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Abstract 
 
Understanding the network of interactions that support biological communities are vital for 

management and conservation of ecosystems. Characterising species interactions are vital for 

predicting ecosystem response to perturbation, however quantifying such interactions remains 

a challenge. Traditionally, behavioural observational data and morphological analysis of 

stomach contents have been used to identify prey-predator dynamics, but these methods are 

time consuming and introduce biases. Stable isotope analysis (SIA) of carbon and nitrogen 

have been extensively applied to trophic web studies to identify sources of carbon input and 

offer trophic level discrimination as well as provide long-term assimilation data. However, 

species level prey composition data is usually not attainable. DNA-based diet determination 

methods have been applied as an alternative to SIA as it produces data with high taxonomic 

resolution revealing species specific prey composition. Although, DNA-based methods also 

have limitations such as PCR and quantification biases. We propose that the complementary 

use of SIA and DNA-based techniques is necessary to obtain accurate representation of 

interactions within an ecosystem.  

 

In this study we used a combination of carbon and nitrogen SIA techniques with dietary 

metabarcoding of intermediate trophic level fish from mangrove ecosystems. These fish are 

important conduits of energy transfer between basal organisms and top predators but have been 

rarely studied as they are not commercially important species. The SIA analysis reflected 

distinct carbon input between coastal and lagoon sites, where coastal fish were more enriched 

in 13C. The results also unexpectedly reflected enriched 15N signatures for species Anchoa 

mitchili (glass minnow/bay anchovy), a pelagic fish that usually occupies lower trophic levels. 

Due to the lack of prey SIA ratios, we were not able to confirm causes for elevated 15N values 

observed in glass minnows, but dietary metabarcoding data revealed possibilities of 

ichthyoplankton ingestion. The mitochondrial cytochrome c oxidase subunit I (COI) and V4 

region of the 18S ribosomal DNA-encoding gene were used to characterise prey diversity from 

the stomach contents.  

 

Subsequently, the metabarcoding data was used to construct ecological networks which 

reflected that the intermediate trophic level fish had more specialised feeding preferences 

during wet season and generalised feeding patterns in mangrove habitats due to the greater 
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availability of resources. In addition, network models suggest that coastal networks are more 

resistant to potential extinction events.  

 

Using similar metabarcoding techniques, we explored the role of diet and trophic niche 

divergence in the benthic and littoral ecomorphs of Astatotilapia calliptera. The stomach 

contents of benthic individuals consisted of nematodes, Bacillariophyta (diatoms) and 

copepods while the diet of littoral individuals comprised molluscs, annelids and fungi, 

supporting previous SIA data analysis. The dietary analysis reflected that the ecomorphs were 

likely generalist consumers but when resources are scarce they have the ability to expand their 

range and explore specialist prey.  

 

Our findings demonstrate that the complementary use of SIA and dietary metabarcoding 

techniques can provide insights into interactions not offered when either technique is applied 

independently. The combination of these methods offer strong potential to develop a deeper 

understanding of feeding ecologies, that can be integrated into effective conservation and 

management strategies.  
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REPRESENTS THE BASELINE VALUES OF EACH ECOMORPH. A, BENTHIC BASELINE 
COMPARED AGAINST LITTORAL ASVS, B, BENTHIC BASELINE COMPARED AGAINST 
INTERMEDIATE ASVS AND C, LITTORAL BASELINE COMPARED AGAINST INTERMEDIATE 
ASVS. A DATASET COMPRISED OF THE TOP 20 PHYLA WAS USED IN THIS ANALYSIS. THE 
ANALYSIS COMPARES AT GENE LEVEL, BUT ONLY PHYLUM LEVEL IS REFLECTED TO REMAIN 
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FIGURE 4.9. FIGURE SHOWS AGGREGATED PROPORTIONAL ABUNDANCES OF THE TOP FIVE 
PHYLA FOUND IN THE STOMACH CONTENTS OF ASTATOTILAPIA CALLIPTERA ECOMORPHS; 
BENTHIC, LITTORAL AND INTERMEDIATE, FOR BOTH THE 18S – NUCLEAR SMALL SUBUNIT 
RIBOSOMAL DNA MARKER AND CYTOCHROME OXIDASE I (COI) GENETIC MARKERS. .... 151 
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Chapter 1: General introduction 
 
An overview of trophic ecology is fundamental to understanding how biological communities 

are sustained as interactions between species underpin many processes and key ecological 

services (Ladd and Shantz 2020). Characterising species’ interactions and structural 

mechanisms (such as stability, disturbance, ecosystem size, resource availability) are key to 

predicting ecosystem response to perturbation, however, quantifying such interactions remains 

a challenge (Clare 2014). Interactions between prey and predators structure communities 

through top-down and bottom-up controls. A classic example of top-down control is the 

regulation of sea urchin population by sea otters in Alaska, and the subsequent lack of urchin 

grazing enables kelp populations to flourish (Estes and Palmisano 1974). Plankton 

communities have shown to have bottom-up control in marine systems and this is especially 

true for cod recruitment in the North Sea. Beaugrand et al. (2003) demonstrated that as sea 

temperature rises, the abundance of calanoid copepods available for juvenile cod decreases, 

affecting cod growth rates and resulting in poor recruitment. Similar patterns have been 

observed in North Atlantic Salmon, where a decrease in zooplankton populations was 

correlated to a decrease in salmon numbers, as sea surface temperature increased (Beaugrand 

and Reid 2012). Bottom-up effects have also been experienced over multiple trophic levels, 

where sandeel biomass increased proportionally to plankton abundance, that subsequently had 

a positive effect on seabird breeding productivity (Frederiksen et al. 2006). However, the rate 

of human-driven changes in trophic interactions have been increasing due to overexploitation 

of natural resources (Salomon et al. 2010). To deal with this evolving network structure, 

conservation strategies and management policies need to be constantly reviewed and consider 

trophic interactions to optimise management practices (Perović et al. 2018).  

 

1.1 Uses of trophic webs 
 
Using the concept of trophic webs to explain energy flow, trophic cascades, species extinction 

and anthropogenic impacts on species interaction is one of the oldest in the field of ecology 

(Hussey et al. 2014). A typical trophic web comprises producers forming the base and 

consumers at discrete levels (e.g primary, secondary, tertiary etc) which provides a framework 

to understand energy flow within an ecosystem (Lindeman 1942). The nodes within food webs 

interact with one another, directly or indirectly (through intermediate species) (Woodward 

2009a). Each link between prey and predator shows energy transfer from one individual to 
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another and are usually established by direct morphological identification of stomach or faecal 

contents. In addition, chemical analytics such as radio isotope labelling, stable isotopes, 

detection of prey using electrophoresis, isozymes and polyclonal antibodies have been used to 

quantify trophic links (Sheppard and Harwood 2005).   

 

Trophic webs have also been used to understand ecosystem structure, dynamics, function and 

stability (Thompson et al. 2012). Theory has suggested that complexity (defined by high 

linkage density and/or species richness) together with distribution of linkage strength is vital 

for stability of food webs. Communities that have more stable food webs are less prone to 

trophic cascades and species extinction (Woodward and Hildrew 2002). Once a network is 

established, relationships such as species area, species distribution, body size rules and species 

range can be utilised to derive predictions on the ecological outcomes from environmental 

disturbance (Mestre et al. 2022). 

 

1.1.1 Effects of body size on food web interaction 
 
Aquatic food webs commonly comprise short-lived organisms that are small, abundant and 

diverse at the base (e.g., microalgae and zooplankton) followed by long-living larger, rare and 

less diverse organisms such as predatory fish. Due to differences in body-mass structures at 

different levels within the food web, effects of perturbation will affect organisms at varying 

rates with basal organisms reacting rapidly while responses from larger organisms will be slow 

and accumulative (Jackson et al. 2021). 

 

Due to size-based feeding constraints, a single species can occupy several trophic levels as it 

grows during its lifetime (France et al. 1998; Romanuk et al. 2011). Size structure of organisms 

within food webs has an influence on energy flux between trophic levels. Metabolic theory 

(metabolism decreases with increasing size) coupled with body-size allometries also have an 

effect on overall food web stability (Yvon-Durocher et al. 2011a, Woodward et al. 2005) as 

turnover rates are allometrically related to body mass (Cohen et al. 2003). Metabolic effects 

have an impact on rate of consumption and digestion rates which in turn consequently 

determines interspecific interactions (Yvon-Durocher et al. 2011b). Organisms with larger body 

size are able to buffer against perturbations due to their low metabolic rates and the opposite 

applies for basal, small organisms that are able to react to perturbations quicker (Berlow et al. 

2008). 
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1.1.2 Freshwater food webs 
 
Freshwater food webs have been studied extensively because their taxonomy is well-resolved; 

feeding links of most species are well known and experimental manipulations are easy to 

conduct (Woodward 2009b). Studies of freshwater food webs have provided us with the 

fundamental concepts and theories of aquatic food webs as well as their limitations (Cohen et 

al. 2003; Petchey et al. 2004; Woodward, 2009; Woodward and Hildrew, 2002). However, these 

concepts are not always transferrable to marine food webs as they are intrinsically different 

from freshwater food webs due to differences in diversity and complexities that exist in marine 

environments, some of which include high rates of omnivory and high abundance of generalists 

(Cohen 1994; Link 2002; Dunne et al. 2004).  

 

1.1.3 Marine food webs 
 
Datasets on the feeding ecology and food webs of marine species are sparce and this is 

especially true for lower trophic level species (Rombouts et al. 2013). To date marine food web 

research has focussed mainly on commercially important species as intense economic pressure, 

overexploitation and the collapse of fisheries have been increasing (Dunne et al. 2004) due to 

unsustainable harvesting methods (Essington et al. 2006), thus focussing attention on such 

species. However, intermediate habitats such as estuaries that play a pivotal role in the life 

cycle of commercially important fish should not be neglected. Only a handful of studies have 

conducted ecosystem-based food web studies in estuarine environments (as reviewed by 

Bouillon et al. 2011) and more are required to predict the resilience of estuaries and evolution 

of ecosystem functioning due to human disturbance. 

 

1.1.4 Estuarine trophic webs 
 
Estuaries are uniquely situated between terrestrial and marine biomes experiencing high 

ecological productivity and anthropogenic pressures simultaneously (Chevillot et al. 2018). 

Estuarine trophic webs are extremely complex because they receive a variety of organic input 

from upstream freshwater to downstream oceanic waters. Moreover, other environmental 

factors, particularly salinity, which exerts a strong influence on fish distribution, and sediment 

supply are directly related to freshwater discharge. Fluctuating salinity levels has shown to 

affect distribution of macro zoobenthos, plankton, macroalgae, higher plants and fish species 

(Telesh et al. 2013; Teichert 2017). Hypersaline conditions resulting from the lack of freshwater 
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inputs decreases planktonic productivity and negatively impacts planktivorous fish (Whitfield 

2005). In addition to this, lack of freshwater reduces olfactory cues that are exported to marine 

environments vital for recruitment of estuarine marine larvae (Strydom 2003).  Conversely, 

major flooding events can lead to depletion of marine and estuarine fish species due to reduced 

food sources such as zoobenthos, zooplankton and flushing out of ichthyoplankton (Strydom 

et al. 2002). Producers within estuarine systems such as seagrass, microalgae, phytoplankton, 

and mangroves also contribute to organic matter production (Layman 2007; Bouillon et al. 

2011). However, more quantitative research is required to determine interactions within 

estuarine ecosystems (Mestre et al. 2022).  

 
1.2 Integration of trophic ecology in fisheries management 
 
Ecosystem based management (EBM) is a more holistic approach to resource management that 

recognises the dynamic and heterogenous nature of ecosystems and uses ecological models to 

address complexity and connectivity at ecosystem scales (Curtin and Prellezo 2010; Thrush 

and Dayton 2010). Food webs reflect ecosystem dynamics that are important ecological 

indicators to EBM as they serve as proxies for ecological processes, represent the state of 

ecosystems (e.g resilience) and can be used to offer guidance for management actions (Tam et 

al. 2017). Accordingly, a multitude of examples exist, that demonstrate the use of interaction 

data to inform management practices of commercially important fish species. An example of 

feeding behaviour used to inform management has been demonstrated by Einoder (2009), 

where seabird diet has been used as a bioindicator for estimation of abundance, distribution, 

survival and recruitment of commercially exploited fish species. In addition, Scopel et al. 

(2018) used models from diet assessments of common tern (Sterna hirundo) colonies in the 

Gulf of Maine to demonstrate strong links to fishery data such as acoustic surveys, landings, 

recruitment and spawning stock biomass. Dietary, demographic and behavioural data from a 

colony of common guillemots (Uria aalge) revealed reduction in reproductive output, which 

was mainly driven by reduced energy content in sandeels, that are commonly preyed upon by 

the guillemots (Wanless et al. 2005). The authors suggested that the reduced energy levels 

observed in sandeels was attributed to changes in abundance or distribution of plankton 

communities and this in turn was used to inform sandeel fisheries in the North Sea (Wanless et 

al. 2005).  
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A study examining depredation behaviours of marine predators in the presence of fisheries 

observed that Crozet killer whales (Orcinus orca) in the Antarctic revealed over reliance on 

highly valuable toothfish (Dissostichus eleginoides) from longline fisheries (Tixier et al. 2019). 

The results indicated that toothfish play a crucial role as prey for top predators and assessing 

predator prey relationships are required to better fish stock management and conservation 

policies. In a review analysing the biotic and abiotic factors of the recruitment of commercially 

valuable Atlantic herring (Clupea harengus), the authors concluded that investigating diet 

preferences of herring is imperative for understanding growth and contribution to recruitment 

while stomach content analysis from potential predators and competitors will aid to identify 

interactions that influence survival and recruitment (Burbank et al. 2022). Dietary information 

has therefore aided fisheries’ managers to develop a comprehensive understanding of the 

factors influencing changes in population abundances of Atlantic herring. In a recent study 

focussing on implementation of EBM techniques in Pacific salmon (Oncorhynchus sp.) 

fisheries stated that diet analysis of salmon individuals was used to inform hatchery 

management (mainly recruitment) (Wells et al. 2020). The study also suggested that models 

can be developed based on stomach content analysis or foraging behaviour against ecosystem 

attributes (or abiotic factors) and predator diets will reveal spatiotemporal distributions of 

potential predators. Dietary analysis has also been applied to investigate the level of 

microplastic ingestion in commercially exploited species Chelon richardsonii, the Southern 

mullet (McGregor and Strydom 2020). This species is primarily exploited for human 

consumption but also makes an important prey for other commercial species such as Dusky 

kob (Argyrosomus japonicus), Garrick (Lichia amia), Elf/Shad (Pomatomus saltatrix) and 

Bartail flathead (Platycephalus indicus). Morphological stomach content analysis of the mullet 

was found to ingest large amounts of microplastic fibres (40%) and fragments (5%) across all 

developmental stages, indicating poor water quality standards (McGregor and Strydom 2020). 

In addition, the authors concluded that the dietary analysis was imperative for understanding 

the cascading effects of ingested microplastics and associated chemicals into coastal food webs, 

which also includes humans. These examples re-iterate how interaction data from target and 

non-target species associated with commercially important fishing activities can be used in 

sustainable management of fisheries (McInnes et al. 2017). 
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1.3 Integration of trophic ecology in evolutionary studies 
 
Feeding ecology studies also contribute to the understanding of a range of subjects such as 

resource partitioning, habitat preference, prey selection, competition, energy transfer (Braga et 

al. 2012) and ontogenetic dietary shifts (Kulatska et al. 2019; Sánchez-Hernández et al. 2019). 

Feeding ecology and food constraints influence morphological development and behaviour of 

organisms, helping them to adapt to their changing environment (Abrahamczyk and Kessler 

2014). Studies have even shown that feeding preferences have led to the diversification of 

cranial morphology increasing adaptation to specialised diets (Christiansen and Wroe 2007). 

DNA-based methods have been used to understand evolutionary shifts in feeding guilds and 

dietary niche partitioning, as it is able to produce dietary data of high taxonomic resolution.  

 

Several studies have applied DNA based techniques to reveal dietary partitioning between 

closely related species. Spence et al. (2022) used metabarcoding of hummingbird scat to 

analyse the extent to which dietary specialisation and niche partitioning was guided by beak 

morphological diversity. Furthermore, dietary metabarcoding provided evidence for adaptive 

diversification of diet that explain morphological differences observed in murid rodents (tribe 

Chrotomyini) from the Philippines (Petrosky et al. 2021). Hernández Macías et al. (2016) used 

metabarcoding to characterize dietary preferences of Dysdera in the Canary Islands and 

concluded that dietary data revealed presence of trophic segregation (via specialisation) among 

co-existing species as a primary driver of morphological diversification and speciation.  

 

1.3.1 Trophic ecology of cichlids 
 
Cichlids are one of the most species rich and ecologically diverse families of freshwater fishes 

worldwide (Vanhove et al. 2016). Due to their large variation in behaviour, ecology and 

morphology cichlids represent an ideal model in evolutionary research (Koblmüller et al. 

2015). Cichlids naturally occur in Africa, Latin America, Madagascar and Asia, but most 

research has focussed on African cichlids due to their great adaptive radiation and importance 

as a food fish (Turner 2007). Previous research has used a range of morphological techniques, 

observational data and genomic analysis to uncover the mechanisms that drive diversification 

of these fish (Koblmüller et al. 2015). However, dietary metabarcoding has not been applied to 

investigate the role of dietary divergence in adaptive radiations of cichlid fish before.   
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1.4 Integration of trophic ecology in mangrove management 
 
Mangroves occupy an interface between land and sea providing unique forested habitats for 

terrestrial and marine organisms (Sheaves 2009). Studies investigating the feeding ecology of 

both resident and migratory mangrove fish, invertebrates, birds and reptiles have recognised 

the importance of mangrove habitats as vital feeding and nesting grounds for a large number 

of species due to the high levels of resource availability in mangroves (Kathiresan and Bingham 

2001). A study conducted by Tse et al. (2008), indicated that juvenile fish abundance was higher 

in mangrove habitats compared to adjacent estuarine habitats due to the higher prey abundance 

and rich organic detritus found in mangroves. Gut content analysis performed by Lugendo et 

al. (2006) on nine different mangrove fish species showed that they feed on a variety of 

organisms such as copepods, ostracods, crabs, shrimp, algae and detritus. Larger predatory fish 

are known to enter mangrove bays when tide and turbidity are in ideal conditions to feed on 

juvenile fish and prawns (Nagelkerken et al. 2008). Mangrove leaf litter and detritus are 

important sources of energy for Indian, Pacific and Tanzanian sesarmid crabs and Australian 

graspid crabs who have shown to preferentially consume these organic resources (Skov and 

Hartnoll 2002; Bui and Lee 2014; MacKenzie et al. 2020; Rani et al. 2023). Dietary studies 

have shown that prawns exclusively feed in mangrove forests when the tide is high, consuming 

a wide variety of organisms such as mangrove detritus, fish, insects, diatoms, crustaceans, 

bivalves, gastropods and polychaetes (Nagelkerken et al. 2008). Diets of avian species such as 

the broad billed flycatcher and mangrove robin primarily consume insects, whereas the red-

headed and brown honeyeater consume nectar; coastal birds such as herons, kingfishers, egrets 

and cormorants tend to be piscivorous (Buelow and Sheaves 2015; De Dios Arcos et al. 2020). 

Mangroves also provide foraging grounds for a remarkable number of terrestrial vertebrates 

(Rog et al. 2017). Procyon cancrivorus (crab-eating racoon) is a carnivorous mammal endemic 

to south America and primarily feeds on arthropods and fruit produced in mangrove forests 

(Martinelli and Volpi 2010). Additionally, nectar feeding bats from Malaysian mangroves have 

demonstrated mutualistic relationships between feeding and pollination of Sonneratia 

mangrove trees (Nor Zalipah et al. 2021).  

 

Despite the high level of contribution of mangrove resources to the survival of associated 

species, such interactions are usually classed under ‘non-market’ value when assessing the 

economic contribution of mangrove ecosystems, resulting in undervaluing mangroves that has 

led to unsustainable use (Macintosh and Ashton 2002). Therefore, quantifying these 
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interactions are vital for informing future policy making and resource management of 

mangrove ecosystems. In the eighteenth century, a shift from subsistence use to industrial 

exploitation, alongside colonisation where mangrove timber was harvested for European 

export, exacerbated the rate of mangrove deforestation (Friess et al. 2019). In the 1980s, large 

scale alteration of land use for aquaculture, agriculture, urban development and overextraction 

of forest products led to the loss of 35% of the world’s mangrove forests. In recent years 

however, the rate of mangrove deforestation has reduced globally to between 0.16% and 0.39% 

per year (Hamilton and Casey 2016).  

 

Conservation of mangrove forests is vital for achieving the United Nations Sustainable 

Development Goals (SDGs) 14 (Life Below Water), 2 (Zero hunger, through ecosystem 

services provided by coastal fisheries) and 13 (Climate Action via carbon sequestration and 

storage) (Friess et al. 2019). To achieve these goals and reduce the rate of deforestation, several 

management practices have been adopted. Integrated Coastal Zone Management has been 

implemented in many countries where natural resources and human activities have been 

managed together, and is mutually beneficial to the environment, coastal communities, 

industries, businesses and governments (Carter et al. 2015). Significant improvements in 

mangrove management were observed when a more holistic approach has been implemented 

through programmes such as the Ramsar convention (wetland conservation), Earth Summit, 

FAO Forestry department, International Tropical Timber Organisation (ITTO) (UN Initiative) 

(forestry management) and the International Society for Mangrove Ecosystems (ISME) 

(mangrove specific management), where there is a agreement on the crucial elements of 

mangrove management (Carter et al. 2015). Reducing emissions from Deforestation and 

Degradation (REDD+) a form of payments for ecosystem services (PES) scheme has also been 

suggested in mangrove forests as they are able to sequester five times more carbon than a 

typical terrestrial forest (Donato et al. 2011; Friess et al. 2019). Therefore, considering feeding 

ecology studies in management and economic evaluation of mangrove forests is crucial for 

informing management schemes and realising international goals. Researchers still depend on 

published information and expert knowledge (qualitative) to determine interactions (Mestre et 

al. 2022). The use of molecular methods such as DNA-based techniques (quantitative) and 

stable isotope analysis have been used to describe food-web structure, but these methods are 

still not widespread (Compson et al. 2019; Whitaker et al. 2019). 
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1.5 Application of dietary metabarcoding in trophic ecology studies 
 
DNA-based diet determination has superseded many traditional methods such as 

morphological analysis of prey items from stomach contents and faeces, and direct observation 

of feeding behaviours (Elbrecht et al. 2017). Metabarcoding, high throughput sequencing 

coupled with DNA barcoding produces high volumes of data with high taxonomic resolution 

and is able to identify rare and cryptic species within highly degraded material (Nielsen et al. 

2018; Taberlet et al. 2018). With the metabarcoding approach, universal primers are commonly 

used to amplify target taxa from bulk samples such as faeces or gut contents via the polymerase 

chain reaction (PCR) (Roslin et al. 2019; Bohmann et al. 2022). Metabarcoding has been 

successful at characterising diets from a range of animals including  aquatic mammals such as 

otters and seals (Boyi et al. 2022), herbivorous reef fishes (Nalley et al. 2022), terrestrial 

mammals such as woodrats (Stapleton et al. 2022), elephants, zebras, dik diks, buffalos and 

cattle (Kartzinel et al. 2015), and insects such as dragonflies (Morrill et al. 2021) and 

damselflies (Kaunisto et al. 2017). Diet metabarcoding has enabled ecologists to detect trophic 

links between taxa efficiently and construct detailed interaction networks to evaluate impact of 

environmental change on ecosystem provision, structure and functions (Bascompte 2007; Ings 

et al. 2009; Cuff et al. 2022).  

 

1.5.1 Benefits and limitations of dietary metabarcoding in network analysis 
 
Ecological networks have been used to describe complex systems using interaction data and 

they provide an insight into ecosystem function through the calculation of network metrics 

(Guimarães 2020). Dietary metabarcoding has been integrated into network studies a handful 

of times as metabarcoding provides high taxonomic resolution that is ideal for constructing 

multilayer networks including interactions between and within trophic levels (Cuff et al. 2022). 

These DNA-based networks have been used to infer prey choice, evaluate ecological responses 

to perturbation, assess ecosystem health and design conservation schemes (Clare et al. 2019; 

Cuff et al. 2021; Mata et al. 2021). Unlike DNA-based networks, morphological and 

observational data is biased towards undigested prey items such as otoliths, mollusc shells, 

exoskeleton parts and underrepresents small prey items including soft-tissued prey and easily 

digested food that becomes undetected by visual analysis (de Sousa et al. 2019; Traugott et al. 

2021). Furthermore, morphological and observational data is highly time-consuming, labour 
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intensive and places high reliance on the skills of taxonomic experts (Pompanon et al. 2012; 

de Sousa et al. 2019). 

 

It is vital however to acknowledge that molecular methods have some shortcomings that affect 

the data produced. Firstly, quantification is not straight forward due to a range of biases such 

as differential rates of DNA degradation (Murray et al. 2011), metabolism by consumer 

(Greenstone et al. 2014) and volume of prey consumed (Egeter et al. 2015). Due to these biases, 

assuming that read counts equate to biomass will result in inaccurate interaction weightings 

within the network (Deagle et al. 2019a). Similarly, PCR based techniques introduce primer 

bias (Murray et al. 2011) and random sampling during sequencing make the results difficult to 

quantify (Leray and Knowlton 2017). Quantifying metabarcoding data is also affected by the 

gene region chosen in the study as some regions preferentially amplify certain taxa over others, 

subsequently introducing taxonomic bias and errors in estimation of taxon abundance (Creer 

et al. 2016; Casey et al. 2021).  

 

Secondly, the lack of sampling completeness due to exclusion of temporal variabilities and rare 

taxa that are not captured through metabarcoding may result in construction of incomplete 

network interactions (Macgregor et al. 2017). In addition, dietary metabarcoding is not able to 

differentiate between scavenging from secondary predation or accidental consumption; this 

disproportionately inflates the trophic relevance of non-target taxa, introducing erroneous 

interactions (Tercel et al. 2021). Furthermore, metabarcoding does not consider the life stages 

of prey, disregarding ontogenetic shifts, altering network perspectives and the effects on taxa 

(Cuff et al. 2022). Despite these limitations, dietary metabarcoding is considered to be a 

superior method compared to observational data and morphological identification of consumed 

taxa from gut contents or faecal matter. Combining diet metabarcoding data with other 

complementary methods such as stable isotope analysis (SIA) can provide an accurate 

understanding of interactions as it provides long-term information on assimilated diet (Cordone 

et al. 2022).  

 

1.6 Application of stable isotope analysis (SIA) in trophic ecology studies 
 
Stable isotope analysis (SIA) of carbon and nitrogen have been traditionally used to identify 

sources of carbon input and provide trophic level discrimination. The carbon signature of 

primary producers is conserved throughout the food chain as it undergoes minimal 
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fractionation of only 1% per trophic level (Fry and Sherr 1989; Fredriksen 2003), and is 

subsequently used as a tracer of organic matter enabling consumers to reveal the distinct carbon 

source of their diet. Changes in carbon isotopic ratios can be used to determine original carbon 

source as ratios of carbon isotopes vary based on the photosynthetic pathway taken by primary 

producers (i.e., C3 versus C4 pathways in plants, whereby enzymes involved in each pathway 

discriminates carbon at different rates) (Layman et al. 2012). Conversely, the nitrogen isotope 

ratio (δ 15N) is enriched by 3-4 % per trophic level and can be used to infer dietary preferences 

and trophic level positioning within a food web (Deniro & Epstein, 1981; Villamarín et al, 

2018).  

 

Unlike dietary metabarcoding, stable isotope analysis provides long-term feeding behaviour 

and assimilation data due to low turnover rate (Maloy et al. 2013). Trueman et al. (2012) 

suggested that in slow growing fish like sharks and deep-water fishes (that have slow metabolic 

rates) stable isotope ratios of muscle tissue samples can represent years. Thus, SIA is able to 

reflect temporal variabilities and depict structural changes in food webs over various timescales 

(Woodland et al. 2012). Traditionally mixing models have been applied to SIA results, as they 

are able to estimate the proportional prey contribution or diet composition of the target 

consumer (Phillips 2012). However, the stable isotope ratio of every prey/resource is required 

prior to applying mixing models. Given this shortcoming, metabarcoding is an excellent 

alternative to elucidate prey composition. 

 

1.6.1 Uses of carbon in trophic webs  
 
Primary producers in estuarine ecosystems have distinct carbon signatures (13C) due to the 

utilisation of different processes to fix inorganic carbon during photosynthesis (DeNiro and 

Epstein 1978; Ehleringer et al. 1986; vander Zanden and Rasmussen 1999). Mangroves 

undergo the C3 pathway of carbon fixation where inorganic carbon is in the form of free carbon 

dioxide and is fixed using the RuBP carboxylase (Rubisco) enzyme during photosynthesis 

(Abel 1984; Abrantes et al. 2015). The C3 pathway of carbon fixation results in strong isotopic 

discrimination against 13C, resulting in C3 plants having lower levels of heavier carbon isotope 

(Hemminga and Mateo 1996). C4 plants fix inorganic carbon (HCO3
-) in aquatic environments 

such as marine waters using phosphoenolpyruvate carboxylase (PEP carboxylase) which 

discriminates 13C to a limited extent (Hemminga and Mateo 1996) resulting in C4 plants such 

as seagrass retaining larger amounts of 13C. Recent research has shown that seagrasses are an 
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intermediate of C3 – C4 plants as Rubisco and PEP carboxylase appear to play different roles in 

specific conditions. Touchette and Burkholder, (2000), suggest that variation in seagrass 13C 

values may be attributed exposure to light intensity leading to photorespiration and depletion 

of 13C. Similarly, marine phytoplankton use a mixture of CO2 and HCO3
- as sources of 

inorganic carbon due to limitations of light intensity and utilise both the C3 and C4 carbon 

fixation pathway (Riebesell 2004). Between phytoplankton and benthic algae, benthic algae 

are more enriched in 13C because they experience reduced water turbulence. The boundary 

layer surrounding phytoplankton is defined as the zone of little or no flow and movement is 

able to break down/reduce this layer leading to accelerated 13C depletion through diffusion 

(France 1995). As a result of different carbon fixation and fractionation processes, the carbon 

isotope ratio is a useful tool to distinguish between primary producers at the base of trophic 

webs.  

 

1.6.2 Application of carbon and nitrogen stable isotope ratios in trophic web studies 
 
The distinctive carbon signature of primary producers is conserved throughout the food chain 

as it undergoes minimal fractionation of only 1% per trophic level (Fry and Sherr 1989; 

Fredriksen 2003), enabling consumers to reveal the photosynthetic carbon source of their diet. 

Unlike carbon, the nitrogen isotope ratio (15N) is enriched by 3-4 % per trophic level which 

can be used to infer predator prey relationships and feeding dynamics (Deniro and Epstein 

1981). Nitrogen ratios have also been used to identify changes in feeding preferences during 

different life stages of an organism (Jarman et al. 1996). In addition to revealing trophic 

dynamics, carbon and nitrogen isotope ratios have been used to understand the impact of 

human induced changes on fish communities. Nitrogen isotope ratios have been used to reveal 

that biomass of larger fish decrease in areas vulnerable to fisheries exploitation compared to 

non-exploited marine environments (Jennings et al. 2008). Carbon and nitrogen isotopes have 

also been used to infer heavy metal contamination in marine and macroinvertebrate food webs 

(Jarman et al. 1996; Watanabe et al. 2008) because heavy metals like mercury have direct 

correlations to 13C and 15N isotope ratios (Watanabe et al. 2008). Other elemental ratios such 

as oxygen in fish otoliths (18Ooto) can be used to reflect migration of fish over different 

temperature and salinity gradients (Trueman et al. 2012) as surface water temperature rises and 

migratory fish move through different trophic zones.  
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1.7 Benefits of using dietary metabarcoding and stable isotope analysis (SIA) 
complementarily  

 
The first study to combine DNA based methods and stable isotope analysis to resolve trophic 

interactions was published in 2010. Hardy et al. (2010) set out to resolve carbon flows through 

a complex riverine food web based in southern Australia using a combination of carbon and 

nitrogen natural abundances and dietary metabarcoding from five different fish species. The 

results showed good correlation on available food sources between stable isotope ratios and 

genetic data and the study concluded that use of both methods are essential to understand 

trophic webs and their relationships with nutrient and energy fluxes. Subsequent research 

following this study have applied a combination of DNA based methods and stable isotope 

techniques to examine dietary patterns in a range of terrestrial organisms such as Blackburnia 

hawaiiensis (carabid beetle) (Roy et al. 2021), wolves and black bears in Canada (Bonin et al. 

2020), arctic small rodents (Soininen et al. 2014) and large African herbivores (Kartzinel et al. 

2015). Application of these combined techniques have also been used in marine organisms 

including Mytilus spp. (mussels) (Maloy et al. 2013), key fishery species Plectropomus spp. 

