions (Shackleton et al., 2019), which 

may be underrepresented in the existing literature. Future meta-analyses or reviews 

could therefore benefit from exploring literature in multiple languages.] 

In conclusion, this review offers the first attempt to synthesise the role of refuges in 

biological invasions. I show that refuges and refuge-mediated processes are widely 

reported in the invasion literature and play key roles in understanding the outcomes 

of species introductions. I hope to stimulate future research into quantifying broad-

scale refuge effects, the viability of native populations and further appreciation of 

refuges in non-native management practices. I encourage future researchers to use 

and expand on my reference database to answer these questions. 
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Abstract 
The deep reef refugia hypothesis suggests that reef fish communities at greater 

depth will be more stable over time compared to those at shallower depths due to 

the diminished impact of disturbances. I tested this hypothesis by exploring shifts in 

taxonomic diversity, functional diversity and the composition of fish communities 

across shallow (5 – 25 m depth) and upper-mesophotic (40 m depth) coral reefs 

around Utila, Honduras, over a nine-year period.  Specifically, I used coverage-

based standardisation of diversity and dissimilarity indices, estimated using Hill-

Chao numbers with order q = 0 (richness) and q = 2 (inverse of the Simpson index). 

In contrast to what would be expected from the hypothesis, I found greater 

dissimilarity and turnover of both species and functional groups in the upper-

mesophotic over time. I observed clear variations in diversity and dissimilarity 

indices across different sites, with sites that had shallower maximum depths 

showing more significant changes over time. These results are not consistent with 

what would be expected from the deep reef refugia hypothesis and suggest that 

upper-mesophotic depths may not serve as functional or taxonomic refuges for reef 

fish, as they do not appear to maintain more stable communities. 
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2.1 Introduction 
Tropical coral reefs are hyper-diverse ecosystems that provide important ecosystem 

services including food, income, and coastal protection (Moberg & Folke, 1999; 

Woodhead et al., 2019). However, they have become increasingly impacted by local 

and global stressors, such as overexploitation, habitat destruction, and climate 

change (Ban et al., 2014; Hughes et al., 2018; Mora et al., 2011). Most research has 

assessed the impacts of these stressors on shallow coral reefs (< 30 m depth), 

leading to growing interest in the potential of deeper zones (> 30 m) to offer refuge to 

reef communities (Bongaerts et al., 2010; Glynn, 1996; Lesser et al., 2009; Riegl & 

Piller, 2003). Despite this interest, accessing greater depths is logistically 

challenging, resulting in a lack of temporal data across the depth gradient, 

particularly on fish communities. This gap in knowledge limits our understanding of 

how fish communities change over time at different depths, hindering our ability to 

determine whether deeper reefs can effectively act as areas of refuge in response to 

anthropogenic threats. 

Mesophotic coral ecosystems (MCEs) are reef communities found at depths of 

approximately 30 to 150 m, where light starts to diminish (Baldwin et al., 2018; Eyal 

et al., 2021; Hinderstein et al., 2010; Lesser et al., 2009). As depth increases, 

benthic communities transition from being dominated by zooxanthellate corals and 

macro-algae to sponges and heterotrophic soft corals, which are better adapted to 

low light conditions (Lesser et al., 2018, 2019). These communities are primarily 

structured by the reduced solar irradiance for photosynthesis associated with 

increased depth, along with shifts in other biophysical factors such as temperature, 

wave energy and sedimentation (Diaz et al., 2023b; Laverick et al., 2020; Slattery et 

al., 2024). As a result of these shifts in abiotic conditions and the benthic 

community, fish communities transition from a dominance of herbivorous fishes in 

the shallows to a greater abundance of large-bodied carnivores in the mesophotic 

zone (Andradi-Brown et al., 2016, 2021; Loiseau et al., 2023; Pinheiro et al., 2016; 

Semmler et al., 2017). Fish species richness reduces across shallow and 

mesophotic depths, whereas community dissimilarity and species turnover 

increase along the depth gradient (Andradi-Brown et al., 2016; Rocha et al., 2018). 
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Additionally, there is strong evidence of depth specificity, with many coral reef fish 

species found exclusively in MCEs (Pinheiro et al., 2016; Rocha et al., 2018; 

Thresher & Colin, 1986). As a result, MCEs are often separated into two zones, the 

upper-MCE (30 – 60 m) and lower-MCE (60 – 150 m) which represent distinct shifts 

in community composition (Lesser et al., 2019; Semmler et al., 2017). 

The intensity of some disturbances have been reported to decrease with increased 

depth, leading to the idea that deeper reef communities might serve as refuges for 

shallow-water fish and invertebrate communities (Assis et al., 2016; Glynn, 1996; 

Hughes & Tanner, 2000; Lesser et al., 2009). The deep reef refugia hypothesis 

proposes that: (1) disturbances affecting shallow-water reefs are less severe on 

deeper reefs, and (2) deeper reefs can provide recruits for shallower areas, aiding 

recovery post-disturbance (Bongaerts et al., 2010). Research on brooding coral 

species suggests that lower-MCEs have limited potential as refugia for shallow-

water communities due to greater community dissimilarity and reduced population 

and genetic connectivity, while upper-MCEs show greater promise (Bongaerts et al., 

2017; Brazeau et al., 2013; Slattery et al., 2024). Bongaerts and Smith (2019) 

described this as the ‘disturbance/divergence trade-off’. Furthermore, there are 

growing reports of stressors like marine heatwaves, tropical storms, destructive 

fishing, and invasive species affecting mesophotic reefs, which cast doubt on 

whether these deeper habitats can truly serve as a refuge for fish communities 

(Andradi-Brown et al., 2017a; Diaz et al., 2023a; McWhorter et al., 2024; Rocha et 

al., 2018; Soares et al., 2019; Venegas et al., 2019).  

Studies examining the deep reef refugia hypothesis in relation to reef fish 

communities over time are rare, and none have investigated multiple metrics of 

diversity or dissimilarity. Single metrics offer a clear but limited view, so 

incorporating functional diversity and different diversity orders can provide a deeper 

understanding of community dynamics and ecosystem function shifts (Loiseau et 

al., 2023). Also, recent evidence suggests that fish and benthic species richness and 

abundance are generally less stable over time than would be expected if the deep 

reef refugia hypothesis were accurate (Slattery et al., 2018). This instability is 

particularly evident when communities are threatened by invasive species or storm 
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damage (Abesamis et al., 2018; Lesser & Slattery, 2011). Understandably, logistical 

challenges make repeated surveys at depth difficult, and there is a pressing need to 

document the location of unrecorded MCE habitats and undescribed species to 

improve conservation efforts (Turner et al., 2019). However, if deep reefs exhibit 

significant temporal variability in fish species diversity and composition, it may 

suggest their role as consistent refuges is compromised. Furthermore, the deep reef 

refugia hypothesis has principally focused on the taxonomic diversity of fish species 

rather than their functional diversity (Loiseau et al., 2023). As such, at mesophotic 

depths, fish communities may experience changes in species composition over 

time, but these species might share the same functional traits, offering a functional 

refuge for key ecosystem processes (Loiseau et al., 2023). Therefore, it is important 

to consider both the taxonomic and functional aspects of fish communities when 

evaluating the potential of deep reefs to serve as refuges for shallow-water 

populations — an area that remains underexplored.  

To address these knowledge gaps, I investigated changes in the taxonomic and 

functional diversity and composition of fish communities across shallow and upper-

mesophotic reefs in Utila, Honduras, over nine years. Like many areas of the 

Caribbean over recent decades, Utila’s reefs have been impacted by invasive 

lionfish, ocean warming, storms and pollution (Bove et al., 2022; Gardner et al., 

2003; Mumby, 2009).  Drawing on the deep reef refugia hypothesis, I predict that the 

fish communities at greater depth will experience less change because depth 

reduces the impact of disturbances, providing a more stable community. I would 

therefore expect taxonomic and functional diversity to exhibit greater change at 

shallower depths compared to the upper-mesophotic. Moreover, I expect 

communities to exhibit less taxonomic and functional dissimilarity over time at 

greater depths. This research is among the first to explore temporal shifts in the 

taxonomic and functional composition of reef fish communities across shallow and 

upper-mesophotic depths, highlighting trends for these seriously understudied 

ecosystems. 
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2.2 Methods 

2.2.1 Study location 
Data were collected at five fringing reef sites surrounding the island of Utila, 

Honduras (Figure 2.1). Located on the southern Mesoamerican Barrier Reef, Utila is 

one of the three main islands and 53 cays that make up the Bay Islands Marine 

National Park. Two study sites, The Maze and Raggedy Cay, were situated on the 

island’s exposed northern shore. Reefs on the northern shore are located along a 

steep reef wall that quickly reaches beyond 100 m depth. The Maze and Raggedy 

Cay have more extensive shallow reef communities, with large back reefs behind 

the reef crest and greater wave exposure throughout much of the year compared to 

the south shore sites (Andradi-Brown et al., 2016). The other three sites — Little 

Bight, Coral View, and Rocky Point — were located on the sheltered southern shore 

of the island. Little Bight and Coral View are the shallowest of all the sites; here, the 

reef slope gradually drops to 40 m where the bottom levels out to a patch reef 

system in the upper-mesophotic zone. Little Bight and Coral View have lower hard 

substratum availability at 25m and 40m compared to other sites.  Rocky Point on the 

other hand bottoms out slightly deeper, at 60 m. The reef slope angle on the 

southern shore sites was similar at 5, 15 and 25m depth bands, but the seabed was 

flatter at 40m depth (Andradi-Brown et al., 2016). Sites were selected based on the 

locations of initial surveys conducted in 2014 and 2015 to ensure continuity in data 

collection and allow for direct comparisons over time. Research permits for the 

study were issued by the Instituto de Conservación Forestal (ICF), Honduras (Permit 

number: DE-MP-108-2023). 

 

 

 

 

 

 

 

 



 

47 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

2.2.2 Fish community surveys 

Fish community surveys were conducted at each site at depths of 5 m, 15 m, 25 m, 

and 40 m in the years 2014, 2015, 2022, and 2023. All surveys were conducted 

between June and August. Surveys consisted of a calibrated diver-operated stereo-

video system (SVS; SeaGIS, Melbourne, Australia) along a 50 m transect that 

followed the reef contour (Goetze et al., 2019). Transects were spaced with 10 m 

intervals between replicates. Each transect was surveyed by a team comprising an 

SVS operator and a second diver responsible for measuring the distance. The 

cameras, angled approximately 20 degrees downward, were maintained around 0.5 

m above the seabed or away from the reef wall during filming. In 2014 and 2015, the 

SVS setup included two Canon HFS21 high-definition video cameras. This 

equipment was changed to two GoPro Hero 8 cameras for the 2022 and 2023 

surveys. Divers conducting surveys at 40 m used mixed-gas open-circuit SCUBA, 

while shallower surveys used regular air. In all years, the SVS and camera systems 

were calibrated using a calibration cube and CAL software 

(http://www.seagis.com.au/bundle.html). To ensure each transect was distinct, I 

always swam either left or right of the site buoy along the reef slope, preventing 

resampling. Due to logistical constraints, no more than three transects could be 

Figure 2.1 Map of study sites around the Island of Utila, Honduras. Inset map shows 
the location of Utila relative to the Caribbean region. 

http://www.seagis.com.au/bundle.html
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conducted at a given depth per dive, as time and air limitations restricted survey 

time. Therefore, transects at each depth were spread across multiple dives, 

minimising pseudoreplication. 

Footage was analysed using EventMeasure software (SeaGIS, Melbourne, Australia), 

which allowed for the synchronisation of the calibrated SVS footage and 

measurement of fish total lengths. As the video moved through the transect, fish 

located outside of 2.5 m to either side or 5 m in front of the cameras were excluded 

from analysis as they were not within the transect perimeter. All fish visible within 

these transects were recorded to species-level where possible, using Humann and 

Deloach (2014), and had their lengths measured. In cases where we could not take 

measurements (e.g., when the fish was not in a clear line of site of the cameras), the 

species was recorded, and the average length for that species at the same site, 

depth, and time was used. If no other individuals of that species were observed 

under those conditions, the average length for that species across all sites and 

depths for that year was used. Species abundance data were pooled into two time 

periods — 2014 and 2015, and 2022 and 2023 — due to uneven sampling efforts 

across the years. Fewer transects were conducted at depths of 25 m and 40 m due 

to the increased logistical challenges that comes with deeper diving. Consequently, 

the number of 50 m long transects conducted at each site, depth and time varied, 

ranging from 1 to 12, with a median of 8 (Tables S2.1 & S2.2). In 2022-2023, due to 

logistical constraints, only one transect was conducted at 40 m at each of Little 

Bight and Coral View. Abundance data from all transects at the same depths and 

sites in each time were pooled together. 

I acknowledge that binning depth, a continuous variable, may hide finer-scale 

patterns and reduce statistical precision. However, I have adopted this approach to 

ensure consistency with the 2014–2015 data from Andradi-Brown et al. (2016), to 

facilitate direct comparisons over time. Moreover, while the depth range associated 

with mesophotic conditions can vary between sites based on local abiotic 

conditions, classifying 40 m as the upper-mesophotic at our study location is 

justified by past studies showings distinct ecologically-relevant shifts in benthic 
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composition and fish diversity below 25 m (Andradi-Brown et al., 2016; Laverick et 

al., 2017). 

2.2.3 Taxonomic and functional α-diversity 

To estimate and compare taxonomic and functional diversity, sampling units must 

first be standardised (Chao & Jost, 2012). I used a sample coverage approach, 

which standardises the diversity estimates in each site, depth and time combination 

by the proportion of observed diversity with respect to the estimated true diversity 

(Chao et al., 2021). Diversity estimates were therefore standardised following the 

non-asymptotic approach recommended by Chao and Jost (2012) and using the 

iNEXT.3D (Chao et al., 2021) package in R v. 4.2.3 (R Core Team, 2023). Specifically, 

taxonomic and functional α-diversity were estimated for each site, depth, and time 

combination.  These were estimated using Hill-Chao numbers with order q = 0 

(richness) which is more sensitive to rare species and q = 2 (inverse of the Simpson 

index) which focuses on abundant species. To limit prediction bias, all estimates for 

q = 0 were calculated to the coverage of double the reference sample size (Cmax). 

