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Abstract 
 

Exploitation of fish populations can exacerbate the effects of climate change, yet our 

understanding of their synergistic effects remains limited. As fish are increasingly exposed to 

temperatures on the edges of their optimal thermal performance window, their physiologica l 

response is expected to shape their future performance. It is therefore concerning that 

exploitation can select for specific physiological phenotypes, as this may affect fished 

populations’ physiological response to temperature change. A recent laboratory study revealed 

fewer high-performance metabolic-scope phenotypes in an exploited population of the marine 

Sparid Chrysoblepus laticeps across a range of experimental temperatures in comparison to an 

unexploited population. This suggested that individuals in exploited populations may have less 

available energy for aerobic performance at thermal extremes, which may reduce the resilience 

of the population to changes in temperature. However, since laboratory experiments exclude 

numerous other variables that fish encounter in the wild, it was necessary to test this finding in 

a natural setting.   

This thesis aimed to further develop the laboratory study by assessing whether exploitat ion 

effects the wild energetic response of C. laticeps to thermal variability. To achieve this, the 

field metabolic rate of C. laticeps, a resident and endemic South African fish, from a near-

pristine population (Tsitsikamma National Park) and a heavily exploited population (Port 

Elizabeth) was compared using acoustic accelerometry.  

A laboratory-based study using a swim-tunnel respirometer and accelerometer transmitters was 

conducted to develop a model to predict metabolic rate from acceleration data at temperatures 

from 10 to 22⁰C. Acceleration, temperature, mass and population (exploited/unexploited) were 

found to be the best predictors of the metabolic rate of C. laticeps and were incorporated into 
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the model to estimate the field metabolic rate of fish tagged with acoustic accelerometers in 

the wild.  

To examine the combined effects of temperature and exploitation on the field metabolic rate 

of C. laticeps in their natural state, two fine-scale telemetry arrays with temperature loggers 

were used to assess the acceleration of the fish across different temperatures in the wild for 

three months during a period of high thermal variability. Ten fish from the exploited and 

unexploited populations were caught, surgically implanted with accelerometer transmitters and 

released back into the wild. Close to 500 000 and 400 000 acceleration estimates were recorded 

from wild exploited and unexploited fish, respectively. The field metabolic rate of both 

populations was estimated by combining the field acceleration and temperature data with the 

laboratory calibration model.  

The field metabolic rate of C. laticeps from the exploited population was constrained near cold 

and warm extremes compared to no constraints observed in the unexploited population. This 

was attributed to reduced inter-individual variability in the field metabolic rate-temperature 

relationship within the exploited population. There appeared to be a greater proportion of 

individuals that maintained a high field metabolic rate at extreme temperatures in the 

unexploited population. In contrast, all but one fish from the exploited population did not 

maintain a high field metabolic rate at extreme temperatures. These findings aligned with the 

laboratory-based metabolic-scope study on both populations of C. laticeps and demonstrate 

that passive-fishing may be removing thermally tolerant individuals and rendering exploited 

populations less resilient to thermal change. These findings are discussed in the context of 

fisheries management and particularly on the role that marine protected areas could play in 

maintaining physiological diversity, and therefore the resilience of fish in the Anthropocene. 

This study highlights the importance of applied conservation physiology in understanding the 

consequences of fisheries-induced evolution in an increasingly variable climate. 
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Chapter 1: General introduction 
 
 
    

Graphical depiction of the overarching themes in this thesis (image credit: Mike Skeeles).  
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1.1 Rationale behind this study 

Anthropogenic climate change is causing changes to the physical and chemical properties of 

the marine environment inhabited by coastal fish populations (Pörtner and Farrell, 2008, Rhein 

et al., 2013, Potts et al., 2015). Of these changes, temperature variation is regarded as the 

leading physical stressor because of its direct influence on the physiological processes of fishes 

(Fry, 1947) and other ectotherms (Holt and Jørgensen, 2015). Thermal dependency drives fish 

to function within a limited window of environmental temperatures where their metabolic 

processes are optimized (Portner and Knust, 2010). As global average temperatures increase, 

and some areas are subject to a rise in thermal variability (Bates et al., 2018), fish populations 

are increasingly exposed to temperatures towards the edges of their optimal windows  

(Horodysky et al., 2015). Thus, the metabolic tolerance of populations to these changes is 

considered a key determining factor of their distribution and performance sensitivity (Pörtner 

and Farrell, 2008, Deutsch et al., 2015).  

  

The impacts of climate change are exacerbated in overexploited fish populations (Perry et al., 

2010, Planque et al., 2010) and it is no surprise that exploitation, together with climate change, 

are considered the two primary threats to the sustainability of fish populations into the future 

(Brander, 2010). Despite this, the importance of understanding their synergistic effects has 

been highlighted only recently (Perry et al., 2010, Planque et al., 2010). Exploitation is 

selective and can remove fish with certain life-history, behavioural and physiological traits that 

are associated with vulnerability to capture (Klefoth et al., 2017, Lennox et al., 2017b, Hollins 

et al., 2018). The selective removal of these traits not only reduces the genetic diversity but 

also alters the patterns of natural selection, a process referred to as fisheries- induced evolut ion 

(FIE) (Jørgensen et al., 2007, Heino et al., 2015). When faced with shifting selection pressures 

from a changing climate, the reduction in genetic diversity and truncation of specific 
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phenotypes could reduce the resilience of exploited populations to temperature change (Ward 

et al., 2016). While this is theoretical, there is already some evidence for the intensified impacts 

of climate change on exploited populations (Planque et al., 2010). For example, the link 

between the abundance of fish within exploited North-east Arctic Cod (Gadus morhua) 

populations and climate conditions has increasingly strengthened over time (Otterson et al., 

2006).  

 

The impacts of exploitation on the demographic and life-history traits of fish populations is 

well-recognized (Kuparinen and Merilä, 2007, Jørgensen et al., 2009). A wealth of evidence 

demonstrates a general selection by passive fishing for large, mature individuals, resulting in 

FIE for smaller, earlier maturing populations (Law, 2000, Heino, and Godø, 2002). By 

removing highly fecund, large and older individuals, exploitation can reduce recruitment levels 

as well as the buffering capacity recruitment provides when faced with environmenta l 

variability (Bates et al., 2014). However, accurately predicting future responses of exploited 

populations to climate change is difficult to rely solely on such recruitment-based assumptions 

(Horodysky et al., 2015). Exploring cause-and-effect relationships is required to provide 

mechanistic insights into how exploitation can modify responses to temperature change 

(Helmuth, 2009, Pörtner, 2012, Somero, 2012).  

 

As the physiological processes of an individual are the mechanistic link to their environment, 

physiological trait diversity is likely to govern the response of a population to changing 

temperatures (Ward et al., 2016). However, our knowledge of how fisheries-induced evolut ion 

effects the physiological traits of fish populations remains limited (Hollins et al., 2018). There 

is some evidence suggesting that passive-fishing selects for traits other than size, as studies 

have highlighted a connection between vulnerability to fishing gear and behavioura l 
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phenotypes such as boldness and exploration (e.g., Biro and Post 2008, Wilson et al., 2015, 

Klefoth et al., 2017). These vulnerable behavioural traits have been shown to be associated 

with underlying physiological phenotypes (Killen et al., 2011, Binder et al., 2016, Rupia et al., 

2016) which suggests that exploitation may remove individuals with specific physiologica l 

qualities (e.g., Hessenauer et al., 2015). Because physiological attributes (such as metabolic 

rate) can evolve rapidly (Auer et al., 2018), physiological trait diversity within exploited 

populations may decrease under FIE. Therefore, the potential decrease in the range of 

physiological responses within exploited populations to temperature change may lead to 

reduced resilience (Mckenzie et al., 2016).  

 

Very little research has been attempted to assess fisheries- induced effects on physiologica l 

characteristics and how this may influence future population performance in response to 

climate change. However, a recent study by Duncan et al., (2019a) assessed whether passive 

fisheries can alter the distribution of metabolic phenotypes in a heavily-fished South African 

Sparid, Chrysoblephus laticeps, to understand exploitation effects on population climate 

resilience. The metabolic traits of an exploited (Port Elizabeth (PE)) and protected 

(Tsitsikamma National Park (TNP)) population of C. laticeps were determined using 

intermittent respirometry in a laboratory and compared (Duncan et al., 2019a). They found that 

there were fewer high-performance metabolic-scope phenotypes in the exploited population 

across all experimental temperatures. It is assumed that metabolic-scope indicates the amount 

of energy available for activities beyond maintenance (Fry, 1947) and high-performance 

metabolic-scope phenotypes have more energy for fitness-related activities. Therefore, a 

fisheries- induced reduction of high-performance metabolic-scope phenotypes may reduce the 

population’s resilience to increasing thermal variability by decreasing the physiologica l 

capacity of individuals, and thereby reduce the energy available for feeding, reproduction and 
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predator avoidance, particularly at the thermal extremes of a population (Hessenauer et al., 

2015).  

 

Quantifying the isolated effects of temperature on a population’s aerobic capacity provides a 

framework for understanding their potential response to future change (Gannon et al., 2014) 

but possibly lacks real-world applicability (Horodysky et al., 2015). In their natural 

environment, fish are exposed to multiple simultaneously interacting variables which can have 

an additive, or synergistic effect on different physiological processes (Todgham and Stillman, 

2013). Interactive effects on fish performance from temperature and other variables associated 

with climate change, including hypoxia (McBryan et al., 2013) and CO2 (Munday et al., 2009, 

Ferrari et al., 2015), have been documented. Assessing energy states of fish populations in the 

wild should therefore encapsulate all variables to provide more of a pragmatic understand ing 

of temperature effects on performance (Todgham and Stillman, 2013). In addition, field-based 

research holds more integrity amongst the public and management (Cooke and O’Connor, 

2010), which is particularly useful when communicating results such as those of Duncan et al., 

(2019a), to relevant conservation authorities.  

 

Advances in acoustic telemetry have revolutionized the ability to assess energy states of fish 

in the field (Metcalfe et al., 2016). A variety of implantable acoustic accelerometers are now 

available which function by measuring acceleration in two or three axes (x = lateral, y = 

forward, z = vertical) and processing this data with an on-board algorithm before transmission. 

Accelerometers which exclusively record lateral and vertical acceleration capture the 

undulating movements associated with tail beats (Cruz-font et al., 2016). Recorded 

acceleration is a valid proxy of fish energy expenditure because it can be correlated with 

metabolic rate (Wilson et al., 2013, Wright et al., 2014, Cruz-font et al., 2016, Brownscombe 
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et al., 2017). By calibrating the relationship between acceleration and metabolic rate, energy 

expenditure (termed field metabolic rate (FMR)) can be estimated from acceleration data in the 

field (Brownscombe et al., 2017). Simultaneous records of environmental parameters (e.g., 

temperature, habitat and tide state) during the deployment of these transmitters can then 

provide insight into the natural physiological response and tolerances of fish to environmenta l 

or anthropogenic changes over space and time (Horodysky et al., 2015). 

 

The field of conservation physiology, which the aforementioned research forms part of, is a 

relatively new discipline of marine science and is of increasing importance in a rapidly 

changing world (Wikelski and Cooke, 2006). Understanding physiological tolerance to 

environmental and anthropogenic stressors can significantly improve the predictive accuracy 

of species responses to future change (Cooke et al., 2013, Mckenzie et al., 2016). In turn, 

fisheries management and conservation authorities can make informed decisions for 

forthcoming strategies. Authorities may adjust catch rates for fisheries sensitive to thermal and 

anthropogenic change (e.g., Patterson et al., 2016) whilst marine protected areas (MPA’s), 

regions where extractive activities are limited or prohibited (Roberts et al., 2017), may be 

implemented where populations are highly vulnerable to such change. Accurate information 

for the development of MPA’s is of particular importance as a global resolution (WCC-2016-

Res-050) aims to protect 30 % of earths marine environment by the year 2030 (IUCN, 2016), 

of which only 5.7 % is protected to date (http://www.mpatlas.org).    