(grouper) (Matley et al. 2018) and invasive species such as Carcinus maenus and C. aestuarii 

(European green crabs) (Cordone et al. 2022). 

 

Despite the ability to provide complementary information on trophic ecology, only one study 

to date has used SIA and dietary metabarcoding in mangrove ecosystems. This study analysed 

the diet of the critically endangered Pristis pectinata (smalltooth sawfish) from southwest 

Florida to investigate the extent of resource partitioning with sympatric elasmobranch species 

(Poulakis et al. 2017). The carbon ratios from SIA showed that P. pectinata exhibited resource 

partitioning as juveniles when compared against bull sharks while nitrogen ratios indicated 

consumption of higher trophic level species regardless of life stage. The metabarcoding data 

indicated that P. pectinata diet mainly comprised teleost and elasmobranch fishes, confirming 

the SIA results. The study concluded that the combination of SIA and dietary metabarcoding 

uncovered detailed differences between the sympatric elasmobranch species and the resultant 

data has the potential to provide species-specific management strategies. Therefore, the use of 

SIA and dietary metabarcoding in network interaction studies is necessary to obtain accurate 

representation of ecosystem structure and functions.  
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1.8 Objectives and hypotheses of this thesis 
 
Extensive research conducted in freshwater systems has led to highly resolved trophic webs 

(Thompson et al. 2012) and their response to environmental perturbation has been simulated 

through mesocosm experiments as they act as proxies of natural ecosystems (Brown et al. 2011; 

Ledger et al. 2011). Such freshwater network studies have provided us with theories and 

fundamental understanding of aquatic food webs along with their limitations (Woodward and 

Hildrew 2002; Cohen et al. 2003; Petchey et al. 2004; Woodward 2009a). However, these 

concepts are not always directly applicable to marine and estuarine food webs due to the 

complexity of systems (Dunne et al. 2004). Mangrove forests especially with their unique 

positioning in the interface between land and sea, are influenced by myriad of abiotic and biotic 

factors such as tides, salinity, forest composition and runoff (Buelow and Sheaves 2015). 

Current literature on marine and estuarine trophic web research have focussed largely on 

invertebrate fauna (Peterson et al. 1985; Abrantes and Sheaves 2009; Abeels et al. 2012; 

Bernardino et al. 2018; Jung et al. 2019) and economically important fisheries species 

(Essington et al, 2006; Lugendo et al, 2006; Jinks et al, 2020; Chapman et al, 2020). However, 

non-economically important species from intermediate trophic levels, that form important links 

between benthic invertebrates, plankton communities and higher trophic levels that contribute 

to commercially important species, have rarely been studied even though they have a 

substantial influence on the interactions within food webs (Pauly et al. 1998; Hall 1999; Cury 

et al. 2003).  

 

In this thesis we used a combination of dietary metabarcoding and SIA of estuarine fish from 

intermediate trophic levels to quantify interactions between different taxa. In addition, we 

applied dietary metabarcoding techniques to investigate the diet differentiation between 

sympatric cichlid ecomorphs, Astatotilapia calliptera, from crater Lake Masoko in Tanzania. 

The outcomes of this research will provide more evidence to understand the extent to which 

dietary metabarcoding and stable isotope analysis are complementary techniques that can be 

used in feeding ecology studies. Specifically, this thesis aims to: 

1. Use a combination of carbon and nitrogen stable isotope ratios to identify ultimate 

carbon sources and trophic dynamics in fish communities from intermediate trophic 

levels. In addition, we test if intermediate trophic level fish display significant 

intraspecific and interspecific differences in resource use between habitats, seasons and 

salinity zones. With reference to the SIA results we aim to develop a simple conceptual 
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network, recreating trophic linkages amongst mangrove dwelling organisms. Here, we 

focussed only on estuarine fish from the Estero Bay Aquatic Preserve located in 

southwest Florida. Estero Bay is Florida’s first aquatic preserve and consists of 

mangrove forests, seagrass and algal beds, blackwater streams, beach dunes, coastal 

berms, sponge beds, salt marshes and mollusc reefs. It is also supplied with freshwater 

from several small rivers and creeks. Due to its complex habitat composition the 

preserve has been described to be a moderate to highly productive system (Florida 

Department of Environmental protection (3) 2015), thus ideal for investigating trophic 

interaction in a heterogenous ecosystem. We predict that the fish will have 13C values 

reflective of the primary producers consumed at the base of the food web (Duarte et al. 

2018), while a linear enrichment in 15N is expected as trophic positioning and size of 

organism increases (Deniro and Epstein 1981). (Chapter 2: Using stable isotope 

analysis (C and N) to determine ultimate carbon source and trophic positioning of 

intermediate trophic level fish from mangrove ecosystem) 

 

2. Use dietary metabarcoding to evaluate and compare the diets of intermediate trophic 

level fish from Estero Bay Aquatic Preserve. In addition, we assess the ability of DNA 

metabarcoding to obtain species level interaction data from stomach contents of fish to 

complement the stable isotope analysis results.  We aim to construct ecological 

networks from the resultant metabarcoding data and use network metrics (such as 

robustness, nestedness, extinction slope) to investigate if changes in feeding 

interactions are driven by salinity, season and habitat assemblage. We predict that 

metabarcoding will elucidate feeding interactions via species level taxonomic 

resolution and expect the intermediate trophic level fish to be generalist consumers. 

Furthermore, we predict that changes in network interactions are determined by several 

interlinked factors such as salinity, seasonal changes and habitat composition. (Chapter 

3: Application of DNA metabarcoding to elucidate diets and ecological networks of 

intermediate trophic level fish from mangrove ecosystem). 

 

3. Apply dietary metabarcoding techniques to investigate trophic specialisation of 

Astatotilapia calliptera in the early stages of adaptive divergence. A. calliptera from 

crater Lake Masoko in southern Tanzania consist of littoral (shallow-water) and benthic 

(deep-water) ecomorphs. Previous genomic research coupled with morphological 

analysis of body form and mate choice experiments have suggested that A. calliptera 
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have diverged sympatrically (Tyers 2013; Malinsky et al. 2015). Stable isotope analysis 

of carbon and nitrogen performed has also indicated potential diet segregation where 

benthic individuals preferred a planktivorous diet compared to littoral yellow 

individuals who consumed molluscs (Carruthers et al. 2022). As stable isotope analysis 

only classifies diets into broad functional groups and does not elucidate species level 

prey composition, dietary metabarcoding is required to provide a clearer understanding 

of diet diversification between the ecomorphs and provide evidence for the role of 

dietary divergence in sympatric speciation of A. calliptera. Based on the results from 

Malinsky et al. (2015) and Carruthers et al. (2022), we expect the benthic ecomorph to 

primarily consume zooplankton and phytoplankton while littoral individuals to 

specialise in hard bodied macroinvertebrates. (Chapter 4: Investigating diet 

differentiation among sympatric ecomorphs of the cichlid fish Astatotilapia calliptera 

from Lake Masoko (Kisiba), Tanzania). 
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Chapter 2: Using stable isotope analysis (C and N) to determine 
ultimate carbon source and trophic positioning of 
intermediate trophic level fish from mangrove 
ecosystem. 

 
 
2.1 Abstract 
 
Estuarine ecosystems around the world form intermediate environments between marine and 

freshwater systems that make them highly productive environments. Tropical estuarine systems 

are highly complex environments because they comprise unique habitats such as mangrove 

forests, seagrass meadows, oyster and coral reefs and salt marshes within close proximity to 

each other. Consequently, there is limited understanding of the whole ecosystem effect on 

ichthyofaunal diversity and productivity. Here we use a combination of carbon and nitrogen 

stable isotope ratios to identify ultimate carbon input and trophic positioning of omnivorous 

fish from a heterogeneous estuarine ecosystem (Estero Bay Aquatic Preserve, Florida, USA). 

Our results showed distinct differences in carbon input between coastal and lagoon dwelling 

fish despite similarities in habitat composition between the different locations. Coastal sites 

showed enriched δ13C values indicating influence of marine autotrophs while lagoon fish had 

depleted δ13C signatures representing contribution from mangrove detritus. δ15N was used to 

postulate a four-tier trophic network and additionally revealed enriched signatures for species 

Anchoa mitchili (glass minnow/bay anchovy), a pelagic fish that usually occupies lower trophic 

levels. Our analyses show that the role of photosynthetic marine organisms are magnified when 

proximity and frequency of mixing with seawater is increased in estuarine habitats. In addition, 

debates on contribution of mangroves to fisheries should be reconsidered as results from this 

study reveal mangrove derived carbon sources significantly influences the carbon ratios of 

organisms occupying lagoon mangrove fringes.  
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2.2 Introduction 
 
Coastal and freshwater ecosystems around the world are intricately linked to each other through 

the transport of nutrients and movement of organisms across the salinity gradient. Tropical 

estuarine ecosystems are useful models for investigating the mechanisms involved in 

ecosystem connectivity because they feature a mosaic of highly productive habitats such as 

mangrove forests and seagrass meadows (Igulu et al. 2013). Mangroves provide a variety of 

ecosystem services such as protection against shoreline erosion and subsistence in the form of 

firewood and building material for local communities (Walters et al. 2008). Mangrove forests 

are one of the world’s most productive ecosystems and are estimated to be worth US$ 194 000 

per hectare per year (Costanza et al. 2014). Despite their importance to the global ecosystem, 

mangrove forests have undergone extensive deforestation (Fry and Ewel 2003) and are 

currently facing additional anthropogenic stresses such as aquaculture, agriculture and housing 

(Lewis et al. 2016).  

 

2.2.1 Contribution of mangrove habitats to fisheries 
 
Mangrove systems and coastal fisheries have strong trophic linkages, however, the extent to 

which mangroves support fishery production and catch has been heavily disputed (Nagelkerken 

et al. 2008). Some studies have shown that the relative abundance or area of mangrove 

correlates with fishery catch (MacNae 1974; Martusubroto and Naamin 1977) and this is 

especially true for shrimps (Paw and Chua 1989; Staples et al. 1984; Turner 1977). Some 

studies support the importance of mangroves to fisheries by claiming that mangrove forests 

play an important part in the juvenile stage of organisms providing them with resources and 

other benefits (Fry and Ewel 2003).  

 

However, several studies have stated that the use of mangrove habitats by juveniles are species 

specific (Dorenbosch et al. 2006a, 2006b; Mumby et al. 2004; Nagelkerken et al. 2002) and 

movement of juveniles between estuarine mangroves and other adjacent habitats such as 

seagrass, saltmarshes and coral reefs should be accounted for (Nagelkerkan et al. 2008). Some 

adult fish such as Epinephelus itajara (goliath grouper) (Koenig et al. 2007) and Scarus 

guacamaia (rainbow parrotfish) (Machemer et al. 2012) spawn at sea where the eggs are 

dispersed within the water column. The planktonic larvae developed from these eggs migrate 

to inshore estuarine waters through swimming or passive tidal support, using the mangroves 

for habitat and forage before moving offshore again upon maturity (Baran and Hambrey 1998). 
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Similar behaviour is observed in commercially valuable species Mugil cephalus (striped 

mullet), Cynoscion nebulosus (spotted seatrout), Sciaenops ocellatus (red drum) and Lutjanus 

griseus (grey snapper) (Heald and Odum 1970). Conversely, some species remain in the 

mangroves throughout the year due to their euryhaline nature such as Centropomus 

undecimalis (snook), Callinectes sapidus (blue crab) and Crassostrea virginica (American 

oyster) and they are recreationally and commercially significant (Hutchison et al. 2014).  

 

Traditionally, assessing commercial fish catch related to estuarine habitats has employed a 

single-habitat approach, instead of an ecosystem approach, that neglects the strong links 

existing between mangroves, seagrass meadows, salt marshes and the surrounding habitats 

(Sheridan and Hays, 2003; Meynecke et al. 2007). The number of studies investigating the 

contribution of independent seagrass and mangrove habitats to fishery activities has been on 

the rise (Hutchison et al. 2014; Herrera et al. 2022) but ecosystem level studies are absent. It is 

vital to acknowledge that the inputs derived to sustain mangroves as nursery habitats can be a 

consequence of nutrient exchange between mangroves and neighbouring habitats, including 

freshwater and terrestrial environments (Sheaves et al. 2015). Many factors influence the 

productivity of mangroves besides just mangrove cover, including the extent of shallow seas, 

intertidal areas, tidal creeks, organic material, and length of coastline (Baran and Hambrey 

1998). There is also a lack of studies investigating the food sources of mangrove-dependent 

animals (Bouillon et al. 2008). To achieve a deeper understanding of the impact of mangrove 

forests on fishery production and catch, it is important for research to account for the interaction 

between habitats (such as seagrass meadows, oyster reefs, salt marshes and mangrove forests) 

within an estuarine system. 

 

2.2.2 Prevalence of mangroves in Florida 
 
Globally, there are 14.8 million hectares of mangroves forests remaining (FAO 2020). The third 

most mangrove abundant region is situated in North America with 1.2 million hectares of 

mangrove forests, of which 20% is in Florida and primarily located in the Southwest region 

(Florida Department of Environmental Protection (1), 2022), on the Gulf coast. Mangroves are 

native to Florida’s landscape and are vital in supporting recreational and commercial fisheries. 

Florida is comprised of 67 counties of which 37 counties generate significant income from 

commercial marine fishing. In 2021, Lee County in Southwest Florida generated US$ 20 

million from commercial fisheries landings for food and bait (Florida Fish and Wildlife 
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Conservation Commission 2022). Lee County is home to five aquatic reserves and is a popular 

area for recreational fishing, which also generates substantial revenue through license and 

tackle sales, local employment and support services (Florida Fish and Wildlife Conservation 

Commission 2021). Many species are exploited in sport fisheries, including Centropomidae 

undecimalis (snook), Sciaenops ocellatus (redfish), Cynoscion sp. (trout), Epinmephelus sp. 

(grouper), Equetus sp. (drum), Archosargus probatocephalus (sheepshead), Caranx sp. (jacks), 

Trachinotus carolinus (Florida pompano) and Lutjanus sp. (snappers)(Florida Department of 

Environmental Protection (2) 2022). 

 

2.2.2.1 Estero Bay Aquatic Preserve 
 
Estero Bay Aquatic Preserve located in Fort Myers, Lee County (Figure 2.1), was given the 

accolade as Florida’s first aquatic preserve in 1966 when the threat of continued coastal 

developments on fisheries, tourism, and the habitat itself was recognised (Florida Department 

of Environmental protection (3) 2015).  The preserve lies within the Coastal and Heartland 

National Estuary Partnership (formerly known as Charlotte Harbour National Estuary Program 

(CHNEP)) established in 1987 which aims to improve the quality of estuaries with national 

significance. Estero Bay also benefits from the Outstanding Florida Water (OFW) designation 

which prevents direct pollution discharges into its watershed. Estero Bay is 17.7 km long and 

has variable width of 2.8 to 11 km. The total watershed area is 758.5 km2 (Abeels et al. 2012) 

and is supplied with freshwater from several small rivers and creeks. Much of the coastline is 

comprised of mangrove swamps with extensive areas covered in seagrass beds. Other natural 

communities include algal beds, blackwater streams, beach dunes, coastal berms, sponge beds, 

salt marshes and mollusc reefs. Due to its complex habitat composition the bay has been 

described to be moderate to highly productive providing home to a wide range of birds, aquatic 

vertebrates and invertebrates, and mammals (Florida Department of Environmental protection 

(3) 2015). 
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The Caloosahatchee River Estuary (Figure 2.1) north of Estero Bay, present a transition from 

the Gulf of Mexico marine ecosystem to the vast freshwater Lake Okeechobee (10.76 km2) and 

associated catchment area. Since the 1800s, the Caloosahatchee River Estuary has been subject 

to severe hydrological alterations of a meandering river ecosystem to a series of canalised 

Tenmile Canal 

Imperial River 

Estero Bay  
Aqua�c Preserve 

Figure 2.1. Map of Estero Bay Aquatic Preserve, including freshwater rivers and passes (Google 
Earth 2022).  
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waterways (Mitra et al. 2011).  The river has been impounded by several control structures to 

regulate the release of freshwater from Lake Okeechobee to prevent it from flooding (Tolley et 

al. 2005). Okeechobee watershed is used for beef cattle pasture (32%), cultivation of crop 

plants (18%) and residential purposes (10%). A large amount (5554 tonnes) of nitrogen is 

deposited into the lake every year and more than half of the deposits are exported (2986 tonnes 

per year) through the Caloosahatchee River (Havens et al. 2001). The nitrogen rich water from 

Caloosahatchee River travels into Estero Bay through Matanzas Pass and Mullock Creek via 

the Tenmile Canal (Figure 2.1) (Thomas and Rumbold 2006). Several measures have been 

implemented to control the inflow of freshwater and maintain salinity throughout the year and 

these are currently being observed through long-term water quality monitoring programmes 

(Thomas and Rumbold 2006).  

 

Several studies have been conducted in Estero Bay with a large focus on understanding 

hydrodynamics and impacts of anthropogenic activities such as fishing and boating on 

surrounding habitats and fauna (Byrne and Gabaldon 2007; Mitra et al. 2011; Hotaling-Hagan 

et al. 2017). Only two published studies have investigated the feeding dynamics of organisms 

that inhabit this reserve. These studies have examined trophic transfer from oyster reefs to 

primary consumers and predatory fish (Abeels et al. 2012; Wasno et al. 2020). Relatively little 

is known about groups of fish that occupy intermediate trophic levels connecting primary 

consumers to predatory fish. Due to the juxtaposition of distinct habitats in Estero Bay it is an 

ideal ecosystem to study the dynamics of trophic energy flow of fish communities derived from 

mangrove, seagrass, oyster and coastal habitats.  

 

2.2.3 Aims and objectives  
 
In this study we used a combination of carbon and nitrogen stable isotope ratios to investigate 

trophic dynamics and identify ultimate carbon sources in fish communities from lower trophic 

levels, occupying heterogeneous habitats (mangrove, seagrass and coastal) and salinities in a 

productive, subtropical estuarine ecosystem of Estero Bay Aquatic Preserve. Specifically, we 

test if small pelagic fish display significant interspecific differences in trophic resource use 

between habitats and salinity zones, with reference to stable isotope signatures from 

invertebrates, benthic microalgae, mangrove leaves and organic matter. Subsequently, we 

develop a simple conceptual network, recreating subtropical estuarine trophic linkages 

amongst mangrove dwelling organisms across salinity gradients. 
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We focus on intermediate trophic level fish (or forage fish) as they are generally numerically 

dominant in most marine ecosystems and have substantial impact on fishery catch and diets of 

predatory fish (Hall 1999). Intermediate trophic level fish can exert both bottom-up control on 

predatory fish and top-down control on zooplankton (Cury et al. 2003), thus forming important 

links between basal producers and consumers at the top of the food chain. Since several 

intermediate trophic level fish from Estero Bay Aquatic Preserve are not directly exploited by 

fisheries, they have not been included in trophic ecology studies. We predict that the 

intermediate trophic level fish will have 13C values reflective of the primary producers they 

have consumed directly, or that underpin the food chain of their prey species  (Duarte et al. 

2018) and this will be used to determine the main driver of their productivity. Furthermore, we 

should observe a linear enrichment in 15N as trophic positioning and size of organism increases 

(Deniro and Epstein 1981). 

 
2.3 Methods 
2.3.1 Study location 
 
Four locations: Vester Field station (26 19 52 N, 81 50 14 W), Big Hickory (26 21 40 N, 81 51 

28 W), Lover’s Key (26 23 50 N, 81 52 00 W) and Hendry Creek (26 26 50 N, 81 51 33 W), 

were chosen as they represent distinct mangrove and seagrass habitats as well as experiencing 

varying levels of freshwater input (Figures 2.2 and 2.4). All four sites are characterised by 

mangrove forest; primarily red mangrove (Rhizophora mangle) with its prominent prop roots 

and to a lesser extent, black mangrove (Avicennia germinans) that grows close to shorelines, 

whilst white mangrove (Laguncularia racemose) and buttonwood (Conocarpus erectus) 

inhabit lagoon areas (Thomas and Rumbold 2006). Vester Field station and Big Hickory sites 

constituted mainly of mangrove fringe with scattered clusters of American oysters (Crassostrea 

virginica). Lover’s Key and Hendry Creek sites were abundant in seagrass (Figure 2.3). All 

sampling locations were visited twice, once in November 2018 and once in May 2019. Estero 

Bay experiences seasonal rains from May to September reducing salinities in parts of the 

estuary and hypersaline conditions for the remainder of the year (Tolley et al. 2005) (Figure 

2.2). Seasonality has an influence on the decapod and fish composition and abundance of oyster 

reefs. High salinity promotes susceptibility of parasite Perkinsus marinus while continued 

exposure to freshwater inhibits oyster growth, consequently having an impact on communities 

that reside and feed on oyster reefs (Tolley et al. 2005).  
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Figure 2.2. Map of Estero Bay with salinity values from May 2017 to April 2018. Sampling 
locations with acronyms denoting the names of each site. V - Vester, BH - Big Hickory, LK – 
Lover’s Key and HC – Hendry Creek. (Map credit: Lisa Rickards) 
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  Figure 2.3. Map of Estero Bay with percentage seagrass cover from May 2017 to April 2018. 
Sampling locations with acronyms denoting the names of each site. V - Vester, BH - Big 
Hickory, LK – Lover’s Key and HC – Hendry Creek. (Map credit: Lisa Rickards) 

 

 

 

 



 43 

 
 
 
   

 

 

 

 

 

 

 

Figure 2.4. Google Earth images of 4 locations with images taken in the field (Google Earth 
2022) Red dot ( ) indicates sampling site. A – Vester Field Station, B – Big Hickory, C – 
Lover’s key and D – Hendry Creek. 
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2.3.2 Sampling protocol 
 
Seine nets with an approximate area of 4.6 m2 with a 0.6 m2 cod-end and 4mm stretched mesh 

were used to capture fish less than 20 cm in total length and invertebrates such as crabs and 

shrimps. Otter trawls and angling methods were trialled to collect individuals larger than 20cm, 

but these methods yielded very low catch numbers and thus seine nets were consistently used 

in both seasons. An average of 20 individuals per species was captured at each location. 

Salinity, pH, turbidity, dissolved oxygen, depth, and water temperature was collected at each 

location using a YSI ProDSS probe. 

 

The fish were collected (euthanised by emersion in ice bath, according to the American 

Veterinary Medical Association, 2020) and transported on ice back to the Vester field station 

where individuals were identified to the lowest possible taxonomic level. Total length 

(millimetre) and weight (grams) of individual fish were recorded followed by removal of 1cm3 

of muscle tissue from the flank, under the dorsal fin above the lateral line, midway between 

the ventral limits, with epidermis removed. The tissue was placed in a 1.5ml Eppendorf or 2ml 

screw cap tube and placed in a drying oven at 60oC for 48 hours until the fish tissue was 

completely dried. Unlike the fish, invertebrates were dried whole in tubes at 60oC for 48 hours. 

 

2.3.3 Sample processing 
 
A subset of three individuals per fish species within their median length range were chosen for 

carbon and nitrogen elemental analysis. Median length was chosen to minimise length induced 

variation within each species per site. All dried tissue were ground using a porcelain mortar 

and pestle until a fine sand consistency was achieved. The porcelain mortar and pestles were 

baked at 550oC for 4 hours (to sterilize) before they were used. The mortar and pestle were 

rinsed with deionised water, wiped with Kimwipe tissues, then rinsed in 10% hydrochloric acid 

(HCl) followed by deionized water between each sample (Abeels et al. 2012). A new set of 

sterilized mortar and pestles were utilised for each sampling location. Between 1 and 1.5mg of 

the ground tissue was weighed in acetone cleaned tin capsules (8 x 5 mm) before they were 

enclosed and placed in a sealed 96-well plate. 

 

A subset of ground invertebrate tissue underwent lipid extraction before encapsulation. The 

samples were treated in a 2:1 ratio of chloroform to methanol solution and placed in a water 

bath at 30oC for 24 hours (Lees and Stanley 1956). After 24 hours, the samples were centrifuged 
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to remove supernatant and another 1.9ml of the chloroform-methanol solution was added. The 

samples were centrifuged again, and supernatant was discarded. Samples were left to dry in the 

fume hood for 24 hours before they were ground again using sterile porcelain mortar and 

pestles. Once the tissue was ground, they were weighed (between 1 – 1.5mg) in acetone cleaned 

tin capsules, encapsulated, and placed in a sealed 96-well plate. 

 

The encapsulated samples were sent to the University of California Davies (UC Davies) Stable 

Isotope Facility for dual 13C and 15N analysis. Tissues were analysed using PDZ Europa 

ANCA-GSL elemental analyser interfaced to a PDZ Europa 20-20 isotope ratio mass 

Spectrometer (Sercon Ltd, Cheshire, UK) (UC Davies Stable Isotope Facility, 2022).  

 

Additional 13C and 15N values of sinking particulate organic matter (POM), suspended POM, 

benthic microalgae, sediment, worms, amphipods and Crassostrea virginica (American oyster) 

from sampling seasons May and November 2008 were extracted from Abeels et al. 2012. Stable 

isotope composition (C and N) of mangrove leaves collected from Estero Bay close to the 

Vester field station sampling location were obtained from Dr Nathalie Fenner (Bangor 

University). As with the vertebrate and invertebrate tissues, the plant tissues were dried at 60oC 

for 48h, pulverised, encapsuled in tin capsules, sealed in a 96-well plate and sent to UC Davies 

for analysis. 

 

2.3.4 Data analysis 
 
Post’s (2002) correction equation was applied to the resultant carbon values of fish tissues to 

account for lipid composition. However, the application of the correction equation did not 

result in any changes to the overall values. Post et al. (2007) and Papiol et al. (2017) suggest 

that lipid correction equation to be only applied when C:N bulk ratio is more than 3.5. In this 

study the C:N bulk ratio did not exceed 3.4 and hence a change in the values after application 

of correction equation was not observed. Therefore, only the uncorrected values have been 

presented here and used in downstream analysis. 

 

All data analysis was performed using Rstudio (v 4.1.3) (R Core Team 2022). The ‘Vegan’ 

package was used to conduct one-way ANOVA followed by Tukey’s test (v 2.6-2) (Oksanen et 

al. 2022). One-way ANOVA was performed to test for significant differences in the mean delta 

C and N within and between species groups and sites.  Prior to ANOVA, Shapiro-Wilk test was 
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applied to test for normality. Akaike Information Criterion (AIC) was applied using 

‘AICcmodavg’ package (v 2.3-1) (Mazerolle 2020) to determine the main variable 

underpinning the differences observed between species and sampling sites. An AIC test 

simultaneously compares multiple competing models and estimates which best approximates 

the true biological pattern that is observed (Symonds and Moussalli 2011). AIC is calculated 

using the number of fitted parameters, and either maximum likelihood or the residual sum of 

squares of the model. Five single variables (species, length, season, site, and salinity) and four 

combinations of variables (site-salinity-season, site-salinity, species-length and salinity-

season) were determined as independent factors. The combination of factors was based on a 

priori knowledge on fundamental variables that affect trophic interactions and resource 

availability (Deniro and Epstein 1981; Duarte et al. 2018). A modified version of AIC was 

applied here which accounts for small sample sizes (AICc) (Symonds and Moussalli 2011). 

Linear regression models were applied to investigate the presence of relationship between δ15N 

and length using ‘stats’ package in R (v 4.1.3) (R core Team, 2022). To ensure regression 

models have adequate power, a power analysis was performed using the ‘WebPower’ (v 0.8.6) 

(Zhang et al. 2022) package in R. Effect size was calculated using R2 values (from ‘lm’ function 

used for calculating linear regression) in equation 𝑓𝑓2 = 𝑅𝑅2/(1 − 𝑅𝑅2), default power score of 

0.8 was applied that is often used as a baseline to ensure good statistical power (Cohen 1992) 

and number of predictors was set to 1 (length is the only variable we are testing). All figures 

were plotted using ‘ggplot2’ (v 3.3.6) (Wickham 2016) and ‘ggpubr’ (v 0.4.0) packages 

(Kassambara 2020).  

 

2.4 Results 
 
A subset of 93 fish samples comprising 12 different species representative of each site and 

season was used in analysing carbon and nitrogen stable isotope ratios. The number of species 

at each site per sampling season is shown in Table 2.1 (refer to Appendix A for total number of 

individuals caught and species composition). Eucinostomus argenteus (Spotfin mojarra) was 

found at all sites in both seasons and Lagondon rhomboides (Pinfish) was found at all locations 

in May’19.   
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Table 2.1. Number of vertebrate species included in stable isotope analysis for each season 
and the location of where it was captured.  

Common name Species 

Vester Big Hickory Lover’s Key Hendry Creek 

Nov 18 May 19 Nov 18 May 19 Nov 18 
May 

19 
Nov 18 May 19 

Goby Gobiidae spp. - - - - - 3 - - 

Glass minnow Anchoa mitchilli 
 - - - 3 - 3 - 3 

Gulf killifish Fundulus grandis 
 - - 3 - - - 3 - 

Hogchoker Trinectus maculatus - - - - - - 3 - 

Inshore lizard 
fish 

Synodus foetens 
 - - - - 3 3 3 - 

Pipefish Syngnathus scovelli 
 - - - - - 3 - - 

Pinfish Lagodon rhomboides 
 - 3 - 3 - 3 - 3 

Rough 
silverside 

Membras martinica 
 3 3 - - 3 - - - 

Sheepshead 
minnow 

Cyprinodon variegatus 
 - - 3 - - - - - 

Silver jenny Eucinostomus gula 
 3 - - - - - - - 

Snapper Lutjanus griseus 3 - 3 - 3 - - - 

Spotfin mojarra 
 
Eucinostomus argenteus 
 

3 3 3 3 3 3 3 3 

Total (93)  12 9 12 9 12 18 12 9 

 

 

2.4.1 δ13C stable isotope ratio 
 
Fish from Big Hickory and Lover’s Key sites were more enriched in δ13C with average carbon 

signatures ranging from -14.2 to -19.4 (Table 2.2). In contrast, individuals from Hendry Creek 

and Vester sites were more depleted, with δ13C values ranging from -19.4 to -24.5 (Table 2.2). 

Substantial overlap was observed in δ 13C values between individuals from coastal sites of Big 

Hickory and Lover’s Key (Figures 2.5, 2.6 and 2.7). Overlap in δ 13C values was also present 

in individuals from lagoon locations of Vester Field station and Hendry Creek (Figures 2.5. 2.6 

and 2.7). Shapiro-Wilk test reflected that the data was normally distributed for 13C (p = 0.0825), 

however an outlier for δ15N data affected normality thus it was removed and all downstream 

analysis was performed with the corrected data. A one-way ANOVA followed by post hoc 

Tukey test supports overlaps observed and shows that the pair of sites; Big Hickory and Lover’s 

Key have δ 13C values that were significantly higher (p<0.001) compared to individuals from 

Hendry Creek and Vester (Table 2.3).  
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Figure 2.5. Stable isotope values of δ13C and δ15N from vertebrates and invertebrates collected within the 
Estero Bay Aquatic Preserve. Reference data points in black included are labelled with acronyms; Amph: 
amphipods, Benthic_al: benthic microalgae, Crab: juvenile crab, Mangrove: mangrove leaves, 
Mollusc/bivalve: bivalve attached to mangrove root, Oyster: American oyster, Shrimp: juvenile pink 
shrimp, Sed: sediment, Sink_POM: sinking particulate organic matter, Sus_POM: suspended particulate 
organic matter, Worm: worm. Ellipses are drawn based on default parameters (function: stat_ellipse) in 
RStudio and is drawn to visualise grouping driven by site variable.   
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Figure 2.6. Carbon and nitrogen biplot representing stable isotope average values of δ13C and 
δ15N from vertebrates and invertebrates collected within the Estero Bay Aquatic Preserve. 
Error bars represent standard deviation. Polygons included represent grouping of data points 
by sample sites.    
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Table 2.2. Mean δ13C and δ15N stable isotope values of fish samples from each sampling location from Estero Bay Aquatic Preserve. Mean values are 
provided with standard error and dates included reflect sampling season. 