This is equal to the sample coverage of the time, site and depth zone with the lowest 

coverage, which is then extrapolated to twice the original number (Chao et al., 

2021).  In my case, Cmax was 83.27%. As extrapolation for q > 0 results in only small 

error, diversity estimates for q = 2 were extrapolated to 100% sample completeness 

(Chao et al., 2014). 

The estimate3D function in iNEXT.3D was used to determine taxonomic α-diversity 

(q = 0 and q = 2). To estimate functional α-diversity (q = 0 and q = 2), five traits were 

compiled (2 categorical: diet and position in the water column; 3 continuous: 

average body length in the dataset, vertical home range, trophic level) for all fish 

species in the dataset (Table 2.1). Information was collected to species level. Based 

on these functional traits, the multidimensional trait distance (Gower distance) 

between species was calculated (Gower, 1971) using the mFD package in R 

(Magneville et al., 2022). To estimate functional α-diversity (q = 0 and q = 2) at each 

site, depth and time combination, the estimate3D function was used with the 
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abundance dataset and the Gower functional distance matrix, using the default 

Fdtype = ‘AUC’ (area under the curve of the tau profile).  

For both taxonomic and functional α-diversity, I plotted diversity estimates with 95% 

confidence intervals (CIs). Statistical significance at 5% can conservatively be 

inferred where CIs do not overlap (Chao et al., 2014), as per Cumming et al. (2007), 

Diaz et al (2024), Gorta et al. (2023) and Hacala et al. (2024). 

2.2.4 Taxonomic and functional community change across depth over 

time 

To ensure samples were statistically comparable when assessing dissimilarity, I 

standardised dissimilarity indices via a sample coverage-based approach, using the 

iNEXT.beta3D package (Chao et al., 2023) in R v. 4.2.3 (R Core Team, 2023).  

Taxonomic and functional dissimilarity of fish communities were assessed using 

Sørensen-type measures based on Hill numbers with order q = 0 and q = 2 (Chao et 

al., 2019). Sørensen-type dissimilarity indices using q = 0 shows the richness-based 

Sørensen index which assigns all species or functional groups as equally weighted. 

Sørensen-type dissimilarity q = 2 is equal to the frequency-based Morisita-Horn 

index and is more sensitive to abundant species or functional groups (Chao et al., 

2019). The same traits and Gower functional distance matrix used to explore 

functional diversity were used to determine functional dissimilarity. Using 

iNEXT.beta3D, estimates for taxonomic and functional turnover for each site, depth 

and time combination were all based on Cmax = 83.27% for q = 0 and a sample 

coverage of 100% for q = 2 (Chao et al., 2023). 

The dissimilarity of communities at the same depth and site between the two time 

periods was explored using a Sørensen-type non-overlap measurement. This index, 

based on the calculation by Chiu et al. (2014), evaluates the average proportion of 

species not shared within an assemblage. This measure of community dissimilarity 

is most effective when using raw species abundance datasets, as in this study 

(Chao et al., 2019). I also assessed the extent of taxonomic and functional turnover 

within communities at the same depth and site over time, using the Sørensen-type 

turnover index.  This measure calculates turnover relative to alpha diversity.  
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The output from iNEXT.beta3D provided taxonomic and functional Sørensen-type 

non-overlap and turnover estimates with 95% CIs. Significant differences were 

inferred where 95% CIs did not overlap (Chao et al., 2023). This conservative 

approach was used partly to account for multiple testing. To summarise variation in 

taxonomic and functional dissimilarity of fish communities, I used Non-Metric 

Multidimensional Scaling (NMDS; Minchin, 1987). I performed NMDS ordination 

using the “metaMDS” function in the R package vegan (Oksanen et al., 2022). This 

was done by creating a matrix with Sørensen-type non-overlap estimates for all 

combinations of site, depth, and time for q = 0 and q = 2. 

 

 

Table 2.1 Description of traits used to determine functional diversity and dissimilarity. 

 

 

Trait name Ecological relevance  Trait levels  References  
Diet Different diet groups provide 

different reef functions 
Herbivore, 

Planktivore, 
Carnivore, 
Invertivore, 
Omnivore, 
Piscivore 

Froese and 
Pauly (2024); 
Humann and 

Deloach 
(2014) 

Average body 
size 

Correlates with size at maturity, 
fecundity, growth rate and 

longevity 

Continuous (cm) Estimate 
calculated 

from our 
dataset 

Position in the 
water column  

A measure of their association 
with the reef matrix 

Benthic, 
Benthopelagic, 

Pelagic 

Froese and 
Pauly (2024); 
Humann and 

Deloach 
(2014) 

Vertical home 
range 
(depth range 
where the 
species is 
known to occur) 

Relates to breadth of habitat 
suitability 

Continuous (m) Froese and 
Pauly (2024) 

Trophic level  Relates to predation and 
competition 

Measured 2 to 4.7. 
Higher values 
denote higher 
trophic level 

Froese and 
Pauly (2024) 
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2.3 Results  

2.3.1 Taxonomic and functional α-diversity across depth over time 

In total, 33820 individuals were recorded across the two time periods (2014-2015 n 

= 16906; 2022-2023 n = 16914). This included 29 families, 54 genera and 119 

species of reef fish. Notably, in 2014-2015 there were nine instances of invasive 

lionfish (Pterois volitans), all recorded at a depth of 40 m (from 30 transects at 40 

m), whereas none were recorded at 40 m (from 11 transects at 40 m) or any other 

depth in 2022-2023. 

Taxonomic species richness (q = 0) exhibited no consistent pattern across depth 

over time, with high levels of site variation (Figure 2.2). In 2014-2015, mean species 

richness across all sites ranged from 13.5 ± 6.9 (standard deviation (sd)) at 25 m to 

14.3 ± 4 .9 at 40 m. In 2022-2023, mean species richness ranged more widely from 

11.0 ± 6.0 at 40 m to 18.3 ± 4.3 at 25 m. Generally, there were greater shifts in 

species richness (q = 0) at shallower depths over time, with Coral View being the 

only site to experience a significant decrease at 40 m (non-overlapping 95% CIs).  

Taxonomic Simpsons diversity (q = 2) also exhibited no consistent trends across 

depth over time (Figure 2.2). In 2014-2015, mean Simpsons diversity across all sites 

ranged from 5.6 ± 2.5 at 40 m to 7.3 ± 2.0 at 5 m, while in 2022-2023, it ranged from 

5.9 ± 2.3 at 15 m to 8.6 ± 3.0 at 25 m. There were generally greater shifts in 

taxonomic Simpsons diversity (q = 2) over time at 5 m compared to the other depths, 

with all five sites indicating significant shifts. 

Functional richness (q = 0) also showed no clear trends across depth over time, with 

clear site variation (Figure 2.3). In 2014-2015 average functional richness across all 

sites ranged from 4.1 ± 1.1 at 15 m to 4.44 ± 0.4 at 5 m. In 2022-2023, functional 

richness ranged from 4.6 ± 0.4 at 25 m to 3.55 ± 1.1 at 40 m. Both north shore sites, 

Raggedy Cay and The Maze, saw significant increases in functional richness at 25 m 

over time, while 40 m at Coral View saw a significant decrease. There were generally 

greater shifts in functional Simpsons diversity (q = 2) over time at 5 m compared to 

the other depths, with all sites indicating significant shifts (Figure 2.3). 
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Figure 2.2 Taxonomic α-diversity estimates of Hill numbers q = 0 (species richness) and q = 2 
(focus on abundant species) with 95% CIs (error bars) grouped across depth, sites and time. “*” 
denote significant differences between time periods. 
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Figure 2.3 Functional α-diversity estimates of Hill numbers q = 0 (functional richness) and q = 2 
(focus on abundant functional groups) with 95% CIs (error bars) grouped across depth, sites and 
time. “*” denote significant differences between time periods. 



 

55 
 

2.3.2 Taxonomic and functional dissimilarity across depth over time 

Fish communities in the upper-mesophotic zone (40 m) exhibited higher levels of 

taxonomic dissimilarity over time compared to those at shallower depths (Figures 

2.4a-d). At 40 m, the estimated taxonomic turnover for q = 0 over time was 

significantly greater than at shallower depths for four of the five sites (indicated by 

non-overlapping 95% CIs), except for Raggedy Cay (Figure 2.4a). In contrast, fish 

communities at 5 and 15 m experienced consistently low levels of turnover. 

Taxonomic turnover for q = 2 was also significantly greater at 40 m than at other 

depths at all sites, except for Raggedy Cay (Figure 2.4b). At 40 m, fish communities 

from Coral View and Little Bight were more taxonomically distinct compared to 

other sites and depths, sharing fewer rarer (q = 0) and dominant (q = 2) species over 

time (Figure 2.4c-d).  

Similarly, fish communities in the upper-mesophotic zone (40 m) generally exhibited 

higher levels of functional dissimilarity over time compared to those at shallower 

depths (Figures 2.5a-d). Estimated functional turnover for q = 0 over time was 

significantly greater at 40 m compared to shallower depths for four out of the five 

sites (non-overlapping 95% CIs; Figure 2.5a). No significant difference was found at 

40 m for The Maze compared to its shallow depths.  Functional temporal turnover 

focusing on dominant functional groups (q = 2) was greatest at 40 m at all sites (non-

overlapping 95% CIs), except for Raggedy Cay, where functional turnover was 

significantly lower in the upper-mesophotic compared to shallower depths (Figure 

2.5b). When focusing on rare functional groups (q = 0), all depths at Raggedy Cay 

became more functional similar to other sites over time (Figure 2.5c). Fish 

communities from Coral View and Little Bight at 40 m were the most functionally 

dissimilar from other sites and depths across both time periods and became more 

dissimilar over time (Figures 2.5c-d) 
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Figure 2.4 Changes in the taxonomic composition of reef fish communities over time. Taxonomic 
Sorensen-type turnover for each site and depth between the two time periods for (a) q = 0 and (b) q = 
2. Errors bars are 95% CIs. Shaded region signifies upper-mesophotic depth. NMDS ordination 
based on Sorensen-type non-overlap index of fish communities in 2014-2015 (crosses) and 2022-
2023 (triangles), based on taxonomic Sorensen-type non-overlap for (c) q = 0 and (d) q = 2. Lines 
connect the same site and depth between the two time periods. The stress value for both NMDS 
plots was < 0.2.   
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Figure 2.5 Changes in the functional composition of reef fish communities over time. Functional 
Sorensen-type turnover for each site and depth between the two time periods for (a) q = 0 and (b) q = 2. 
Errors bars are 95% CIs. Shaded region signifies upper-mesophotic depth. NMDS ordination based on 
Sorensen-type non-overlap index of fish communities in 2014-2015 (crosses) and 2022-2023 (triangles), 
based on functional dissimilarity for (c) q = 0 and (d) q = 2. Lines connect the same site and depth 
between the two time periods. The stress value for both NMDS plots was < 0.2.   
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2.4 Discussion 

If the deep reef refugia hypothesis were true, we might expect that reef fish 

communities at greater depth will experience less temporal variation compared to 

those at shallower depths due to the diminished impact of disturbances. However, 

my results indicate that fish communities in the upper-MCE experienced greater 

levels of taxonomic and functional change over time than those at shallower 

depths. While there were no consistent trends in the overall number of species or 

the variety of functional roles they fulfil at different depths over time, turnover and 

dissimilarity were generally greatest in the upper-mesophotic. I also observed 

considerable variation in temporal patterns of diversity and dissimilarity between 

sites around Utila, highlighting the significance of site-specific conditions in 

stabilising reef communities at depth. Overall, greater functional and taxonomic 

turnover in upper-MCEs over time suggests that deeper fish communities are not 

necessarily less variable over time, which may limit the ability of these deeper reefs 

to act as stable refugia for reef communities.  

My findings showed no consistent temporal trends across the depth gradient in 

taxonomic or functional richness (q = 0), or Simpson's diversity (q = 2), with high 

levels of site variability. This variability in diversity estimates highlights the 

importance of site-specific conditions in shaping community structure (Kahng et al., 

2010). For example, Coral View (a shallow site near human settlements, with a 

maximum depth of 40 m and patchy upper-MCE habitat) experienced significant 

decreases in species richness, functional richness and evenness over time. The 

limited availability of hard substrate may contribute to less diverse MCE 

communities, while closer proximity to human settlements could increase 

sedimentation or pollution, limiting less tolerant species or traits from inhabiting 

deeper areas over time (Appeldoorn et al., 2016; Swanborn et al., 2022). In contrast, 

The Maze on the island's north shore showed an increase in species richness in the 

upper-mesophotic zone over time. Located further from human settlements and 

exposed to greater wave energy, this site may be less directly affected by 

sedimentation or pollution. The increase in diversity at greater depths could be 

attributed to species migrating from shallower habitats and utilising the steep 
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vertical walls of the site, as suggested by the observed decrease in diversity at 5 m 

(Hollarsmith et al., 2020).  The difference in maximum depth between these sites 

could also shape these patterns. Coral View’s shallow maximum depth of ~40 m 

limits mesophotic habitat and community complexity, while The Maze, with greater 

depth and steeper topography, provides more diverse habitats, which could allow 

for higher diversity and refuge potential (Hollarsmith et al., 2020). Thus, greater 

depth and geomorphology could drive the increased diversity seen at The Maze. It is 

important to acknowledge that this study does not account for variations in benthic 

composition. Since benthic composition is a key factor influencing coral reef fish 

distributions (Chong-Seng et al., 2012), addressing it will be crucial for future 

research to identify the factors driving temporal patterns in coral reef fish diversity 

across depths. 

While there were no clear trends in species diversity over time, taxonomic turnover 

and dissimilarity were consistently higher in the upper-mesophotic zone. Higher 

turnover for both q = 0 and q = 2 indicates a greater rate of species replacement over 

time for both rare and abundant species at most sites. This suggests that taxonomic 

change at these depths is driven by species replacement, with new taxa entering the 

upper-MCE. One possible explanation is that the upper-mesophotic zone has 

undergone greater environmental changes compared to shallower depths, allowing 

new species better suited to the altered conditions to establish themselves while 

less adaptable species have declined or become locally extinct. Another possibility 

is that greater environmental changes in shallower reefs have prompted species to 

migrate to deeper waters. Although taxonomic turnover for rare species (q = 0) 

remained low at shallower depths, the higher turnover for abundant species (q = 2) 

suggests that the dominant species are more affected by environmental changes, 

potentially moving to greater depths over time. This may explain the lack of 

observed changes in q = 0 turnover at shallower depths. Notably, the higher 

taxonomic turnover at greater depths across all sites indicates broader 

environmental changes impacting these communities. In 2020, hurricanes Eta and 

Iota struck Honduras and the Bay Islands, which may have caused disruption to 

benthic and fish assemblages in shallow and the upper-mesophotic zone 



 

60 
 

(Zambrano et al., 2021). Storm damage can significantly impair the capacity of 

mesophotic habitats to serve as refuges for shallow-water communities, as found 

by Abesamis et al. (2018). In addition, rising sea surface temperatures have severely 

impacted Caribbean reefs in the past and upper-mesophotic reefs and have a lower 

bleaching threshold temperatures compared to shallower reefs (Smith et al., 2016). 