 

Although knowledge on the energy states of wild fish can significantly contribute to improving 

management decisions, little is known about the interactive effects of climate change and 

exploitation on the energetic response of wild fish. Thus, the overarching aim of this thesis is 

to further develop the findings of Duncan et al., (2019a) by assessing whether exploitat ion 

http://www.mpatlas.org/
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effects the wild energetic response of a commercially important coastal fishery species to 

thermal variability. To achieve this, the specific objectives of the thesis are to: 

(i) calibrate accelerometer transmitters with metabolic rate and temperature for an exploited 

and protected population of C. laticeps in the laboratory, and  

(ii) use accelerometer transmitters in the field to assess the wild energetic performance of an 

exploited and protected population of C. laticeps in response to temperature variability.  

 

The thesis is divided into five chapters, with the current chapter providing a general 

introduction to the topic.  

 

Chapter 2 provides a concise description of the study site and species, which is based on the 

study of Duncan et al., (2019a), and explores the site/species’ underlying characteristics with 

respect to exploitation, climate change and our study aims. This is followed by two primary 

research data chapters (Chapters 3 and 4).  

 

Chapter 3 details how swim-tunnel respirometry was used to determine the relationship 

between acceleration, site, mass and metabolic rate of the study species. The combined effect 

of temperature and acceleration on metabolic rate is briefly discussed, however the aim of this 

chapter was to develop a model to estimate the FMR of fish, as detailed in Chapter 4.  

 

Chapter 4 details how two fine-scale acoustic receiver arrays, accelerometer transmitters, 

temperature loggers and the model developed in Chapter 3 were used to compare the wild 

energetic response to temperature variability of C. laticeps from an exploited and protected 

population, to enable identification of the presence and diversity of thermal performance 

phenotypes.  
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Chapter 5 briefly addresses key findings, focusing on the physiological phenotypes presented 

in Chapter 4 and the role of spatial management in conserving phenotypic diversity. 
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Chapter 2: Study site and species 
 

 
 

 
Mike Skeeles with a red roman seabream in front of the characteristic sheer cliffs of 

Tsitsikamma National Park (image credit: Alex Winkler)  
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2.1 Study site  

To assess whether exploitation has affected the physiology of C. laticeps, Duncan et al., 

(2019a) used fish from South Africa’s largest and oldest marine protected area (MPA), 

Tsitsikamma National Park (TNP), as a baseline reference (unexploited control site) for 

comparison with an exploited environment. Tsitsikamma National Park is a 60 km protected 

stretch of the south-east coastline of South Africa, with a 5 km seaward boundary (Figure 2.1a, 

b) (Buxton 1987). All extractive activities were prohibited in 1964 when the area was declared 

a no-take reserve, and therefore the status of resident fish is considered pre-exploited (Buxton 

1993). Despite small areas of the park having recently been opened for shore-based fishing, the 

offshore habitat has remained protected and well monitored by South African National Parks 

(SANparks).  

 

Given the impact of historical exposure to thermal regimes on fish physiology (Norin et al., 

2014, Mckenzie et al., 2016), it was critical to select an environmentally similar site to ensure 

comparability. Duncan et al., (2019a) selected an exploited area adjacent to the Port Elizabe th 

(PE) metropole, offshore from the Noordhoek ski-boat club, due to its almost identical long-  

and short-term temperature trends to TNP. This area is also characterized by high levels of 

commercial (Figure 2.1b) and recreational boat-based hook and line fishing. The PE site is 

approximately 140 km from TNP and has previously been used for comparative life-histo ry 

studies between exploited and unexploited reef fishes (Buxton, 1987).   

 

To augment the findings of Duncan et al., (2019a), TNP and PE were selected as the 

unexploited control site and exploited site, respectively, for this study. However, given the 

effect of habitat type on wild fish energy expenditure (Brownscombe et al., 2017), selecting 

comparable habitats between sites was deemed important. Consequently, analogous 10–25 m 



 11 

high profile sandstone originated reefs, that were confirmed to have identical benthos (Buxton 

1987), were chosen within each site. These reefs are high energy environments (Buxton 1987), 

but deep enough to be unaffected by energy-altering tidal influences (Brownscombe et al., 

2017). In addition, the study species favour these depths (Buxton 1987).  

 

2.2 Thermal and climate change characteristics of the study site  

The thermal regime of South Africa’s Southern Cape coastal region is considered to be highly 

variable. This is due to the complex interactions between coastal and deep-ocean processes 

which causes local temperature fluctuations (Rouault et al., 2010, Goschen and Schumann, 

2011). The Agulhas Current, which transports tropical waters southward (Figure 2.1a), drives 

warm water over the shelf and into the shore through episodic meanders in the form of shear-

edge eddies and plumes (Goschen and Schumann, 1995, Goschen and Schumann, 2011). 

Conversely, strong easterly winds generate offshore surface Ekman transport (Schumann, 

1999), resulting in high levels of coastal upwelling from on-shore transport of cold bottom 

waters, as seen in Figure 2.1a (Goschen and Schumann, 1995). These contrasts are largely a 

summer occurrence which can cause an intense thermocline, changing temperatures of the 

entire water column by more than 10°C within a few hours (Schumann et al., 1995). Resident 

fish in these waters face sharp variations in their environmental temperature (Figure 2.1c) 

which lends itself to the analysis of natural energy expenditure across both thermal means and 

extremes.  

 

Impending effects of climate change at these study sites (Duncan et al., 2019b) supports the 

applicability of these sites in understanding how exploitation may influence the wild energetic 

resilience of fish to temperature variability. Besides rapid thermal fluctuations, Schelegel et 
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al., (2017) demonstrated an increase in the occurrence of local marine heat-waves (MHW) in 

the southern Cape region which appears to be consistent with global trends (Frölicher et al., 

2018). This is most likely driven by the warming of the Agulhas Current, which is expected to 

continue to drive warmer waters into the coastline (Rouault et al., 2010). In addition, Duncan 

et al., (2019b) established a link between an increase in extreme intermittent upwelling events 

along this coast and an intensifying and more variable El Niño-Southern Oscillation (ENSO) 

phase state. Together, these processes are expected to drive increased levels of thermal 

variability along the Southern Cape coast. Increasing temperature variability is predicted to 

have a greater effect on marine ecosystems than long-term mean changes and thus is emerging 

as an important component of climate change (Vasseur et al., 2014, Dillon et al., 2016, Bates 

et al., 2018), illustrating the applicability of the chosen study sites.  

 

Figure 2.1: Study site visual review. a) Location of exploited Port Elizabeth (PE) and protected 

Tsitsikamma National Park (TNP) (black box) sites and evidence for synchronized upwelling 

events (modified from Duncan et al., 2019a). b) Total reported catch of C. laticeps between 

1985–2016 (5 x 5 nautical mile grids) in PE and TNP demonstrating their exploited and 

protected properties respectively (taken from Duncan et al., 2019a). c) Average daily 

temperature data for PE (14 m middle mooring (see Fig 4.4)) and TNP (18 m middle mooring 
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(see Fig 4.4)) recorded during the study period (February–June 2019), indicating corresponding 

fine-scale thermal regimes and the presence of intense variability. 

 

2.3 Study Species  

Duncan et al., (2019a) conducted a rigorous assessment to find a suitable model species based 

on the characteristics of core distribution, commercial exploitation, site fidelity, hardiness and 

panmixia, which lead to the selection of the red roman seabream, Chrysoblephus laticeps 

(Valenciennes, 1830), shown in Figure 2.2. Chrysoblephus laticeps is a Sparid that is endemic 

to South Africa’s warm-temperate coast, with a core distribution extending from the Western 

Cape through to the Eastern Cape (Götz and Kerwath, 2013), which adequately overlaps the 

study sites. It is a highly exploited species, targeted by both South African commercial and 

recreational boat-based hook and line fisheries, with reports of significant catches west of PE 

between 1985 and 2000 (Figure 2.1b) (Brouwer and Buxton 2002; Duncan et al., 2019a). The 

effects of exploitation on C. laticeps populations has been demonstrated, with evidence for 

fishing- induced changes to their demographic traits (Buxton 1993; Götz and Kerwath, 2013). 

The life history traits of C. laticeps make these fish particularly vulnerable to exploitation. 

They are protogynous hermaphrodites with females reaching 50% maturity at 2.5–4.27 years 

(167–190 mm fork length (FL)) (Buxton 1987, 1990, Götz et al., 2008) meaning the TNP 

population has been unexploited for an estimated 14 generations. The sex change to male is 

50% complete by the age of 8–10.25 years (275–350 mm FL) (Buxton 1993, Götz et al., 2008), 

before attaining a maximum age of 19 years (Götz et al., 2008).  

 

Chrysoblephus laticeps spawn in the summer months between October and January (Buxton 

1990) and have shown to display complex courtship behaviours that noticeably occur in the 

late afternoon (Buxton 1987). This diurnal behaviour is further seen in their feeding patterns 

as they appear to feed intensively at first light (Buxton 1987). Chrysoblephus laticeps are 
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benthic carnivores that constantly swim close to the reef when foraging (Buxton 1984). They 

adopt a head-down searching mode and rapidly consume prey when found (Buxton 1984). 

Their opportunistic feeding behaviour contributes towards their vulnerability to exploitat ion 

by line-fishers (Buxton 1984).   

  

Several key characteristics make C. laticeps an ideal species to use in achieving the aims of 

this thesis, beginning with their predicted sensitivity to climate change (Ortega-Cisneros et al., 

2018). Evidence of C. laticeps being extremely hardy (Davis, 1996) illustrates their 

competency for laboratory experiments (Duncan et al., 2019a). High levels of site fidelity have 

been demonstrated by Kerwath et al., (2007b), who used acoustic telemetry to estimate their 

small home range to be 1000–3000 m2 (see Kerwath et al., 2007a). High levels of residency 

make C. laticeps an ideal candidate for acoustic accelerometry as the receiver array can be 

placed over a small area, increasing the likelihood of transmitter detections. Additionally, 

Kerwath et al., (2007b) demonstrated their ability to recover from capture-induced 

barotraumatic effects and this characteristic provided some assurance that fish released after 

surgical implantation of transmitters would survive. Finally, South African C. laticeps are a 

single, well-mixed population with displays of genetic connectivity throughout its distribution, 

suiting the goals of protective-management (Tseke et al., 2010) (discussed further in Chapter 

5). Overall, this species proves to be highly appropriate for the experimental protocol and aims 

of this study. 
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Figure 2.2: The study species, the red roman seabream Chrysoblephus laticeps (image credit: 
Mike Skeeles).
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Chapter 3: Calibrating accelerometer transmitters for estimating 

wild energy used by Chrysoblephus laticeps 

 
 

 

 

 

 

A Chrysoblephus laticeps swimming in a custom-built swim-tunnel respirometer (image 

credit: Mike Skeeles) 
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3.1 Introduction 

Understanding the energy use of fish is essential in the study of their physiology and behaviour 

(McNamara and Houston, 1996), and is especially important in a time of accelerated 

anthropogenic impacts and climate change (Pörtner and Farrell, 2008, Deutsch et al., 2015). 

Because fish energetics are influenced by numerous interacting environmental factors (Shepard 

et al., 2013, Todgham and Stillman, 2013), assessing the wild energy use by fish (the field 

metabolic rate (FMR)) which encapsulates these factors is of increasing importance. Initia l 

approaches in determining FMR, including the doubly-labelled water and heart rate method 

have been constrained by high levels of uncertainty (Metcalfe et al., 2016). Research into 

alternative methods for determining FMR have thus been explored (Wilson et al., 2006).   

