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Abstract 

Cryptic species are morphologically alike, despite being genetically distinct. Cryptic species 

targeted by commercial and recreational fishers pose several challenges to biological and 

ecological studies and fishery assessments. Firstly, accurate species identification is critical 

for fisheries assessments. However, studies on cryptic species are confronted by the difficulties 

of visually distinguishing the species. Alternatively, accurate identification can be achieved 

using DNA barcoding. However, it is time-consuming and expensive. Secondly, 

understanding the niche of cryptic fishes, including diet and habitat requirements, is important 

in order to optimise ecosystem-based fisheries management strategies. However, based on the 

ecomorphology theory, the more similar the morphology is, the more similar the ecology and 

niche requirements are. Therefore, species-specific niche and partitioning patterns between 

cryptic species can be subtle and hard to detect. Thirdly, ecological studies are challenged by 

the complex life cycle of teleosts as niche requirements may differ for each life stage. Our 

understanding of juvenile fish ecology is particularly limited, possibly owing to difficulties of 

collecting samples of juvenile fish and identifying small-sized diet items. In order to overcome 

these challenges, I assessed the morphology and ecology of cryptic teleost species which have 

high value to commercial and recreational fishers in Australia.  

Morphometric analyses on otoliths were conducted to validate the development of a robust, 

cost-effective species identification tool for nine teleost species from four genera 

(Centroberyx, Lethrinus, Polyprion and Sillago) that are morphologically alike within each 

genus (Chapter 2). The multivariate morphometric models provided very high correct species 

prediction rates (92.5-99.9%) for all genera. Size distribution of misclassified specimens was 

notably smaller than those of correctly classified specimens, indicating lower species 

predictive power for juveniles. Therefore, in the following chapter, I performed additional 

morphometric analyses on the cryptic juveniles of Lutjanus erythropterus and L. malabaricus 

using not only otolith, but also body morphometric variables (Chapter 3). The most 

parsimonious multivariate models achieved the correct species prediction at rates of 98.81% 

and 84.88% using body and otolith variables respectively. The findings from Chapters 2 and 

3 highlighted the robustness of otolith and body morphometric approaches to discriminate 

between adult and juvenile, cryptic teleost species. 

In order to understand diet requirements and niche partitioning patterns between the species 

and life stages of cryptic species, DNA metabarcoding dietary studies were performed on L. 

erythropterus and L. malabaricus. Predator-specific blocking primers were developed and 

polymerase chain reaction protocols were optimised in order to suppress the dominant predator 



 iii 

DNA (Lutjanus spp.) and amplify highly degraded prey-DNA during PCR (Chapter 4). A total 

of 37 prey taxa from six phyla were identified using the blocking primers and a series of taxa-

specific and universal primers, revealing significant diet partitioning patterns between each 

species and their life stages (Chapter 5).  

Spatial distribution range and essential fish habitats of L. erythropterus and L. malabaricus 

were assessed using a dataset comprising 19,784 individual Baited Remote Underwater Video 

systems collected from across Australia (Chapter 6). Using species distribution models, I 

identified the length-specific essential fish habitats of these species, indicating clear 

ontogenetic migration patterns from inshore to offshore mesophotic waters. This study also 

suggested differences in size distribution and schooling behaviours between the species. These 

findings are likely to be associated with the diet partitioning patterns between species and life 

stages identified in Chapter 5.  

By combining the morphological and ecological data, I discussed evolutionary mechanisms 

and specialized adaptation required for the cryptic Lutjanus species to coexist within an 

ecosystem. Species-specific niche requirements may imply different susceptibility to fisheries 

and changing environment including habitat degradation, suggesting the importance of 

conducting species-specific fishery assessment and management for cryptic species. Length-

specific distribution predictive maps provided key information to identify management 

strategies, such as no-take marine reserves, seasonal closures and restrictions of certain fishing 

gears (i.e. trawls), on nursery grounds to enhance the survival of vulnerable juveniles. 
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Chapter 1 General introduction 

1.1 Background and rationale 

1.1.1 Ecological theories and cryptic species  

The ecological principle of competitive exclusion was first presented by Charles Darwin in 

the nineteenth century (Darwin, 1859), and has evolved into the concept of “the ecological 

niche”. Complete competitors cannot coexist. However, niche partitioning is the fundamental 

process that allows species to coexist within the same ecosystem or habitat (Diamond, 1978; 

Gause, 1934; Hardin, 1960). Niche partitioning can drive ancestral populations to diverge 

phenotypically into distinct species. This process is known as ecological speciation (Rundle 

& Nosil, 2005; Schluter, 2000; Stroud & Losos, 2016).  

Morphologically cryptic species (hereafter, cryptic species) are organisms that lack 

distinguishing morphological characters between them. Evolutionary mechanisms leading to 

morphological similarity vary on a species-by-species basis (see Fišer et al., 2018). 

Advancement in molecular delimitation methods has resulted in a significant acceleration in 

the identification of cryptic species (Bickford et al., 2007; Bucklin et al., 2011; Collins & 

Paskewitz, 1996; Palumbi, 1994). For example, on average, 2% of fish species examined in a 

large-scale DNA barcoding study have been revealed to be new cryptic teleost species 

(Bucklin et al., 2011). An example of such studies includes the Fishes of Australia, where 207 

species were barcoded and 5 new cryptic species were discovered (Ward et al., 2005). Given 

this rate of new species detection, up to 600 cryptic fish species may be discovered in marine 

and freshwater systems through similar studies (Bucklin et al., 2011). 

A number of detailed ecological studies on cryptic species have identified different ecological 

requirements along one or more dimensions such as food, time and space (Fišer et al., 2018). 

Such information can disentangle not only the ecology (i.e. evolutionary causality of 

speciation and mechanisms of coexistence), but also the susceptibility to environmental and 

biological factors across a range of cryptic species. This is likely to benefit biodiversity 

conservation and sustainable fisheries management initiatives (Bickford et al., 2007; Fišer et 

al., 2018). 



 2 

1.1.2 Diverse marine ecosystems and fishery 

management 

The number of species of marine fish is estimated to be approximately 15,000 globally (Vega 

& Wiens, 2012), with the diversity increasing closer to the equator (Manel et al., 2020; Sale, 

1978). In such diverse marine ecosystems, there is often partitioning of resources (i.e. food 

and habitat) between sympatric and/or cryptic species (Haak et al., 2019; Longenecker, 2007; 

Nagelkerken et al., 2009; Prochazka, 1998). Niche partitioning within reef fish of the same 

species between the different life history stages is also a common strategy to minimise intra-

specific competition (Dahlgren & Eggleston, 2000). Examples include life cycle migrations 

(i.e. from shallow to deep reefs as juveniles grow to adults) (Fry et al., 2009; Mumby, 2006; 

Nakamura et al., 2008; Williams & Russ, 1994) and ontogenetic dietary shifts (Rooker, 1995; 

Usmar, 2012; Wells et al., 2008). The corresponding patterns of habitat and diet partitioning 

between life history stages suggest that ontogenetic migration is based not only on finding a 

refuge from predation, but also for accessing food resources (Cocheret de la Morinière et al., 

2003; Szedlmayer & Lee, 2004). 

Fish communities provide fundamental ecosystem services, such as regulating the population 

dynamics of prey species and other sources of food and nutrient availability (Holmlund & 

Hammer, 1999), and maintaining ecosystem health (Elmqvist et al., 2003). Fish are also a vital 

source of food and livelihood to people, particularly in the fisheries sector that provides 

employment to 12.3 million full-time fishers, or part-time or full-time processors, and 16.7% 

of the animal protein consumed by the global population (FAO, 2014). In many parts of the 

world fish diversity, abundance, size structure and biomass are negatively impacted by 

anthropogenic factors, such as pollution, habitat degradation, fisheries and climate change 

(Duffy et al., 2016; Moberg & Folke, 1999; Tittensor et al., 2007, 2010). Effective 

management is crucial to sustain or recover fish populations and ecosystem functions (Hilborn 

et al., 2001; Moore et al., 2016; Worm et al., 2009). 

For targeted fishes, fishery assessments based upon life history traits, reproduction patterns 

and stock structure are widely conducted to determine effective management strategies such 

as quotas (catch, effort), size regulations and seasonal closures (Methot & Wetzel, 2013; 

Newman et al., 2000, 2016). In addition to such management based on single-species models, 

ecosystem-based fisheries management (EBFM) is also strongly advocated and, in some cases, 

even mandated (Latour et al., 2003; NOAA, 1996). The objectives of EBFM include 

conserving biodiversity and ecosystem services, simultaneously optimising the yield of either 

single or multiple species, and long-term economic viability (Link, 2002). These can be 

achieved through various management approaches that include spatial closures and 
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prohibitions of destructive fishing methods (i.e. explosives, trawling) (Barnette, 2001). 

Identifying the distributional range, essential fish habitats (EFHs) and diet requirements of key 

species is a critical step for effective EBFM frameworks (Ciannelli et al., 2008; Moore et al., 

2016; Thrush & Dayton, 2010). Given the complex inter- and intra-specific interactions of 

teleosts, it is important to understand different niche requirements and the susceptibility to 

various impacts for each species and life-history stage, and take them into account within 

EBFM strategies (Fišer et al., 2018; Piggott et al., 2020). 

1.1.3 Challenges and research needs 

1.1.3.1 Identification of cryptic species 

Accurate identification of a species is fundamental in biology, ecology and conservation (Hey 

et al., 2003). While it is typically determined using morphological characteristics, 

identification of morphologically cryptic species often requires DNA barcoding (Fišer et al., 

2018; Sievers et al., 2020), which necessitates a large amount of investigative time, is 

relatively expensive, and cannot be conducted in the field. Specimens for fishery assessments 

are commonly obtained from commercial fishers after being filleted in order to obtain size, 

age and reproductive information. Often the specimens are not fresh and have lost some of 

their phenotypic traits such as eye colour, body shape and body colouration. This contributes 

to the process of species identification being increasingly more difficult and inaccurate. For 

these reasons, biological and ecological studies, and fishery assessments of cryptic species can 

be confounded by incorrect identification. This can be problematic because vulnerability to 

fishery and environmental impacts are likely to vary between species due to the partitioning 

of niches required for coexistence. Therefore, a robust, simple identification tool is required 

to underpin species-specific biological, ecological and fishery assessments. 

1.1.3.2 Needs for high resolution studies 

The more similar the coexisting species are, the more intensively they compete (Nagelkerken 

et al., 2009; Prochazka, 1998; Razgour et al., 2011; Sale, 1974; Scriven et al., 2016; Wang et 

al., 2005). Furthermore, the more similar the morphology is, the more similar the ecology and 

niche requirements are. This ecomorphology theory describes the diet choice of teleosts being 

constrained and shaped by body morphology such as jaw structure, dentition and body size 

(Hulsey & León, 2005; Meyer, 1989; Wainwright & Richard, 1995). Based on this theory, 

niche partitioning is especially relevant among morphologically cryptic species, but the 

differentiation can be subtle and difficult to detect. For instance, high levels of dietary overlap 

between sympatric butterflyfishes (family Chaetodontidae) were identified using an in-situ 

feeding observation method and stable isotope analyses, whereas clear diet partitioning was 
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detected by visually examining their gut contents (Cox, 1994; Nagelkerken et al., 2009; 

Pratchett, 2005). These conflicting results suggest that some dietary analysis methods may 

lack the resolution needed to detect distinct, and sometimes subtle, differences in diet 

composition (Nagelkerken et al., 2009; Pompanon et al., 2012). Therefore, high resolution 

studies are required to understand the ecological interactions and niche requirements of cryptic 

species. 

The metabarcoding approach has been increasingly applied in dietary studies due to its ability 

to detect highly digested prey items at high resolution (i.e. low taxonomic level) from 

gastrointestinal tracts or even from faecal samples (Johnson et al., 2021; Quéméré et al., 2021; 

Sousa et al., 2019). These advantages lend this method to a more comprehensive evaluation 

of dietary partitioning of sympatric, cryptic species at a much finer scale (Casey et al., 2019; 

Kume et al., 2021; Leray et al., 2019). However, an issue may arise in DNA-based diet studies 

when polymerase chain reaction (PCR) favours the amplification of the higher quality host 

(i.e. predator) DNA over partially digested prey DNA, and consequently the rare sequences of 

prey DNA may not be represented. This issue can be overcome by applying predator-specific 

blocking primers which suppress the amplification of predator DNA during PCR processing 

(Su et al., 2017; Vestheim & Jarman, 2008).  

1.1.3.3 Complex life cycle 

The life cycle of many reef fishes consists of a pelagic larval stage, followed by a demersal 

juvenile stage on nearshore habitats and an adult stage on deeper, high-relief or low-relief reefs 

(Dahlgren & Eggleston, 2000; Dance et al., 2021; Sievers et al., 2020). Owing to these 

complex life cycles, drivers of distribution, mortality rates and abundance of reef fish are 

expected to vary between life-history stages (Dahlgren & Eggleston, 2000; Galaiduk et al., 

2018; Mumby, 2006; Nakamura et al., 2008; Williams & Russ, 1994). For instance, 

anthropogenic stressors such as coastal development and terrestrial run-off have more direct 

impacts on inshore nursery grounds than offshore adult habitats due to their closer proximity 

to coastal areas (Hamilton et al., 2017; Lowe et al., 2020). In addition, survival rates of 

juveniles are particularly susceptible to habitat degradation, as they require shelter from 

predators (Almany, 2004; Feary et al., 2007; Jones et al., 2004; Lindholm et al., 2001). 

Essential fish habitat is defined as “those waters and substrate necessary for fish to undertake 

spawning, breeding, feeding or growth to maturity” (NOAA, 1996). This definition covers a 

species’ full life cycle, highlighting the complex life cycle of marine teleosts and the 

importance to define EFH for each life-history stage for effective EBFM strategies (Demartini 

et al., 2010; Lindholm et al., 2001; Vasconcelos et al., 2010). However, the majority of studies 
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on fishery important species focus on the adult life stage, possibly owing to difficulties of 

collecting juvenile samples, such as a lack of sampling sources from fishery catches and 

limited knowledge of their juvenile distributional range (Piggott et al., 2020; Wen et al., 2012). 

Furthermore, dietary studies on juveniles pose additional challenges in identifying small sized 

prey items. Consequently, our knowledge of the juvenile ecology of many species is limited, 

and as a result, increased efforts are required to fill this significant gap in knowledge. 

1.2 Research questions and thesis structure 

In order to overcome some of these challenges and address some of the research needs, this 

thesis is constructed with a primary research focus on “The morphology and ecology of fishery 

important, cryptic species” (Figure 1.1). The first two data chapters of the thesis (Chapter 2 

and 3) were structured to investigate whether morphologically cryptic species could be 

discriminated using morphometric analyses. In chapter 2, I apply otolith morphometric 

analyses on nine morphologically cryptic teleost species from four families, while in Chapter 

3, I use both otolith and body morphometric analyses to differentiate between cryptic juveniles 

of two sympatric Lutjanus species, L. erythropterus and L. malabaricus (Table 1.1). In 

Chapters 4, 5 and 6, I examine the ecology of these two sympatric, morphologically cryptic 

species, using metabarcoding dietary analyses and species distribution models (SDMs). In 

particular, my ecological questions for these chapters are 1) Is there diet partitioning between 

the different species and life stages? (Chapter 5), and 2) where are the length-specific EFHs 

for these species? (Chapter 6). All data chapters are written and formatted as stand-alone 

journal articles, and as a consequence there is some repetition in the introductions. They were 

written as collaborative articles with input from co-authors, and hence the plural personal 

pronoun of ‘we’ was used rather than ‘I’. Chapter 5 has been published in a peer reviewed 

journal along with Chapter 4 (development of blocking primers) in the supplementary 

materials. The significance and limitations of the research are synthesised in the general 

discussion (Chapter 7). Due to the use of similar references among chapters, references for all 

chapters are listed in one ‘Bibliography’ section at the end of this thesis. The specific research 

questions addressed in each chapter are outlined below.
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Figure 1.1 Flow diagram outlining the background, rational and the structure of thesis.
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Table 1.1 Images and relevant information (common names, maximum size recorded, 

and distribution maps) of the study species. The distribution maps were generated 

using ArcMap v10.6 (https://desktop.arcgis.com) with the shapefile retrieved from 

Codes for Australian Aquatic Biota (CAAB) database (http://www.cmar.csiro.au/caab/) 

on October 16 2020. Occurrence points were mapped for L. punctulatus as a shapefile 

was not available (occurrence coordinates also retrieved from CAAB). The images of 

fish for Lethrinus spp. were sourced from Saunders et al. (2018), and Sillago, 

Centroberyx and Polyprion spp. were sourced from CSIRO Australian National Fish 

Collection. 

Lethrinus nebulosus 

● Spangled emperor,  

North west snapper 

● 94cm TL*, 87cm TL**,  

81mm FL*** 

 
 

   

Lethrinus punctulatus 

● Bluespotted emperor,  
Lesser spangled emperor 

● 38.4cm FL*** 

 

 

   

Sillago bassensis 

● Southern school whiting 

● 33cm SL** 

  
   

Sillago vittata 

● Western school whiting 

● 30cm SL** 

 
 

   

Centroberyx gerrardi 

● Bight redfish, golden 

snapper,  

king snapper 

● 46cm SL*, 66cm TL** 

 

 

   

Centroberyx australis 

● Yelloweye redfish,  

yelloweye red snapper 

● 30cm SL*, 51cm TL** 

 

 

   

https://desktop.arcgis.com/
http://www.cmar.csiro.au/caab/
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Centroberyx lineatus 

● Swallowtail,  

Swallowtail Nannygai 

● 36cm SL*, 46cm TL** 

 
 

   

Polyprion oxygeneios 

● Hapuku, Blue cod, 

Deepwater rock cod 

● 180cm TL*, 160cm TL**,  
110cm TL*** 

 
 

   
Polyprion americanus 

● Bass grouper 

● 210cm TL*, ** 

 
 

   

Lutjanus erythropterus 

● Crimson snapper,  

small-mouth nannygai 

● 81.6cm FL**,  
79cm FL*** 

 
 

   
Lutjanus malabaricus 

● Saddletail snapper,  

large-mouth nannygai 

● 100cm TL *, **, *** 

 

 

 

* Retrieved on Oct 16 2020, from Fish of Australia (https://fishesofaustralia.net.au/) (Bray & 

Gomon, 2018) 

** Retrieved on Oct 16 2020, from FishBase (www.fishbase.org) (Froese & Pauly, 2018) 

*** Retrieved on Oct 16 2020, from Status of Australian Fish Stocks Reports 

(https://fish.gov.au/report/) (Stewardson et al., 2018).  

http://www.fishbase.org/
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1.2.1 The utility of otolith morphometry for identifying 

cryptic species of tropical and temperate 

teleosts (Chapter 2) 

While DNA barcoding is used to distinguish many cryptic species, multivariate analyses using 

body or otolith morphometric data have proven to be a robust identification tool for cryptic 

teleost species (Ponton et al., 2013; Stransky & MacLellan, 2005; Tsoumani et al., 2013). This 

approach is considerably cheaper and quicker than DNA barcoding, and classification success 

rates can be as high as 95 - 100% (e.g. Wakefield et al., 2014; Zischke et al., 2016). In Chapter 

2, I conducted otolith morphometric analyses on nine species from four families of teleosts 

(Lethrinidae, Sillaginidae, Berycidae and Polyprionidae) to develop robust, simple species 

discrimination tools. 

This chapter has been formatted for submission to the peer-reviewed journal Fisheries 

Research. 

1.2.2 Cryptic species discrimination for the juveniles 

of two lutjanids using body and otolith 

morphometry (Chapter 3) 

In Chapter 3, morphometric analyses were carried out for the morphologically cryptic 

juveniles of L. erythropterus and L. malabaricus. Currently, these species can only be 

distinguished by DNA barcoding during the juvenile stage due to their cryptic features, which 

is time-consuming and costly. Based on the findings of Chapter 2, the species-specific 

predictive power of otolith morphometry alone for smaller fish was limited. As such, in this 

chapter I conducted the analyses using not only otolith morphometry, but also body 

morphometric variables. 

This chapter has been formatted for submission to the peer-reviewed journal Coral Reefs. 

1.2.3 Development of predator specific blocking 

primers for Lutjanus erythropterus and L. 

malabaricus; implications for DNA 

metabarcoding dietary studies on the fishery 

important red snappers (Chapter 4) 

In this chapter I designed annealing inhibiting blocking primers specific for each host species 

(L. erythropterus and L. malabaricus) to suppress the amplification of their DNA. I tested the 
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efficacy of the blocking primers and identified the optimal PCR protocols through in-silico 

and in-vitro experiments. These blocking primers were applied in the following chapter.  

This chapter has been published as supplementary material in the peer-reviewed journal 

Scientific Reports. 

1.2.4 Partitioning of diet between species and life 

history stages of sympatric and cryptic 

snappers (Lutjanidae) based on DNA 

metabarcoding (Chapter 5) 

In this chapter, I investigated the diet compositions of juvenile and adult L. erythropterus and 

L. malabaricus, and partitioning patterns between the species and their life stages, using a 

DNA metabarcoding approach. A range of universal and taxa-specific primers, including the 

Fish16S primer with the blocking primers developed in Chapter 4, were applied during PCR, 

to detect diverse prey taxa. This chapter contains extensive additional data, which have been 

provided as supplementary materials, and in particular a table with a full list of prey species 

identified. 

This chapter has been published in the peer-reviewed journal Scientific Reports. 

1.2.5 The distribution and habitat preferences of two 

sympatric snapper species on the northwest 

and northeast coasts of Australia (Chapter 6) 

Spatial distribution ranges and hotspots of L. erythropterus and L. malabaricus across latitude 

and depth, and their length-specific essential habitats were investigated in this chapter. To do 

so, I used an extensive dataset, which consists of 19,784 Baited Remote Underwater Video 

systems (BRUVs) collected from across Australia and collated in the GlobalArchive database 

(globalarchive.org) (Harvey et al., 2021). Stereo-BRUVs allow accurate measurements of fish 

size, allowing me to carry out SDMs with presence/absence and fish length as the response 

variables in relation to bathymetry and various habitat descriptors. Based on the most 

parsimonious model for each species, I constructed length-specific spatial distribution 

predictive maps of the Western Australian coast for each species. 

This chapter has been formatted for submission to the peer-reviewed journal Coral Reefs. 
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1.2.6 General discussion (Chapter 7) 

In Chapter 7, I integrate and synthesize the research from the five data chapters. I critique the 

research, discuss the new knowledge and developments, and identify new questions and future 

research arising from this thesis. 
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Chapter 2 The utility of otolith 

morphometry for identifying 

cryptic species of tropical 

and temperate teleosts 

2.1 Abstract 

The cryptic morphology of fishes poses challenges to accurate species identification. This 

study assessed whether the morphometry of otoliths could be used as a method to distinguish 

closely related cryptic species. A total of nine fishes from four genera (Centroberyx, Lethrinus, 

Polyprion and Sillago) that are morphologically similar within each genus were compared and 

assessed. These species are highly valued by commercial and recreational fishers. Multivariate 

models that included combinations of morphometric variables (i.e. otolith length, width, 

thickness, weight and fish length) provided highly accurate species prediction rates ranging 

from 92.5 to 99.9% across all genera. For Centroberyx, Polyprion and Sillago, changes in 

species prediction accuracy rates were minimal (i.e. up to 3%) when different combinations 

of morphometric variables were used in the models. In contrast, fish length was a highly 

influential variable for discriminating between the two lethrinid species, with the prediction 

accuracy reducing by 7-25% when fish length was excluded. This is likely attributable to the 

larger size attained by L. nebulosus in comparison to L. punctulatus. For all genera, the 

exclusion of otolith weight from the multivariate analysis did not significantly decrease 

prediction accuracy. Simplifying data collection to only length-based otolith measurements 

would provide a more rapid and cost-effective method for discrimination and be more practical 

when sampling at sea where obtaining precise weight measurements of otoliths is typically 

unfeasible. Spatial variation in otolith morphometrics were evident for C. gerrardi, L. 

punctulatus, P. oxygeneios and S. vittata, which might be attributed to the differences in fish 

size distributions between the regions. The misclassified specimens within the cryptic species 

groups were notably smaller individuals, suggesting there is an ontogenetic divergence 

between otolith shape and somatic growth. Hence, further investigation of variations in 

morphological characteristics, other than otoliths, may be required for the discrimination of 

cryptic species at the juvenile stage. This study highlights the robustness of multivariate 

analysis of otolith morphometric data for discriminating closely related cryptic species. 
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2.2 Introduction 

Morphologically cryptic species can be difficult to distinguish based on external features, 

despite being genetically distinct (Bickford et al., 2007; Collins & Paskewitz, 1996). The 

development of molecular based taxonomic approaches in association with traditional 

methods has allowed the separation of cryptic species (Bickford et al., 2007; Choat et al., 2012; 

Iwatsuki, 2013). This discrimination has facilitated a better understanding of species-specific 

biology and ecological niche patterns (i.e. Elliott, 1996; Takahashi et al., 2020). However, 

molecular approaches such as DNA barcoding are time-consuming, relatively expensive, and 

cannot be easily used in the field.  

An alternative to adopting a molecular approach is multivariate analyses of morphometric 

data. This has already been demonstrated as a useful technique for distinguishing cryptic 

species in various fauna and flora, for example bats (Ashrafi et al., 2010), flies (Cazorla & 

Acosta, 2003), bivalves (Baker et al., 2003) and flowers (Fisher, 1936, 1938). In teleosts, 

multivariate analyses have been applied to body morphometry data, including hard parts of 

the body such as scales (Ponton et al., 2013; Tsoumani et al., 2013) and otoliths (Stransky & 

MacLellan, 2005; Tuset et al., 2006; Wakefield et al., 2014; Zischke et al., 2016). Otoliths are 

paired calcareous structures located in the inner ear of teleosts, serving the functions of 

measuring motion and detecting sound (Popper et al., 2005). Because daily or annual growth 

zones are deposited, otoliths can be used to derive age-based life history information on fish. 

Isotope analysis and otolith microchemistry can also provide information on movement and 

trophic ecology with the chemical signatures incorporated into the daily and annual increments 

in the otoliths (Campana, 2005; Newman et al., 2016). This information is useful for fisheries 

assessments. As a result, otoliths of targeted fishes or indicator species are routinely collected 

by fishery agencies for assessments (Begg et al., 2005; Newman et al., 2015; Williams et al., 

2015). A multivariate analysis of otolith morphometry is considerably cheaper and quicker 

than the processing time required for DNA barcoding, and the classification success rates can 

be as high as 95 - 100% without the need to use the more costly DNA methods (i.e. Wakefield 

et al., 2014; Zischke et al., 2016). Therefore, this approach could potentially be a cost-effective 

method of discriminating between cryptic fishes. 

Biological samples of commercially important species are often provided from fishers to 

fishery agencies for either biological studies or stock assessments after the fish are filleted 

(e.g. as fish frames). These samples may lack freshness and body features such as colouration 

used for species identification may have faded or changed, posing an additional challenge to 

accurately discriminate cryptic species. As one example, Centroberyx australis is 

characterised by its yellow eyes, as described by the common name, yelloweye redfish. 
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However, this species can be confused with other species, such as C. gerrardi and C. lineatus, 

as the eye colour of the filleted samples can fade by the time they reach scientific laboratories 

or after being frozen. To resolve this issue, we aimed to evaluate the reliability of using otolith 

morphometrics within a multivariate analysis to discriminate cryptic speciation. Nine species 

from four families were examined: Lethrinus nebulosus and L. punctulatus (Lethrinidae); 

Sillago bassensis and S. vittata (Sillaginidae), Centroberyx gerrardi, C. australis and C. 

lineatus (Berycidae); and Polyprion oxygeneios and P. americanus (Polyprionidae) (Table 

2.1). All of these species are important to commercial and/or recreational fishers in Australia. 

Yet life history and ecological studies involving these cryptic congeners can be confounded 

due to difficulties in distinguishing between the species within each family. The species 

prediction accuracy of multivariate models with different combinations of otolith 

morphometric variables and fish length were examined. The combinations of variables were 

selected to represent fisheries relevant scenarios (e.g. otoliths damaged, no analytical balance 

available), and the most robust, simple, and parsimonious model was determined for each 

genus. For this study, we hypothesised that there would be significant differences in otolith 

morphometry between the cryptic species within each family, and that the multivariate otolith 

morphometric approach would potentially provide a rapid and reliable tool for species-specific 

identification. 

Table 2.1 Images of fish and sagittal otoliths, common names, sampling regions and 

sample sizes (n) for the nine study species. Scale bars (white lines) on otolith images 

are 1 mm. GC, Gascoyne Coast; PN, Pilbara nearshore; PO, Pilbara offshore; WC, West 

Coast; SC, South Coast; SW, Southwest coast; Metro, adjacent to Perth metropolitan 

region. The images of fish for Lethrinus spp. were sourced from Saunders et al. (2018), 

and Sillago, Centroberyx and Polyprion spp. were sourced from CSIRO Australian 

National Fish Collection. Otolith photos were taken by Chris Dowling, Department of 

Primary Industries and Regional Development. 