During our study period, some bleaching of corals did occur in the Bay Islands 

during the 2016 bleaching event (Muñiz-Castillo et al., 2024), However, given the 

relatively low hard coral cover at our study sites (Andradi-Brown et al., 2016), any 

impact of coral bleaching on associated fish communities this warming event may 

have caused may be limited.  

Functional turnover and dissimilarity (q = 0 and q = 2) were also generally higher in 

the upper-mesophotic compared to shallower depths. This indicates a significant 

reorganisation in the functions of species within these deeper communities over 

time. If it were that only taxonomic turnover was increasing without a corresponding 

rise in functional turnover, it would indicate that while species composition was 

shifting, the ecological roles and functions within the community remained stable 

(Loiseau et al., 2023). However, the observed increase in both taxonomic and 

functional turnover implies that deeper reef fish communities are experiencing 

changes in both species’ composition and the ecological roles they perform 

(Loiseau et al., 2023). This points to a broader ecological shift, potentially driven by 

altered benthic conditions. For instance, mesophotic benthic shifts have been 

observed in reefs off Curaçao and Bonaire, where the upper-mesophotic zone has 

experienced a marked loss of calcifying organisms and macroalgae, accompanied 

by a shift toward cyanobacterial mat dominance and increased sponge cover over 

time (de Bakker et al., 2017). Additionally, the establishment of invasive lionfish on 

MCEs has altered the functional structure of reef fish communities at depth through 

predation on herbivores, leading to increased macroalgal abundance (Lesser & 

Slattery, 2011). Consequently, the functional shifts observed over time imply that 

deeper reefs may not maintain consistent ecological functions, and at some sites 

have become more dissimilar to shallower depths, which would limit their ability to 

serve as effective refuges for the functional diversity of shallow-water communities.  
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The noticeable absence of invasive lionfish in 2022-2023, compared to several 

sightings in the upper-mesophotic zone in 2014-2015, suggests low population sizes 

around Utila. This may be due to the year-round culling efforts around Utila, 

supported by the numerous dive shops on the island. This is a promising trend, as it 

provides support that continuous culling effectively reduces lionfish populations 

(Barbour et al., 2011; Goodbody-Gringley et al., 2023). It is important to note that 

SVS surveys tend to be biased towards larger, more mobile species, potentially 

overlooking those residing within the reef structure, such as lionfish, or smaller 

species, which means I may underestimate the abundance and diversity of species 

inhabiting the reef matrix (Goetze et al., 2019). Advancements in cost-effective 

remotely operated vehicles (ROVs), bioacoustics, and eDNA could help address the 

limitations of solely using classic survey methods such as SVS. 

This work adds to the growing consensus that MCEs may not contain more stable 

communities and provide universal refugia for shallow-water communities 

(Bongaerts et al., 2017; Diaz, Foster, et al., 2023; Loiseau et al., 2023; Medeiros et 

al., 2021; Rocha et al., 2018; Slattery et al., 2024; Smith et al., 2016). One reason for 

this is that depth is not an environmental characteristic on its own; instead, it serves 

as a proxy for shifts in irradiance, temperature, and wave energy (Diaz et al., 

2023a,b; Lesser et al., 2009). Each of these factors can independently impact reef 

communities, irrespective of depth, and depending on the threat posed. For 

example, greater turbidity and localised upwellings have been shown to limit coral 

bleaching in shallow water during extremes in water temperature (Randall et al., 

2020; Sully & van Woesik, 2020; van Woesik et al., 2012).  Moreover, despite their 

importance, deep reefs are rarely prioritised in conservation strategies. While 

addressing climate threats requires large-scale reductions in greenhouse gas 

emissions, the management of localised threats, such as overfishing and pollution, 

should also explicitly include MCEs. Efforts to conserve and manage MCEs should 

therefore focus on the unique communities that inhabit these depths rather than 

their potential role as refuges for shallow-water species (Rocha et al., 2018). 

In conclusion, my findings reveal significant taxonomic and functional turnover in 

upper-mesophotic reef fish communities which is greater than experienced at 
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shallower depths. This greater variability at depth suggests that deeper fish 

communities are not necessarily more stable over time, which may mean that these 

deeper reefs are not the stable refugia the deep reef refugia hypothesis would 

predict. Instead, the extent to which deeper reefs may serve as refugia appears to 

be highly site-specific and influenced by local environmental conditions and 

stressors. These results underscore the need for targeted, site-specific 

conservation strategies to effectively conserve reef biodiversity in the face of 

ongoing environmental changes. 
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Abstract 
Across the western Atlantic, invasive lionfish (Pterois volitans and P. miles) are 

reported to be larger in deeper mesophotic coral ecosystems (MCEs: 30 - 150 m) 

than in shallow waters (< 30 m). One hypothesis for this size increase with depth is 

that lionfish undergo ontogenetic niche shifts from shallow to mesophotic habitats. 

However, most evidence supporting the ontogenetic niche shift hypothesis is based 

on the evidence that lionfish size increases with greater depth, with no studies 

specifically examining ontogenetic niche shifts throughout individual lifetimes. To 

address this gap, I conducted stable isotope analysis (δ13C and δ15N) on eye lens 

laminae from 35 lionfish caught between 5 m and 65 m depth at two sites around 

the island of Utila, Honduras. Natal isotopic niche space of lionfish varied between 

capture sites and depths, suggesting that individual lionfish do not all exploit the 

same resources early in life. δ¹³C values increased in the later life stages of lionfish, 

implying shifts in basal carbon sources of prey as lionfish grow, however, depth of 

capture did not have a direct influence on this relationship. Lionfish caught at 

greater depths generally had enriched δ¹⁵N signatures, suggesting a dietry shift to 

higher trophic levels, yet age did not have a consistent impact on this trend. 

Together, these findings do not support the hypothesis that lionfish move from 

shallow to deeper habitats as they age. The apparent lack of consistent movement 

of lionfish acorss shallow and mesophotic reefs suggests that culling efforts in 

shallow waters will not impact mesophotic populations, allowing depth to serve as 

a refuge from management. 
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3.1 Introduction 
Ontogenetic niche shifts are an ecological process in which an organism shifts its 

diet or habitat use during different stages of its development (Nakazawa, 2015; 

Rudolf, 2020; Werner & Gilliam, 1984). These shifts may be driven by changes in 

morphology, physiology and behaviour, allowing the organism to exploit different 

resources or avoid competition and predation at different life stages (Dahlgren & 

Eggleston, 2000; Kimirei et al., 2013; Mittelbach et al., 1988; Nakazawa, 2015). 

Tracking habitat and dietary shifts throughout ontogeny is important for species 

management, as conservation strategies must account for species-habitat 

relationships during critical life stages, such as natal stages or periods of 

reproductive activity (D’Amore et al., 2009; Gabler & Siemann, 2012; Galaiduk et al., 

2017). This understanding can be particularly useful in the management of non-

native species (i.e., species introduced to new regions due to human activity), as 

identifying habitat shifts during different life stages can help in assessing the 

impacts of non-natives and in developing effective control strategies. 

Native to the Indo-Pacific, invasive lionfish (Pterois volitans and P. miles) have 

spread across the western Atlantic since their initial introduction (Schofield, 2009; 

Whitfield et al., 2002). The first official sighting of lionfish in the region was in 1985, 

in the waters off Florida, likely by aquaria releases, and by 2015 they had become 

established as far south as Brazil and as far north as New York (Ferreira et al., 2015; 

Schofield, 2009). Lionfish are gape-limited opportunistic predators, meaning they 

consume a wide variety of prey, including fish, crustaceans, echinoderms and, on 

occasion, other lionfish (Acero et al., 2019; Albins & Hixon, 2013; Morris & Whitfield, 

2009; Peake et al., 2018). Their rapid spread and broad diet has resulted in declines 

in native reef fish biomass and diversity, as well as shifts in benthic community 

structure of reefs (Albins, 2015; Ballew et al., 2016; Green et al., 2012a; Lesser & 

Slattery, 2011).  

Evidence suggests that in their invaded range, lionfish are larger in body size in 

deeper habitats, specifically mesophotic coral ecosystems (MCEs: 30 -150 m 

depth), than at shallower depths (< 30 m; Andradi-Brown et al., 2017a). This pattern 

has been observed in lionfish populations in Honduras, the Gulf of Mexico, 
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Bahamas and Costa Rica (Andradi-Brown et al., 2017b). One hypothesis for this size 

increase with depth is that it is driven by ontogenetic niche shifts from shallow to 

mesophotic habitats (Andradi-Brown, 2019; Andradi-Brown et al., 2017a; Malpica-

Cruz et al., 2019). Herein I refer to this as the ‘ontogenetic niche shift hypothesis’. 

The pelagic eggs of many reef fish species settle in shallow coastal habitats like 

mangrove forests and back-reefs, where juveniles are better protected from 

predators. As they grow larger, they move to more exposed, deeper habitats where 

there is less competition and more resources (Dahlgren & Eggleston, 2000; 

Gratwicke et al., 2006; Kimirei et al., 2011, 2013; Mellin et al., 2007). Most evidence 

supporting the ontogenetic niche shift hypothesis is based on the evidence that 

lionfish size increases with greater depth (Andradi-Brown et al., 2017a).  However, 

no studies have sampled lionfish from shallow and mesophotic environments to 

specifically examine how their resource use changes with age.  

Understanding whether lionfish move to MCEs as they age could help conservation 

managers to mitigate the impact that lionfish have on reef communities (Côté & 

Smith, 2018). Current management relies largely on opportunistic culling by 

recreational SCUBA divers using hand spears and though effective in the short-term, 

this method requires constant removal of the species (Davis, 2018; Davis et al., 

2021; Johnston & Purkis, 2015). Moreover, recreational divers tend to stay above 30 

m depth, meaning that deeper lionfish are regularly missed (Andradi-Brown et al., 

2017b). Since lionfish eggs are buoyant, deep individuals may contribute to shallow 

reef recruitment, undermining culling efforts (Andradi-Brown et al., 2017a). As a 

result, whether lionfish undergo ontogenetic niche shifts has contrasting 

management implications: if they do shift across depths, targeting shallow 

individuals could also help reduce population sizes at greater depths. However, if 

lionfish do not shift across depths, deeper populations may serve as refuges, 

remaining unaffected by management efforts focused on shallower waters. 

One method to assess ontogenetic niche shifts is through the stable isotope 

analysis of an organism's tissues (Hammerschlag-Peyer et al., 2011; Layman et al., 

2012). The stable isotope ratio of carbon (13C/12C, reported as δ13C) varies among 

primary producers with different photosynthetic pathways and generally reflects the 
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broad foraging habitat of an organism (Post, 2002). The nitrogen isotope ratio 

(15N/14N, reported as δ15N) indicates trophic position and increases predictably as an 

organism moves up trophic levels (Deniro & Epstein, 1981). Recently, stable isotope 

analysis of vertebrate eye lenses has gained attention due to the ability to record 

resource use across an individual's life (Bell-Tilcock et al., 2021; Rosinski et al., 

2023; Vecchio & Peebles, 2020; Wallace et al., 2014). Eye lenses are spherical and 

grow in layers (laminae), which, once formed, become metabolically inert (Greiling 

& Clark, 2012; Wride, 2011). This means that laminae represent unchanged tissue 

samples from different life stages of an individual (Wallace et al., 2014). Interior 

laminae are formed early in the organism’s life and represent tissue from natal 

stages, while exterior laminae correspond to tissue produced most recently (Wride, 

2011). 

Isotopic analyses of eye lens laminae have been conducted in a variety of fish taxa, 

including lionfish (Harada et al., 2022; Quaeck-Davies et al., 2018; Xu et al., 2019; 

Young et al., 2022). Using lens laminae, Curtis et al. (2020) revealed invasive lionfish 

had greater resource overlap with native fish species during the early part of their life 

compared to later stages. Their study also found clear variation between lionfish 

individuals, which could be due to patterns of movement across environmental 

gradients. However, the individuals in their study were caught between 18 and 24 m 

(Curtis et al., 2020), meaning that potential ontogenetic habitat shifts across depth 

could not be explored. This depth limitation is likely due to the high logistical and 

technical requirements of safely collecting individuals at depths beyond 30 m, 

which requires advanced SCUBA training, more specialised equipment, and comes 

with greater safety risks. 

To investigate whether the size increase in invasive lionfish with greater depth can 

be attributed to ontogenetic niche shifts, as predicted by the ontogenetic niche shift 

hypothesis, I analyse the stable isotope compositions of lens laminae from lionfish 

captured at shallow and mesophotic depths. My core aim is to assess whether 

lionfish caught from different depths exhibit similar isotopic niche shifts over their 

lifetime. These shifts would be reflected by changes in the δ13C and δ15N signatures 

across the eye lens laminae. According to the hypothesis, we may expect (1) all the 
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lionfish to reside in similar conditions early in life. If so, the isotope signatures of the 

interior laminae should be similar for all individuals, regardless of the depth at 

which they were caught. The hypothesis also predicts that (2) lionfish move to 

deeper habitats as they grow older. Consequently, I expect the isotopic signatures 

of lens laminae to consistently shift with increasing lionfish age, with capture depth 

exerting a stronger influence on isotopic values in later life stages. 

3.2 Methods 

3.2.1 Study location 

Lionfish were collected from two sites around the Island of Utila, Honduras, 

between June and August 2022 (Figure 3.1). Located on the southern Mesoamerican 

Barrier Reef, Utila is one of the three main islands and 53 cays that make up the Bay 

Islands Marine National Park. One of the sites, Raggedy Cay, is on the island’s 

exposed northern shore. Reefs on the northern shore are located along a steep reef 

wall that that quickly reaches beyond 100 m depth. The other site, Black Hills, is 

located on the more sheltered southern shore and is found on a sea mount, which 

starts at a depth of 10 m and reaches over 60 m in depth. These sites were selected 

because they were one of the few locations around Utila where lionfish were able to 

be consistently found, given their low abundance (see Chapter 2). Research permits 

for the study were issued by the Instituto de Conservación Forestal (ICF), Honduras 

(Permit number: DE-MP-108-2023). 