 

Above all basic bodily functions, the energetic cost of acceleration comprises a large 

component of a fish’s energetic budget as body movement is a fundamental precursor of 

common ecological activities such as predator avoidance, foraging and social interactions 

(Baker, 1978, Blake, 2004, Johansen and Jones, 2011). The correlation between acceleration 

and oxygen consumption (MO2) (Clark et al., 2010, Gleiss et al., 2010, Yasuda et al., 2012, 

Wilson et al., 2013, Wright et al., 2014, Mori et al., 2015, Cruz-font et al., 2016, Laer et al., 

2017) makes acceleration a valid proxy of energy expenditure and for this reason has become 

a preferred metric for estimating the energetic responses of fish to their environment (Metcalfe 

et al., 2016). Acoustic accelerometer transmitters now allow the measurement of the 

acceleration of fish in the wild (Cooke et al., 2016) and provided that the correlation between 

acceleration and MO2 is calibrated, the field metabolic rate can be estimated (Halsey et al., 

2011, Brown et al., 2013, Metcalfe et al., 2016). 
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To date, these calibrations of the relationship between acceleration and MO2 have been 

conducted on red sea bream (Pagrus major; Yasuda et al., 2012), Japanese sea bass 

(Lateolabrax japonicas; Mori et al., 2015), European sea bass (Dicentrarchus labrax; Wright 

et al., 2014), Pacific salmon (Oncorhynchus nerka; Clark et al., 2010, Wilson et al., 2013), 

bonefish (Albula vulpes; Brownscombe et al., 2017), lake trout (Salvelinus namaycush; Cruz-

font et al., 2016), whitetip reef sharks (Triaenodon obesus; Barnett et al., 2016), nurse sharks 

(Ginglymostoma cirratum; Laer et al., 2017), lemon sharks (Negaprion brevirostris; 

Bouyoucos et al., 2017; Laer et al., 2017) and blacktip sharks (Carcharhinus limbatus; Laer et 

al., 2017). All studies used triaxial loggers which recorded overall body dynamic acceleration 

(OBDA) apart from that of Cruz-font et al., (2016) who used tailbeat frequency transmitters 

that exclusively recorded movement on the x and z axis.  

Despite the apparent effects of temperature on fish metabolism, only a few studies have 

incorporated this factor into their acceleration-MO2 calibration (Wilson et al., 2013, Wright et 

al., 2014, Brownscombe et al., 2017, Laer et al., 2017). Wilson et al., (2013) investigated the 

acceleration-MO2 relationship of O. nerka at temperatures from 12 –22°C, whilst Wright et al., 

(2014) assessed this in D. labrax from 5.5–17.5°C. Brownscombe et al., (2017) used a two-

step experimental approach on A. vulpes by first calibrating acceleration with swimming speed 

and then swimming speed with MO2 across different temperatures. Two temperatures were 

used in the calibration of acceleration and MO2 by Laer et al., (2017) for several shark species. 

All aforementioned studies found a significant temperature effect on metabolic rate, illustrat ing 

the importance of including temperature in the calibration procedure for accurate estimates of 

FMR.  

Acceleration represents the rate in change of movement, and thus accelerometer transmitte r 

calibrations with MO2 across a temperature gradient can provide a useful insight into the energy 



 19 

requirements for movement at different temperatures (Robson et al., 2016). This contributes 

towards understanding the ability of fish to alternate between resting and active states (engage 

in fitness-related activities) under different environmental conditions. Despite limited 

understanding of the interactive effects between temperature and acceleration on fish MO2, 

Robson et al., (2016) found an elevated metabolic cost during increased acceleration of 

swimming and spinning at colder temperatures in King scallops (Pecten maximus). In addition, 

although this does not pertain to acceleration, the swimming capabilities of fish have been 

known to decrease with cooling (Claireaux et al., 2006). With an observed relationship between 

metabolic cost and temperature, it is evident that the acceleration-MO2 calibration for 

estimating FMR must be validated across a biologically relevant thermal regime.  

The aim of this section of the study was to calibrate acoustic accelerometer transmitters in C. 

laticeps from PE and TNP. This was done by implanting accelerometer transmitters into 

individual C. laticeps and submitting these fish to a swimming respirometry protocol at 

different temperatures. The relationship between acceleration and temperature on MO2 was 

measured and the metabolic costs of C. laticeps accelerating at different temperatures was then 

explored.  
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3.2 Methods and materials  

3.2.1 Animal capture and care 

A total of 75 C. laticeps, 35 (0.624–1.405 kg) from PE and 40 (0.598–1.800 kg) from TNP, 

were caught with rod and line at depths between 15 and 25 m from reef habitats. All animals 

were transported to the Aquatic Ecophysiology Research Laboratory at the South African 

Institute for Aquatic Biodiversity (SAIAB) and Department of Ichthyology and Fisheries 

Science (DIFS), Rhodes University (Makhanda, Eastern Cape, South Africa) where they were 

held in two separate 5900 L indoor cylindrical tanks connected to a saltwater recirculat ing 

aquaculture system. Fish were housed for an acclimation period of one month at their mean 

environmental temperature (16°C) and photoperiod (11 L: 13 D). Fish were fed a mixed diet 

of fish, shellfish and cephalopods every other day.  

 

3.2.2 Surgery and swim temperature acclimation 

Fish were captured with a net from the holding tanks and anesthetized in a solution of 2-

Phenoxyethanol (C8H10O2; 0.2 mL L⁻¹) until loss of equilibrium. Fish were then transferred to 

a surgery trough that was partly submerged in saltwater. An incision of approximately 2–3 cm 

was made on the mid-ventral portion of the abdomen, just anterior to the anal pore, and an 

acoustic accelerometer pressure transmitter (V13AP, 12.2 g in air, 50–70 s transmission delay, 

±4.9 m/s2 acceleration range, 69 kHz sampling frequency: Vemco, Bedford, Nova Scotia) was 

implanted. These transmitters included a tail-beat activity algorithm whereby movement on the 

X and Z axes are averaged every 50 to 70 s. In order to facilitate an accurate detection of tail 

movement, the transmitter was tethered to the incision using a single suture wrap (Clinisut® 

silk suture; 3-0) to ensure that the transmitter remained in a posterior and parallel position 

within the fish (Cruz-font et al., 2016). The incision was closed with one to two intermittent 

stitches and this was followed by the application of an antiseptic wound-gel powder. Fish were 
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then placed into individual 200 L tanks connected to a temperature-controlled aerated 

recirculating system at their holding tank temperature. An ecologically relevant temperature 

change of 1°C / hour was implemented until experimental temperatures of either 10, 14, 18 or 

22°C were reached and maintained. These temperatures represent the general temperature 

range that C. laticeps usually experience in the wild. Fish were kept here for 48 hours to 

acclimate to the transmitter and experimental temperature prior to swimming respirometry 

trials (Brownscombe et al., 2017).  

 

3.2.3 Swim tunnel respirometry 

Thirty-five red roman (17 from PE and 18 from TNP) were tested in a custom-built Blazka 

swim tunnel respirometer to calibrate their relationship between MO2 and acceleration values 

at a variety of temperatures (Figure 3.1). The 180 L rectangular respirometer, with mounted 

inlet and outlet pipes, was designed to house a clear tube with a 20 cm diameter. Within the 

tube, fish swam against a current generated by a Minn Kota Endura C2 12 V motor, connected 

to a custom-built controller box and 12 V battery that powered a propeller of 24 cm. Motor 

controller switches were calibrated against known water velocities with a flowmeter (Marsh-

McBirney Flo-mate 2000). Inlet and outlet pipes were connected to a 500 L recirculat ing 

aerated system where water temperature could be manipulated by a heat pump (AquaHeat 9.2 

kw). A FireStingO2 fibre optic oxygen meter (FSO2-4, Pyro Science GmbH) coupled with a 

robust probe (OXROB10, Pyro Science GmbH), calibrated in 100% saturated water, was used 

to record MO2 within the tunnel. An acoustic receiver (VR2W, Vemco, Bedford, Nova Scotia) 

was used to detect acceleration transmissions and was fixed to the floor below the tube (Figure 

3.1a), while a GoPro Hero 6 (Gopro, San Mateo, California) was mounted above the swim 

tunnel for the validation of swimming performance through video analysis.  



 22 

 

 

Figure 3.1: Photographs of fish during swimming respirometry to illustrate a) the presence of 

an acoustic receiver to detect transmissions, b) undulating motion of the tail producing 

acceleration values and c) straight-line swimming of a Chrysoblephus laticeps with tucked 

pectoral fins. Video examples of swim trials can be found at https://twitter.com/FishSciSkeeles.  

 

Following the two-day acclimation to the transmitter and experimental temperature, fish were 

placed in the swim tunnel for an hour to acclimatize to finer confinement with a constant 

current speed of 2 cm/s before testing (Cruz-font et al., 2016). Exploration of data from Duncan 

et al. (2019a) revealed that metabolic rate of C. laticeps stabilises within an hour when placed 

in a respirometer which supports this acclimation period. The speed was subsequently 

increased to 20 cm/s for a swim event of 20 minutes. The inlet/outlet taps were kept open to 

replenish dissolved oxygen (DO) during the first five minutes, after which they were shut to 

https://twitter.com/FishSciSkeeles
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measure the decline in DO in a closed system over the last 15 minutes. This 20-minute 

procedure was repeated at a speed of 30, 40, 50 and 60 cm/s for each fish. Dissolved oxygen 

was measured every five seconds throughout the trial (mg/L). Times at which each swim event 

occurred were recorded to match oxygen, accelerometer, swim speed and video data. 

Following the swim trial, the receiver was removed to download acceleration data. The fish 

were euthanised with an overdose of 2-Phenoxyethanol (C8H10O2; 0.5 mL L⁻¹), the transmitte r 

was retrieved and the sex, length, height, width, tail length and mass of the individual were 

recorded. A blank run was performed without a subject after each event to assess background 

respiration. Two fish, one from each site, were tested per day, during daylight hours and the 

procedure was repeated on at least four fish per temperature treatment (10, 14, 18, 22°C) for 

each site.  

 

3.2.4 Data processing 

Before the data were included, the video footage was examined to confirm that individua ls 

swam consistently in a straight line for the majority of the swim event (i.e., steady-state 

swimmers) which was considered to be a prerequisite for inclusion. Accelerometer data, 

returned as single values in m/s2, was averaged for the duration of the consistent swimming 

period at the respective swim tunnel velocity. The mass-specific oxygen consumption rate 

(MO2, mg O2/ kg/ min) for the last 10 minutes of each 20-minute swimming interval was 

calculated using equation 3.1 (Svendsen, 2016): 

 

 MO2= ((
V𝑅- M

W
) (

∆[O2trial
]

∆t
×60)) ((

V𝑅 - M

W
) (

∆[O2blank
]

∆t
×60) (

V𝑅

(V𝑅-M)
)) Equation 3.1 
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where VR is the total volume of the respirometer in litres, M is the volume of the specimen in 

litres, W is mass of the specimen in kg, 
∆[O2trial]

∆t
 is the linear rate at which oxygen concentration 

decreased during the measurement period and 
∆[O2blank]

∆t
 is the slope of the linear decrease in 

oxygen concentration in the absence of a specimen in the chamber (i.e., background 

respiration). MO2 values were subsequently linked to the average acceleration value belonging 

to the corresponding swimming interval.  