Common name Species 

δ 13C  δ 15N 

Vester Big Hickory Lover’s Key Hendry Creek Vester Big Hickory Lover’s Key Hendry Creek 

Nov 18 May 19 Nov 18 May 19 Nov 18 May 19 Nov 18 May 19 Nov 18 May 19 Nov 18 May 19 Nov 18 May 19 Nov 18 May 19 

Goby Gobiidae spp. - - - - - -16.3 ± 
0.107 - - 

 
- - - - - 8.13 ± 

0.123 - - 

Glass minnow Anchoa mitchilli - - - -19.4 ± 
0.351 - -19.7 ± 

0.408 - -20.3 ± 
0.174 

 - - - 10.2 ± 
0.554 - 10.4 ± 

0.334 - 10.1 ± 
0.219 

Gulf killifish 
 
Fundulus grandis 

 
- - -16.5 ± 

2.30 - - - -22.0 ± 
0.891 - 

 

- - 7.02 ± 
0.469 - - - 8.03 ± 

0.274 - 

Hogchoker 

 

Trinectus maculatus 

 - - - - - - -19.68 
± 0.200 - 

 
- - - - - - 5.62 ± 

0.0784 - 

Inshore lizard 
fish 
 

Synodus foetens 

 - - - - -14.2 ± 
0.234 

-17.8 ± 
0.188 

-19.4 ± 
0.472 - 

 
- - - - 8.45 ± 

0.0384 
10.0 ± 
0.327 

9.34 ± 
0.0186 - 

Pipefish 

 

Syngnathus scovelli 

 - - - - - -17.6 ± 
0.252 - - 

 
- - - - - 7.57 ± 

0.170 - - 

Pinfish 

 

Lagodon rhomboides 

 - -20.74 ± 
0.422 - -17.2 

±0.227 - -17.8 ± 
0.398 - -21.6 ± 

0.891 

 
- 8.55 ± 

0.391 - 9.51 ± 
0.0751 - 8.11 ± 

0.102 - 8.32 ± 
0.673 

Rough 
silverside 
 

Membras martinica 

 
-24.5 ± 
0.160 

-22.7 ± 
0.219 - - -14.3 ± 

0.552 - - - 
 9.49 ± 

0.133 
9.12 ± 
0.259 - - 7.56 ± 

0.17 - - - 

Sheepshead 
minnow 
 

Cyprinodon variegatus 

 - - -14.6 ± 
0.762 - - - - - 

 
- - 7.07 ± 

1.68 - - - - - 

Silver jenny 

 

Eucinostomus gula 

 
-22.8 ± 
0.396 - - - - - - - 

 8.22 ± 
0.187 - - - - - - - 

Snapper 

 

Lutjanus griseus 

 
-20.3 ± 
0.283 - -16.1 ± 

0.214 - -14.4 ± 
0.0536 - - - 

 11.2 ± 
0.255 - 10.1 ± 

0.095 - 8.49 ± 
0.110 - - - 

Spotfin mojarra 

 
Eucinostomus argenteus 
 

-23.8 ± 
0.0895 

-20.7 ± 
0.246 

-15.3 ± 
0.458 

-17.5 ± 
0.269 

-15.7 ± 
0.145 

-15.1 ± 
0.0338 

-19.7 ± 
0.345 

-23.9 ± 
1.32 

 8.19 ± 
0.209 

9.08 ± 
0.0902 

9.27 ± 
0.193 

9.56 ± 
0.131 

9.37 ± 
0.0493 

8.72 ± 
0.246 

7.78 ± 
0.153 

8.59 ± 
0.590 
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Table 2.3. Results from one-way ANOVA with post hoc Tukey test on δ 13C values from each 
site sampled in Estero Bay Aquatic Preserve. (*) signifies where p<0.05. V - Vester, HC – 
Hendry Creek, BH - Big Hickory and LK – Lover’s Key. 
Site name comparison Standard error Adjusted p value 

Lagoon (HC) – Coastal (BH) 0.5875 <0.001 * 

Coastal (LK) – Coastal (BH) 0.5348 0.758 

Lagoon (V) – Coastal (BH) 0.5875 <0.001 * 

Coastal (LK) – Lagoon (HC) 0.5791 <0.001 * 

Lagoon (V) – Lagoon (HC) 0.6281 0.195 

Lagoon (V) – Coastal (LK) 0.5791 <0.001 * 

 
 
 

 

 

Figure 2.7. Boxplot of δ13C stable isotope values of fish from four locations in Estero Bay 
Aquatic Preserve. V - Vester, HC – Hendry Creek, BH - Big Hickory and LK – Lover’s Key. 
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The carbon isotope overlap between sites was also observed when a within-species comparison 

was performed on two species that were consistently abundant across all four sampling 

locations. Eucinostomus argentus (spotfin mojarra, represented in orange in Figure 2.5) from 

Big Hickory and Lover’s Key (average δ13C of -15.9 ± SE 0.308) had significantly (p<0.05) 

higher δ 13C values compared to spotfin mojarra individuals from Vester and Hendry Creek 

(average δ13C of -22.0 ± SE 0.635) (Table 2.4). Similarly, Lagondon rhomboides (pinfish, 

represented in dark purple in Figure 2.5) from Big Hickory and Lover’s Key had significantly 

(p<0.05) higher δ 13C values with an average of -17.5 (SE ± 0.248) compared to individuals 

from Vester and Hendry Creek with an average of -21.2 (SE ± 0.481). 

  
 
Table 2.4. Results from one way ANOVA of Eucinostomus argenteus (Spotfin mojarra) and 
Lagondon rhomboides (Pinfish) of δ 13C values from each sampling site. (*) signifies where 
p<0.05. 

Site name 
Standard 

error 
Adjusted 
p-value 

Standard 
error 

Adjusted 
p-value 

Eucinostomos argenteus 
(Spotfin mojarra) 

Lagondon rhomboides 
(Pinfish) 

Hendry Creek – Big Hickory 1.0193 0.00166 * 0.7686 0.00172 * 

Lover’s Key – Big Hickory 1.0193 0.759870 0.7686 0.84571 

Vester – Big Hickory 1.0193 <0.0001 * 0.7686 0.00704 * 

Lover’s Key – Hendry Creek  1.0193 <0.0001 * 0.7686 0.00477 * 

Vester – Hendry Creek 1.0193 0.977639 0.7686 0.68417 

Vester – Lovers Key 1.0193 <0.0001 * 0.7686 0.02029 * 

 
 

 

Results from the Akaike Information Criterion (AIC) analysis performed indicated that the 

combination of site, salinity and season gave the highest AICc weight of 99% (Table 2.5); a 

model with high percentage or the lowest AICc score best fits the variation in the data observed.  
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Table 2.5. Akaike Information Criterion (AICc) values of the different models used to explain 
δ13C variation observed in fish species from Estero Bay Aquatic Preserve. Analysis was 
performed with the test corrected to small sample size.  
Parameter  K AICc AICcWt CumWt 

Site-Salinity-Season 5 438.5188 9.9994 x 10-1 0.999943 

Site-Salinity 4 458.1355 5.4986 x 10-5 0.999998 

Site 3 464.7310 2.0326 x 10-6 1 

Species-Length 14 476.3111 6.2156 x 10-9 1 

Length 3 478.0997 2.5415 x 10-9 1 

Salinity-Season 4 497.2376 1.7756 x 10-13 1 

Salinity 3 510.6106 2.2152 x 10-16 1 

Species 16 516.0109 1.4886 x 10-17 1 

Season 3 528.2577 3.2615 x 10-20 1 
K – number of parameters in the model (default is 2) 
AICc – information score of the model (the lower, the better fit the model is) 
AICcWt – AICc weight which explains the total amount of predictive power within that given model 
CumWt – sum of AICc weights 
 

2.4.2 δ15N stable isotope ratio 
 
Predatory species such as Lutjanus griseus (grey snapper) and Synodus foetens (inshore lizard 

fish) were more enriched in the heavier nitrogen isotope with high δ 15N averages of 11.2 and 

10.0 respectively (Table 2.2 and Figure 2.8). Conversely, prey species such as Trinectus 

maculatus (hogchoker) and Cyprinodon variegatus (sheepshead minnow) had low δ 15N 

averages of 5.62 and 7.07 respectively. However, Anchoa mitchilli (glass minnow), a species 

known to occupy lower trophic levels had high δ15N levels (10.4) comparable to predatory 

species Lutjanus griseus and Synodus foetens (Table 2.2 and Figure 2.8). Shapiro-Wilk test 

reflected that the data was normally distributed after the removal of a single outlier (p = 

0.0636), downstream analysis was conducted with the corrected data. A one-way ANOVA 

followed by a post hoc Tukey test was performed to identify species that had significantly 

different δ 15N values (Figure 2.9 and refer to Appendix B for detailed results from one-way 

ANOVA).  
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Figure 2.8. Boxplot of δ15N stable isotope values of each fish species (x-axis) from all four 
sampling locations in Estero Bay Aquatic Preserve. 
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Akaike Information Criterion was performed to identify the main variable/s that best fit the 

differences in δ15N observed between the species. Species-length combination had the highest 

AICc weight of 99% (Table 2.6). Hence, the combination of species and length variables are 

the main factors influencing differences observed in δ 15N values between the species.  

 

  

Figure 2.9. Results of one-way ANOVA with post-hoc Tukey test comparing the means of 
δ15N. P-values are only represented for significantly (<0.05) different groups.  
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Table 2.6. Akaike Information Criterion (AICc) values of the different models used to explain 
δ15N variation observed between fish species from Estero Bay Aquatic Preserve. Analysis was 
performed with the test corrected to small sample size.  
Parameter  K AICc AICcWt CumWt 

Species – length  14 228.0176 9.9990 x 10-1 0.9999 

Species 16 256.0316 8.2570 x 10-7 1 

Length 3 287.2620 1.36533 x 10-13 1 

Salinity-Season 4 322.3788 3.23367 x 10-21 1 

Season  3 322.8331  2.57683 x 10-21 1 

Site-Salinity-Season 5 324.3265 1.22119 x 10-21 1 

Salinity 3 326.7595 3.61802 x 10-22 1 

Site – salinity  4 328.4762 1.53352 x 10-22 1 

Site 3 333.5220 1.23032 x 10-23 1 
K – number of parameters in the model (default is 2) 
AICc – information score of the model (the lower, the better fit the model is) 
AICcWt – AICc weight which explains the total amount of predictive power within that given model 
CumWt – sum of AICc weights 

 

Linear regression models were applied to understand the relationship between δ 15N and length 

further. A significant p value (p<0.001) was obtained when a regression curve was plotted with 

all values in the dataset, however, there were three large snapper individuals presenting to be 

outliers (Figure 2.10a). A second regression model was applied where the large snapper 

samples were removed (Figure 2.10b) and a significant relationship was not obtained 

(p=0.0661). Regression models were applied at species level for individual species, however 

as median size of each species was selected, we did not detect significant relationship between 

δ 15N and length. In addition, the power analysis showed weak statistical power (power < 0.2) 

for all regression models applied at species level. The predicted sample number calculated to 

achieve power of 0.8 is considerably larger than the sample sizes included in this study (Table 

2.7).  
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Figure 2.10. Regression lines describing relationship between length and δ15N of fish tissues from Estero Bay 
Aquatic Preserve. a) includes three large snapper (Lutjanus griseus) individuals while b) is a subset that excludes 
these the snapper specimens. R2 coefficient and p values are provided. 
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Table 2.7. Results from power analysis. R2 values obtained from linear regression models and 
used to calculate f2 values using formula 𝑓𝑓2 = 𝑅𝑅2/(1 − 𝑅𝑅2). Power score was set to 0.8 when 
calculating predicted sample sizes and alpha value was always set to 0.05. 
 Sample 

size (n) 
R2 f2 (effect 

size) 
power Predicted 

sample size 
Mixed species 90 0.0459 0.0481 0.539 165 

Spotfin mojarra 24 0.00877 0.00885 0.0726 889 

Pinfish 12 0.0223 0.0228 0.0762 346 

Rough silverside 9 0.165 0.198 0.212 42 

Glass minnow 9 0.286 0.401 0.375 22 

Killifish 6 0.0276 0.0284 0.0621 278 

Lizard fish 9 0.00363 0.00364 0.0529 2156 

Snapper 6 0.0205 0.0209 0.0589 377 

 

 

2.5 Discussion 
 
The objective of this study was to uncover the trophic dynamics and identify the ultimate 

carbon sources of intermediate trophic level fish from a heterogeneous estuarine habitat with 

varying salinity levels using stable isotope signatures of carbon and nitrogen. We found 

evidence that individuals occupying coastal and lagoon sites have distinct δ 13C values despite 

the similarities in composition of vegetation available at each site. Even though coastal site 

Lover’s Key and lagoon site Hendry Creek were abundant in seagrass, the coastal sites were 

enriched (-16.3 SE ± 0.339) in δ 13C compared to the lagoon sites (-20.9 SE ± 0.413). Big 

Hickory and Vester both featured oyster reefs close to the mangrove fringe, yet the coastal Big 

Hickory site was enriched in δ 13C (-16.7 SE ± 0.422). Conversely, the lagoon Vester sampling 

location showed depleted δ 13C (-22.2 SE ± 0.353) signatures. The δ 15N values observed 

provided an insight into the trophic positioning of the 12 species, enabling us to develop a 

conceptual network displaying linkages from primary producers to predatory fish. Regression 

analysis applied to test the relationship between total length of fish and δ 15N signature revealed 

that significant associations were true in selected species only.  

 
2.5.1 Distinct δ13C values in coastal and lagoon locations 
 
Due to spatial and temporal variables affecting 13C, dissolved inorganic carbon affects the 13C 

of aquatic producers (Abrantes et al. 2015). As a result of the assimilation of distinctive carbon 
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sources and different photosynthetic pathways utilised by various primary producers, we 

expected that locations abundant in mangroves would display depleted δ13C values, whereas 

seagrass dominated habitats would be more enriched in δ13C (Vaslet et al. 2012; Duarte et al. 

2018). However, the predicted differences in δ13C values between mangrove and seagrass 

habitats were not apparent. Fish from Vester Field Station (mangrove dominated) and Hendry 

Creek (seagrass dominated) were depleted in δ13C with values ranging from -25 to -18. 

Conversely, fish from Big Hickory (mangrove dominated) and Lover’s Key (seagrass 

dominated) were more enriched in δ 13C with values ranging from -20 to -12. Heavier δ 13C 

signatures are commonly attributed to seagrass and macroalgae whereas more depleted isotopic 

ratios are found in phytoplankton and mangroves (Keough et al. 1998; Abeels et al. 2012; 

Duarte et al. 2018). 

 

Davias et al. (2014), showed that Atlantic silverside (Menidia menidia) and White perch 

(Morone americana) from different habitats such as bulkhead (vertical structure installed 

parallel to the water), riprap (rocky material placed along shorelines), beach and marsh 

reflected a positive relationship between δ 13C signature and salinity. Enhanced salinity levels 

due to increased frequency of mixing with seawater, result in high levels of exchange with 

marine organic matter (Hunt 1966). Marine organic matter is more enriched in δ13C and is 

assimilated by phytoplankton (Fry 2002) that enter the marine food chain and is eventually 

reflected in fish tissue collected from coastline habitats. The positive relationship between 

salinity and δ13C is also reflected in other estuarine ecosystems (Nashima et al. 2020). As Big 

Hickory and Lover’s Key locations are close to outlets leading to the Gulf of Mexico, the 

frequency of mixing with seawater is higher compared to lagoon areas (as reflected in salinity 

values observed in Figure 2.4). The enriched δ13C values are reflected in the tissues of fish 

caught from Big Hickory and Lover’s Key as phytoplankton are key primary producers in 

marine environments (Jennings et al. 2008). Specifically, the spotfin mojarra and pinfish 

collected in Big Hickory and Lover’s Key locations were significantly enriched in δ 13C 

compared to individuals from Vester and Hendry Creek that were depleted in δ 13C. Therefore, 

the individual species analyses further supports the hypothesis of a higher rate of marine 

phytoplankton assimilation at coastal locations compared to lagoon sites that are less abundant 

in marine phytoplankton.  

 

Mangrove plants typically have a lighter δ13C signature (Duarte et al. 2018) and tend to exhibit 

δ13C variation along the salinity gradient (Wei et al. 2008). Mangrove detritus is mineralised 
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forming inorganic carbon that is depleted in δ13C and is assimilated by other photosynthetic 

organisms such as seagrass in the tidal waters surrounding mangrove forests (Hemminga and 

Mateo 1996). Typically, primary producers undergo minimal fractionation (δ13C signature) of 

only 1% per trophic level, and their distinct carbon signature is conserved throughout the food 

chain (Fredriksen 2003; Fry and Sherr 1989). Based on this theory, Lee (2005) suggested that 

mangroves do not support estuarine food webs due to large trophic fractionation (+ 5%) 

observed between mangroves and consumers. Conversely, Post (2002) stated that the 

fractionation observed is a result of the presence of fungi in the detrital food-web. The 13C of 

mangrove detritus is fractionated by fungi during decomposition and carboxylation (Ehleringer 

et al. 2000) and as a result, the δ13C of mangrove detritus is lower than its consumers (Bouillon 

et al. 2008). Abrantes et al. (2015) stated that carbon from both high and lower abundance 

mangrove forests were the main source of nutrients supporting surrounding food webs. The 

depleted δ13C signature of fish tissue (ranging from -25 to -18) from Vester and Hendry Creek 

locations could therefore be a result of nutrient input into the food web from mangrove detritus. 

This is similar to the findings from Abeels et al. (2012) who concluded that δ13C signatures 

from Hendry Creek are derived from C3 plant sources such as mangroves. Because mixing with 

coastal waters at Vester and Hendry Creek sites is infrequent, primary producers such as 

seagrass and algae are heavily influenced by depleted 13C mangrove detritus resulting in more 

depleted δ13C tissues than primary producers from Big Hickory and Lover’s Key locations 

(Bouillon et al. 2008; Abrantes and Sheaves 2009).  

 

2.5.2 Feeding dynamics of fish  
 
Fundulus grandis (Gulf killifish) and Cyprindon variegatus (sheepshead minnow) are known 

to eat small crustaceans, with sheepshead minnow additionally supplementing its diet with 

detritus and algae (Rozas and Lasalle 1990; Shepta et al. 2021). The two sheepshead minnows 

included in this study ranged from -14.6 and -14.53 in δ13C values. However, a larger sample 

number would be required to elucidate sheepshead minnow diet better. 

 

Lophogobius sp. (goby sp.) are known opportunistic feeders as they consume a varied diet of 

algae, detritus, amphipods, copepods, molluscs, bivalves, chironomid larvae, small crabs and 

barnacles (Darcy 1981; Yeager and Layman 2011). However, this opportunistic feeding 

behaviour was not observed in this study as δ13C value only ranged from -18.58 to -16.34 and 

δ15N values between the 3 samples differed by a small margin of 0.45. 
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Both species from the Gerridae family; Eucinostomus gula (silver jenny) and Eucinostomus 

argenteus (spotfin mojarra) are omnivores with similar feeding adaptation of strong protrusible 

jaws (Gilmore and Greenfield 2002). Morphological analysis of stomach contents conducted 

by (Vasconcellos et al. 2018), showed that several silver jenny individuals had consumed large 

amounts of algae. This divergence in feeding pattern of silver jenny has been attributed to 

trophic niche partitioning so that both Eucinostomus species are able to co-exist. Here, 

Eucinostomus argenteus from coastal habitats had elevated δ13C values ranging from -17.79 to 

-14.79, while individuals from inshore habitats ranged from -25.7 to -19.74. The wide range of 

δ13C signature observed within each habitat can be attributed to opportunistic feeding 

behaviours of Eucinostomus argenteus species. To understand Eucinostomus gula feeding 

behaviours and investigate the level of niche partitioning, additional samples are required.  

 

Predatory fish such as the Lutjanus griseus (gray or mangrove snapper) and Synodus foetens 

(inshore lizard fish) have displayed dietary preference for crabs, shrimp and fish (Croker 1962; 

Yeager and Layman 2011; Murdy and Musick 2013). The variability observed within snapper 

individuals based on δ15N values reflect that some individuals sampled were adults (mean δ15N 

= 11.2) whereas the remaining were juveniles (δ15N = 9.29) (length of individuals ranged from 

44mm to 300mm). Yeager and Layman (2011) found that juvenile snappers displayed a 

preference for polychaetes, which may be an explanation for the lower δ15N values observed 

in this study.  

 

Unexpectedly, Anchoa mitchilli (glass minnow also known as bay anchovy) had some of the 

highest δ 15N values in this study. Glass minnows, a fast-swimming pelagic species, primarily 

feed on amphipods, isopods, mysids, insect larvae, shrimp and fishes (Sheridan 1978) and are 

not considered to occupy trophic levels dominated by predatory fish. However, the elevated 

δ15N values for glass minnows were concordant with a previous study reporting δ15N values of 

13.1 ± 0.5 (Olsen et al. 2014). It is noteworthy that glass minnows have selective preferences 

for large zooplankton such as Uca megalopae, shrimp zoeae and amphipods especially during 

high tide (Johnson 1990). Embryos make up the zooplankton (ichthyoplankton) community 

and tend to have elevated δ15N signatures because they inherit nitrogen from their parents 

through endogenous feeding from the yolk sac (Vander Zanden et al. 1998). The elevated δ 15N 

signatures observed in zooplankton have an enrichment effect on the stable isotope signatures 

of predators; in this case, reflected in the glass minnows (Olsen et al. 2014; Giménez et al. 

2018). When prey with high δ 15N is consumed, enrichment effects are the strongest in smaller 
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fish where the freshly acquired nitrogen would be less diluted by pre-existing nitrogen tissue 

which is considerably lower compared to prey (Fry et al. 1999). To fully understand these 

dynamics further, 15N analysis of the prey tissue (ichthyoplankton) is required.  

 

2.5.3 Length as a predictor of δ15N 
 
The literature indicates that tissues become more enriched in 15N as individuals grow and have 

the ability to capture and ingest larger prey, increasing trophic position with age and size 

(France et al. 1998; Currin et al. 2003; Pereira et al. 2010; Romanuk et al. 2011). This positive 

relationship has been determined to be true for a variety of fish species including Salmo salar 

(Atlantic salmon) (Wankowski, 1979), Esox lucius (northern pike) (Beaudoin et al. 1999), 

Perca fluviatilis (Eurasian perch) (Persson and Hansson 1999), Microstomus pacificus (Pacific 

Dover sole) (Rau et al. 1981.; Spies et al. 1989), Micropterus salmoides (largemouth bass) (Gu 

et al. 1996),  Lepisostues platyrhincus (Florida gar) and Fundulus heteroclitus (mummichog) 

(Currin et al. 2003; Davias et al. 2014). However, the positive relationship between 15N 

enrichment and size does not apply to all species. No relationship between δ15N and length was 

found for Salvelinus namaycush (lake trout) (vander Zanden et al., 2000) and a negative 

relationship was observed in Menidia menidia (Atlantic silverside) (Davias et al. 2014).  

 

In this study, median lengths of fish were chosen for stable isotope analysis as explained in the 

methods section (2.3.3), thus preventing length to be a predictor for δ 15N. Random sampling 

and increased sample sizes of each species, as suggested by the power analysis, could have 

achieved higher statistical power and a greater probability of observing a linear relationship 

(Cohen 1992; Wilson Van Voorhis and Morgan 2007). However, it is key to address that the 

sample size predicted by the power analysis (Table 2.7) for some species such as spotfin 

mojarra (n=889) and lizard fish (n=2156) are incredibly large, and it would not have been 

feasible to analyse such large datasets due to time, ethical and financial limitations.  

 

2.5.4 Effects of nitrogen input into Estero Bay from the Caloosahatchee estuary 
 
Excess freshwater inflow into the Estero Bay Aquatic Preserve is common during the summer 

months (July to October) and this freshwater input is largely derived from tributaries such as 

Estero River and Tenmile Canal that subsequently flows into Mullock Creek (Thomas and 

Rumbold 2006) (Figure 2.1). The Tenmile Canal, that covers an area of 13 square miles, is 

located within the Caloosahatchee River Estuary that is connected to Lake Okeechobee, the 



 63 

largest single body of freshwater in Florida, surrounded by land that is primarily used for 

agriculture and housing (Mitra et al. 2020). Due to intensive farming practices, the main source 

of nitrate run-off from Lake Okeechobee is derived from the application of ammonium 

fertilizers (Ma et al. 2020). Mitra et al. (2010) found relatively high levels of contaminants 

such as nitrogen derived organic pesticides (triazine and carbamates) and hydrocarbons in 

Crassostrea virginica (American oyster) from Estero Bay. The results indicated that a 

considerable amount of nutrients/pollutants from the Lake Okeechobee catchment enter, and 

are accumulated, in Estero Bay biota. Furthermore, due to the nitrogen enrichment of the 

Caloosahatchee (resulting from run-off from Lake Okeechobee) toxic red tide (Karenia brevis) 

blooms have been a frequent seasonal occurrence (Medina et al. 2022). Assimilation of 

nitrogen compounds from ammonium inputs affect the δ15N signature of soil and surface water 

(Ma et al. 2020). To understand if nitrogen from fertiliser run-off affects δ 15N values and 

trophic positioning of ichthyofauna in Estero Bay, an in-depth analysis comparing organisms 

from across the trophic webs of Estero Bay, the Caloosahatchee Estuary and Lake Okeechobee 

is required. 

 

2.6 Conclusion 
 
Overall, the results revealed that fish species from coastal locations of Big Hickory and Lover’s 

Key assimilate marine organic matter, most likely underpinned by marine phytoplankton and 

integration into marine food webs, due to the high frequency of mixing with seawater. 

Conversely, at Vester Field Station and Hendy Creek sites, which are situated lagoon and away 

from the influence of outlets leading to the Gulf of Mexico, the main carbon source is likely 

derived from mangrove detritus. The detritus in turn is assimilated by detritivores and by 

surrounding autotrophic organisms as their source of organic carbon for photosynthetic 

processes. To support this observation further, additional samples from primary producers such 

as seagrass, seagrass epiphytes, phytoplankton and detritus from each sampling location and 

upstream sites will be required to provide a deeper understanding of carbon sources available 

and to trace their pathways through the trophic webs. 

 

The use of carbon and nitrogen stable isotope ratios have made it possible to infer the probable 

trophic pathway from autotrophs to consumers that occupy lower trophic levels. Based on δ15N 

values we can postulate that a four-tier trophic network is present with phytoplankton, 

mangrove detritus, amphipods, benthic algae, suspended POM and sinking POM forming the 
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base of the trophic web (Figure 2.11). The base layer of the trophic web is likely followed by 

primary consumers; zooplankton, shrimp, hogchokers (Trinectus maculatus), crabs, oysters 

(Crassostrea virginica) and polychaetes.  Glass minnows (Anchoa mitchilli), Eucinostomus 

species (silver jenny and spotfin majorra), gulf pipefish (Syngnathus scovelli), gobies 

(Gobiidae sp.), pinfish (Lagodon rhomboides), rough silversides (Membras martinica) and 

juvenile snappers comprise the secondary consumer level. Predatory species such as lizard fish 

(Synodus foetens), and adult snappers (Lutjanus griseus) constitute the tertiary level. 

 

Complex food webs typically range between 6 and 9 trophic levels. Results from this study 

indicate the presence of at least 4 trophic levels but has not included vital linkages within the 

microbial loop as well as with phytoplankton, zooplankton, mammal, avian and reptile 

communities (Fry et al. 1999). With the inclusion of these communities, complexity of this 

food web will be greatly increased indicating the presence of a stable and resilient food web 

that is less susceptible to trophic cascades and species extinction (Woodward and Hildrew 

2002; Narwani and Mazumder 2012; Lynam et al. 2017). 
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Figure 2.11. Simplified food web of lower trophic level fish from Estero Bay Aquatic Preserve 
based on δ15N values and broad trophic levels. 

 
 

Despite the ability for stable isotope analysis to provide a broad overview of the linkages 

present within Estero Bay, it is vital to address that there are additional interactions yet to be 

identified as stable isotope analysis only provides information for part of the food web 

(Compson et al. 2019). The presence of overlap observed along the δ 13C scale (Figure 2.5) 

between fish species suggests that combination of different food webs is possible (Abarntes 

and Sheaves 2009) and the reflected δ13C values may be an average of these combined food 

webs. In addition, trophic levels are discrete and are usually defined with an integer value, but 

this is not true when omnivory is present. Omnivory refers to more than just consumers feeding 

on animal and plant tissue; it also includes organisms that feed on prey items at different trophic 

levels (Kratina et al. 2012). Due to the lack of specificity in stable isotopes, additional analysis 

is required to provide species specific details to elucidate the overlap of food webs and validate 

the presence of omnivory. In the next chapter we will be using dietary metabarcoding to obtain 

species level taxonomic information of ingested prey.  
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Appendix A 
Table including the total number of individuals from Estero Bay Aquatic Preserve and 
predatory fish from the Gulf of Mexico. Nov 18 and May 19 refer to the sampling season.  

Common name Species 
Vester Big Hickory Lover’s Key Hendry Creek 

Nov 18 May 19 Nov 18 May 19 Nov 18 May 19 Nov 18 May 19 

Goby  Gobiidae spp. 1 7 - 1 11 20 16 8 

Glass minnow Anchoa mitchilli 
 - - - 30 - 20 - 25 

Gulf killifish Fundulus grandis 
 - - 24 - - - 14 - 

Hogchoker Trinectus maculatus - - - - - - 7 - 

Inshore lizard 
fish 

Synodus foetens 
 1 1 1 2 20 6 6 2 

Pipefish Syngnathus scovelli 
 - - - 2 - 19 2 5 

Pinfish Lagodon rhomboides 
 - 23 - 30 - 16 - 30 

Rough 
silverside 

Membras martinica 
 20 20 - - 20 - - - 

Sheepshead 
minnow 

Cyprinodon variegatus 
 - - 18 - - - - - 

Silver jenny Eucinostomus gula 
 7 - - - - - - - 

Snapper Lutjanus griseus - 2 4 - 21 - - - 

Spotfin mojarra 
 
Eucinostomus argenteus 
 

70 30 98 19 23 12 7 18 

Total (739)  99 83 145 84 95 93 52 88 

Predatory fish from the Gulf of Mexico          

Catfish Ariopsis felis / 
Bagre marinus 4        

King mackerel Scomberomorus cavalla 5        

Lady fish Elops saurus 1        

Little tunny Euthynnus alletteratus 3        

Mangrove 
snapper  Lutjanus griseus 4        

Pompano Trachinotus carolinus 1        

Red grouper Epinephelus morio 3        

Sheepshead Archosargus 
probatocephalus 6        

Triple tail Lobotes surinamensis 5        

Total   32        
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Appendix B 
Results of one-way ANOVA with post-hoc Tukey test comparing the means of δ 15N. Species 
comparisons indicated with * signify that there is a significant difference in mean δ 15N value 
between the species. 