Lethrinus nebulosus 

● Spangled emperor,  

North west snapper 

● GC (n=69), PN (n=31) 

 

 

   

Lethrinus punctulatus 

● Bluespotted emperor,  

Lesser spangled emperor 

● GC (n=2), PN (n=63), 

PO (n=34) 
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Sillago bassensis 

● Southern school whiting 

● WC (n=72), SC (n=50) 

 
 

   

Sillago vittata 

● Western school whiting 

● GC (n=12), WC (n=113) 

 

 

   

Centroberyx gerrardi 

● Bright redfish,  

golden snapper, king 

snapper 

● SC (n=8), SW (n=87) 

 

 

   

Centroberyx australis 

● Yelloweye redfish,  

yelloweye red snapper 

● SC (n=13), SW (n=39),  

Metro (n=8) 

 

 

   

Centroberyx lineatus 

● Swallowtail,  
Swallowtail Nannygai 

● SC (n=69), SW (n=9),  

Metro (n=3) 

 

 

   

Polyprion oxygeneios 

● Hapuku, Blue cod,  

Deepwater rock cod 

● WC (n=88), SC (n=491) 

 

 

   

Polyprion americanus 

● Bass grouper 

● WC (n=126), SC (n=13) 
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2.3 Materials and methods 

2.3.1 Sample and data collection 

Samples of nine teleost species (i.e. Lethrinus nebulosus, L. punctulatus, Sillago bassensis, S. 

vittata, Centroberyx gerrardi, C. australis, C. lineatus, Polyprion oxygeneios and P. 

americanus) were collected from commercial fishers that used a range of fishing gears (fish 

traps, fish trawls, lines) in Western Australia (Table 2.1 & Figure 2.1). Samples were also 

obtained from recreational fishers (using lines), primarily from donations of fish skeletons or 

frames (filleted fish bodies with heads, vertebrae and fins attached). Fish length (fork length 

for lethrinids and total length for all other species) was recorded to the nearest 1 mm. The 

sagittal otoliths were dissected from each fish, cleaned in water and stored dry. Morphometric 

measurements of each otolith were taken to the nearest 0.01 mm using digital callipers, and 

included the length from rostrum to postrostrum, the width at the widest point approximately 

perpendicular to the axis from rostrum to postrostrum, and the thickness across the primordium 

perpendicular to the sulcus acusticus. This was undertaken using one of the sagittal otoliths 

for each fish with the weight of the otolith being recorded to 0.0001 g using a calibrated 

balance with glass draft shields. 

 

Figure 2.1 Map of Western Australia indicating four bioregions and fishing areas where 

samples were collected. The map was sourced from Saunders et al. (2018). 
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2.3.2 Statistical analyses 

Multivariate data analyses were carried out to assess whether there was a significant difference 

in the otolith morphometric data between species, using the software PRIMER 7 (v. 7.0.13, 

https://www.primer-e.com) (Clarke et al., 2014). A euclidean distance similarity matrix of all 

otolith morphometric variables (length, width, thickness and weight) and fish length, was 

generated for each genus. The matrices were visualised using a Canonical Analysis of 

Principal Coordinates (CAP) ordination plot (Anderson & Willis, 2003), with species and 

regions as factors. While the aim of this study was to investigate variations in otolith 

morphometry between species, the factor “region” was also assessed in CAP considering that 

spatial variations in otolith shape are commonly used to determine stock structure of species 

(e.g. Coryphaenoides rupestris (Longmore et al., 2010), Engraulis encrasicolus (Jemaa et al., 

2015), Clupea harengus (Libungan & Pálsson, 2015)). The choice of m (the number of 

Principal Coordinate (PCO) axes included in a CAP analysis) was based on the number of 

variables (i.e. m = 5 for the above dataset with five variables). The leave-one-out allocation 

success was used to determine the accuracy of species predictions. Multiple partial correlation 

of morphometric variables with the two canonical axes were assessed to understand the 

strength and direction of variables that contribute to species separation. No normalisation of 

the data is required in the CAP analysis, despite variables being measured using different 

scales, as the orthonormal PCO axes in CAP are automatically sphericised and are not scaled 

by their respective eigenvalues (Anderson et al., 2008). A normal distribution was ensured for 

each variable and no transformation was required. 

The above analyses were repeated using different combinations of variables in order to assess 

the predictive power in each model in different practical scenarios (Table 2.2). The 

BiodiversityR package in R (v.2.12-1; Kindt, 2020) was used for these procedures to automate 

CAP and leave-one-out allocation assessments for each genus and scenario. For instance, 

Scenario 2 considers the situation where an analytical balance is not available and thus otolith 

weight cannot be acquired. Fish length is excluded in Scenario 3, 4 and 6 considering a case 

where the caudal fin is damaged or only fish heads or otoliths are available. Rostrums and/or 

postrostrums of otoliths can get chipped as part of capture (ike jime) or during dissection, 

which can prevent accurate otolith length and weight recording (i.e. Scenario 5, ‘Chipped 

otolith’). 

Otolith morphometry can also be applied in dietary studies to identify the teleost prey taxa as 

otoliths are somewhat resistant to digestion and can be collected from gastrointestinal contents 

and faeces (Bowen, 2000; Gales, 1988; Škeljo & Ferri, 2012). Considering the situation where 

other body parts are too digested to identify them at either genus or family taxonomic levels 

https://www.primer-e.com/
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whereas otoliths remain undigested, a CAP analysis was performed with all nine species 

combined in a single dataset (hereafter, ‘a bag of unknown otolith scenario’). A euclidean 

distance similarity matrix of all otolith morphometric variables was generated. CAP analyses 

were performed, and leave-one-out allocation success rates were assessed as described above. 

Table 2.2 Combinations of morphometric variables at different scenarios. FL, fish 

length; OL, otolith length; OW, otolith width; OT, otolith thickness; Owe, otolith weight. 

Scenario Used variables 

Scenario 1. All 5 variables FL, OL, OW, OT, Owe 

Scenario 2. No weight FL, OL, OW, OT 

Scenario 3. FL missing OL, OW, OT, Owe 

Scenario 4. FL missing & No weight OL, OW, OT 

Scenario 5. Chipped otolith FL, OW, OT 

Scenario 6. FL missing & Chipped otolith OW, OT 

 

2.4 Results 

A total of 1400 samples from nine species were collected across the four bioregions of Western 

Australia (Table 2.1 & Figure 2.1). Samples sizes comprised a wide length range for each 

species to ensure they were representative and adequate. A total of 236 of the samples were 

Centroberyx spp. with lengths ranging from 170 to 689 mm, 199 were Lethrinus spp. (169-

715 mm), 718 were Polyprion spp. (521 – 1452 mm) and 247 were Sillago spp. (29 – 340 mm) 

(Table 2.3). The sample size of each species ranged from 60 to 125 for Centroberyx, Lethrinus 

and Sillago, and 139 and 579 for P. americanus and P. oxygeneios respectively (Table 2.3). 

Fish length distributions varied between regions within a species, particularly for C. gerrardi, 

L. punctulatus, P. oxygeneios and S. vittata (Figure 2.2). 

Variations in otolith morphometrics were evident from the high degree of separation between 

species along the first CAP axes for all genera when all five morphometrics variables were 

used in the CAP analyses (Scenario 1; Figure 2.3 & Figure 2.4-A). The leave-one-out 

allocation rates to the correct species within each genus ranged from 91.46 to 99.86, with the 

highest success rate observed for Polyprion (99.86%), followed by Centroberyx (98.73%), 

Sillago (95.95%), and Lethrinus (91.46%) (Figure 2.4 -B). The separation of species within 

the genera Centroberyx, Lethrinus and Polyprion on the respective CAP plots was due 

primarily to the influence of the variables fish length and otolith length (as well as otolith 

width in Centroberyx and Lethrinus), indicated by the relatively long correlation vectors 

(Figure 2.3). The correlation coefficients of those variables ranged from 0.57 to 0.93, 

explaining 32.95 - 85.59% of the variations on the CAP plots. In contrast, the separation of 

species of Sillago was due to the influence of the variable otolith thickness and length (Figure 
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2.3). The variables fish length, otolith length and otolith thickness were the primary drivers of 

species separation in the CAP ordinations for each genus (Figure 2.3). 

Regional variation in otolith morphometrics were apparent for some species by the separation 

of species-specific data in the CAP plots between locations (Figure 2.3). These species include 

C. gerrardi between the south and south-west coasts, L. punctulatus between the Pilbara 

nearshore and offshore areas and the Gascoyne Coast, P. oxygeneios between the west and 

south coasts, and S. vittata between the Gascoyne and west coasts (Figure 2.3). Regional 

allocation success rates ranged from 0 to 100% and were considerably lower than the species 

allocation success rates (80 - 100%) for all species (Table 2.4). This indicates that 

morphometric variations between species were more distinct than those between regions 

within each species. 

The most parsimonious model for Scenario 1 (where all variables were included) was the 

genus Centroberyx, for Scenario 2 (no otolith weight) it was the genera Lethrinus and 

Polyprion, and for Scenario 4 (no fork length or otolith weight) it was the genus Sillago (Table 

2.2 & Figure 2.4-B). Changes in the combinations of morphometric variables resulted in small 

fluctuations in the allocation success rates for Centroberyx, Polyprion and Sillago, ranging 

between 95.55 - 99.86% (Figure 2.4-B). Lower allocation success rates (85.93 – 86.43%) were 

obtained for the species of Lethrinus when fish length data was excluded from the analyses 

(Scenario 3 and 4; Table 2.2 & Figure 2.4-B), which decreased further to 67.84% when both 

otolith length and weight were also removed (Scenario 6; Table 2.2 & Figure 2.4–B). Across 

all genera, smaller fish were more often misclassified while larger fish were generally 

classified to the correct species (Figure 2.5). 

The allocation success rates among species decreased in the ‘bag of unknown otoliths 

scenario’ where all nine species were analysed together in the one CAP analysis, ranging from 

55.56 to 97.58% (Figure 2.6 & Table 2.5). The results were species-specific with over 90% of 

all C. australis, C. lineatus and P. oxygeneios specimens being assigned to the correct species, 

whereas P. americanus and S. bassensis had allocation success rates of 88 and 82% 

respectively and other species had allocation success rates below 75% (Table 2.5). Most of the 

misclassifications occurred within a genus, but some also occurred across genera, especially 

between L. punctulatus, L. nebulosus and S. vittata (Table 2.5). The Polyprion genera were 

readily separated on the CAP plot. This separation was primarily driven by the relatively 

longer otolith of Polyprion compared to other genera (Figure 2.6). Similarly, C. gerrardi were 

also distinct on the CAP plot, but their separation was due to the otolith width, indicating 

relatively larger values of this variable compared with the other species (Figure 2.6). 
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Table 2.3 Descriptive statistics for fish length and otolith morphometric variables for the nine study species from Australia. All length measurements 

are in mm, and weight is in g. SE, standard error. 

  C.australis C.gerrardi C.lineatus L.nebulosus L.punctulatus P.americanus P.oxygenios S.bassensis S.vittata 

Sample size 60 95 81 100 99 139 579 122 125 

Fish length          

 Mean (SE) 319.9 (6.68) 498.69 (11.63) 312.77 (8.76) 438.03 (15.11) 246.97 (5.04) 1053.7 (15.08) 760.41 (4.93) 195.48 (6.9) 186.86 (6.68) 

 Range 233 - 431 261 - 689 170 - 435 170 - 715 169 - 356 563 - 1452 521 - 1289 29 - 340 43 - 311 

Otolith length          

 Mean (SE) 14.43 (0.24) 20.75 (0.33) 12.36 (0.15) 12.33 (0.3) 8.85 (0.17) 23.38 (0.26) 14.18 (0.06) 7.28 (0.21) 7.86 (0.24) 

 Range 11.08 - 18.5 13.79 - 25.54 8.67 - 15.12 6.1 - 17.94 6.27 - 12.11 14.49 - 30.4 11.05 - 20.87 1.47 - 11.32 2.34 - 13.01 

Otolith width          

 Mean (SE) 9.95 (0.09) 12.97 (0.09) 8.7 (0.06) 7.48 (0.17) 6.04 (0.11) 11.35 (0.12) 6.89 (0.04) 4.57 (0.12) 4.65 (0.13) 

 Range 8.31 - 11.36 10.94 - 14.97 6.99 - 9.68 3.95 - 10.71 4.22 - 9.04 7.64 - 16.13 5.4 - 11.97 1.02 - 6.71 1.41 - 6.87 

Otolith thickness          

 Mean (SE) 2.87 (0.06) 4.1 (0.08) 2.99 (0.03) 2.13 (0.07) 1.63 (0.04) 3.4 (0.05) 2.25 (0.02) 2.13 (0.08) 1.22 (0.03) 

 Range 2.2 - 4.65 2.69 - 5.69 2.18 - 3.61 1.11 - 3.64 1.1 - 2.65 2.15 - 5.19 1.52 - 3.93 0.36 - 4.25 0.48 - 1.85 

Otolith weight          

 Mean (SE) 0.401 (0.018) 1.098 (0.042) 0.312 (0.007) 0.272 (0.018) 0.127 (0.007) 0.851 (0.027) 0.227 (0.004) 0.102 (0.007) 0.064 (0.004) 

 Range 0.219 - 0.952 0.441 - 1.983 0.148 - 0.452 0.032 - 0.797 0.042 - 0.349 0.201 - 1.772 0.096 - 0.866 0.001 - 0.324 0.002 - 0.209 
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Figure 2.2 Kernel density plots representing the distributions of fish length (mm) for each 

species and region. 
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Figure 2.3 Canonical Analysis of Principal Coordinates (CAP) ordination plots of otolith 

morphometrics data and fish length for each genus, using a euclidean distance similarity 

matrix. The overlay vectors are the multiple partial correlations of morphometric variables 

with the two canonical axes. The circle around the vectors indicates the correlation 

coefficient of 1. The closer the vector reaches to the circle, the higher the correlation 

coefficient is. CA, C. australis; CG, C. gerrardi; CL, C. lineatus; LN, L. nebulosus; LP, L. 

punctulatus; PA, P. americanus; PO, P. oxygeneios; SB, S. bassensis; SV, S. vittate; FL, 

fish length; OL, otolith length; OW, otolith width; OT, otolith thickness; Owe, otolith weight.  
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Table 2.4 Leave-one-out allocation success rates (%) of the Canonical Analysis of Principal 

Coordinates (CAP) using otolith morphometry and fish length data to distinguish the 

species (Spp) and region (Spp*Region) within each genus. GC, Gascoyne Coast; PN, 

Pilbara nearshore; PO, Pilbara offshore; WC, West Coast; SC, South Coast; SW, Southwest 

coast; Metro, adjacent to Perth metropolitan region. 

Species Region 
Total 

(n) 

Misclassified 

(n) 

% correct 

Spp*Region Spp 

C.australis 

Metro 8 0 50 

96.67 SC 13 1 38.46 

SW 39 1 23.08 

C.gerrardi 
SC 8 0 100 

100 
SW 87 0 80.46 

C.lineatus 

Metro 3 0 0 

92.59 SC 69 6 33.33 

SW 9 0 44.44 

L.nebulosus 
GC 69 17 37.68 

80 
Pilbara nearshore 31 3 77.42 

L.punctulatus 

GC 2 0 0 

98.99 Pilbara nearshore 63 0 84.13 

Pilbara offshore 34 1 79.41 

P.americanus 
SC 13 0 76.92 

100 
WC 126 0 69.84 

P.oxygeneios 
SC 491 0 76.17 

100 
WC 88 0 69.32 

S.bassensis 
SC 50 4 40 

92.62 
WC 72 5 58.33 

S.vittata 
GC 12 0 75 

99.2 
WC 113 1 80.53 
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Figure 2.4 Canonical Analysis of Principal Coordinates (CAP) ordination plots of otolith 

morphometrics data of nine study species, using a euclidean distance similarity matrix with 

different combinations of otolith morphometric variables (six scenarios) for each genus 

(A). The bar plots (B) indicate the CAP leave-one-out allocation success rates (%) for each 

scenario. Circled points in CAP plots are misclassified samples. Asterisk in the bar plots 

indicates the most parsimonious model of each genus, which achieved the highest 

allocation success rates with the least number of variables. The six scenarios are referred 

to in Table 2.2. 
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Figure 2.5 Boxplots (A) showing the medians of fish length (mm) (± 95% confidence 

interval) of correctly (blue) and incorrectly (red) assigned fish based on Canonical Analysis 

of Principal Coordinates (CAP) leave-one-allocation approach using the most 

parsimonious CAP model for each genus. The error bars indicate ± 1.5 interquartile range. 

Scatter plots (B) of fish length showing misclassified samples indicated by the black 

circled points for each species. 
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Figure 2.6 Canonical Analysis of Principal Coordinates (CAP) ordination plot of otolith 

morphometrics data of nine study species for the ‘bag of unknown otoliths scenario’, 

using a euclidean Distance similarity matrix. The overlay vectors are the multiple partial 

correlations of morphometric variables with the two canonical axes. The circle around the 

vectors indicates the correlation coefficient of 1. The closer the vector reaches to the 

circle, the higher the correlation coefficient is. OL, otolith length; OW, otolith width; OT, 

otolith thickness; Owe, otolith weight 
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Table 2.5 Leave-one-out allocation results of Canonical Analysis of Principal Coordinates 

(CAP) analyses using otolith morphometric measures of nine study species for the ‘bag of 

unknown otoliths scenario’. C.aus, C. australis; C.ger, C. gerrardi; C.lin, C. lineatus; L.neb, 

L. nebulosus; L.pun, L. punctulatus; P.ame, P. americanus; P.oxy, P. oxygeneios; S.bas, S. 

bassensis; S.vit, S. vittata; % cor, correct allocation rate (%). 

 
 Classified group   

 
  C.aus C.ger C.lin L.neb L.pun P.ame P.oxy S.bas S.vit Total % cor 

O
ri

g
in

al
 g

ro
u

p
 

C.aus 55 0 5 0 0 0 0 0 0 60 91.67 

C.ger 24 71 0 0 0 0 0 0 0 95 74.74 

C.lin 3 0 78 0 0 0 0 0 0 81 96.30 

L.neb 10 0 3 61 6 0 1 1 18 100 61.00 

L.pun 1 0 2 19 55 0 0 0 22 99 55.56 

P.ame 0 4 0 1 0 122 12 0 0 139 87.77 

P.oxy 0 1 3 8 0 2 565 0 0 579 97.58 

S.bas 0 0 0 0 0 0 0 100 22 122 81.97 

S.vit 0 0 0 28 4 0 2 0 91 125 72.80 

 

2.5 Discussion 

A robust and reliable tool for species discrimination is required for fast and cost-effective 

identification of potentially cryptic species. This is particularly important for species targeted by 

commercial and recreational fishers to ensure accurate assessments of the stock status. Primarily 

there is a need to resolve any bias or confounding within sample collections that may lead to 

spurious assessment outcomes by virtue of the data possibly containing information from more 

than one species (Bickford et al., 2007). Our research identified significant variations in otolith 

morphometrics between each of the species, with very high species-specific accuracy in prediction 

rates from the multivariate models (between 92.46 and 99.66%). High accuracy rates have also 

been achieved across other species including Scomberomorus spp. (96%; Zischke et al., 2016), 

Sebastes spp. (88 - 97%; Stransky & MacLellan, 2005; Zhuang et al., 2015) and Etelis spp. (99 - 

100%; Wakefield et al., 2014), using multivariate analytical approaches (i.e. linear or canonical 

discriminant analysis). 

We also assessed the allocation success rates of multivariate morphometric models using different 

combinations of variables. These procedures allowed us to determine the applicability of this 

approach under different scenarios, as well as to identify the influential variables, and thus the 

most parsimonious models for each genus. For instance, the removal of otolith weight data from 

the models did not affect the species prediction accuracies for any genera, indicating that this 
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variable has little influence on the between-species variation in otolith morphometrics utilised in 

the most parsimonious models. Therefore, accurate species identification using otolith 

morphometrics can be achieved without the need for an analytical balance, which is more cost-

effective as less time and equipment is needed to derive the data required. Potentially, this subset 

of measurement-based variables could be extracted in the field with a minimum of equipment and 

applied to a pre-set analytical routine, thus providing near real time resolution of any potential 

confounding individuals within sample collections. 

Similarly, the removal of fish length and otolith length data still achieved a high discrimination 

accuracy for Centroberyx, Polyprion and Silllago spp. This finding is further supported by the 

results of Wakefield et al. (2014) that also identified the robustness of an otolith morphometric 

approach to discriminate cryptic Etelis snappers with, without fish length data. Such models 

without fish and/or otolith length data would be particularly useful when the caudal fin is 

damaged/missing, or the otoliths are chipped and/or either fish or otolith length data cannot be 

recorded. However, the species allocation success rates of Lethrinus spp. dropped from 92.46 to 

85.93% when fish length was removed from the analyses, and further declined to 67.84% when 

otolith length and weight was also removed. This is possibly attributed to the large differences in 

the length distributions between the two species examined, i.e. L. nebulosus and L. punctulatus. 

These conflicting outcomes indicate that specific examination of influential variables and 

parsimonious models are required for each taxon. 

Regional variations were evident in the CAP plots for L. punctulatus, C. gerrardi, P. oxygeneios, 

and S. vittata, which were less distinct compared to the differences between species. Previous 

studies have also revealed spatial variations in other teleost species (Jemaa et al., 2015; Longmore 

et al., 2010), which were likely due to the combination of restricted gene flow and environmental 

factors, including water temperature, dissolved oxygen and prey availability, influencing the 

growth and morphology of otoliths (Campana & Casselman, 1993; Thomas et al., 2014; Zhuang 

et al., 2015). However, the spatial variations revealed in this study may also be attributed to the 

fish size distributions. For instance, L. punctulatus from the Pilbara nearshore and offshore regions 

exhibited different otolith morphometric arrangements, as well as a smaller and larger body size 

range, respectively, which coincides with the common ontogenetic movement patterns of many 

reef fish species (Dahlgren & Eggleston, 2000). Other species with different size distributions 

between regions (C. gerrardi, P. oxygeneios and S. vittata) also displayed spatial variations in 

otolith morphology, whereas the remaining study species (C. lineatus, C. australis, L. nebulosus, 

P. americanus and S. bassensis) had relatively similar size distributions and otolith morphology 
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across regions within each species. In order to further examine species-specific otolith 

morphometric patterns within each region, there is a need to assess whether samples are 

representative of the available population (to avoid any sampling biases between putative 

populations), and furthermore to investigate if there is phylogenetic support for any potential 

population separation. 

The size of misclassified specimens was notably smaller than those of correctly classified 

specimens across all genera. This is possibly due to the allometric accretion of otoliths relative to 

asymptotic somatic growth (Campana, 2005). Otolith morphometric data varies according to the 

length and presumably age of an individual, and thus the difference between species may become 

more evident as a species increases in length and age. This finding indicates that the otolith 

morphometric approach used herein as a species identification tool is less reliable for juveniles, 

requiring a careful interpretation of the size range of training data (the reference set of data used 

to construct a model) and test data (data from a new specimen). Cryptic body features are common 

during juvenile stages to derive a selective advantage for both coexistence and survival (Fišer et 

al., 2018; Sievers et al., 2020). While most fisheries assessments are conducted on adult fishes, 

further studies are required to identify more reliable and cost-effective species identification tools 

for the juveniles of fishery targeted species. 

When applying this approach to dietary studies to identify teleost prey taxa using undigested 

otoliths in predators’ stomachs (‘bag of unknown otoliths scenario’), we assessed the species 

prediction accuracy using the CAP model with all nine study species combined. The accuracy 

rates were above 90% for C. australis, C. lineatus and P. oxygenios, whereas the rates dropped to 

56 - 88% for other species. This indicates that otolith morphometric models can potentially be 

used to identify the species when the genus and/or family is unknown for some species. However, 

the expansion of CAP models with an extended range of taxa is required to further validate its 

utility in similar ‘bag of unknown otoliths’ situations. 

In conclusion, otolith morphometric multivariate models successfully discriminated nine cryptic 

teleost species from four genera in Western Australia, with very high species-specific accuracy 

rates. This supports our hypothesis that the use of otolith morphometry is a useful method to 

discriminate between cryptic species. Given the importance of these species to fishers, the 

approaches described herein provide a direct, cost-effective application to facilitate accurate 

species identification to underpin species-specific assessments of stock status. However, further 

studies need to be undertaken to expand the general applicability of this approach to other species 

and/or juveniles to further assist species-specific biological assessments. 



 

31 

Chapter 3 Cryptic species 

discrimination for the 

juveniles of two lutjanids 

using body and otolith 

morphometry 

3.1 Abstract 

The sympatric red snappers, Lutjanus erythropterus and L. malabaricus, are targeted and 

retained by commercial and recreational fishers along the tropical northern coasts of Australia. 

Studies on the life history and ecology of these cryptic congeners are confounded by 

difficulties in distinguishing between juveniles of each species (i.e. < 200 mm fork length). 

This study aimed to validate a robust and cost-effective methodology to discriminate between 

L. erythropterus and L. malabaricus juveniles using body and/or otolith morphometric data in 

a multivariate analysis. Juvenile samples were collected from the northwest (n = 71) and 

northeast (n = 19) coasts of Australia, and species identification was confirmed using DNA 

barcoding. The most parsimonious multivariate models achieved accurate species prediction 

rates of 98.81% and 84.88% using body and otolith variables, respectively. The high level of 

discrimination between the cryptic juveniles of L. erythropterus and L. malabaricus highlights 

the robustness of this morphometric approach. Spatial variation in the otolith morphology of 

L. malabaricus between northwest and northeast coasts was also evident, indicating a need to 

collect more samples over a broader spatial scale to incorporate spatial variation across a 

species distribution for otolith morphometric models. The method we used could be applied 

more broadly to distinguish cryptic fishes from a range of sample collections, including 

archived otolith collections and potentially have a widespread utility in assessing species 

compositions from in-situ stereo-video body measurements. 

3.2 Introduction 

Lutjanus erythropterus (Bloch, 1790) and L. malabaricus (Schenider, 1801) are sympatric red 

snappers that are targeted by commercial, recreational and artisanal fishers throughout their 

distributions in the tropical and subtropical waters of the Indo-Pacific region (Allen, 1985; 

Blaber et al., 2005). In excess of 3,000 tonnes of these species are caught in Australia annually 

(Saunders et al., 2018), with their annual landed value in the order of $ 20 million (Newman 
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2019, personal communications, 4 October). The high economic and social values of these 

species means that there is an investment in understanding their life history and ecology, with 

ongoing monitoring requirements to support stock assessments, and sustainable management 

(Fry & Milton, 2009; McPherson et al., 1992; Newman, 2002; Newman et al., 2000; O’Neill 

et al., 2011).  

The accurate identification of a species is fundamental for monitoring and assessment 

programs, with species level identification usually being based on morphological 

characteristics (Hey et al., 2003). Adult L. erythropterus and L. malabaricus exhibit easily 

distinguished external morphology, particularly evident around the nape, mouth and caudal 

peduncle pigmentation, whereas juveniles are morphologically indistinguishable (i.e. cryptic). 

Based on ecomorphology theory, the more similar the morphology among closely related 

species, the more similar the ecology and niche requirements of the species under 

consideration (Meyer, 1989; Wainwright & Richard, 1995). Despite their morphological 

similarities, Takahashi et al. (2020) identified significant diet partitioning patterns between the 

species during the cryptic juvenile stage. Inter-specific reproductive strategies have also been 

observed, with each species exhibiting different spawning seasons and reproductive strategies 

(Fry et al., 2009; McPherson et al., 1992). These findings suggest that there are a range of 

specialised adaptations for cryptic, sympatric species to differentiate their niche and life 

history strategies in order to coexist within an ecosystem, highlighting the need for accurate 

species identification and the need for fishery assessments to be specific to each species. 

Discrimination of the cryptic juveniles of L. erythropterus and L. malabaricus can be achieved 

using DNA barcoding (Elliott, 1996; Fry & Milton, 2009; Takahashi et al., 2020). However, 

ecological and biological knowledge of the juveniles is extremely limited, possibly owing to 

the shortcomings of molecular analyses (i.e. both high costs and long-time requirements for 

analysis) to discriminate between the species. Juvenile L. erythropterus and L. malabaricus 

have been found in the bycatch of commercial prawn trawl vessels (Fry et al., 2009; 

McPherson et al., 1992), however differentiation between these species cannot be ascertained 

directly in the field. There is a need to develop a robust, cost-effective identification tool to 

discriminate between the cryptic juveniles of L. erythropterus and L. malabaricus. 