3.2.5 Statistical analysis 

 

Linear mixed models were developed to quantify the relationship between acceleration, 

temperature, site, mass and metabolic rate for each population using the nlme (Pinheiro et al., 

2016) R package (http://CRAN.R-project.org/). Keeping individual fish as the random 

intercept and including all combinations of acceleration, temperature, site and mass as predictor 

variables of MO2, a restricted maximum likelihood (REML) approach, with model 

comparisons based on the small-sample Akaike’s information criterion (AICc), log-likelihood 

and R2 scores, was used to first identify the best fit random effects structure. Once identified, 

the optimum fixed effects on the response variable (MO2) were explored using maximum 

likelihood (ML) and a backwards selection process. Again, models were compared using AICc 

and the optimum model taken as the model that minimised AICc. Normality of final model 

residuals was assessed visually by constructing quantile-quantile and residuals versus fitted 

value plots. Using this best fit model, MO2 predictions for an average sized fish were plotted 

to assess the variation in metabolic requirements to increase acceleration at different 

temperatures. 

 

  

http://cran.r-project.org/
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3.3 Results 

 

Of the 35 swim trials, 23 were classified as steady-state swimmers, which covered all four 

experimental temperatures and thus were included in the analysis (Figure 3.2). Those excluded 

used side-to-side pectoral-dominated swimming motions that potentially exaggerated the x-

axis logger recording, resulting in elevated acceleration values, especially at lower swim tunnel 

speeds. In addition, two cases of burst swimming occurred where fish accelerated frantica lly 

towards the front and drifted with the current effortlessly to the back.  

 

Of the steady-state swimmers, swim speeds ranged from 0.29 body lengths per second (BL/s) 

to 2.19 BL/s, and acceleration values ranged from 0.25 to 1.39 m/s2. The highest recorded MO2 

of 6.73 mg O2/kg/min was observed for an individual in the upper acceleration range (1.39 

m/s2) at 14°C. The lowest MO2 of 0.91 mg O2/kg/min was observed for an individual with an 

acceleration of 0.26 m/s2 at 10°C. All fish maintained an upright position during the trials and 

none exhibited signs of exhaustion.  
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Figure 3.2: Relationship between acceleration (m/s2) and metabolic rate (MO2; mg O2/kg/min) 

of Chrysoblephus laticeps that were exercised in a swim tunnel at 10, 14, 18 and 22°C. 

Individual linear regression lines for each swim trial are in colour. Black lines indicate linear 

mixed effects model predictions of MO2 with individual as the random intercept and 

acceleration as the random slope (± 95% CI is shaded grey) for each test temperature 

separately. 

 

3.3.1 Model selection  

Acceleration had a positive linear relationship with MO2 at all temperatures, and the slope of 

individual responses varied the most at thermal extremes (Figure 3.2). The combination of 
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acceleration as a random slope and the individual as a random intercept was the best random 

effect structure for the predictive model (Table 3.1). Based on these random effects, the overall 

model with the best fit criterion included acceleration, temperature, site, mass and the 

interaction between acceleration and temperature as fixed effects (Table 3.1). The unificat ion 

of these random and fixed effects produced an optimal model to estimate FMR (Equation 3.2) 

with an R2 of 0.98 (Table 3.1). There was no deviation of model residuals from normality.  

 

FMR = −0.705 + 0.413(site TNP) + 5.972(acceleration) + 0.164(temperature) −

 1.114(mass) − 0.133(acceleration ∶ temperature)                                             Equation 3.2 

 

Table 3.1: Model selection process for the metabolic rate (MO2; mg O2/kg/min) of 

Chrysoblephus laticeps as a response to various fixed effect (site = Port Elizabeth (PE) and 

Tsitsikamma National Park (TNP), acc = acceleration, temp = temperature) and random (ID = 

individual fish identification) effect structures with respective criteria scores of log-likelihood 

(LL), small-sample size Akaike’s information criterion (AICc), change in AICc and the 

coefficient of determination (R2). Models in bold were selected as the best effect structures and 

when combined formed the optimal model for field estimation.   

 

Effects Model LL  AICc ∆AICc R2 

Random  MO2 ~ fixed + (~1 | ID) 69.32 163.60 36.00 0.96  
MO2 ~ fixed + (~1 + temp | ID) 68.77 167.72 40.12 0.96 

 
MO2 ~ fixed + (~1 + mass | ID) 68.41 167.01 39.41 0.97  
MO2 ~ fixed + (~1 + acc | ID) 48.71 127.60 - 0.98       

Fixed  MO2 ~ site*acc*temp + mass + 
random 

    

 
MO2 ~ site*acc+ acc*temp + 
site:temp + mass + random 

49.12 125.80 4.65 0.97 

 
MO2 ~ site*acc + acc*temp + mass 

+ random 

49.13 123.23 2.08 0.97 

 
MO2 ~ site + acc*temp + mass + 

random 

49.35 121.15 - 0.98 

 
MO2 ~ site + acc + temp + mass + 
random 

52.10 124.18 3.03 0.97 
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Mass and site were not statistically significant predictors of MO2 (Table 3.2). Mass had a 

negative relationship with MO2 whilst the TNP population appeared to have an increased MO2 

(Table 3.2). Acceleration and temperature both had a significant positive effect on MO2 (p < 

0.05, Table 3.2), as shown in Figure 3.3. In addition, there was a significant negative interact ion 

effect between acceleration and temperature on MO2 (p < 0.05, Table 3.2) with an outcome of 

a steeper rise in MO2 when factoring in increasing acceleration at colder temperatures (Figure 

3.3). 

 

Table 3.2: Parameter estimates of the optimal linear mixed effects model for the estimation of 

MO2 of Chrysoblephus laticeps in the field. DF refers to degrees of freedom and CI represents 

confidence intervals. Bold p-values indicate significance.  

  
Co-

efficient 
Standar

d Error 
DF t-value p-value 95% CI 

lower 
95% CI 

upper 

 

Intercept -0.705 1.081 76 -0.652 0.516 -2.793  1.383 
 

Site (TNP)  0.413 0.316 19  1.307 0.207 -0.228  1.054 
 

Acceleration  5.972 0.819 76  7.290 0.000  4.390  7.555 
 

Temperature  0.164 0.053 19  3.113 0.006  0.057  0.271 
 

Mass -1.114 0.797 19 -1.398  0.178 -0.003  0.001 
 

Acceleration: 

temperature 
 

-0.133 0.049 76  2.725  0.008 -0.228 -0.039 
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Figure 3.3: Best fit linear mixed effect model predictions of metabolic rate (MO2, mg 

O2/kg/min) for a 1 kg Port Elizabeth C. laticeps at different temperatures (°C) and rates of 

acceleration (m/s2). Linear equations of relationships corresponding to temperatures are 

represented in brackets in the legend and are in the form of MO2 = acceleration*slope + 

intercept.  

 

3.4 Discussion 

 

This chapter discussed how the effects of acceleration, temperature and mass on the metabolic 

rate of C. laticeps from PE and TNP was examined using acoustic accelerometer transmitters 

and swim tunnel respirometry. The optimal model for predicting metabolic rate included site, 

mass, acceleration, temperature and the interaction between acceleration and temperature as 

predictor variables. This model can be used to estimate the FMR of both C. laticeps populations 

(discussed in Chapter 4). It was also found that C. laticeps incurs a greater metabolic cost when 
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accelerating at colder temperatures (Figure 3.3) and this could have implications for the 

energetic performance of C. laticeps in the future as the frequency of upwellings along South 

Africa’s south east coast increase (Duncan et al., 2019b).   

 

Acceleration and temperature have been determined to be significant predictor variables of 

MO2 in several previous studies. For example, an increase in MO2 with the acceleration output 

of the same tailbeat transmitters used in this study was also found in S. namaycush by Cruz-

font et al., (2016). Several studies have used similar accelerometers in sharks and other fish 

(Clark et al., 2010, Gleiss et al., 2010, Yasuda et al., 2012, Wilson et al., 2013, Wright et al., 

2014, Mori et al., 2015, Brownscombe et al., 2017, Laer et al., 2017), and a significant positive 

relationship between acceleration and MO2 was found. A rise in temperature causing intercepts 

of acceleration-MO2 curves to significantly increase within C. laticeps (Figure 3.3) was also 

found for D. labrax (Wright et al., 2014), O. nerka (Wilson et al., 2013), A vulpes 

(Brownscombe et al., 2017) and several shark species (Laer et al., 2017). By extrapolating the 

acceleration-MO2 curves to zero acceleration (i.e., the intercept) an estimate of standard 

metabolic rate (SMR) could potentially be made (Claireaux et al., 2006). In this context, the 

intercept increasing with temperature is no different to the increase of SMR with temperature, 

which is a standard relationship in ectotherms (Fry, 1947).  

 

Although site and mass were not significant predictors of MO2, the optimum model included 

both of these parameters, suggesting that they play a role in determining oxygen consumption 

rates of C. laticeps. While a negative relationship between mass and metabolic rate is well 

documented (Brown et al., 2004) and therefore expected, the inclusion of site in the optimal 

model is interesting and is attributed to the higher (on average) metabolic rate in fish from 

TNP. Because swimming respirometry is another method in determining maximum metabolic 
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rate (MMR) (Clark et al., 2013), our findings could reflect the underlying MMR characterist ic s 

of these fish. This would make sense as the TNP fish were found to have a higher MMR in the 

static respirometry experiments by Duncan et al., (2019a). The findings of this study therefore 

support those of Duncan et al., (2019a).    

The significant interaction effect between acceleration and temperature, which suggests that 

fish incur a greater metabolic cost to accelerate at colder temperatures, is to our knowledge, a 

novel finding among fish studies. In this case, the oxygen consumption required to accelerate 

above basal rates was almost double at 10°C, compared with 22°C for C. laticeps (Figure 3.3). 

Although less significant, Wright et al., (2014) also produced similar results in that slopes of 

acceleration-MO2 curves for D. labrax doubled from 17 to 6°C, while Robson et al., (2016) 

found a steeper increase in the metabolic rate when P. maximus, a scallop, increased 

acceleration at colder temperatures.  

The mechanisms driving the increased energetic cost of acceleration in cold temperatures are 

not clear. However, it is possible that the increase cost of white muscle activity at cold 

temperatures may contribute to this. Temperature affects the onset of white muscle (fast 

glycolytic fibres) when red muscle (slow oxidative fibres) cannot sustain enough power for 

steady swimming (Rome, 1990). The onset of white muscle to sustain swimming in fish occurs 

at a lower work rate in colder temperatures (Rome, 1990, Rome, 1995). The majority of aerobic 

capacity and blood flow of a fish occurs in the white muscle due to its large share of body mass 

(Goolish, 1991). Therefore, the use of such a metabolically demanding muscle at a lower work 

rate (i.e., acceleration) in colder temperatures, would ultimately increase metabolic rate. This 

may explain why, to proportionally increase acceleration at colder temperatures compared to 

warmer temperatures, C. laticeps was found to incur a greater metabolic cost. This finding is 

supported by Seebacher et al., (2014) who demonstrated that the oxygen requirement by 
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muscles to achieve a given work output increased with decreasing temperatures in African 

clawed frogs, Xenopus laevis. 

Regardless of the mechanism driving it, the implications of higher relative rates of energy 

expenditure for acceleration at cold temperatures may have negative implications for C. 

laticeps due to the predictions of an increase in the frequency of upwelling events (Duncan et 

al., 2019b). For example, the greater movement costs at colder temperatures could impede 

behaviours that may directly impact fitness. Chrysoblephus laticeps display rigorous courtship 

behaviours during their spawning period over the summer months (Buxton, 1990), the peak 

time for upwelling-favourable winds (Goschen and Schumann, 2015). As upwelling intens ity 

is increasing, particularly in the study area of the target species (Duncan et al., 2019b), and if 

acceleration-based energy requirements are too demanding for courtship during prolonged cold 

periods, a reduction in reproductive success may occur. Acceleration is also critical for feeding 

and avoiding predators and cooling temperatures may therefore reduce energy intake whils t 

increasing vulnerability to predation.  