Species Comparison species Std. error Adjusted p-value 

Hogchoker Glass minnow* 0.59773 <0.01 
 Gobiidae sp* 0.73207 0.0373 
 Gulf killifish* 0.57026 0.0468 
 Lizard fish* 0.59773 <0.01 
 Pinfish* 0.57875 <0.01 
 Pipefish 0.73207 0.2422 
 Sheepshead minnow 0.73207 1 
 Silver jenny* 0.65848 <0.01 
 Rough silverside* 0.59773 <0.01 
 Snapper* 0.59773 <0.01 
 Spotfin mojarra* 0.5905 <0.01 
    
Glass minnow Gobiidae sp* 0.59773 0.0304 
 Gulf killifish* 0.47255 <0.01 
 Lizard fish 0.42266 0.4889 
 Pinfish* 0.39536 <0.01 
 Pipefish* 0.59773 <0.01 
 Sheepshead minnow* 0.63044 <0.01 
 Silver jenny* 0.59773 0.0463 
 Rough silverside* 0.42266 0.0266 
 Snapper 0.42266 0.9999 
 Spotfin mojarra* 0.35045 <0.01 
    
Gobiidae sp Gulf killifish 0.63399 0.9979 
 Lizard fish 0.59773 0.7292 
 Pinfish 0.57875 0.9992 
 Pipefish 0.73207 0.9997 
 Sheepshead minnow 0.73620 0.9443 
 Silver jenny 0.73207 1.0000 
 Rough silverside 0.59773 0.9969 
 Snapper* 0.53764 0.0486 
 Spotfin mojarra 0.54905 0.9794 
    
Gulf killifish Lizard fish* 0.47255 <0.01 
 Pinfish 0.44830 0.3596 
 Pipefish 0.63399 1.0000 
 Sheepshead minnow 0.63399 0.1036 
 Silver jenny 0.63399 0.9930 
 Rough silverside 0.47255 0.3080 
 Snapper* 0.47255 <0.01 
 Spotfin mojarra* 0.36810 0.0286 
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Lizard fish  Pinfish 0.39536 0.8781 
 Pipefish 0.59773 0.1665 
 Sheepshead minnow* 0.60344 0.0306 
 Silver jenny 0.59773 0.8183 
 Rough silverside 0.4226 0.9745 
 Snapper 0.4226 0.9145 
 Spotfin mojarra 0.35045 0.9750 
    
Pinfish Pipefish 0.57875 0.7819 
 Sheepshead minnow 0.73620 0.999 
 Silver jenny 0.57875 0.999 
 Rough silverside 0.39536 1.000 
 Snapper* 0.35562 0.0198 
 Spotfin mojarra 0.31699 1.000 
    
Gulf Pipefish Sheepshead minnow 0.73207 0.2267 
 Silver jenny 0.73207 0.9989 
 Rough silverside 0.59773 0.7135 
 Snapper* 0.59773 <0.01 
 Spotfin mojarra 0.5905 0.4765 
    
Sheepshead minnow Silver jenny* 0.73207 0.0239 
 Rough silverside* 0.59773 <0.01 
 Snapper* 0.63044 <0.01 
 Spotfin mojarra 0.59354 0.1308 
    
Silver jenny Rough silverside 0.59773 0.9993 
 Snapper 0.59773 0.1649 
 Spotfin mojarra 0.54905 0.9993 
    
Rough silverside Snapper 0.42266 0.1713 
 Spotfin mojarra 0.35045 1.0000 
    
Snapper Spotfin mojarra* 0.31522 0.0306 
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Chapter 3: Application of DNA metabarcoding to elucidate diets 
and ecological networks of intermediate trophic level 
fish from mangrove ecosystem 

 
3.1 Abstract 
 
Two thirds of the human population live in or near coastal areas, which has caused extensive 

damage to coastal ecosystems. In particular, mangrove ecosystems have undergone extensive 

damage due to anthropogenic pressure. Mangrove forests play an integral role for the 

sustenance of commercial fisheries and fuel such economies. Previous research has focussed 

mainly on the effects of abiotic fluctuations on mangrove communities. However, relatively 

little is known about the nuanced interactions between mangrove ecosystems and associated 

organisms. Trophic interaction networks are well established in freshwater, marine and 

terrestrial environments but estuarine networks are understudied. Advances in DNA based 

molecular methods has revolutionised the field of molecular analysis for trophic interactions 

providing exceptional resolution in dietary assessments. Here, we used dietary metabarcoding 

of mangrove fish to construct ecological networks that identified changes in interactions across 

seasons, salinity gradients and habitat compositions within a subtropical estuary. The 

interaction networks constructed from dietary metabarcoding data revealed that fish species 

have more specialised feeding preferences during the wet season and generalised feeding 

patterns in mangrove habitats due to the greater availability of resources. In addition, network 

models suggest that coastal networks are more resistant to extinctions. We also demonstrate 

that dietary metabarcoding is complimentary to stable isotope data and is able to elucidate prey 

composition to lower taxonomic levels, where stable isotope analysis (SIA) could not. Our 

findings demonstrate that the application of multiple molecular based techniques can provide 

insights into interactions not offered when either technique is used independently. Furthermore, 

we demonstrate that dietary metabarcoding can be successfully utilised to construct ecological 

networks. The combination of metabarcoding and SIA offer strong potential to evaluate the 

effects of perturbation on species interactions and detect subsequent shifts in ecosystem 

function.  
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3.2 Introduction 
 
Analysing feeding patterns is vital for understanding trophic and population dynamics 

(Amundsen and Sánchez-Hernández 2019) that in turn can be used inform conservation and 

management practices (Murray et al. 2011; Careddu et al. 2020). Dietary information can 

additionally be used in network ecology that aims to characterise organismal interactions 

within and between complex ecosystems (Bascompte 2007). Conventional methods such as 

observation of interactions in the field and laboratory (Cuff et al. 2022) and morphological 

identification of dietary remains have dominated trophic ecology studies. Morphological and 

observational data has been used to create highly resolved and well quantified ecological 

networks, especially in insect pollinator systems (Chacoff et al. 2012; Pocock et al. 2012; 

Gonzalez and Loiselle 2016). In fish communities, the use of morphological identification of 

diet from stomach contents and faecal samples have accurately revealed feeding patterns and 

trophic structure (Vander Zanden and Vadeboncoeur 2002; Araújo et al. 2008). A large benefit 

of visual methods is that they do not require any consumables and they are the only approach 

that can reliably identify different life-stages of prey (Nielsen et al. 2018). However, it has been 

acknowledged that morphological data derived from gut content analyses is biased towards 

undigested prey items. Otoliths, mollusc shells and exoskeleton parts are frequently 

encountered while small prey items, soft tissues of prey and easily digested food remain 

undetected by visual analysis (de Sousa et al. 2019; Traugott et al. 2021). Furthermore, 

morphological and observational data is highly time-consuming, labour intensive to gather and 

places high reliance on the skills of taxonomic experts (de Sousa et al. 2019; Pompanon et al. 

2012). 

 

Stable isotope analysis (SIA) is often used as a less labour-intensive alternative to 

observational/morphological data, providing information on dietary breadth and trophic 

positioning of individuals (Newsome et al. 2007). However, species-specific prey composition 

is hard to derive from SIA as ecologically similar, but phylogenetically distinct prey cannot be 

differentiated and prior knowledge on prey composition is required (Hoenig et al. 2022). In the 

previous chapter, SIA provided in-depth information on primary carbon sources and trophic 

positioning of different fish species, though, it was not able to discern the dietary overlap 

observed along the carbon isotopic axis. DNA based methods and specifically dietary 

metabarcoding has been proven successful in differentiating prey species and obtaining 
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species-specific prey composition data, addressing the shortcomings associated with 

observational/morphological and SIA datasets (Nielsen et al. 2018). 

 

Molecular methods have the ability to provide high taxonomic resolution of prey items and 

identify rare and cryptic species within highly degraded material (Neilson et al. 2018). 

Metabarcoding specifically analyses a broader diversity of taxa within a mixed sample, 

targeting the whole dietary breadth within a food web (Pompanon et al. 2012). Using 

metabarcoding data derived from ingested components of stomach or faecal material has 

recently been merged into a limited number of network ecology studies. Clare et al. (2019) 

used metabarcoding data from faecal contents of insectivorous bats to create a network of 

networks that included plant-bat, parasite-bat and arthropod-bat interactions demonstrating that 

molecular approaches can be used as a powerful tool to construct complex network interactions 

with a high degree of taxonomic detail. Molecular based ecological networks have also been 

successful for informing biocontrol measures as stated in Mata et al. (2021) where faecal 

samples from bats were used to identify the role of bats in pest control and estimate effects of 

bat extinction on pest populations. Parimuchová et al. (2021) used ecological network theories 

to provide an insight into feeding behaviours of subterranean arthropods and how the lack of 

primary producers drives variability in prey preferences and level of interaction between 

different trophic guilds.  

 

Ecological networks have been used to describe complex systems using interaction data and 

they provide an insight into ecosystem function through the calculation of network metrics 

(Guimarães 2020). Some metrics that can be explored in the context of ecological network 

analysis include nestedness (the extent to which organisms are generalists (Nielsen and 

Bascompte 2007)), robustness (the tolerance of network to species extinction (Dunne et al. 

2002; Memmott et al. 2004) and extinction slopes (the possibility of extinction following 

species removal (Dormann et al. 2009)). Ecological networks are vital for estimating resilience 

and mitigating impacts of environmental and anthropogenic perturbation (Ings et al. 2009; 

Trifonova et al. 2015). In the context of fisheries, ecological and food-web networks are crucial 

for informing impacts on biomass and harvest levels (Dame and Christian 2006). Ecological 

networks that reflect ecosystem structure and dynamics are important indicators for Ecosystem 

Based Management (EBM) and have been used to inform management strategies (Tam et al. 

2017). Ecological networks have also been integrated with economic dynamics to understand 

the anthropogenic impacts on single species and open-access fisheries. Simulations of 
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ecological networks demonstrated that profit driven growth in fishing effort can threaten long-

term economic and ecological sustainability with impacts cascading to non-harvested species 

resulting in increased strength of disturbances (Glaum et al. 2020). 

 

Notwithstanding the synergistic opportunities between DNA metabarcoding and network 

analyses, it is still crucial to acknowledge some challenges associated with amplicon 

sequencing. Firstly, biases arise during DNA isolation, amplification and sequencing but these 

can be mitigated through careful selection of primers and integration of PCR-free approaches 

(Bennett et al. 2019). A large concern that has been addressed extensively is the use of 

incomplete and uneven reference databases that can lead to inaccurate and higher taxonomic 

assignments resulting in exclusion of nodes and interactions (Compson et al. 2020). However, 

comparing barcodes via in-silico analysis against reference databases prior to choosing primers 

will prevent the use of non-suitable databases and the use of multiple target gene regions can 

improve taxonomic coverage and increase probability of identification (Pompanon et al. 2012; 

Nielsen et al. 2018). Finally, quantifying PCR-based metabarcoding data is highly challenging 

and the alternative of using binary presence/absence data may inaccurately represent true 

interaction events and ultimately impact network weighting (Clare 2014; Cuff et al. 2022). 

Deagle et al. (2019) proposed the use of weighted percent occurrence data from normalised 

frequency of occurrence data to produce accurate representations of network weightings and 

suggests that it is more appropriate when comparing against observational networks. Despite 

the challenges associated with molecular methods, dietary metabarcoding has been able to 

resolve feeding interactions to a higher degree compared to morphological methods due to its 

ability to provide unprecedented level of taxonomic resolution (Taguchi et al. 2014; Berry et 

al. 2015; Nielsen et al. 2018). 

 

Mangrove forests are globally important for their ability to store carbon as they are capable of 

sequestering about eight times more carbon than a typical terrestrial forest (Donato et al. 2011). 

Mangroves also provide a range of ecosystem services that benefit human welfare by providing 

protection against coastal erosions and tsunami events, building material and firewood, and 

improvement of water quality by filtering pollutants (zu Ermgassen et al. 2020). Mangrove 

habitats create sheltered environments producing ideal habitats for farming crustaceans such 

as crabs and shrimp, consequently benefitting local economies (Huxham et al. 2017). 

Furthermore, mangrove forests lie in the transition zone between land and sea, moderating 
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flows from freshwater streams and marine waters, creating a highly productive environment 

that harbours distinctive groups of aquatic and terrestrial biodiversity (O’Connell et al. 2022). 

 

Despite the ecological and socio-economic benefits of mangrove forests, they are still being 

degraded to facilitate aquaculture and agricultural crops such as rice and oil palm (Richards 

and Friess 2016). Urbanization of coastal habitats via land reclamation and development of 

shorelines to accommodate the rising human population has driven mangrove forests further 

into a critically vulnerable state (Lai et al. 2015). Research has shown that the rate of mangrove 

loss has been declining due to a combination of reduction in deforestation rates and increase in 

reforestation, but mangrove forests remain as threatened ecosystems because the potential 

gains have not yet balanced out a legacy of anthropogenic losses (Feller et al. 2017). The 

current literature is inundated by studies on mangrove biology, hydrology, provisioning and 

ecosystem services that provide a basic understanding on the biological requirements necessary 

for mangrove expansion (Feller et al. 2017), but more studies are required to understand the 

drivers of ecological change (such as salinity, tidal fluctuations) and interactions with 

neighbouring estuarine environments. 

 

Mangrove forests function synergistically with neighbouring habitats such as coral reefs, 

seagrass meadows and saltmarshes to facilitate various ecosystem services via trophic and 

hydrological connectivity (Lee et al. 2014). However, there is a lack of studies analysing the 

connectivity and trophic interactions that underpin ecological processes and ecosystem 

function in mangrove forests. 

 

3.2.1 Objectives and hypothesis 
 
In this study, we use metabarcoding data from dietary analysis of fish to evaluate and compare 

the structure of mangrove fish species interaction networks across four sites located in Estero 

Bay Aquatic Preserve, Florida. We evaluate the utility of DNA metabarcoding to obtain species 

level interaction data from stomach contents of fish and use ecological networks to compare 

network structure between estuarine habitats and salinities. Since our dataset is dominated by 

forage fish from intermediate trophic levels, we expect them to be generalist consumers while 

larger, predatory fish to be specialists. We also use ecological network indices (nestedness, 

robustness and extinction slopes) to evaluate the influence of habitat and abiotic drivers on 

trophic interactions of fish that occupy intermediate trophic levels associated with 
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commercially and recreationally important species. We predict that feeding preferences of fish 

will be influenced by resource availability driven by habitat composition, salinity and trophic 

position while network indices will differ based on salinity only (inferred from SIA data). 

 

3.3 Methods  
3.3.1 Sample collection and processing  
 
Samples were collected using seine nets from all four locations as described in Chapter 2. The 

dataset was supplemented with large predatory fish samples from the Gulf of Mexico caught 

by local fishing guides (refer to Appendix A for total number of samples and list of species 

used in metabarcoding analysis). Larger fish were included in the analysis to create a 

multitrophic interaction network and assess the level of predation/reliance on mangrove 

dwelling forage fish. Stomach contents were extracted from each fish carefully with an initial 

insertion from the anal opening towards the mouth. The entire digestive tract was removed and 

placed on a piece of sterilised aluminium foil. The dissection apparatus was then bleached 

(10%) and flamed (70% ethanol) before the intestinal tract was dissected. A longitudinal 

dissection was made along the tract and the contents were picked out (instead of scraping) to 

minimise contamination of host DNA in downstream analysis. Between each sample, the 

dissection instruments were sterilized as above.  

 

3.3.2 Inhibition testing 
 
Prior to DNA extraction an inhibition test was performed to determine the best DNA extraction 

method of fish stomach contents. Four methods: salt (Aljanabi and Martinez 1997), phenol-

chloroform (Urakawa et al. 2010), ammonium acetate (Bruford et al. 1998) and DNeasy Blood 

and Tissue kit (Qiagen) were tested. DNA was extracted from the stomach contents of a 

Scomber scombrus (European mackerel) sample and spiked with Lolium perenne (perennial 

Ryegrass) DNA (1µl). Quantitative polymerase chain reaction (qPCR), targeting L. perenne 

was performed on each sample with 10µl as final reaction volume using a QuantStudio 6 Flex 

Real-Time qPCR machine (ThermoFisher Scientific). Each 10µL reaction contained 1 x 

PrecisionPLUS qPCR Master Mix, with ROX at a lower level (PPLUS-LR, Primer Design, 

UK), 6 µmol/L species specific probe and forward and reverse primer (refer to Rowney et al. 

2021), 4µl of the DNA template mix at 1:3 ratio of grass template to mackerel stomach content 

template and 0.5 µl of nuclease-free water. Thermocycling began with an initial 95oC for 2 min 

followed by 50 cycles of 10s at 95oC and 1 min at 60oC, as per the manufacturer’s instructions. 
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Negative controls were run under the same conditions, but nuclease-free water replaced grass 

DNA in these reactions. The resultant amplification plots were analysed to reveal level of 

amplification of grass pollen. We concluded that inhibitors were present in plots where no or 

poor amplification of grass pollen was observed. The Ammonium acetate, DNeasy Blood and 

tissue extraction kit and phenol chloroform extraction methods produced good amplification 

curves. Since the ammonium acetate extraction method was the most cost and time efficient 

method of the three, this was used to extract DNA from the isolated stomach contents. Prior to 

PCR, all DNA extracts were cleaned using a Zymo OneStep PCR inhibitor Removal Kit (Zymo 

Research) to remove PCR contaminants. 

 

3.3.3 Sediment sample collection and processing 
 
Environmental DNA was extracted from sediment and water samples to characterize the 

biodiversity of each sampling site. Four sediment samples were collected from each sampling 

location using a core and only the top two centimeters of the core was transferred into a clean 

falcon tube. Each sediment sample was collected using a new sterilized core. All sediment 

samples were transported in a cool box until freezer storage at -20°C. A ZR Fecal DNA 

Miniprep Kit (ver 1.1.2, Zymo Research) was used to isolate DNA from sediment samples 

according to the manufacturer’s protocol. Prior to extraction, all four sediment samples 

collected from each location were mixed manually and two samples from each pool 

(approximately 0.260g) were used in the final extraction. 

 

3.3.4 Water sample collection and processing 
 

Three one-liter water samples were collected at each site using a sterile bottle and filtered with 

0.22µm polyethersulfone membrane Sterivex filters (Merck Millipore) using a sterile syringe. 

All filters were stored in sterile Longmire’s solution (approx. 1.5ml) (Longmire et al. 1997)via 

the inlet valve and kept in the fridge (4oC). DNA extraction from the water samples were 

performed in a PCR-free clean laboratory and followed the SXCAPSULE method stated in Spens 

et al. (2017). 

 

3.3.5 PCR and sequencing  
 
Prior to PCR, in-silico testing of primer suitability was performed using the ‘Biostrings’ 

package (v 2.66.0) (Pagès et al. 2022) in RStudio (RStudio Team 2020). Database for in-silico 
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testing was curated by extracting a subset of the recorded fauna and flora information from 

Estero Bay Aquatic Preserve Management Plan (Florida Department of Environmental 

Protection (3), 2015). Sequences of the target species was downloaded from the NCBI database 

(Schoch et al. 2020) and aligned in ‘AliView’ (Larsson 2014) prior to analysis in RStudio.  

 

Illumina MiSeq paired-end indexed amplicon libraries were prepared using a two PCR step 

protocol and sequenced over two runs. Two marker genes were amplified using universal 

primer pairs, the first being mlCOIintF (Leray et al. 2013) and jgHCO2198 (Geller et al. 2013) 

targeting the mitochondrial cytochrome c oxidase subunit I (COI) region, recognised for 

amplifying invertebrates to the lowest taxonomic level. TAReuk454FWD1 and TAReukREV3r 

(Stoeck et al. 2010) were used to target eukaryotic diversity (Table 3.1) from the 18S V4 region 

of the nuclear small subunit ribosomal DNA (18S). A 5’ universal tail was added to both 

forward and reverse primers, and a 6N sequence was added between the forward universal tail 

and the template specific primer. The 6N addition is known to improve clustering and cluster 

detection on Illumina Miseq sequencing platforms (Miya et al. 2015). 

 

First round PCR was conducted in triplicate using the Qiagen Multiplex PCR Kit to a final 

volume of 15 µl, which comprised 0.2 µM of forward and reverse primers, 2x Qiagen Multiplex 

PCR Master Mix (containing HotStarTaq DNA Polymerase, multiplex PCR buffer and dNTP 

mix) and 0.6µl of DNA template. The thermal cycling conditions for amplification of the COI 

region were an initial activation step at 95oC for 15 mins; 35 cycles at 94oC for 30 seconds, 

annealing at 54oC for 90 seconds and extension at 72oC for 60 seconds and a final extension at 

60oC for 30 minutes. The 18S rDNA PCR amplification differed only at the annealing stage 

where temperature was set to 55oC. Each 96-well PCR plate contained two PCR1 and PCR2 

negative controls where water was substituted for DNA templates and two positive controls 

that were made up of DNA extractions from nine freshwater invertebrate species endemic to 

the UK. Products from the first PCR were purified using Agencourt AMPure XP beads 

(Beckman Coulter), at a 1:0.7 ratio of PCR product : AMPure XP beads. 
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Table 3.1. Primer name and sequences used in library preparation. Round 1 primer sequences 
contain forward and reverse template primers, the forward primer sequence contained 6N’s to 
improve clustering and cluster detection on Illumina Miseq sequencing platforms. Round 1 
primers include mitochondrial cytochrome c oxidase subunit I (COI) (Leray et al. 2013; Geller 
et al. 2013) and V4 region of the 18S ribosomal DNA-encoding gene (Stoeck et al. 2010). 
Round 1 and round 2 sequences contain complementary universal tails. Round 2 PCR primer 
sequence contained the P5 and P7 Illumina adapters (Integrated DNA Technologies) and an 
8bp unique index both in forward and reverse primers used for demultiplexing samples.  

Round 1 PCR 

Forward Universal Tail – NNNNNN – Template specific primer mlCOIintF 

 

[ACACTCTTTCCCTACACGACGCTCTTCCGATCT]-[NNNNNN]-

[GGWACWGGWTGAACWGTWTAYCCYCC] 

Reverse Universal Tail – Template specific primer jgHCO2198 

 

[GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT]-[ 

TAIACYTCIGGRTGICCRAARAAYCA] 

Forward Universal Tail – NNNNNN – Template specific primer TAReuk454FWD1 

 

[ACACTCTTTCCCTACACGACGCTCTTCCGATCT]-[NNNNNN]-[ 

CCAGCASCYGCGGTAATTCC] 

Reverse Universal Tail – Template specific primer jgHCO2198 

 

[GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT]-[ ACTTTCGTTCTTGATYRA] 

Round 2 PCR 

P5 Illumina adapter – i5 index – Forward Universal Tail 

 

[AATGATACGGCGACCACCGAGATCTACAC]-[i5 index]-

[TCTACACGTTCAGAGTTCTACAGTCCGACGATC] 

P7 Illumina adapter – i7 index – Reverse Universal Tail 

 

[CAAGCAGAAGACGGCATACGAGAT]-[ i7 index]-

[GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT] 
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Before the second round PCR was conducted, PCR 1 product from each plate was pooled at 

5ul per sample, resulting in 15µl of pooled PCR 1 product in each well. Second round PCR 

was performed at a final volume of 15 µl, 3 µl of purified template from PCR 1, 2x Qiagen 

Multiplex PCR Master Mix and 2 µM of the unique identical i5 and i7 indexes and the P5 and 

P7 Illumina adapters. Thermal cycling condition were 95 oC for 15 minutes, followed by 10 

cycles of 98 oC for 10 seconds, 65 oC for 30 seconds and 72 oC for 30 seconds and a final 

extension at 72 oC for 5 minutes. The amplified libraries were cleaned for a second time using 

Agencourt AMPure XP beads at a 1:0.7 ratio of DNA library : AMPure XP beads. Two Illumina 

runs were performed in this study. In the first run, the libraries were quantified using a Qubit 

broad range kit (ThermoFisher Scientific) and pooled at equimolar concentrations. Prior to the 

second run the libraries were pooled into two groups, one consisted low concentration (< 

1ng/ul) and the other high concentration (> 1ng/ul) libraries and a final pool of 3:7 ratio of low 

concentration to high concentration libraries was submitted for sequencing. A trial run of this 

pooling method was performed using an Illumina MiSeq Nano Kit (v2, 500 cycles). The results 

from the Nano kit demonstrated homogeneous sequencing of the pooled proportions. Prior to 

sequencing, the final pooled library was purified using a Pippin Prep (Sage Scientific) 

according to the manufacturer’s protocol. All sequencing runs were performed in Bangor 

University (CEB Lab) using a 2x250 Illumina MiSeq Kit (v2).  

 

3.3.6 Bioinformatic analysis 
 
Bioinformatic analysis was performed on the Supercomputing Wales cluster and RStudio (v 

4.1.3) (RStudio Team 2020). FastQC (v 0.11.8) (Andrews 2010) was used to analyse the quality 

of raw sequences. Sequences were filtered using Cutadapt (v 3.7) (Martin 2011) to only include 

those that contained forward and reverse primer sequences across both read pairs for each 

fragment and primer regions were identified removed from each fragment for the remaining 

sequences. A total of 6 362 868 and 5 353 875 paired reads were recovered from COI and 18S 

markers respectively, collectively over the two sequencing runs. The sequences were denoised 

(sequence quality control; trimming, filtering and removal of chimeras) using the DADA2 

pipeline (v 1.16) (Callahan et al. 2016) in Rstudio. Default parameters of DADA2 were used 

unless otherwise stated. After manual examination of the read quality profile from FastQC 

results, forward reads of COI and sequences were trimmed at 240 bp using the ‘filterAndTrim’ 

function in the ‘DADA2’ package, while the reverse reads were trimmed at 220bp. No 

trimming was performed for 18S as it is a variable marker but a minimum length of 150bp was 
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imposed using the ‘filterAndTrim’ function. After denoising an amplicon sequence variant 

(ASV) by sample table was produced. The denoised ASVs were used for taxonomic assignment 

using the ‘blastn’ command in BLAST+ (Camacho et al. 2009) against the MIDORI (v GB 

241) (Leray et al. 2018) and SILVA (v 138.1) (Quast et al. 2013) databases for COI and 18S 

markers respectively. The COI and 18S ASVs were assigned to taxonomy at 97% sequence 

similarity threshold to species level as an objective, yet general measure of species dissimilarity 

using the COI and 18S markers (Drake et al. 2022). In some analysis order and family levels 

(at 97% identity match) were used for visual grouping. E-value was set at <0.00001 and only 

ASVs above 313 and 390 base pairs were retained for the COI and 18S regions respectively.  

 

3.3.7 Statistical analysis 
 
Rarefaction curves were computed and visualised using ‘vegan’ (v 2.6-2) (Oksanen et al 2022) 

and ‘ggplot2’ (v 3.3.6) (Wickham 2016) packages. Samples with read counts less than 100 were 

not included in downstream analysis. ASV tables were rarefied 100 times (Weiss et al. 2017) 

using ‘phyloseq’ (v 1.38.0) (McMurdie and Holmes 2013). Subsets based on species (field 

assignment) were created for the COI dataset and host species based on family assignment 

were removed throughout each subset (i.e in the glass minnow subset all ASVs assigned to 

Engraulidae was removed). All ASVs reflecting phylum Chordata were removed from 18S 

dataset as species specific assignment was not possible with 18S marker. ASV counts were 

transformed to proportional data and used in downstream analysis. Permutational multivariate 

analysis (PERMANOVA) from the vegan package (using ‘adonis2’ function) was used to 

assess differences in beta diversity based on Bray-Curtis dissimilarities. Pairwise differences 

were identified with ‘pairwise.adonis’ function in ‘pairwiseAdonis’ package (v 0.4) (Martinez 

Arbizu 2020) and Bonferroni correction was applied to the resulting p-values to control for 

false positives. Non-metric multidimensional scaling (nMDS) ordination was calculated in 

‘vegan’ using ‘metaMDS’ function. 

 

Sampling effort directly affects the interactions observed within ecological networks, 

compromising the accuracy of the results produced (Rivera-Hutinel et al. 2012; Costa et al. 

2016). By quantifying the proportion of interactions present in the sampled system, we are able 

to understand if the sampling undertaken is complete enough to confirm the validity of the 

networks produced (Macgregor et al. 2017). A test for sampling completeness was conducted 

based on the Chao2 method proposed by Macgregor et al. (2017). This method is a modification 
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of the previous method proposed in Traveset et al. (2015), where equal weight is placed on 

each interaction instead of species, reducing biased estimation towards specialist species. 

‘BipartiteD3’ (v 0.3.0) (Terry 2018) and 'circlize’ (v 0.4.16) (Gu et al. 2014) packages were 

used for visualisation of trophic interactions and calculation of network metrics. ‘Bipartite’ (v 

2.18) (Dormann 2022) package was used to calculate a number of ecological indices. Each are 

presented below, followed by an explanation of how the metrics can be interpreted in the 

context of network ecology.  (a.) Number of nodes where each node represents a set of species), 

(b.) nestedness that measures the extent to which organisms are generalists (Nielsen and 

Bascompte 2007) (higher values reflect more nested species only interacting with a limited 

number of generalists, while lower values indicate the presence of generalists who interact with 

many species (Corso et al. 2011)).  (c.) Extinction slope measures the possibility of extinction 

given the species it is interacting with is lost (Dormann et al. 2009) (higher values reflect less 

vulnerability to extinction) and (d.) robustness quantifies impact of loss (species extinction) of 

one set of species on the other (Dunne et al. 2002; Memmott et al. 2004) (higher values indicate 

that the network is more resilient to species loss). The Input data for network analysis was 

proportional data from ASV tables aggregated at family (COI) and order (18S) levels and 

subsequently converted to binary (presence/absence) form. The null model was computed via 

‘shuffle.web’ method using ‘nullmodel’ function in bipartite and set to generate 1000 null 

models. ‘Ggplot2’ and ‘fantaxtic’ (v 0.2.0) (Teunisse 2022) were used to generate bar plots.  

 

3.4 Results 
 
A total of 739 fish (less than 20 cm in total length) comprising 12 different species were caught. 

DNA was isolated from stomach contents of each individual specimen and every three 

extractions were pooled (based on species and site) to make a single sample for metabarcoding 

making up 290 stomach content samples. This pooling method was the most efficient manner 

to capture the full range of diet consumed and a sustainable way to include all fish individuals 

caught while keeping within costs of the research budget. A total of 32 large predatory fish 

were also included in the dataset that were caught by a professional angler/fish guide. Soil 

(n=26) and water (n=17) extractions, along with the 32 stomach contents from the large fish 

were sequenced individually. In addition, the in-silico test performed prior to PCR indicated 

that chosen COI and 18S primers would be successful at amplifying a broad range of taxa in 

found in Estero Bay Aquatic Preserve.  
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3.4.1 Sequencing results 
 
A total 11 716 743 reads were produced targeting the cytochrome c oxidase subunit I (COI) 

and the V4 region of the eukaryotic nuclear small subunit ribosomal DNA (18S). The number 

of raw reads per sample averaged at 36 742 ± 5 283 (standard error). Number of reads per ASV 

found in the negative controls and extraction blanks were deducted from the entire dataset. 

Since the negative control samples showed low level of cross-contamination it did not affect 

the overall distribution of reads (Taberlet et al. 2018).  

 

3.4.2 COI dataset results (6 362 868 reads) 
 
The sediment and water extracts collected were aimed at characterising biodiversity at each 

sampling location (Figure 3.1). Across all sites a large proportion of the ASVs detected in 

sediment came from phyla Annelida (segmented worms), Arthropoda (invertebrates) and 

Chordata (vertebrates). PERMANOVA results, for sediment samples, calculated from Bray-

Curtis distance showed significant differences in beta diversity were only present between 

coastal sites Big hickory and Lover’s key (df=1, F=1.85104, p=0.014985). The most dominant 

taxa from Big hickory were chordates and arthropods whereas in Lover’s key annelids were 

most abundant (Figure 3.1). An overall difference in diversity between coastal and lagoon sites 

was not observed. Sediment samples from Vester site were excluded from analysis as only one 

sample was retained after denoising and it reflected only one taxa (Annelida).  
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Figure 3.1. Mitochondrial cytochrome c oxidase subunit I (COI) ASVs from major sediment 
biota groups from each sampling location. a) Stacked bar plot reflecting proportional 
abundance b) violin plots depicting alpha diversity estimates.  

a 

b 



 83 

Water samples from coastal sites were abundant in chlorophyta (36%), chordata (32%) and 

synurophyceae (green algae) (11%) whereas lagoon sites were dominant in chordata (49%), 

arthropoda (23%) and synurophyceae (8%) (Figure 3.2). PERMANOVA performed resulted 

in an overall difference between coastal and lagoon diversity (df=1, F.model = 3.472, p-value 

= 0.000999). 
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Figure 3.2. Mitochondrial cytochrome c oxidase subunit I (COI) ASVs from major water biota 
groups from each sampling location. a) Stacked bar plot reflecting proportional abundance b) 
violin plots depicting alpha diversity estimates.  

a 

b 
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After taxonomic assignment 2150 amplicon sequence variants (ASVs) were returned from the 

fish stomach content samples. When host ASVs were removed from each sample 668 ASVs 

from 13 phyla remained, with the most abundant ASVs belonging to Arthropoda (38%), 

followed by Chordata (18%) and Mollusca (6%) (Figure 3.3)

Figure 3.3. Proportional abundance of mitochondrial cytochrome c oxidase subunit I 
(COI) ASVs from fish stomach contents.  
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PERMANOVA analysis resulted in significant differences between species (Df=5, F=1.3866, 

p=0.001), however a post-hoc analysis looking at pairwise differences with Bonferroni 

correction did not result in significant differences. When the dataset was analysed against 

trophic levels (trophic groups based on δ15N ratios from Chapter 2), results from the 

PERMANOVA analysis showed significant difference (Df=1, F = 1.6406, p-value = 0.001). A 

pairwise PERMANOVA resulted in significant difference between trophic levels 3 (n=108) and 

4 (n=22) only (Df=1, F = 1967, p-value = 0.002997). The analysis was repeated on a subset of 

trophic level 3 (n=22) individuals, and the PERMANOVA analysis retained significant 

difference (Df =1, F= 1.603, p-value = 0.001). On closer inspection, stomach contents of fish 

from trophic level 3 were abundant in Arthropoda (44%) whereas trophic level 4 largely 

consisted of Chordata ASVs (20%).  

 

A non-metric multidimensional scaling (nMDS) plot indicated presence of grouping for certain 

species such as pinfish, snapper, glass minnows and lizard fish despite belonging to different 

sampling locations (Figure 3.4 and 3.5). Whereas glass minnow individuals from Lover’s key 

and Hendry creek group separated from each other and PERMANOVA resulted in significant 

difference in beta diversity (df = 1, F = 2.6316, p-value = 0.02397) (Figure 3.5). Glass minnows 

from Lover’s key primarily included decapods (52% that includes crabs from families 

Panopeidae and Pinnotheridae, along with shrimp from Palaemonidae), Sessilia (15% 

Balanidae and Chthamalidae - barnacle) and Syngnathiformes (13% specifically from family 

Syngnathidae comprising seahorse and pipefish). Individuals from Hendry creek comprised 

Ocypodidae (ghost and fiddler crabs 58%), Sesarmidae (2.7%) and panopeidae (mud crabs – 

2.3%) followed by Sessilia (balanidae 26%) and Ampithoidae (8%, amphipod crustacean) 

(Figure 3.5). 

 

Goby sp. from Hendry creek and Vester differed significantly in the diversity of their stomach 

contents (df = 1, F = 2.5092, p=0.005994). Individuals from Hendry creek comprised Chordata 

(28%) mainly from families Fundulidae (topminnows and North American killifish) and 

Achiridae (American soles) along with Ampithoidae (5%) and Palaemonidae (1%). 