Previous studies have utilised multivariate morphometric approaches to discriminate cryptic 

species in a range of taxa, such as flowers (Fisher, 1936, 1938), snakes (Sanders et al., 2006), 

flies (Cazorla & Acosta, 2003) and bivalves (Baker et al., 2003). In fish biology, otolith 

morphometry has used multivariate analyses to identify species (Bani et al., 2013; Stransky & 

MacLellan, 2005; Wakefield et al., 2014; Zhuang et al., 2015) and stock structure (population 

subdivision) within a species (Jemaa et al., 2015; Longmore et al., 2010; Tracey et al., 2006). 
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Otoliths are paired calcareous structures in the inner ear of teleosts, which provide valuable 

information for biological and ecological studies, such as age, trophic ecology and population 

structure (Begg et al., 2005; Newman et al., 2015; Williams et al., 2015). While several studies 

have concluded that there is a high degree of inter-specific variation in the otolith 

morphometric data for cryptic adult teleosts (Stransky & MacLellan, 2005; Wakefield et al., 

2014; Zhuang et al., 2015; Zischke et al., 2016), there is limited data and information for the 

separation of juveniles. Otolith morphometric analyses have been performed for L. 

erythropterus and L. malabaricus (Sadighzadeh et al., 2012), yet juvenile fish were not 

included in that study (minimum total fish length of 316 mm and 235 mm for L. erythropterus 

and L. malabaricus, respectively). 

The aim of this research was to identify a robust, simple and cost-effective method to 

discriminate between L. erythropterus and L. malabaricus juveniles using body and/or otolith 

morphometric measurements as an alternative to DNA barcoding. Specifically, our objectives 

were to: 1) assess the differences in the body and/or otolith morphometric data between the 

species; 2) assess the allocation success rates of each prospective model; and 3) identify the 

most parsimonious model that can be replicated rapidly as an identification guide in the field 

or laboratory at a low cost. 

3.3 Materials and methods 

3.3.1 Sample collection and genetic species 

identification 

A total of 90 juvenile fish were caught using prawn trawl nets from the Pilbara and Kimberley 

regions of Western Australia (WA), and from the coast of central Queensland (QLD), eastern 

Australia between 2014 and 2019 (Figure 3.1). Fin clips of each fish were collected and stored 

in 100 % ethanol to genetically identify each species. DNA from each fin clip was extracted 

and diluted to 1/10 with ultra-pure water. Polymerase chain reaction (PCR) was carried out 

using the FishBCH forward primer (5’-ACTTCYGGGTGRCCRAARAATCA -3’) and the 

FishBCL reverse primer (5’-TCAACYAATCAYAAAGATATYGGCAC-3’) to target 600 to 

800 bp of the cytochrome c oxidase subunit I (COI) region, following the “HotSHOT” 

technique (Meeker et al., 2007). The choice of the target region and primers was based on the 

database availability and inter-specific diversity within the targeted amplicon for accurate 

species identification. The following PCR cycling program was used: (i) 94 °C for 4 minutes; 

(ii) 35 amplification cycles of 94 °C for 30 seconds, 50 °C for 30 seconds, 72 °C for 60 

seconds; and (iii) a final extension step at 72 °C for 10 minutes. Successful amplification was 

tested by loading 4 µL of each amplicon onto a 2% agarose gel and analysing the gel image 
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under UV light with a Bio-Rad transilluminator and GelRed® nucleic acid staining dye 

(Molecular Probes). DNA was further diluted to 1/25 if no signature appeared on the gel image 

at the target size, re-amplified and visualised on a gel. A mixture of 10 µL of the amplicons, 

and 2 µL of exonuclease I and FastAP thermosensitive alkaline phosphatase (ExoFAP; USB, 

Cleveland, OH, USA) were combined and purified using the following cycling program: (i) 

37 °C for 15 minutes; (ii) 80 °C for 15 minutes; and (iii) 4 °C for 10 minutes. The purified 

amplicons were shipped to Macrogen for Sanger Sequencing (Macrogen Facility, Seoul, 

Korea) in the forward direction only. A Basic Local Alignment Search Tool (BLASTn) query 

was carried out to assign each sequence to a species using the customised database of the 

National Center for Biotechnology Information (NCBI) GenBank nucleotide reference 

sequences (Benson et al., 2017) and the Western Australian fish database (Nester et al., 2020). 

All sequences were assigned to either L. erythropterus or L. malabaricus with over 99.5% 

fidelity. 

After genetic identification it was found that a total of 26 L. erythropterus and 17 L. 

malabaricus were collected from the Pilbara region, 22 L. erythropterus and six L. 

malabaricus from the Kimberley region, and 19 L. malabaricus from central QLD (Table 3.1 

& Figure 3.1). No L. erythropterus were collected from QLD. Fork length (FL) ranged from 

60 to 200 mm across the samples. The smallest individual (60 mm) and smallest mean FL (98 

mm ± 6.21 standard error) were observed in L. erythropterus from the Kimberley region, 

whereas the mean FL of other regions and/or species ranged from 126 to 167 mm (Table 3.1). 

 

Figure 3.1 Location where samples of juvenile Lutjanus erythropterus (LE) and L. 

malabaricus (LM) were collected in the Pilbara (WA), Kimberley (WA) and central 

Queensland (QLD) regions of Australia. The numbers in boxes indicate the sample 

size of each species and region.  
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Table 3.1 Descriptive statistics for fork length measurements of Lutjanus erythropterus 

and L. malabaricus collected from Pilbara, Kimberley and Queensland (QLD). SE, 

standard error. 

   Fork length (mm) 

  n Range Mean (SE) 

L. erythropterus    

 Pilbara 26 78.54 - 166.45 129.01 (4.53) 

 Kimberley 22 59.5 - 185.19 98.44 (6.21) 

 QLD 0 NA NA 

L. malabaricus    

 Pilbara 17 103.7 - 198.65 129.82 (6.08) 

 Kimberley 6 136.66 - 200 167.44 (10.61) 

 QLD 19 94 - 179 126.47 (6.24) 

 

3.3.2 Morphometrics measurement 

Fork length (FL), jaw length, jaw to operculum, jaw to preoperculum, jaw to eye, eye to dorsal 

fin, dorsal fin length and body height were measured to the nearest 0.01 mm using digital 

callipers (Figure 3.2). Sagittal otoliths were dissected, cleaned in water and stored dry. Using 

digital callipers, otolith length (i.e. the length from the rostrum to the post-rostrum), otolith 

width (i.e. the width at the widest point approximately perpendicular to the length axis), and 

otolith thickness (i.e. the thickness of the otolith at the primordium perpendicular to the sulcus 

acusticus) from the left otolith (or right otolith if the left one was chipped or broken) of each 

fish were measured to the nearest 0.01 mm (Figure 3.2). The otolith weight - the weight of the 

otolith, was also measured to the nearest 0.001 mg using an analytical balance. Eye diameter 

was initially considered, however the variable was omitted due to its high variability 

depending on observers (i.e. observer bias) and the freshness of the specimen, as well as no 

improvement of the model with the variable in terms of species prediction accuracy. 
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Figure 3.2 Images of the juveniles and the distal aspect of left sagittal otoliths of 

Lutjanus erythropterus and L. malabaricus. The numbers in the images indicate the 

points of morphometric measurements; 1 – 2, jaw length, 1 – 3, jaw to operculum; 1 – 

4, jaw to preoperculum; 1 – 5, jaw to eye; 6 – 7, eye to dorsal fin; 7 – 8, dorsal fin length; 

9 – 10, body height; 1 – 11, fork length; 12 – 13, otolith length; 14 – 15, otolith width; 16, 

otolith thickness. 

3.3.3 Statistical analyses 

Multivariate analyses were carried out on the morphometric dataset of body and otolith 

measurements separately. Previously, a higher allocation success rate has been achieved with 

the fork length included in combination with otolith morphometric variables (Wakefield et al., 

2014), so therefore we included fork length. A euclidean distance similarity matrix was 

constructed from each body morphometric and otolith dataset and a Canonical Analysis of 

Principal Coordinates (CAP) was carried out with species as a priori groups, and region and 

species as factors (Anderson & Willis, 2003). The dataset did not require transformation as the 

data were normally distributed. Additionally, there is no need to normalise data in the CAP 

analysis even when variables are measured using different units because the PCO axes in the 

CAP use orthonormal axes and are automatically sphericised and not scaled by their respective 

eigenvalues (Anderson et al., 2008). The leave-one-out approach was used to assess the 
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allocation success rates to the correct species and regions (Anderson & Willis, 2003). The 

number of PCO axes included in the CAP analyses (m) was defined as the number of variables 

in each test (Anderson & Willis, 2003). 

In order to identify the most parsimonious model, the analyses described above were repeated 

for all combinations of the subset variables, with the number of variables ranging from two to 

seven for the body morphometric dataset, and from two to four for the otolith dataset. The 

most parsimonious model was considered to have the highest species prediction accuracy with 

lowest number of variables. Where possible, partial correlation vectors representing each 

morphometric variable were overlaid on ordinations to ascertain the strength and direction of 

their influence in separating the data clouds for each species. Trace and delta canonical test 

statistics were also obtained using 9999 permutations to assess the significant differences in 

body or otolith morphometric data between species and region. Finally, the CAP analyses were 

carried out with both body and otolith variables of the most parsimonious models combined, 

and the leave-one-out allocation success rates and test statistics were assessed. The model 

selections based on the leave-one-out allocation success rates were carried out using the 

CAPdiscrim function of the biodiversityR package in R (v. 2.12-1) (Kindt, 2020). The 

software PRIMER 7 (v. 7.0.13, https://www.primer-e.com) (Clarke et al., 2014) were used to 

plot the selected models and assess the multiple partial correlations of the morphometric 

variables and test statistics. 

3.4 Results 

3.4.1 Species distinction 

3.4.1.1 Body morphometrics 

The CAP models with all eight body measurement variables had a species prediction 

accuracy of 96.43% when species was used as a factor (Table 3.2-A), and 95.24% when 

species and regions were used as factors (Table 3.3-A & Figure 3.3). The highest allocation 

success rate (98.81%) was achieved by models where the number of variables were between 

three and seven (Figure 3.3), and only one L. malabaricus sample (110 mm FL) was 

misclassified as a L. erythropterus (Table 3.4-A & Table 3.5-A). The allocation success rates 

decreased from 98.81 to 96.43% when the number of variables were further reduced to two 

(Figure 3.3). Overall, the three-variable model (dorsal fin length, jaw to eye, and either jaw 

length or jaw to preoperculum) was the most parsimonious model for body morphometrics 

(Table 3.2-A & Table 3.3-A). 

https://www.primer-e.com/
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Significant differences in the body morphometrics between species were also identified by the 

clear separations of the clusters of each species along the first canonical axes (Figure 3.4-A & 

B) and significant values of test statistics using 9999 permutations (p < 0.001 for both trace 

and delta statistics). Lutjanus malabaricus had a relatively longer jaw length and a longer 

distance from the jaw to eye compared to L. erythropterus, based on the direction and length 

of their vectors (Figure 3.4-B). Dorsal fin length was highly correlated along the second 

canonical axis and was therefore more likely to be related to the size of the fish than differences 

between species (Figure 3.4-B). The overlapping clusters of data points for regions within a 

species suggest no regional variations in body morphometrics (Figure 3.4-B). 

3.4.1.2 Otolith morphometrics 

The allocation success rate of species from the most parsimonious otolith model was 84.88%, 

which contained five variables (fork length and all four otolith variables) with species and 

regions as factors (Table 3.3-B & Figure 3.3, p < 0.001 for trace and delta statistics). The lower 

species discrimination accuracy of the otolith morphometric model compared to those of the 

body morphometric model were evident from the leave-one-out allocation success rates 

(84.88% of the former as opposed to 98.81% of the latter) (Figure 3.3), as well as the 

observations of each species overlapping on the first canonical axis (Figure 3.4). The accuracy 

rate of otolith models further decreased when species was used as a factor (without a region 

factor), ranging between 74.42 and 79.07% (Figure 3.3 & Table 3.2-B). Fork length and otolith 

width were selected in all models with species as a factor, indicating they were significant 

predictor variables (Table 3.2-B). 

Spatial variations in otolith morphometrics were evident by the observations of each group 

clustering together on the plot of the first two canonical axes, particularly for L. malabaricus 

between WA (Pilbara and Kimberley) and QLD (Figure 3.4-B). The highest allocation success 

rate to the correct species and region was achieved for the QLD L. malabaricus samples 

(87.5%) (Table 3.5-B), which also indicates significant spatial variation in the otolith 

morphometrics of L. malabaricus between WA and QLD. Otolith thickness was likely to be 

the influential factor separating the two populations of L. malabaricus, indicated by the 

correlation vectors on the CAP plot (Figure 3.4-B). 
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3.4.1.3 Body and otolith combined 

When the selected variables of the most parsimonious body and otolith models were combined, 

the allocation success rate to species was 97.5% irrespective of whether the region factor was 

included in the analyses (Table 3.4-C, Table 3.5-C). The clear separation of the data clouds 

for each species was evident along the first canonical axis, driven by the jaw length and 

distance from the jaw to the eye (Figure 3.4-B). Spatial variations between the WA and QLD 

populations of L. malabaricus were evident along the second canonical axis, mainly driven by 

otolith thickness (Figure 3.4-B). Two samples were misclassified to the wrong species in both 

models with and without the factor ‘region’. Those misclassified samples for the model with 

species as a factor were two L. malabaricus samples with FLs of 110 and 199 mm (Table 3.4-

C). Those for the model with species and regions as factors were a L. erythropterus with a FL 

of 130 mm and a L. malabaricus with a FL of 110 mm (Table 3.5-C). 

 

Figure 3.3 Leave-one-out allocation success rates to the correct species (%) for the 

selected Canonical Analysis of Principal Coordinates (CAP) models using different 

combinations of body (left) and otolith (right) morphometric variables. Species (red) 

and species and region (blue) were used as factor(s) of groups in the CAP analyses. 



40 

 

Figure 3.4 Canonical Analysis of Principal Coordinates (CAP) plots of body (left) and 

otolith (middle) morphometric arrangements of juvenile L. erythropterus (LE) and L. 

malabaricus (LM). The 1-dimensional plots (A) considered species as the factor for CAP 

analyses, and the 2-dimensional plots (B) considered species and regions as the 

factors for the analyses. The variables for each model were the most parsimonious 

models of each variable types (body (left) and otolith (middle)) and each CAP factor 

(species with/without region) (i.e. The body morphometric models were constructed 

using dorsal fin length, jaw length, and distance from jaw to eye). The CAP models with 

both body and otolith variables of each of the most parsimonious models were also 

assessed (right). The overlay vectors are the multiple partial correlations of 

morphometric variables with the two canonical axes. The circle around the vectors 

indicates the correlation coefficient of 1. The closer the vector reaches to the circle, the 

higher the correlation coefficient is. DF, dorsal fin; FL, fork length; OL, otolith length; 

OW, otolith width; OT, otolith thickness; Owe, otolith weight. 
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Table 3.2 Leave-one-out allocation success rates (%) to the correct species, and the 
combinations of body (A) and otolith (B) morphometric variables for the selected 
Canonical Analysis of Principal Coordinates (CAP) models using different 
combinations of morphometric variables. Species was considered as the factor of 
groups in the CAP analyses. The most parsimonious models were indicated in red, 
bold texts. 
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B. Otolith morphology – Species as a factor 
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Table 3.3 Leave-one-out allocation success rates (%) to the correct species, and the 
combinations of body (A) and otolith (B) morphometric variables for the selected 
Canonical Analysis of Principal Coordinates (CAP) models using different 
combinations of morphometric variables. Species and regions were considered as the 
factors of groups in the CAP analyses. The most parsimonious models were indicated 
in red, bold texts. 

A. Body morphology – Species and region as factors 
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  x x x x x  x  
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B. Otolith morphology – Species and region as factors 
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Table 3.4 Leave-one-out allocation results using the most parsimonious Canonical 
Analysis of Principal Coordinates (CAP) models with body (A), otolith (B) and body 
and otolith (C) morphometric variables. Species was used as the factors for the CAP 
analyses. LE, Lutjanus erythropterus; LM, L. malabaricus; Ob, observed. 

A. Body – 3 variables 

  Predicted Correct 

%   LE LM 

O
b . LE 42 0 100 

LM 1 41 97.62 

 

B. Otolith – 3 variables 

  Predicted Correct 

%   LE LM 

O
b . LE 41 7 85.42 

LM 11 27 71.05 

 

C. Body & Otolith – 6 variables 

  Predicted Correct 

%   LE LM 

O
b . LE 42 0 100 

LM 2 36 94.74 
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Table 3.5 Leave-one-out allocation results using the most parsimonious Canonical 
Analysis of Principal Coordinates (CAP) models with body (A), otolith (B) and body 
and otolith (C) morphometric variables. Species and regions were used as the factors 
for the CAP analyses. LE, Lutjanus erythropterus; LM, L. malabaricus; Pil, Pilbara; 
Kim, Kimberley; QLD, Queensland. 

A. Body – 3 variables 

  Predicted 
Correct  

% 
 

 

LE - 

Pil 

LE - 

Kim 

LE -

Total 

LM - 

Pil 

LM - 

Kim 

LM - 

QLD 

LM - 

Total 

O
b
se

rv
ed

 

LE - Pil 12 8  0 0 0  60 

LE - Kim 4 18  0 0 0  81.82 

LE - Total   42    0 100 

LM - Pil 0 1  10 1 5  58.82 

LM - Kim 0 0  0 3 3  50 

LM - QLD 0 0  6 3 10  52.63 

LM - Total   1    41 97.62 

 

B. Otolith – 5 variables 

  Predicted 
Correct  

% 
 

 

LE - 

Pil 

LE - 

Kim 

LE -

Total 

LM - 

Pil 

LM - 

Kim 

LM - 

QLD 

LM - 

Total 

O
b
se

rv
ed

 

LE - Pil 21 4  1 0 0  80.77 

LE - Kim 5 14  3 0 0  63.64 

LE - Total   44    4 91.67 

LM - Pil 6 1  7 2 1  41.18 

LM - Kim 0 0  2 3 0  60 

LM - QLD 1 1  0 0 14  87.5 

LM - Total   9    29 76.32 

 

C. Body & Otolith – 8 variables 

  Predicted 
Correct  

% 
 

 

LE - 

Pil 

LE - 

Kim 

LE -

Total 

LM - 

Pil 

LM - 

Kim 

LM - 

QLD 

LM - 

Total 

O
b
se

rv
ed

 

LE - Pil 13 6  1 0 0  65 

LE - Kim 6 16  0 0 0  72.73 

LE - Total   41    1 97.62 

LM - Pil 0 1  12 2 2  70.59 

LM - Kim 0 0  4 1 0  20 

LM - QLD 0 0  1 1 14  87.5 

LM - Total   1    37 97.37 
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3.5 Discussion 

Accurate identification of a fish is essential to underpin the study of its biology and ecology, 

which is needed for sustainable fisheries management. However, cryptic species pose 

challenges for these studies as they often require expensive and time-consuming molecular 

analyses for species identification. Our data suggested that multivariate models of body and 

otolith morphometric features can provide a robust and cost-effective alternative to molecular 

methods for discriminating the cryptic juveniles of Lutjanus erythropterus and L. malabaricus. 

Among the eight body morphometric variables recorded, the most parsimonious model 

contained just three variables (dorsal fin length, distance from the jaw to the eye, and either 

jaw length or distance from the jaw to the preoperculum) with a species classification accuracy 

of 98.81%. Despite the nearly total discrimination of the L. erythropterus and L. malabaricus 

juveniles with few body variables, visual identification is still not reliable. For example, the 

study conducted by Elliott (1996) determined that 68% of juvenile fish which were visually 

classified as L. malabaricus were genetically identified as L. erythropterus. This highlights 

the robustness of the multivariate morphometric approach described herein to discriminate 

these cryptic juveniles as an alternative to visual identification or the high cost and time-

consuming molecular method. 

Higher allocation success rates were achieved by the body morphometric model compared to 

the otolith morphometric model (98.81% of the former as opposed to 84.88% of the latter). 

The prediction rate of the otolith model was also lower than those of previous studies that 

examined otolith morphometrics to distinguish adult fishes (i.e. above 95%; Chapter 2; 

Wakefield et al., 2014; Zischke et al., 2016). The lower prediction rates in this study suggests 

that variations in otolith shape occur later in life, and the otolith morphometric approach may 

not be as effective for juveniles as it is for adults. A similar conclusion was reached in Chapter 

2 of this thesis, where the average fish length of misclassified specimens was significantly 

smaller than those of the correctly classified specimens. The length range of fish in the current 

study was 60 to 200 mm FL. The otoliths of commercially important species are often routinely 

collected for fishery assessment purposes and related biological studies. While adult otolith 

models can be applied to discriminate among species from the archived collections, molecular 

approach using DNA from otoliths would provide more accurate discrimination among 

juveniles if body morphometrics were not recorded prior to dissection. Accurate species 

identification of the juveniles of L. erythropterus and L. malabaricus is particularly important 

where these species comprise part of the bycatch of significant fisheries. The juveniles of both 

species have been found in the bycatch of commercial prawn trawl vessels (Fry et al., 2009; 

McPherson et al., 1992). If the commercial prawn trawl fleets operate over broad areas, there 
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is a need for ongoing monitoring and assessment of nearshore exploitation levels to determine 

if any management mitigation measures are required in these fisheries. 

Spatial variation in the otolith morphology of L. malabaricus was evident in the CAP plots, as 

well as by the improved species prediction accuracy when the region factor was taken into 

account in these models. Spatial subdivision among populations of individuals have been 

identified in a range of different teleost species (Elliott et al., 1995; Jemaa et al., 2015; 

Longmore et al., 2010). They are likely to be attributed to potentially restricted connectivity 

and limited movements. Spatial subdivision is likely to be influenced by a range of 

environmental factors, such as water temperature and dissolved oxygen, as well as diet 

components, which impact growth patterns of otoliths (Campana & Casselman, 1993; Thomas 

et al., 2014; Zhuang et al., 2015). Therefore, spatial variation in otolith morphology has been 

applied as a proxy for stock structure. Indeed, Elliott (1996) identified significant genetic 

heterogeneity of L. malabaricus between the populations sampled in the Pilbara region of WA, 

the Gulf of Carpentaria and the east coast of QLD, suggesting the presence of multiple stocks 

across northern Australia. Salini et al. (2006) identified shared stocks of L. erythropterus 

between the Gulf of Carpentaria and western Indonesia, however there have been no studies 

examining the potential for genetic stocks of L. erythropterus in the northwest and northeast 

coasts of Australia. No L. erythropterus samples were collected from QLD in this study, so a 

comparison of spatial variation between WA and QLD could not be undertaken. Further 

studies are required to collect more samples of both species over a broader spatial scale to 

incorporate spatial variation across a species distribution for otolith morphometric models. 

In conclusion, this study successfully validated robust species identification models for the 

cryptic juveniles of L. erythropterus and L. malabaricus on the east and west coasts of 

Australia. The near total discrimination of these species highlighted the reliability of the body 

morphometric approach, a viable alternative to time-consuming and expensive molecular 

analyses. Morphometric analyses also hold a wide range of applications. For instance, given 

the very high species prediction accuracy of the models with as few as three body 

morphometric variables, species discrimination of these two cryptic juveniles has the potential 

to be applied to in-situ for stereo-video based studies (Cappo et al., 2003; Harvey & Shortis, 

1995). Otolith morphometric models can also be applied to identify prey teleost species in 

dietary studies (Bowen, 2000; Gales, 1988; Škeljo & Ferri, 2012). Further, spatial comparisons 

of otolith morphometric datasets can potentially indicate stock structure or population 

subdivision, which is valuable information that can contribute to informing fisheries 

management arrangements. Our findings indicate that the spatial variation in the otolith 

morphometric data of L. malabaricus between the east and west coasts of Australia signifies 

population separation (i.e. no mixing). However, this needs to be investigated further. Data 
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and analyses described herein provide the basis for further studies to examine the stock 

structure of this species. No spatial variation was found in the body morphometric models, 

suggesting the application of this model is appropriate to a broad range of their distribution.
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Chapter 4 Development of predator 

specific blocking primers for 

Lutjanus erythropterus and L. 

malabaricus; implication for 

DNA metabarcoding dietary 

studies on the fishery 

important red snappers 

4.1 Abstract  

DNA metabarcoding is being increasingly used in dietary studies due to its high sensitivity to 

detect digested prey at high taxonomic resolution (i.e. species level). However, prey DNA can 

be undetected when PCR favours the amplification of the higher quality predator DNA over 

partially digested prey DNA. Annealing inhibiting blocking primers were designed 

specifically for Lutjanus erythropterus and L. malabaricus to overcome this challenge. The 

blocking primers consist of the 3’ end of the Fish16S forward primer and predator-specific 

sequences, which selectively binds to the target predator sequences, and a 3’-Spacer-C3-CPG 

at the 3’ end to inhibit its amplification. In-silico examination determined that the number of 

mismatched bases between the blocking primers and potential prey sequences of 65 species 

(Family Apogonidae, Carangidae, Clupeidae, Gerreidae, Labridae, Leiognathidae, Mullidae 

and Terapontidae) ranged between one and eight. Given prey species could be co-blocked with 

as little as four mismatches, relative read abundance may be biased, and thus quantitative 

analyses are limited in the downstream bioinformatics. In-vitro examination determined the 

optimal annealing temperature (58 °C) and ratio of blocking primer to the Fish16S primer 

(10:1) in PCR reactions. The application of the blocking primers during PCR significantly 

suppressed the amplification of L. erythropterus and L. malabaricus DNA, and successfully 

detected prey fish sequences.  

4.2 Introduction 

The diet composition of fishery targeted species provides an understanding of their trophic 

links, niche requirement and ecosystem functions, which are important considerations for 

ecosystem-based management (Lynam et al., 2017; Plagányi et al., 2014). Traditional methods 
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used in dietary studies include in-situ feeding observation and visual identification of gut 

contents (Cox, 1994; Nagelkerken et al., 2009; Pratchett, 2005). DNA metabarcoding is being 

increasingly applied in the past decade due to its notable advantages, such as the ability to 

identify small and/or digested prey species at high taxonomic levels (Deagle et al., 2007; 

Siegenthaler et al., 2019; Sousa et al., 2019; Valentini et al., 2009). DNA metabarcoding 

simultaneously generates millions of copies of DNA sequences of digested prey from 

predators’ gut contents or faeces, and matches them against barcode sequences in databases to 

reveal the taxa of consumed species (Razgour et al., 2011; Sousa et al., 2019). One of the 

major advantages is the high taxonomic resolution. Most prey items in predators’ stomachs 

are partially digested and difficult to identify at low taxonomic levels (i.e. species and genus) 

using traditional gut content analysis, whereas metabarcoding is capable of detecting prey 

DNA and assigning them to species from low gastrointestinal tracts, or even from faecal 

samples (Berry et al., 2017; Casey et al., 2019). The technique is also advantageous to 

identifying very small prey items or soft bodied prey taxa which can be quickly digested and 

are difficult to identify visually (Jarman et al., 2013; McInnes et al., 2017). For these reasons, 

this method lends itself to more comprehensive evaluation of dietary studies at a much finer-

scale (Casey et al., 2019; Leray et al., 2019). 

In contrast, a challenge with DNA-based diet studies is when polymerase chain reactions 

(PCR) preferentially amplify non-target sequences, such as parasite, bacteria and host (i.e. 

predator) DNA, and subsequently prevent, or bias the sequences of prey DNA (Leray et al., 

2013; Su et al., 2017; Vestheim & Jarman, 2008). For example, DNA templates of 

gastrointestinal samples often contain high-quality predator DNA. PCR miss the low-

abundance sequences of degraded prey DNA in the early cycles and become dominated by 

predator DNA. Consequently, prey DNA sequences are not represented.  

This issue can be resolved in some cases by applying taxa-specific primers for the targeting 

taxa, which do not bind to non-targeted, predator DNA (Harper et al., 2005; Jarman et al., 

2004, 2006). However, taxa-specific primers cannot discriminate between them if target and 

non-target taxa are phylogenetically similar, or if a universal primer is required due to a large 

or unknown range of target species. In such cases, predator DNA can be subtracted by applying 

a predator-specific blocking primer along with a universal primer. One of the blocking primer 

types that was developed by Vestheim and Jarman (2008) is an annealing inhibiting blocker, 

which has been demonstrated to be effective at suppressing predator DNA during PCR. It 

consists of the 3’ end of forward or reverse universal primer, followed by predator-specific 

sequences which selectively bind on predator DNA. The 3’ end of the blocking primer contains 

a modified DNA oligonucleotide, such as 3’-Spacer-C3-CPG (C3 spacer), which creates 
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distance between an oligonucleotide and the conjugated modification, thus inhibits 

polymerases and exonucleases of the non-targeted predator DNA (Vestheim & Jarman, 2008). 

Annealing inhibiting blockers with C3 spacer have been applied in several metabarcoding 

dietary studies and successfully identified prey DNA sequences (Deagle et al., 2009; Leray et 

al., 2013; Vestheim et al., 2011). 

As a part of the ecological component of this thesis, DNA metabarcoding analyses were carried 

out to investigate the diet composition of sympatric red snappers (Lutjanus erythropterus and 

L. malabaricus) which are important to fisheries across their distributional range in Indo-

Pacific regions. The preliminary study was confronted by the DNA template issue, where the 

sequencing data contained only the predator sequences even when obvious prey fish tissue 

from other species was found in their stomachs. Therefore, we developed an annealing 

inhibiting blocker (hereafter, blocking primer) specific for each host species (L. erythropterus 

and L. malabaricus) and examined the efficacy and optimal PCR protocols through in-silico 

and in-vitro experiments. 