3.2.2 Lionfish collection and dissection 

Lionfish were caught using hand spear, by divers using open-circuit SCUBA, with 

deeper individuals collected using mixed-gas. Divers swam around each site and 

caught lionfish opportunistically. The depth of capture was recorded to the nearest 

5 m, due to variations in dive computer depth estimates. All specimens were either 

put on ice and dissected within 6 hours of capture, or frozen at -20 °C and thawed 

before dissection within 2 weeks of their capture. Genetic analysis indicates that 

lionfish around Honduras are entirely P. volitans (Betancur-R. et al., 2011), so I 

assumed all individuals caught were P. volitans, though I did not confirm this 

genetically. 
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Specimens were dissected using the standardised techniques reported by Green et 

al. (2012b). For each specimen, I recorded total length (length from the tip of the 

nose to the end of the caudal fin; cm), weight (g), gape width and height (cm), and 

where possible sex and reproductive status. Female gonads were recorded as 

follows: immature, early developing, developing, spawning capable and actively 

spawning. The reproductive status of males was not assessed due to difficulties in 

reliably distinguishing between immature and spawning-capable individuals. Both 

eyes were removed from each lionfish by severing the optic nerve and surrounding 

connecting tissue. Eyes were labelled as left or right and then frozen at -20 °C. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.2.3 Eye lens delamination 

Before delamination, both eyes from a single specimen were thawed at room 

temperature for 30 minutes. Once defrosted, the lens was removed from each eye 

by creating an incision in the cornea. The lenses were rinsed in de-ionised water to 

remove surrounding eye fluid and tissue. Lens laminae were then sequentially 

peeled and removed under a dissecting microscope (Microtec Stereo Microscope) 

Figure 3.1 Lionfish collection sites around the island of Utila, Honduras. 
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using a pair of fine-tipped forceps, following the methods outlined by Wallace et al. 

(2014). Following the removal of each lamina, the lens diameter was measured at its 

widest point using an ocular micrometer, rounded to the nearest 0.05 mm. Tools 

were cleaned in deionised water and dried after each layer was removed. This 

procedure was repeated until the lens diameter reached 1 mm or less, at which 

point no further laminae could be removed (i.e., the core of the lens). Lamina 

samples were left at room temperature for 2-6 hours, until fully dried. Dried laminae 

were then ground into small pieces. Isotope values do not significantly differ 

between laminae taken from the left or right eye of the same individual (Wallace et 

al., 2014), so to obtain enough sample for analysis, I combined laminae from both 

eyes taken from the same lens diameter. Between 150−900 μg of dried material 

from each pair of laminae was wrapped in a tin capsule.  

3.2.4 Stable isotope analysis 

A continuous-flow mass spectrometer (Delta Plus XP; Thermo Scientific, Bremen, 

Germany) and elemental analyser (vario PYRO cube; Elementar, Langenselbold, 

Germany) were used to determine the isotope ratios of carbon and nitrogen from 

each lamina sample. Three internal standards (GEL, ALAGEL & GLYGEL) were used 

after every 10 samples to maintain instrumental validity. Isotope ratios were 

denoted as δ values (δ13C/ δ15N) in permil (‰) based on the Equation 3.1:  

 

δ13C or δ15N = [(Rsample/Rstandard) − 1]        (Equation 3.1) 

 

where Rsample is the respective ratio of 13C/12C or 15N/14N, Rstandard is the international 

references of Vienna PeeDee Belemnite and atmospheric N2 for carbon and 

nitrogen, respectively.  All stable isotope analyses were conducted at the National 

Environmental Isotope Facility (NEIF), based at the Scottish Universities 

Environmental Research Centre, Glasgow, UK.  
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3.2.5 Statistical analysis 

All data analysis was performed in R v. 4.2.3 (R Core Team, 2023). The non-

parametric Wilcoxon rank-sum test was used to explore differences between 

lionfish body size at the two sites. To explore the relationship between lionfish size 

and the depth at which they were captured, I ran a Bayesian linear model with body 

length as the response variable, depth of capture as a fixed effect and the site of 

capture as a random effect. To explore the relationship between lionfish body size 

and eye lens diameter, I also ran a linear model with eye lens diameter as the 

response and body length as the fixed effect. To facilitate interpretation of fixed 

effects, in both models, continuous fixed effects were standardised prior to analysis 

so that they had a mean of 0 and a standard deviation of 1.  

The isotopic composition of the lens core, representing the natal life stage of each 

individual lionfish, was analysed using the non-parametric Wilcoxon rank-sum test 

to assess differences in natal δ13C and δ15N between sites and depths. Using SIBER 

(Stable Isotope Bayesian Ellipses in R; Jackson et al., 2011), δ13C against δ15N (‰) 

ellipses were generated from the lens core isotopic values of each individual 

lionfish, grouped by their site and depth of capture. Lionfish caught at Raggedy Cay 

and Black Hills were grouped to account for potential site-specific differences. Due 

to the minimum sample size required for SIBER analysis, depth of capture was 

categorised as shallow (<30 m) or MCE (>30 m; Jackson et al., 2011). The standard 

ellipse areas (SEA) was then estimated, which represent approximately 40% of the 

data and capture the core isotopic niche, as well as SEAs corrected for small 

sample sizes (SEAc), and traditional convex hulls for individuals from the same site 

and depth zone (Layman et al., 2012). Overlap between SEAc ellipses was 

calculated as the proportion of non-overlapping area between two ellipses, and 

comparisons were made between shallow and MCE individuals within the same 

site. Ellipse sizes were compared across different sites and depths using Bayesian 

estimates of standard ellipse areas (SEAB; Jackson et al., 2011). 

Bayesian mixed models were used to explore changes in δ13C and δ15N across 

individual lifetimes. separate models were run for lionfish caught at Raggedy Cay 

and Black Hills to account for potential site-specific differences. The models for 



 

72 
 

both sites consisted of δ13C or δ15N (‰) as the response variable with eye lens 

diameter and depth as continuous fixed effects. An interaction term was included 

between the fixed effects to allow us to investigate whether isotopic trajectories 

over lionfish lifetimes differed between individuals caught at different depths. The 

predictor variables were log-transformed because previous studies (Curtis et al., 

2020), and my own initial exploratory analysis, revealed a non-linear relationship 

between the lens diameter and isotope values, which appeared logarithmic. Depth 

was log transformed to ensure the interaction term reflected how changes in the 

combination of both variables affect the response variable and aid interpretation. 

For these models, the IDs of individual lionfish were added as a random effect to 

account for the repeated measurements taken from the same individuals, thereby 

controlling for individual-specific variations in isotopic values.  

All Bayesian models were run with four chains with 2000 iterations (500 warmup) 

using weakly informative priors (mean of 0 and standard deviation of 5) and fitted 

with Gaussian error distributions using the R package brm (Bürkner, 2018) 

implemented in STAN (Stan Development Team, 2023). I assessed model 

convergence through posterior predictive checks and trace plots. All models had R-

hat values of 1.00 and effective sample sizes over 1000, demonstrating models 

converged well. Following (McElreath, 2016), I interpreted an effect estimate as 

significant if the 89% credible intervals (CrIs) did not overlap with zero.  

3.3 Results  

In total, 35 individuals were collected: 14 from Black Hills (shallow: n = 6, MCE: n = 

8) and 21 from Raggedy Cay (shallow: n = 10, MCE: n = 11; Figure S3.2). Most 

females were capable of spawning at both shallow (68%) and MCE (79%) depths. 

Lionfish at Raggedy Cay were significantly larger (26.5 ± 5.9 cm, mean ± SD) than 

those at Black Hills (22.1 ± 4.3 cm; Wilcoxon rank-sum test, W = 82, P = 0.03). A 

positive association was observed between lionfish size and the depth of capture (β 

= 2.18, 89% CrIs = 0.28 to 4.13; Figure 3.2a), with larger individuals also displaying 

greater total eye lens diameters (β = 0.65, 89% CrIs = 0.51 to 0.79; Figure 3.2b). 
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The isotopic niche of lionfish during their natal stage (based on isotopic values from 

the eye lens core) varied between sites but was not influenced strongly by depth of 

capture (Table 3.1). Natal δ13C values did not differ significantly between individuals 

caught at shallow and mesophotic depths within the same site (Wilcoxon rank-sum 

test, W = 108, P = 0.22), but were overall higher at Black Hills compared to Raggedy 

Cay (Wilcoxon rank-sum test, W = 67, P = 0.01). Natal δ15N values did not vary 

significantly across different sites or depths (Wilcoxon rank-sum test: W = 149, P = 

0.87 for sites, and W = 135, P = 0.89 for depths). The within-site overlap of SEAc 

ellipses for natal tissue from individuals caught from shallow and MCE depths was 

greater at Raggedy Cay (50.26%) than at Black Hills (19.28%; Figure 3.3a). 

Additionally, the trophic niche width (SEAB) was larger in more than 99% of Bayesian 

posterior draws at Raggedy Cay compared to Black Hills, regardless of depth (Figure 

3.3b). 

Figure 3.2 (a) Length of lionfish caught across different depths. (b) Individual lionfish size and 
the diameter of their intact eye lens (prior to delamination). The left eye lens was chosen for 
measurement. Points represent raw data. Trend line represent the expected posterior 
predictions and shaded areas show 89, 70, and 50% credible intervals (CrIs). 
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Table 3.1 Natal stable isotope values of lionfish. The convex hull total area (TA), standard 
ellipse area (SEA) and small sample size corrected SEA (SEAc) of each isotope ellipse 
grouped by site and depth of capture. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Metric Black Hills - 
Shallow 

Black Hills - 
MCE 

Raggedy Cay - 
Shallow 

Raggedy Cay - 
MCE 

δ13 ‰ 
(mean ± 

SD) 

-17.20  
(± 0.75) 

-17.61 
(± 0.40) 

-16.40 
(± 1.13) 

-16.65 
(± 1.03) 

δ15N‰ 
(mean ± 

SD) 

7.53  
(± 0.21) 

7.79  
(± 0.74) 

7.81  
(± 0.66) 

7.83  
(± 0.92) 

TA 1.17 0.62 3.97 5.47 

SEA 0.73 0.44 2.02 2.80 

SEAc 0.85 0.55 2.25 3.19 

Figure 3.3 Isotopic trophic niche of lionfish at the natal stage (i.e., from the eye lens core). (a) Natal 
isotopic values for individual lionfish (points) and standard ellipse areas corrected for small 
samples (SEAc) grouped by site and depth of capture. (b) Density plot of posterior draws from 
Bayesian standard ellipse area (SEAB), where the white crosses represent the median standard 
ellipse areas while the shaded boxed areas show 89, 70, and 50% CrIs. 



 

75 
 

Both δ¹³C and δ¹⁵N varied across the lifetimes of individual lionfish. At both sites, 

δ¹³C values increased with lens diameter (i.e., increasing age). At Raggedy Cay, 

there was a strong positive association between lens diameter at the point where 

the lamina was taken and δ¹³C values, with laminae taken at larger lens diameters 

(i.e., later life stages) exhibiting higher δ¹³C values (β = 2.51, 89% CrIs: 1.61 to 3.38; 

Figure 3.5a). Depth of capture had no significant effect on δ¹³C (CrIs overlapped 0). 

The interaction between depth of capture and lens diameter was associated with 

changes in δ¹³C values, where laminae taken at larger lens diameters (i.e., later life 

stages) corresponded to lower δ¹³C values at greater depths (β = -0.54, 89% CrIs: -

0.80 to -0.27). Similarly, at Black Hills, lamina taken at larger lens diameters showed 

an increase in δ¹³C (β = 1.57, 89% CrIs: 0.26 to 2.89; Figure 3.5a), although there 

was no strong evidence for an interaction between lens diameter and depth.  

For lionfish collected at Raggedy Cay, neither lens diameter nor depth of capture 

had a direct influence on δ¹⁵N values (CrIs overlapped 0; Figure 3.5b). There was a 

positive interaction between lens diameter and depth of capture, with laminae with 

larger lens diameters (i.e., later life stages) showing increased δ¹⁵N from individuals 

caught at greater depths (β = 0.22, 89% CrIs: 0.01 to 0.44). In contrast, at Black Hills, 

depth of capture had a strong positive effect on δ¹⁵N (β = 0.76, 89% CrIs: 0.30 to 

1.22), while neither lens diameter nor the interaction between lens diameter and 

depth of capture had a significant effect (CrIs overlapped 0; Figure 3.5b). 
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Figure 3.4 Changes in (a) δ¹³C and (b) δ¹⁵N signatures across eye lens laminae of individual 
lionfish, collected from different sites and depths. Data are plotted relative to the lens 
diameter where the lamina was taken. Smaller lens diameters correspond to the laminae 
formed during the early stages of the lionfish's life (younger), while larger diameters 
represent laminae formed at later life stages (older). Lines connecting data points indicate 
the chronological progression within the same individual lionfish. 
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Table 3.2 Results of Bayesian multiple regression analyses examining how capture depth, 
lens diameter at which the lamina was taken (i.e., age), and their interaction influence δ13C 
and δ15N. To account for site-level differences, separate models were run for individuals 
caught at Raggedy Cay and Black Hills. Pseudo-R² values were calculated using the 
bayes_R2 function from the brms package. Effects where the 89% confidence interval (CI) 
does not include 0 are highlighted in bold.  