Conversely, individuals from Vester were abundant in Ostreida (oyster) (55%), Arthropoda 

from families Acartiidae (20%) and Hippolytidae (4%) and Balanidae (18%) (Figure 3.6). 

 



 87 

Similarly, rough silversides from Lover’s key and Vester formed two distinct clusters 

(PERMANOVA results: df = 1, F = 2.6316, p-value = 0.005994). Silversides from Vester were 

dominated by Calanoida (92% from family Acartiidae - copepod) and Gerridae (7.75%,  

mojarras) species. Whereas individuals from Lover’s key seemed to have consumed a mixture 

of species including Ostreidae (27%), Gerridae (16%), Acartiidae (14%) and Mytilidae (14% - 

bivalves) (Figure 3.6). 

 

 

 
 

Figure 3.4. Non-metric multidimensional scaling (nMDS) plot of stomach contents from 
proportional abundance of mitochondrial cytochrome c oxidase subunit I (COI) ASVs.  
Ellipses represent grouping of species. 
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  Figure 3.5. Non-metric multidimensional scaling (nMDS) plot of stomach contents from 
proportional abundance of mitochondrial cytochrome c oxidase subunit I (COI) ASVs.  
The figures represent how sediment, water, and fish diets change across sampling a) 
location and b) time. The ellipse shown in a) reflects some separation between 
environmental samples and gut samples. 

b 

a 
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Figure 3.6. Comparisons of proportional abundance of mitochondrial cytochrome c oxidase (COI) ASVs from stomach contents within three 
species between different sampling locations.  

 

  

(Lagoon) (Lagoon) 

 

 

(Lagoon) (Lagoon) 
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3.4.2.1 COI marker – network analysis 
 
Sampling completeness for all networks was below the 80% threshold level, therefore 

interpretations from incomplete interaction data may not depict the true connections between 

species (Evans et al. 2016). However, due to the lack of network studies using molecular data 

conducted in mangrove ecosystems, results from this study should not be dismissed.  

 

Similar results were obtained for nestedness, extinction slope and robustness for both the 

observed (Figure 3.7) and null network (Table 3.2), this indicated that the observed and null 

networks do not differ significantly. When seasonal (wet and dry) and habitat (coastal and 

lagoon) networks were compared, nestedness and the extinction slope in lower trophic level 

fish were higher for the wet season network. Similarly, nestedness and extinction slope at lower 

trophic levels were higher for the coastal web. High nestedness values indicate presence of 

specialist species and high extinction slope (in lower trophic level fish) values reflect that lower 

trophic level species (prey) are more resilient to species loss. When coastal and lagoon habitats 

were separated by habitat composition, similarities between habitat compositions for indices; 

nestedness, no. of compartments, extinction slope and robustness was observed, potentially 

indicating that a combination of salinity and habitat composition influences network structure 

and its constituent interactions. 
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Figure 3.7. Qualitative bipartite plot showing interactions between predatory fish and 
consumed prey using binary data from dietary metabarcoding analysis of the mitochondrial 
cytochrome c oxidase subunit I (COI) gene region. Prey items presented are grouped at family 
level and coloured corresponding to phylum.  

 
 
 
 
 
 
 
 
 
 
 
 

Phylum 
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Table 3.2. Network index comparisons between food web structures using binary data from 
metabarcoding analysis of mitochondrial cytochrome c oxidase subunit I (COI) gene region. 
No. of nodes – number of nodes, nodes indicate points of interactions, HL- higher trophic level, 
LL – lower trophic level. Data provided here is for comparisons between networks. A: observed 
vs Null, B: seasonal networks – wet vs dry, C: habitat networks – coastal vs lagoon, D: habitat 
composition networks, coastal mangrove vs coastal seagrass vs lagoon mangrove, vs lagoon 
seagrass. 
A Observed (43.3%) Null  
No. of nodes HL  12 12 
No. of nodes LL  47 47 
Nestedness  34.618 33.610 
Extinction slope HL 1.722 1.742 
Extinction slope LL 5.221 5.584 
Robustness HL 0.551 0.551 
Robustness LL 0.799 0.806 
B Wet (50.9%) Dry (55.0%) 
No. of nodes HL  6 9 
No. of nodes LL  15 28 
Nestedness  40.275 26.934 
Extinction slope HL 1.610 1.544 
Extinction slope LL 6.776 3.555 
Robustness HL 0.453 0.498 
Robustness LL 0.816 0.734 
C Coastal (39.0%) Lagoon (70.4%) 
No. of nodes HL  10 11 
No. of nodes LL  40 23 
Nestedness  33.563 28.409 
Extinction slope HL 1.568 1.562 
Extinction slope LL 4.442 2.895 
Robustness HL 0.512 0.521 
Robustness LL 0.771 0.690 
D BH (48.6%) 

Coastal 
Mangrove 

LK (46.6%) 
Coastal 
Seagrass 

V (79.6%) 
Lagoon 
Mangrove 

HC (71.7%) 
Lagoon 
Seagrass 

No. of nodes HL  6 8 6 9 
No. of nodes LL  20 31 11 18 
Nestedness  18.130 34.0309 19.762 33.122 
No. of compartments 3 1 3 1 
Extinction slope HL 1.1963 1.698 1.243 1.643 
Extinction slope LL 2.627 4.629 1.899 2.761 
Robustness HL 0.388 0.505 0.399 0.511 
Robustness LL 0.671 0.778 0.563 0.669 
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3.4.3 18S dataset results (5 353 875 reads) 
 
A large proportion of the ASVs from soil samples were assigned to Ochrophyta (21%, 

photosynthetic heterokonts/brown algae), Arthropoda (15%) and Myzozoa (10%). 

PERMANOVA showed an overall difference in the beta diversity between coastal and lagoon 

sampling locations (df, 1, F = 1.5077, p-value = 0.011989). Ochrophyta (20%), Chordata (18%) 

and Myzozoa (12%) were most abundant at coastal sites whereas Arthropoda (25%), 

Ochrophyta (22%) and Nematoda (11%) were dominant at lagoon sites (Figure 3.8).  
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Figure 3.8. 18S V4 region of the nuclear small subunit ribosomal DNA ASVs from major soil 
biota groups from each sampling location. a) Stacked bar plot reflecting proportional 
abundance b) violin plots depicting alpha diversity estimates. 

 
 
 
Water samples from coastal and lagoon sites differed significantly in beta diversity (df = 1, F 

= 2.4, p-value = 0.01698). Coastal sites were abundant in Ochrophyta whereas lagoon sites 

were dominated in Chlorophyta (green algae) (Figure 3.9).   

  

b 
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Figure 3.9. 18S V4 region of the nuclear small subunit ribosomal DNA ASVs from major 
water biota groups from each sampling location. a) Stacked bar plot reflecting 
proportional abundance b) violin plots depicting alpha diversity estimates. 

 

b 

a 
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PERMANOVA analysis on stomach content diversity resulted in significant differences 

between species (Df=12, F=1.9542 p=0.001) (Figure 3.10), however no difference was 

observed when a pairwise post hoc analysis with Bonferroni correction was applied. When the 

dataset was analysed against trophic levels 3 (n=109) (secondary consumers) and 4 (n=20) 

(tertiary consumers) (trophic groups based on 15N ratios from previous chapter), 

PERMANOVA resulted in a significant difference (Df=1, F = 1.967, p-value = 0.002997). 

PERMANOVA was repeated on a subset of trophic level 3 (n=20) individuals, that still resulted 

in a significant difference between trophic levels 3 and 4 (Df =1, F= 1.5368, p-value = 0.025). 

The beta diversity differences observed between trophic levels 3 and 4 were concordant with 

the COI marker results, as stated above. 
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Figure 3.10. Proportional abundance of 18S V4 region of the nuclear small subunit ribosomal DNA 
ASVs from fish stomach contents.  
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Non-metric multidimensional scaling (nMDS) was performed to visualise if multivariate 

grouping of dietary composition within and between species was present. An initial nMDS plot 

(Figure 3.11A) showed that majority of the points were clustered from -2 to 2 and -2 to 1.5 

along NMDS1 and NMDS2 axes respectively. Two conspicuous outlier groups were present 

skewing the results observed. An additional nMDS was performed with the outliers removed 

(Figure 3.11B) and grouping within pinfish, rough silversides and spotfin mojarra were 

observed.  

 

In the previous chapter, the δ13C values reflected distinct grouping within coastal and lagoon 

individuals. To investigate if this grouping was present in the metabarcoding data, intraspecific 

species comparisons were performed on specific species that occurred in both coastal and 

lagoon sites. Intraspecific comparisons of glass minnows resulted in significant differences in 

beta diversity of individuals from Big hickory (coastal) and Lover’s key (coastal) (df = 1, F= 

2.4492, p-value = 0.01798) and Lover’s key (coastal) and Hendry creek (lagoon) (df = 1, F= 

2.8553, p-value = 0.005994). Diet contents of glass minnows from Lover’s key was dominated 

by Balanmorpha (12%, barnacles), Decapoda (8%) and Copepoda (5%), whereas Big hickory 

individuals were abundant in Decapoda (14%), Harpicticoida (12%, copepod) and 

Balanmorpha (11%) similar to Hendry creek that contained Harpicticoida (11%), Balanmorpha 

(8%) and Trebouxiophyceae (8%, green algae) (Figure 3.13). 

 

PERMANOVA performed on gobies from Hendry creek (lagoon), Lover’s key (coastal) and 

Vester (lagoon) yielded significant differences (df=2, F= 3.2285, p-value=0.001). Post-hoc 

pairwise analyses also reflected differences between all sites (p-value < 0.01).  Diet from all 

three sites was dominated by arthropods, but differences arose in the proportion, Hendry creek 

and Vester species only had 24% arthropods whereas Lover’s key contained almost twice as 

much at 43% (Figure 3.13). Differences within the lagoon sites were observed, where 

individuals from Hendry creek were abundant in Ochrophyta whereas specimens from Vester 

were dominated by Chlorophyta.  

 

Despite the presence of grouping along the NMDS1 scale, beta diversity of stomach contents 

from rough silversides and spotfin mojarras between Lover’s key (coastal) and Vester (lagoon) 

were significantly different (df=1, F=6.4444, p-value<0.001, df=1, F=3.896887, p-value= 

0.011988). Diet of rough silversides from Lovers’ key were dominant in Clycopoida (34%) and 

Trebouxiophyceae (14%) whereas individuals from Vester were abundant in Prasinodermales 
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(49%, microalgae). Spotfin mojarras from Lovers’ key were observed to be abundant in 

Platyctenida (29%, comb jelly) and Harpacticoida (21%), conversely to Vester individuals that 

contained Prasinodermales (30%) and Cyclopoida (20%) (Figure 3.13). 
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 Figure 3.11. Non-metric multidimensional scaling (nMDS) plot of stomach contents from proportional abundance of 18S V4 region of the 

nuclear small subunit ribosomal DNA ASVs. A) contains group of outliers that skew the results for a large proportion of the data. B) nMDS 
was repeated with outliers removed and ellipses represent grouping of species. 
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  Figure 3.12. Non-metric multidimensional scaling (nMDS) plot of stomach contents from proportional abundance of 18S V4 region 
of the nuclear small subunit ribosomal DNA ASVs The figures represent how sediment, water, and fish diets change across sampling 
a) location and b) time. Outliers are present due to combination of environmental samples included in the analysis.  

 

a b 
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Figure 3.13. Comparisons of proportional abundance of 18S V4 region of the nuclear small subunit ribosomal DNA ASVs from stomach 
contents between different sampling locations.  
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3.4.3.1 18S marker - network analysis 
 
Similar to the results obtained from the COI dataset, the networks constructed using 18S 

metabarcoding data, had sampling completeness values below the 80% threshold. The 

observed web (Figure 3.14) and null web showed differences in nestedness and extinction slope 

(Table 3.3) indicating that the observed web may not be reflecting all possible interactions and 

is incomplete.  

 

When comparing between seasons, the results reflected higher values for nestedness and 

extinction slope for the wet season network.  Similar results were observed between the coastal 

and lagoon networks, where coastal network had higher values for nestedness and extinction 

slope. Higher values of nestedness suggests increased presence of specialisation and higher 

extinction slopes demonstrate that the fish are less vulnerability to extinction events. Results 

from Big Hickory were much lower in nestedness, extinction slope and robustness compared 

to the other three sampling locations, suggesting that species from Big Hickory possess 

generalised diets but are less resilient towards species extinction and environmental 

perturbation, contrary to theoretical suggestions.  
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Figure 3.14. Qualitative bipartite plot showing interactions between predatory fish and its 
consumed prey using binary data from metabarcoding analysis of 18S V4 region of the nuclear 
small subunit ribosomal DNA. Prey items presented are at order level and are coloured 
corresponding to its phylum grouping. 
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Table 3.3. Network index comparisons between food web structures using binary data from 
metabarcoding analysis of 18S ribosomal DNA gene region. No. of nodes – number of nodes, 
nodes indicate points of interactions, HL- higher trophic level, LL – lower trophic level. Data 
provided here is for comparisons between networks. A: observed vs Null, B: seasonal networks 
– wet vs dry, C: habitat networks – coastal vs lagoon, D: habitat composition networks, coastal 
mangrove vs coastal seagrass vs lagoon mangrove, vs lagoon seagrass. 
A Observed (48.9%) Null  
No. of nodes HL  13 13 
No. of nodes LL  89 89 
Nestedness  35.235 19.353 
Extinction slope HL 1.807 2.340 
Extinction slope LL 12.898 18.189 
Robustness HL 0.566 0.620 
Robustness LL 0.906 0.936 
B Wet (61.5%) Dry (40.1%) 
No. of nodes HL  8 9 
No. of nodes LL  65 58 
Nestedness  44.892 28.341 
Extinction slope HL 1.799 1.544 
Extinction slope LL 7.100 10.860 
Robustness HL 0.519 0.500 
Robustness LL 0.841 0.891 
C Coastal (38.0%) Lagoon (60.0%) 
No. of nodes HL  10 12 
No. of nodes LL  63 59 
Nestedness  30.233 39.263 
Extinction slope HL 1.476 1.875 
Extinction slope LL 9.925 6.334 
Robustness HL 0.498 0.568 
Robustness LL 0.886 0.818 
D BH (36.8%) 

Coastal 
Mangrove 

LK (39.6%) 
Coastal 
Seagrass 

V (64.6%) 
Lagoon 
Mangrove 

HC (41.8%) 
Lagoon 
Seagrass 

No. of nodes HL  6 8 7 8 
No. of nodes LL  38 45 35 48 
Nestedness  17.630 32.431 36.141 29.347 
No. of compartments 2 1 2 1 
Extinction slope HL 1.152 1.585 1.628 1.520 
Extinction slope LL 4.272 8.634 7.195 7.928 
Robustness HL 0.385 0.494 0.481 0.483 
Robustness LL 0.766 0.867 0.838 0.837 
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3.5 Discussion  
 
To understand the feeding interactions underpinning lower trophic network structure in 

subtropical mangrove fish, we used DNA metabarcoding of stomach contents primarily from 

the intermediate trophic level of fish to construct ecological networks. DNA metabarcoding 

offered species level dietary characterisation of prey taxa and how feeding strategies changed 

based on season (wet or dry), habitat (coastal or lagoon) and habitat composition (mangrove or 

seagrass). When DNA metabarcoding from this study was coupled with stable isotope analysis 

performed in the previous chapter we were able to better elucidate prey composition. Indices 

computed from ecological networks provided an insight into how seasonal changes, salinity 

and habitat assemblages influence trophic interactions that consequently affects overall 

robustness and stability of the networks.   

 
3.5.1 Feeding ecology of mangrove fish 
 
Metabarcoding of stomach contents successfully revealed prey composition of the intermediate 

trophic level fish sampled and provided taxonomic certainty that was unavailable using SIA 

techniques alone. Arthropoda was found in many of the species sampled, including glass 

minnow, goby, killifish, pinfish, pipefish, rough silverside, snapper and spotfin mojarra. Gobies 

(Gobidae spp.) had mostly consumed Arthropoda (barnacles) and supplemented their diet with 

Mollusca (specifically oysters), Chordata, Annelida and Ochrophyta, highlighting 

opportunistic feeding behaviours. However, such opportunistic feeding behaviours were not 

observed in the stable isotope data that could be attributable to low sample numbers. 

Comparing between habitats, the data suggest that gobies consumed more oysters (Mollusca) 

(Figure 3.6) and algae (Figure 3.13) at the Vester site, that could be a result of grazing within 

the algae growing on oysters for Cyclopoida (as seen in Figure 3.13). Previous research has 

concluded that macroalgae growing on sessile molluscs such as oysters form vital interactions 

by providing feeding grounds for copepods (who consume algae), and these in turn are 

consumed by the gobies from Vester where dense aggregation of oysters were present (Doi et 

al. 2008). This finding reinforces the capability of dietary metabarcoding to uncover feeding 

interactions over three trophic levels from just a small number of samples.  

 

Gulf killifish (Fundulus grandis) supplemented its mainly arthropod diet with amphipods and 

decapods, similar to findings stated in Rozas and Lasalle (1990). Killifish stomach contents 

also showed evidence of Chlorophyta which suggest partial grazing on seagrass habitats. Rozas 
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and Lasalle (1990) suggest that Eleocharis spp. (creeping spike rush) found in Gulf killifish 

diet was a result of foraging on Eleocharis where amphipods are abundant. The majority of the 

killifish that contained Chlorophyta were collected from Hendry Creek (Figure 3.9), which was 

dominated by seagrass. A diverse range of amphipod species are typically found in seagrass 

beds (Navarro-Mayoral et al. 2023). Therefore, the metabarcoding data suggest that killifish 

forage on seagrass beds for Arthropoda, while inadvertently ingesting seagrass. Conversely, 

the presence of Chlorophyta could also indicate secondary predation where the diet of 

amphipod prey is reflected in the stomach contents of the killifish. 

 

The native species sheepshead minnow (Cyprinodon variegatus) has been observed to 

preferentially consume detritus with some algae and arthropods (Shepta et al. 2021). The 18S 

data reflected that sheepshead minnow primarily consumed Chlorophyta with a single 

individual shown to consume Arthropoda (Figure 3.10). The Chlorophyta taxa was primarily 

made up of Trebouxiophyceae (microscopic algae) but also contained orders Solanales and 

Polypodiales. The order Solanales constitutes flowering plants and Polypodiales comprises 

ferns. The sheepshead minnow included in this study were from the Big Hickory site (Figure 

2.2, Chapter 2), that comprised a small channel surrounded by vegetation. Buttonwood 

(Conocarpus erectus, order : Solanales) and giant leather fern (Acrostichum danaeifolium, 

order: Polypodiales) are native to Estero Bay (Florida Department of Environmental Protection 

(3) 2015). Buttonwood are commonly found in the transitional zones between mangroves and 

upland forests (Lopez et al. 2004). Giant leather ferns are abundant within mangrove forests 

and flooded river areas and is known to take over rapidly where red mangrove plants have been 

removed (Morton 1965; Mehltreter et al. 2003). Due to their proximity to aquatic 

environments, it is possible that decomposed material from Solanales and Polypodiales could 

have been washed into the channel where sampling took place. This can explain the presence 

of Solanales and Polypodiales found in sheepshead minnow stomach contents especially since 

these fish have shown preferential consumption of detritus (Shepta et al. 2021).  

 

Gulf pipefish (Syngnathus scovelli) predominantly consumed Arthropoda (Amphipoda, 

Sessiilia, Decapoda and Harpiticoida) with some Chlorophyta (Trebouxiophyceae) observed, 

consistent with previously recorded morphological identification of stomach contents (Motta 

et al. 1995). Unfortunately, Gulf pipefish populations have been predicted to decline due to 

reduction in seagrass and algal beds (Rydene and Matheson 2003). Time-series data produced 

by the Fisheries Independent Monitoring programme (FIM) reflects a  slight decline in gulf 
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pipefish population in Florida since 2000 (Matheson et al. 2008). The FIM  dataset includes 

Charlotte Habour, in which Estero Bay is located. Consequently, continued loss of seagrass 

habitats and associated prey communities may result in further decreases of Syngnathus  

populations (Adams et al. 2022).  

 

The pelagic rough silversides (Membras martinica) have been observed to have a narrow 

feeding pattern and specifically consume small copepods about 1mm in length but when larger 

copepods become seasonally available, those are additionally exploited (Allen et al. 1995). 

Metabarcoding data from this study reflected similar results where COI data comprised of 

Arthropoda (Calanoida – zooplankton) and Mollusca (Ostreida – oysters and Mytiloida – 

mussels – possibly eggs/larvae) while the 18S data showed presence of Arthropoda 

(Cyclopoida and copepoda – zooplankton), Chlorophyta (Trebouxiphyceae – microalgae) and 

Prasinodermophyta (Algae). As rough silversides are pelagic filter feeders it is likely that they 

consume microalgae such as Trebouxiphyceae and Prasinodermophyta, while filtering water 

for resources.  

 

Spotfin mojarra (Eucinostomus argenteus) and silver jenny (Eucinostomus gula)  from the 

Gerridae family are closely related species and co-occur in estuarine habitats and in this study 

were found to co-exist in the Vester site. Vasconcellos et al. (2018) used morphological diet 

analysis to investigate dietary shifts during ontogenetic development of these Gerridae species 

and identified mechanisms that enables coexistence. The study concluded that a small degree 

of resource partitioning is present between these species as spotfin mojarras preferred Bivalvia 

siphons (appendage of bivalve) over polychaetes while the opposite was true for silver jennies. 

In addition, Vasconcellos et al. (2018) found low levels of algae consumption by the silver 

jenny species only. The results from this study indicated that spotfin majorras consumed 

Arthropods and Ctenophore to a large degree, with some Annelids and Chlorophyta. Stomach 

contents of silver jennies consisted Arthropoda (Polyarthra – micro crustaceans and rotifers), 

Chlorophyta (Trebouxiophyceae) and Prasinodermophyta. However, unlike the previous study, 

the data did not reflect presence of distinct resource partitioning. This is primarily attributed to 

the low sample numbers of silver jenny (3) compared to spotfin mojarras (18) and the lack of 

silver jenny samples limits our capacity to make clear interpretations of resource partitioning 

from the metabarcoding data.  
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The majority of glass minnow diet was made up of arthropods with some reads from Chordata, 

Chlorophyta and Cnidaria. We expected the abundance of fish to be greater as indicated from 

the high δ15N isotope data, where it was suspected that glass minnows were consuming 

ichthyoplankton. However, based on the dietary metabarcoding data, arthropods comprising 

Copepoda, Balanmorpha and Decapoda were consumed at higher abundances. Individuals 

from Lover’s key and Hendry creek sites (both dominated by seagrass) supplemented the 

predominantly arthropod diet with some Chordata and Mollusca (Figure 3.5). The most 

abundant fish diet species found in glass minnows from these sites were Syngnathids (seahorse 

and pipefish) and Gerridae (mojarras) that have known to be abundant in seagrass habitats 

(Olney and Boehlert 1988; Tolan et al. 1997). As mentioned above metabarcoding only 

provides snapshot of prey ingested, unlike stable isotope analysis that provides long-term 

feeding behaviour and assimilation data (Maloy et al. 2013). However, the presence 

Syngnathids and Eusinostomus observed in the metabarcoding data confirms the suggestion 

that glass minnows do consume higher trophic level fish species to some degree.  

 

Pinfish (Lagodon rhombiodes) are usually omnivores with smaller individuals consuming 

plankton and crustaceans while larger individuals consume macrocrustaceans, annelids and 

macrophytes (Canto-Maza and Vega-Cendejas 2008). Pinfish specimens collected in this study 

were small (35-90 mm) and their diet consisted of primarily zooplankton such as Amphipoda, 

Calanoida, Harpiticoida and Cyclopoida (Figures 3.3 and 3.10). Due to the size restriction of 

the fish collected, its omnivorous nature was not captured in this dietary metabarcoding study. 

Morphological identification of prey composition conducted by Stoner (1980) stated that 

pinfish of sizes 36-80 mm (similar to pinfish from this study) consisted of 30% plant material, 

mainly micro epiphytes. However, the specimens from this study reflected feeding preferences 

of pinfish belonging to size ranges 16 – 35 mm (Stoner 1980).  

 

Stomach contents of predatory fishes; snapper (Lutjanus griseus), lizard fish (Synodus foetens) 

and hardhead catfish (Ariopsis felis) were predominately abundant in Chordata and 

Arthropoda. All three fish consumed benthic dwelling Gobiiformes (Goby spp.). Diets of the 

economically important snapper reflected a high abundance of Arthropoda, specifically 

Decapoda (crabs and shrimp), consistent with previous morphological analyses of prey 

composition (Franks and VanderKooy 2000; Yeager et al. 2014). Yeager et al. (2014) concluded 

that the diet of snappers shifts significantly across the estuarine gradient, where snappers from 

upstream habitats were more reliant on intertidal prey whereas downstream snapper diets were 
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more reflective of marine based food webs, feeding on soft-bottom habitats. However, 

differences between lagoon and coastal dwelling snappers were not observed in this study, as 

only juvenile snappers (length ranging from 35 – 78 mm, total length) from a single habitat, 

Lover’s Key, were included in this study.  

 

Unlike the snapper, lizardfish do not have commercial importance and thus, are usually 

discarded when caught in shrimp trawls (Jeffers et al. 2008). However, they do have important 

ecological value as they interact with or consume commercially and ecologically important 

species (Cruz-Escalona et al. 2005). From this study we observed that the juvenile lizard fish 

(40 - 100 mm, total length) stomach contents were abundant in Gobiiformes followed by 

shrimp (Hippolytidae). Cruz-Escalona et al. (2005) explain that ontogenetic shifts in lizardfish 

diet is observed and as they grow larger their prey species and prey area increase in size. This 

makes them an apex predator and consequently have an influence on the mangrove food web 

to a greater extent.  

 

The hardhead catfish is a common fish found in the Gulf of Mexico and are considered to be 

opportunistic feeders that feed on detritus, crustaceans and other fish (Lee 1980). Our dietary 

metabarcoding data reflects this observation to some degree, however it also reflects that 

catfish consumed Prasinodermophyta, Chlorophyta, Myzozoa and Apicomplexa. It is likely 

that these microorganisms were consumed while foraging in the detritus or reflect the parasitic 

loads of the consumed prey. Pensinger et al. (2021) suggests that there is no ontogenetic shifts 

in diet within this species as nitrogen isotope signatures did not reflect a linear relationship 

with total length of fish. Therefore, catfish are able to compete for resources against other 

estuarine fish, subsequently having an effect on more commercially important fish species. 

 

3.5.2 Overall observation of the feeding ecology 
 
The metabarcoding data performed in this study uncovered feeding interactions over multiple 

trophic levels. Lower trophic level species such as sheepshead minnow, pipefish, killifish, 

goby, silver jenny and spotfin mojarra reflected high levels of dietary overlap as they consisted 

of Arthropods (mainly zooplankton) shrimp, crab and barnacle. However, some levels of 

trophic partitioning was evident that enables them to co-exist. Trophic partitioning is also seen 

between gobies, killifish and sheepshead minnow where they supplement their arthropod diets 

with other organisms. Gobies feed on Annelida and Ochrophyta, killifish on Chlorophyta in 
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seagrass beds and sheepshead minnow on detritus. Such feeding behaviours are described as 

omnivory where organisms feed on multiple trophic levels (Kratina et al, 2012). Similar 

feeding behaviours were also observed in the predatory fish where a combination of arthropods, 

fish and detritus are consumed. Strong omnivorous links have shown to reduce the magnitude 

of trophic cascades and increases stability in complex food webs (Bascompte et al. 2005; Bruno 

and O’Connor 2005; Kratina et al. 2012). Omnivory has previously been recorded in estuarine 

and marine food webs (Hall and Raffaelli 1991; Thompson et al. 2007; Selleslagh et al. 2012). 

In addition, Lerner et al. (2022) suggests that in coastal ecosystems, the increased presence of 

zooplankton found in the omnivorous fish is a result of increased phytoplankton production. 

Based on this theory, we can infer that Estero Bay is a highly productive coastal environment 

and the presence of omnivory stabilises interactions between species, that could dampen the 

effects of trophic cascades.   

 

3.5.3 Comparisons between metabarcoding data and SIA at resolving prey composition 

 
In the previous chapter a large overlap was observed along the δ13C carbon axis at 

approximately -20. The species included in this overlap were glass minnow, lizard fish, 

snapper, spotfin mojarra, killifish and pinfish. The observed overlap was speculated to be due 

to the consumption of similar basal organisms or a reflection of the mean δ13C values across 

multiple food webs (Abrantes and Sheaves 2009). A shortcoming of SIA is its inability to 

provide detailed prey composition data without prior knowledge of isotopic signatures of prey 

components (Hoenig et al. 2022). Metabarcoding analysis revealed that these fish had a shared 

diet comprising juvenile Decapoda (crustaceans), Cyclopoida (zooplankton), Calanoida 

(zooplankton) and Balanamorpha (barnacle). Juvenile crab and shrimp feed primarily on 

plankton (Dittel et al. 2006; Abrantes and Sheaves 2009) and these Cyclopida and Calanoida 

zooplankton prey consume a variety of organisms such as diatoms, algae, rotifers and nauplii 

(Vega 1999; Dhont and Dierckens 2013). Balanamorpha are omnivorous and consume 

suspended planktonic material (Newman and Abbott 1980). As the majority of the fish sampled 

were from lagoon sampling locations and consumed prey within the same food web, we can 

conclude the overlap observed is due to consumption of organisms that have derived energy 

from a mixture of lagoon algae and phytoplankton.  

 

Data from the stable isotope analysis revealed overlap in δ13C carbon signatures within lagoon 

and coastal locations indicating presence of shared resources within each location. Both COI 
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(Figure 3.2) and 18S (Figure 3.9) markers of water samples revealed significant differences in 

beta diversity between lagoon and coastal locations. However, the prey contents of only some 

species such as rough silverside and spotfin mojarra reflected differences between lagoon and 

coastal locations (Figure 3.13). Other species such as gobies (Figure 3.6) and glass minnows 

(Figure 3.13) displayed dietary differences within lagoon and coastal locations. On closer 

inspection the dietary data did not always correspond to the environmental data. In the absence 

of comparative studies in the estuarine and marine ecosystem, a dietary study performed in 

companion with eDNA demonstrated that some plant families amplified from rodent scats were 

not present in the soil samples (Lopes et al, 2020). They concluded that the combined effects 

of small sampling effort and stringent sequence filtering protocol led to the risk of not 

recovering true interactions. Studies should be mindful of the home ranges of different species. 

Benthic species such as gobies and blennies are known to have small home ranges or territories 

(<5 m) (Harding et al. 2020) while larger pelagic species like grey snapper are known to 

migrate and forage among waters across salinity gradients (Serafy et al. 2003; Serrano et al. 

2010). Furthermore, presence of diel variability seen in  glass minnows that are active during 

the night and silversides that are active during the day (Castillo-Rivera et al. 2010) can under 

represent respective diets due to improper sampling. Therefore, greater environmental 

sampling effort that covers a larger area will provide accurate estimates of the biodiversity 

present in each location (Lopes et al. 2020). In addition, metabarcoding data provides only a 

single snapshot of stomach contents and to capture the full dietary breath, they have to be 

sampled over a wide range of space and time (Casey et al. 2019), though SIA data has been 

proven to provide this long-term dietary information successfully. The combination of SIA and 

dietary metabarcoding has characterised fish diet in greater detail compared to if these methods 

were employed independently.  

 
 
3.5.4 Network analysis 
 
The high taxonomic resolution provided by DNA metabarcoding enabled construction of 

ecological networks to investigate how salinity, season and habitat composition affected 

network structure, thereby modelling the implications of future ecological change. Sampling 

completeness was used to measure if the interactions in the network had been sampled 

sufficiently. Network completeness is affected by sampling effort, as the chances of identifying 

new and rare species increases as effort increases (Henriksen et al. 2019) and poor sampling 

completeness can lead to the underestimation of network metrics and represent a biased 
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network structure (Costa et al. 2016). However, achieving high sampling completeness for 

large networks is unrealistic and is often lower than 60% (Chacoff et al. 2012). Only networks 

that are species poor or highly specialised reflect high sampling completeness (Costa et al. 

2016). In this study, sampling completeness of more than 60%, with a reduced number of 

nodes, was observed for lagoon habitats (Table 3.2), suggesting that lagoon habitats are species 

poor or are comprised of highly specialised networks. Though all sampling locations were 

sampled using the same technique with even sampling effort, coastal networks had lower 

sampling completeness (38% – 39%), suggesting that marine coastal networks are large. 