4.3 Materials and Methods 

4.3.1 Blocking primer design 

Predator-specific blocking primers (Lutjanus erythropterus blocking primer (LEBP) and L. 

malabaricus blocking primer (LMBP)) were designed to suppress the amplification of DNA 

of L. erythropterus and L. malabaricus, respectively, and amplify prey fish DNA using the 

Fish16S primer. The Fish16S primer was used in this study to target teleost sequences at 16S 

rRNA mitochondrial gene region due to the richness of the reference database in the regions 

(Nester et al., 2020). LEBP and LMBP consisted of: 1) the 10 bases of the 3’ end of Fish16S 

forward primer; 2) the 15 bases that were specific to each of the host sequences; and 3) a 3’-

Spacer-C3-CPG at the 3’ end (Table 4.1). The first 25 bases bind to the host sequences, and 

C3 CPG inhibits its elongation and thus amplification during a PCR. C3 SPG was chosen 

among various types of modifications to ensure the effectiveness in blocking as it is 100% 

synthesized and appears to be stable (i.e. no enzymatic impurities freeing the 3’ hydroxyl 

group after synthesis) (Vestheim & Jarman, 2008). 
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Table 4.1. The Fish16S primer and the host-specific blocking primer sequences 

(LEBP, Lutjanus erythropterus blocking primer; LMBP, L. malabaricus blocking 

primer). The first 10 base pairs of the blocking primers (bold and italic font) overlap 

with the 3’ end of the forward Fish16S primer, followed by 15 base pairs of the host 

specific sequences. The C3 spacer at the 3’ end is a modified DNA oligonucleotide, 

which inhibits annealing 

Primer Primer sequence (5’ – 3’) Reference 

Fish16S  

(forward) 
GACCCTATGGAGCTTTAGAC Berry et al. (2017) 

Fish16S  

(reverse) 
CGCTGTTATCCCTADRGTAACT Deagle et al. (2007) 

LEBP AGCTTTAGACACCAAGGCAGACCAT / C3 / This study 

LMBP AGCTTTAGACACCAAGGCAGAACAT / C3 / This study 

 

4.3.2 In-silico examination 

In-silico examination of 16S ribosomal RNA (rRNA) sequences was conducted to validate 

that the blocking primers would only inhibit the amplification of host-DNA and not prey-

DNA. The 15 base pairs of the designed blocking primers needed to be host-specific and 

different from prey sequences. A total of 65 species of fish (at the order- or family-level) were 

listed as potential prey in the diet of the two snapper species based on Salini et al. (1994). 

Eighty reference sequences of the 65 species were available from the Western Australian fish 

database (Nester et al., 2020). Sardinops sagax was also included in the potential prey list even 

though its sequence were not available from this in-house database because it is commonly 

used as a bait in the trap fisheries in Western Australia (Newman et al., 2011). For S. sagax, 

all the 40 available reference sequences from the NCBI reference database (downloaded 10 

July 2017) were tested against the blocking primers. The software Geneious 10.2.3 was used 

for all alignments (Drummond et al., 2010). 

4.3.3 In-vitro examinations 

The first in-vitro pilot study was conducted to test the optimal annealing temperatures and 

concentration of the blocking primers. Firstly, DNA was extracted from the fin clips of two L. 

malabaricus using DNeasy Blood & Tissue Kits following the manufacturer’s protocol 

(QIAGEN, CA, USA) to provide a high-quality template for downstream amplification. 

Quantitative PCR (qPCR) was carried out on these DNA extracts, using the three PCR 

mixtures containing different amounts of LMBP. Three different annealing temperatures (50, 

54, and 58 °C) were also tested for each of the PCR mixtures, provided Berry et al. (2017) 

determined the optimal temperature for the Fish16S primer to be 54 °C. All PCR mixtures 

contained 2 µL of DNA extract and 23 µL of PCR mastermix, which consisted of 2 µL of 

25mM MgCl2 solution (Applied Biosystems, CA, USA), 2.5 µL of 10x Taq Gold buffer 
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(Applied Biosystems), 1 µL of 10mg/ml Bovine Serum Albumin (Fisher Biotec, WA, 

Australia), 1 µL each of forward and reverse the Fish16S primer (10µM), 0.25 µL of 25mM 

dNTPs (Astral Scientific, NSW, Australia), 0.6 µL of 1/10,000 SYBR Green dye (Life 

Technologies, CA, USA), and 0.2 µL of Taq polymerase Gold (Applied Biosystems). 

Different amounts of LMBP were added to each of the PCR mixtures to test their efficacy; 1 

µL of 100 µM LMBP (10 times higher than the Fish16S primer), 1 µL of 200 µM LMBP (20 

times higher than the Fish16S primer), and no blocking primer. Ultrapure water was added to 

the PCR mixture to bring the reaction volume up to 23 µL per sample. qPCRs were performed 

in 25 µL reaction volumes containing 2 µL of DNA extract and 23 µL of PCR mastermix using 

a StepOnePlus Real-Time PCR System (Applied Biosystems), using the following cycling 

program: (i) 95 °C for 5 minutes, (ii) 45 amplification cycles of 95 °C for 30 seconds, (iii) 

three different annealing temperatures (50, 54, and 58 °C) for 30 seconds, and (iv) 72 °C for 

45 seconds, and (v) a final extension step at 72 °C for 10 minutes. Cycle threshold (Ct) values 

were recorded from the amplification curves and compared to assess the efficiency of the 

blocking primer. Two-way analysis of variance (ANOVA) was used to test the significance of 

the two factors (the amounts of LMBP added and annealing temperature) on the average CT 

values using the software RStudio (v.1.0.143, https://rstudio.com/) (RStudio Team, 2016). 

Based on these results, downstream PCRs were carried out with the PCR reaction containing 

10 times more blocking primer than the Fish16S primer (1 µL of 100 µM blocking primer to 

1 µL of 10 µM the Fish16S primer in each PCR reaction), with an annealing temperature of 

58 °C. 

The second in-vitro pilot study was carried out on the mock samples containing host- and prey-

DNA mixed at different ratios. Firstly, qPCR was carried out with the DNA extracted from 

the fin clips of L. erythropterus, L. malabaricus, and S. sagax using the Fish16S primer without 

blocking primers. The relative concentrations of their DNA templates were estimated using 

their CT values. DNA extracts were added to create the mock samples with different ratios of 

prey- to host-DNA (1:1, 1:100, 1:1000, and 10:1). The mock samples were amplified with and 

without blocking primers and sequenced each with unique six to eight base pair multiplex 

identifier (MID) tags in duplicate. Unique combinations of forward and reverse MID tags 

allowed us to assign sequences to a sample after metabarcoding the pooled samples. Single-

end sequencing was performed for the pooled amplicons using an Illumina MiSeq platform in 

the Trace and Environmental DNA (TrEnD) Laboratory at Curtin University in Western 

Australia, following manufacturer's protocols. Version 2 reagent kit and either Standard or 

Nano flow cell were used for 300 – 500 cycles.  
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The fin clip of L. erythropterus and L. malabaricus for the above in-vitro examinations were 

obtained from the specimen collected for Chapter 5 from the Pilbara region of northwestern 

Australia using demersal trawls. S. sagax was sourced from a local recreational fishing shop 

sold as baits.  

4.3.4 Bioinformatics 

The sequencing output files were downloaded in FASTQ format, and assigned to samples by 

finding sample-specific MID tags and gene-specific primers using the DNABarcodes package 

in R (Buschmann, 2017). Sequencing adapter, MID tags, and 16SFish primers were annotated 

and trimmed. Sequences were dereplicated and singletons were removed, which were then 

assigned to the query sequences of either L. erythropterus, L. malabaricus, or S. sagax in the 

NCBI GenBank nucleotide reference databases and the Western Australian fish database 

(Nester et al., 2020), based on percentage similarities scores with a minimum of 98% identity 

matching. 

4.4 Results 

The results of the in-silico study showed that the number of base pairs mismatched with the 

blocking primers ranged between 1 and 8 (Figure 4.1). On average 3.3 ± 1.29 (SD) base pairs 

and 3.99 ± 1.23 base pairs mismatched with host-specific regions of LEBP and LMBP, 

respectively. None of the prey sequences matched the blocking primers with 100% fidelity. 

The mean CT values of L. malabaricus DNA template qPCR were significantly higher when 

LMBP was applied in the PCR mixture (two-way ANOVA; F(2,17) = 173.55, p < 0.001) whereas 

there was no difference between the LMBP to Fish16S ratio of 10 to 1 and 20 to 1 (Figure 

4.2). This indicates that LMBP effectively reduced the amplification of L. malabaricus DNA 

but adding extra LMBP did not improve the effectiveness. The annealing temperature had no 

significant effect on CT values (two-way ANOVA ; F(2,17) = 4.39, p = 0.05), and there was no 

significant interaction between the two factors (two-way ANOVA ; F(4,17) = 1.69, p = 0.24) 

(Figure 4.2). 

Both LEBP and LMBP effectively inhibited the amplification of host-DNA and increased the 

chance of detecting DNA of S. sagax when the prey-host DNA ratios were 1 to 1, 1 to 100, 

and 10 to 1 (Figure 4.3). When the L. erythropterus DNA was 1000 times higher than the S. 

sagax DNA, LEBP was no longer able to suppress the amplification of host-DNA to detect 

the prey DNA (Figure 4.3). 



 

55 

 

Figure 4.1 Frequency histogram of the number of base pairs mismatched with Lutjanus 

erythropterus blocking primer (LEBP) (left) and L. malabaricus blocking primer (LMBP) 

(right), based on in-silico examination of 16S ribosomal RNA (rRNA) sequences. 

 

Figure 4.2 Mean CT values (+/- SD, standard deviation) at different amounts of Lutjanus 

malabaricus blocking primer (LMBP) and annealing temperatures. The ratio on the x-

axis refers to the ratio of LMBP to the Fish16S primer added into the PCR master mix. 

Letters above each bar imply statistically similar means for CT values. 
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Figure 4.3 Relative read abundance of prey (Sardinops sagax) and host (Lutjanus 

erythropterus and L. malabaricus) DNA with/without blocking primers. The ratio on the 

x-axis refers to the DNA ratio of prey to host in the template. Negative and positive 

symbols indicate mastermixes without and with blocking primer, respectively. SS, S. 

sagax; LE, L. erythropterus; LM, L. malabaricus; BP, blocking primer. 

4.5 Discussion 

Metabarcoding is being increasingly applied as a tool to study diets in the past decade (Sousa 

et al., 2019). Application of blocking primers are necessary in some cases where higher quality 

predator DNA dominates PCR and masks degraded prey DNA. In this study, predator-specific 

annealing inhibiting blocking primers were developed specifically for L. erythropterus and L. 

malabaricus. The application of the blocking primers resulted in the increased CT values and 

reduced relative read abundance (RRA) of predator sequences, which clearly indicated the 

effectiveness of the blocking primers to inhibit the amplification of the predator DNA during 

PCR. 
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Both L. erythropterus blocking primer (LEBP) and L. malabaricus blocking primer (LMBP) 

consisted of 10 base pairs which overlap with the 3’ end of the forward the Fish16S primer, 

followed by 15 base pairs of the host specific sequences, and the C3 spacer at the 3’end. The 

optimal ratio of the blocking primer to the Fish16S primer was 10:1 as further increase in the 

ratio to 20:1 did not improve the efficacy to inhibit the amplification of predator DNA. This 

design and optimal ratio were comparable to those developed and applied in previous studies 

for other organisms, including krill (Vestheim & Jarman, 2008), seal (Deagle et al., 2009) and 

various species of teleost (Leray et al., 2013; Su et al., 2017), all of which also effectively 

blocked the predator sequences. 

The in-vitro study did not identify the effect of annealing temperature on the blocking primers 

performance. Optimal annealing temperature is specific to each primer, depending on its 

length and compositions (Chen et al., 2003; Kämpke et al., 2001). For instance, higher the 

percentage of guanine-cytosine (GC) content is, higher the annealing temperature is. This is 

because the GC base pair is held by three hydrogen bonds, resulting in higher thermal stability, 

and thus requiring higher annealing temperature, compared to adenine-thymine (AT) base pair 

with two hydrogen bonds. The GC-contents of the Fish16S primer with and without a blocking 

primer were consistent at approximately 50%, whereas the number of bases had almost 

doubled with the blocking primer. Due to the increased length, a higher annealing temperature 

(i.e. 58 °C) is suggested to use when applying the blocking primer, compared to the optimal 

temperature for the Fish16S primer alone (54 °C; Berry et al., 2017). 

The in-silico examination identified that the number of bases mismatched with BP ranged 

between 1 and 8, with the average of 3.3 and 3.99 base pairs for LEBP and LMBP respectively. 

These findings provide important considerations to be taken in the downstream bioinformatics, 

particularly in the aspect of quantitative analyses. None of the prey sequences matched the 

blocking primers with 100% fidelity, suggesting that the blocking primers should block the 

host-DNA and would not interfere with the amplification of target prey-DNA. However, Piñol 

et al. (2015) suggested that blocking primers could co-block prey species with as little as four 

mismatches during PCR reactions, suggesting a bias in prey sequence counts, and thus the 

limitation of a quantitative analysis. Studies using metabarcoding, including dietary studies, 

can interpret the relative read abundance (RRA) as a proxy for relative abundance of taxa 

based on positive correlations between RRA and independent measures of abundance (Deagle 

et al., 2019; Deagle & Tollit, 2007; Leray & Knowlton, 2015). On the other hand, 

presence/absence (PA) transformation of sequence reads is also commonly applied in eDNA 

studies due to the various sources of RRA bias, such as differences in template DNA 

abundance, marker choice, and the different states of digestion of prey material (Berry et al., 
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2017; Deagle et al., 2019; Pompanon et al., 2012). Given these limitations, particularly driven 

by our blocking primers, it is likely that RRA will not be a reliable proxy for relative 

abundance, and thus PA data should be analysed when applying LEBP and LMBP. 

In conclusion, the predator-specific blocking primers successfully suppressed the 

amplification of L. erythropterus and L. malabaricus. The findings suggest that 1) the optimal 

concentration of the blocking primers is 10-fold higher than the Fish16S primer, 2) the optimal 

annealing temperature is 58 °C, and 3) the final sequence data should be treated as an 

occurrence instead of RRA. While the optimal concentration was consistent with previous 

studies, it is essential to carry out such examinations each time when a new blocking primer 

is developed as optimal protocols and efficacy can vary between primers.



 

59 

Chapter 5 Partitioning of diet between 

species and life history 

stages of sympatric and 

cryptic snappers (Lutjanidae) 

based on DNA 

metabarcoding 

5.1 Abstract 

Lutjanus erythropterus and L. malabaricus are sympatric, sister taxa that are important to 

fisheries throughout the Indo-Pacific. Their juveniles are morphologically indistinguishable 

(i.e. cryptic). A DNA metabarcoding dietary study was undertaken to assess the diet 

composition and partitioning between the juvenile and adult life history stages of these two 

lutjanids. Major prey taxa were comprised of teleosts and crustaceans for all groups except 

adult L. erythropterus, which instead consumed soft bodied invertebrates (e.g. tunicates, comb 

jellies and medusae) as well as teleosts, with crustaceans being notably absent. Diet 

composition was significantly different among life history stages and species, which may be 

associated with niche habitat partitioning or differences in mouth morphology within adult life 

stages. This study provides the first evidence of diet partitioning between cryptic juveniles of 

overlapping lutjanid species, thus providing new insights into the ecological interactions, 

habitat associations, and the specialised adaptations required for the coexistence of closely 

related species. This study has improved our understanding of the differential contributions of 

the juvenile and adult diets of these sympatric species within food webs. The diet partitioning 

reported in this study was only revealed by the taxonomic resolution provided by the DNA 

metabarcoding approach and highlights the potential utility of this method to refine the dietary 

components of reef fishes more generally. 

5.2 Introduction  

Reef fish communities are extraordinarily diverse (Sale, 1978), and there is often partitioning 

of resources, particularly for food and habitat, between sympatric reef fishes (Longenecker, 

2007; Nagelkerken et al., 2009; Prochazka, 1998). This ecological process, called niche 

partitioning, is fundamental for the coexistence of species within an ecosystem (Gause, 1934). 

Niche partitioning is especially relevant among species of the same genus, which may include 
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cryptic and sympatric species, because the more similar the co-existing species are, the more 

intensively they presumably compete (Nagelkerken et al., 2009; Prochazka, 1998; Razgour et 

al., 2011). Niche partitioning within the same species is also a common strategy in reef fish in 

order to minimise intra-specific competition and can be associated with ontogenetic 

movements relative to life history stages. Indeed, the life cycle of many reef fishes consists of 

a pelagic larval stage, followed by a demersal juvenile stage on shallow, low-relief substrate 

(e.g. mangrove and seagrass nurseries), and an adult stage on deeper, high-relief reefs 

(Dahlgren & Eggleston, 2000; Fry et al., 2009). Ontogenetic dietary shifts were previously 

identified in a number of snapper species (family Lutjanidae) (Rooker, 1995; Usmar, 2012; 

Wells et al., 2008), suggesting that habitat partitioning between juvenile and adult fish was 

based not only on finding refuge from predation, but also for accessing food resources 

(Cocheret de la Morinière et al., 2003; Szedlmayer & Lee, 2004). 

Lutjanus erythropterus (Bloch, 1790) and L. malabaricus (Bloch & Scheneider, 1801) are 

sympatric snapper species that coexist in the tropical and subtropical Indo-Pacific region 

(Allen, 1985). They are sister taxa (Frédérich & Santini, 2017), and the juveniles are 

phenotypically cryptic (Fry et al., 2009). Both species support important commercial and 

recreational fisheries on tropical and subtropical coasts throughout their geographic 

distribution (Allen, 1985; Blaber et al., 2005). Diet compositions of fishery targeted species at 

all life history stages and their ecological interactions are important considerations for 

ecosystem-based fisheries management (Crowder & Norse, 2008; Thrush & Dayton, 2010). 

Due to their similarities in morphology, ecology, and the nature of their fisheries, they are 

often categorised as “red snappers” and are combined into a single species group within catch 

data in some parts of the world (Blaber et al., 2005; Leigh & O’Neill, 2016). Moreover, despite 

their importance to fisheries, little is known about their ecological interactions and niche 

partitioning (Blaber et al., 2005; Newman & Williams, 1996; Salini et al., 1994). Common 

dietary items visually identified from stomach contents in previous studies include 

crustaceans, teleosts and cephalopods (Brewer et al., 1991; Salini et al., 1994). Despite the 

length range of L. erythropterus and L. malabaricus examined in these dietary studies being 

from 38 to 570 mm, the diet partitioning between the species and life history stages has never 

been examined. 

Understanding dietary partitioning between morphologically similar species, such as L. 

erythropterus and L. malabaricus, requires precise dietary analysis methods because these two 

predators are likely to be ecologically similar and exhibit subtle, if any, differentiation 

(Longenecker, 2007; Nagelkerken et al., 2009; Razgour et al., 2011). Previous studies 

identified high levels of dietary overlap between some of the coral-feeding, sympatric 
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butterflyfishes (family Chaetodontidae) using an in-situ feeding observation method (Cox, 

1994; Pratchett, 2005). Niche overlap and coexistence are possible when the population sizes 

are not limited by the availability of shared resources. However, Nagelkerken et al. (2009) 

identified clear dietary partitioning between 21 species of butterflyfish by visually examining 

their gut contents, whereas other methods (in-situ feeding observations and stable isotope 

analyses) did not detect such partitioning. These conflicting results suggest that some dietary 

analysis methods may lack the resolution needed to detect distinct, and sometimes subtle, 

differences in diet (Nagelkerken et al., 2009; Pompanon et al., 2012). Species-level 

identification of prey items is now possible through the use of DNA metabarcoding (Deagle 

et al., 2007; Siegenthaler et al., 2019; Valentini et al., 2009). DNA metabarcoding 

simultaneously generates millions of copies of DNA sequences of digested prey from 

predators’ gut contents or faeces, and matches them against barcode sequences in databases to 

reveal the taxa consumed species (Razgour et al., 2011; Sousa et al., 2019). This method lends 

itself to more comprehensive evaluation of dietary partitioning of sympatric, cryptic species 

at a much finer-scale (Casey et al., 2019; Leray et al., 2019). 

In this study, we conducted metabarcoding-based dietary analyses to assess the diet 

composition of juvenile and adult L. erythropterus and L. malabaricus. We hypothesised that 

there would be significant dietary partitioning between species to reduce inter-specific 

competition. Dietary partitioning relating to developmental stage is also a reasonable 

explanation for coexistence by reducing intra-specific competition through ontogenetic habitat 

shifts, which have been previously observed in other lutjanid species (Cocheret de la Morinière 

et al., 2003; Rooker, 1995; Szedlmayer & Lee, 2004; Usmar, 2012; Wells et al., 2008). With 

the aid of DNA metabarcoding, we expected to identify a variety of prey taxa at lower 

taxonomic levels to test these hypotheses. Information on how diet varies between sister taxa 

and life history stages will improve our understanding of the ecological processes allowing 

them to coexist in marine ecosystems.  

5.3 Materials and methods 

5.3.1 Sample collection 

Samples of juvenile and adult L. erythropterus and L. malabaricus were caught using demersal 

trawls from the Pilbara region of northwestern Australia (Figure 5.1, see trawl net 

configuration in Wakefield et al. (2007)). The use of this fishing method mitigated the potential 

for fish to consume bait during capture, which may confound natural diet compositions. In 

addition, to reduce potential biases that may be associated with temporal and spatial variations 

in diet composition, juveniles and adults were sampled from the same trawl catches. However, 
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considering juveniles and adults occupy different habitats for both species, the two life stages 

were sampled within as close a proximity as practical. Juvenile L. erythropterus and L. 

malabaricus (99 to 201 mm total length, TL) were sampled during a research survey from 

depths of 9-24 m within a nearshore marine embayment (i.e. Nicol Bay) in July and August 

2017 (Table 5.1 & Figure 5.1). Concurrently, catches of adult L. erythropterus and L. 

malabaricus (482 to 795 mm TL) taken by commercial fishers using demersal fish trawls in 

52-58 m depth and ~60 km directly offshore from where the juveniles were sampled (Table 

5.1 & Figure 5.1), were labelled and kept separate from the rest of the catch before collection 

approximately three days later by research staff. All fish samples were frozen whole (-20 °C) 

prior to dissection under laboratory conditions to avoid potential contamination. The TL of 

each fish was measured to the nearest 1 mm. 

 

Figure 5.1 Locations where juvenile and adult samples of Lutjanus erythropterus and 

L. malabaricus were collected in the Pilbara region of northwestern Australia (generated 

using ArcMap v10.3.1, https://desktop.arcgis.com). Areas open to commercial fish 

trawling (shaded) and the 50 m and 100 m depth contours (grey lines) are shown. 
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Table 5.1 Number of juvenile and adult Lutjanus erythropterus (LE) and L. malabaricus 

(LM) for each category of sampling variables. Fullness of stomach was recorded as 

“full” when a prey item was observed in a stomach. Sampling details such as time and 

depth were not available for each adult specimen as trawl shot numbers were not 

recorded for individual fish. TL, total length. 

    Juvenile  Adult 

Variables Levels 
LE 

(n=11) 

LM 

(n=11) 

 LE 

(n=11) 

LM 

(n=12) 

Fullness of stomach Empty 8 4  10 7 

  Full 3 7  1 5 

TL (mm) 50 - 100 1 0    

 100 - 150 9 8    

 150 - 200 1 2    

 200 - 250 0 1    

 450 - 500    3  

 500 - 550    8  

 550 - 600     1 

 650 - 700     6 

 700 - 750     1 

 750 - 800     4 

Date 14 Jul 2017 6 6    

 13 Aug 2017  1    

  18 Aug 2017 5 4  11 12 

Time 00:01 - 03:00  1    

  06:01 - 09:00 1     

 09:01 - 12:00 1 2    

 15:01 - 18:00 3 3    

 18:01 - 21:00 6 2    

 21:01 - 24:00  3    

  03:30 - 22:40    11 12 

Depth (m) 8.1 - 9 1     

 9.1 - 10  1    

 10.1 - 11  2    

 11.1 - 12 7 4    

 12.1 - 13 3 3    

 23.1 - 24  1    

 52 - 58    11 12 
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5.3.2 Species identification of cryptic juveniles 

Considering juveniles of L. erythropterus and L. malabaricus are cryptic, fin clips were 

collected and stored in 99% ethanol to genetically identify the species via DNA barcoding. 

DNA of the tissues was extracted, diluted 1/10, and amplified following the “HotSHOT” 

technique described by Meeker et al. (2007). Polymerase chain reaction (PCR) was performed 

using FishBCH forward primer (5’-ACTTCYGGGTGRCCRAARAATCA -3’) and FishBCL 

reverse primer (5’-TCAACYAATCAYAAAGATATYGGCAC-3’) to target 600 to 800 bp of 

the cytochrome c oxidase subunit I (COI) region of the mitochondrial DNA. The PCR cycling 

program used was: (i) 94 °C for 4 minutes, (ii) 35 amplification cycles of 94 °C for 30 seconds, 

50 °C for 30 seconds, and 72 °C for 60 seconds, and (iii) a final extension step at 72 °C for 10 

minutes. Following amplification, 4 µL of amplicons were loaded onto a 2% agarose gel, and 

the gel image was analysed under UV light using a Bio-Rad transilluminator and GelRed 

nucleic acid staining dye (Molecular Probes) to ensure the successful amplification at the 

targeted size. DNA with no signature on the gel image was further diluted 1/25, re-amplified, 

and visualised on a gel. Two µL of exonuclease I and FastAP thermosensitive alkaline 

phosphatase were added to 10 µL of the PCR product and purified using the following 

thermocycler cycling program; (i) 37 °C for 15 minutes, (ii) 80 °C for 15 minutes, and (iii) 4 

°C for 10 minutes. The purified amplicons were shipped to Macrogen for Sanger Sequencing 

(Macrogen Facility, Seoul, Korea) in the forward direction. Sequencing data were queried 

against the National Center for Biotechnology Information (NCBI) GenBank nucleotide 

reference database (Benson et al., 2017) and the Western Australian fish database (Nester et 

al., 2020) using the nucleotide Basic Local Alignment Search Tool (BLASTn) (Altschul et al., 

1990). All sequences were assigned to either L. erythropterus or L. malabaricus based on 

percentage similarities scores. 

5.3.3 Gastrointestinal tract content dissection 

Juvenile and adult L. erythropterus and L. malabaricus (n = 13 for each species and life history 

stage) were thawed at room temperature prior to measurement and dissection. New, sterile 

surgical blades and gloves were used for each fish, and other dissection utensils were cleaned 

using bleach and ethanol and exposed to UV for a minimum of 20 minutes between each 

sample to minimise cross-contamination. Entire gastrointestinal tracts (GIT) were removed 

from host fish. Intestinal content was collected in a separate sample container. Intestinal 

contents were used instead of stomach contents in this study as non-prey tissues might have 

been ingested during trawl capture events. Fullness of stomach was recorded in binary format 

– “full” or “empty” if prey items were present or absent, respectively (Table 5.1).  
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5.3.4 DNA extraction 

Each intestinal content sample of adult fish was homogenised using Omni Hard Tissue Tip 

homogeniser, and between 150 and 250 mg of homogenised content was subsampled into a 5 

mL tube. Homogenising and subsampling steps were omitted for juvenile intestinal samples 

due to the low volume of material obtained from each juvenile fish. DNA from the GIT sample 

was extracted using QIAamp PowerFecal DNA Kits following the manufacturer’s 

instructions. This extraction kit was used in this study as it was designed to effectively remove 

PCR inhibitors often present in gut content and faecal samples. DNA extraction controls 

consisting of the extraction reagents, but no samples were processed concurrently for each set 

of extractions.  

5.3.5 Amplification and sequencing 

DNA extracts of intestinal contents were amplified and sequenced separately for each sample. 

In order to determine the optimal dilution of DNA extracts specific to each sample and each 

primer, quantitative PCR (qPCR) was performed on the neat and 1/10 dilution of DNA extracts 

with a range of universal and taxa-specific primers (Table 5.2), and amplification efficiency 

and inhibition was examined by the CT values and amplification curves. qPCR was performed 

following the PCR mixture formula and cycling program described in Berry et al. (2019), 

except for the PCR mixture containing the Fish16S primers. One µL of species-specific 

blocking primers developed in Chapter 4 (LMBP or LEBP, depending on the host species) 

(100 µM) was added into the PCR mixture containing the Fish16S primers to suppress the 

amplification of host DNA. 

For metabarcoding using an Illumina MiSeq platform (V2 chemistry), fusion PCRs were then 

performed on DNA extracts (with appropriate DNA input determined by qPCR) for each 

fusion primer with MID tags – these PCRs followed the same reaction conditions and cycling 

program used in qPCR. To detect and minimise contamination, undiluted extraction controls, 

as well as the PCR controls containing the PCR mixture with no DNA extracts were also 

amplified with the MID tags of each primer during the fusion PCR. Each sample was run in 

duplicate with the same MID tag to mitigate PCR stochasticity and ensure a sufficient 

concentration of amplicons was available for library pooling and quantitation. DNA library 

preparation and sequencing were performed, following the technique described in Berry et al. 