 

 

 

 

 

 

 

            δ¹³  R2 = 0.88       

 Estimate Est.Error l-89% CI u-89% CI 
Intercept -16.20 2.07 -19.51 -12.93 
Lens diameter (log) 2.50 0.56 1.59 3.41 
Depth (log) -0.07 0.61 -1.03 0.91 
Lens Diameter (log) * Depth (log) -0.53 0.17 -0.80 -0.26 

     
            δ¹³   R2 = 0.76      

 Estimate Est.Error l-89% CI u-89% CI 
Intercept -14.63 1.78 -17.37 -11.82 
Lens diameter (log) 1.56 0.81 0.27 2.83 
Depth (log) -0.71 0.50 -1.50 0.06 
Lens Diameter (log) * Depth (log) -0.26 0.22 -0.61 0.10 

     
            δ¹⁵N  R2 = 0.83      

 Estimate Est.Error l-89% CI u-89% CI 
Intercept 7.71 1.17 5.83 9.55 
Lens diameter (log) 0.11 0.46 -0.64 0.84 
Depth (log) 0.04 0.35 -0.51 0.59 
Lens Diameter (log) * Depth (log) 0.22 0.14 0.01 0.44 

     
            δ¹⁵N  R2 = 0.86      

 Estimate Est.Error l-89% CI u-89% CI 
Intercept 5.24 1.07 3.61 6.94 
Lens diameter (log) 0.54 0.57 -0.35 1.46 
Depth (log) 0.76 0.3 0.28 1.22 
Lens Diameter (log) * Depth (log) 0.08 0.16 -0.18 0.32 
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3.4 Discussion   

 My findings show that early-life feeding habits of lionfish vary both among 

individuals and between capture sites, suggesting they do not always exploit on the 

same resources when young. As lionfish aged (indicated by larger lens diameters), 

their δ¹³C values increased, indicating shifts in their prey’s basal carbon sources. 

However, depth of capture did not have a consistent effect on this pattern. 

Moreover, lionfish caught at greater depths had higher δ¹⁵N values, indicating a shift 

to higher trophic levels, although age did not consistently influence this trend. 

Combined, these findings do not support the hypothesis that lionfish move to 

deeper habitats as they grow. The apparent lack of connectivity between lionfish 

populations at different depths suggests that culling efforts in shallow waters will 

not impact mesophotic populations, allowing depth to serve as a refuge from 

management. Therefore, targeted strategies are needed to reach deeper-dwelling 

lionfish in this culling refuge and minimise their impact on MCEs. 

The natal isotopic niche space of lionfish varied across different capture sites, 

which does not support the hypothesis that early-life resource use is similar 

regardless of capture depth. Lionfish caught at Black Hill exhibited low variation in 

their natal isotopic niche space. Being gape-limited feeders, younger and smaller 

lionfish are expected to be restricted to a smaller pool of prey species, which likely 

results in the consumption of prey at similar trophic levels and from similar basal 

source (Malpica-Cruz et al., 2019; O’Farrell et al., 2014).  However, this pattern was 

not observed in lionfish caught at Raggedy Cay, where there was greater variability 

and wider niche breadth in their natal isotopic space. This variation was driven by 

higher δ¹³C values, indicating the use of benthic carbon sources, such as algae 

(Eddy et al., 2020; Stefanoudis et al., 2019). The shallowest depth at Raggedy Cay is 

approximately 5 m, covering a wide area, whereas the shallowest depth at Black Hill 

is around 10 m and encompasses a smaller area due to its nature as a seamount. 

Therefore, the more developed shallow regions at Raggedy Cay provide younger 

lionfish with access to a broader range of basal carbon sources, both pelagic and 

benthic, leading to greater niche breadth. In contrast, the reduced shallow cover at 

Black Hill means lionfish may rely more heavily on only pelagic sources, resulting in 
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narrower niche widths. These differences may also result from variations in 

terrestrial inputs, which can affect the baseline levels of carbon and nitrogen in 

coastal marine systems (Kurle & McWhorter, 2017; McMahon et al., 2013). Raggedy 

Cay, closer to Utila's shoreline, likely receives more nutrient-rich runoff from 

pollution or natural drainage. In contrast, Black Hills, located ~1 km offshore on a 

seamount, is more isolated, reducing terrestrial nutrient input and leading to a more 

restricted trophic niche. 

For lionfish caught at both sites, δ¹³C values increased with lens diameter (i.e., 

increasing age), indicating that lionfish experience shifts in basal carbon sources as 

they grow. This aligns with the previous study by Curtis et al., (2020), which found 

δ¹³C increased logarithmically across eye lens laminae. Similar findings were also 

obtained from lionfish in the Bahamas, where larger lionfish showed increased δ¹³C 

in their muscle tissue (Malpica-Cruz et al., 2019). However, my results showed that 

depth of capture had no clear direct effect on δ¹³C at either site. Interestingly, at 

Raggedy Cay, there was evidence of an interaction whereby older lionfish (i.e., 

laminae taken at larger lens diameters) had lower δ¹³C values at greater depths. 

Considering that this pattern was not observed at Black Hills, this could reflect site-

specific movement across depth and highlights the importance of testing theory 

across multiple sites. Similar patterns have been reported in other taxa, such as 

teleosts and crustaceans around Bermuda, where δ¹³C values decrease with depth 

as carbon sources transition from benthic to more pelagic or planktonic sources 

(Eddy et al., 2020; Stefanoudis et al., 2019). This finding for Raggedy Cay could be 

due to greater prey availability on deeper parts of the reef compared to Black Hills. 

However, without data on prey abundance across depths at each site, I cannot 

attribute this finding to that process. 

 As lionfish aged, there was a clear enrichment of δ¹⁵N ; however, the influence of 

capture depth on this relationship was unclear. At Black Hills, capture depth had a 

strong positive effect on δ¹⁵N, suggesting that lionfish at greater depths fed at higher 

trophic levels. However, there was no significant interaction between age and 

depth, indicating that the increase in trophic level with depth was not linked to 

lionfish age. In contrast, at Raggedy Cay, δ¹⁵N enrichment was observed with 
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increasing age and depth, suggesting that as lionfish aged, they moved deeper and 

consumed higher trophic level species. The consistent nitrogen enrichment across 

capture depths at both sites likely indicates that lionfish prey on higher trophic level 

species at greater depths or that the mesophotic zone around Utila is naturally 

enriched in nitrogen. As depth increases, fish body size and prey trophic level tend 

to rise (Andradi-Brown et al., 2016), while macroalgal tissue δ¹⁵N has also been 

found to be higher in mesophotic depths than in shallower waters (Strait et al., 

2022). These findings therefore suggest that lionfish alter their diet at greater 

depths, likely due to a shift towards nitrogen-enriched prey, though no clear trends 

were observed across lionfish age. 

These considerations lead to a key limitation of the study - the lack of contextual 

information. I was unable to establish baseline isotopic values for prey species 

across different depths or develop an ‘isoscape’ (a map of isotope variability) 

around Utila, both of which help the interpretation of isotopic data (Bowen et al., 

2010). In 2022, I collected algae samples from shallow and mesophotic reefs at 

Raggedy Cay and Black Hills with the aim of building an isoscape. The following 

year, I planned to gather benthic and pelagic carbon sources to help contextualise 

these results. However, a 15-month delay in obtaining export permits for the initial 

set of samples, including the eyes, prevented me from collecting additional 

samples during the 2023 summer field season. For future work to effectively 

establish an isotopic baseline for lionfish across the depth gradient, the sampling of 

key primary producers and prey species at each site should be prioritised. The basal 

isotopic signatures of shallow and mesophotic food webs should be collected from 

benthic algae, such as Chlorophyta and Rhodophyta, which can serve as primary 

carbon sources (Eddy et al., 2020). To account for pelagic contributions, 

phytoplankton should also be sampled from different depths. Additionally, common 

lionfish prey species, such as shrimp and gobies (Andradi-Brown, Grey, et al., 2017), 

should be collected at shallow and mesophotic depths. These combined data 

would then be suitable to fully interpret shifts in isotopic signatures across eye lens 

chronologies.  
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A fundamental assumption of this study is that lionfish caught at specific depths 

had remained there for extended periods of time, without moving across depths 

over short periods. Evidence supporting this assumption is mixed. Using acoustic 

telemetry, Gavriel et al. (2021) reported that some lionfish consistently inhabited 

the same depth zone, whereas others moved across shallow and mesophotic 

depths on a daily basis. To address this caveat, future studies could incorporate 

fine-scale tracking data using telemetry, along with isotopic analysis, to better 

understand the vertical movement patterns of lionfish. Moreover, there is currently 

no data on the rate at which lionfish eye lens laminae grow. This information is key 

for aligning the laminae time series with specific years to examine annual and 

interannual changes in resource sources, as well as responses to major 

disturbances like bleaching events or hurricanes. 

Since there is no clear evidence that lionfish move to deeper waters as they age, to 

effectively manage their populations lionfish management efforts (i.e., culling or 

trapping) should be tailored separately for shallow and mesophotic reefs (Andradi-

Brown et al., 2017b). Due to the logistical challenges of removing lionfish from 

MCEs, culling at greater depths should focus on high-density areas, such as 

seamounts, for maximum efficiency (Goodbody-Gringley et al., 2023). Moreover, it 

is possible that the observed trend of increasing lionfish size with depth may be an 

unintended consequence of culling efforts in shallow waters, where larger 

individuals are preferentially targeted, reducing overall body size and artificially 

creating this size pattern (Andradi-Brown et al., 2017b; Frazer et al., 2012). To 

determine whether this is the cause of size patterns in invasive lionfish, future 

lionfish surveys could be conducted across different locations with comparable 

shallow reefs and mesophotic ecosystems, both in areas with and without culling 

(Andradi-Brown, 2019). 

In conclusion, my findings are not consistent with the ontogenetic niche shift 

hypothesis. This study represents a novel approach in using fish eye lenses to 

investigate ontogenetic niche shifts across depth, providing new insights. Future 

studies should prioritise the creation of isoscapes and the use of fine-scale tracking 

data to explore depth-related movements over both short and long timescales. 
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Nevertheless, the apparent lack of connectivity between lionfish populations at 

different depths suggests that culling in shallow waters does not affect mesophotic 

populations, allowing deeper areas to serve as a refuge from management. 

Therefore, targeted strategies are needed to control deeper-dwelling lionfish and 

minimise their impact on MCEs.  
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Abstract 

The three-dimensional (3D) structure of a habitat influences how prey perceive 

predation risk, yet the effect of habitat features at larger spatial scales remain 

poorly understood, especially in complex environments like coral reefs. Using 3D 

reconstructions of three Caribbean reef sites, I characterise site-level metrics such 

as field of view (extent of observable area), refuge density (density of holes), and 

rugosity (reef surface roughness). The anti-predator behaviours of damselfish, 

parrotfish, and wrasse species were then assessed at each site. The damselfish 

Stegastes adustus had shorter flight initiation distances (FID) at Sturch Bank, a site 

with a significantly greater field of view. Additionally, at Sturch Bank, S. diencaeus 

fled longer distances compared to the other two sites. In contrast, S. planifrons fled 

shorter distances into a refuge at the site with a more restricted field of view. Neither 

wrasse nor parrotfish species showed variation in escape responses across sites, 

although body size was positively correlated with both FID and distance fled. 

Moreover, the lack of significant differences in refuge availability between sites may 

reflect the ongoing decline in the fine-scale structural complexity of Caribbean coral 

reefs. Overall, these findings reveal that fish anti-predator behaviours can vary 

between sites with different levels of structural complexity, though there are 

different between species even within the same genus. By examining structural 

features at the site-level, I provide a new perspective on how reef fish behaviours 

may be influenced by structural complexity.  
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4.1 Introduction 
The three-dimensional (3D) structure of a habitat is a key factor in shaping how 

species are distributed and behave (MacArthur & MacArthur, 1961; McCoy & Bell, 

1991; Warfe & Barmuta, 2004). Habitats with greater structural complexity generally 

support higher levels of species abundance and diversity due to the increased 

availability of niches, sheltered areas, and resources (August, 1983; Ghadiri 

Khanaposhtani et al., 2012; Graham & Nash, 2013b; Gratwicke & Speight, 2005; St. 

Pierre & Kovalenko, 2014). This complexity is particularly important for predator-

prey dynamics, as different features of structural complexity can influence a prey's 

assessment of predation risk (Camp et al., 2013; Warfe & Barmuta, 2004). 

Optimal escape theory states that the escape responses of prey are influenced by a 

trade-off between the perceived risk of predation and the energetic cost of 

abandoning foraging or mating to engage in an escape response (Cooper & 

Frederick, 2007; Ydenberg & Dill, 1986). This decision-making process can be 

influenced by environmental characteristics, such as the availability of crevices or 

shelters that provide refuge from predators (Berryman & Hawkins, 2006). When 

refuges are sparse and far away, an individuals’ perceived risk of predation is 

thought to increase due to the higher energetic costs required to reach safety 

(Stankowich & Blumstein, 2005). Increased distance to the nearest refuge is 

associated with heightened risk aversion across various taxa, including birds 

(Morelli et al., 2022), mammals (Dill & Houtman, 1989), fish (Dill, 1990), and reptiles 

(Cooper, 2007). Likewise, an individual's field of view (i.e., extent of observable area 

from a given position), which can be shaped by the topography of their environment, 

is also thought to affect when individuals begin to assess predation risk (Ndaimani 

et al., 2013; Stein et al., 2022). A wider field of view allows for earlier predator 

detection, while a limited field of view delays predator recognition until the threats 

are much closer (Embar et al., 2011; Gresham et al., 2023; Mols et al., 2022). 

According to the 'flush early and avoid the rush' hypothesis, animals typically flee 

shortly after detecting a threat, thereby minimising the costs associated with 

continued vigilance (Blumstein, 2010). Evidence supporting this hypothesis has 
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been observed in birds and mammals, but it appears to be less applicable to other 

taxa, such as lizards (Samia et al., 2013).   

In reality, perceived risk is often influenced by an interaction amongst these various 

aspects of structural complexity, further mediated by biological factors. For 

instance, red deer (Cervus elaphus) displayed greater risk aversion in areas with 

very high and very low fields of view, exhibiting a preference for habitats offering an 

intermediate level of complexity (Zong et al., 2023). This preference likely comes 

from a trade-off: while deer require some degree of complexity for concealment to 

reduce predation risk, they also need open views to detect predators (Zong et al., 

2023).  Body size can have further confounding effects on this relationship (Chan et 

al., 2019). According to the asset protection principle, larger individuals, possessing 

greater energy reserves, can afford to prioritise safety in environments with many 

refuges, while smaller individuals may need to forage more frequently and accept 

higher risks due to limited resources (Wahle, 1992). For example, larger 

sticklebacks (Gasterosteus aculeatus) prioritise safety over feeding more so than 

smaller individuals due to the relatively lower energy costs associated with fleeing, 

but in areas with fewer refuges, even larger individuals need to compromise safety 

to fulfil their dietary needs (Krause et al., 2000). Defence strategies, particularly 

crypsis, can also influence predator avoidance behaviours (Samia et al., 2016). 

Species that rely on crypsis are more likely to freeze rather than flee (Møller et al., 

2019; Samia et al., 2016), and in visually complex environments, this stillness may 

further reduce detection by predators.  This underscores the interactive effects that 

different structural features and biological factors can have on anti-predator 

responses of prey, something which is yet to be explored for individuals in highly 

complex habitats, such as coral reefs. 