This type of research also emphasizes the importance of understanding local ocean variability 

on organisms (Bates et al., 2018). Indeed, if the pattern of increased energy expenditure for 

acceleration at lower temperatures holds true for other fishes, energy constraints may be a 

concern for fishes in all areas that are subjected to increasing thermal variability. However, 

although the cost of acceleration at cooler temperatures may have an impact on the fitness of 

fishes in areas with increasing thermal variability, it is likely that this will be mediated by 

phenotypic plasticity and the adaptive capacity of individuals will determine the resilience of 

fish species to this variability in the future (Bernhardt and Leslie, 2013, Norin et al., 2016). In 

this study, the individual variation in the metabolic response to acceleration was the largest at 

temperature extremes (Figure 3.2) indicating that there is some level of physiologica l 
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phenotypic plasticity. Thus, if temperatures do continue to cool, individuals with the most 

efficient metabolic response to accelerating may excel, and if these traits are heritable, adaptive 

resilience may occur (Munday, 2014). 

Although it is likely that the calibration model predicting MO2 in response to temperature and 

acceleration is accurate, as with most studies, there may be some concerns with the methods 

employed. The intercept of acceleration-MO2 curves in red seabream at 20°C (Yasuda et al., 

2010) and Japanese seabass at 20.7°C (Mori et al., 2015), both relatable eurythermal species, 

were 2.30 ± 0.3 and 1.79 mg O2/kg/min, respectively. At 22°C, the model for C. laticeps 

predicted an intercept of 1.78 mg O2/kg/min (for a 1 kg PE fish). The alignment in the results 

between these studies does suggest some form of repeatability, and supports the experimenta l 

procedure used in this study. However, a drawback of this study was the limitations in the 

capabilities of the swim tunnel, which only allowed the calibration of straight- line swimming 

fish up to a maximum acceleration of 1.5 m/s2. As the acceleration of C. laticeps can exceed 

1.5 m/s2 (this was observed when fish were swimming in a side to side motion in the swim 

tunnel) it is likely that FMR cannot be reliably calculated at high rates of acceleration using 

current modes of testing. Therefore, some of the greater field acceleration estimates in the 

second part of this study had to be excluded during the analysis of FMR. The challenges in 

assessing the metabolic cost of rotational locomotion elucidates the path for future research. 

In conclusion, the technological enhancement of acoustic transmitters provides an exciting 

future for eco-physiologists (Lennox et al., 2017a). As acceleration forms the basis of most 

fitness-related behaviours, the development of accelerometer transmitters has been 

fundamental in a deeper understanding of fish bioenergetics and behaviour (Boisclair and 

Leggett, 1989; Cooke et al., 2016). This chapter demonstrates the usefulness of these 

accelerometers in calibrating MO2 with acceleration in a marine Sparid and highlights the 
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importance of integrating temperature into this procedure. The optimum model was 

subsequently used to estimate the FMR of C. laticeps, where behaviour during cold extremes 

was closely assessed due to the elevated energetic cost to accelerate at these temperatures , 

which is documented in Chapter 4.
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Chapter 4: The effects of exploitation and temperature on the 

field metabolic rate of Chrysoblephus laticeps 

 

 

 

 

 

A big underwater thumps-up after locating the first acoustic receiver following a suspenseful 

four-month wait (image credit: Matt Parkinson)   
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4.1 Introduction 

 

In a world with changing thermal conditions, individuals are continuously faced with energy 

trade-offs and must balance the need to optimize their physiological performance with the need 

to conduct activities that ensure their survival (such as feeding and breeding) (Papastamatiou 

et al., 2015). For aquatic ectotherms, the balance of these trade-offs may determine the 

abundance and distribution of populations as ocean temperatures change (Tomlinson et al., 

2014). Thus, understanding the wild energetic outputs of fish across their environmenta l 

temperature gradient provides insight into these trade-offs and, in turn, their sensitivity to 

change (Horodysky et al., 2015, Metcalfe et al., 2016).   

 

Given that localized temperature variability is predicted potentially to have a greater impact on 

aquatic organisms than long-term mean change (Bates et al., 2018), understanding the 

energetic requirements of fish in environments characterized by thermal variability is essential 

to fully understand the impacts of climate change. As thermal variability is increasing along 

South Africa’s south coast (Duncan et al., 2019b), non-migrating, resident fishes may 

experience greater physiological stress during prolonged periods of extreme temperatures. As 

a result, the persistence of these populations will ultimately depend on the distribution and 

diversity of physiological phenotypes (Bernhardt and Leslie, 2013, Norin et al., 2016). Those 

species that are more sensitive to thermal extremes are expected to suffer greater stress and 

potentially reduced fitness as a consequence of increasing thermal fluctuation (Neubauer and 

Andersen 2019). Understanding the thermal physiological phenotypes of fish in areas of 

thermal variability is key to predicting local population responses to rising temperature 

variability (Norin et al., 2014).     
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Passive exploitation can selectively remove fish with physiological characteristics linked to 

thermal tolerance (Duncan et al., 2019a), which may interfere with a population’s balance of 

energetic trade-offs. Duncan et al., (2019a) provide evidence for this by demonstrating a 

reduction in the presence of high-performance aerobic-scope phenotypes in C. laticeps from 

PE compared to those from TNP. However, it is difficult to extrapolate these laboratory-based 

measurements of aerobic scope to dynamic ecological scenarios (Tomlinson et al., 2014) and 

there is a contentious debate over the ecological applicability and accuracy of the aerobic scope 

metric (Jutfelt et al., 2018). Therefore, by examining the energy expenditure of fish from both 

populations in their natural state during periods of extreme thermal variability, the presence 

and performance of different physiological phenotypes can be validated in a meaningful 

ecological context.    

 

Understanding the wild energetics of fish in relation to environmental factors has become 

easier with the technical advances in biotelemetry and the miniaturization of environmenta l 

parameter measuring sensors (Metcalfe et al., 2016). Implantable acoustic accelerometer 

transmitters (VEMCO series transmitters) can transmit the average acceleration of a fish for 

extended periods to receivers within range. Using laboratory calibrated mathematical energy 

expenditure models describing the relationship between acceleration and metabolic rates, and 

including factors such as temperature, fish size and location (as presented in Chapter 3), field 

acceleration data can quantify wild energy expenditure, otherwise known as field metabolic 

rate (FMR) (Brown et al., 2013). In addition, simultaneous records of environmenta l 

parameters such as temperature captured during the deployment of transmitters can provide 

insight into individual energetic responses over space and time (Horodysky et al., 2015).  

 

A significant benefit in determining FMR is the ability to capture an individual’s energetic 

response across the entirety of their thermal range. Laboratory studies of fish energetics 
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involving respirometry are often restricted to using one temperature per individual, and 

population trends are subsequently inferred from several individual responses at different 

temperatures (Clark et al., 2013). This method only provides a snapshot of an individua l’s 

thermal tolerance, whereas the use of field accelerometry has the capacity to assess an 

individual’s thermal response across a temperature continuum (Gannon et al., 2014). 

Accelerometry allows for a comprehensive analysis of thermal physiological phenotypes, and 

individual responses to temperature change can be used to scale-up and predict population 

responses (Ward et al., 2016).     

 

Previous studies using transmitters to capture activity have been successful in laboratory and 

mesocosm environments (Bouyoucous et al., 2017, Hori et al., 2019). This technology has 

allowed the investigation of such disparate factors as effects from anthropogenic events such 

as ecotourism on shark activity (Barnett et al., 2016), seismic surveys on fish behaviour (Bruce 

et al., 2018) and stress hormone effects on the activity of parenting fish (Algera et al., 2017). 

Habitat, diurnal, seasonal and other environmental drivers of energy expenditure have been 

quantified in a range of marine species (O’Toole et al., 2011, Murchie et al., 2011, Gannon et 

al., 2014, Papastamatiou et al., 2015, Stehfast et al., 2015, Struthers et al., 2017, Shipley et al., 

2018, Baker et al., 2019). Through calibrations similar to that detailed in Chapter 3, the FMR 

of a cephalopod (Payne et al., 2011), freshwater fish (Cruz-Font et al., 2016) and several 

marine species of fish (Wilson et al., 2013, Brodie et al., 2016, Brownscombe et al., 2017) 

have been estimated in relation to ecological effects. Only two studies have comprehensive ly 

explored the effects of temperature on wild fish energetics. Gannon et al., (2014) used 

acceleration and temperature values from the field to approximate a thermal performance curve 

for a population of estuarine fish (Platycephalus fuscus), whilst Brownscombe et al., (2017) 

assessed the spatiotemporal energy expenditure of a tropical population of bonefish (Albula 
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vulpes). Both of these studies identified a strong relationship between temperature and fish 

performance.  

 

Despite the importance of temperature variability modulating energy expenditure in fishes and 

the development of technologies to quantify this, no study (to my knowledge) has investiga ted 

this intrinsic relationship across dynamic thermal contexts or attempted to assess the effects of 

exploitation on wild energy states. This chapter details how acoustic accelerometer transmitters 

and temperature loggers were used to examine the fine-scale activity of C. laticeps from the 

exploited (PE) and protected (TNP) populations during three months of extreme temperature 

variability (Chapter 2). The FMR of each individual was then estimated using the model 

developed in Chapter 3 and this information was used to examine the combined effects of 

temperature and exploitation on the energy expenditure of this species in its natural state. The 

relevance of these findings is discussed in this chapter in the context of the resilience of fishes 

in the Anthropocene.  

 
  



 40 

4.2 Methods and materials 

To quantify the relationship between temperature and FMR for both populations, two fine -

scale acoustic telemetry arrays were deployed from February to June 2019, when temperature 

variability is most prominent in these areas (Duncan et al., 2019b). 

 

4.2.1 Array details 

 

4.2.1.1 Range test 

Due to the propensity for noise interfering with the transmission of acoustic signals, it has been 

recommended that attempts should be made to understand the effects of noise interference 

within the site when collecting acoustic telemetry data (Gjelland et al., 2013). A week-long 

range test was conducted at each site to determine detection range efficiency. Five acoustic 

receivers (VR2W, VEMCO, Bedford, Nova Scotia) were attached to moorings and deployed 

(see Appendix 1 for design and layout) between 4 to 14 December 2018, in the proposed array 

sites at PE and TNP. Two sentinel transmitters (VEMCO V13-1x, 12.2 g in air, 30 s 

transmission delay, 69 kHz sampling frequency, VEMCO, Bedford, Nova Scotia), 

programmed to emulate the V13AP transmitters used in the studied fish (see section 4.2.2), 

were attached to the outer moorings (Appendix 1). After retrieval, data were downloaded using 

the VEMCO software program (VUE), and the detection data was analysed using the VEMCO 

Range Test software (version 1.10.29.0). Detection range was similar in both sites, with a 90% 

probability of detection obtained at a distance of 70 m (Figure 4.1).  
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Figure 4.1: The probability of a V13AP transmitter being detected by a VR2W receiver in Port 

Elizabeth (PE) (red) and Tsitsikamma (TNP) (blue). Raw points represent the average 

probability of detection (± SD) from the week-long range test. Vertical black lines indicate our 

chosen optimum distance of 70 m producing an approximate 90 % likelihood of detection.  

 

4.2.1.2 Array design 

Thirteen receivers were available for each site and a square-shaped array with triangula ted 

receivers no further than 140 m apart was deployed (Figure 4.2). This array provided a total 

detection coverage of 176 400 m2 (420 x 420 m), which is much larger than the estimated home 

range size found for C. laticeps by Kerwath et al., (2007b). Two sentinel transmitters were 

placed between receivers in the array and used to assess the potential effects of environmenta l 

noise during the experimental period. A temperature logger (Hobo Water Temperature Pro v2, 

Onset Computer Corporation, Bourne, Massachusetts) was placed on the mooring at the centre 
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of each array and was programmed to capture environmental water temperature every 30 

minutes. 