(2019). All the laboratory procedures were carried out in the Trace and Environmental DNA 

(TrEnD) Laboratory at Curtin University in Western Australia. 
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Table 5.2 List of primers targeting genes of potential prey items of Lutjanus erythropterus and L. malabaricus, and host-specific blocking primer 

(LEBP, Lutjanus erythropterus blocking primer; LMBP, L. malabaricus blocking primer). The first 10 base pairs of the blocking primers overlap with 

the 3’ end of the forward Fish16S primer (bold and italic font), followed by 15 base pairs of the host specific sequences. The C3 spacer at the 3’ end 

is a modified DNA oligonucleotide, which inhibits annealing. Minimum length of each primer is the threshold length used for quality filtering of 

sequences. T, annealing temperature; F, forward primer; R, reverse primer. 

Primer 

name 
Primer sequence (5' - 3') Target taxa 

Target 

gene 
T (°C) 

Product 

size (bp) 

Minimum 

length (bp) 
Reference 

18SUni (F) GCCAGTAGTCATATGCTTGTCT 
Universal 18S 52 350-420 200 

 Pochon et al. (2013) 

18SUni (R) GCCTGCTGCCTTCCTT  Pochon et al. (2013) 

SCeph (F) GCTRGAATGAATGGTTTGAC 
Cephalopods 16S 50 90-110 50 

Peters et al. (2014) 

SCeph (R) TCAWTAGGGTCTTCTCGTCC Peters et al. (2014) 

SCrust (F) GGGACGATAAGACCCTATA 
Crustaceans 16S 51 140-190 100 

Berry et al. (2017) 

SCrust (R) ATTACGCTGTTATCCCTAAAG Berry et al. (2017) 

Fish16S (F) GACCCTATGGAGCTTTAGAC Teleosts 

 

16S 

 

58 

 

200 

 

100 

 

Berry et al. (2017) 

Fish16S (R) CGCTGTTATCCCTADRGTAACT Deagle et al. (2007) 

LMBP AGCTTTAGACACCAAGGCAGACCAT / C3 / L. malabaricus 
16S 58 N/A N/A 

Chapter 4 

LEBP AGCTTTAGACACCAAGGCAGAACAT / C3 / L. erythropterus Chapter 4 

 



 

67 

5.3.6 Quality filtering of sequence reads and 

taxonomic assignment to prey taxa 

The sequencing output files were downloaded in FASTQ format, and assigned to samples by 

finding sample-specific MID tags and gene-specific primers using the DNABarcodes package 

in R (Buschmann, 2017). Sequencing adapter, MID tags, and gene-specific primers were 

annotated and trimmed. Quality filtering was run on the trimmed sequences using DADA2 R 

package (Callahan et al., 2016) with the following criteria: 1) removal of reads shorter than 

primer-specific minimum length thresholds (Table 5.2), and 2) removal of reads with the 

number of expected errors more than 1 for single-end reads and the forward reads of paired-

end sequences, and 2 for reverse reads of paired-end sequences. Higher maximum number of 

expected errors (maxEE; less stringent cut-off) was allowed for reverse reads of paired-end 

sequences because the quality of reverse reads is generally poorer than those of forward reads 

in Illumina paired-end sequencing technology (Bolger et al., 2014; Wangensteen & Turon, 

2017). Indeed, the quality profile plots produced in the DADA2 pipeline demonstrated that 

our reverse reads had lower quality scores towards the end of the cycles compared to forward 

reads (Figure S 5.1). Filtered sequences were dereplicated and singletons and chimeric 

sequences were removed. Paired end sequences were merged with the minimum overlap of 20 

bases. Denoised, exact sequence variants constructed using this protocol are called amplicon 

sequence variants (ASVs) (Callahan et al., 2017). ASV tables were created for each primer 

(Callahan et al., 2017), and a BLASTn search was carried out against the NCBI GenBank 

nucleotide reference databases and the Western Australian fish database (Nester et al., 2020) 

to assign ASVs to taxa (Benson et al., 2017), allowing 100% coverage matching and a 

minimum of 95% identity matching. 

The reference sequences with the highest identity matching to query sequences were called 

primary reference sequences. When the difference between the percent identity matches of 

primary and non-primary reference sequences was more than a set similarity threshold, the 

non-primary reference sequences were omitted. In other words, the threshold defined the 

maximum difference between the percent identity matches of primary and non-primary 

reference sequences allowed in the lowest common ancestor (LCA) assignment algorithm. The 

threshold of 0, 1 and 2% were used initially to examine how the threshold selection would 

affect the results of our study. 0% threshold provided the highest proportion of taxonomic 

assignments, whereas 1 and 2% thresholds provided equivalent taxonomic assignments (Table 

S 5.1-A). The statistical significance of diet partitioning patterns remained unchanged with 

different thresholds (Table S 5.1-B & C). Following these comparisons, the 1% threshold was 

selected primarily because it reduced potential artefact taxa and was no different to the 2% 
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threshold assignments. When there was more than one species assigned to an ASV, the 

taxonomic level was dropped to lower levels (i.e. genus, family) in order to assign the LCA. 

For instance, if one unique ASV was assigned to multiple species from the same genus, it was 

assigned to the genus of those species. If the assigned species were from different genera but 

the same family, the taxonomic assignment was dropped to the family level. When the 

taxonomic level of LCA was Class or above, the ASV was removed. The LCA assignment 

was performed using the script developed by Mousavi et al. (2021).  

Terrestrial fauna, flora and fungi (e.g. human, flowering plants) were considered to be 

environmental contaminants and removed from the list of the assigned taxa. The following 

marine taxa were also assumed to be non-prey items and removed from the list of prey taxa; 

parasitic organisms commonly found on fish, algae, dinoflagellates, ciliates, unicellular 

flagellate eukaryotes, and the host species. Three ASVs were detected from extraction controls 

using the 18SUni primers. Two of them (both assigned to Penaeus vannamei) were only 

detected from one control sample and not from any of the intestine samples, whereas one ASV 

(assigned to family Pomacanthidae using LCA) was detected in all five extraction controls as 

well as all intestine samples using the 18SUni primer, accordingly, the ASV was removed 

from the prey item list. 

5.3.7 Data analyses  

The number of samples and sequencing depth were examined to inspect whether our sampling 

and sequencing efforts were sufficient to capture the majority of their potential prey taxa (see 

Supplementary 5.6.1 ‘Assessment of sampling and sequencing depth’, Figure S 5.2, Figure S 

5.3 and Figure S 5.4). The mean number of reads and prey taxa obtained from each life history 

stage and species were compared using analysis of variance (ANOVA).  

Studies using metabarcoding, including dietary studies, can interpret the relative read 

abundance (RRA) as a proxy for relative abundance of taxa based on positive correlations 

between RRA and independent measures of abundance (Deagle et al., 2019; Deagle & Tollit, 

2007; Leray & Knowlton, 2015). On the other hand, presence/absence (PA) transformation of 

sequence reads is also commonly applied in eDNA studies due to the various sources of RRA 

bias, such as differences in template DNA abundance, marker choice, and the different states 

of digestion of prey material (Berry et al., 2017; Deagle et al., 2019; Pompanon et al., 2012). 

RRA data generated with universal primers, including the 18SUni primer used in this study, 

are particularly biased due to the mismatches in the primer binding regions and amplification 

of diverse multi-template mixtures including non-target species, such as unicellular eukaryotes 

(Elbrecht & Leese, 2015; Piñol et al., 2015). Furthermore, Piñol et al. (2015) suggested that 



 

69 

blocking primers could co-block non-target species with as little as four mismatches during 

PCR reactions, suggesting the limitation of a quantitative analysis. Given these limitations in 

quantitative approaches, we carried out multivariate analyses using PA data only, while further 

study using RRA might be possible using other primers and a more controlled experimental 

design. Jaccard coefficient matrices were constructed from the LCA table with PA datasets 

(Clarke et al., 2014). The difference in the diet compositions between the species and life 

history stages were statistically tested using two-way permutational multivariate analysis of 

variance (PERMANOVA) with 9999 permutations, followed by pairwise PERMANOVA due 

to a significant interaction term. Fullness of the stomach was incorporated in PERMANOVA 

as a covariate to test whether the diet composition was affected by the timing of recent feeding 

events and fish sampling. The similarity matrices were visualised using Canonical Analysis of 

Principal Coordinates (CAP) ordination plot (Anderson & Willis, 2003). Allocation success 

rates on CAP plots were estimated using the “leave-one-out” approach. Trace and delta 

canonical test statistics were also obtained using 9999 permutations in order to support the 

results of PERMANOVA. Distance-based linear model (DistLM) analysis was undertaken in 

order to test the interaction effects between sample variability and diet composition of juvenile 

fish. The factors tested in DistLM included species and TL, and various sampling factors such 

as time, date and depth of sampling (Table 5.1). Detailed sampling information is not available 

for adult fish samples as trawl shot numbers were not recorded for individual fish, thus DistLM 

was not carried out for the adult fish samples. BEST routine and Akaike Information Criterion 

values for finite sample sizes (AICc) were used to select the most parsimonious combination 

of variables that best explained the diet data (Clarke et al., 2014). The above multivariate 

analyses were conducted using the software PRIMER 7 (v. 7.0.13, https://www.primer-

e.com/) (Clarke et al., 2014). All figures were produced using RStudio (v.1.0.143, 

https://rstudio.com/) (RStudio Team, 2016). 

5.4 Results 

A total of 9,389,741 reads were obtained from 45 intestinal samples of juvenile and adult L. 

erythropterus and L. malabaricus using four metabarcoding primers selected to profile prey 

items. A total of 7,166,024 reads (accounting for 76% of the total reads) remained after quality 

filtering. These reads were dereplicated to a total of 1,244 ASVs; 863 ASVs were assigned to 

taxa, and 179 ASVs were considered as potential primary prey items, which consisted of 37 

unique prey taxa (Figure 5.2 & Table S 5.2).  

The number of sequence reads varied between samples, ranging from 3,385 to 301,747 reads. 

The mean number of reads obtained from each life history stage and species were significantly 
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different (ANOVA: F3,41 = 11.6, p < 0.001), juvenile L. erythropterus had a significantly higher 

number of reads than all other groups (Figure S 5.2-A). The mean number of prey taxa were 

not significantly different between the groups, ranging from 2.18 (±0.87 SD) to 3.67 (± 2.23 

SD) (ANOVA: F3,41 = 1.31, p = 0.28) (Figure S 5.2-B). There was no correlation between the 

number of reads and the prey taxa assigned (Pearson’s correlation: t43 = 0.13, p = 0.90). These 

non-significant results cumulatively indicate that the sequencing effort did not affect the 

number of prey taxa identified from the intestinal content despite some differences in read 

depth. This finding was also supported by rarefaction curves, where most curves plateaued 

between 1000 and 5000 reads, suggesting that sequencing depth was sufficient for our samples 

to detect the average number of ASV and prey items within a primer (Figure S 5.3). Therefore, 

no rarefaction or sequence subsampling was applied to our dataset for further analyses. By 

contrast, species accumulation curves did not reach a plateau with the number of samples 

collected for this study, indicating that more prey taxa might have been identified with more 

sample replicates (Figure S 5.4).  

Species level assignment was achieved for 57% of the prey taxa, whereas 43% were dropped 

from species to higher taxonomic levels using the LCA assignment algorithm; 19%, 16%, and 

8% at genus, family, and order levels respectively (Table S 5.1-A). Up to three species from 

the same genus were assigned to each ASV with the LCA taxa level of genus (Table S 5.2). 

When LCA taxa levels are family and order, up to 10 and 30 species, respectively, were 

assigned to the ASV(s) (Table S 5.2). ASVs with the LCA of Decapoda (order) were assigned 

to the total of 30 species from 14 families, with the percentage similarities ranging between 

96.68 and 100% (Table S 5.2). The prey taxa consisted of 6 phyla (Chordata, Arthropoda, 

Cnidaria, Ctenophora, Annelida and Mollusca), and they were further categorised into eight 

general diet categories; (i) teleosts, (ii) malacostracan crustaceans, which includes crabs, 

prawns, mantis shrimps and mysid shrimps, (iii) copepods, (iv) medusa including hydrozoa 

and scyphozoa that have a free-swimming medusa stage at one point of their life cycle, (v) 

tunicates, (vi) comb jellies, (vii) polychaetes, and (viii) cephalopods. The majority of the prey 

taxa were from the groups of teleost and malacostraca (most of which are from the order 

Decapoda), accounting for 27% and 45% of the total taxa found, respectively (Figure 5.2). 

Two of the 37 assigned taxa (accounting for 5% of the total taxa detected) were shared across 

all the four groups all of which were teleosts; Pomacanthidae and Labrus bergylta (Figure 

5.2). Pomacanthidae, the angelfish family, was the most common prey taxa across both species 

and life stages with high occurrence rates (Figure 5.2). Pomacanthidae was the lowest common 

ancestor (LCA) of 10 species, indicating that multiple species of Pomacanthidae might have 

been consumed (Table S 5.2). Importantly, 27 out of the 37 assigned taxa (accounting for 73%) 

were not shared and occurred in only one of the four groups (Figure 5.2).  
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Figure 5.2 Frequency-of-occurrence (FOO) (%) of prey taxa identified in the intestinal 

contents of juvenile and adult Lutjanus erythropterus (LE) and L. malabaricus (LM). Two 

to three letters at the end of the taxa names refers to general diet categories; Tel, 

teleost; Tun, tunicate; Mal, malacostracan crustacean; Cop, copepod; Cep, 

cephalopod; Pol, polychaete; Med, medusa; CJ, comb jelly. 
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Diet compositions were significantly different between the species and their life history stages 

(PERMANOVA: p < 0.01 and < 0.001 respectively, Table 5.3-A). The effect of stomach 

fullness on diet composition was not significant (PERMANOVA: p = 0.12, Table 5.3-A). The 

interaction between the two factors was significant, indicating that the partitioning patterns 

were not consistent within each factor (PERMANOVA: p < 0.01, Table 5.3 – A). Pairwise 

PERMANOVA identified the significant inter-specific dietary partitioning within each of the 

life history stages (p < 0.05 within juvenile, p < 0.05 within adult; Table 5.3-B) and significant 

intra-specific partitioning within each of the species (p < 0.05 within L. erythropterus, p < 0.01 

within L. malabaricus; Table 5.3-B).  

Table 5.3 The results of PERMANOVA (A) and pairwise-PERMANOVA (B) testing the 

differences in diet composition of juvenile and adult Lutjanus erythropterus (LE) and L. 

malabaricus (LM), using 9999 permutations. Fullness of stomach was incorporated into 

the analyses as a covariate to test its effect on diet composition. The tests were based 

on Jaccard coefficient matrix for presence and absence (PA) datasets. 

A. PERMANOVA 

 df SS F Model p 

Species 1 6416 2.40 <0.01 

Life stage 1 7667 2.87 <0.001 

Fullness of stomach 1 3820 1.43 0.12 

Sp x Life stage 1 8071 3.02 <0.01 

Residuals 40 106770   

 

B. Pairwise-PERMANOVA 

  df t p 

In
te

r-
 

sp
ec

if
ic

 Within Juvenile 19 1.50 <0.05 

Within Adult 20 1.43 <0.05 

In
tr

a
- 

sp
ec

if
ic

 Within LE 19 1.43 <0.05 

Within LM 20 1.99 <0.01 

 

The two canonical test statistics also identified the significant differences in the diet 

compositions among the four groups (p < 0.001 and < 0.01 for trace and delta statistics, 

respectively, with 9999 permutations), supporting the results of PERMANOVA. The squared 

canonical correlations of the first and second canonical axes were 0.82 and 0.73. The CAP 
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analysis included 12 PCO axes (m = 12), which achieved the maximum proportion of correct 

allocations (64%). Leave-one-out allocation success rate ranged from 45% to 82%; The 

juveniles of both Lutjanus erythropterus and L. malabaricus achieved higher allocation 

success rates (82%) compared to adults (45 % and 50 % for Lutjanus erythropterus and L. 

malabaricus respectively) (Table S 5.3). The majority of the misclassified samples were 

allocated to juvenile L. malabaricus. The partitioning of diet compositions among the four 

groups was also evidenced by the observations of each group clustering together on the plot 

of the first two canonical axes (Figure 5.3).  

 

Figure 5.3 Canonical Analyses of Principal Coordinates (CAP) ordination plots of prey 

assemblage data from intestinal contents of adult and juvenile Lutjanus erythropterus 

(LE) and L. malabaricus (LM), using Jaccard coefficient matrix of presence and absence 

(PA) data. The overlaid vectors are the Pearson correlations of prey taxa with the two 

canonical axes, which had the correlation coefficient higher than 0.3. The circle in CAP 

indicated the correlation coefficient of 1. The closer the vector reaches to the circle, the 

higher the correlation coefficient is. The first three characters of the taxa names were 

displayed if the taxa were assigned to genus or higher levels. The first character of 

genus and three characters of species names are displayed if the taxa were assigned 

to the species level. Colour of the taxa labels indicate the functional categories. 
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DistLM identified significant effects of species on juvenile diet composition, whereas other 

sampling variables such as TL, depth, time, and date of sampling were not significant as 

interaction effects (Table S 5.4-A). This finding indicates that the inter-specific dietary 

partitioning patterns are unlikely to be confounded by other sampling variables. BEST 

analyses identified that the most parsimonious model describing the diet composition was the 

model with species as a single variable, which supports the DistLM marginal test results (Table 

S 5.4 – B).  

Diet composition of adult L. malabaricus was unique from those of other 3 groups, mainly 

characterised by the following three factors. Firstly, prey richness was the highest with the 

total number of prey taxa at 19, whereas those of other groups were between 10 and 13. 

Secondly, their diet was strongly characterised by a high richness and frequency-of-occurrence 

of malacostracan taxa (Figure 5.2). Thirteen of the 19 prey taxa of adult L. malabaricus was 

malacostracans (accounting for 68%) and all of them except for Decapoda (an order including 

shrimps and crabs) and Solenocera (a genus of prawns) were not shared with the other groups 

(Figure 5.2). Significant influences of malacostracan crustaceans on the partitioning of adult 

L. malabaricus were also indicated by a number of correlation vectors of malacostracan taxa 

pointing towards the cluster of adult L. malabaricus on CAP plot (Figure 5.3). These taxa 

include Metapenaeopsis barbata, Metapenaeopsis lamellata, Metapenaeopsis and Solenocera 

rathbuni. frequency-of-occurrence of S. rathbuni and M. barbata were particularly high, 

ranging from 42 to 58% (Figure 5.2). Thirdly, the patterns of occurrence of teleost taxa were 

unique from those of the other three groups. For instance, Pomacanthidae was the most 

common teleost taxa across all the groups, but the frequency-of-occurrence were relatively 

low in adult L. malabaricus (67%) compared to those of other three groups (between 91 and 

100%) (Figure 5.2). In contrast, Carangidae (except Trachurus) and Rastrelliger were found 

with 17% frequency-of-occurrence in adult L. malabaricus whereas they were not found in 

other groups (Figure 5.2).  

Contrary to the diet of adult L. malabaricus, which was dominated by malacostracans, no 

malacostracans was detected in the intestinal content of adult L. erythropterus (Figure 5.2). 

Diet composition of adult L. erythropterus was characterised by teleosts and soft bodied taxa 

including tunicates, medusa and comb jellies (Figure 5.3). A total of 38% of the prey taxa for 

adult L. erythropterus were teleosts, two of which (Pomacanthidae, Tridentiger barbatus) had 

particularly high occurrence rates (100 and 27% respectively; Figure 5.2).  

Juveniles’ diet was dominated by teleosts and malacostracans for both L. erythropterus and L. 

malabaricus, similar to those of adult L. malabaricus (Figure 5.2). Eleven and 10 prey taxa 

were identified from juvenile L. erythropterus and L. malabaricus, respectively. For juvenile 
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L. erythropterus, 36 and 55% of their diet taxa were teleosts and malacostracans respectively, 

accounting for 91% of their total taxa identified. The following taxa had relatively high 

frequency-of-occurrence (Figure 5.2) and strong correlations with canonical axis 1 pointing 

towards the cluster of juvenile L. erythropterus observations (Figure 5.3), indicating the high 

contribution of the partitioning of their diet: Euterpina acutifrons, Chlorotocella graciles, 

Solenocera and Mysidae. These taxa were either not found or found with a low frequency-of-

occurrence in juvenile L. malabaricus. For juvenile L. malabaricus, 50 and 40% were teleosts 

and malacostracans respectively. Prey taxa which were unique to L. malabaricus juveniles 

include Parachaeturichthys polynema, Gerres japonicus and Octopodidae. The frequency-of-

occurrence of these taxa were relatively low (9%) (Figure 5.2) thus they were not correlated 

along CAP axes (Figure 5.3).  

5.5 Discussion 

Information on dietary partitioning of sympatric and highly valued fisheries species is 

fundamental to understanding the ecological processes that support their coexistence. High 

resolution methods are required to assess dietary partitioning of sympatric, cryptic species, 

such as L. erythropterus and L. malabaricus, because they are likely to exhibit subtle 

differentiation due to their ecological similarity (Nagelkerken et al., 2009; Razgour et al., 

2011). Dietary studies on juvenile fish have also been particularly challenging due to the 

relatively low abundance, a limited seasonal window for sample collection corresponding to 

the recruitment seasons, and difficulty in identifying small-sized prey items using traditional 

methods (i.e. morphological identification of gut contents). This study was the first molecular 

based dietary study on juveniles and adults of sympatric, cryptic fish, which revealed clear 

dietary partitioning patterns between the species and life history stages.  

The major prey categories of adult L. malabaricus were teleosts and malacostracan crustaceans 

which includes crabs, prawns, mantis shrimps and mysid shrimps, whereas no malacostracans 

were identified in the diet of adult L. erythropterus. In contrast, the common prey items of 

adult L. erythropterus were teleosts (specifically pomacanthids, jack mackerel and gobies), in 

combination with a variety of prey from minor dietary categories, including medusae, tunicates 

and comb jellies. These findings are supported by those of Salini et al. (1994) who also 

identified a variety of crustaceans from the stomach content of L. malabaricus, but not from 

those of L. erythropterus. One of the major factors which constrain and shape diet choice is 

body morphology such as jaw structure, dentition and body size (Wainwright & Richard, 

1995). This ecomorphology theory may assist in explaining the diet specialization of adult L. 

erythropterus and L. malabaricus observed in this study, as these species exhibit notable 
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differences in jaw morphology. Lutjanus malabaricus has a longer jaw on average than L. 

erythropterus. One of the common names of L. malabaricus and L. erythropterus are large-

mouth and small-mouth nannygai, respectively which reflect this diagnostic characteristic. In 

general, length of fish jaws correlates with the volume of their oral cavity and, consequently, 

the force of suction (Wainwright & Richard, 1995) and diversity of prey that they can 

successfully feed on (Kwak et al., 2015). The larger mouth of L. malabaricus may have 

increased its feeding capacity, allowing it to prey on a variety of malacostracan crustaceans as 

observed in the current and previous studies (Salini et al., 1994). In contrast, L. erythropterus, 

with a smaller mouth, may have shifted their choice to other prey categories such as medusae, 

comb jellies and tunicates, which are much slower swimmers and have softer bodies compared 

to crustaceans. Lutjanus malabaricus possesses a larger mean and maximum body length 

compared to L. erythropterus, which is consistent with previous studies (Fry et al., 2009; Salini 

et al., 1994) and may have played a role as another ecomorphological factor to differentiate 

the diet patterns. 

Habitat associations also play a role in differentiating diet patterns. For example, L. 

malabaricus is considered a true demersal species. In contrast, in-situ observations from 

underwater video indicate that L. erythropterus is benthopelagic (S. Newman, C. Wakefield 

personal observations). This vertical habitat partitioning concurs with the composition of their 

prey. The major prey categories of adult L. malabaricus were malacostracan crustaceans, 

which are benthic or epibenthic, and prey categories of adult L. erythropterus were composed 

predominantly of teleosts, medusa, tunicates and comb jellies, some of which generally occupy 

the water column. These patterns reinforce the idea that diet composition is strongly linked to 

habitat utilisation, and moreover, diet patterns reflect fine scale partitioning of habitat mosaics 

between sympatric species.  

Another example of the link between habitat association and diet partitioning is the 

ontogenetic shifts in diet, which was observed in the present studies as well as previous studies 

on reef fish (Cocheret de la Morinière et al., 2003; Rooker, 1995; Usmar, 2012; Wells et al., 

2008). Juveniles of many coral reef fish, including L. erythropterus and L. malabaricus, occur 

in shallow, low-relief habitat such as soft sediments and seagrass beds, whereas adults are 

found on deeper coral reefs (Dahlgren & Eggleston, 2000; Fry et al., 2009). These commonly 

observed ontogenetic shifts in reef fish diet suggest that life history partitioning is a strategy 

to provide refuge from predation but also the segregating of resources to minimise intra-

specific competition.  

While there are previous studies on diet partitioning between life history stages within a 

species (Cocheret De La Morinière et al., 2003; Szedlmayer & Lee, 2004; Usmar, 2012) or 
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sympatric fish at the adult stage (Leray & Knowlton, 2015; Nagelkerken et al., 2009), studies 

on niche partitioning between juvenile fish of closely related species (i.e. sympatric, cryptic, 

same genus or family) are extremely rare. Examples include a morphological gut content 

analysis of Lutjanus spp. (i.e. snapper) by Pimentel and Joyeux (2010) and a stable isotope 

analysis of otoliths of Albula spp. (i.e. bonefish) by Haak et al. (2019). Although both studies 

identified significant differences in the measured parameters (diet composition and δ13C) 

between species, diet partitioning of the juvenile stage remained unclear. Pimentel and Joyeux 

(2010) reported that their results might have been confounded by other interspecific variations 

such as length of juvenile fish. Moreover, the stable isotope measured by Haak et al. (2019) 

was not a direct measure of diet composition. Our metabarcoding analyses accounted for other 

variables that might influence diet, such as the length of the fish, fullness of stomachs, time, 

date and depth of sampling events. The findings indicted that the diet differentiations within 

the juvenile stage were solely shaped by the individual species and not by other factors 

examined, providing the first evidence of diet partitioning between cryptic juveniles of lutjanid 

species. However, although their diet partitioning was statistically significant, there is still a 

large proportion of variance unexplained. In addition, this differentiation in diet was not as 

distinctive as those observed within the adult stage, particularly at the level of the general prey 

category. Contrary to the clear differences in morphology and habitat separation within the 

adult stage, juveniles of L. erythropterus and L. malabaricus are visually cryptic and fine scale 

habitat differentiation has not previously been studied. Further studies are required to better 

understand niche partitioning mechanisms in juvenile stages of reef fish. 

While the interspecific diet compositions of juveniles were analysed with potential 

confounding factors considered, such analyses were not possible for adult samples due to the 

lack of detailed sampling information. Furthermore, the sampling period for juveniles spanned 

over a month, whereas adult samples were collected on one day thus the adults’ prey 

compositions identified in this study represented the “meal” of the day rather than the general 

diet composition of the species. Given that the interspecific diet partitioning patterns of cryptic 

juveniles were solely influenced by species and not by other factors including sampling dates, 

it is likely that the diet partitioning between the morphologically distinctive adults were also 

shaped by the individual species and not confounding factors. However, further studies with 

larger sample sizes, an extended sampling period and detailed sampling information across 

wider geographic ranges are required to resolve this uncertainty.  

In the past decade there have been a growing number of studies to assess diets of diverse fauna 

using DNA metabarcoding approaches due the various advantages associated with this 

technique. One of the main advantages is the unprecedented level of resolution in prey taxa 
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detection (Casey et al., 2019; Leray & Knowlton, 2015). Previous dietary studies on predatory 

fish using traditional morphological methods achieved high levels of resolution for penaeid 

(prawn) identification whereas few or no prey teleosts (fish) were identified at species and 

genus levels (Salini et al., 1990; Usmar, 2012). In this study, 57% of the prey taxa identified 

was to species and 19% to genus. For teleosts in particular, 60% of the 10 teleost taxa were 

identified at species level. Taxonomic levels were dropped from species to genus or even 

further when multiple species were assigned to one sequence through the LCA assignment 

algorithm. This is likely to be the result of a lack of comprehensive reference databases, 

suggesting that improvement to reference databases can further increase the resolution of prey 

detection via metabarcoding.  

Another notable advantage is the high sensitivity of detection of digested prey items. Most 

traditional dietary studies using morphological identification approaches only investigate prey 

items in stomach content (Salini et al., 1994; Usmar, 2012; Wells et al., 2008) as they are less 

digested compared to those from intestine and faecal samples. However, stomach contents 

provide snapshots of prey composition based on items that are ingested immediately before 

being captured, especially for predators with a high digestion rate. In contrast, metabarcoding 

techniques are capable of identifying highly digested prey taxa, in some cases, from lower 

gastrointestinal tracts or even from faecal samples (Berry et al., 2017; Deagle et al., 2010). 