The architecture of a coral reef is made of a mix of hard and soft corals, sponges, 

geomorphological features, and the remnants of deceased coral colonies (Graham 

& Nash, 2013). When quantifying the structural complexity of a reef, studies often 

combine all these aspects into a single metric known as rugosity, which measures 

reef surface roughness (Luckhurst & Luckhurst, 1978; González-Rivero et al., 2017). 

Rugosity is a widely used proxy for habitat complexity; however, it may not fully 
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capture the type of features that influence fish interactions. However, few studies 

have explored other structural metrics, largely due to the logistical challenges of 

measuring these on a reef. Fortunately, recent advances in underwater 

photogrammetric technology have significantly enhanced the speed and scale at 

which researchers can assess the structural composition of a reef  (González-Rivero 

et al., 2017). 

Perceived predation risk in animals is commonly assessed by measuring their Flight 

Initiation Distance (FID), which is the distance between a stimulus and the prey at 

the onset of flight (Ydenberg & Dill, 1986). A shorter FID indicates a lower perceived 

predation risk, whereas a longer FID suggests a higher perceived risk. In reef fish 

studies, the correlation between FID and habitat structural complexity has 

predominantly been explored using rugosity as the structural metric, showing a 

positive correlation in damselfish (Quadros et al., 2019) and some species of 

wrasse (Labridae) and parrotfish (Nunes et al., 2015). A relatively underused metric 

in reef fish behaviour studies is distance fled, which measures the extent of the 

prey’s escape path and reflects their assessment of the energy required to reach 

safety (William & Blumstein, 2015; Ydenberg & Dill, 1986). Distance fled is useful for 

determining the level of perceived risk an animal faces and how far it needs to travel 

to escape predation. (Tätte et al., 2018). While this metric has been applied to 

understand escape investment in birds (Tätte et al., 2018) and lizards (Samia et al., 

2016), its use in studying perceived predation risk in reef fish has not yet been 

explored. Moreover, studies tend to assess complexity at smaller spatial scales 

rather than at site-level, potentially overlooking broader habitat characteristics that 

influence escape decisions. 

This study aims to determine how the anti-predator responses of reef fish are 

influenced by different features of habitat complexity. Firstly, I draw on the ‘flush 

early and avoid the rush’ hypothesis which suggests that individuals with a greater 

visual field will flee soon after detecting a predator to minimise the costs associated 

with continual vigilance. If true, I predict that in sites with a greater field of view, 

individual fish will (1) exhibit longer FIDs as they can detect predators earlier, and (2) 

flee shorter distances because the threat of predation will be lower. Furthermore, 
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drawing on optimal escape theory, I expect that individuals with more available 

refuge options will perceive the cost of fleeing as outweighing the risks of predation. 

I therefore predict that individuals in environments with more refuges and greater 

rugosity will (3) have shorter FIDs and (4) flee shorter distances compared to those 

in less complex environments.  

4.2 Methods 

4.2.1 Study location 

Data were collected at three fringing reef sites surrounding the island of Utila, 

Honduras (Figure 4.1). Located on the southern edge of the Mesoamerican barrier 

reef, Utila is a popular tourist destination, primarily driven by the SCUBA diving 

industry. Sites were situated on the island's sheltered southern coastline to 

facilitate access and were chosen based on a priori assumptions of differing 

structural complexity determined by preliminary visual assessments. All sites were 

separated by more than 800 m. Data were collected at 5 m depth using open-circuit 

SCUBA. All three sites are shore reefs with a spur-and-groove system. While 

community composition was not formally assessed in this study, previous work on 

Utila indicates that sites along the southern shore have similar fish taxonomic and 

trophic compositions, with low densities of invasive lionfish and piscivores at 5 m 

depth (Andradi-Brown et al., 2016; 2017). Research permits for the study were 

issued by the Instituto de Conservación Forestal (ICF), Honduras (Permit number: 

DE-MP-108-2023). 

4.2.2 Three-dimensional (3D) reef reconstructions  

I used structure-from-motion photogrammetry to model the benthic structure at 

Coral View, Little Bight, and Sturch Bank. The 3D reconstructions were conducted 

along the reef at each site, extending up to 150 m east or west of the site buoy. At 

each site, a 50 m transect tape was laid out at a depth of 5 m, with four 0.2 m scale 

markers placed at regular intervals. A diver swam 1 m above the reef, filming the 

benthos using three GoPro HERO3 cameras mounted on a straight pole at 0.5 m 

intervals to ensure effective image overlap. The cameras were angled 45° 

downward, capturing a 2 m wide area (1 m on either side of the transect tape). To 
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optimise model reconstruction and reduce computational challenges, each 50 m x 

2 m survey was divided into two 25 m x 2 m sections. In total, 12 reef transects of 25 

m x 2 m were recorded at each site.  

Video files from each camera were converted into images by extracting 3 frames per 

second using Free Video to JPG Converter v5.0.101. These images were then 

imported to Agisoft Metashape Professional Edition (AgiSoft, 2022) and 

orthomosaics rendered following the protocol outlined in Young et al. (2017). 

Orthomosaics were then converted into point clouds, scaled and rasterised into 

digital elevation models (DEMs) in CloudCompare v2.11.3 (CloudCompare, 2022). 

Resolution was ~ 3 cm per pixel. For each of the three reef sites, 12 reconstructions 

were performed along a 25 m x 2 m section, resulting in a total of 600 m2 of reef 

reconstructed for each site. All videos were recorded, and reconstructions made, 

between June and August 2022 by J.E.S.  

  

Figure 4.1. Study locations around the island of Utila, Honduras. Inset map shows 
the location of Utila relative to the Caribbean region. 
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4.2.3 Features of structural complexity 

Field of view was estimated following the protocol outlined by Oakley-Cogan et al. 

(2020). In summary, a 10 m long cross-section was generated for each 25 m 

segment of the DEM using the Terrain Profile tool in QGIS Desktop v. 3.20.3 

(QGIS.org, 2021). These cross-sections were imported and scaled in ImageJ 

(Schneider et al., 2012). At the start of the cross-section (0 m), a 1.8 m horizontal 

line was drawn toward the centre of the transect, positioned 2 cm above the 

substrate surface to represent fish eye height. While I did not measure average eye 

height in our study, this value was taken from Oakley-Cogan et al. (2020) and is a 

reasonable approximation from our study taxa. The length of the visual line was 

selected as 1.8 m based on it being the average starting distance in the anti-

predator experiments. An additional 1.8 m line was extended from the start of the 

horizontal line to the highest topographic point the angled line could reach within 

the cross-section. The angle formed by the horizontal line and the line to the highest 

elevation point was subtracted from 90 degrees, which provided the field of view 

(see Figure 4.2 for schematic). This process was repeated at 0.5 m intervals along 

the cross-section, with the horizontal line always aimed towards the centre of the 

cross section. For the central point, lines were drawn in both directions. In each 10 

m cross-section, 22 measurements were recorded and averaged, resulting in 12 

values per site (one from each 25 m x 2 m DEM).  Higher field of view values 

correspond to more open lines of site and reflect lower complexity.  

To determine the density of refuges (i.e., holes on the reef) at each site, I utilised the 

‘Hidey Hole’ function (see https://github.com/cyesson/HideyHole; Lynch, 2024). 

From the DEMs of each 25 m x 2 m transect, four 1 m² quadrats were chosen 

randomly and cropped (see Figure 4.2 for schematic). This approach was chosen to 

avoid inaccuracies due to edge irregularities in the DEMs and to reduce 

computational demand. The function analysed each cropped quadrat by examining 

each pixel's elevation relative to its surrounding neighbourhood to identify 

depressions. It calculates a local average elevation and flags pixels significantly 

lower than this average, using a user-defined depth threshold (Dagum et al., 2021). 

Identified pixels were grouped into contiguous polygons representing potential 

https://github.com/cyesson/HideyHole
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hidey holes. Here I used a depth threshold of 5 cm, 10 cm and 15 cm, respectively. 

These hole depths were chosen based on the average length of taxa assessed in this 

study, with the assumption that any larger holes would not provide a sufficient 

predation shelter. I estimated total count of 5 cm,10 cm and 15 cm holes per 1 m² 

across sites. Higher hole densities correspond to more potential refuge 

opportunities. 

Planar rugosity was calculated by dividing the geometric surface area of each DEM 

by the true surface area and then subtracting that value from one (Young et al., 

2017). For each site, I obtained 12 rugosity measurements (one from each 25 m x 2 

m DEM), where values ranged from zero to one, with higher values correspond to 

greater structural complexity.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

           

    

      
       
         
       
       

              
                    

                     

              
                
             

a

       

              
            

                                    

Figure 4.2 Schematic illustrating the process for sampling refuge density and field of view 
at each site. In each 25 m transect reconstruction (12 per site), refuge density was 
calculated following Lynch (2024), and field of view was determined using the methods 
from Oakley-Cogan et al. (2020). 
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4.2.4 Predator-response experiments 

Predator-response experiments were conducted from June 26th to July 27th, 2023. 

The experiments were conducted at the same site as the 3D transects, either east or 

west of the site buoy, extending up to 150 m in each direction. No experiments were 

conducted beyond this range, ensuring consistency in location. All experiments 

were conducted by two observers (J.S.B and J.E.S) following a standardised protocol 

to ensure consistency in data collection.  

Experiments were conducted on a total of 10 species of reef fish across three taxa: 

wrasse (Halichoeres garnoti and Halichoeres maculipinna), parrotfish (Scarus iseri, 

Scarus taeniopterus, Sparisoma aurofrenatum and Sparisoma viride), and territorial 

farming damselfish (Stegastes adustus, Stegastes diencaeus, Stegastes paritus and 

Stegastes planifrons). These species were chosen because they were common 

across all study sites and are considered prey species.  

Observers swam slowly around each site to identify focal taxa that were either 

feeding or swimming normally, and in a location that meant they could be 

approached horizontally. Before approaching, observers noted the species, visually 

estimated body size (total length in cm), determined the life stage (adult or juvenile), 

and, when in a monospecific group, counted the number of individuals. To minimise 

observer effects, both observers used identical measuring devices and practised 

estimating fish lengths using PVC pipes of various size underwater until they 

consistently fell within a 1 cm margin of the actual length. Fish length estimates 

were practised and revalidated every 2–5 days. For this study, a 'group' was defined 

as all individuals of the same species within a 1 m radius of the focal fish (Nunes et 

al., 2015). Group size was accounted for because the perception of safety is thought 

to increase with group size (Ydenberg & Dill, 1986) and may play a role in affecting 

fish escape decisions (Samia et al., 2019).   

An anti-predator response was initiated by moving a 3D printed and painted replica 

of a black grouper (Mycteroperca bonaci; 40 cm total length; Figure S4.1) mounted 

on the end of a 1 m stick (to maintain observer distance) towards the focal subject. 

This model predator, as opposed to a diver, was used to generate a more realistic 
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anti-predator response. M. bonaci was selected as previous fish community surveys 

around the island have shown M. bonaci to be present, though rare, around the 

island and to predate on a wide variety of fish taxa (Freitas et al., 2017). Due to the 

size of the model predator, individuals ≥ 25 cm were not included, as it was unlikely 

individuals of this size would be considered prey. 

All anti-predator response experiments began with the observer positioned between 

0.7-3 m from the focal individual at depths of ~5 m. The observer dropped a marker 

on the substrate directly below the point where the nose of the model predator was 

immediately before starting the experiment. The predator was then pushed 

horizontally towards the focal fish at a constant speed of an estimated 1 m/s.  The 

escape response was determined to have occurred when the focal individual’s 

swimming speed increased beyond that of the model predator’s approach speed 

(Januchowski-Hartley et al., 2011, 2012).  

After the individual’s escape, the diver dropped two more markers to indicate the 

location of both the nose of the predator model and the position of the focal prey 

individual at the moment escape was initiated (Januchowski-Hartley et al., 2011). 

The planar distance (cm) between the first and third marker was measured using a 

measuring tape and represents the starting distance, recorded because starting 

distance can influence anti-predator responses (Blumstein, 2003). The planar 

distance (cm) between the second and third markers represents the FID. Escape 

responses were categorised as either: ‘fled into open water’, where fish fled but not 

into a shelter; ‘fled into refuge’, where the fish entered a hole; ‘evade’, where the 

fish manoeuvred side to side or in and out of the reef structure; ‘none’, where no 

visible escape response was observed (adapted from Nunes et al., 2015). If the 

individual fled into open water or a refuge, a fourth marker was then dropped at the 

approximate location where the fish stopped fleeing (defined as when the focal 

individual’s swimming speed dropped below that of the model predators) or at the 

shelter it took refuge in. The planar distance between the third and fourth marker 

represents the distance fled into open water or distance to refuge, depending on the 

escape response. A shelter was considered occupied if a fish was at least partially 

inside it immediately after fleeing from the model predator. To avoid resampling the 
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same individuals, each flight experiment was conducted at least 5 m away from the 

previous FID experiment. 

The study did not involve the capture or handling of fishes, only their brief 

disturbance when initiating an escape response. Procedures were approved by the 

University of Nottingham Ethics Panel and field permits were issued by the Instituto 

de Conservacion Forestal, Honduras (permit number: DE-MP-108-2023). 

4.2.5 Statistical analysis 

Data analysis was performed in R v. 4.2.3 (R Core Team, 2023). A One-Way Analysis 

of Variance (ANOVA) was used to determine whether there were significant 

differences in the mean lengths of individuals across different sites. Levene's Test 

was conducted to assess whether the variances in field of view, rugosity, and refuge 

density were equal across sites. Since the assumption of equal variances was not 

required, a Welch's ANOVA was used to analyse the mean values of field of view, 

rugosity, and refuge density at each site. For post hoc pairwise comparisons 

between sites, the Games–Howell test, which is appropriate for data with unequal 

variances, was applied. 

If differences in complexity metrics between sites where found, Bayesian mixed-

effects models were then used to determine the effects of complexity on 

antipredator responses using the package brm (Bürkner, 2018) implemented in 

STAN (Stan Development Team, 2023). I structured the model with one of the anti-

predator behaviours (FID, distance fled, or distance to refuge) as the response 

variable and the interaction between species and site as a fixed effect. I 

acknowledge that using site as a whole creates a spatial disconnect between the 

exact location of the behavioural experiments and the complexity measurement. 