Several published studies have shown that species diversity and richness changes as habitats 

transform along the freshwater, estuarine, marine continuum (Martino and Able 2003; 

Whitfield 2015). Species diversity tend to peak in marine habitats followed by estuarine and 

tidal freshwater zones (Breine et al. 2011) and in this study, the difference in number of species 

between coastal and lagoon habitats is reflected in the number of lower level nodes (Table 3.2C 

and 3.2D). Since species richness is the greatest in marine sites, sampling effort for 

coastal/marine habitats must be increased to capture interactions accurately. The use of 

molecular approaches have been acknowledged to construct more taxonomically 

comprehensive networks compared to traditional observed datasets, despite technical biases 

associated with PCR amplification (Bennett et al. 2019; Cuff et al. 2022). To date, insect-

pollination networks using molecular data have been studied extensively (Falcão et al. 2016) 

while research on molecular mangrove networks are poor. Since mangrove networks have been 

understudied, the lack of sampling completeness observed in this study should not invalidate 

the results of this research.  

 

3.5.5 Comparisons between observed and null models 
 
The observed and null model generated by COI data were highly similar indicating that the 

observed web reflects true predator-prey interactions. Conversely, the observed model deviated 

substantially from the computed null model for the 18S dataset. The observed model for 18S 

had extinction slope values lower than the null model and was more nested. Reduced extinction 

slope value suggests that species are more vulnerable to extinction, possibly due to increased 

specialisation that reduces stability and overall robustness to extinction events (Dormann et al. 

2009). However, as null models reflect random interactions, they tend to overestimate 

extinction slopes as seen in the null model value here (Dormann et al. 2009). Similar theory 

can be applied to explain the higher nested value in the observed web, where specialised 
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interactions have not been accounted for in the null model (computed via random interactions) 

resulting in lower nestedness values (Nielsen and Bascompte 2007). In addition, because the 

18S marker has the ability to capture a larger range of diversity compared to the COI marker, 

it can cause the null model interactions to be skewed.  

 
3.5.6 Differences between lagoon and coastal networks 
 
The most obvious difference between lagoon and coastal networks is the lower trophic level 

extinction slope values (Tables 3.2 and 3.3). Extinction slope values show how affected the 

network is when species in another trophic level is lost (Dormann et al. 2009). A higher 

extinction slope value observed in the coastal network for both COI and 18S dataset suggest 

that the fish from coastal systems are more resistant to extinctions or environmental 

perturbations. Networks that are species rich per functional group are more resistant to 

secondary species loss (Borrvall et al. 2000). The number of species (nodes at lower level) for 

the coastal networks is higher than for lagoon networks and therefore they are predicted to be 

more resistant to secondary extinctions (Tables 3.2 and 3.3). Dunne et al. (2002) concludes that 

the stability of a food web increases with increasing number of interactions as it dampens the 

effects of population fluctuations. Furthermore, as discussed above, a large proportion of the 

fish included in this study display omnivorous feeding behaviours and omnivory is known to 

increase resilience towards secondary extinctions (Borrvall et al. 2000). Albouy et al. (2019) 

also suggested that robustness of coastal networks can be attributed to greater interaction 

redundancy, that enables interactions in coastal networks to be replaced by other species within 

functional groups. Therefore, due to a combination of species richness and omnivory, coastal 

networks are expected to be more resilient to secondary extinction than lagoon networks.  

3.5.7 Inconsistencies in intraspecific comparisons 
 
Stable isotope analysis performed in the previous chapter demonstrated distinct differences in 

carbon contribution between coastal and lagoon sampling sites. However, this difference was 

only observed in specific species such as glass minnows, rough silversides, goby and spotfin 

mojarra (Figures 3.6 and 3.13). Prey composition of the dietary differences observed within 

similar species is a reflection of resource availability in specific habitats, this is observed in the 

presence of Ctenephora species in spotfin mojarra gut contents (Figure 3.13), that also featured 

in the soil dataset (Figure 3.8). However, the high abundance of Prasinodermophyta in rough 

silversides from Vester and Trebouxiphyceae  from Lovers’ key is not reflected in similar 

abundances in soil or water samples. Therefore the contribution of marine or freshwater algae 
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is not pronounced in the metabarcoding datasets. By focussing environmental sampling on 

phytoplankton community, we would be able to identify the coastal and lagoon contributions 

to fish diet as phytoplankton species are strongly influenced by salinity as changes in 

phytoplankton community have been observed along the freshwater, estuarine and marine 

gradient (Muylaert et al. 2009). Typically, the lower estuary is highly saline as waters 

experience high exchange of marine water that is dominated by marine diatoms while lagoon 

estuarine wetlands are abundant in a mixture of diatoms and blue-green algae (Roshith et al. 

2018; Bharathi et al. 2022).  

 

The aggregate COI dataset from this study showed that the genus Micromonas (phylum 

Mamiellas, green algae) was dominant in Big Hickory and Lover’s key coastal habitats while 

the 18S dataset presented an overlap in algae and diatom; the sites Big Hickory, Vester and 

Hendry creek were abundant in the genus Ostrecoccus (Phylum Mamiellales, unicellular green 

algae) while Lover’s key was dominant in the diatom Chaetoceros spp. and this species was 

the second most dominant at Vester site. Since the primers used in this study were not 

specifically targeting phytoplankton communities, they were not efficient at characterising 

phytoplankton diversity. To characterise phytoplankton and primary producer communities to 

a finer scale, primers optimised to recover phytoplankton DNA (Cavalier-Smith et al. 2009; 

Bråte et al. 2010; Herlemann et al. 2011) should be utilised in future studies. However, because 

stable isotope analysis was performed in the previous chapter that reflected long term dietary 

assimilation data, we are still able to conclude that there was a distinct coastal and lagoon 

influence on the fish. If targeted metabarcoding was used independently from SIA the 

differences in coastal and lagoon contributions would have been captured effectively. 

3.5.8 Differences between wet and dry season networks  
 
Subtropical mangrove habitats such as Estero Bay experience two distinct seasons wet (June 

to October) and dry (November to March). Species richness in mangrove ecosystems are 

generally higher in the wet season compared to the dry season due to recruitment of species 

during the wet season along with an increase in abundance of food sources and shelter 

(Idelberger and Greenwood 2005; Sheaves et al. 2010). The wet season network for both COI 

and 18S datasets produced higher nestedness (used to infer the extent to which organisms are 

generalists) values in contrast to the dry season network, suggesting increased specialisation 

during the wet season. In a study conducted on juvenile Pimelodus maculatus (catfish) from a 

Brazilian floodplain, it was observed that the catfish was able to shift its diet from generalist 
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detritus during droughts to specialised benthic fauna and fruit/seeds during the wet season (Da 

Cunha et al. 2018). Heng et al. (2018) also concluded that during the wet season, competitive 

pressure reduces, enabling fish in floodplain habitats to have narrow dietary preferences, but 

when resources are scarce, fish are forced to diversity their diet and become more generalist to 

reduce competition. In this study we can conclude that the wet season increases resource 

availability through the recruitment of ichthyoplankton and larvae enabling fish to consume a 

narrower range of dietary materials consequently displaying more nested behaviour and 

expanding their range during dry season when resources are scarce resulting in a lower nested 

value (Tables 3.2 and 3.3). However, increased specialisation during wet season diet can lead 

to greater susceptibility to extinction when desired prey items are no longer available 

(Dormann et al. 2009).  

 
3.5.9 Habitat composition influences foraging mechanisms   
 
Networks constructed from the COI dataset reflected that fish species from mangrove habitats 

were less nested (reflective of generalist feeding behaviours) and contained more 

compartments compared to seagrass habitats. Some studies have shown that mangrove habitats 

are higher in fish abundance and diversity compared to seagrass habitats (Kathiresan and 

Bingham 2001; Harper et al. 2022). Specifically at high tide, fish species and abundance are 

higher at mangrove sites than seagrass beds, while at low tide when mangrove forests are 

emergent, fish would move to seagrass beds near the mangroves to stay underwater 

(Laegdsgaard and Johnson 1995; Jelbart et al. 2007). Since our sampling only took place during 

high tide, the results (high nestedness and low compartments) suggest that the diet of seagrass 

dwelling fish is only a subset of the resources found in estuarine habitats. Nagelkerken and van 

der Velde (2004) observed that the stable isotope data from of juvenile seagrass fish adjacent 

to mangrove forests indicated little contribution of mangrove food sources to the diet of 

seagrass fish. This finding indicates that select fish species occupying seagrass beds have more 

specialised diets compared to mangrove fish who have a generalist feeding pattern. The 

generalist behaviour of mangrove fish is predicted to be influenced by a higher species 

assemblage and abundance at mangrove sites enabling the fish to exploit a greater diversity of 

resources. It is noteworthy to address that the networks constructed in this study were 

transformed into binary presence/absence data. Cuff et al. (2022) proposed that using frequency 

of occurrence data, where each detected interaction is represented as equal proportion, will 
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produce more complete representation of a quantitative network that can be compared against 

observed networks.  

 
3.5.10 High abundance of protist and harmful algae (Karina brevis) 
 
High abundance of Synurophyceae or Ochromonadales specifically from the genus 

Poterioochromonas is seen in both COI and 18S environmental datasets from Big hickory 

(coastal) and Hendry creek (lagoon) sites (Figures 3.2 and 3.9). Poterioochromonas species are 

described as mixotrophs because they are capable of photosynthesising and undergoing 

phagotrophy. This protist consumes important phytoplankton dietary sources to fish such as 

Chlorella spp., Scenedesmus spp., Nanchloropsis oceania and Synechocystis spp. (Wei et al. 

2020). In addition, high abundances of Poterioochromonas coupled with environmental 

variables can inhibit bacterial growth and be responsible for fish and zooplankton mortality as 

they contain toxic elements (Boenigk and Stadler 2004).  Therefore, continued monitoring of 

Poterioochromonas abundances is key to understand its effects on zooplankton and fish 

populations.  

 

Another mixotrophic algae from the phylum myzozoa (specifically family Kareniaceae, order: 

Gymnodiniales) was observed in water samples from all sites and in dietary samples of fish 

from Big hickory and Hendry creek (Figure 3.7 and 3.9). Diet samples of glass minnows from 

Big Hickory and Hendry Creek consisted of myzozoa species. Since glass minnows in this 

study have consumed a large proportion of filter feeders such as Copepoda, Balanmorpha and 

Decapoda, the presence of Myzozoa observed in glass minnows could be attributed to 

secondary predation. Species Karina brevis (family Kareniaceae) is a photosynthetic 

dinoflagellate found in the Gulf of Mexico and has been responsible for the harmful algae 

blooms common in the coastal waters of Florida. When K. brevis concentrations increase, their 

brevetoxins have been known to affect vertebrate nervous systems, killing associated marine 

life. Shellfish can filter out brevetoxins from the seawater but it results in accumulation of 

toxins in the shellfish tissue, which is known to harm its human consumers (Brand and 

Compton 2007). Aerosolised K. brevis toxins can also cause respiratory issues in humans and 

marine mammals (Backer et al. 2003). These harmful algal blooms are aggravated by 

eutrophication (Medina et al. 2022) and rising water temperatures due to climate change (Errera 

et al. 2014). The first K. brevis bloom, also known as red tide, was detected in Estero Bay in 

2011 (McFarland et al. 2016) and since has been occurring on an annual basis (Rolton et al. 
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2015). To date a several studies have been conducted investigating the effects of K.brevis on 

marine life in Estero bay with specific importance to mollusc species (McFarland et al. 2015; 

Rolton et al. 2015). 

 

The presence of toxins post bloom has shown to increase mortality of benthic feeding fish 

(Landsberg et al. 2009) and consequently on dolphins that prey on these fish due to 

accumulation of toxins (Brand and Compton 2007). Management practices have been put in 

place to prioritise the mitigation of K. brevis blooms but its continued presence in Estero Bay 

poses not only a threat to aquatic life, but also to lagoon fisheries, associated businesses and 

tourism, resulting in a detrimental impact on the ecosystem and the economy (Hoagland et al. 

2020).   

 
3.5.11 Causes of sample loss 
 
An unexpected result from the metabarcoding data was the loss of samples during chimera 

removal during bioinformatic analysis. Chimeras occur when DNA does not extend 

completely, and this incomplete fragment acts as a primer resulting in incorrect hybridization 

with another fragment of DNA and formation of novel sequences that does not exist in the 

natural environment (Bradley and Hillis 1997). The number of amplification cycles and 

duration of extension are crucial determiners in the formation of chimeras during PCR (Wang 

and Wang 1997; Lahr and Katz 2009). Fonseca et al. (2012) have also suggested that 

phylogenetically diverse and rich datasets can increase chimera formation. In this study, the 

presence of chimeras was identified post sequencing, and the only outcome was to remove 

these sequences, reducing the total samples and read numbers. Though the sample number and 

read numbers were lower than expected, we were still able to use the remaining data to address 

the questions proposed in this study.  

 

Some samples had low read numbers (<100, as identified in the rarefaction curves) and this 

could be a result of low concentration of DNA template or PCR product. During the dissection 

of fish stomachs in the field, some individuals had very little contents while some had none at 

all, that could have resulted in the low read numbers observed. Sample degradation could be a 

possible cause for low read numbers and this is influenced by digestion rates that is affected 

by the predator species, metabolic rates, prey sizes, food types and feeding frequencies (Hilton 

et al. 1998). Errors caused by differences in digestion rates can be negated when feeding 
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behaviours of predators are addressed (McInnes et al. 2017). In this study, to minimise errors 

caused by differences in digestion rates, we only collected samples during high tide, when 

feeding activity is at its peak in mangrove ecosystems (Sheaves 2005). Similar feeding 

behaviour is also observed in summer flounders in salt marshes (Rountree and Able 1992), 

Gulf killifish in Mississippi brackish marsh habitat (Rozas and Lasalle 1990; Sheaves 2009) 

and European flounder in the Scottish Ythan estuary (Summers 1980). A driver for this 

behaviour is the rising abundance of resources observed during high tides in estuarine 

environments (Sheaves 2005). Large samples numbers (at least 20 individuals per species per 

site) were collected to mitigate discrepancies induced by digestion rates.  

 
3.5.12 Effects of Bonferroni correction on pairwise analysis 
 
Bonferroni correction is commonly applied to reduce Type I errors where the null hypothesis 

is rejected when in fact it is true (Nakagawa 2004). In this study we found that the application 

of Bonferroni correction to multiple comparisons in PERMANOVA yielded in non-significant 

results repeatedly even though there was an overall significance found. Nakagawa (2004) 

suggested that Bonferroni correction reduces power and is especially exacerbated in situations 

where power (sample size, significance level, effect size) is already low. Jennions and Møller 

(2003) propose that effect sizes are reported along with p-values such as Pearson’s r (r2), as it 

is the proportion of variance explained or R2 where linear trend is not tested for. In this study, 

R2 (Eta-squared) values and sample size of each group is reported along with p-values and F 

statistics. Eta-square values are commonly produced during ANOVA analysis and can be used 

as a measure for effect size and are calculated by dividing the sum of squares of a variable by 

the total number of squares in the model. By Cohen’s rule of thumb, small effect size, medium 

and large effect sizes are 0.01, 0.06 and 0.14. R2 values presented in this study (Appendix C 

and D) after PERMANOVA analysis do not exceed more than 5%, falling between the small 

and medium effect size range and where majority of the variance is not accounted for in the 

analysis. Therefore, the p-values returned from pairwise PERMANOVA analysis can be 

indicative of the variations detected, and the lack of significance observed can be attributed to 

small sample sizes and low power.  

 

3.6 Conclusion 
 
Overall, the metabarcoding results of stomach contents revealed detailed dietary information 

of intermediate trophic level fish from Estero Bay. Ecological networks have traditionally been 
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used to predict and mitigate the effects of environmental and human induced change on 

ecosystem functioning (Ings et al. 2019). The construction of ecological networks from dietary 

metabarcoding showed that a combination of salinity, season and habitat composition 

influenced interactions within bipartite food webs providing some clarity to the functioning of 

a complex estuarine system.  

 

Our results illustrate that the combination of dietary metabarcoding and stable isotope analysis 

provides complementary data and subsequently insights into interactions not possible with 

either technique alone. Stable isotope data provided a longer-term perspective of energy flow 

within food webs and showed distinct separation in carbon sources that was not evident in the 

metabarcoding analysis. The complimentary metabarcoding data additionally provided a high-

resolution snapshot of prey ingested by omnivorous fish and discriminated the overlap 

observed along the δ13C axis. We believe the application of multiple techniques will produce 

the most comprehensive and unbiased understanding of species’ diet and presently this has only 

been demonstrated by a handful of studies (Compson et al. 2019; Bonin et al. 2020; Hoenig et 

al. 2022). 
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Appendix C  
Results of permutational ANOVA (PERMANOVA) with pairwise comparisons of beta diversity 
calculated with Bray-Curtis distance matrix for mitochondrial cytochrome oxidase I (COI) marker.   
Species Comparison  

species 
F.Model R2 p-value Bonferroni 

corrected p-value 
Glass minnow 
(n=22) 

Killifish 1.266 0.0501 0.0849 1.0000 
Snapper 2.308 0.0654 0.0010 0.0659 
Goby 1.951 0.0488 0.0010 0.0659 
Pinfish 1.783 0.0544 0.0020 0.1319 
Catfish 2.083 0.0865 0.0020 0.1319 
Spotfin mojarra 1.608 0.0509 0.0060 0.3956 
Lizard fish 1.666 0.0581 0.0120 0.7912 
Sheepshead minnow 2.860 0.0991 0.0010 0.0659 
Flatfish 1.541 0.0628 0.0190 1.0000 
Pipefish 1.215 0.0446 0.1389 1.0000 
Rough silverside 1.665 0.0510 0.0030 0.1978 

Killifish 
(n=9) 

Snapper 1.178 0.0728 0.1958 1.0000 
Goby 1.200 0.0566 0.1029 1.0000 
Pinfish 1.103 0.0782 0.1469 1.0000 
Catfish 1.958 0.3286 0.0667 1.0000 
Spotfin mojarra 1.019 0.0782 0.5495 1.0000 
Lizard fish 1.168 0.1148 0.2228 1.0000 
Sheepshead minnow 2.032 0.2026 0.0430 1.0000 
Flatfish 1.258 0.2010 0.1369 1.0000 
Pipefish 1.082 0.1191 0.2148 1.0000 
Rough silverside 1.070 0.0760 0.1518 1.0000 

Snapper 
(n=14) 

Goby 1.762 0.0573 0.0010 0.0659 
Pinfish 1.470 0.0626 0.0200 1.0000 
Catfish 1.923 0.1289 0.0330 1.0000 
Spotfin mojarra 1.338 0.0599 0.0410 1.0000 
Lizard fish 1.674 0.0851 0.0070 0.4615 
Sheepshead minnow 2.871 0.1445 0.0010 0.0659 
Flatfish 1.573 0.1010 0.0160 1.0000 
Pipefish 1.360 0.0741 0.0410 1.0000 
Rough silverside 1.683 0.0710 0.0010 0.0659 

Goby 
(n=18) 

Pinfish 1.355 0.0478 0.0579 1.0000 
Catfish 2.014 0.1006 0.0170 1.0000 
Spotfin mojarra 1.042 0.0385 0.3467 1.0000 
Lizard fish 1.555 0.0633 0.0040 0.2637 
Sheepshead minnow 2.684 0.1087 0.0010 0.0659 
Flatfish 1.469 0.0718 0.0330 1.0000 
Pipefish 1.173 0.0506 0.1459 1.0000 
Rough silverside 
  

1.090 0.0388 0.2637 1.0000 
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Pinfish 
(n=11) 

Catfish 2.006 0.1542 0.0140 0.9231 
Spotfin mojarra 1.048 0.0523 0.3776 1.0000 
Lizard fish 1.418 0.0814 0.0020 0.1319 
Sheepshead minnow 2.526 0.1441 0.0010 0.0659 
Flatfish 1.436 0.1069 0.0160 1.0000 
Pipefish 0.949 0.0595 0.6414 1.0000 
Rough silverside 1.305 0.0613 0.0040 0.2637 

Catfish 
(n=3) 

Spotfin mojarra 1.908 0.1603 0.0340 1.0000 
Lizard fish 1.671 0.1927 0.0519 1.0000 
Sheepshead minnow 3.366 0.3594 0.0749 1.0000 
Flatfish 2.212 0.4244 0.2000 1.0000 
Pipefish 2.003 0.2503 0.0390 1.0000 
Rough silverside 1.910 0.1480 0.0120 0.7912 

Spotfin 
mojarra 
(n=10) 

Lizard fish 1.314 0.0805 0.0160 1.0000 
Sheepshead minnow 2.342 0.1433 0.0010 0.0659 
Flatfish 1.338 0.1084 0.0809 1.0000 
Pipefish 1.099 0.0728 0.2767 1.0000 
Rough silverside 1.184 0.0586 0.0360 1.0000 

Lizard fish 
(n=10) 

Sheepshead minnow 2.431 0.1810 0.0020 0.1319 
Flatfish 1.092 0.1201 0.4046 1.0000 
Pipefish 1.316 0.1069 0.0210 1.0000 
Rough silverside 1.330 0.0768 0.0040 0.2637 

Sheepshead 
minnow 
(n=6) 

Flatfish 2.377 0.2535 0.0519 1.0000 
Pipefish 2.281 0.1857 0.0120 0.7912 
Rough silverside 2.373 0.1366 0.0010 0.0659 

Flatfish 
(n=3) 

Pipefish 1.365 0.1632 0.0759 1.0000 
Rough silverside 1.260 0.0950 0.0400 1.0000 

Pipefish 
(n=6) 

Rough silverside 
(n=11) 

1.141 0.0707 0.0599 1.0000 
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Appendix D 
Results of permutational ANOVA (PERMANOVA) with pairwise comparisons of beta diversity 
calculated with Bray-Curtis distance matrix for 18S V4 region of the nuclear small subunit ribosomal 
DNA marker.   
Species Species comparison F.Model R2 p-value Bonferroni 

corrected p-value 
Triple tail 
(n=2)  

Spotfin majorra 0.983 0.0518 0.5415 1.0000 
Snapper 1.201 0.1072 0.3516 1.0000 
Silver jenny 1.000 0.2500 1.0000 1.0000 
Sheepshead minnow 1.244 0.1992 0.1518 1.0000 
Rough silverside 1.129 0.0746 0.1249 1.0000 
Pipefish 1.256 0.2389 0.2667 1.0000 
Pinfish 1.180 0.0832 0.2408 1.0000 
Lizard fish 0.986 0.1647 0.6993 1.0000 
Killifish 1.171 0.1433 0.4326 1.0000 
Goby 1.063 0.0482 0.2138 1.0000 
Glass minnow 1.267 0.0501 0.2627 1.0000 
Catfish 1.000 0.2500 1.0000 1.0000 

Spotfin majorra 
(n=18) 

Snapper 1.309 0.0479 0.0969 1.0000 
Silver jenny 1.149 0.0570 0.1518 1.0000 
Sheepshead minnow 1.304 0.0585 0.0649 1.0000 
Rough silverside 1.372 0.0437 0.0490 1.0000 
Pipefish 1.492 0.0694 0.0120 0.9351 
Pinfish 1.559 0.0510 0.0120 0.9351 
Lizard fish 1.044 0.0474 0.3596 1.0000 
Killifish 1.660 0.0673 0.0010 0.0779 
Goby 1.518 0.0394 0.0040 0.3117 
Glass minnow 2.677 0.0627 0.0010 0.0779 
Catfish 1.045 0.0521 0.3457 1.0000 

Snapper 
(n=10) 

Silver jenny 1.355 0.1097 0.1329 1.0000 
Sheepshead minnow 0.894 0.0643 0.5245 1.0000 
Rough silverside 1.233 0.0531 0.1978 1.0000 
Pipefish 1.548 0.1142 0.1059 1.0000 
Pinfish 1.506 0.0669 0.0809 1.0000 
Lizard fish 0.883 0.0636 0.5784 1.0000 
Killifish 1.942 0.1146 0.0130 1.0000 
Goby 1.974 0.0637 0.0010 0.0779 
Glass minnow 2.553 0.0739 0.0010 0.0779 
Catfish 1.234 0.1008 0.2587 1.0000 

Silver jenny 
(n=3) 

Sheepshead minnow 1.530 0.2032 0.0160 1.0000 
Rough silverside 1.142 0.0707 0.1628 1.0000 
Pipefish 1.168 0.1893 0.3337 1.0000 
Pinfish 1.249 0.0819 0.1698 1.0000 
Lizard fish 1.014 0.1445 0.2288 1.0000 
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Killifish 1.095 0.1204 0.3706 1.0000 
Goby 1.012 0.0440 0.3956 1.0000 
Glass minnow 1.478 0.0558 0.0759 1.0000 
Catfish 0.854 0.1760 1.0000 1.0000 

Sheepshead 
minnow 
(n=5) 

Rough silverside 1.226 0.0673 0.1818 1.0000 
Pipefish 1.355 0.1622 0.1688 1.0000 
Pinfish 1.158 0.0675 0.2587 1.0000 
Lizard fish 0.994 0.1105 0.4406 1.0000 
Killifish 1.624 0.1397 0.0400 1.0000 
Goby 1.472 0.0578 0.0210 1.0000 
Glass minnow 1.348 0.0476 0.1419 1.0000 
Catfish 1.433 0.1927 0.0150 1.0000 

Rough silverside 
(n=14) 

Pipefish 1.122 0.0655 0.2697 1.0000 
Pinfish 1.242 0.0473 0.1878 1.0000 
Lizard fish 0.736 0.0415 0.8242 1.0000 
Killifish 1.551 0.0755 0.0220 1.0000 
Goby 1.479 0.0429 0.0080 0.6234 
Glass minnow 2.437 0.0634 0.0020 0.1558 
Catfish 1.163 0.0719 0.1249 1.0000 

Pipefish 
(n=4) 

Pinfish 1.039 0.0648 0.4316 1.0000 
Lizard fish 1.035 0.1288 0.4356 1.0000 
Killifish 1.316 0.1275 0.1309 1.0000 
Goby 0.932 0.0389 0.5884 1.0000 
Glass minnow 1.635 0.0592 0.0340 1.0000 
Catfish 1.220 0.1962 0.3536 1.0000 

Pinfish 
(n=13) 

Lizard fish 0.956 0.0564 0.5335 1.0000 
Killifish 1.631 0.0831 0.0250 1.0000 
Goby 1.427 0.0427 0.0460 1.0000 
Glass minnow 2.168 0.0583 0.0060 0.4675 
Catfish 1.198 0.0788 0.1928 1.0000 

Lizard fish 
(n=5) 

Killifish 0.818 0.0756 0.7842 1.0000 
Goby 1.069 0.0427 0.2458 1.0000 
Glass minnow 1.418 0.0499 0.1269 1.0000 
Catfish 0.960 0.1379 0.8282 1.0000 

Killifish 
(n=7) 

Goby 1.289 0.0472 0.0639 1.0000 
Glass minnow 1.870 0.0606 0.0230 1.0000 
Catfish 1.188 0.1293 0.2458 1.0000 

Goby 
(n=21) 

Glass minnow 1.792 0.0400 0.0180 1.0000 
Catfish 1.023 0.0445 0.3566 1.0000 

Glass minnow 
(n=24) 

Catfish (n=3) 1.278 0.0486 0.2108 1.0000 
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Chapter 4: Investigating diet differentiation among sympatric 
ecomorphs of the cichlid fish Astatotilapia calliptera 
from Lake Masoko (Kisiba), Tanzania. 

 
4.1 Abstract 
 
Sympatric speciation is defined as the formation of new species in the absence of geographic 

barriers, but the genomic and life history strategy mechanisms underpinning sympatric 

speciation are still far from clear. Cichlids are one of the most ecologically diverse families of 

freshwater fishes and they vary greatly in ecology, morphology and behaviour. Astatotilapia 

calliptera from crater Lake Masoko in Tanzania has diverged sympatrically into littoral 

(shallow-water) and benthic (deep-water) ecomorphs. Previous research has indicated that the 

ecomorphs differ in head and pharyngeal jaw morphology, and carbon stable isotope analysis 

has shown presence of trophic specialisation. Here, we explored the role of diet and trophic 

niche divergence in the context of sympatric speciation in Astatotilapia calliptera using 

metabarcoding on stomach contents. A combination of the 18S V4 region from the eukaryotic 

nuclear small subunit ribosomal DNA and mitochondrial COI region were used to target 

eukaryotic taxonomic groups and invertebrate diversity respectively, revealing divergent 

dietary compositions between the ecomorphs. Diets of benthic A. calliptera individuals mainly 

consisted of Nematodes, Bacillariophyta (diatoms) and copepods while the diet of littoral 

individuals diet comprised molluscs, annelids and fungi. Homologous apicomplexa, arthropods 

(mainly crustacean zooplankton) and Bacillariophyta taxa were found in both benthic and 

littoral stomach contents, suggesting that the cichlids are generalist consumers foraging on 

common resources such as Arthropoda when in high abundance. However, they likely switch 

to specialised diets such as grazing diatoms and Mollusca when arthropods are scarce. The 

findings from this study demonstrated the ability of metabarcoding to identify potential drivers 

of sympatric speciation through trophic niche divergence. As the present study reflected a 

single time point, future studies should consider the effects of temporal changes in feeding 

habitats and resource availability in Lake Masoko. Complimentary studies will therefore 

contribute to understand the full breadth of dietary specialisation seen in Astatotilapia 

calliptera ecomorphs, thereby fully exploring the role of divergent trophic strategies in the 

ongoing process of sympatric speciation.  
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4.2 Introduction 
 
Schluter (2000) defines adaptive radiation to be the “evolution of ecological diversity within a 

rapidly multiplying lineage”. He elaborates this further by explaining that it is the 

differentiation of a single ancestor into a range of different species with features that are 

adapted better to exploiting ecological opportunities.  

 

Textbook examples of adaptive radiation in vertebrates include Darwin’s finches from the 

Galapagos islands and Anolis lizards from the Caribbean islands. The diversification of 

Geospiza species resulting in a range of species differing in beak size and shape has been 

attributed to natural selection and introgressive hybridisation. Natural selection occurs when 

the environment changes and finches with morphology that is best adapted to the environment 

are at an advantage as they are able to survive when resources are restricted (Almén et al. 2016). 

Introgressive hybridisation leads to novel alleles, increasing genetic variation, that has the 

potential to create new phenotypes and species (Grant and Grant 2008). Lizards of the genus 

Anolis have experienced independent variations producing morphologically and behaviourally 

specialised adaptations in heterogeneous environments (Butler et al. 2007). There are 143 

Caribbean species of Anolis lizards and they have been thought to have risen from two 

colonisations from the malagoon, suggesting that diversification occurred within the Caribbean 

as opposed to multiple colonisations (Jackman et al. 1999). Individuals from the Greater 

Antilles islands occupy diverse ecological niches and as many as 11 species have been recorded 

to live in sympatry (Losos 1994). Each island has a short-legged and long-legged species. The 

short-legged individuals use twigs, whereas the long-legged individuals are typically found on 

tree-trunks near the ground, but these species are not related to anoles on other islands despite 

morphological and ecological similarities (Leal et al. 2002). Contrastingly, anoles from the 

Lesser Antillean islands are either solitary or live in pairs only, exhibiting biogeographic 

patterns as each island is inhabited by an endemic anole species with limited sympatry (Thorpe 

et al. 2008). An example of adaptive radiation in plants includes the Columbine flower from 

the genus Aquilegia, a member of the very earliest diverging branch of the eudicots (Hodges 

and Kramer 2007) and is thought to have undergone rapid radiation due the development of 

nectar spurs (Hodges and Arnold 1995). There are approximately 70 species of Aquilegia that 

have evolved nectar spurs that differ in length, curvature, orientation and colour to attract 

different types of pollinators such as bumblebees, hummingbirds and moths (Whittall and 

Hodges 2007; Kramer 2009). In addition, the length of nectar spur is correlated to male fitness 
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as it facilitates pollen removal (Fulton and Hodges 1999). The development and variation of 

floral spurs enables Aquilegia species to specialise towards different environments and 

pollinators (Bastida et al. 2010).  

 

4.2.1 Cichlid fish from African lakes  
 
Cichlid fish have become one of the most iconic model systems for speciation research and, in 

particular, African lakes are recognised as natural laboratories for studying evolutionary 

processes (Kocher 2004; Burress 2015).  Cichlids are widespread throughout the southern 

supercontinent with their natural distribution ranging from Africa, Latin America, Madagascar 

and a few species native to Asia (Turner 2007). There are approximately 3000 to 4000 cichlid 

species from 200 genera but there are still many more species that have been identified and yet 

to be formally described (Turner et al. 2001; Turner 2007; Svardal et al. 2021). The rapid 

evolutionary rate observed amongst cichlids has been attributed to exploitation of novel 

habitats (Hulsey et al. 2006), hybridisation (Seehausen 2004; Genner and Turner 2012), 

multiple colonisation (Loh et al. 2013; Tyers and Turner 2013) and sympatric speciation driven 

by natural and sexual selection (Turner et al. 2001; Kocher 2004). 