Due to this high level of sensitivity to the detection of highly digested prey, we were able to 

identify diverse prey taxa from intestinal contents even from individuals with empty stomachs. 

Furthermore, the fullness of a stomach and sampling time were not significant in the analyses 

and as such were not influential factors. This study also detected DNA sequences of soft body 

prey taxa such as comb jellies, tunicates and medusae, possibly due to the increased sensitivity 

of this method as tissues of soft-bodied taxa can be quickly digested and are difficult to identify 

visually (Jarman et al., 2013; McInnes et al., 2017). Such advantages and the associated 

outcomes identified in this study suggest that metabarcoding is a promising tool for dietary 

studies, particularly to analyse partitioning between closely associated species where fine-

scale resolution is required.  

Along with the advantages provided by DNA metabarcoding, there are also limitations 

associated with this technique. A common challenge encountered in molecular based dietary 

analyses is to extract and amplify prey-DNA since host-DNA is frequently amplified and often 

masks highly degraded prey-DNA (Su et al., 2017; Vestheim & Jarman, 2008). We were able 

to overcome these challenges and successfully sequenced prey-DNA by applying host-specific 

blocking primers which were designed and tested in Chapter 4. Applying the same logic, 

highly abundant prey DNA may mask the amplification of rare prey sequences during PCR 



 

79 

and make them harder to detect. Another metabarcoding shortcoming is the limited 

applications for quantitative analyses. For instance, the weight of prey items are often recorded 

in traditional dietary studies (Brewer et al., 1991; Salini et al., 1994; Wells et al., 2008), 

however, the utility of relative read abundance (RRA) from metabarcoding data as a proxy for 

relative abundance of prey taxa is still under debate (Deagle et al., 2010, 2019; Deagle & 

Tollit, 2007; Leray & Knowlton, 2015). RRA was explored in this study but ultimately deemed 

to have too many potential flaws – notably, RRA can be particularly biased when blocking 

primers or universal primers are applied (Piñol et al., 2015), which was the case in our study. 

Size of the prey item is another piece of information that cannot be confirmed using a 

metabarcoding approach. Dietary studies using traditional morphological approaches also 

often reveal how the size of prey items can increase, as the size of the consumer grows from a 

juvenile to an adult (Cocheret de la Morinière et al., 2003; Usmar, 2012). This is not feasible 

with metabarcoding data. The prey taxa detected in this study could be from any life history 

stage including larvae and eggs. Lack of comprehensive DNA databases can lead to the 

misidentification of prey taxa and/or reduced taxonomic resolution via LCA assignment 

algorithm. Other sources of metabarcoding limitations include PCR bias (Deagle et al., 2013), 

missing prey identification due to a lack of its sequence in reference databases (Leray et al., 

2012), and the detection of secondary prey (the prey of a prey) (Sheppard et al., 2005). 

In conclusion, high resolution dietary studies of sympatric species provide a tool to better 

understand not only trophic links, but also ecological and evolutionary processes, behaviour, 

essential habitat associations, and ultimately management strategies. Our dietary studies with 

metabarcoding approach identified significant differences in diet composition of juvenile and 

adult L. erythropterus and L. malabaricus. Firstly, given that our study species are 

phylogenetically, morphologically and ecologically closely allied forms, our findings provide 

us with new insights on the specialled adaptations required for the coexistence of closely 

related species. This study provides the first evidence of diet partitioning between cryptic 

juveniles of different snapper species. Secondly, this study provides an increased 

understanding of the dietary preferences of both adults and juveniles of important fishery 

species. Combined with the close association between diet and habitat, the different diet 

compositions may imply differential vulnerability to a changing environment. For instance, L. 

malabaricus adults, whose primary diets consisted of benthic malacostracan crustaceans, may 

be more susceptible to habitat degradation than L. erythropterus adults, who predominantly 

feed on diet items presumably suspended in the water column. Finally, our study highlights 

the robustness of DNA metabarcoding to detect fine-scale differences in diet between 

sympatric species, including the detection of soft bodied prey. While this study examined two 

sympatric species in both juvenile and adult forms, it also facilitates a wider ‘whole of 
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ecosystem’ view of how these species (and their prey) coexist within the wider trophic 

network. Ultimately, these data may enable more informed fisheries management decisions 

regarding spatial management arrangements and also how these species may respond to future 

climatic perturbations. Furthermore, the selection of a range of fish taxa that profile a wide 

diversity of the ecosystem (via their diet) may form the basis of a monitoring program that 

extends beyond just fish into whole ecosystem responses. 

5.6 Supplementary information 

  
  

Figure S 5.1 The quality profiles of forward (A) and reverse (B) reads of paired-end 

sequences. Green line, orange line, and dashed orange lines represent the mean, 

median, and the 25th and 75th percentiles respectively. A grey-scale heat map represents 

the distribution of quality scores at each position, with dark colours corresponding to 

higher frequency. The mean quality scores gradually declined throughout the cycles 

for forward reads, whereas reverse reads experienced a steeper decline in quality 

scores approximately after the 100th cycle. 
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5.6.1 Assessment of sampling and sequencing depth 

The relationship between number of reads and prey taxa was examined using Pearson 

correlation to inspect whether the number of prey taxa detected was affected by sequencing 

depth. Analysis of variance (ANOVA) was also carried out to test the differences in mean 

number of reads and prey taxa detected between each group. The assumption of the samples 

coming from a normal distribution was tested and the number of prey taxa were transformed 

using a square-root transformation to meet the assumption. Rarefaction curves were plotted 

describing the diet of each species and life history stage. Random subsampling of sequences 

was conducted 1000 times at every 1000 reads for each sample, following the approach 

explained by Colwell (2013), and the total number of ASV and prey taxa detected by 

subsampling were averaged within the samples of the same group (species and life history 

stage). Species accumulation curves were plotted to assess whether the number of samples 

were sufficient to capture the majority of their potential prey taxa consumed by each species 

and life history stage. The software RStudio (v.1.0.143, https://rstudio.com/) was used to carry 

out statistical analyses and subsampling, and produce plots (RStudio Team, 2016).  

  

Figure S 5.2 Mean number of reads (A) and mean number of prey taxa (B) (+/- SD, 

standard deviation) obtained from the intestinal content of adult and juvenile Lutjanus 

erythropterus and L. malabaricus. Italics letters above the error bars imply statistically 

similar means for number of reads. 
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Figure S 5.3 Rarefaction curves of intestinal content samples from a universal (18SUni) 

and three sets of taxa specific primers (Fish16S, SCrust, and SCeph). The plateaus of 

the curves indicate the sufficient sequencing efforts to reveal the majority of the 

detected amplicon sequence variants (ASVs) (A) and prey taxa (B). SD, standard 

deviation. 

  

Figure S 5.4 Species accumulation curves of amplicon sequence variants (ASVs) (A) 

and prey taxa (B) identified from the intestinal contents of adult and juvenile Lutjanus 

erythropterus (LE) and L. malabaricus (LM) with all primers combined. SD, standard 

deviation. 

  

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●
●

●
●

●
●

●
●

●
●

●
●

●
●

●
●

●
●

●
●

0

250

500

750

1000

0 10 20 30 40
Number of samples

N
u
m

b
e
r 

o
f 
A

S
V

 (
+

/−
 S

D
)

Species − Life stage

●

●

●

●

●

All samples
LE Juvenile
LE Adult
LM Juvenile
LM Adult

A. ASV

●

●

●

●●

●

●

●

●●

●

●

●

●
●

●

●

●
●

●

●

●

●●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●
●

●
●

●
●

●
●

●
●

0

10

20

30

0 10 20 30 40
Number of samples

N
u
m

b
e
r 

o
f 
ta

x
a
 (

+
/−

 S
D

)

Species − Life stage

●

●

●

●

●

All samples
LE Juvenile
LE Adult
LM Juvenile
LM Adult

B. Prey taxa



 

83 

Table S 5.1 Taxonomic assignment (A) as well as the results of PERMANOVA (B) and 

pairwise-PERMANOVA (C) using different percent identify match thresholds (0, 1 and 

2%). The threshold defines the maximum difference between the percent identity 

matches of primary and non-primary reference sequences allowed in the lowest 

common ancestor (LCA) assignment algorithm. When the difference between the 

percent identity matches of primary and non-primary reference sequences was more 

than the threshold, the non-primary reference sequences were omitted prior to LCA 

assignment. PERMANOVA (B) and pairwise-PERMANOVA (C) examined the differences 

in diet composition of juvenile and adult Lutjanus erythropterus (LE) and L. malabaricus 

(LM), using 9999 permutations. Fullness of stomach was incorporated into the analyses 

as a covariate to test its effect on diet composition. The tests were based on Jaccard 

coefficient matrix for presence and absence (PA) datasets. 

A. Taxonomic assignment 

Threshold 

(%) 

Number of prey taxa 

Total Species level Genus level Family level Order level 

0 51 35 (69%) 10 (19%) 4 (8%) 2 (4%) 

1 37 21 (57%) 7 (19%) 6 (16%) 3 (8%) 

2 37 20 (54%) 8 (22%) 6 (16%) 2 (8%) 

 

B. PERMANOVA 

 Threshold (%) df SS F Model p 

Species 0 1 8943 3.14 <0.001 

 1 1 6416 2.40 <0.01 

 2 1 6314 2.36 <0.01 

Life stage 0 1 7715 2.71 <0.01 

 1 1 7667 2.87 <0.001 

 2 1 7880 2.95 <0.001 

Fullness of stomach 0 1 4566 1.60 0.064 

 1 1 3820 1.43 0.116 

 2 1 3803 1.42 0.122 

Species x Life stage 0 1 7954 2.79 <0.01 

 1 1 8071 3.02 <0.01 

 2 1 8213 3.08 <0.01 

Residuals 0 40 113960   

 1 40 106770   

 2 40 106800   
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C. Pairwise-PERMANOVA 

  Threshold (%) df t p 
In

te
r-

sp
ec

if
ic

 

Within Juvenile 0 19 1.59 <0.01 

 1 19 1.50 <0.05 

 2 19 1.50 <0.05 

Within Adult 0 20 1.61 <0.01 

 1 20 1.43 <0.05 

 2 20 1.40 <0.05 

In
tr

a
-s

p
ec

if
ic

 

Within LE 0 19 1.51 <0.05 

 1 19 1.43 <0.05 

 2 19 1.43 <0.05 

Within LM 0 20 1.83 <0.01 

 1 20 1.99 <0.01 

 2 20 2.02 <0.01 
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Table S 5.2 The list of prey taxa as lowest common ancestors (LCA) and number of ASV, species, genus and family which were assigned to the LCA. 

% match indicates the range of % similarity between each ASV and the reference sequences of assigned taxa. Where LCA taxa level is genus or 

higher, the species list contains more than one species with a common ancestor. 

LCA 
LCA 

level 
Primer 

No. 

ASV 

No. 

species 

No. 

genus 

No. 

family 
% match Species list 

Rastrelliger genus Fish16S 1 2 1 1 99.52 ~ 100 Rastrelliger kanagurta/ R. brachysoma 

Auxis rochei species 18SUni 4 1 1 1 98.25 ~ 100 Auxis rochei 

Pomacanthidae family 18SUni 104 10 4 1 95.04 ~ 98.25 Apolemichthys griffisi/ Centropyge 

flavissima/ Holacanthus tricolor/ 
Centropyge eibli/ C. venusta/ C. aurantia/ 

Paracentropyge multifasciata/ 
Holacanthus ciliaris/ H. passer/ H. 

africanus 

Labrus bergylta species 18SUni 4 1 1 1 95.75 ~ 98 Labrus bergylta 

Tridentiger barbatus species 18SUni 1 1 1 1 95.01 Tridentiger barbatus 

Parachaeturichthys 

polynema 

species Fish16S 1 1 1 1 97.49 Parachaeturichthys polynema 

Carangidae family Fish16S 1 2 2 1 100 Decapterus maruadsi/ Trachurus 
novaezelandiae 

Trachurus genus 18SUni 1 2 1 1 95.24 Trachurus mediterraneus/ T. trachurus 

Gerres filamentosus species Fish16S 1 1 1 1 98.04 Gerres filamentosus 

Gerres japonicus species Fish16S 1 1 1 1 97.17 Gerres japonicus 

Salpidae family 18SUni 2 5 3 1 95.29 ~ 96.34 Ritteriella retracta/ Iasis cylindrica/ 

Salpa fusiformis/ S. thompsoni/ S. maxima 

Iasis cylindrica species 18SUni 1 1 1 1 100 Iasis cylindrica 

Cyclosalpa genus 18SUni 1 3 1 1 99.22 ~ 100 Cyclosalpa sewelli/ C. polae/ C. affinis 

Megalocercus 

huxleyi 

species 18SUni 1 1 1 1 99.47 Megalocercus huxleyi 
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Oratosquilla oratoria species SCrust 1 1 1 1 95.43 Oratosquilla oratoria 

Mysidae family 18SUni 1 5 4 1 95.65 ~ 96.42 Boreomysis arctica/ B. tridens/ Mysidella 

typica/ Dactylerythrops bidigitata/ 
Rhopalophthalmus sp.  

Decapoda order 18SUni 14 30 25 14 96.68 ~ 100 Daldorfia horrida/ Pachygrapsus 

fakaravensis/ Eriphia smithii/ E. sebana/ 
E. verrucosa/ Portunus trituberculatus/ 

Otmaroxanthus balboai/ Pseudocarcinus 

gigas/ Panopeus herbstii/ Platyxanthus 

orbignyi/ Pilumnus floridanus/ Menippe 

nodifrons/ M. mercenaria/ M. adina/ 
Lobopilumnus agassizii/ Callinectes 

sapidus/ Carpilius maculatus/ Frevillea 

barbata/ Maja crispata/ M. 

brachydactyla/ Zaops ostreum/ 

Tritodynamia horvathi/ Eriocheir 
sinensis/ Homalaspis plana/ 

Hypothalassia armata/ Hexapanopeus 

angustifrons/ Eupilumnus laciniatus/ 

Eriphides hispida/ Charybdis japonica/ 

Ozius rugulosus 

Solenocera genus SCrust 1 2 1 1 95.35 Solenocera crassicornis/ S. pectinata 

Solenocera rathbuni species SCrust 1 1 1 1 98.26 Solenocera rathbuni 

Processa japonica species SCrust 1 1 1 1 95.91 Processa japonica 

Monomia argentata species SCrust 1 1 1 1 100 Monomia argentata 

Lupocyclus 

philippinensis 

species SCrust 1 1 1 1 98.28 Lupocyclus philippinensis 

Trachysalambria 

nansei 

species SCrust 1 1 1 1 100 Trachysalambria nansei 
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Trachypenaeus 

curvirostris 

species SCrust 1 1 1 1 95.35 Trachypenaeus curvirostris 

Metapenaeopsis genus SCrust 1 2 1 1 95.93 Metapenaeopsis barbata/ M. acclivis 

Metapenaeopsis 

palmensis 

species SCrust 1 1 1 1 98.26 Metapenaeopsis palmensis 

Metapenaeopsis 
lamellata 

species SCrust 1 1 1 1 97.67 Metapenaeopsis lamellata 

Metapenaeopsis 

barbata 

species SCrust 5 1 1 1 95.32 ~ 98.83 Metapenaeopsis barbata 

Chlorotocella 

gracilis 

species SCrust 1 1 1 1 98.13 Chlorotocella gracilis 

Ogyrides genus 18SUni 1 1 1 1 96.72 Ogyrides sp. 

Alpheidae family 18SUni 5 4 2 1 97.47 ~ 98.23 Alpheus packardii/ A. lobidens/ Alpheidae 

sp.  

Euterpina acutifrons species 18SUni 2 1 1 1 99.74 ~ 100 Euterpina acutifrons 

Candacia truncata species 18SUni 8 1 1 1 99.47 ~ 100 Candacia truncata 

Octopodidae family SCeph 1 3 2 1 95.83 Cistopus taiwanicus/ Octopus fusiformis/ 

Octopus sp 

Eunicida order 18SUni 4 2 2 2 99.22 ~ 99.74 Chloeia flava/ Archinome rosacea 

Leptothecata order 18SUni 1 4 3 3 98.20 ~ 98.72 Octophialucium indicum/ Blackfordia 
virginica/ Aequorea victoria/ A. aequorea 

Lyrocteis genus 18SUni 1 1 1 1 100 Lyrocteis sp.  

 



88 

Table S 5.3 The results of cross validation of diet composition observations in the 

canonical analyses (CAP) ordination, following to the leave-one-out approach. The 

values are the number of samples allocated into each of the classified groups. The 

juveniles of both Lutjanus erythropterus (LE) and L. malabaricus (LM) achieved higher 

allocation success rates (82%) versus adults. The allocation success rates of adults LE 

and LM were 45 % and 50 %, respectively, and the majority of the misclassified samples 

were allocated to LM Juvenile. 

  Classified group   

  
LE  

Juvenile 

LE  

Adult 

LM 

Juvenile 

LM 

Adult 
Total 

% 

correct 

O
ri

g
in

al
 g

ro
u
p
 LE Juvenile 9 0 2 0 11 82 

LE Adult 0 5 5 1 11 45 

LM Juvenile 2 0 9 0 11 82 

LM Adult 0 1 5 6 12 50 

 

Table S 5.4 The results of distance based linear model (DistLM) to test the effects of 

sample variability on juvenile diet composition. Marginal test results (A) show the 

significance levels of each variable on diet compositions. BEST solution results (B) 

summarised the top five, most parsimonious combination of variables that best 

explained the juvenile diet composition based on the Akaike Information Criterion with 

finite sample sizes (AICc). The tests were based on a Jaccard coefficient matrix for 

presence and absence (PA) datasets. TL, total length (mm). 

A. Marginal tests 

Variables df F p 

Species 2 2.11 <0.05 

TL 2 0.46 0.91 

Depth 2 0.17 0.99 

Time 6 1.08 0.25 

Date 3 0.81 0.61 

 

B. BEST solutions 

AICc R2 Selected variables 

174.07 0.096 Species 

175.41 0.039 date 

175.78 0.023 TL 

175.81 0.13 Species, date 

176.1 0.008 depth 
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Chapter 6 The distribution and habitat 

preferences of two sympatric 

snapper species on the 

northwest and northeast 

coasts of Australia 

6.1 Abstract 

Fish populations vary in abundance and size composition across their distribution in relation 

to the availability and type of habitat that is accessible. In many cases knowledge of the 

essential fish habitats for many fish species is limited, particularly for specific life history 

stages (i.e. juveniles) and/or in remote areas (i.e. deep water). This study investigated the 

distribution patterns and hotspots of two red snapper species, Lutjanus erythropterus and L. 

malabaricus, across latitude and depth in Australia. The length-specific distribution of these 

species in relation to bathymetry and a range of habitat descriptors was also explored in 

Western Australia. All analyses were based on data from 19,784 Baited Remote Underwater 

Video system samples collected from across Australia. Given most of the fish length data were 

from the northwest coast of Australia, we were only able to develop species distribution 

models and length-specific continuous predictive maps for Western Australian populations. A 

total of 698 L. erythropterus and 511 L. malabaricus were recorded across Australia at depths 

ranging from 4 to 129 m, with the southernmost sighting at 24 °S. Both the frequency of 

occurrence and body length were significantly influenced by bathymetry. Other influential 

explanatory variables that characterised occurrence included slope, direction of slope, and the 

standard deviation of water depth within a 50-grid cell kernel radius (1.56 km2). Length-

specific predictive maps indicated clear ontogenetic movement to deeper waters as fish 

increase in size and presumably age, providing valuable information to identify priority 

management areas to effectively protect specific life stages. This study highlights the potential 

utility of Species Distribution Models and length-specific predictive maps in combination with 

extensive datasets to derive essential fish habitats for fish species, particularly for those fishes 

of high socio-economic value. 
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6.2 Introduction 

Fish populations vary in abundance and size composition across their range of distribution in 

relation to the structure and availability of habitat (Bellwood et al., 2004; Jones et al., 2004; 

Williamson et al., 2014). Spatial management arrangements in the marine environment benefit 

from elucidating and describing species-habitat relationships (Conover et al., 2000; Moore et 

al., 2016). Identifying essential fish habitat (EFH) is important to optimise conservation and 

fishery management actions such as the design and location of no-take marine reserves, 

temporal fishing closures and gear restrictions, or as a consideration in environmental impact 

assessments. For many fishes, knowledge about EFH at different life stages (i.e. nursery 

habitats for juvenile life stages) is limited, or absent, particularly in remote areas or deep water 

(Hamilton et al., 2017; Moore et al., 2016; Newman et al., 2016; Sundblad et al., 2014). 

The life cycle of many reef fishes consists of a pelagic larval stage, followed by a demersal 

juvenile stage on shallow, low-relief substrate with adult life stages on deeper, high-relief reefs 

(Dahlgren & Eggleston, 2000). Owing to these complex life cycles, drivers of distribution and 

abundance of reef fish are expected to vary between life-history stages (Dahlgren & Eggleston, 

2000; Galaiduk et al., 2018; Mumby, 2006; Nakamura et al., 2008; Williams & Russ, 1994). 

For example, settlement choice of pelagic larvae and post-settlement survivorship of juveniles 

depends on the availability of nursery habitats (Feary et al., 2007; Jones et al., 2004; Lindholm 

et al., 2001). Therefore, evaluation of distribution patterns and EFH specific to life stages are 

valuable information to inform marine spatial management planning and can effectively be 

utilised to enhance survival during vulnerable life stages (Elith & Leathwick, 2009; Moore et 

al., 2009; Thrush & Dayton, 2010). 

The crimson snapper, Lutjanus erythropterus (Bloch, 1790), and the saddletail snapper, L. 

malabaricus (Bloch & Schneider, 1801) are sympatric red snapper species which are widely 

distributed along tropical and subtropical coasts throughout the Indo-Pacific region, including 

the Fiji Islands, Persian Gulf, Australia, and Japan (Allen, 1985). They are sister taxa 

(Frédérich & Santini, 2017) and the juveniles are phenotypically cryptic (Fry et al., 2009). 

Both species support important commercial and recreational fisheries throughout their 

distributional ranges (Allen, 1985; Blaber et al., 2005; O’Neill et al., 2011). Fisheries catches 

and research sampling data suggest that the adults co-exist in inter-reefal habitats on hard 

substrates ranging from depths of 20 to 240m (Blaber et al., 2005; Brouard & Grandperrin, 

1985; McPherson et al., 1992; Newman, 2002; Newman & Williams, 1996; Williams & Russ, 

1994). In contrast, their juveniles have been recorded in commercial prawn trawls and research 

survey catches from waters shallower than 30m (Fry et al., 2009; McPherson et al., 1992; 



 

91 

Takahashi et al., 2020). These catch data suggest that L. erythropterus and L. malabaricus 

probably undertake ontogenetic movements during their life history. Despite the importance 

of these species to commercial and recreational fisheries, there has been limited research which 

investigates their length-specific distribution patterns. Also, little is known about their 

ecological interactions and niche partitioning between the species and life stages (Blaber et 

al., 2005; Newman & Williams, 1996; Takahashi et al., 2020). 

 The objective of this study was to analyse data from Baited Remote Underwater Video 

systems (BRUVs) to: i) identify the spatial distribution ranges and hotspots of L. erythropterus 

and L. malabaricus in Australia across latitudes and depths; ii) corroborate the observed 

habitat partitioning patterns between life stages, and identify the driving factors of the 

partitioning; and iii) construct length-specific, continuous predictive maps of their distribution 

along the Western Australian coast for each species. 

6.3 Materials and methods 

6.3.1 BRUVs sample and data collection 

We analysed data from 19,784 BRUVs samples which were collected between 2000 and 2017 

from across Australia in depths ranging from 0 to 590 m across a latitudinal range from 10.41 

to 43.78 °S (Figure 6.1). Details regarding the BRUVs design, deployment and video analyses 

are described in Harvey et al. (2021). The BRUVs data were collated within the GlobalArchive 

(https://globalarchive.org). BRUVs imagery was analysed using the software EventMeasure 

(http://www.seagis.com.au) with relative abundance counts (MaxN) of L. erythropterus and 

L. malabaricus being recorded. MaxN is the maximum number of fish observed in the field of 

view of the BRUVS at one time (Cappo et al., 2001, 2003, 2007). Differences in mean MaxN 

between the species and coasts were examined using a two-way analysis of variance (2-way 

ANOVA). MaxN was log-transformed to meet the assumption of normal distribution, and 

absence records were excluded from the analyses. 

http://www.seagis.com.au/
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Figure 6.1 Map of Australia indicating the location of BRUVs survey sites (yellow 

points). Close-up maps detail the northwest (left) and northeast (right) coasts that 

encompass all the BRUVs sites where L. erythropterus (top) and L. malabaricus 

(bottom) were sighted (red circles). The size of the red circles is directly related to the 

MaxN of each species. 

To make measurements of the lengths of fish we used imagery from samples recorded with 

stereo-BRUVs. Stereo-BRUVs utilise two high-definition video cameras separated by a 

distance of between 500 and 800 mm, facilitating accurate length measurements at any angle 

in the field of view when the whole body is captured in the footage (Cappo et al., 2003; Harvey 

et al., 2010; Harvey & Shortis, 1995). Fork lengths (FL) of fish were also recorded in most of 

the stereo-BRUVs samples, except where there was a camera failure, or the visibility was too 

poor to make measurements. Body length was measured on the image where MaxN was 
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recorded to ensure no individual was recorded more than once. Juveniles of L. erythropterus 

and L. malabaricus are phenotypically indistinguishable (cryptic) (Fry et al., 2009). Due to the 

lack of juvenile discrimination in BRUVs images, fish under 150 mm length were recorded as 

both L. erythropterus and L. malabaricus. We acknowledge that this approach limits our 

analyses to identify species-specific distribution patterns for the juvenile stage, but we believe 

it is a reasonable approach given that L. erythropterus and L. malabaricus are sympatric 

species and the juveniles of both species have been caught in the same trawl nets in Western 

Australia and elsewhere on the east coast (Fry et al., 2009; McPherson et al., 1992; Takahashi 

et al., 2020). The subadults and adults were distinguished based on the morphological and 

behavioural differences, where L. malabaricus have larger mouths and more angular heads 

compared to L. erythropterus, and L. malabaricus are often found more solitary or in a couple 

of individuals whereas L. erythropterus tend to present in larger numbers. Differences in mean 

length between the species on the northwest (NW) coast of Australia were examined using a 

one-way analysis of variance (1-way ANOVA). Fish under 150 mm length were excluded 

from this analysis as the same individuals were recorded as both L. erythropterus and L. 

malabaricus, violating the independence assumption. Due to the lack of length records from 

the northeast (NE) coast, only the data from NW coast were used for the ANOVA. 

A bathymetry raster at 250 m resolution (available from Geoscience Australia, accessed on 20 

September 2019) (Whiteway, 2009) was used to derive secondary datasets of environmental 

predictors of benthic habitat using terrain analysis techniques in ArcGIS 10.6 (see Table 6.1 

for the full list and explanations of explanatory variables). Together, these predictors describe 

the structure and complexity of the seafloor across varying spatial scales and are known to 

affect the distribution and abundance of fishes (Galaiduk et al., 2017b; Oyafuso et al., 2017; 

Stamoulis et al., 2018). 

6.3.2 Species distribution modelling and predictive 

mapping 

Species distribution models (SDMs) were applied to quantify the relationship between 

response variables (i.e. occurrence, length of fish) of the BRUVs data and multiple seafloor 

variables derived from the bathymetry data, such as the direction of slope and curvature of 

seafloor (Table 6.1). The outputs can be used to make predictions about the distributions of 

organisms in unsurveyed locations (Cure et al., 2018; Elith & Leathwick, 2009; Galaiduk et 

al., 2017a; Moore et al., 2009). The occurrence and length of L. erythropterus and L. 

malabaricus were modelled separately to inform the body-length distribution maps with 

predicted data from the occurrence models. Samples from the NW coast of Australia (with a 
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longitude less than 135°E and a latitude above 25°S) were used in SDMs due to the lack of 

length records from the NE coast. 

Table 6.1. Descriptions of the explanatory variables used for the boosted regression 

trees (BRT) and generalized additive mixed models (GAMMs) 

Explanatory variables Descriptions 

Bathymetry (bathy) Elevation in metres relative to the Australian Height Datum. 

Aspect (asp) A circular azimuthal direction of the steepest slope, 

calculated on a 3 x 3-pixel area. Values closest to 0 and 360 

represent north-facing slopes. Values close to 90, 180, and 

270 represent east-, south-, and west- facing slopes 

respectively.  

Slope (slp) First derivative of elevation. Average change in elevation, 

calculated on a 3 x 3 pixel area. 

Plan curvature (plan) second derivative of depth: concavity/convexity 

perpendicular to the slope. 

Profile (prof) second derivative of depth: concavity/convexity parallel to 

the slope. 

Curvature (curv) Combined index of profile and plan curvature. 

Range (rng05, rng10, 

rng30, rng50) 

Maximum minus the minimum elevation in the local 

neighbourhood (local relief) of 5, 10, 30 and 50-grid cell 

kernel radius. 