However, our goal was to assess how broader-scale complexity at each site 

influences predator-avoidance behaviours. As body length and group size are 

known to influence escape decisions, I included these as co-variates in the model. 

To facilitate interpretation of fixed effects, I standardised continuous covariates 

prior to analysis so that they had a mean of 0 and a standard deviation of 1. Models 

included investigator ID (J.S.B or J.E.S) and starting distance as random effects to 
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account for variances in measurements between investigators and the known 

influence of starting distance on anti-predator responses. Models were run 

separately for wrasse, damselfish, and parrotfish. 

In addition, I investigated the relationship between average field of view and refuge 

density across transects, examining how these values varied with transect-level 

rugosity. To model this, I employed a Bayesian linear regression using the brms 

package. In the model, either field of view or refuge density (10 cm depth holes) was 

used as the response variable, with rugosity included as a fixed effect. 

Models were run with four chains with 3000 iterations (1000 warmup) using weakly 

informative priors (mean of 0 and standard deviation of 10) and fitted with Gaussian 

error distributions. I assessed model convergence through posterior predictive 

checks, trace plots, and ensuring that R-hat values were equal to one. All models 

had R-hat values of 1.00 and effective sample sizes over 1000, demonstrating 

models converged well. I interpreted an effect estimate as significant if the 89% 

credible intervals (CrIs) did not overlap with zero (McElreath, 2016). Post-hoc 

analyses were conducted using the emmeans package in R to assess the difference 

in behavioural responses across structural complexity gradients (Lenth, 2024). I 

report estimates of posterior means and emmeans contrasts, with 89% CrIs. 

4.3 Results  

4.3.1 Structural complexity metrics across sites 
Field of view varied significantly between study sites (Welch's ANOVA, F2,17.6 = 10.99 

p < 0.01; Figure 4.3a).  Sturch Bank had a  greater field of view than Little Bight (0.80 

± 0.04 vs. 0.66 ± 0.11, mean ± std. dev) and Coral View (0.70 ± 0.12), with both 

differences being statistically significant (Games-Howell post hoc, p < 0.01 and p = 

0.04, respectively; Levene's test, F1,22  = 5.79, p = 0.03 and F1,22  = 11.01, p < 0.01). 

However, no significant difference in field of view was found between Little Bight 

and Coral View (Games-Howell post hoc, p = 0.55; Levene's test, F1,22 = 0.22, p = 

0.65). 

Rugosity also varied significantly across sites (Welch's ANOVA, F2,19.62 = 7.8 p < 0.01; 

Figure 4.3b).  Rugosity at Little Bight was greater than at Coral View (0.62 ± 0.03 vs. 
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0.53 ± 0.10; Games-Howell post hoc, p = 0.04; Levene's, F1,22 = 8.62, p <0.01) and 

Sturch Bank (0.57 ± 0.04; Games-Howell post hoc, p < 0.01; Levene's, F1,22 = 0.40, p 

= 0.53). However, no significant difference was found between Sturch Bank and 

Coral View.  

Refuge density showed no clear differences between sites (Figure 4.3c). Sturch 

Bank had the highest density of 10 cm deep refuges (48.04 refuges /m2 ± 32.50), 

followed by Little Bight (42.25 refuges /m2 ± 27.59) and Coral View (37.44 refuges 

/m2 ± 27.29), though these differences were not significant, and all showed high 

levels of variation (Welch's ANOVA, F2,93.47 = 1.49, p = 0.23).  Likewise, there were no 

significant differences in the densities of 5 cm (Welch's ANOVA, F2,93.56 = 0.77, 

p = 0.46) or 15 cm (Welch's ANOVA, F2,92.92 = 1.54, p = 0.22) refuges. The lack of 

significant differences in refuge densities meant that refuge density was not 

modelled against anti-predator behaviours. 

There was a weakly negative association between transect rugosity and field of view 

(β = -0.41; 89% CrIs = -0.83 to 0.0; Figure S4.2a) and no clear association between 

rugosity and refuge density of 5 cm, 10 cm or 15 cm depth (CrIs overlapped 0; Figure 

S4.2b).  
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Figure 4.3 Structural complexity metrics across sites. (a) Field of view, (b) rugosity, and (c) 10 cm 
refuge density. Points represent raw value. Box plots represent medians, interquartile ranges and 1.5× 
interquartile ranges (Welch's ANOVA statistical significance thresholds: ‘***’ = p < 0.01 and ‘*’ = p < 
0.05).  
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4.3.2 Anti-predator experiments 
A total of 389 individuals were assessed for anti-predator responses across the 

three sites. Most parrotfish (98.5%) and wrasse (93.9%) tested were juveniles, 

whereas most damselfish (96.6%) were adults. There were no clear differences in 

body size within species across sites (One-Way ANOVAs, p > 0.10). In response to 

the model predator, damselfish primarily fled into a refuge (65.1%), whereas 

parrotfish (80.3%) and wrasse (86.6%) mostly fled into open water. There were no 

clear differences in these behaviours between sites (see supplementary materials). 

The anti-predator responses of damselfish varied across sites and species, whereas 

those of wrasse and parrotfish remained consistent (CrIs overlapped 0). There was 

strong evidence that at Sturch Bank, Stegastes adustus had shorter flight initiation 

distances (FID) compared to Coral View and Little Bight (Figure 4.4). The FID 

difference between Coral View and Sturch Bank was 6.46 cm (89% highest posterior 

density intervals (HPDIs): 0.95 cm to 11.49 cm), equivalent to 79.46% of the species' 

average size. Similarly, the difference between Sturch Bank and Little Bight was 7.15 

cm (89% HPDIs: 0.98 cm to 12.85 cm), representing 97.95% of the species' average 

size. In contrast, no clear evidence suggested that FID differed between sites for 

other damselfish species, nor did body length or group size significantly influence 

FID in any damselfish species (CrIs overlapped 0). Irrespective of site, larger wrasse 

and parrotfish had larger FIDs (wrasse: β = 1.07, 89% CrIs = 0.00 to 3.45; parrotfish: 

β = 3.91, 89% CrIs = 1.61 to 6.19).   

There was strong evidence that S. diencaeus fled further into open water at Sturch 

Bank compared to the other two sites (Figure 4.5). At Sturch Bank, S. diencaeus fled 

an estimated 27.43 cm farther than at Little Bight and 21.96 cm farther than at Coral 

View (89% HPDIs: 13.74 cm to 40.87 cm and 9.23 cm to 33.82 cm, respectively). 

These distances correspond to 326.16% and 261.12% of the species' average body 

size. In contrast, there was no clear evidence of differences in open water escape 

distances across sites for any other species (CrIs overlapped 0). Larger parrotfish, 

however, consistently fled farther regardless of site or species (β = 8.04, 89% CrIs: 

1.93 to 14.02). 
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When fleeing into a refuge, there damselfish responses were mixed (Figure 4.6). 

There was strong evidence that S. diencaeus fled farther at Sturch Bank than at 

Little Bight (estimated difference = 9.41 cm, 89% HPDIs: 1.74 cm to 16.81 cm; 

Figure 4.6), while S. planifrons fled shorter distances (estimated difference= -6.64 

cm, 89% HPDIs: -13.42 cm to -0.53 cm). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 4.4 Flight initiation distance (FID) of damselfish species at each site. Triangles represent 
median estimates from Bayesian models using mean values of body length and group size. Lines 
represent 89 and 70% highest posterior density intervals (HPDIs). Grey points represent raw data.  
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Figure 4.5 Distance fled into open water of damselfish species at each site. Triangles represent 
median estimates from Bayesian models using mean values of body length and group size. Lines 
represent 89 and 70% highest posterior density intervals (HPDIs). Grey points represent raw data.  
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Figure 4.6 Distance fled into a refuge of damselfish species at each site. Triangles represent median 
estimates from Bayesian models using mean values of body length and group size. Lines represent 
89 and 70% highest posterior density intervals (HPDIs). Grey points represent raw data.  
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4.4 Discussion 

These results reveal that territorial damselfish species exhibit varied anti-predator 

responses between sites with significant differences in field of view and rugosity. 

Stegastes adustus had shorter FIDs at Sturch Bank, a site with significantly greater 

field of view, a result which does not align with the ‘flush early and avoid the rush’ 

hypothesis  (Blumstein, 2010). Also, at Sturch Bank, S. diencaeus fled longer 

distances compared to at the other sites, despite showing no significant differences 

in FID. In contrast, S. planifrons fled shorter distances into a refuge at the site with a 

more restricted field of view. Interestingly, neither wrasse nor parrotfish species 

showed variation in their escape responses across sites, although body size was 

positively correlated with both FID and distance fled. Furthermore, the lack of 

significant differences in refuge availability between sites may reflect the ongoing 

decline in the fine-scale structural complexity of Caribbean coral reefs (Alvarez-Filip 

et al., 2009; Alvarez-Filip et al., 2011b). Overall, these findings highlight species-

specific differences in anti-predator behaviours between sites of differing 

complexity, even within the same genus. By looking at structural metrics across 

entire sites, a scale not previously used to study behaviour, I offer a new perspective 

on how reef fish respond to habitat complexity. 

The territorial farming damselfish S. adustus exhibited shorter FIDs at Sturch Bank, 

where the field of view was significantly greater than at the other two sites. 

According to the ‘flush early and avoid the rush’ hypothesis, FIDs should be longer in 

areas with greater visibility (Blumstein, 2010).  However, this finding aligns more 

closely with what may be predicted by Optimal Escape Theory, as a greater field of 

view would allow S. adustus to detect predators earlier, which would reduce 

perceived risk and, consequently, reduce FID distance. As a species that invests 

significant time and energy in maintaining and defending turf algae patches, their 

primary food source, against competitors, S. adustus faces trade-offs between 

predator avoidance and resource protection (McDougall & Kramer, 2007; Sheppard 

et al., 2024). Fleeing too soon after detecting a predator could lead to resource loss, 

so delaying escape may be a cost-effective strategy to minimise this risk (Samia et 

al., 2013). Moreover, the lack of an body length-FID relationship in damselfish 
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territories might be because these species have their own algal farms and a secure 

food source, so even smaller individuals do not need to forage more frequently or 

accept higher risks due to limited resources compared to larger individuals (Wahle, 

1992). It remains unclear why only S. adustus exhibited differences in FID across 

sites, while other Stegastes species, which also farm and defend algal territories, 

did not. Although S. adustus are generally larger than the other species, there was 

no strong evidence that size influenced FID of damselfish. One possible explanation 

is that S. adustus eggs are more concealed compared to those of species like S. 

diencaeus, whose eggs are naturally more exposed (Little et al., 2013). In areas with 

greater visibility, they can detect predators earlier and may not need to flee as 

quickly, allowing them to remain near their eggs longer for protection. 

The distance fled by territorial damselfish also differed at Sturch Bank. S. diencaeus 

invested more in their escape and fled further at Sturch Bank, which suggests that 

the increased field of view may heighten their perception of predation risk in open 

water. Once escape response is initiated, individuals may perceive a greater risk in 

open water due to increased visibility to predators, meaning they extend their fleeing 

distance to avoid exposure and reach a safer location or distance. In contrast, when 

fleeing into a refuge, S. planifrons fled shorter distances Sturch Bank. This could be 

because the greater field of view allowed S. planifrons to detect predators earlier, so 

begin move closer to their refuge before fully initiating flight. As a result, when they 

do flee, they are already closer to shelter, reducing the need for a prolonged escape. 

Lower field of view is strong predictor of S. planifrons abundance (González-Rivero 

et al., 2017) as it provides visual escape from predators. The shorter fleeing distance 

observed in sites with a greater field of view may reflect the fact that the increased 

visibility allows S. planifrons to detect threats earlier, giving them more time to 

reach shelter quickly and avoid the need for prolonged escapes. 

These findings highlight species-specific differences in anti-predator behaviours 

between sites of differing complexity, even within the same genus. All damselfish 

species in this study are territorial and defend their algal patches from intruders. 

This requires constant vigilance to detect predators early to efficiently manage their 

energy resources, something that might be species-specific. These species-specific 
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differences in relation to structural complexity could be due a host of biotic 

considerations not accounted for in the present study. For instance, species that 

rely more on crypsis may flee from a predator a shorter distance, particularly in 

environments with a greater field of view where they can detect predators earlier, 

while species that have less reliance on crypsis may exhibit quicker escape 

responses. While the damselfish species here do not rely on crypsis, they may differ 

in other aspects such as swimming or visual ability. Nevertheless, as reef 

complexity declines in the Caribbean, these results suggest that different species of 

damselfish may adopt varying anti-predator behaviours. As a result, shifts in the 

anti-predator behaviours of some species could alter competitive dynamics 

between damselfish species, potentially changing the 'landscape of fear' they 

create. This, in turn, could affect the grazing patterns and distribution of herbivores. 

Differences in escape responses among Stegastes species appear to be most 

closely linked to field of view, as the site with the greatest field of view also exhibited 

the most variation in anti-predator behaviours. This suggests that visibility plays a 

key role in shaping escape responses. However, rugosity also varied across sites, 

with Little Bight exhibiting greater rugosity than both Sturch Bank and Coral View. 

Despite this variation, I found no clear difference in escape responses at Little Bight 

compared to the other sites. This is in contrast with previous studies that identified 

an inverse relationship between reef fish FID and rugosity (Burghart et al., 2023; 

Chan et al., 2019; Quadros et al., 2019). While both rugosity and field of view reflect 

elevation gradients across the reef, our results indicate that these factors are not 

strongly correlated. This highlights that relying solely on rugosity as a measure of 

structural complexity may miss ecologically relevant aspects of structure. Instead, 

incorporating multiple metrics such as field of view and refuge availability can 

provide a more comprehensive understanding of how habitat structure influences 

escape responses and predator-prey dynamics. 

The anti-predator responses of wrasse and parrotfish species did not appear to 

differ between sites of differing complexity. Similar findings were reported by 

Stamoulis et al. (2019), who suggested that this lack of variation may be due to the 

roaming, opportunistic feeding strategies of these species. As continuous foragers, 
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wrasse and parrotfish are constantly on the move and less reliant on specific 

structural features for protection or resource acquisition (Nunes et al., 2015). This 

mobility may reduce the influence of habitat structure on their escape responses 

compared to more site-attached species. Additionally, a positive correlation 

between body size and FID in both wrasse and parrotfish, supporting the asset-

protection principle (Clark, 1994). However, this relationship remained consistent 

across sites, suggesting that the influence of body size on FID is a general trait in 

these taxa rather than one shaped by localised environmental differences. 