 

4.2.2 Haplochromine cichlids 
 
Lake Malawi has thought to have been invaded by cichlids more than 700 000 years ago and 

produced the greatest number of endemic species (between 450 – 600 Genner et al. 2004) 

compared to Lake Victoria and Tanganyika (Danley and Kocher 2001). Most cichlid species 

found in Lakes Malawi and Victoria are haplochromines, where they exhibit clear sexual 

dimorphism. Male haplochromines have distinct colour patterns that make them easily 

distinguishable from closely related species unlike their female counterparts who are 

cryptically coloured (Koblmüller et al. 2008). Due to the presence of divergence in mating 

colours, sexual selection is believed to be a driver of speciation in haplochromine cichlids 

(Seehausen et al. 1998; Danley and Kocher 2001; Lande et al. 2001; Genner et al. 2004; 

Salzburger 2009).  

 

4.2.3 Astatotilapia calliptera 
 
Cichlids from Lake Malawi can be characterised into seven groups differing in ecology and 

morphology. One of the seven groups includes Astatotilapia calliptera a maternal mouth-
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brooding species that occupies littoral regions of Lake Malawi and is also found in 

neighbouring rivers, swamps, ponds and shallow lakes (Parsons et al. 2017; Malinsky et al. 

2018). Populations of A. calliptera exhibit variation in male colour and morphological traits 

associated with assertive mating (Tyers and Turner 2013; Nichols et al. 2014; Malinsky et al. 

2015). Molecular analysis has shown that the seven groups of Lake Malawi cichlids stemmed 

from an ancestral Astatotilapia-type generalist species making A. calliptera an ideal model for 

investigating drivers of adaptive radiation and sympatric speciation (Malinsky et al. 2018; 

Clark et al. 2022). 

 

4.2.4 Astatotilapia calliptera from Lake Masoko  
 
Astatotilapia calliptera has also colonised a variety of aquatic habitats ranging from small 

creeks and rivers to small lakes around the East African Rift Valley (Parsons et al. 2017). One 

such successful colonisation includes Lake Masoko (or Lake Kisiba, Figure 4.1 A and B), a 

crater lake north of Lake Malawi formed approximately 50 000 years ago (Thevenon et al. 

2003). Lake Masoko is a steep sided freshwater lake, 700m in diameter and reaches up to a 

maximum of 39m in depth (Gibert et al. 2002). Currently, it is a closed lake and isolated from 

external water bodies (Turner et al. 2019). Lake Masoko is surrounded by Zambezian forest, 

and the highlands are made of Afromontane formations (Barker et al. 2003). 

 

Besides A. calliptera other distantly related cichlid species such as Coptodon rendalli 

(redbreast tilapia) and Oreochromis squamipinnis along with Clarias gariepinus (African 

sharptooth catfish) are present in the lake. Due to the lack of closely related haplochromine 

species, Lake Masoko provides a simple system in which drivers of sympatric speciation can 

be studied (Munby et al. 2021). 
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Figure 4.1. Location of Lake Massoko and its associated morphotypes of Astatotilapia 
calliptera.  A) Map of the three great lakes in East Africa – Lake Victoria, Lake 
Tanganyika and Lake Malawi. Map of lake Masoko on the right in relation to the great 
lakes (Google Earth 2022). B) Photograph of Lake Massoko taken from the southern 
shore looking north. C) Yellow (littoral) and Blue (benthic - male) ecomorph of 
Astatotilapia calliptera species from Lake Massoko (images from Malinsky et al. 2015 
and Clark et al. 2022). 
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Malinsky et al. (2015) have shown that approximately 10 000 years ago, A. calliptera 

individuals colonised shallow littoral habitats from nearby riverine systems and successively 

extended their habitat into deeper benthic waters about 1 000 years ago. The shallow and deep 

populations can be easily distinguished by male breeding colours where the littoral individuals 

are yellow and benthic males are blue (Figure 4.1 C). Females from both populations, like other 

haplochromine cichlids, are dull with silvery brown hues. Landmark based geometric 

morphometrics indicate phenotypically distinct body shapes and lower pharyngeal jaw 

morphology between the yellow and blue morphs (Malinsky et al. 2015). In addition to benthic 

and littoral ecomorphs, an intermediate exists where it could not be readily assigned to either 

ecomorph, consisting mainly of smaller fish and individuals of intermediate morphology. 

These intermediates are speculated to be hybrids between benthic and littoral individuals and 

tend to occur in a zone between benthic and littoral habitats (Turner, pers comm).  

 

Mate choice experiments have revealed that littoral females preferred mating with yellow 

littoral males (genetically similar to them) whereas no assortative mating was observed in 

benthic females (benthic females mated with both littoral and benthic males i.e no preference) 

(Tyers 2013). Whole genome sequencing showed distinct population structure between blue 

and yellow morphs (Malinsky et al. 2015). Stable isotope analysis of carbon and nitrogen was 

performed indicating potential diet segregation where benthic individuals had a planktivorous 

diet compared to littoral yellow individuals who consumed molluscs (Malinsky et al. 2015; 

Carruthers et al. 2022). Stable isotope ratios have the potential to classify diets into broad 

functional groups but does not have the ability to elucidate species-level prey composition 

(Maloy et al. 2013). Hence, there is a significant gap in understanding the level of diet 

diversification between the ecomorphs and consequently, towards the role of dietary 

divergence in emergent sympatric species. Morphological analysis of stomach contents was 

performed to identify the differences in prey composition between the ecomorphs, however, 

the specimens analysed were dominated by sedimentary material resulting in little identifiable 

matter (Unpublished data). Thus, a molecular-based technique is necessary obtain species 

specific information of prey composition.  

 

4.2.5 Metabarcoding of dietary material 
 
Traditionally, diet contents have been analysed through visual morphological analysis that 

requires minimal equipment and is inexpensive. However, it is time consuming, labour 
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intensive and depends heavily on taxonomic expertise (Sheppard and Harwood 2005). In 

addition, it is acknowledged that observational data underrepresents small prey items, soft-

tissue prey and easily digested food as they are undetectable whereas hard to digest prey items 

such as otoliths, mollusc shells and exoskeleton parts are reported at a disproportionally higher 

abundance (de Sousa et al. 2019; Traugott et al. 2021). With a shortage of taxonomists, it is 

challenging to apply morphological approach as a reliable technique for species identification 

(Elbrecht et al. 2017).  

 

DNA metabarcoding of gut contents is able to simultaneously identify various prey taxa present 

and with uniquely tagged primers and enables the processing of large numbers of samples in a 

cost-effective manner (De Barba et al. 2014).  DNA metabarcoding is also the preferred method 

for identification of cryptic species and especially beneficial when looking at specimens with 

plastic feeding behaviours (De Barba et al. 2014). 

 

Metabarcoding of stomach contents have been used extensively in dietary studies to inform 

trophic positioning, food web dynamics (Carreon-Martinez & Heath, 2010) and prey-predator 

interactions and subsequently used to inform management and conservation strategies (Roslin 

and Majaneva 2016). DNA metabarcoding investigating niche partitioning has been conducted 

on both terrestrial and aquatic organisms that live in sympatry (Sato et al. 2018; Takahashi et 

al. 2020; Andriollo et al. 2021; Spence et al. 2022) but has never before been used to determine 

trophic specialisation in cichlid species. 

 

4.2.6 Objectives and hypothesis 
 
The aim of this study is to complement existing morphological and stable isotope information 

with metabarcoding data, regarding the trophic specialisation of Astatotilapia calliptera in the 

early stages of adaptive divergence as observed in Lake Masoko. Given the challenges 

associated with visual gut content analyses and limitations of stable isotope analyses, 

metabarcoding of stomach contents offers one of the best opportunities to test for associations 

between diet composition and the phenotypic and genomic divergence of A. calliptera 

ecomorphs. Based on the results from Malinsky et al. (2015) and Carruthers et al. (2022), we 

expect the benthic (blue) ecomorph to primarily consume zooplankton and phytoplankton 

while littoral (yellow) individuals to specialise in hard bodied macroinvertebrates. 
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4.3 Methods 
4.3.1 Sample collection and processing 
 
All fish specimens were collected in August 2015 using a mixture of diving and gill net 

methods. The fish were euthanized using an overdose of clove oil, which was then followed by 

dissection of the entire intestinal tract. The dissections were stored in 100% ethanol and 

transported back to the UK for molecular analysis. Once in the UK, stomach contents from 

individual fish were removed by careful longitudinal incision to prevent contamination with 

host tissue (performed in 2019). Between each dissection, the dissection instruments were 

bleached (10%) and ethanol flamed for sterilisation. A total of 112 samples were selected for 

molecular analysis comprised of 52 benthic, 46 littoral and 14 intermediate morphs. DNA was 

extracted from the isolated stomach contents using the ammonium acetate salt extraction 

method (Bruford et al. 1998). This ammonium acetate DNA isolation method has been used 

widely prior to the current popular pre-made extraction kit methods (e.g Qiagen DNeasy Blood 

and Tissue kit) and has been effective at not only isolating DNA from stomach contents but 

also successful at extracting high quality DNA from zebrafish fin tissue (Coe et al. 2009), 

honeybee wings (Châline et al. 2004), Anolis lizard tail tissue (Wordley et al. 2011), blood and 

embryonic tissue of warblers (Richardson et al. 2001), pollen from fungus gnats (Phillips et al. 

2014b) and many more organisms.  

 

4.3.2 PCR and sequencing 
 
Illumina MiSeq paired-end indexed amplicon libraries were prepared using a two-step PCR 

protocol. Two marker genes were amplified using universal primer pairs mlCOIintF (Leray et 

al. 2013) and jgHCO2198 (Geller et al. 2013) targeting the cytochrome c oxidase subunit I 

(COI) region found in the mitochondria, and TAReuk454FWD1 and TAReukREV3r (Stoeck 

et al. 2010) of the 18S V4 region from the eukaryotic nuclear small subunit ribosomal DNA 

(18S) (Table 4.1). The COI region of the mitochondrial genome was chosen as it has high 

interspecific variability (Ward et al. 2009) and extensive databases are available (Ratnasingham 

and Hebert 2007; Leray et al. 2018). The specific COI primers chosen in this study has been 

successful at targeting invertebrate DNA from aquatic systems (Hajibabaei et al. 2019) and 

effective at recovering species-specific DNA from stomach contents (Leray et al. 2013). The 

V4 region of the ribosomal DNA-encoding gene is known to be variable and using the 18S 

primer set it has the potential to target a wide diversity of eukaryotic taxonomic groups (Stoeck 

et al. 2010), although it does lack the power to resolve target sequences down to species level 
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(Creer et al. 2016). It has been recommended that multiple primer sets should be used to capture 

the full breadth of dietary niche and prevent biases arising from singular universal primer set 

(Alberdi et al. 2018). Hence, we hope that using a combination of a taxon specific primer (COI) 

and a primer able to capture a wide variety of eukaryotic diversity (18S), we would be able to 

obtain information of the full dietary niche of the A. calliptera ecomorphs. A 5’ universal tail 

was added to both forward and reverse primers, and a 6 N sequence was added between the 

forward universal tail and the template specific primer. The 6 N addition is known to improve 

clustering and cluster detection on Illumina Miseq sequencing platforms (Miya et al. 2015).  

 

The first round PCR was conducted using the Qiagen Multiplex PCR kit in a final volume of 

25 µl, which comprised 0.2 µM of forward and reverse primers, 2x Qiagen Multiplex PCR 

Master Mix (containing HotStarTaq DNA Polymerase, multiplex PCR buffer and dNTP mix) 

and 1µl of DNA template. The thermal cycling conditions for amplification of COI region were 

an initial activation step at 95 oC for 15 mins; 35 cycles at 94 oC for 30 seconds, annealing at 

54 oC for 90 seconds and extension at 72 oC for 90 seconds and a final extension at 72 oC for 

10 minutes. The 18S rDNA PCR amplification differed only at the annealing stage where 

temperature was 60 oC. Five negative controls, comprising water instead of 1µl of template 

DNA, were included in each PCR plate. Products from the first PCR were purified using 

Agencourt AMPure XP beads (Beckman Coulter), at a 1:1 ratio of PCR product : AMPure XP 

beads. 

 

The second round PCR was carried out at a final volume of 25 µl, 8 µl of purified template 

from PCR 1, 2x Qiagen Multiplex PCR Master Mix and 2 µM of Fi5 and Ri7 primers (Table 

4.1). Thermal cycling condition were 95 oC for 15 minutes, followed by 10 cycles of 98 oC for 

10 seconds, 65 oC for 30 seconds and 72 oC for 30 seconds and a final extension at 72 oC for 5 

minutes. The amplified samples were quantified using the QuantiFluor dsDNA system 

(Promega) and pooled at equimolar concentrations to a final volume of 50ul. The pooled 

metabarcoding libraries were cleaned a second time using Agencourt AMPure XP beads. 
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Table 4.1. Primer name and sequences used in library preparation. Round 1 primer sequences 
contain forward and reverse template primers, the forward primer sequence contains 6N’s to 
improve clustering and cluster detection on Illumina MiSeq sequencing platforms. Round 1 
primers include mitochondrial cytochrome c oxidase subunit I (COI) (Leray et al. 2013; Geller 
et al. 2013) and V4 region of the 18S ribosomal DNA-encoding gene (Stoeck et al. 2010).  
Round 1 and round 2 sequences contain complementary universal tails. Round 2 PCR primers 
(TruGrade, IDT) sequence contained the P5 and P7 Illumina adapters and a 6bp unique index 
both in forward and reverse primers used for demultiplexing samples.  

Round 1 PCR 

Forward Universal Tail – NNNNNN – Template specific primer mlCOIintF 

 

[ACACTCTTTCCCTACACGACGCTCTTCCGATCT]-[NNNNNN]-

[GGWACWGGWTGAACWGTWTAYCCYCC] 

Reverse Universal Tail – Template specific primer jgHCO2198 

 

[GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT]-[ 

TAIACYTCIGGRTGICCRAARAAYCA] 

Forward Universal Tail – NNNNNN – Template specific primer TAReuk454FWD1 

 

[ACACTCTTTCCCTACACGACGCTCTTCCGATCT]-[NNNNNN]-[ 

CCAGCASCYGCGGTAATTCC] 

Reverse Universal Tail – Template specific primer jgHCO2198 

 

[GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT]-[ ACTTTCGTTCTTGATYRA] 

Round 2 PCR 

P5 Illumina adapter – i5 index – Forward Universal Tail 

 

[AATGATACGGCGACCACCGAGATCTACAC]-[i5 index]-

[TCTACACGTTCAGAGTTCTACAGTCCGACGATC] 

P7 Illumina adapter – i7 index – Reverse Universal Tail 

 

[CAAGCAGAAGACGGCATACGAGAT]-[ i7 index]-

[GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT] 
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Each pool was first mixed at a 1:0.5 ratio of DNA library : AMPure XP beads. At this stage, 

the beads were discarded after being separated on a magnetic stand, this ensures that the larger 

non-target fragments were removed. The remaining supernatant was mixed in a ratio of 1:0.9 

of DNA library : AMPure XP beads to remove smaller fragments of DNA. After standing on a 

magnetic rack, the beads were reserved, cleaned with ethanol and resuspended in low TE 

buffer. Final quantification was performed using qPCR with a serial dilution of the pooled 

libraries created at 100, 1000 and 10 000 fold concentrations. The final volume used in qPCR 

reactions was 10 µl, made up of 6µl of SYBR mastermix, 2 µl of the diluted libraries and 2 µl 

of water. The thermal cycling conditions were 95 oC for 5 minutes, 35 cycles at 95 oC for 20 

seconds and 60 oC for 45 seconds. Samples from each library were pooled at 4 µM 

concentrations. Prior to sequencing, the pools were diluted to 9pM concentration and ran with 

10% PhiX using a MiSeq V3 reagent kit (600 cycles).   

 

4.3.3 Bioinformatic analysis  
 
FastQC (v 0.11.8) (Andrews 2010) and MultiQC (Ewels et al. 2016) were used to analyse 

quality of raw sequences. Sequences were filtered using Cutadapt (v 3.7) (Martin 2011) to only 

include those that contained forward and reverse primer sequences across both read pairs for 

each fragment and primer regions were removed from each fragment for the sequences 

retained. The sequences were denoised (sequence quality control; trimming, filtering and 

removal of chimeras) using ‘DADA2’ package (v 1.16) (Callahan et al. 2016) in RStudio (v 

4.1.3) (RStudio Team 2020). Default parameters of DADA2 were used unless otherwise stated. 

Only forward reads were used for both COI and 18S markers in the following analysis. Merged 

COI sequences resulted in large proportion of host reads, masking any true invertebrate 

diversity and due to an error in the 18S reverse primer, reverse reads from the 18S data were 

discarded. COI and 18S sequences were trimmed at 240 bp using the filterAndTrim function 

in the DADA2 package. Sequences were trimmed based on manual examination of read quality 

profiles from FastQC results.  Subsequently, the sequences were denoised followed by chimera 

identification and removal to produce an amplicon sequence variant (ASV) by sample table. 

ASVs are biological sequences that differ by a single nucleotide and are able to provide fine 

scale resolution, as opposed to molecular operational taxonomic units (OTUs) that are clusters 

of reads that differ less than a fixed dissimilarity threshold (which is commonly set to 3% or 

another arbitrary threshold) (Callahan et al. 2017). The denoised ASVs were used for 

taxonomic assignment using BLASTn (Camacho et al. 2009) against the MIDORI (v GB 241) 
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(Leray et al. 2018) and SILVA databases (v 138.1) (Quast et al. 2013), above 90% identity 

matches (e-value: <0.00001, mismatch <10) to order level for both the COI and 18S markers 

were applied. In some analysis only phylum level (at 90% identity match) was used for visual 

grouping. Only ASVs above 313 and 390 base pairs were retained for the COI and 18S regions 

respectively. The ASVs not assigned to taxonomy at 90% were reanalysed and assigned to 

taxonomy at 80%, however this resulted in spurious taxonomic assignment (e.g marine 

organisms) and therefore discarded.  

 

4.3.4 Statistical analysis 
 
Shapiro-Wilk test for normality was used on ASV count data followed by Kruskal-Wallis sum 

rank test to determine differences in dietary richness between the ecomorphs. Alpha diversity 

was calculated in ‘Vegan’ (v 2.6-2) (Oksanen et al. 2022) using Shannon-Weiner diversity 

indices, followed by a Shapiro-Wilk test for normality and Kruskal-Wallis sum rank test. A 

post hoc test following Kruskal Wallis test was performed using Dunn’s test (Dunn 1961). 

 

ASV count data was transformed to proportional data and used in downstream analysis. 

Heatmaps using the proportional data were created using the amp_heatmap function in 

‘AmpVis2’ package (v 2.7.24) (Albertsen et al. 2015) to visualise and rank the most abundant 

taxa from each ecomorph. As the majority of the detected ASVs for each ecomorph were 

assigned to five different phyla, the remaining ASVs were removed to reduce ‘noise’ and 

spurious ASVs. A subset of the top 5 most abundant phyla, consisting of multiple ASVs, from 

each ecomorph was used for beta diversity tests and ordination analysis, because preliminary 

analysis on the entire dataset was overshadowed by excessive numbers of low read taxa 

resulting in inaccurate representation of key diversity.   

 

Permutational ANOVA (PERMANOVA) was used to assess the differences in community 

similarity using the adonis2 function in the ‘Vegan’ package on a matrix of Bray-Curtis 

dissimilarity indices calculated within the adonis2 function. Pairwise differences were 

identified with pairwise.adonis function in ‘pairwiseAdonis’ package (v 0.4) (Martinez 2020) 

and Bonferroni correction was applied to the resulting p-values to control for false positives. 

Non-metric multidimensional scaling (nMDS) ordination was calculated in ‘Vegan’ package 

using metaMDS function followed by Envfit function to fit significant (p < 0.05) dependent 
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environmental variables onto the ordinations and result figures were plotted using ‘ggplot2’ (v 

3.3.6) (Wickham 2016).  

The exacttest function from ‘EdgeR’ package (v 3.36.0) (Robinson et al. 2009) was used to 

compute genewise comparisons (differential abundance analysis) of mean between ecomorph 

data to identify taxa that were significantly (p < 0.05) different. Twenty ASVs provided an 

adequate number of independent variables with good read coverage (>100) on which to 

perform the differential abundance analysis. Exploratory analysis indicated that 

increasing the number of ASVs incorporated an excess of rare taxa with low read 

coverage masking the evident variation between the ecomorphs. Bipartite maps were 

created using plotweb function in ‘Bipartite’ (v 2.17) (Dormann 2022) and ‘BipartiteD3’ (v 

0.3.0) (Terry 2018) packages using proportional data.  
 

4.4 Results 
 
A total of 25.25 million sequences were produced targeting the standard cytochrome c oxidase 

subunit I (COI) and the V4 region of the eukaryotic nuclear small subunit ribosomal DNA 

(18S). The number of raw reads per sample ranged from 235 to 363 660 with an average of 99 

779 ± 15 365 (standard error). The number of reads per ASV found in the negative controls 

were deducted from the entire dataset (that made up 3 – 20% of the reads in each sample). 

Since the negative control samples showed low level of cross-contamination it did not affect 

the overall distribution of reads.  

 
4.4.1 18S dataset 
 
The diets of 181 individuals from benthic, intermediate and littoral ecomorphs were sequenced 

and following bioinformatic processing, 166 ASVs from 104 samples remained after host 

associated sequences were removed. The remaining 166 ASVs were assigned to 26 different 

phyla. Only forward sequences were used to assign taxonomy as an error was made in the 

synthesis of the 18S reverse primer.  

 

Before the dataset was removed of low read ASVs, a Shapiro-Wilk test on the sum of ASV 

reads per specimen reflected that the data was not normally distributed (p < 0.05), therefore a 

non-parametric Kruskal Wallis rank sum test was performed. There was no significant 

difference (p = 0.5789, chi-squared= 1.09, df=2) in the overall ASV richness between the 

ecomorphs. The Shannon Weiner index was calculated as a measure of diversity followed by 



 138 

test for normality (p < 0.05) and Kruskal Wallis rank sum test. Consequently, there was no 

significant difference in alpha diversity between the ecomorphs (p=0.3267, chi-squared=2.24, 

df=2).  

 

As the data included a large number of low-read ASVs, that was likely to not reflect true dietary 

contents, a subset of the top five most abundant phyla for each ecomorph was used for 

downstream analysis. This subset contained 12 ASVs from 104 samples; 45 benthic, 36 littoral 

and 16 Intermediate ecomorph individuals. The phylum Apicomplexa (unicellular 

endoparasites) were assigned to 60% of the reads followed by Arthropoda (invertebrates) (2 

ASVs) at 13% and both Cryptomycota (parasitic relatives of fungi: 2 ASVs) and Chlorophyta 

at 5 % each (Figure 4.2). The remaining 17% of the reads were assigned to phyla Ciliophora 

(ciliated unicellular eukaryotes), Nematoda (worms), Mollusca, Bacillariophyta (diatoms: 2 

ASVs) and Oomycota (water moulds) (Figure 4.2). ASVs were assigned to the phylum level 

because the 18S marker does not have species level discriminatory power, while 

acknowledging the lack of DNA based studies characterising the diversity present in remote 

locations such as African satellite crater lakes.  

 

Non-metric multidimensional scaling (nMDS) of the gut contents showed overlap in data 

points to a certain degree with outlying points clustered consistent with their ecomorphological 

dietary origins (Figure 4.3). Furthermore, pairwise permutational ANOVA (PERMANOVA) 

models showed significant differences (p<0.05) in the diets between ecomorphs at phylum 

level (Table 4.2). 
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Figure 4.2. Proportional abundance of ASVs across the three ecomorph groups A, benthic, B, 
littoral and C, Intermediate. Each bar represents an individual fish. ASVs are from 
metabarcoding of Astatotilapia calliptera diet contents from Lake Masoko with 18S – nuclear 
small subunit ribosomal DNA marker and features the top five phyla from each ecomorph. 
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Figure 4.3. Non-metric multidimensional scaling (nMDS) ordination (stress = 0.042) on Bray-
Curtis index of amplicon sequence variants (ASV) from metabarcoding of Astatotilapia 
calliptera diets from Lake Masoko with 18S nuclear small subunit ribosomal DNA marker. 
The three ecomorphs present; benthic, littoral and intermediate are denoted by the colours blue, 
yellow and green respectively. The figure features the top five phyla from each ecomorph. 
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Table 4.2. Permutational ANOVA model with pairwise comparison output based on Bray-
Curtis index of amplicon sequence variants (ASV) from the top five phyla of each ecomorph 
benthic, littoral and intermediate Astatotilapia calliptera stomach contents from Lake Masoko. 
Model presented is of 18S nuclear small subunit ribosomal DNA marker.  
 Df SumofSqs F.Model R2 p.value p.adjusted 
Benthic vs Littoral 1 1.602 5.870 0.069 0.002 0.006 
Benthic vs Intermediate 1 1.130 3.960 0.062 0.010 0.030 
Littoral vs Intermediate  1 0.800 3.240 0.061 0.013 0.039 

 

The abundance of Arthropoda, Apicomplexa, Nematoda and Apusozoan (unicellular organisms 

with flagella) taxa found in benthic ecomorph diets were significantly (p < 0.05) higher 

compared to littoral and intermediate ecomorphs (Figure 4.4). Diet samples from littoral 

individuals were significantly (p < 0.05) more abundant in Chlorophyta and Oomycota in 

comparison with benthic and intermediate ecomorphs. Intermediate ecomorph diet samples 

were significantly more abundant in phyla such as Mollusca, Apicomplexa and Cryptomycota 

when compared to benthic and littoral ecomorphs (Figure 4.4).   
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Benthic v litoral Benthic v intermediate Litoral v intermediate 

Figure 4.4. Log2fold differential abundance analysis of the different phyla between three ecomorphs benthic, littoral and intermediate 
Astatotilapia calliptera diet contents from Lake Masoko of 18S nuclear small subunit ribosomal DNA marker. Differences were considered 
significant with p-value (corrected for false positives using Benjamini-Hochberg correction) at 0.05. Log2fold change greater than zero indicated 
an increase in the relevant taxa, while Log2fold change lesser than zero indicated a decrease. Each point represents a single ASV and the dashed 
line at value 0 in each plot represents the baseline values of each ecomorph. A, Benthic baseline compared against littoral ASVs, B, Benthic 
baseline compared against intermediate ASVs and C, littoral baseline compared against intermediate ASVs. A dataset comprised of the top 20 
phyla was used in this analysis. The analysis compares at gene level, but only phylum level is reflected to remain conservative. 
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The diet analysis of all three ecomorphs largely comprised of Apicomplexa. The diet of benthic 

ecomorphs were further supplemented by Arthropoda (20%), Ciliphora (9%), Nematoda (9%) 

and Bacillariophyta (5%). In addition to Apicomplexa, diet of littoral ecomorphs comprised 

Chlorophyta (14%), Mollusca (6%), Oomycota (6%) and Cryptomycota (9%). Intermediate 

diets consisted of Arthropoda (19%) and Bacillariophyta (4%) like the benthic ecomorph as 

well as Cryptomycota (13%) and Mollusca (9%) similar to littoral ecomorphs (Figure 4.5).  

 

 

 

 

Figure 4.5. Bipartite network of three ecomorphs benthic (n=45), littoral (n=36) and 
intermediate (n=16) Astatotilapia calliptera from Lake Masoko. Prey/diet species are on the 
left of the network and A. calliptera individuals from respective ecomorphs are on the right. 
The width of the corresponding boxes and the connecting lines are directly proportional to the 
relative read abundance of the top five phyla from each ecomorph. The figure presented uses 
data from the 18S nuclear small subunit ribosomal DNA marker. 
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4.4.2 COI dataset 
 
Amplification of the cytochrome oxidase I (COI) marker resulted in 185 ASVs from 181 

samples (68 benthic, 65 littoral and 18 intermediate). After removing host sequences, 171 

ASVs from 151 samples remained and the ASVs were assigned to 17 different phyla. Only 

forward sequences were used to assign taxonomy as large proportion of the sequences were 

assigned to host when both forward and reverse sequences were used. This error could be due 

to the poor quality of reverse reads obtained (average quality score ranged from 27 - 11).  

 

The Shapiro-Wilk test on total sum of ASV reads per sample showed that the data was not 

normally distributed (p < 0.05), therefore a non-parametric Kruskal Wallis rank sum test was 

used followed by a post-hoc Dunn’s test used to identify significantly different ecomorph pairs. 

Both benthic and littoral samples had significantly more reads compared to intermediate 

ecomorphs (p < 0.05). The Shannon Weiner index was calculated as measure of alpha diversity 

followed by test for normality (p < 0.05), Kruskal Wallis rank sum test and post hoc Dunn’s 

test (with Bonferroni correction) to identify differences in alpha diversity. Only intermediate 

individuals had gut contents that were significantly (p < 0.05) less diverse than benthic 

individuals (Table 4.3). This result could because benthic group consisted of more reads.  

 
 
Table 4.3. Dunn’s test performed on Kruskal-Wallis rank sum test based on Shannon-Weiner 
diversity index of amplicon sequence variants (ASV) from metabarcoding of ecomorphs 
benthic, littoral and intermediate Astatotilapia calliptera diets from Lake Masoko using COI – 
Cytochrome Oxidase 1 mitochondrial DNA marker. 
 n1 n2 Estimate1 Estimate2 Statistic p.value p.adjusted 
Benthic vs 
Littoral 

68 65 65.6 79.1 1.79 0.0736 0.221 

Benthic vs 
Intermediate 

68 18 65.6 104 3.33 0.000877 0.00263 

Littoral vs 
Intermediate  

65 18 79.1 104 2.15 0.0319 0.0956 

n1 and n2 refer to sample counts from each group respectively. Estimate 1 and 2 show mean rank value of the 2 
groups respectively. Statistic is the Z-value used to compute p-value.   
 
 

Similar to the 18S dataset, a subset of the COI dataset containing only the top five most 

abundant phyla per ecomorph was used in downstream analysis after the removal of low read 

taxa so that true differences between the ecomorphs were not diluted. This subset contained 

eight ASVs from 135 samples. The phylum Arthropoda contained five ASVs and were assigned 

93% of the reads, followed by Eustigmatophyceae (eukaryotic algae) (3%), Bacillariophyta 
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(diatom) (2.5%) and Rotifera (multicellular organisms making up the zooplankton community) 

(0.5%) (Figure 4.6). ASVs here were only assigned to phylum level, similar to the 18S dataset, 

as a threshold of only 90% sequence similarity was applied against the MIDORI reference 

database.  

 

Permutational ANOVA (PERMANOVA) models showed significant (p < 0.001) differences in 

the diets between the ecomorphs at phylum level. However, non-metric multidimensional 

scaling (nMDS) of the gut contents showed large overlap marker (Figure 4.3), contrasting to 

the 18S marker (Figure 4.7). A pairwise PERMAVONA (p < 0.05) indicated significant 

differences between all pairs of the ecomorphs (Table 4.4). 
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Figure 4.6. Proportional abundance of amplicon sequence variants (ASVs) across the three 
ecomorph groups A, benthic, B, littoral and C, intermediate. Each bar represents diet of an 
individual sample. ASVs are from metabarcoding of Astatotilapia calliptera diet contents from 
Lake Masoko with COI – Cytochrome Oxidase 1 mitochondrial DNA marker and features the 
top five phyla from each ecomorph. 
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Figure 4.7. Non-metric multidimensional scaling (nMDS) ordination (stress = 0.1229) on 
Bray-Curtis index of amplicon sequence variants (ASV) from metabarcoding of Astatotilapia 
calliptera diets from Lake Masoko with Cytochrome Oxidase I mitochondrial (COI) DNA 
marker. The three ecomorphs present; benthic, littoral and intermediate are denoted by the 
colours blue, yellow and green respectively. The figure features the top five phyla from each 
ecomorph. 