Standard deviation of 

water depth (std05, 

std10, std30, std50) 

Standard deviation of the local neighbourhood water depth of 

5, 10, 30 and 50-grid cell kernel radius. 

 

A total of 5,225 BRUVs data were collected from the NW coast, however, only a subset of 

these surveys yielded at least one sighting of either L. erythropterus and/or L. malabaricus on 

the NW coast. Occurrence data from those surveys that yielded at least one species of interest, 

comprised a total of 1,611 individual BRUVs deployments. These deployments were utilised 

to construct SDMs. If the species were observed in the BRUVs recording, it was assigned as 

a presence record, and all the other BRUV locations were utilised as absence points. 

Occurrence and length of L. erythropterus and L. malabaricus were modelled separately to 

inform the body-length distribution maps with data from the occurrence models. 

The presence/absence (PA) of L. erythropterus and L. malabaricus were modelled using 

boosted regression trees (BRT) (i.e. fitting a large number of binary splits), a technique that 

offers flexibility due to the large proportion of zeros, extreme outliers and interaction terms 

(Elith et al., 2008; Leathwick et al., 2006a). Regression based models are potentially sensitive 
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to correlated explanatory variables. As a consequence variables with a Spearman’s Rank 

correlation coefficient of over 0.7 were excluded from further analyses (Leathwick et al., 

2006b). The PA dataset was randomly divided into training (70%) and test (30%) data to obtain 

the estimation of prediction error from independent test data. The optimal proportion of 

training data is ~70% for 5 - 6 predictors, which was the case for this study (Fielding & Bell, 

1997; Huberty, 1994). The training data was fitted with Bernoulli distributions, using the gbm 

package (Ridgeway, 2013), and the functions developed by Elith et al. (2008) in R. The 

optimal model parameters were selected by running the models using the range of parameters 

and assessing the number of trees retrieved as well as the area under curve (AUC) from 10-

fold cross validation (CV) for the model prediction powers. We used the parameters of tree 

complexity at 2, bag fraction at 0.75 and learning rate at 0.001 to ensure that a minimum of 

1000 trees would be retrieved. Variable selection was performed by removing the variables 

with the least relative percentage contributions to the model. The changes in holdout deviances 

were assessed each time the models were simplified using 10-fold CV. Through these 

procedures, the most parsimonious model was selected for each species, with all the remaining 

explanatory variables contributing at least 10% to the model. The final model for each species 

was validated using test data by examining AUC, confusion matrix and model accuracy 

parameters, such as sensitivity, specificity, and the Kappa statistic. AUC is a measure of the 

model’s prediction power, ranging from 0.5 to 1. An AUC of 0.5 suggests that the predictive 

ability could be achieved by chance alone, 0.7 – 0.8 is considered to be an acceptable 

prediction, 0.8-0.9 to be excellent, and over 0.9 to be outstanding (Hosmer et al., 2013). The 

threshold at which sensitivity was equal to specificity was used to ensure high sensitivity, 

while specificity was also considered (Figure S 6.1), because high false negative rates would 

be more ‘costly’ in conservation-terms than false positives (i.e. EFH would not be explicitly 

incorporated into fisheries and conservation management priorities) (Fielding & Bell, 1997). 

Body lengths of 209 individuals of L. erythropterus and 151 individuals of L. malabaricus 

were measured on the NW coast of Australia and modelled using generalized additive mixed 

models (GAMMs). Generalized additive models (GAMs) and GAMMs are a particularly 

powerful tool to model the complex, non-linear relationships of marine species to 

environmental predictors by utilizing a smoothing function, and it has been previously used to 

predict fish lengths and biomass (Galaiduk et al., 2017a, 2018). GAMMs allow consideration 

of random effects (Wood, 2006), which in our case is the unique ID of BRUVs as the 

observation level random effect, to account for non-independence of the length measurements. 

Outliers were removed and the variables were square-root or log transformed if required to 

meet the normality assumption. Explanatory variables with Spearman’s Rank correlation 

coefficient of over 0.7 were excluded to remove collinearity. The body length dataset for each 
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species was randomly divided into training (70%) and test (30%). Spatial autocorrelation was 

examined using the gstat package in R (Pebesma, 2004), in order to account for non-

independence of observations, which was minimal overall and most importantly non-existent 

in the test data (Wainwright & Mulligan, 2013). This indicates the spatial independence of 

data between samples. 

The response and explanatory variables of the training data were fit with a gamma error 

distribution with log link function, using the FSSgam package in R (Fisher et al., 2018). 

Smoothing was performed during the model fitting process, with the knots (smooth terms) 

limited to 4 degrees of freedom. The most parsimonious model with delta Akaike Information 

Criterion corrected for finite sample sizes (AICc) of less than 2 was selected for each species 

(Table S 6.1) (Burnham & Anderson, 2004). The prediction powers of the selected models 

were validated by predicting the fish length of test data and assessing normalised root mean 

square error (nRMSE) and an adjusted R squared value (adj. R2) based on a linear regression 

between the observed values of the test dataset and values predicted without a null term. Model 

residuals were plotted against the fitted values of each model to verify an absence of residual 

patterns. The software RStudio (v.1.0.143) was used to select and validate models, produce 

plots, and carry out correlation analyses (RStudio Team, 2016). 

Raster layers of the explanatory variables used in the final models were prepared, covering the 

areas of the NW coast of Australia, with latitudes between 13.3 and 25.5°S, longitudes between 

112.9 and 130.2°E, and the depth to 131 m (the maximum depth at which body length was 

recorded). Probability of occurrence and body length were predicted separately using the final 

validated models of BRT and GAMMs for each species on 250 m grids. Probability of 

occurrence was converted to 1 and 0 for presence and absence respectively, based on the 

species-specific, PA conversion thresholds defined during the BRT model evaluation. Length-

specific, continuous predictive maps were then constructed on the grids where the presence of 

these species was predicted. The raster package in R was used for the predictions and map 

constructions.  

6.4 Results 

6.4.1 Depth and latitudinal distribution patterns 

The southernmost sighting of L. erythropterus and L. malabaricus was 23.44°S on the NW 

and 24.12°S on the NE coasts of Australia, despite the continuous, large sampling effort at 

higher latitudes on both coasts (Figure 6.1, Figure 6.2). The number of BRUVs deployed 

within the observed latitudinal range of L. erythropterus and L. malabaricus (< 25°S) was 
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5,225 on the NW coast at depths ranging from 0.4 to 348 m, and 2,490 on the NE coast at 

depths ranging from 7 to 104 m (Table 6.2, Figure 6.2–A). A total of 74 BRUVs on the NW 

coast and 56 BRUVs on the NE coast contained sightings of L. erythropterus, accounting for 

a frequency-of-occurrence of 1.42 and 2.25% respectively (Table 6.2). A total of 123 and 84 

BRUVs on the NW and NE coasts contained sightings of L. malabaricus, accounting for a 

frequency-of-occurrence of 2.35 and 3.37% respectively (Table 6.2).  

The maximum depth at which L. erythropterus and L. malabaricus were sighted on the NW 

coast was 123 m and 129 m, respectively, which were deeper than those on the NE coast (78.5 

and 104 m, respectively) (Table 6.2 & Figure 6.2-A). The depth difference is most likely 

related to the low number of samples derived from deeper waters on the NE coast (Figure 6.2–

A & B). While the species were sighted at shallow depths (i.e. as shallow as 4 m), the depth 

distribution hotspot (i.e. an area with a frequency-of-occurrence of more than 10%) for both 

species was obtained in waters deeper than 20 m on the NW coast, with the peak of frequency-

of-occurrence at depths of 80 – 110 m (Figure 6.2–B). In contrast, the hotspot was shallower 

on the NE coast starting from a depth of 10 m (Figure 6.2–B). An exceptionally high 

frequency-of-occurrence of L. malabaricus (50 and 100%) was observed on the NE coast at 

22 – 24 °S and 80 – 110 m depth, which was reflected by sightings on four out of the 7 BRUVs 

deployed within the depth range (Figure 6.2–A & B). Excluding the exceptionally high 

frequency-of-occurrence of L. malabaricus, the latitudinal distribution patterns were 

comparable between each of the species and along each coast, with the hotspot at 12 – 22 °S 

on the NW coast and 10 – 20 °S on the NE coast (Figure 6.2–B). 
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Figure 6.2 Heat maps of (A) the number of BRUVs deployed, and (B) the frequency of 

occurrence (FOO) (%) of L. erythropterus and L. malabaricus on the northwest (NW) 

(left) and northeast (NE) coasts (right) of Australia, at latitudes ranging from 10 to 30 °S 

and depths ranging from 0 to 350 m. Numbers in each grid also indicate the total number 

of BRUVs deployed (A) and FOO (B) within each depth and latitudinal range. 
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Table 6.2 Summaries of BRUVs counts, MaxN and length of L. erythropterus and L. 

malabaricus sighted by BRUVs in northwest (NW) coast and northeast (NE) coast of 

Australia. Total number of BRUVs is the number of BRUVs deployed above 25 °S on 

each coast, regardless of the sighting of L. erythropterus and L. malabaricus. Range 

and mean of MaxN were generated excluding the absence records. Mean length was 

calculated without juveniles (under 150 mm). SD, standard deviation. 

 NW coast NE coast 

 LE LM LE LM 

Total number of 

BRUVs (above 25 °S) 
5,225 2,490 

Number of BRUVs 

with a presence record 
74 123 56 84 

Frequency of 

occurrence (%) 
1.42 2.35 2.25 3.37 

Depth range of 

presence records (m) 
4 - 123 4 - 129 11.2 - 78.5 11.2 - 104 

Maximum latitude of 

presence records (°S) 
21.64 23.44 24.12 21.64 

Total MaxN 407 293 291 218 

MaxN range 1 - 64 1 - 25 1 - 28 1 - 25 

Mean MaxN (± SD) 5.5 (± 10.4) 2.38 (± 3.18) 5.2 (± 6.06) 2.6 (± 3.46) 

Number of fish with 

length recorded 
209 151 1 6 

Length range (mm) 65.14 - 603.42 65.14 - 774.62 394.24 
330.83 - 

514.9 

Mean length  

(+/- SD) (mm) 

391.32 

(± 88.09) 

399.90 

(± 149.42) 

394.24 

(NA) 

402.43 

(± 62.83) 

 

6.4.2 MaxN records 

The cumulative number of MaxN records were 698 for L. erythropterus and 511 for L. 

malabaricus. The mean MaxN of L. erythropterus (5.5 and 5.2 on the NW and NE coasts 

respectively) was significantly higher than those of L. malabaricus (2.38 and 2.6 on the NW 

and NE coasts respectively) on both coasts (Table 6.2) (2-way ANOVA: F (1, 322) = 18.13, p < 

0.001). The difference in mean MaxN was not significant between the coasts (2-way ANOVA: 

F (1,322) = 2.39, p = 0.12), nor were the interactions (2-way ANOVA: F (1, 322) = 0.67, p = 0.42).  

6.4.3 Body length records 

Body lengths of 209 individuals of L. erythropterus and 151 individuals of L. malabaricus 

were measured on the NW coast. Of these length measurements, sixteen were below 150 mm. 

Only 9 length records were available from the NE coast due to the low numbers of stereo-

BRUVs deployments. The minimum length recorded of a juvenile was 65.14 mm. The 

maximum recorded length of L. erythropterus (603.42 mm) was smaller than those of L. 
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malabaricus (774.62 mm), while their mean lengths were comparable to each other (369.32 

mm (± 114.31 SD), and 368.54 mm (± 168.37 SD), respectively) (Table 6.2) with no 

significant difference between the species (1-way ANOVA: F(1, 326) = 0.425, p = 0.52). 

6.4.4 Presence/absence models 

The initial 14 explanatory variables (Table 6.1) were reduced to six variables after covariates 

were removed. These were further reduced to four and three influential variables with high 

contributions to the BRT models of PA of L. erythropterus and L. malabaricus (Table 6.3). 

Those influential variables were bathymetry, standard deviation of the local neighbourhood 

water depth of the 50-grid cell kernel radius (std50), slope, and aspect for L. erythropterus; 

and bathymetry, std50, and slope for L. malabaricus (Table 6.3). Bathymetry was the most 

influential explanatory variable with percentage contributions of 52% for L. erythropterus and 

51% for L. malabaricus (Table 6.3). The probability of occurrence was low at depths shallower 

than ~ 40 m, and then increased with increasing depth, with a peak at approximately 100 m 

for both species (Figure 6.3–A). These patterns were also reflected in the predictive maps of 

the NW coast of Australia, where a low probability of occurrence was predicted at shallow, 

inshore areas (Figure 6.4–A). Most inshore areas were then predicted to exhibit negligible 

records after the probability of occurrence was converted to PA, based on the species-specific 

PA conversion thresholds (Figure 6.4–B). Std50 was the second most influential predictor of 

occurrence for both species (Table 6.3), where the probability of occurrence was predicted to 

increase with smaller values of std50 (Figure 6.3–A). A higher probability of occurrence of 

both species was predicted for gently sloping continental shelf waters. The probability of 

occurrence of L. malabaricus was expected to be higher than those of L. erythropterus when 

fitted with std50 and slope (Figure 6.3–A), which was also reflected in the predictive maps 

where larger areas with mid to high probability of occurrence (0.3 - 1) were predicted for L. 

malabaricus compared to L. erythropterus (Figure 6.4–A). In addition, L. erythropterus was 

also predicted to be mostly associated with the north-facing slope directions (aspect close to 

zero or 360°) (Figure 6.3–A). The percent contributions of std50, slope, and aspect ranged 

between 11 and 38%, which were lower than those of bathymetry (Table 6.3), and the changes 

in probability of occurrence predicted by these variables were also notably less than those of 

bathymetry (by one order of magnitude) (Figure 6.3–A). 

The models for both species achieved a high prediction performance, with an AUC of 0.85 for 

L. erythropterus, and 0.83 for L. malabaricus (Table 6.3). The threshold at which sensitivity 

was equal to specificity was 0.041 for L. erythropterus and 0.063 for L. malabaricus (Table 

6.3). When the predicted probability of occurrence was lower than the threshold, it was 

converted to an absence in the PA predictive maps (Figure 6.4–B). The sensitivity and 
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specificity at the threshold were 0.76 for L. erythropterus and 0.78 for L. malabaricus (Table 

6.3 & Figure S 6.1). 

Table 6.3 The summary of the final models and model validations of boosted regression 

trees (BRT) for presence/absence and generalised additive mixed models (GAMMs) for 

length of L. erythropterus and L. malabaricus on the northwest coast of Australia. The 

percentage values for the selected explanatory variables in BRT represent the 

percentage contributions to the models. Threshold dependent validation parameters, 

such as specificity and sensitivity, were the values at the threshold where specificity 

was equal to sensitivity. Normalised root mean square error (nRMSE) and adjusted R 

squared value (adj. R2) were based on a linear regression between the observed values 

of the test dataset and values predicted without a null term. Asp, aspect; bathy, 

bathymetry; prof, profile; slp, slope; std50, standard deviation of the local 

neighbourhood water depth of 50-grid cell kernel radius; curv, curvature; rng30, 

maximum minus the minimum elevation in the local neighbourhood (local relief) of 30-

grid cell kernel radius; AUC, area under curve. 

Response 

variable 
Presence / Absence Length (mm) 

Species L. erythropterus L. malabaricus L. erythropterus L. malabaricus 

Range 0 / 1 65.14 – 603.42 65.14 – 774.62 

Initial explanatory 

variables 
asp, bathy, plan, prof, slp, std50 

asp, bathy, curv, 

sqrt.slp 

asp, bathy, 

curv, sqrt.slp, 

log.rng30 

Selected 

explanatory 

variables 

bathy (52%) 

std50 (20%) 

slp (14%) 

asp (14%) 

bathy (51%) 

std50 (38%) 

slp (11%) 
bathy bathy 

AUC 0.85 0.83   

Threshold 0.041 0.063   

Sensitivity  

(= Specificity) 
0.76 0.78   

nRMSE (%)   19.05 33.1 

adj. R2   0.59 0.51 
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Figure 6.3 Smoother estimates for the explanatory variables as obtained by boosted 

regression trees (BRT) for occurrence (A), and generalised additive mixed models 

(GAMMs) for body length (B) of L. erythropterus and L. malabaricus on the northwest 

coast of Australia. Marks in the plots represent the sampled data points. In the BRT, 

marks above the estimated lines represent the presence records, and marks below the 

lines represent the absence records. The datapoints of juveniles (under 150mm body 

length) were duplicated for L. erythropterus and L. malabaricus due to the inability of 

juvenile discrimination in BRUVs images. Std50, standard deviation of the local 

neighbourhood water depth of 50-grid cell kernel radius; SE, standard error. 
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Figure 6.4 Predictive maps of occurrence and body length of L. erythropterus and L. 

malabaricus on the northwest coast of Australia. Probability of occurrence (A) was 

predicted using the selected models of boosted regression trees, which was then 

converted to presence and absence (P/A) (B) based on the threshold (sensitivity = 

specificity) of 0.041 and 0.063 for L. erythropterus and L. malabaricus respectively. 

Body length (C) was predicted using the final models of the generalised additive mixed 

models. The predicted area covers the depth to 131 m, latitude between 13.3 and 25.5 

S, and longitude between 112.9 and 130.2 E. 
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6.4.5 Body length models  

GAMMs for body length identified bathymetry as the significant influential predictor of length 

of both species on the NW coast of Australia (Table 6.3), with the length increasing from 100 

mm to approximately 500 mm as depth increased from 0 to ~ 60 m (Figure 6.3–B). Body 

length of L. erythropterus exhibited a slight decline to below 400 mm as the depth increased 

from ~ 60 m to the maximum depth observed (131 m), whereas those of L. malabaricus 

plateaued (Figure 6.3–B). Larger body length was predicted for L. malabaricus compared to 

L. erythropterus at depths deeper than 50 m (Figure 6.3–B). 

These patterns identified in the GAMMs curves were also revealed in the length-specific, 

continuous predictive maps (Figure 6.4–C). Juvenile L. erythropterus and L. malabaricus were 

expected to occur in nearshore and inshore areas along the NW coast of Australia. Body length 

increased with the proxy of distance from the coast (Figure 6.4–C). The size distribution at 

offshore areas was larger for L. malabaricus than L. erythropterus (Figure 6.4–C). The 

maximum length predicted in the mapped area was 483.48 mm and 588.36 mm for L. 

erythropterus and L. malabaricus respectively. 

Normalised root mean square error (nRMSE) between the observed and predicted length was 

19.1% for L. erythropterus and 33.1% for L. malabaricus (Table 6.3). Adjusted R2 of the linear 

regression between observed and predicted values were 0.59 for L. erythropterus and 0.51 for 

L. malabaricus (Table 6.3). Lower nRMSE and higher R2 achieved by the model for L. 

erythropterus compared to the model for L. malabaricus indicate a higher prediction 

performance of the former model. 

6.4.6 Predictive maps of Presence/Absence and 

body length combined 

Large, offshore areas of the NW coast of Australia were expected to be inhabited by medium 

to large sized fish at depths over ~30 m for both species (Figure 6.5). In contrast, limited areas 

for juvenile fish were predicted when the predictions of PA were taken into account (Figure 

6.5), due to the absent predictions at the majority of inshore, shallow water sampled areas 

(Figure 6.4–B). More patches of nursery grounds were revealed for L. erythropterus compared 

to L. malabaricus, possibly due to the lower PA conversion threshold of L. erythropterus 

(Figure 6.5). 
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Figure 6.5 Predictive maps of the body length and occurrence combined for L. 

erythropterus (left) and L. malabaricus (right) on the northwest coast of Australia. Grey 

area indicates the area where absence of the species was predicted. The predicted area 

covers the depth up to 131 m, latitude between 13.3 and 25.5 °S, and longitude between 

112.9 and 130.2 °E. 

6.5 Discussion  

Understanding the patterns of distribution and EFH for different life stages of fishes informs 

and enables the implementation of effective spatial and temporal management (Laman et al., 

2018; Moore et al., 2016). Studying EFH for smaller individuals (i.e. juveniles), and in deep 

or turbid water is particularly challenging due to the large sample sizes required to collect 

sufficient occurrence data (Fry et al., 2009; Moore et al., 2016; Vasconcelos et al., 2010). The 

large BRUVs dataset collated in the GlobalArchive and analysed in this study provided an 

opportunity to overcome some of these challenges. The frequencies-of-occurrence of L. 

erythropterus and L. malabaricus ranged between 1.42 and 3.37% on the NW and NE coasts 

of Australia, and under 0.5% in shallow waters (< 30 m) on the NW coast where juveniles 

were expected to occur. Despite the low frequency-of-occurrence, this data derived from this 

study was able to predict the distribution patterns of L. erythropterus and L. malabaricus 

across Australia at an extended depth range and demonstrated ontogenetic movement patterns 

with the continuous predictive maps on the NW coast of Australia.  

Latitudinal hotspots where the frequency-of-occurrence was more than 10% were limited to 

latitudes less than 20 °S and 24 °S on the NW and NE coasts, respectively. The maximum 

latitude observed in this study was 24 °S, whereas the most southern sightings previously 

recorded are at 33 °S off Sydney for both species (Australian Museum Ichthyology Collection, 

Catalogue number IB.4236 and I.28743-028 for L. erythropterus and L. malabaricus 
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respectively). Given the continuous, large sampling effort at higher latitudes, this finding 

suggests that the EFH of L. erythropterus and L. malabaricus is likely to be restricted to the 

tropics despite their wide distributional range from Sydney to southern Japan (Allen, 1985). 

The latitudinal distribution range is typically the result of thermal tolerance, growth and niche 

constraints. Consequently, poleward shifts in species distribution and tropicalisation of 

temperate reefs have been increasingly documented in response to the rising sea water 

temperature and climate change (Cheung et al., 2012; Wernberg et al., 2013; Wuenschel et al., 

2012; Yamano et al., 2011). The latitudinal hotspot we identified for L. erythropterus and L. 

malabaricus suggests that they are likely to possess a prominent thermal threshold and may 

undergo potential poleward shifts as water temperature rises if suitable habitat and diet 

requirements can be encountered at higher latitudes. The results of this study suggest that areas 

in higher latitudes (> 20 °S and 24 °S on the NW and NE coasts) could potentially become 

occupied by these species under climate change scenarios. Long-term continuous observations 

from monitoring programs are required to detect such changes. 

On the NW coast of Australia, the depth hotspot for the two species was between 20 and 130 

m with the peak of frequency-of-occurrence at 80 – 110 m despite their depth distribution 

starting from as shallow as 4 m depth. The maximum depth of L. erythropterus and L. 

malabaricus revealed in this study was 123 m and 129 m respectively, which are comparable 

with records from global and national databases (i.e. FishBase (www.fishbase.org), Fish of 

Australia (http://fishesofaustralia.net.au/)) and consistent with previous studies, ranging 

between 100 and 140 m (Allen, 1985; Bray & Gomon, 2018; Froese & Pauly, 2018). However, 

in contrast to the clear latitudinal threshold recorded in this study, the depth distributional 

patterns require careful interpretation. While the BRUVs deployment depths exceeded 300 m, 

the number of samples in deeper waters beyond the maximum depth observed on each coast 

is limited. Given the frequency-of-occurrence in deeper waters remained relatively high, it is 

likely that the depth limits of the NW and NE coast populations may exceed our findings. 

Furthermore, the depth distribution patterns (both hotspots and maximum depth) on the NE 

coast were shallower compared to those on the NW coast, which may be attributed to the 

difference in deep water sampling effort and also the characteristics of benthic topography 

between the coasts (i.e. an extensive barrier reef system on the NE coast as opposed to a broad 

open continental shelf system on the NW coast). Similarly, the maximum reported depth of L. 

malabaricus was 240 m in Vanuatu (Brouard & Grandperrin, 1985), whereas there is no 

evidence this species occurs at these depths in Australian waters. These findings suggest the 

importance of location-specific investigations as well as increased sampling effort at deeper 

water sites to better understand their distribution at extended depths. 

http://www.fishbase.org/
http://fishesofaustralia.net.au/
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Generalised additive mixed models (GAMMs) and body length predictive maps indicated 

clear ontogenetic movement to deeper water as fish increase in length and presumably age, 

which is consistent with the life cycle migration patterns found in many reef fishes including 

other lutjanid species (Cocheret de la Morinière et al., 2003; Dahlgren & Eggleston, 2000; 

Szedlmayer & Lee, 2004). The increase in body length occurred from shallow waters to 50 m 

depth for both species, and juveniles were predicted to be found at inshore shallow waters less 

than 30 m depth. This prediction is consistent with data from a range of studies on L. 

erythropterus and L. malabaricus. For example, juveniles were captured in commercial prawn 

trawls and research survey catches from waters shallower than 30 m (Fry et al., 2009; 

McPherson et al., 1992; Takahashi et al., 2020) and adults have been reported from a depth 

range of 20 to 240 m (Blaber et al., 2005; Brouard & Grandperrin, 1985; McPherson et al., 

1992; Newman, 2002; Williams & Russ, 1994). These findings indicate that both BRUVs and 

catch data can be utilised to identify ontogenetic movements if an extensive range of length 

data is available. However, BRUVs have the advantage of being non-intrusive and non-

extractive and can be utilized across management zones (Cappo et al., 2003). In addition to 

the ontogenetic habitat partitioning, Takahashi et al. (2020) identified significant diet 

partitioning between the life stages of L. erythropterus and L. malabaricus. These findings 

suggest that habitat and diet are strongly connected, and that life history niche partitioning 

plays an important role not only to provide refuge from predation but also to segregate food 

resources to minimise intra-specific competition. 

Reef fish are also generally understood to migrate from low to high relief substrate as they 

grow (Dahlgren & Eggleston, 2000; Williams & Russ, 1994). Consequently, we included 

several substrate complexity variables, such as slope and curvature, in the models. However, 

the most parsimonious models of both species were underpinned by a single variable, 

bathymetry. Further sampling to increase the sample size of length records, especially for 

juveniles, may be required to better understand the association between substrate complexity 

and body size of L. erythropterus and L. malabaricus. 

SDMs have been increasingly applied to identify EFH and predict the distribution of marine 

species, and the abundance or PA of a species are the common response variables applied 

(Bellido et al., 2008; Laman et al., 2018; Moore et al., 2016). EFH specific to each life-stage 

have been investigated by modelling the abundance of adult and juveniles separately 

(Compton et al., 2012; Cure et al., 2018; Sagarese et al., 2014) or modelling the body size (i.e. 

length, biomass; Galaiduk et al., 2017a). In contrast, few studies, including this study, have 

utilised both occurrence (i.e. abundance, PA) and body size (i.e. length, biomass) to construct 

the length-specific continuous predictive maps while taking into account the occurrence 
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probabilities (Galaiduk et al., 2018). Our occurrence data provided useful information on the 

distribution patterns of L. erythropterus and L. malabaricus, with the hotspot at depths over 

50 m. However, if only the occurrence data were considered, the EFH of juveniles (i.e. nursery 

grounds) would not have been elucidated due to the reduced amount of data available in these 

shallow water environments. This highlights that SDMs with the response variables of both 

occurrence and body size complement each other and should be considered essential if the 

study aims to identify size specific EFH and produce continuous predictive maps.  

The low frequency-of-occurrence in shallow waters (< 40 m) on the NW coast was evident by 

both frequency-of-occurrence heatmaps and the results of boosted regression trees (BRT). This 

has resulted in an absence prediction in most inshore nursery areas, and failure to reveal 

ontogenetic movement patterns when the length and occurrence predictions were combined. 

Occurrence rates of juvenile fish may be relatively underestimated as visibility at inshore 

nursery grounds is generally poorer (i.e. high turbidity areas) than those at offshore locations. 

There may also be bias in the range of shallow depth environments sampled. Furthermore, 

Dunlop et al. (2015) identified agonistic behaviours of larger, predatory species, resulting in 

many smaller-bodied fish departing the field of view and confounding their relative abundance 

using downward facing BRUVs. Alternatively, Coghlan et al. (2017) used horizontally facing 

BRUVs and did not detect the significant influence of agonistic behaviours on relative 

abundance and composition of small-bodied fish, possibly because those fish pursued by 

predators remained sampled in the background of the field of view. These findings imply that 

agonistic interactions occur closer to the bait (i.e. bait guarding), and juvenile abundance and 

occurrence rates could be underestimated when the field of view is restricted with downward 

facing BRUVs or low visibility, which is common at inshore nursery grounds. 

Our study also encountered an additional challenge with sampling juveniles due to the cryptic 

features of L. erythropterus and L. malabaricus juveniles. Due to the inability of juvenile 

discrimination in BRUVs images, fish under 150 mm length were recorded as both L. 

erythropterus and L. malabaricus, which has resulted in an additional bias, as well as 

limitations on our analyses to identify any inter-specific interactions during the juvenile stage. 