Refuge density was similar across all three sites, likely reflecting the long-term 

decline in the fine-scale structural complexity of Caribbean coral reefs due to 

repeated bleaching events, disease outbreaks, and extreme weather (Alvarez-Filip 

et al., 2009; Alvarez-Filip et al., 2011b). The remaining hard structural complexity 

now stems from slow-growing massive corals like Montastrea spp., small weedy 

corals like Porites spp., and the eroded remnants of dead corals (Alvarez-Filip et al., 

2011a). These contribute less to the 3D structure compared to the once common 

major reef-forming corals, Acropora spp. and Orbicella spp., which are in decline 

across the region (Alvarez-Filip et al., 2011a; Perry et al., 2015). The reduced number 

of refuges impact small fish which rely on them for predator avoidance, while larger 

fish are less dependent on such complexity, potentially affecting smaller 

individuals’ survival rates and overall fish community structure (Rogers et al., 2014). 

It is important to note that the lack of significant difference in refuge density among 

the sites in this study might be due to the large spatial scale of the 3D 

reconstructions, which may not have had fine enough resolution. This could mask 

localised variations in refuge density that are relevant to the immediate risk 

perception and escape behaviours of the study taxa. Additionally, photogrammetry 

does not accurately represent soft corals that sway in the water, such as 

gorgonians, which are common in the Caribbean. These soft features may still 

provide refuges and influence behaviours, but measuring them requires other 

techniques, such as in-situ counts, and could be a valuable area for future research. 

It is important to recognise that species-specific associations with structural 

complexity may operate at different spatial scales (González-Rivero et al., 2017, 
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2017). In this study, I examined site-level differences, a broader spatial approach 

that has not been previously explored in relation to behaviours, providing a wider 

perspective on species’ responses to habitat complexity. However, this approach 

introduced a spatial disconnect between the structural complexity measurements 

and the precise locations where behavioural observations were conducted. In 

contrast, previous studies have focused on measuring complexity at the exact sites 

of anti-predator experiments, offering insight into highly localised responses of reef 

fish (Nunes et al., 2015a; Quadros et al., 2019). Future research could integrate both 

approaches, combining fine-scale complexity assessments with broader site-level 

analyses. This would provide a more comprehensive understanding of how changes 

in habitat structure and behavioural traits influence predator-prey dynamics over a 

larger spatial scale, aiming to determine whether these patterns are consistent 

across all habitats or depend on specific contexts (Keith et al., 2023). 

To elicit more natural responses, I used a model grouper predator. While this 

method is more realistic visually compared to a diver, prey also rely on other 

sensory cues. Sound, movement and olfaction can also play a critical roles in how 

fish perceive threats and therefore influence anti-predator responses (Ladich, 2019; 

McCormick & Manassa, 2008). Diver presence, such as bubbles from SCUBA 

equipment and diver movement, may contribute to altered behaviours (Branconi et 

al., 2019; Pereira et al., 2016). While I controlled for these factors as much as 

possible by approaching individual fish at consistent angles and using a pole-

mounted model, there is still potential for unintended influence on escape 

behaviour. Future research could further refine these methodologies by 

incorporating multi-sensory predator cues or exploring responses against model 

predators versus inanimate objects. 

Altered habitat structure is being observed across a wide range of habitats in all 

biomes (Ehbrecht et al., 2021; Ferrari et al., 2016). These changes may include the 

loss of structural features (Alvarez-Filip et al., 2009; Melis et al., 2019) or increased 

complexity through ecosystem restoration initiatives in terrestrial and aquatic 

environments (Chamberlain et al., 2021; Loke et al., 2015; Yanovski & Abelson, 

2019). Such changes will inevitably influence species’ abundance, distributions and 
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predator-prey interactions. This study highlights the nuanced relationship between 

structural complexity and anti-predator behaviour of reef fish. While some 

responses align with theories such as optimal escape theory, others do not. 

Therefore, when applying these theories, it is important to consider the relevant 

aspects of complexity and the ecology of individual species. Additionally, broader 

site-level metrics should be used alongside more localised experiments to gain a 

better understanding of how changes in structural complexity influence predator-

prey dynamics on larger spatial scales. 
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General conclusion  

5.1 Overview  

My thesis furthers our understanding of the role of refuges in coral reef ecosystems 

and biological invasions. By synthesising the literature on refuges in biological 

invasions, I first demonstrate that refuge-mediated processes are widely reported in 

shaping interactions between native and non-native species, with similar patterns 

observed across various biomes. Second, I show that deeper habitats may not 

universally act as refuges for shallow-water reef fish communities. In fact, at my 

study site, upper-MCE fish communities exhibited more significant changes over 

time compared to their shallower counterparts, which is not consistent with 

predictions of the deep reef refugia hypothesis. Third, I find no clear evidence that 

invasive lionfish undergo ontogenetic niche shifts across depths, suggesting that 

culling in shallow waters is unlikely to affect deeper populations. This implies that 

MCEs may serve as refuges from shallow-water management efforts for controlling 

this invasive species. Finally, I show that some species of reef fish may adjust their 

anti-predator behaviour based on site-level structural complexity and that 

incorporating additional habitat metrics beyond rugosity can offer deeper insights 

into predator-prey behaviours. Overall, this research provides new insights into the 

direct and indirect effects of refuges on coral reef communities and biological 

invasions, emphasising the need to incorporate refuges into future conservation 

strategies. 

When assessing depths refuges on reefs, perhaps the most important point to 

consider is that depth is not an environmental factor on its own. Rather, it is a proxy 

for changes in irradiance, temperature, wave energy, and habitat structure (Diaz et 

al., 2023a; Lesser et al., 2009). Therefore, using depth alone to assess refuge 

potential will inevitably overlook the factors driving community stability across 

depth and oversimplify what is in fact a dynamic variable. For instance, Chapter 2 

suggests that mesophotic fish communities at sites with more continuous 

mesophotic habitats and greater maximum depths may experience less variation 

over time. More connected habitats enable species to move freely across the depth 
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gradient, accessing resources like shelter and food, which fosters the development 

of deeper communities with similar taxonomic and functional diversity as shallower 

reefs, thereby increasing their stability and refuge potential (Abesamis et al., 2018; 

Slattery et al., 2018). Studivan and Voss (2018) found that Montastraea cavernosa 

had greater refuge potential where continuous hard substrate extended into deeper 

waters, supporting the deep reef refugia hypothesis by allowing individuals to 

establish at greater depths, where they could survive disturbances and later 

repopulate shallower zones. However, in areas with fragmented vertical habitats or 

limited maximum depth, this connectivity weakens, preventing the establishment of 

deeper individuals and reducing the refuge potential of greater depths (Serrano et 

al., 2014). In a similar sense, at Raggedy Cay, where more continuous vertical 

habitat exists, lionfish appeared to utilise greater depths for feeding (Chapter 3). At 

this site, deeper-dwelling lionfish could be missed during shallow-water culling 

efforts, suggesting that at this site, increased depth may act as a refuge from 

management strategies (Andradi-Brown, 2019). At other sites with more fragmented 

vertical habitats and shallower maximum depths, lionfish may be unable to move to 

greater depths as they grow, meaning deeper waters will not provide refuge from 

culling.  

A similar concept can be found in terrestrial systems. In mountainous 

environments, higher elevations are sometimes considered refuges for plants and 

animals facing stressors in lowland areas, such as deforestation and climatic 

extremes (Ekberzade et al., 2024; Hardy et al., 2010; Selwood & Zimmer, 2020). 

However, the capacity of these high-altitude areas to serve as effective refuges 

depends on the amount of available land at higher elevations and the degree of 

habitat connectivity between lowland and highland regions, which facilitates 

species movement (Hardy et al., 2010; Kleijn et al., 2020). This highlights the main 

limitation in relying solely on one environmental factor, such as altitude or depth, to 

evaluate an areas refuge potential. Instead, the effectiveness of a refuge is often 

determined by a complex interaction of multiple factors, including habitat structure, 

connectivity, resource availability, and the mobility of species (Berryman & 

Hawkins, 2006; Selwood & Zimmer, 2020).  
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To mitigate the effects of anthropogenic stressors on ecosystems, prioritising the 

conservation and management of refuges areas could be an effective strategy 

(Selwood & Zimmer, 2020). Heterogeneous environments offer a range of abiotic 

conditions that allow populations or individuals to find refuge from both biotic and 

abiotic stressors (Chapters 1 and 4). Therefore, protected areas should encompass 

diverse habitats to give species the opportunity to persist and recover, increasing 

their ability to withstand and adapt to environmental challenges (Chretien & 

Chapman, 2016). Refuges should not be conserved in isolation but integrated into a 

broader network of interconnected habitats, enabling species to move, retreat 

during periods of stress, and expand when conditions improve (Boon et al., 2023; 

Shaw, 2016). Connectivity between areas is therefore vital, as it supports 

recolonisation and enhances population viability (Selwood & Zimmer, 2020). Yet, 

many conservation policies currently treat habitats as isolated units, such as coral 

reefs or MCEs, rather than as part of an interconnected system (Erdős et al., 2018). 

While individual habitats have their own intrinsic value, protecting the full 

environmental mosaic is essential to ensure the survival of species and the 

maintenance of ecosystem functions in the face of rapid environmental change. 

5.2 Future research directions  

Continuous benthic habitat spanning shallow and mesophotic reefs may contribute 

to the stability of coral reef communities (Chapter 2). Gaining a deeper 

understanding of how habitat structure and connectivity across different depths 

influence community stability, particularly at mesophotic levels, could provide 

valuable insights into coral reef resilience (Slattery et al., 2024). To achieve this, 

integrating technologies such as 3D photogrammetry and ROVs to allow large scale 

mapping at depth alongside fish community surveys could be useful. These 

methods can help identify areas where deeper reefs offer greater refuge potential, 

aiding in the strategic planning of marine protected areas. Nevertheless, it is crucial 

to recognise that mesophotic habitats are not only important as potential refuges 

but are also unique ecosystems in their own right, deserving focused conservation 

efforts (Rocha et al., 2018). 
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Many ecosystems, including coral reefs, have experienced prolonged declines in 

structural complexity (Alvarez-Filip et al., 2009; Alvarez-Filip, Gill, et al., 2011a). As a 

result, restoration projects have become increasingly common that aim to restore 

structural features and promote biodiversity (Boström-Einarsson et al., 2020). In 

coral reef restoration for example, this is often achieved by adding wire frames or 

concrete blocks with young corals attached to them, to the benthos (Boström-

Einarsson et al., 2020). However, this approach can overlook how the introduced 

structures influence species distribution and behaviour. Simply increasing 

complexity without considering species interactions may inadvertently attract pests 

(Cano et al., 2021) or non-native species (Boon et al., 2023; Bulleri & Airoldi, 2005). 

Therefore, effective restoration requires understanding which structural features 

best mediate key species interactions, such as predator-prey (Chapter 4) or 

competitive dynamics. For instance, restoring a reef at a uniform level could create 

a wide, open field of view, altering predator avoidance behaviours in some, but not 

all, species (Chapter 4). This in turn could affect overall species dynamics and 

potentially reduce the effectiveness of the restoration effort.  

Lastly, the term 'refuge' is used broadly and interpreted in various ways in literature 

and policy. In this thesis, I used the definition established by Keppel et al. (2012), 

but I believe there is a need for more precise descriptions when studying and 

reporting refuges. In the context of depth refuges on reefs, Bongaerts & Smith (2019) 

developed a framework which distinguished refuges in terms of level of protection 

and the timescale over which they offer this protection. Like Keppel et al. (2012), 

Bongaerts & Smith (2019) described a ‘refuge’ as providing short-term shelter from 

disturbances, and a ‘refugium’ as offering much longer-term protection. They also 

propose designating certain refuges as ‘resilience areas’, which are places that 

support communities capable of remaining resilient over the long term, either 

through resistance to disturbances or rapid recovery. Additionally, they advocate for 

terms like ‘reseeding potential’, referring to refuge populations that contribute 

recruits to help restore disturbed areas, and ‘local persistence areas’, which protect 

species without necessarily aiding population recovery.  These concepts and terms 

are clearly applicable to all environments and ecological contexts, providing a more 
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accurate way to identify and define the specific functions of what we currently refer 

to broadly as refuges. Providing clearer descriptions and established definitions like 

these could help guide more effective conservation practices and enhance clarity 

for policymakers.  

5.3 Concluding remarks  

In conclusion, my thesis advances our understanding of the role that refuges play in 

coral reef ecosystems and biological invasions. By examining refuge functions 

across all ecological levels, from individuals to communities, my thesis highlights 

how this fundamental ecological feature influences species interactions and 

promotes community stability. I advocate for more precise descriptions when 

studying and reporting refuges, as well as for greater recognition of their capacity to 

improve the effectiveness of conservation initiatives. 
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Appendix A: Supplementary material 
 

Chapter 1 Supplementary material 
 

Table S1.1 Full list of studies included in the review. Including data extracted from 
each study. 

Please follow this link and see Supporting Information at the bottom of the page for the full 
dataset:  https://onlinelibrary.wiley.com/doi/full/10.1111/geb.13701  
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Chapter 2 Supplementary material 
 

Table S2.1 Number of SVS transects at each site and depth in 2014-2015. 

 Coral View Little Bight Raggedy Cay Rocky Point The Maze 

5 m 10 10 4 4 10 

15 m 9 10 4 4 10 

25 m 8 8 4 4 8 

40 m 7 7 4 4 8 

 

 

Table S2.2 Number of SVS transects at each site and depth in 2022-2023. 

 Coral View Little Bight Raggedy Cay Rocky Point The Maze 

5 m 12 12 12 12 12 

15 m 2 12 12 12 12 

25 m 8 8 8 8 8 

40 m 1 1 7 6 7 
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Chapter 3 Supplementary material 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S3.1 Lionfish eye lens before delamination (left) and individual laminae from the 
lens after delamination (right). 

3.5mm 

Figure S3.2 Depths at which lionfish were captured at each site.  
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Chapter 4 Supplementary material 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S4.1 Model Mycteroperca bonaci used in predator-response experiments. 45 cm total 
length. Manufactured by 3d-consultancy.com.  

Figure S4.2 The relationship between rugosity and (a) field of view and (b) 10 cm refuge 
density (points are raw data, line represents conditional effect, and shading indicates 
89% CrIs). 
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