 
 

Figure 4.2: The acoustic telemetry array design for measuring the relationship between water 

temperature and acceleration of Chrysoblephus laticeps in sites adjacent to Port Elizabeth and 

the Tsitsikamma National Park.  

 

4.2.1.3 Array site selection and receiver deployment 

To minimise the effects of pseudo replication it was important to control for as many 

confounding factors between sites as possible. Study sites were chosen based on simila r 

bathymetry profiles (Figure 4.3) and comparable habitat types were confirmed from 

underwater videos obtained by SCUBA divers whilst retrieving receivers during the range 

tests. Each receiver/ sentinel transmitter was attached to a mooring and deployed over a boat 

at allocated coordinates (Appendix 2). Soak times following the PE (5 February 2019) and 

TNP (6 February 2019) deployment were four and five months, respectively, after which 

receivers were retrieved by divers using SCUBA gear.   
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Figure 4.3: An aerial view of the location and layout of the Port Elizabeth (PE, exploited) and 

Tsitsikamma National Park (TNP, protected) fine-scale acoustic receiver arrays to detect fine-

scale acceleration of Chrysoblephus laticeps. Each dot represents an acoustic/ sentine l 

transmitter mooring and bathymetric contours (sourced from MARIP) to illustrate analogous 

depth profiles between sites. (Maps made with Quantam GIS, version 2.18.) 

 

4.2.2 Fish tagging 

Fishing took place over similar temperature regimes (13–16°C) between sites on 28 January 

and 5 February 2019 in PE and on 9 February 2019 in TNP. Standardised fishing equipment, 

tackle (barbless 4/0 circle hook) and bait (squid Loligo reynaudii) was used either inside or just 

(not more than 250 m) outside each acoustic receiver array. Upon capture, fish were first 

measured to ensure that they fell within a preselected size range (260–400 mm FL). Each 

appropriately-sized fish was anesthetized (2-Phenoxyethanol, C8H10O2, 0.2 mL L⁻¹), their gas-

bladders were deflated using a sterilized hypodermic needle and an acoustic accelerometer  

pressure transmitter (VEMCO V13AP, 12.2 g in air, 50–70 s transmission delay, ± 4.9 m/s2  

acceleration range, 69 kHz sampling frequency, high power output, 87 days estimated battery 

life, VEMCO, Bedford, Nova Scotia) was surgically implanted into the coelomic cavity 

(description of surgical procedure in Chapter 3). Fish were then allowed to recover in an aerated 
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200 L tank on board the boat for 30 minutes before being released at the centre of the array 

(receiver 1, Figure 4.4). The capture location of each fish was recorded (Figure 4.4, Table 4.2) 

and fishers in the exploited area were made aware of the project (Appendix 3). A total of 10 

fish from PE (mean ± SD: 319 ± 43 mm fork length (FL), range: 260–390 mm FL) and 10 from 

TNP (mean ± SD: 327 ± 43 mm FL, range: 270–390 mm FL) were acoustically-tagged and 

released in the study sites (Table 4.2). As fish from both sites were of similar sizes it was 

assumed that there was also a similar sex-ratio of tagged fish between sites.   
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Fig 4.4: Map of the distribution of the acoustic receivers and the capture site of the ten 

Chrysopbelphus laticeps (stars) tagged in the Port Elizabeth (red dots) and Tsitsikamma 

National Park (blue dots) study sites. Details of sentinel tag or receiver moorings (1–15) in 

each site can be found in Appendix 3. Individual fish details can be found in Table 4.2.  
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Table 4.2: Acoustic accelerometer transmitter number (ID code), fish length (FL), total number 

of detections, number of days detected (no. days), number of monitoring days (mon. days) and 

the catch location coordinates for Chrysoblephus laticeps individuals caught in the Port 

Elizabeth (PE) and Tsitsikamma National Park (TNP) sites. Italics and * indicate fish excluded 

from analysis.  

 

Site Fish 

ID 

Id 

Code  

FL 

(mm) 

Total  
detections 

No. 

days  

Mon. 

days 

Coordinates 

South 

 

East 

PE PE1 4386 360 26044 86 90 -34.05141 25.55032 

PE PE2 4384 290 45859 93 93 -34.05021 25.54916 

PE PE3 4412 330 73532 88 88 -34.0514 25.55037 

PE PE4 4418 270 98488 88 88 -34.05093 25.55158 

PE PE5 4396 392 114052 88 88 -34.05062 25.55091 

PE PE6 4408 262 10130 32 87 -34.05043 25.55175 

PE PE7 4416 320 135458 88 88 -34.05145 25.5508 

PE PE8 4392 365 2723 75 88 -34.05112 25.54717 

PE PE9 4402 305 2078 80 87 -34.05112 25.54717 

PE PE10 4400 292 58671 86 86 -34.05133 25.55005 

TNP TNP1 4414 270 26549 46 46 -34.02785 23.91275 

TNP TNP2 4406 350 64562 91 91 -34.02782 23.91389 

TNP TNP3* 4404 335 43 1 1 -34.02803 23.91448 

TNP TNP4 4398 325 76627 90 92 -34.02748 23.91325 

TNP TNP5 4410 390 83319 93 93 -34.02794 23.91443 

TNP TNP6 4394 295 48019 92 92 -34.02774 23.91406 

TNP TNP7* 4390 270 7 1 1 -34.0279 23.91349 

TNP TNP8 4382 370 29083 93 93 -34.02774 23.91358 

TNP TNP9* 4388 325 652 8 30 -34.02776 23.91406 

TNP TNP10 4380 340 66326 93 93 -34.02785 23.91511 
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4.2.3 Data processing 

Data for each acoustic transmitter were processed individually. Times of detection were 

corrected for potential time drift using the VUE software (VEMCO Bedford, Nova Scotia). 

The first 24 hours of data were excluded (Brownscombe et al., 2017) and duplicate recordings 

by several receivers bar the first detection were removed. Data were then filtered to only 

include acceleration recordings below 1.5 m/s2 (as discussed in Chapter 3). Acceleration values 

were subsequently averaged every half hour in order to link these values by date and time to 

their corresponding water temperature. Data were categorized into day (06:00–17:59) or night 

(18:00–05:59) based on the average sunrise and sunset times during the experimental months 

(February to May 2019).  

 

Daytime data were considered to estimate the FMR and thus used for analysis. This was 

because the laboratory calibration was conducted in the daytime and since exploitation for this 

species occurs during the day, the daytime analyses also provides information to understand 

the relationship between fish and fishers. As mass of the fish could not be measured on the 

boat we used a standard allometric length-weight conversion (Mass = 

51.892𝑒0.0903∗𝐹𝑜𝑟𝑘  𝐿𝑒𝑛𝑔𝑡ℎ ; r2 = 0.97) calculated from the laboratory specimens to estimate 

mass. From the filtered data that included temperature, acceleration, site and fish mass, the 

FMR of each data point was estimated using the equation developed from the modelling 

process in Chapter 3:  

 

FMR = −0.705 + 0.413 ∗ (site TNP) + 5.972 ∗ (acceleration) + 0.164 ∗

(temperature) −  1.114 ∗ (mass) − 0.133 ∗ (acceleration ∶ temperature)     

(Equation 3.2, Chapter 3) 

 



 48 

To ensure direct comparison of the impact of temperature on fish from the two areas, all FMR 

data were mass standardized. This was done by dividing FMR by mass using the mass-scaling 

exponent of 0.82 for maximum metabolic rate (MMR) of C. laticeps, which was estimated 

from fish from the same populations (Duncan et al., 2019a).  

 

4.2.4 Statistical Analysis 

4.2.4.1 Experimental temperature regime 

Temperature profiles from each site were plotted to examine whether or not the two populations 

experienced similar thermal conditions during the experimental period. Major upwelling events 

(characterised by a minimum of 5°C cooling within 24 hours) were identified to assess whether 

these were in synchrony between sites.  

 

4.2.4.2 Temperature and population effects on FMR  

To test for differences in the relationship between temperature and FMR between the two sites, 

a second order polynomial linear mixed effects model was run, with population 

(exploited/protected) as an interaction term, using the nlme package (Pinheiro et al., 2017) in 

R version 3.3.3 (R Core Team 2017). The random effects structure combined fish ID (to 

account for repeated measures of each individual fish) and temperature as the random intercept 

and slope, respectively. Because residual variance decreased with temperature and potentially 

differed between sites, a variance structure with the combination of temperature and population 

as variance covariates was incorporated into the model (Zuur et al., 2009). Temporal 

autocorrelation within individuals was accounted for by using an autocorrelation structure 

which included individual fish as a grouping factor and a continuous time covariate (Pinero 

and Bates, 2000). The model was validated using the procedure suggested by Zuur et al., 

(2009).  
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4.2.4.3 Inter-individual variation in the FMR and temperature relationship 

To assess and compare the relationship between FMR and temperature among individuals, a 

second order polynomial relationship was plotted for each fish, with FMR as the dependent 

variable and temperature as the independent variable, using ggplot2 (Wickham, 2006). To 

quantify cold temperature limits on FMR (detailed in Chapter 3), a piecewise linear breakpoint 

analysis was conducted by plotting the natural logarithm of FMR against temperature (1000/K, 

from 18°C down to the coldest temperature experienced) for each individual fish, using the 

segmented package (Muggeo 2003, 2008). 
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4.3 Results 

4.3.1 Experimental temperature regime 

Fish in the PE and TNP populations experienced similar thermal conditions during the 

experiment. The mean temperature in PE was 15.52°C ± 3.01 (range: 8.89–19.84°C) compared 

to 15.00°C ± 3.63 (range: 8.84–21.53°C) in TNP (Figure 4.5). Temperature variability was 

prevalent, and several major upwelling events occurred simultaneously.  

 

 

Figure 4.5: Temperature time series (every half hour) profiles from the centre of the PE array 

(red, depth = 14 m) and the TNP array (blue, depth = 18 m) over the three-month experimenta l 

period. Examples of coinciding upwelling events are shaded in grey and labelled respective ly.  

 

4.3.2 V13AP Detections  

Ninety seven percent and 81 % of sentinel transmitter transmissions were detected by the 

nearest receiver (70 m) in PE and TNP, respectively. These results suggest that the overall 
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detection efficiency of both acoustic arrays was sufficient in detecting tagged fish. All 13 

receivers were retrieved from PE and a total of 567 035 acceleration estimates were obtained 

from the 10 individuals (Table 4.2). Each fish provided acceleration recordings through the 

majority of the observed temperatures (at least 3°C above and below environmental mean) and 

thus were included in analysis. Two of the 13 TNP receivers were lost and a total of 395 187 

acceleration estimates were obtained from the 11 receivers (Table 4.2). The acceleration 

recordings for two fish (TNP3 and TNP7) were uncharacteristically low and it was assumed 

that these individuals did not survive after the surgical procedure (Figure 4.6). In addition, 

because the limited acceleration estimates obtained for fish TNP9 were over a narrow thermal 

range, this individual was also excluded from the subsequent analyses (Table 4.2, Figure 4.6). 

After six weeks, the acceleration estimates of TNP1 became extremely low and it was also 

assumed that this fish had died. A total of ten and seven fish were therefore used for analysis 

from PE and TNP, respectively.  