These potential sources of bias imply that there needs to be a cautious interpretation of the 

occurrence predictions for juveniles. For instance, the use of the length predictive maps 

without the occurrence prediction combined is required if the purpose is to define priority 

nursery areas. Despite such challenges associated with juvenile sampling, we obtained 

sufficient length records of juveniles and produced models of length distributions with high 

prediction accuracy, highlighting the robustness of SDMs and the utility of the large and 

extensive databases (Harvey et al., 2021). 
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In addition to the spatial distribution and life cycle migration patterns of L. erythropterus and 

L. malabaricus, this study also indicated differences in schooling behaviour and size 

distributions between the species. For instance, L. erythropterus exhibited lower frequency-

of-occurrence and higher mean MaxN on both the NW and NE coasts of Australia compared 

to L. malabaricus, which is likely to be associated with a higher schooling tendency for L. 

erythropterus. Furthermore, our length predictive maps identified larger adult sizes of L. 

malabaricus compared to L. erythropterus throughout their distribution range, which are 

consistent with previous studies (Fry et al., 2009). Schooling behaviour is a common strategy 

to avoid predation, and to capture schooling prey for predatory fish, whereas weak schooling 

is advantageous to capture isolated (individual) prey (Magurran & Seghers, 1991; Major, 

1978). Body morphology, such as body size, jaw structure and dentition, also plays an 

important role in shaping the diet choice of teleosts (Clifton & Motta, 1998; Wainwright & 

Richard, 1995). Therefore, the results of this study suggest different predation strategies, with 

L. erythropterus and L. malabaricus targeting different prey items. Different diet compositions 

between L. erythropterus and L. malabaricus have been revealed in previous studies, where a 

variety of malacostracans (e.g. crabs, prawns, mantis shrimps) were identified in the gut 

contents of L. malabaricus, but were notably absent in L. erythropterus (Salini et al., 1994; 

Takahashi et al., 2020). Instead, L. erythropterus consumed soft bodied prey, such as tunicates, 

comb jellies and medusa, as well as other fish species (Takahashi et al., 2020). Weaker 

schooling behaviour and a larger body size of L. malabaricus may be advantageous to capture 

individual, fast-moving malacostracans. These findings suggest a close association between 

behaviours, body sizes and diet specialisation, as well as the ecological adaptation for niche 

partitioning and thus coexistence of these two sympatric species. 

In conclusion, we identified the distribution patterns of L. erythropterus and L. malabaricus 

across an extensive latitude and depth range in Australia. Their latitudinal hotspot and 

threshold were restricted to the tropics, which is likely to be linked to their thermal threshold, 

providing baseline information to understand potential future poleward shifts in response to 

climate change. Clear evidence of ontogenetic migration from inshore shallow waters to the 

offshore mesophotic zone (i.e. 30 – 150 m) was detected, and the first length-specific 

predictive maps of these species were revealed on the NW coast of Australia. This provides 

valuable information to identify spatial areas of importance that could be used in management 

arrangements to effectively protect the EFH of vulnerable juveniles as well as mesophotic 

reefs for adult populations. These types of management arrangements can be facilitated via a 

number of mechanisms within an overarching ecosystem-based fisheries management 

framework and can include spatio-temporal closures to fishing in nursery areas during 

recruitment seasons (Paradinas et al., 2015), restrictions to the use of specific gear types such 
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as trawl nets to reduce the footprint of interaction, and the implementation of bycatch reduction 

devices to limit the bycatch of juvenile fish (Barnette, 2001; Kennelly, 1995; Stobutzki et al., 

2001). The SDMs achieved high predictive accuracy despite the low frequency-of-occurrence 

of these species particularly at juvenile stages, highlighting the robustness of SDMs. 

Differences in schooling behaviour and size distribution were also evident, which were likely 

to be associated with diet partitioning. Given that L. erythropterus and L. malabaricus are 

phylogenetically, morphologically and ecologically closely allied species, this study provided 

new insights on the specialised adaptation and ecological interactions of sympatric reef fish 

species within an ecosystem. Inter-specific interactions during the juvenile stage could not be 

examined in our study due to their cryptic features. Juveniles can only be discriminated using 

DNA barcoding (Elliott, 1996), and they are often found in commercial prawn trawl and 

research survey catches (Fry et al., 2009; McPherson et al., 1992; Takahashi et al., 2020). 

Therefore, the recording of geographic coordinates and body length of juveniles encountered, 

followed by DNA or morphometrics analysis to discriminate the species is required from 

future studies in order to fill knowledge gaps. 

6.6 Supplementary materials 

 

Figure S 6.1 Various measures of classification accuracy at different thresholds, based 

on boosted regression trees (BRT) for presence/absence of L. erythropterus (left) and 

L. malabaricus (right) on the northwest coast of Australia. For both species, higher 

sensitivity was achieved at sensitivity = specificity (red dotted line) compared to those 

at max (sensitivity + specificity; dark green dotted line) and maximum Kappa (light 

green dotted line). Therefore, the threshold selection criterion of sensitivity = specificity 

was used in this study to ensure lower false negative rates and to minimise the chance 

of a management area leaving populations unprotected.  
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Table S 6.1 A summary of candidate models to predict body length of L. erythropterus 

and L. malabaricus, with the delta Akaike Information Criterion corrected for finite 

sample sizes (AICc) of less than 2. The models in bold were selected due to the low 

AICc and least number of explanatory variables (most parsimonious). Normalised root 

mean square error (nRMSE) and adjusted R squared value (adj. R2) were based on a 

linear regression between the observed values of the test dataset and values predicted 

without a null term. Bathy, bathymetry; curv, curvature; sqrt.slp, square root-

transformed slope; log.rng30, log-transformed, maximum minus the minimum elevation 

in the local neighbourhood (local relief) of 30-grid cell kernel radius. 

 

Species Selected models AICc 
delta 

AICc 

nRMSE 

(%) 
adj. R2 

L. erythropterus bathy 1647.26 0 19.05 0.59 

 bathy + curv 1647.44 0.17 17.83 0.64 

 bathy + sqrt.slp 1647.5 0.23 18.41 0.62 

 bathy + curv + sqrt.slp 1647.69 0.42 17.53 0.65 

L. malabaricus bathy + log.rng30 1279.41 0 30.73 0.57 

 bathy + sqrt.slp 1279.67 0.26 30.13 0.59 

 bathy 1280.93 1.53 33.1 0.51 
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Chapter 7 General discussion 

Understanding the ecological interactions and niche requirements of sympatric, cryptic species 

provides insights into how species can coexist within an ecosystem (Diamond, 1978; Hardin, 

1960). Knowledge of the niche requirements and partitioning of commercially valuable 

species at different life stages is also valuable for EBFM planning (Lindholm et al., 2001; 

Piggott et al., 2020; Vasconcelos et al., 2010). However, biological and ecological assessments 

need to consider the complexity of marine fish life cycles that often comprise a pelagic larval 

stage, a demersal juvenile stage on shallow, low-relief substrate, and an adult stage on deeper, 

high-relief reefs (Dahlgren & Eggleston, 2000). Ecological studies on juvenile fish are limited 

due to the challenges of sampling, capturing and distinguishing between juveniles of some 

species (Piggott et al., 2020). Dietary studies of juvenile fish are hindered by the challenge of 

identifying small-sized prey items. Furthermore, marine ecosystems are extraordinarily 

diverse with many cryptic teleost species (Bickford et al., 2007; Knowlton, 2000; Palumbi, 

1994), which pose challenges in species identification and in understanding species-specific 

niche requirements. 

To overcome these challenges and fill gaps in knowledge, I investigated the morphology and 

ecology of a suite of cryptic teleosts, which are of significance to commercial and recreational 

fisheries. The primary questions that I asked were;  

1. Can morphometric analysis accurately discriminate between morphologically cryptic 

species of fish which are important to commercial and recreational fishing? Can they 

be used as a robust, simple identification tool that provides a cost-effective alternative 

to DNA barcoding? 

2. What are the niche requirements of the sympatric, cryptic Lutjanus species at juvenile 

and adult life stages? Is there any inter- and intra-specific niche partitioning? 

In this general discussion, I summarise the key findings, significance and challenges of this 

thesis, and identify the future directions in the context of future research needs and applications 

(Figure 7.1). 
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Figure 7.1 Flow diagram outlining the conclusions and future directions identified in this thesis.
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7.1 Major findings and significance of the thesis 

The data synthesised in my thesis provides a strong case for the use of morphometric analyses 

to distinguish cryptic species. This is an essential step in understanding and interpreting 

ecological relationships. The importance and significance of these processes were highlighted 

in Chapter 5 and 6 where distinct intra- and inter-specific niche requirements of two cryptic 

species were identified. These differing niches have implications for the management of these 

species. 

7.1.1 Multivariate morphometric analysis is a robust 

tool to discriminate fishery important, cryptic 

species 

In Chapter 2 and 3, I investigated the efficacy of multivariate data analysis of morphometric 

measurements of fish to discriminate 11 morphologically cryptic species from five teleost 

families (Figure 7.1). The high species prediction accuracy (92.46 – 99.86%) for all five 

families clearly demonstrated that multivariate morphometric analysis is a robust approach to 

discriminate cryptic species, and a viable alternative to DNA barcoding, which is relatively 

expensive and time-demanding. In both chapters, the allocation success rates of the CAP 

models using different combinations of morphometric variables were assessed, considering 

the practicality and efficiency of the models. Through these processes, I identified the most 

parsimonious model for each genus, as well as the species prediction accuracy of models when 

specific variables are missing representing some of the challenges associated with data 

collection (i.e. chipped otoliths, missing otolith length and weight data). 

In Chapter 2, I examined otolith morphometric models on adult teleosts across a wide range 

of sizes, and identified lower species prediction accuracy for smaller individuals (Figure 7.1). 

Similarly, in Chapter 3 multivariate models using otolith morphometrics for cryptic lutjanid 

juveniles had a species prediction accuracy of 85%, but an almost complete discrimination 

success rate (i.e. 99%) was achieved using body morphometric data (Figure 7.1). These results 

suggest that: 1) morphometric analysis using head measurements is more effective than using 

otoliths measurements alone to discriminate cryptic juveniles; and 2) careful interpretation of 

allocation success results is required, considering the size distribution of specimens examined. 

Morphometric approach is undoubtably more cost-effective compared to molecular approach. 

The HotSHOT DNA extraction method was applied to identify the cryptic lutjanid juveniles 

in Chapter 3 and 5. Although this is rapid and cost-efficient compared to other extraction 

methods (Meeker et al. 2007), it required several items of molecular laboratory equipment (i.e. 
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thermocycler, electrophoresis tanks and gel imaging system) and a minimum of a day to 

process 30 samples, with the sequencing cost of AUD7 per sample. In contrast, morphometric 

analyses required a few minutes to take the measurements with callipers and fit the data in a 

CAP model to obtain the species identification. Given that otoliths of the study species were 

routinely collected for fisheries assessments, no additional time was required for otolith 

dissection. Furthermore, species identification from morphometric analyses can be obtained 

in field. 

The application of these models as a species identification guideline is not limited to the field 

and laboratory. New cryptic species of teleosts are being discovered at exponential rates, aided 

by the advancement in molecular studies (Bickford et al., 2007; Bucklin et al., 2011). When a 

new species is discovered, otolith morphometric models can be applied to revise species 

identifications using otoliths from archived collections. It can also be applied in dietary studies 

to identify prey teleost taxa as otoliths are resistant to digestion and can be collected from 

gastrointestinal contents and faeces (Bowen, 2000; Gales, 1988; Škeljo & Ferri, 2012). 

7.1.2 Ecological insights of morphologically cryptic 

species 

Based on the niche principle, niche partitioning is a fundamental process for species to co-

exist within an ecosystem (Gause, 1934). Ecomorphology theory posits that the more similar 

the morphology is, the more similar the niche requirements (Hulsey & León, 2005; Meyer, 

1989; Wainwright & Richard, 1995). The combination of these theories generated the 

hypothesis that cryptic species differentiate their niche requirements to co-exist, and that 

differentiation is subtle, if any, due to their similar morphology. This hypothesis was tested 

through metabarcoding dietary studies on adult and juvenile L. erythropterus and L. 

malabaricus (Chapter 4 and 5). Inter-specific diet partitioning patterns were significant during 

both adult and juvenile stages (Figure 7.1), supporting niche principles. The patterns were less 

distinctive during the juvenile stages, which was possibly due to the lack of morphological 

differentiation (which can only be distinguished by applying morphometric analyses or DNA 

barcoding (Chapter 3)), supporting ecomorphology theory. Hence, the hypothesis was 

accepted.  

‘Integrative taxonomy’ is a concept where cryptic species are discriminated by compositing 

different data types such as genetics, morphology, ecology, behaviour and geography 

(Edwards & Knowles, 2014; Padial et al., 2010). My findings highlight the utility of this 

approach. Diet partitioning patterns during the adult stage were identified in Chapter 5. They 

were characterised by the high diversity of malacostracan crustaceans for L. malabaricus and 
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soft bodied invertebrates (e.g., tunicates, comb jellies and medusae) for L. erythropterus 

(Figure 7.1). Interestingly, these diet differentiations are supported by several characteristics 

which are specific to each species. For instance, adult L. malabaricus have a longer body 

length (determined in Chapter 6) and larger mouth compared to L. erythropterus. In addition, 

weaker schooling behaviour of L. malabaricus was observed compared to that observed for L. 

erythropterus (Chapter 6). The larger body and mouth and weaker schooling behaviour of L. 

malabaricus may be advantageous to capture individual, fast-moving, hard-shelled 

crustaceans, whereas L. erythropterus, with a smaller mouth, may have shifted their choice of 

prey to slower, soft-bodied invertebrates. The habitat of their major prey categories also 

coincides with the fine scale, vertical habitat partitioning of these two species. Lutjanus 

malabaricus is considered a true demersal species whereas L. erythropterus is considered 

benthopelagic (S. Newman, C. Wakefield personal in-situ observations from underwater 

video). Correspondingly, malacostracan crustaceans are benthic or epibenthic while soft 

bodied invertebrates generally occupy the water column. Associations between these factors, 

such as diet, habitat, morphology and behaviour, support the concept of integrative taxonomy 

(Edwards & Knowles, 2014; Padial et al., 2010), and highlight the complex ecological 

interactions and adaptations required for the coexistence of cryptic species within an 

ecosystem. 

Inter-specific diet partitioning was revealed not only during the adult stage of L. erythropterus 

and L. malabaricus, but also during the morphologically cryptic juvenile stage (Chapter 5) 

(Figure 7.1). While adult ecological interactions of L. erythropterus and L. malabaricus are 

explicit, the mechanisms of partitioning and coexistence of the juveniles remain unclear, due 

to the lack of morphological differences and little data or information being available to 

determine if any fine scale differentiations in habitat and/or behaviour exist. Niche partitioning 

occurs in one or more dimensions such as diet, space and time (Fišer et al., 2018; Navarro et 

al., 2013). Fry et al. (2009) identified the peak spawning season of L. erythropterus to range 

from July to December and for L. malabaricus to extend from September to March for the 

northern Australian population. The shift in spawning seasons may have been selected to allow 

new recruits to access adequate resources for growth and survival, which consequently reduces 

interspecific competition and facilitates the co-existence of the cryptic species in nursery 

grounds. Temporal variations in diet and juvenile occurrences were not examined in Chapter 

5 and 6 respectively, and these should be assessed in future studies to better understand the 

evolutionary and niche mechanisms of the cryptic juveniles (Figure 7.1).  

Information on niche partitioning of cryptic species provides insights on the evolutionary 

mechanisms that underpin cryptic morphological diversity. These mechanisms may be 
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explained using one of the three hypotheses suggested by Fiser et al. (2018). Firstly, the recent 

divergence hypothesis refers to a speciation event that occurred recently and where 

morphological differentiation is not yet evident. Secondly, the phylogenetic niche 

conservatism hypothesis posits that species diverged by micro niche partitioning, yet 

morphological differentiation is constrained by selection such as similar niches or mimicking 

for survival advantage (i.e. reduced predation). Thirdly, the morphological convergence 

hypothesis postulates that distantly related species evolved a similar morphology based on 

selection. Lutjanus erythropterus and L. malabaricus are sister taxa, which speciated less than 

5 Ma ago during the Plio-Pleistocene period (Frédérich & Santini, 2017). This would exclude 

the possibility of a case of morphological convergence and point towards the recent 

divergence hypothesis. However, given the diet partitioning and the associated differentiations 

shown in this study, phylogenetic niche conservatism is likely to be the case for these species. 

7.1.3 Ontogenetic shifts in niche  

My research revealed ontogenetic shifts in both diet and habitat use of L. erythropterus and L. 

malabaricus, using metabarcoding and species distribution model approaches (Chapter 5 and 

6, respectively) (Figure 7.1). These findings highlight a close association between diet and 

habitat and suggest that ontogenetic migration is based not only on finding a refuge from 

predation, but also on accessing food resources and minimising intraspecific competition. My 

SDMs generated length-specific distribution predictive maps for these species, indicating a 

clear ontogenetic migration pattern and essential fish habitat requirement for the 

morphologically cryptic juveniles (Chapter 6). These maps provide valuable information for 

EBFM planning specific to different life stages, which are further discussed below. 

7.2 Future implications, management and 

conservation 

The interpretation of my data provides an understanding of the speciation mechanisms and 

specialised niche differentiations of L. erythropterus and L. malabaricus, which has important 

implications for fisheries and biodiversity management (Figure 7.1). For instance, in Chapter 

5, I revealed that L. malabaricus adults predominantly feed on benthic malacostracan 

crustaceans, whereas the diet of L. erythropterus adults consist of prey taxa that are often 

suspended in the water column. As a result, the former may be more dependent on benthic 

habitat, and consequently more susceptible to certain fishing methods with adverse effect on 

the benthos (i.e. bottom trawling), than the latter. However, noting the adaptive capacity of 

fishers that operate fish trawl nets and the technology available to monitor where the gear is 
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in the water column (board sensors), means that any species in the water column is vulnerable 

to fish trawl gear. This does, however, suggest that different cryptic species might require 

different ecosystem-based management strategies. Furthermore, L. erythropterus and L. 

malabaricus have a different size distribution (Chapter 6), size at sexual maturity and 

spawning seasons (Fry et al., 2009), implying different optimal requirements in regard to catch 

size limits and/or seasonal closures. These data clearly highlight the relevance of high-

resolution assessments on species-specific biology, ecology and fisheries, as well as separate 

management and conservation strategies for each cryptic species (Bickford et al., 2007; Craig 

et al., 2009). 

The first, fundamental step to achieve this is accurate species discrimination of cryptic species 

during assessments, which is possible with minimal time requirements and can be undertaken 

in a cost-effective manner using morphometric analyses (Chapter 2 and 3). The body 

morphometric multivariate model for cryptic juveniles of L. erythropterus and L. malabaricus 

(Chapter 3) is particularly useful to separate these species and assess the relative impacts of 

different elements of any bycatch components within prawn trawl nets (Stobutzki et al., 2001; 

Tonks et al., 2008). Despite these findings and the high commercial and recreational value of 

L. erythropterus and L. malabaricus, these species are often categorised as “red snappers” and 

are combined into a single species group within catch data in some parts of the world (Blaber 

et al., 2005; Leigh & O’Neill, 2016). The results of my thesis allow a mechanism to separate 

these catches into species-specific elements for assessment and management purposes. 

The ontogenetic shifts in niche requirements, which I identified in Chapter 5 and 6, also have 

important implications for effective ecosystem-based management strategies targeting 

different life stages. For instance, recruitment success rates and survival of juveniles are highly 

dependent on nursery ground conditions, possibly due to the use of that habitat as a shelter 

from predators (Almany, 2004; Feary et al., 2007; Jones et al., 2004; Lindholm et al., 2001). 

Therefore, in areas where fishing effort is high and concentrated, alternative management 

strategies that seek to minimise any adverse effects on juvenile EFH and to enhance the 

survival rates of juveniles may be required. These alternative management strategies include 

closed areas (juvenile protected areas), and potentially the prohibition of some fishing 

techniques (i.e. bottom trawling) to limit adverse impacts. The length-specific distribution 

predictive maps (Chapter 6) that I have derived can be used to determine any priority 

management areas to effectively protect critical life stages. 

Fishery management must consider not only commercial, but also recreational fisheries given 

their large annual total catch and economic value (Arlinghaus et al., 2019; Cooke & Cowx, 

2006; Raguragavan et al., 2013; Ryan et al., 2019; Tate et al., 2019). There is a common belief 



 

120 

among the general public that recreational fishers have a lower impact on fish stocks and 

ecosystems compared to commercial fishers (Arlinghaus et al., 2019; Cooke & Cowx, 2006). 

However, that may not necessarily be the case. For example, there are misconceptions about 

the relative impacts of bottom trawling on fish stocks. In many cases, the footprint of fish 

trawling is much lower than is perceived (Amoroso et al., 2018). However, significant habitat 

destruction, such as reduced seagrass cover caused by the propellers and anchors of 

recreational fishery boats has impacted juvenile EFH in some species, by negatively affecting 

juvenile growth and abundance (Hansen et al., 2019; Lloret et al., 2008; Whitfield & Becker, 

2014). Furthermore, the annual recreational catch of individual fishers may seem small but 

can add up to a substantial total catch (i.e. over 1.32 million individual finfish (kept or released) 

in 2017/18 in Western Australia) (Tate et al., 2019). Thus, collecting accurate, species-level 

catch data in recreational fisheries is critical. However, recreational catches are often 

underreported, particularly for undersized juveniles, which are caught-and-released (Cooke & 

Schramm, 2007; Santos et al., 2017). Additionally, several cryptic species, including L. 

erythropterus and L. malabaricus, are grouped for catch data and analyses as recreational 

fishers may not be able to distinguish them (West et al., 2012). This issue may be solved with 

in-situ image analyses through smartphone applications based on artificial intelligence 

algorithms to identify the species and report the catch with fish length and GPS coordinates 

(Lukhtanov, 2019; Wäldchen & Mäder, 2018). 

Another challenge in recreational fisheries management is that recreational fishers consist of 

a diverse group with different experience, equipment, origin (i.e. locals versus tourists), and 

objectives such as social benefit, quantity of catch or a single large trophy. Consequently, they 

have different (and often conflicting) levels of conservation interests and participation in 

management processes (Arlinghaus et al., 2019). Therefore, common management targets for 

commercial fisheries, such as maximum sustainable yield, cannot be directly transferred to the 

recreational fishery management context. These factors highlight the importance of 

communication and education of the general public to increase their understanding and 

awareness of regulations and their rationale (Bennett et al., 2017; Hunt et al., 2013). Using 

various resources including media, education at schools, community outreach to remote areas 

and smartphone applications could help to ultimately achieve management and conservation 

objectives. 
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7.3 Limitations of this thesis and future research 

directions 

7.3.1 Spatial and temporal comparisons 

The life history, ecology and behaviour of marine teleosts are influenced by temporal and 

spatial changes in factors such as water temperature, food and habitat availability, 

oceanography and population connectivity (Birt et al., 2012; Malcolm et al., 2007; Myers et 

al., 2016; West et al., 2003). This highlights the importance of considering intra-specific 

variations through time and space when conducting studies. I acknowledge that the data 

collected, analysed and presented in my thesis were limited to specific time periods and 

locations (Figure 7.1). For instance, spatial variations in otolith morphometry of L. 

malabaricus juveniles were identified between Western Australia (WA) and Queensland 

(QLD) in Chapter 3, which are possibly attributable to environmental factors and restricted 

gene flow (Campana & Casselman, 1993; Thomas et al., 2014; Zhuang et al., 2015). This 

emphasises the need to validate location-specific species identification models throughout 

their distributional ranges, as well as to investigate population structures. Similarly, temporal 

and spatial variation in community structure and prey composition have also been described 

in previous studies (Bostrom et al., 2012; Marsh et al., 2017; Myers et al., 2016). However, 

sampling for the dietary study in Chapter 5 was restricted to the Pilbara region of WA and the 

winter months of one year. The length specific predictive maps in Chapter 6 were also limited 

to WA, within certain depth ranges. Further studies are required to investigate the spatial and 

temporal variation in both diet and distribution patterns. 

7.3.2 Further studies on juvenile ecology 

While my research provides a better understanding of juvenile fish ecology, a few challenges 

were encountered (Figure 7.1). In Chapter 6, the frequency-of-occurrence of L. erythropterus 

and L. malabaricus juveniles in Baited Remote Underwater Video systems (BRUVs) samples 

was significantly lower than those of adults, which was possibly underestimated due to poorer 

visibility at inshore nursery grounds (i.e. high turbidity areas), reduced sampling in inshore 

nursery grounds, and/or agonistic behaviours of larger, predatory species, and/or displacement 

by larger sized fish at the time of MaxN (a limitation of BRUVs) (Coghlan et al., 2017; Dunlop 

et al., 2015; Stoner et al., 2008). Secondly, inter-specific habitat partitioning patterns during 

the juvenile stage could not be assessed due to the inability of cryptic juvenile discrimination 

in BRUVs images. Further studies are required to better understand the species-specific, fine-

scale essential fish habitat, particularly in nearshore waters. This could be achieved by 
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collecting more juvenile occurrence data in targeted surveys using trawls in association with 

BRUVs, followed by species identification with a morphometric analysis. Unbaited Remote 

Underwater Video systems (RUVs) could also be trialled and they may potentially improve 

the juvenile occurrence rates as the lack of bait might result in fewer predatory fish that 

juveniles might avoid (Myers et al., 2016; Piggott et al., 2020). Given nearly total species 

prediction success with only three body morphometric variables (Chapter 3), species 

discrimination in video images using this approach maybe achievable, although it requires 

further validation. 

7.3.3 Dietary metabarcoding studies  

The metabarcoding approach in dietary studies poses numerous advantages, yet there are also 

limitations associated with this technique (Figure 7.1). Firstly, an incomplete reference 

database could result in a higher taxonomic level assignment or potential misclassification, 

thus requiring increased effort to build a comprehensive species database. Secondly, 

quantitative analyses are limited due to a number of sources causing bias on sequence read 

counts, such as different DNA abundance in templates, primer choice including blocking 

primers, and the different states of digestion of prey materials (Deagle et al., 2019; Elbrecht & 

Leese, 2015; Piñol et al., 2015). Positive correlations between relative read abundance (RRA), 

and independent measures of abundances have been identified in previous studies (Deagle et 

al., 2019; Deagle & Tollit, 2007; Leray & Knowlton, 2015). However, there is a need to assess 

the viability of RRA as a proxy for relative abundance of prey taxa, for each prey/predator 

species, and for each primer including blocking primers. Dietary metabarcoding analyses has 

a limitation to detect cannibalism as it cannot determine whether host DNA sequences were 

from cannibalised prey or host tissue. Cannibalistic behaviours occur in teleost fish, 

particularly in culture tanks and/or early life stages such as during metamorphosis, yet those 

in L. erythropterus and L. malabaricus have not been reported in wild (Manica, 2002). The 

risk of filial cannibalism for juveniles is likely to be reduced through ontogenetic habitat 

partitioning determined in Chapter 6. In summary, future studies in the field of DNA 

metabarcoding for dietary analyses include building a comprehensive database and validation 

of RRA using a range of taxa-specific and universal primers and blocking primers (Figure 

7.1). 

7.3.4 Expansions to other taxa and monitoring 

studies 

In order to further advance ecological knowledge, and to assist fishery assessments and 

management plans, the integrative approaches applied in this thesis (i.e. morphometric 
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analyses, metabarcoding, SDMs, BRUVs GlobalArchive data) can be expanded to other taxa 

(Figure 7.1). Furthermore, these ecological studies may provide an insight into wider 

ecosystem processes. For instance, prey species composition obtained by metabarcoding 

dietary studies can profile a wide diversity of the ecosystem that extends beyond the studied 

taxa, and could contribute to biodiversity monitoring programs (Sousa et al., 2019). The 

latitudinal distribution range and hotspots of L. erythropterus and L. malabaricus obtained in 

Chapter 6 provide baseline information for long-term observations to understand potential 

responses to climate change. This study can be expanded to other taxa to provide baseline 

distribution and hotspot information to support both current management approaches and 

understand any potential impacts of climate change. 

7.4 Thesis conclusion 

How can we effectively discriminate among fishery important, cryptic species for assessment 

purposes? How can cryptic species co-exist within an ecosystem? How can we manage species 

and populations across different life history stages within an EBFM framework? These 

questions arise from fundamental principles linked to conservation, fisheries management, and 

applied ecology. I have addressed these questions throughout this thesis through morphometric 

analyses and ecological studies on sympatric, cryptic teleost species that are important to 

fisheries. Morphometrics analyses on 11 cryptic teleost species from five genera have 

validated robust, and cost-effective species identification tools, which can be applied in future 

studies and assessments of those species. My research also revealed the mechanisms that allow 

two cryptic Lutjanus species to minimise inter- and intra-specific competitions and co-exist 

within an ecosystem by having different food, habitat, morphology, and behaviours, 

facilitating effective resource sharing. The new ecological knowledge for these species 

suggests that each cryptic species and life history stage have different levels of susceptibility 

to environmental changes and therefore may require different management strategies. The 

robust species identification tools as well as the detailed ecological knowledge of cryptic 

teleosts that this thesis identified provide significant contributions to fishery science and 

ecosystem-based management strategies. 
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