 
 

Table 4.4. Permutational ANOVA model with pairwise comparison output based on Bray-
Curtis index of amplicon sequence variants (ASV) from the top five phyla of each ecomorph; 
benthic, littoral and intermediate Astatotilapia calliptera diets from Lake Masoko. Model 
presented is of COI – Cytochrome Oxidase I mitochondrial DNA marker.  
 Df SumofSqs F.Model R2 p.value p.adjusted 
Benthic vs Littoral 1 10.671 69.506 0.459 0.001 0.003 
Benthic vs Intermediate 1 1.167 5.582 0.042 0.005 0.015 
Littoral vs Intermediate  1 9.497 47.122 0.371 0.001 0.003 

 
 

Bacillariophyta were significantly more abundant in the gut contents of benthic individuals 

compared to intermediate individuals. Benthic individuals also showed higher abundance in 

Cyclopoida (Arthropoda: copepods) against littoral individuals. Littoral individuals’ diets were 
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significantly (p < 0.05) more abundant in Annelida, Eustigmatophyceae and Mollusca, as well 

as organisms from order lepidoptera when compared to benthic individuals and more abundant 

in Bacillariophyta compared to intermediate individuals (Figure 4.8). Intermediate individuals’ 

diet were significantly more abundant in Ascomycota (fungi) and cyclopoida in comparison to 

the littoral ecomorphs. Additionally, the stomach contents of intermediate individuals featured 

higher abundance of Mollusca compared to benthic individuals. Results from the COI and 18S 

dataset revealed similar dietary composition between the ecomorphs.  
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Benthic v litoral Benthic v intermediate Litoral v intermediate 

Figure 4.8. Log2fold differential abundance of the different phyla between three ecomorphs benthic, littoral and intermediate Astatotilapia 
calliptera diets from Lake Masoko of Cytochrome Oxidase I mitochondrial DNA marker. Differences were considered significant with p-
value (corrected for false positives using Benjamini-Hochberg correction) at 0.05. Log2fold change greater than zero indicated an increase 
in the relevant taxa, while Log2fold change lesser than zero indicated a decrease. Each point represents a single ASV and the dashed line 
at value 0 in each plot represents the baseline values of each ecomorph. A, Benthic baseline compared against littoral ASVs, B, Benthic 
baseline compared against intermediate ASVs and C, littoral baseline compared against intermediate ASVs. The analysis compares at gene 
level, but only order level is reflected to remain conservative. 
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The diet of all benthic, littoral and intermediate individuals contained significant amounts of 

dipterans mainly constituting of flies (Simuliidae sp.), midges (Chironomidae sp.) and 

mosquitoes (Culex sp.), - all species with aquatic life stages and associated with freshwater 

habitats. Benthic and littoral individuals showed overlap in prey species but at different 

abundances. The stomach contents of benthic individuals consisted of Diptera, Cyclopoida and 

Navicuales (diatoms) making up 46%, 28% and 17% of their diet respectively with 

Monodopsidaceae (Ochrophyta: unicellular algae) only making up 8% of the diet. Whereas, 

stomach contents of littoral individuals were dominated by Monodopsidaceae (35%) and 

Cyclopoida (28%) followed by Diptera (21%) and Navicuales (15%). Like benthic and littoral 

individuals intermediate ecomorph diet comprised Diptera (54%), Cyclopoida (27%) and 

Monodopsidaceae (8%). Intermediate ecomorphs also consumed Ploima (rotifers: 

zooplankton, microscopic invertebrates) (10%) which were absent in both benthic and littoral 

samples. 
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4.5 Discussion 
 
The major finding of the present study indicates that the two ecological morphs display distinct 

feeding behaviours. Diets of benthic Astatotilapia calliptera individuals mainly consisted of 

Arthropods (Diptera), Nematodes, Bacillariophyta (diatoms) and copepods while the littoral 

individuals’ diet was made up of molluscs, annelid and fungi (Figure 4.9). Apicomplexa and 

Bacillariophyta were found in both benthic and littoral stomach contents. The variation 

observed in the dietary contents between the ecomorphs could indicate presence of resource 

partitioning driven by availability of prey at each habitat/depth.  

 

 

 

 
 

 

 

 

Figure 4.9. Figure shows aggregated proportional abundances of the top five phyla found in 
the stomach contents of Astatotilapia calliptera ecomorphs; benthic, littoral and intermediate, 
for both the 18S – nuclear small subunit ribosomal DNA marker and cytochrome oxidase I 
(COI) genetic markers.  

Benthic Litoral Intermediate 
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4.5.1 Benthic ecomorph diet contents 
 
Benthic individuals are known to have a planktonic diet due to the depleted 13C values observed 

in stable isotope analysis (Malinsky et al. 2015; Carruthers et al. 2022). Teeth from the lower 

pharyngeal jaws of benthic individuals are needle-like also known as papilliform teeth and this 

dentition is usually indicative of a plankton rich diet in fish. The lower pharyngeal jaws of 

cichlid fish are known to differ to a large extent between species. The formation of dentition 

has been used to differentiate dietary preferences and associated trophic characteristics of 

individual species (Muschick et al. 2011). Examples of cichlid species with papilliform teeth 

include Cynotilapia afra, and Labeotropheus fuelleborni (blue mbuna) and individuals from 

these species have been observed to have strong preference for plankton and algae (Streelman 

and Albertson 2006).  

 

The diet of benthic individuals was also dominated by arthropods and specifically by dipterans 

(flying insects). It is common to see mayfly, Odonata nymphs, Chironomids and saucer bugs 

in Lake Masoko (Turner et al. 2019). Even though benthic individuals have not been observed 

at the surface of the water preying on these insects, it is possible that they travel along the water 

column whilst foraging for food. Alternatively benthic individuals could be consuming 

deceased insects that were once the surface of the lake but eventually fall to the bottom 

enriching the lake benthos in which benthic individuals forage on regularly. Most Chironomid 

species are aquatic and have been found to be abundant in profundal zones of freshwater lakes 

(Nyman and Korhola 2005; Adler and Courtney 2019; Gadawski et al. 2022). Female 

Chironomids lay eggs on the surface of the water that sink to the bottom of the water body, the 

larvae burrows into the mud or constructs small tubes to live, feed and develop in until it 

transforms into a pupa where it actively swims to the surface of the water and emerges as an 

adult (Kranzfelder et al. 2015). The high abundance of Chironomid eggs and larvae is a 

potential food source for fish foraging on the benthos of water bodies. The diet of Cyprinus 

carpio (Eurasian carp) was found to be largely supplemented by dipteran species and this 

behaviour was attributed to foraging on zoobenthos (Dadebo et al. 2015). The zoobenthos of 

lakes consist mostly of dipteran larvae, oligochaetes, nematodes, microcrustaceans, rotifers and 

bivalves (Strayer 2009). The presence of nematodes, annelids and Arthropoda found in benthic 

A.calliptera individuals suggests extensive foraging on zoobenthos. The diet of Archocentrus 

spilurus (jade-eyed cichlid) from Belize also contained dipteran individuals but this was a 

result of non-specific consumption when A. spilurus individuals consumed algae and 
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simultaneously ingested dipterans by inadvertently picking them off rocks (Cochran 2008). 

Similar behaviour could explain the presence of dipterans observed in benthic Astatotilapia 

calliptera stomachs contents as they were abundant in Bacillariophyta (diatoms) as well and 

the presence of gravel/rocks have been observed under the muddy bottom of the lake floor 

(Turner et al. 2019).  

 

4.5.2 Littoral ecomorph diet contents 
 
Littoral individuals consisted of molluscs and Chlorophyta (algae) with low abundances of 

fungi and mould. The lower pharyngeal jaws of littoral individuals were molar like 

(molariform) that are typically used for crushing shelled organisms. Herichthys minckleyi 

(Minckley’s cichlid) occur in two morphological forms, one papilliform morph with needle-

like teeth in the lower pharyngeal jaw and the other molariform morph with molar like teeth. 

Swanson et al. (2003) suggested that adaptations to pharyngeal jaw dentition was developed 

due to resource partitioning resulting in reduced intraspecific competition. The Herichthys 

minckleyi molariform morph developed molar-like teeth for crushing snails and harder food 

items while the papilliform morph primarily feed on detritus, algae and soft-bodied 

invertebrates (Swanson et al. 2008). Hence, the presence of molariform dentition and molluscs 

observed in the stomach contents suggest that littoral individuals have developed adaptations 

to consume molluscs or other hard bodied prey that are usually less favoured (Hulsey et al. 

2006), enabling them to expand their dietary range and exploit unfavoured resources.  

 

Fungi such as Oomycota and Cryptomycota were also found in the stomach contents of the 

littoral A. calliptera individuals. Littoral zones in lakes experience high abundance of plant 

litter from aquatic macrophytes that are subsequently colonised by fungi during decomposition 

(Gulis et al. 2006). Oomycota, especially, thrive in freshwater environments and is vital for the 

degradation and recycling of nutrients in the shallow zones of lakes (Sigee 2005). 

Consequently, Oomycota fungi play an important role in the food web dynamics of lake 

ecosystems (Gleason et al. 2012). Since 40-90% or organic matter found in lakes are 

terrestrially derived (Tanentzap et al. 2017), there is high probability that Oomycota observed 

in littoral individuals could have been consumed while foraging through the substrate. In 

addition, littoral individuals were collected from shallow areas of the lake, where plant debris 

is in high abundance due to the proximity to terrestrial vegetative material, increasing the 

likelihood of Oomycota consumption, associated with decomposing organic matter. Parasitic 
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species from the phylum Cryptomycota infect hosts such as algae, rotifers, crustaceans, 

nematodes, mosquito larvae and fish (Shearer et al. 2007; Jobard et al. 2010). Since 

Cryptomycota are parasitic to host taxa that were consumed by littoral individuals, the 

Cryptomycota reflected in the dataset could be a result of secondary consumption of the host 

taxa, who were then predated upon by the littoral individuals. 

  

4.5.3 High abundance of Apicomplexa  
 
Over 70% of the 18S sequence reads were made up of Apicomplexa that is a parasitic microbial 

eukaryote. 18S rDNA markers are able to target apicomplexan diversity (Rueckert et al. 2011; 

Cleary and Durbin 2016) and they have been highly represented in 18S datasets from marine 

environments and rainforests (de Vargas et al. 2015; Mahé et al. 2017). In freshwater habitats, 

Apicomplexa parasitises crustaceans, polychaetes, molluscs, copepods and insects. In aquatic 

environments, the high prevalence of Apicomplexa has the potential to alter population number 

and structure by causing disease and death to its host, having a significant impact on food web 

dynamics as host species (such as polychaetes, molluscs and copepods) form important links 

between phytoplankton and fish species (Del Campo et al. 2019).The high prevalence of 

Apicomplexa found in Astatotilapia calliptera individuals is almost certainly the result of 

secondary predation on infected organisms, however the abundance of the Apicomplexa 

population in Lake Masoko is unknown. Apicomplexa is well studied in human pathogens 

where contribution to medical studies is prioritised (El Hili et al. 2021), but we are severely 

lacking information on apicomplexan biodiversity in non-clinical systems such as natural 

freshwater lakes.  

 

4.5.4 Overlap of benthic and littoral ecomorph diet 
 
Presence of dietary overlap is observed in Figure 4.3 and closer inspection of Figures 4.2 and 

4.5 shows that both littoral and benthic ecomorph diets consist of Apicomplexa, Arthropoda 

and Eustigmatophyceae. The dietary overlap could be indicative of resource partitioning based 

on space where the ecomorphs feed exclusively at benthic or littoral zones but the availability 

of similar resources at both habitats allows diet to overlap, similar to elasmobranch feeding 

patterns observed in Western Australia (O’Shea et al. 2013). However, it is vital to acknowledge 

that high amounts of Apicomplexa are likely present in the lake, parasitising a large proportion 

of dietary organisms. Therefore, the overrepresentation of Apicomplexans in the stomach 

contents blur the discrimination of dietary composition between the ecomorphs.  
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Alternatively, the large overlap in diet between the ecomorphs suggests high abundance of 

specific resources and availability of food is likely not a limiting factor. In this study all A. 

calliptera specimen we collected in August (mid dry season, when temperature is at its highest) 

when some species of Chironomidae are known to increase in abundance (Eggermont and Heiri 

2012), thus competition for Arthropod resources between the ecomorphs is low. Prey 

availability in tropical systems undergo natural variation in abundance (Winemiller 1990; 

Correa and Winemiller 2014). Seasonal changes of temperature and rainfall influence 

fluctuations in planktonic diversity in crater lakes, resulting in changes of faunal composition 

(Umaña-Villalobos 2010). Other abiotic factors such as water level, temperature variability 

within the lake and internal waves can also alter faunal composition at benthic and littoral sites 

(Filonov et al. 2022). Niche overlap in sympatric species has been observed when seasons 

change resulting in opportunistic feeding behaviour on temporally abundant prey, reducing 

selective pressure on food exploitation (O’Shea et al. 2013; Andriollo et al. 2021). Including 

specimens that vary across time in metabarcoding analysis could reflect the changes in prey 

composition and display more intricate specialisation with less overlap between ecomorphs 

while addressing temporal biases introduced by dietary metabarcoding (Andriollo et al. 2021). 

Furthermore, metabarcoding only provides a snapshot in time of the diet, unlike stable isotope 

analysis that provides a longer-term perspective of energy flow patterns (Compson et al. 2019). 

Bayesian isotope mixing models reflected the largest contributor to benthic diet was 

zooplankton (depleted 13C) whilst for littoral individuals was littoral arthropod 

macroinvertebrates (enriched 13C) with a shared diet of algae, detritus and terrestrial plant 

sources (Carruthers et al. 2022). The combination of the metabarcoding and stable isotope data 

in this instance reflect the presence of partial/incomplete diet specialisation between 

Astatotilapia calliptera ecological morphs.  

 

Similar diet specialisation has previously been observed in Darwin’s finches (genus Geospiza). 

Darwin’s finches are known to have undergone adaptive radiation to avoid competition through 

specialisation of resources. After a five-year study, De León et al. (2014) argue that the finches 

overlap to a large degree in their diet and consume some organisms exclusively which are best 

suited to their beak morphology. This observation suggest that the finches are generalists but 

when resources become limited due to spatial or temporal changes, the finches retreat to 

consuming resources to which they are best suited (De León et al. 2014) and these feeding 

patterns possibly promote coexistence. Similar patterns in diet overlap were observed in 11 
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different species of cichlid species from crater lake Barombi Mbo, Cameroon. The results 

showed the presence of dietary overlap but the authors concluded that specialised resources are 

used to supplement their generalist diet, especially when resources are scarce (Galvez et al. 

2022).  

 

Feeding studies of Herichthys minckleyi morphs concluded that papilliform and molariform 

individuals only consumed plant material and snails respectively when their preferred food 

item (in this case Arthropods as they are nutritionally rich and occur in large numbers), was in 

low abundance (Hulsey et al. 2006). Such feeding patterns enables H. minckleyi morphs to be 

optimal foragers by utilising most-favoured and less-favoured resources while coexisting 

(Robinson and Wilson 1998; Hulsey et al. 2006). To identify if Astatotilapia calliptera 

ecomorphs from Lake Masoko utilise resources optimally and to understand the drivers of diet 

specialisation, long-term feeding studies and monitoring of seasonal resource availability is 

required.  

 

4.5.5 Primer detectability 
 
To detect prey composition of Astatotilapia calliptera a combination of molecular taxonomy 

markers were chosen to provide amplification across a broad range of taxa (18S marker) and 

deliver enhanced taxonomic annotation power for macroinvertebrates (COI marker). Research 

has shown that a combination of COI and 18S markers improve the detection of species (Zhang 

et al. 2018) and are highly complementary with each other for improving diversity estimates 

(Giebner et al. 2020). The 18S rDNA and COI mitochondrial DNA marker detected a broad 

range of taxa over nine and seven different phyla respectively. However, in this study we were 

conservative and did not annotate sequences from the COI marker to species level due to the 

lower level (90%) of taxonomic coverage across the reference database. Based on the findings 

from previous research (Malinsky et al. 2015), we predicted littoral ecomorph diets would be 

dominated by macroinvertebrates. Consequently, the Leray/Geller COI primers were chosen to 

be used in this study as they have been designed to detect macroinvertebrate diversity in 

freshwater systems (Leray et al. 2013). Because the diet of both ecomorphs was dominated 

significantly by microorganisms and photosynthetic material the COI primer chosen was not 

as effective at characterising the stomach contents compared to the 18S primer. A similar result 

was reflected by van der Loos and Nijland (2021) where they showed that the COI region was 

not able to identify microscopic groups such as Apicomplexa that 18S was able to identify. A 



 157 

study conducted by Alberdi et al. (2018), aimed at characterising the diets of bats from faecal 

pellets scrutinises the Leray/Geller primer as sequences were assigned to non-invertebrate taxa 

and more than 60% of the OTUs were assigned to the host species as it designed to cover entire 

metazoan diversity. To evaluate the performance of primers and address issues of primer biases, 

scientists have recommended either using mock communities (Piñol et al. 2019), experiments 

with real DNA extracts from the field (Alberdi et al. 2017) or in silico analysis (Elbrecht and 

Leese 2017) prior to embarking on a metabarcoding study. Hajibabaei et al. (2019) have 

recommended the use of multiple markers from COI gene to optimise detection of metazoan 

taxa. The use of universal primers can also lead to false positives and not detect target DNA if 

it is present in low concentrations (Cuff et al. 2022). Leese et al. (2021) concluded that the use 

of universal forward primer paired with a novel reverse primer optimised to capture benthic 

invertebrate diversity, avoided non-target amplification and improved detection of benthic 

invertebrates. The use of alternative primers that are optimised to detect the benthic diversity 

of African freshwater lakes would be more suited to elucidate the dietary composition of 

Astatotilapia calliptera ecomorphs from Lake Masoko to a finer scale. 

 

4.6 Conclusion 
 
The findings from this study demonstrate the presence of divergent dietary preferences in the 

benthic and littoral ecomorphs of Astatotilapia calliptera. With additional evidence of genetic 

and morphological divergence and sexual selection (Malinsky et al. 2015) in the absence of 

geographical barrier, Astatotilapia calliptera from Lake Masoko is an ideal system to study the 

preliminary stages of sympatric speciation. We suggest that the results improve our 

understanding of the behavioural mechanisms and variations in habitat resource availability 

that possibly facilitates diversification and adaptive radiation of cichlid fishes. Future studies 

must consider the effects of temporal changes in feeding habitats and resource availability. In 

addition, careful selection of primers is required to capture greater invertebrate diversity. The 

fwhf2/EPTDr2n suggested by Leese et al. (2021) has shown promise to specifically detect 

macroinvertebrates while MiDeca primers (Komai et al. 2019) used to amplify the 16S 

mitochondrial rRNA region has been proven to be successful at specifically detecting decopods 

specifically. These, or additional combinations of primers could be used to elucidate the diet of 

A. calliptera to a greater depth. The inclusion of environmental DNA samples (water or 

sediment) from regular monitoring of the lake would additionally provide information on the 

available resources and how they are affected by seasonal changes and spatial variation along 
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the depth continuum observed in Lake Masoko. With temperatures rising and anthropogenic 

demands for food and water increasing, it is vital to monitor how such changes impact the 

diversification of these nascent ecomorphs (Kalacska et al. 2017).  To our knowledge, this is 

the first study to use metabarcoding of cichlid stomach contents for dietary analysis, and 

therefore provides a valuable proof-of-principal methodological resource for the wider 

community, in understanding trophic niche differentiation in the context of sympatric 

speciation. 
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Chapter 5: General Discussion 
 

5.1 Research Highlights  
5.1.1 Key findings from stable isotope analysis (SIA) 
 
Stable isotopes analysis has traditionally been successfully applied in ecology to identify 

sources and trace fluxes of organic matter, delineate key functional traits of trophic webs, 

model contribution of different carbon sources, determine trophic positions and track 

movement of animals (Schlacher and Connolly 2014). In chapters 2 and 3, the focal species 

were intermediate trophic level estuarine forage fish that are numerically dominant and have 

substantial impact on commercial species as they form important links between basal producers 

and consumers at the top of the food chain. As forage fish are not directly harvested by fisheries, 

they are commonly disregarded in trophic ecology studies (Bouillon et al. 2011). Highlighted 

here are the contributions to the literature from this thesis evaluating the sources of organic 

matter influencing productivity within an estuarine ecosystem and trophic positioning of 

associated fauna.  

 

The first key finding of the SIA work is the distinct δ13C signatures from the coastal and lagoon 

sampling sites despite similarities in vegetative composition. Many studies debate the role of 

mangroves in sustaining coastal fisheries (Sheaves and Molony 2000; Kieckbusch et al. 2004; 

Chong 2007), however, there is no strong evidence to dispute this (Lee et al. 2014).  The stable 

isotope analysis performed in this study and by Abeels et al. (2012) show a strong influence of 

mangrove carbon supporting lagoon food webs due to the depleted δ13C signature observed in 

the fish tissue, that were similar to C3 plant sources such as mangroves (Duarte et al. 2018). 

Therefore, we demonstrate the significant influence of mangrove forests on faunal food webs, 

that includes economically important fisheries species.  

 

The trophic positioning of the forage fish was as predicted for all species except for glass 

minnows (Anchoa mitchilli) who had δ15N values comparable to snapper (Lutjanus griseus) 

and lizard fish (Synodus foetuns), indicating that the glass minnows had predatory feeding 

habits. The observed δ15N values for glass minnows are concordant with only one other 

published research reporting similar range of δ15N values (Olsen et al. 2014). Since glass 

minnows are pelagic filter feeders, they consume ichthyoplankton and large zooplankton, 

contributing to the elevated δ15N values (Vander Zanden et al. 1998; Olsen et al. 2014; Giménez 
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et al. 2018). However, as ichthyoplankton and zooplankton tissue samples were not included 

in stable isotope analysis for this study, additional prey isotopic ratios are required to confirm 

this association. Thus is the downfall of SIA techniques, where prior information on prey 

composition is essential (Hoenig et al. 2022). In addition, due to the lack of species-specific 

trophic interaction information, individuals were placed into discrete functional groups with 

disproportionate overlap (Compson et al. 2019). Therefore here, dietary metabarcoding was 

applied to provide species-specific prey composition data that allowed us to elucidate niche 

overlaps.  

 

 5.1.2 Key findings from dietary metabarcoding of intermediate trophic level fish from 
Estero Bay 

 
Metabarcoding of fish stomach contents was successful at revealing species level prey 

composition of the intermediate trophic level forage fish. The gut content information was used 

to discern the dietary overlap observed along the δ13C scale from the SIA analysis and confirm 

the presence of omnivory among the forage fish. Omnivory is usually unaccounted for, despite 

being common in complex aquatic food webs and is additionally known to increase food web 

stability, decrease strength of trophic cascades and increase productivity (Bascompte et al. 

2005; Bruno and O’Connor 2005; Kratina et al. 2012; Wootton 2017; Lerner et al. 2022). The 

ecological networks constructed from detailed prey composition data demonstrated differences 

in trophic models between salinities, seasons and habitat compositions, indicating that 

combinations of factors influence the complexity of interactions and productivity of estuarine 

systems. Coastal networks are found to be more resistant to perturbations as they are more 

species rich compared to lagoon networks (Dunne et al. 2002; Breine et al. 2011). Similarly, 

the wet season network reflected an increase in species number, primarily due to recruitment 

(Idelberger and Greenwood 2005; Sheaves et al. 2010) but would be predicted to be less robust 

due to increased specialised feeding preferences (Dormann et al. 2009). The results also 

indicated that select fish species such as gulf pipefish, gulf killifish and inshore lizard fish, 

occupying seagrass beds have more specialised diets compared to fish foraging in mangrove 

habitats, who have a generalist feeding habits. This is the first study to use dietary 

metabarcoding to elucidate trophic interactions of intermediate trophic level fish from estuarine 

habitats and the construction of networks provided additional clarity to the functioning of the 

focal, complex estuarine system.  
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5.1.3 Key findings from dietary metabarcoding of the sympatric Astatotilapia calliptera 
ecomorphs 

 
Here we found a large overlap in the diet of benthic (deep) and littoral (shallow) Astatotilapia 

calliptera ecomorphs with an identifiable component of specialisation in diet. The diet of 

benthic specimens consisted of nematodes, diatoms and copepods, while littoral individuals’ 

diet comprised molluscs, annelid and fungi. This finding was consistent with morphological 

data on the dentition (papilliform and molariform) of each ecomorph and stable isotope 

analysis of muscle tissues (Malinsky et al. 2015; Carruthers et al. 2022). The lack of distinct 

niche differences between the ecomorphs can be attributed to the high abundance of 

Apicomplexa reads detected drowning out the true dietary variations. Additionally, we 

hypothesise that the dietary overlap observed is due to the high abundance of Arthropoda taxa 

available at the lake during the time of sampling and additional seasonal sampling is essential 

to detect variation in dietary patterns alongside environmental DNA samples of water and soil 

to characterise the resources available.  

 

5.2 Knowledge gaps 
5.2.1 The use of complementary data from stable isotope analysis and metabarcoding  
 
In the Floridian ecosystems, the use of stable isotopes provided dietary estimates over long 

periods of time while DNA analysis of stomach contents provided a comprehensive snapshot 

prey composition. Only a handful of studies have combined molecular genetics and stable 

isotope data to provide dietary information of aquatic organisms (Matley et al. 2018; Compson 

et al. 2019; Kume et al. 2021; Cordone et al. 2022). The first study to do so investigated the 

source and flow of carbon, energy and nutrients through the food web of small fish from the 

Murray River in Australia (Hardy et al. 2010). They concluded that the combined data from 

SIA and molecular analysis was able to reveal food-consumer dynamics in greater detail and 

provided an insight into ecological connectivity and stresses that impact the whole ecosystem.  

 

Stable isotope analysis requires a priori knowledge of prey isotopic signatures and 

understanding of isotopic fractionation. DNA based methods suffer from PCR and database 

biases, are semi-quantitative, not able to elucidate long term dietary trends and do not detect 

food sources that do not leave DNA signatures (this includes highly degraded detritus and non-

organic nutrient sources) (Bennett et al. 2019; Whitaker et al. 2019; Compson 2020; Cuff 

2022). Despite the acknowledged drawbacks, stable isotope analysis and DNA metabarcoding 
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are complementary (Carreon-Martinez and Heath 2010; Maloy et al. 2013; Soininen et al. 

2014) and should be adopted as standard methods in future trophic ecology studies.  

 

In this study SIA revealed the distinct effects of coastal and lagoon carbon contribution, 

however this was not consistently reflected in the metabarcoding dataset. SIA also indicated 

elevated levels of δ15N in glass minnows (Anchoa mitchili), traditionally considered as a 

pelagic fish belonging to lower trophic levels. The metabarcoding data provided species level 

information, confirming the presence of predatory fish DNA in glass minnow guts, suggesting 

that the SIA data was not spurious. In addition, the metabarcoding data was used to discern the 

overlap along the δ13C scale and enabled us to conclude that the overlap observed is primarily 

due to the consumed prey assimilating similar carbon sources, despite prey composition of 

predators being diverse. Metabarcoding performed on Astatotilapia calliptera stomach 

contents was supplemented by SIA data from Carruthers et al. (2022) and the combined 

datasets enabled in-depth characterisation of the dietary differences between the benthic and 

littoral ecomorphs. The high resolution of metabarcoding provided detailed prey information 

that was used to construct ecological networks providing a deeper understanding of ecosystem 

functioning and how variables such as salinity, season, habitat assemblage and depth affects 

such functions. Hence this study demonstrated the value of using multiple complementary 

techniques to successfully reveal trophic dynamics in greater detail which would not have been 

possible if the methods were applied independently.  

 

5.2.2 Using dietary metabarcoding data to construct ecological networks 
 
The comprehensive information resulting from dietary metabarcoding made it possible to 

construct ecological networks. Ecological networks provide an insight into ecosystem 

functioning, community dynamics and potential effects of temporal and spatial variation 

(Roslin et al. 2019). Comparisons between networks can be applied to assess natural or 

anthropogenic impacts, the evolution of networks and importance of specific nodes/species 

(Clare et al. 2019). Despite being recommended by previous research (Evans et al. 2016; Roslin 

and Majaneva 2016), dietary metabarcoding data has not been widely applied into ecological 

network analysis. The results from this study demonstrate that DNA metabarcoding is a 

successful alternative to laborious field observations and morphological identification of 

stomach contents. Only a limited number of recent studies have applied dietary metabarcoding 

to network ecology (Clare et al. 2019; Cuff et al. 2021; Hemprich‐Bennett et al. 2021; Mata et 
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al. 2021), however, none include interactions of fish in mangrove ecosystems or freshwater 

lakes. Furthermore, Cuff et al. (2022) highlights that despite the emergence of some studies 

integrating dietary metabarcoding with ecological methods, metabarcoding has been the 

primary method used and the integration of additional methods (such as field observation, 

morphological identification of stomach/faecal content, SIA) to construct networks are yet to 

be explored. 

 

5.3 Future considerations 
 
The results from this study demonstrate the complementary use of dietary metabarcoding and 

stable isotope analysis to elucidate trophic dynamics of mangrove and freshwater fish species. 

One shortcoming of this study is that it does not merge SIA and metabarcoding data to construct 

ecological networks. SIA data from potential prey taxa is required to identify the contribution 

of each resource and application of mixing models are vital to make inferences about the 

composition of consumers’ assimilated diet (Phillips et al. 2014a). Mixing models convert 

isotopic data into estimates of food source contribution from various components of the 

consumer diet (Phillips 2012). Thus, future research should have comprehensive understanding 

of the study animals’ diet prior to sampling, and this can be achieved through traditional 

observational techniques or via the literature (Philips et al. 2014).  

 

Located northeast of Estero Bay is the vast freshwater Lake Okeechobee (10.76 km2) and its 

associated catchment area. The presence of intensive farming practices around the Okeechobee 

watershed has resulted in nitrate run-offs due to continued application of ammonium fertilisers 

(Ma et al. 2020). Fresh water inflow into Estro Bay during the summer months (July to 

October) is primarily derived from tributaries (such as Matanzas Pass and Mullock Creek) that 

are connected to the Tenmile Canal which is directly linked to Lake Okeechobee (Thomas and 

Rumbold 2006). Previous research has shown that contamination from the run-off from 

fertilisers can contaminate the tissues of bivalves in Estero Bay (Mitra et al. 2011). Assimilation 

of nitrogen compounds from ammonium inputs affect the δ15N signature of soil and surface 

water (Ma et al. 2020). However, the contribution of anthropogenic nitrogen sources was not 

considered in this study. It is therefore vital to investigate the effects of anthropogenic nitrogen 

sources on Estero Bay ichthyofauna and subsequently variations in their δ15N signature. This 

can be carried out by sampling potential prey items, suspended organic matter and soil from 

Lake Okeechobee and along the tributaries leading into Estero Bay. Prey items from Lake 
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Okeechobee will have distinct δ15N signature that can used as a fingerprint to trace the fate of 

anthropogenic nitrogen across a spatial scale (Heaton 1986) and its effects on the mangrove 

food web. The δ15N signature of organisms from Lake Okeechobee are expected to have 

elevated δ15N signatures as human derived/synthesized nitrogen is typically enriched (Medina-

Contreras and Arenas 2023). Combined with mixing models mentioned above, the level of 

contribution from anthropogenic nitrogen assimilated into mangrove fish could therefore be 

modelled.  

 

Some shortcomings of constructing networks using metabarcoding include the viability of 

quantification and sampling completeness. PCR based metabarcoding introduces PCR primer 

bias and random sampling during sequencing making it difficult to quantify (Murray et al. 

2011; Leray and Knowlton 2017). Transforming the data to binary presence/absence may be a 

viable alternative but will represent inaccurate network weightings (Clare 2014). Normalising 

frequency of interaction data has been recommended as the best type of data to use when 

integrating dietary metabarcoding to ecological networks (Cuff et al. 2022). Achieving high 

sampling completeness (>80%) ensures that sampling undertaken is sufficient and provides 

validity to the network that reflects true interactions (McGregor et al. 2017). In this study 

sampling completeness was below the recommended threshold but the results can be used as 

baseline information for future sampling. To increase sampling completeness, sampling effort 

(inclusion of more specimens and use of additional primers) must be increased as this increases 

the chances of identifying new interactions and rare species (Henriksen et al. 2019). 

 

5.4 Implications 
 
We demonstrate that SIA coupled with dietary metabarcoding is a useful tool to obtain most 

comprehensive insights into trophic interactions that is not possible when techniques are 

applied independently. We show that intermediate trophic level estuarine species exhibit 

complex feeding interactions and are important conduits of energy transfer to higher trophic 

levels as they feed on a mixture of autotrophs and heterotrophs. Some studies have suggested 

that intermediate trophic level species are more susceptible to environmental perturbations and 

will subsequently affect commercially important species (Cury et al. 2000; Boldt et al. 2022). 

Even though they are not always commercially exploited (often bycatch species) it is vital to 

not disregard their contribution to ecosystem function and understand how their complex 
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interactions have a bottom-up and top-down control on other organisms within the tropical 

estuarine ecosystem.  

 

Our environmental samples detected the presence of harmful algae (family: Kareniaceae) in 

Estero Bay and in the fish stomach contents despite not being visible to the human eye during 

sampling visits. This reflects the ability of DNA based (environmental DNA) methods to be a 

useful tool for detecting the persistence of toxic organisms that poses harm to both humans and 

wildlife. Current water quality methods employed in Estero Bay does not include species 

specific detection of Karenia brevis using DNA based monitoring methods (SECOORA 2022). 

The implementation of such molecular methods will enable scientists to track K.brevis even at 

low levels and at the early stages of blooms.  

 

In conclusion, the results demonstrate how the combination of multiple molecular methods are 

necessary to construct accurate networks that reflect the true interactions within ecosystems. 

Describing and quantifying interactions are central to ecology as it provides insights into 

ecosystem responses to species extinctions, habitat loss, climate change and anthropogenic 

influences such as habitat modification (Bascompte 2009). Furthermore, integrating molecular 

based networks with foraging behaviour and metabolic data will provide more predictive power 

to understanding ecosystem changes (Ings et al. 2009). Using network ecology data to 

understand structure and functioning of ecosystems has the potential to play a critical role in 

effective conservation and management, whilst ensuring sustainable growth of associated 

economies and societal progress.  
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