 
Figure 4.6: Abacus plot representing the days a tagged Chrysoblephus laticeps was detected 

by any of the receivers in the Port Elizabeth (PE, red) or Tsitsikamma National Park (TNP, 

blue) acoustic arrays over the three-month (February–May 2019) experimental period.  
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4.3.3 Temperature and population effects on FMR 

The FMR of the TNP population had a positive linear relationship with temperature, whereas 

a bell-shaped relationship was evident for the PE population, with a reduced FMR observed at 

high and low temperatures (Figure 4.7). Both temperature and the quadratic temperature term 

had a significant effect on the FMR of C. laticeps (p-value = 0.000, Table 4.3). While 

population (exploitation/protection) did not significantly influence the FMR of C. laticeps (p-

value = 0.145, Table 4.3), there was a significant interaction effect between population and the 

quadratic temperature term (p-value = 0.000, Table 4.3). Based on this interaction and modelled 

FMR (Figure 4.7), it appears that the FMR of the PE population was significantly reduced 

when temperature deviated towards extremes.   
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Table 4.3: Linear mixed effects modelling results for day time field metabolic rate (FMR) of 

Chrysoblephus laticeps from the Port Elizabeth (PE, exploited) and Tsitsikamma National Park 

(TNP, protected) populations, presented as a quadratic function of temperature (Temp), with 

exploitation/protection (Population) as an interaction term. AIC is Akaike information 

criterion, SE refers to standard error, DF indicates the degrees of freedom and significant p-

values are highlighted in bold. 

 

Effect Estimate SE DF t-value p-value 

Intercept 5.185 0.086 22511 60.160 0.000 

Population 0.204 0.134 15 1.524 0.145 

Temp 25.469 6.450 22511 3.950 0.000 

Temp2 -17.061 1.919 22511 -8.892 0.000 

Population: temp 3.885 9.930 22511 0.391 0.6957 

Population: temp2 15.776 2.366 22511 6.668 0.000 

AIC 44569.5     

      

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.7: Linear mixed effects model fits (solid line) and recorded data points (dots) of field 

metabolic rate (FMR) for exploited (PE, red) and protected (TNP, blue) populations of 

Chrysoblephus laticeps across the thermal range observed during the experiment. Shaded areas 

represent 95% confidence intervals.  
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4.3.4 Intra-population variation in the relationship between FMR and temperature  

There was a noticeable variation in the relationship between FMR and temperature within 

populations (Figure 4.8, Appendix 4). The relationship between FMR and temperature for the 

majority (90%) of the individuals from the exploited PE population assumed a typical bell-

shaped curve, with decreases in FMR at the thermal extremes (hereon termed standard thermal 

performance (STP) phenotypes). In contrast, a single individual from this population exhibited 

a negative linear relationship between FMR and temperature (PE9, Figure 4.8, Appendix 4). In 

the protected TNP population, the shape of the FMR curve of four of the seven (57%) 

individuals was similar to those from the exploited population, while the remaining three had 

an elevated FMR at the thermal extremes (TNP1, TNP2 and TNP10, Figure 4.8, Appendix 4) 

(hereon termed high thermal performance (HTP) phenotypes).  

 

There was a depression (indicated by the breakpoint and subsequent negative slope) in the 

FMR at cooler temperatures for all individuals from the exploited population (Figure 4.9). In 

contrast, a breakpoint in the FMR was only recognised at cooler temperatures for four of the  

seven (57%) individuals from the unexploited TNP population. The temperature at which this 

depression occurred was above 12°C for half of the exploited population (PE2, PE3, PE5, PE9 

and PE10, Figure 4.11), whilst only occurring above 12°C in two fish (29%) from the protected 

population (TNP6 and TNP8, Figure 4.9). The remaining three fish from the protected 

population with no depression (TNP1, TNP2 and TNP10, Figure 4.9), were those HTP 

individuals which maintained FMR at temperature extremes (Figure 4.8).  
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Figure 4.8: Best fit second order polynomial relationship for the field metabolic rate (FMR) 

of individual Chrysoblephus laticeps from the exploited (PE, coral colour theme) and protected 

(TNP, aqua colour theme) populations across temperatures experienced in the field. (Separate 

individual plots in Appendix 4.) 
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Figure 4.9: Natural logarithm of field metabolic rate 

(ln FMR) against temperature (1000 / Kelvin (K)) 

with linear breakpoint regression lines for individua l 

Chrysoblephus laticeps in an attempt to assess 

whether FMR is depressed towards colder limits and 

at what temperature this occurs. Fish ID and their 

fork length (FL) are above respective plots, and 

breakpoint temperatures are indicated in italics at the 

top right of each plot.  
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4.4 Discussion  

The results of this chapter suggest that the exploited C. laticeps population have a reduced 

ability to maintain normal activity levels and limited intra-population variability at thermal 

extremes compared to the unexploited population. Furthermore, individuals from the exploited 

population appeared to be more affected by cold temperatures, as most individuals appeared to 

have a depressed energy output when exposed to cold extremes. These findings suggest that 

exploitation by passive-fishing could reduce the energetic performance of a wild population, 

and therefore the resilience of exploited C. laticeps to thermal variability.   

 

The inter-population differences in FMR at thermal extremes may be underpinned by 

differences in their physiological capacity. Duncan et al., (2019a) found that individua ls 

belonging to the exploited population (PE) had a significantly lower aerobic scope across all 

temperatures, but particularly at the thermal extremes, compared to individuals from the 

unexploited population (TNP). A lower metabolic scope suggests that exploited fish 

populations could lack the physiological capacity to expend energy on fitness-related activit ie s 

(feeding and reproduction) (Metcalfe et al., 2016, Pörtner et al., 2017). The reduced FMR of 

the exploited population at thermal extremes observed in this study not only supports the 

findings by Duncan et al., (2019a) but suggests that their laboratory results could be reflected 

in the behaviour of the fish in the wild. Because the FMR in this study was derived from 

acceleration, and acceleration underlies activities such as feeding and reproduction, it can be 

assumed that reductions in FMR may compromise these activities at thermal extremes. This 

could ultimately lead to a decline in population fitness.  

 

To date, the fitness consequences of contrasting metabolic characteristics at the population 

level have been poorly studied. There is currently little agreement on how metabolic rate 
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determines growth and reproduction (Neubauer and Andersen, 2019), although it has been 

suggested that individuals with high metabolic rates may have increased foraging rates, social 

dominance and overall competitiveness (Killen et al., 2016, Behrens et al., 2018). A recent 

paper by Neubauer and Andersen (2019) used a trait-based eco-physiological modelling 

approach to derive general predictions of temperature impacts on fish physiology, performance 

and ecology. One of their conclusions is that the metabolic scope begins to limit performance 

at thermal extremes. Based on the findings of this study, it is possible that the exploited (PE) 

population may, when exposed to increased thermal extremes from a changing climate, grow 

more slowly and suffer higher rates of natural mortality, causing a reduction in overall 

performance compared to the unexploited population (TNP). 

  

The superior physiological performance by the unexploited population during sub-optima l 

temperatures (Figure 4.7) may be attributed to the greater levels of inter-individual variation in 

the relationship between FMR and temperature (Figure 4.8). The high FMR values of the HTP-

phenotypic individuals from the unexploited population suggests that they had more energy 

available for general activities (Metcalfe et al., 2016) (TNP1, TNP2 and TNP10, Figure 4.8), 

particularly as temperatures departed further from the environmental mean. This phenomenon 

was absent in the exploited population except for one individual (PE9, Figure 4.8). Although 

higher FMRs at thermal extremes may appear to be unusual, a similar pattern has been observed 

in the activity of A. vulpes (Brownscombe et al., 2014). Our findings are congruent with those 

of Duncan et al., (2019), who found greater variance in the aerobic scope of the protected 

population, particularly towards cold and warm boundaries. As metabolic rate is plastic (Norin 

and Metcalfe, 2019, Reveillon et al., 2019), the modification of an individual’s thermal 

performance from the population norm may be underpinned by the presence of phenotyp ic 

plasticity (Schulte et al., 2011, Whitney et al., 2016). It appears that the protected population 
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has a higher level of phenotypic plasticity in their energetic response to thermal variability. 

This is further supported by recent research which suggests that the capacity to express 

behavioural plasticity is positively linked with high metabolic scope phenotypes (Biro et al., 

2018). While acknowledging the small sample size, if our sample specimens are a true  

representation of their respective population, then the lack of plasticity within the exploited 

population may be detrimental for future climate resilience. 

 

Although Bates et al., (2018) advocate the importance of understanding the effects of 

temperature variability, the colder side of climate change remains largely neglected (Szekeres 

et al., 2016). This is a concern as the projected increase in temperature variability (Solomon et 

al., 2007, Bates et al., 2018) means localized cold events are predicted to become more frequent 

(Szekeres et al., 2016, Duncan et al., 2019b). Cold spells and extreme upwelling events have 

had detrimental impacts on coastal species along the South African coast, with mass mortalit ie s 

(including C. laticeps) documented as early as the 1980’s (Hanekom et al., 1989). An acute 

decrease in ambient temperature which causes physiological stress is termed cold shock, and 

results in cascading behavioural and physiological responses such as metabolic depression 

(Donaldson et al., 2008). In this context, it is alarming that the entire exploited population, yet 

only 56 % of the protected population, show signs of this decline in their FMR at cold 

temperatures (Figure 4.9). The onset of these metabolic cold shock symptoms in the exploited 

population seem to appear even at warmer temperatures (> 12°C) (Figure 4.9). These findings 

are similar to those of Duncan et al., (2019a), who observed a break in the linear relationship 

between temperature and standard metabolic rate of the exploited population (PE) at 12.7°C. 

A reason for the cold-driven reduction of FMR may be the increased metabolic cost to 

accelerate at cold temperatures, presented in Chapter 3. In corroboration, Speers-Roesch et al., 

(2018) demonstrated that energy-savings in the cunner Tautogolabrus adsepersus at cold 
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extremes stemmed from reducing activity. In a population with a reduced plasticity to cold 

shock, exhibiting potential effects even at warmer temperatures, cold temperatures may be a 

hindrance for the future performance of exploited C. laticeps. 

 

Assessing resilience to climate variability largely entails looking at the capacity of a population 

to maintain structure and functioning in the face of future disturbance (Folke, 2004). 

Underlying this capacity is the distribution of phenotypes and the degree of phenotyp ic 

plasticity within the population (Bernhardt and Leslie, 2013, Norin et al., 2016). Populations 

with metabolic plasticity are likely to be more resilient to changing environments, such as those 

with increasing thermal instability (Seebacher et al., 2015, Norin and Metcalfe, 2019). This is 

particularly relevant for resident species that are less likely to shift to areas with more desirable 

conditions. Thus, the reduced variability in physiological phenotypes (Duncan et al., 2019a), 

and the FMR response to thermal variability by C. laticeps in the exploited area, may constrain 

their resilience. The HTP-phenotypic individuals from the unexploited population are expected 

to be more competitive in a future climate regime because of a probable selective force for 

such phenotypes. Although research into the transgenerational characteristics of metabolic 

rates and plasticity is challenging (Donelson et al., 2017), it has been shown that metabolic 

traits in fish can evolve (Auer et al., 2018) and are heritable (Munday et al., 2017). Therefore, 

while the HTP traits in the unexploited population may maintain the adaptive potential of the 

population, the reduced variability and STP attributes suggests that exploited populations may 

have limited adaptive potential to increasing thermal variability.   

 

The absence of HTP phenotypes and plasticity within the exploited population could be an 

outcome of passive fishing selection (Hollins et al., 2018). Traits including boldness and 

aggression have been related to vulnerability to passive fisheries (Walsh et al., 2006, Biro and 
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Post, 2008, Klefoth et al., 2017). Physiological characteristics linked to vulnerability have also 

been associated with elevated cardiac (Cooke et al., 2007) and metabolic scopes (Redpath et 

al., 2010). These phenotypic traits result in more frequent encounters with fishing gear through 

elevated activity and curiosity (Hollins et al., 2018). Therefore, as passive fisheries are not 

temperature-regulated, the HTP phenotypes present in the protected population may have been 

removed from the exploited population during encounters with fishers at sub-optima l 

temperatures. With exploitation occurring over many generations, the aforementioned 

phenotypic traits may have been weaned out of the population. While acknowledging the small 

sample size, the results of this study suggest that the effects of passive-fisheries may impact 

the resilience of C. laticeps to climate variability.  

 

Although all efforts were made to test the effects of exploitation and temperature on the FMR 

of C. laticeps, it is acknowledged that other factors may have contributed towards our results. 

Food availability has been known to alter metabolic rates (Auer et al., 2016), and as protected 

areas are better likely to preserve species richness and diversity (Roberts et al., 2017), food 

accessibility is likely to differ between the two sites. However, if this did have an impact, we 

would have expected to see a difference in overall FMR between sites (a significant population 

term in Table 4.3), which is not the case as differences only occurred towards extreme 

temperatures. Divergent levels of competition can also affect energy expenditure (for example, 

Delong et al., 2013). The higher species richness in TNP, and hence competition, could 

therefore be a contributing factor to the greater plasticity seen in the protected population. This 

is because some individuals may choose to capitalize on less competitive, sub-optima l 

conditions (such as during extreme temperatures) over their counterparts. Although an indirect 

effect, this would prove to be a benefit for protective management, and highlights the need for 

research involving the link between competition and metabolic rates in fish. 
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Landscape characteristics can also influence energetic costs (Shepard et al., 2013). For 

example, Brownscombe et al., (2017) distinctly illustrated the effects of habitat type on energy 

expenditure in A. vulpes. We are confident that the reef environments between our sites were 

similar but a finer look into the habitat and bathymetry of each site will aid in understand ing 

the spatiotemporal energy expenditure of this species. This will be a step towards assessing 

whether fish from either population thermoregulate using behaviour such as taking to caves as 

refuge (Nay et al., 2015, Habary et al., 2017). The results of this study appear to show expected 

temperature-metabolic patterns such as performance curves with a bell shape, suggesting that 

although we have correlated FMR with temperature, a large proportion of FMR values are 

likely to be temperature-driven. 

 

Only including acceleration values below 1.5 m/s2 as a consequence of straight- line swimming 

calibrations was a major limitation of this study. Consequently, a total 57 % of acceleration 

estimates from the field were excluded illustrating the ecological significance of this shortfall.  

However, since analysis was standardized between the two populations, a comparison of the 

relationship between FMR and temperature, albeit at low acceleration rates, was still possible. 

Future analysis will therefore explore the relationship between acceleration values (without 

filtering below 1.5 m/s2) and temperature. Although the estimates of FMR appeared to be 

realistic, despite the 1.5 m/s2 cut-off in the validation, they were on the upper edge (4–6 mg 

O2/kg/min) of the aerobic scope estimates for the same populations (Duncan et al., 2019a). It 

is possible that the higher FMR values could be attributed to the elevated energetic cost of life 

in the natural environment. However, this could also be a consequence of rotational locomotion 

and the impact of ocean swell (such as studied by Marcoux and Korsmeyer, 2019), which may 

have resulted in overestimates of acceleration (and FMR). While this bias is less likely in low 
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energy environments, the impact of water movements on the estimates of acceleration in high 

energy environments should be assessed.  

 

Another caveat associated with using accelerometer transmitters is the trade-off challenges of 

increased battery and memory with limited recorded parameters and reduced frequencies, 

which currently restricts fine-scale analysis of behaviour and field metabolism with acoustic 

accelerometers (Cooke et al., 2016). In addition, perhaps more critically, when examining the 

impact of temperature on FMR, a temperature sensor should be incorporated into the acoustic 

accelerometer transmitters, especially those recording movement on two axes. As data storage 

tags with heart rate, acceleration and temperature features do exist (as used by Clarke et al., 

2010), the simultaneous inclusion of these parameters in future acoustic transmitters will 

enhance the analyses of the physiological responses of fish to their natural environment. This  

would be especially beneficial in assessing post-anaerobic effects on metabolic rate (Cooke et 

al., 2016). The monetary cost associated with this equipment is another challenge, especially 

in developing nations, as it impedes researchers from being able to scale up their sample sizes, 

something that was evident in this study. 

 

On a global scale, regardless of gear used, fisheries induce some form of selective mortality 

which may influence the resilience of fish in the Anthropocene. Thus, research on the relevance 

of our findings in other species, fisheries and environments is required. In addition, the 

selective effects of different gear (for example, capture fisheries) on the physiology of fish is 

currently an under studied issue. For example, are populations subjected to the removal of 

shoaling fish by trawl fisheries, left with high performance phenotypes that do not rely on the 

energy saving associated with schooling (Nadler et al., 2016)? By comparing the wild energy 

expenditure of an exploited and unexploited population of C. laticeps over a three-month 
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period of high temperature variability, we were able to assess individual energetic responses to 

temperature gradients, enabling us to infer population trends. There is evidently less plasticity 

in the energetic response of individuals in the exploited population, that as a whole, appear to 

be more sensitive to sub-optimal and cold temperatures. If these differences in population 

phenotypes are consistent throughout each population, driven by exploitation, heritable and 

linked to increased fitness, then in the context of future climate variability and increasing 

periods of sub-optimal temperatures, it is likely that exploitation can influence the resilience 

of C. laticeps to temperature variability.
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Chapter 5: General Discussion 

 

 

 

 

 
A Chrysoblephus laticeps displaying all of its beauty in a typical South African reef scene  

(image credit: Steve Benjamin) 
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5.1 Marine protected areas promote climate resilience for Chrysoblephus laticeps 

 

To the best of my knowledge, this study is the first to use acoustic accelerometer transmitters 

and a calibration procedure to assess the wild energetic response of a resident marine species 

to high levels of thermal variability. In addition, by comparing the energetic response between 

an exploited and protected population, this study provided novel findings which may better 

illuminate the implications of the selective nature of passive-fishing on the climate resilience 

of fishes. In their natural environment, it appears that the energetic output of the exploited 

population is constrained in cold and warm extremes. The study also found a greater level of 

inter-individual variability in the FMR-temperature relationship within the protected 

population. There was a higher proportion of high thermal performance phenotypes that 

maintain energy expenditure at sub-optimal/extreme temperatures in the unexploited fish 

compared with the exploited population, which is dominated by individuals with standard 

thermal performance phenotypes. This chapter explores the potential anthropogenic and 

climate change impacts on the future of HTP phenotypes. This is particularly relevant as the 

effects of climate change at population, community and ecosystem levels are largely an 

outcome of processes acting on individuals (Perry et al., 2010), and there is increasing 

recognition of the need to understand individual variability for a cohesive ecosystems-based 

approach to fisheries management (Ward et al., 2016).   

 

Foremost, this study improves understanding of the mechanisms driving the resilience of fishes 

to a changing environment. The results of this study, in combination with those of Duncan et 

al., (2019a) contribute towards the contentious debate over the ecologica l applicability of the 

aerobic scope metric. The elevated high-performance metabolic-scope laboratory phenotypes 

within TNP, and the reduction of these respective individuals in PE (Duncan et al., 2019a), are 

reflected in the proportion of HTP and STP phenotypes found in the same populations in the 
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wild. This finding may suggest that aerobic scope could indeed accurately represent the 

energetic capacity of an individual in the field, and can therefore aid in understanding the 

physiological resilience of fish to temperature change. However, there is a mismatch between 

the temperature at which FMR and aerobic scope curves peak (even with the 1.5 m/s2  

acceleration cut-off) (see Duncan et al., 2019a for comparison) which supports the 

apprehension behind using the pinnacle of aerobic scope (ToptAS) as an optimum temperature 

for performance for a species (Clark et al., 2013). Moving forward, the study of Duncan et al., 

(2019a) and this study provide substantial evidence for the presence of fish with high 

metabolic-scope and elevated field energetic characteristics in the TNP MPA and the lack 

thereof in the exploited area. This has potentially far reaching implications for the way in which 

we view exploitation and how we adapt to maintain resilient fisheries in the Anthropocene 

(Figure 5.1).   

 

On a global scale, fisheries exploitation is increasing to meet the protein demand of an 

exponentially growing human population (FAO, 2014). Unchanged, this will continue to 

reduce trait diversity in populations (Enberg et al., 2012, Cooke et al., 2017) and amplify the 

effects of climate change stressors (Perry et al., 2010). The lack of thermal physiologica l 

diversity and HTP phenotypes within the exploited population of C. laticeps, and potentially 

other species that are targeted using the same capture techniques, is a concern. The prevalence 

of STP phenotypes in exploited populations may well result from the loss of HTP fish to 

passive harvesting. Based on these findings, the energetic advantage of HTP individuals at 

thermal extremes makes these individuals susceptible to fishing pressure regardless of 

temperature, and thus they are more likely to be harvested. However, the behavioural and 

vulnerability traits of HTP fish still need to be assessed to further understand this potential 

mechanism (Figure 5.1). A lack of diversity in the thermal physiological traits of populations 
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could lead to reduced resilience due to the dominance of STP individuals and their poor 

energetic capacity at thermal extremes (Figure 5.1, pathway X). This could further hinder the 

sustainability of the fishery as an increased occurrence of STP individuals might have an 

impact on catchability, with more vulnerable individuals dominating exploited fish populations 

(Biro and Post, 2008, Arlinghaus et al., 2017, Cooke et al., 2017). 

 

Figure 5.1: Conceptual depiction of the impacts of protection and exploitation on the 

population structure (in terms of physiological trait diversity) of Chrysoblephus laticeps, and 

the potential outcomes in terms of resilience as these populations progress through a future of 

increasing thermal variability. HTP signifies the high thermal performance phenotypes 

discussed in Chapter 4 where energy expenditure is maintained at sub-optimal temperatures. 

STP indicates standard thermal performance phenotypes where energy output is decreased at 

thermal extremes. Different pathways caused by anthropogenic impacts and their consequences 

in a future of temperature variability are indicated by X, Y and X:Y, which is the interact ion 

between the two.  

 

The greater physiological diversity and high number of HTP individuals in the near-pristine 

population within TNP highlights the importance of protective management. Marine protected 

areas (MPA), formally created as a means for marine conservation (Agardy, 1994), now appear 
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globally as a tool for fisheries management (McLeod et al., 2009). In this chapter, MPAs are 

referred to as no-take-reserves; they are the most effective protected areas as all extractive 

activities are prohibited (Sala and Giakoumi, 2018). Their direct biological benefits have been 

well studied, leading to positive effects on biomass, numerical density, size of individuals and 

species richness (reviewed in Lester et al., 2009). In addition, MPAs preserve life-histo ry 

characteristics such as age-at-maturity, age-at-sex-change and a balanced sex ratio, all of which 

have been identified in the study area and species (Buxton 1993, Gotz et al., 2008). These 

heritable traits can spread through dispersal of larvae and adults into adjacent exploited areas, 

and thus maintain productivity and population continuity (Planes et al., 2009, Kerwath et al., 

2013).  

 

Only recently have MPAs been recognized for their potential to mitigate effects of climate 

change on marine ecosystems (Roberts et al., 2017, although Bates et al., 2019 better discuss 

their associated complexity). The greater reproductive output of larger populations can act as 

a buffer against environmental perturbation (Roberts et al., 2017), whilst the preservation of 

individual trait diversity can increase chances of survival and hence population resilience as 

surroundings change (Bernhardt and Leslie, 2013). Evidence for the increased diversity of the 

thermal physiological traits of C. laticeps within Africa’s oldest MPA, presented in this study 

and in that of Duncan et al., (2019a), substantiates the climate change-mitigating potential of 

these areas. The larger numbers of HTP phenotypes within TNP can ensure persistence under 

future selection pressures, rendering resilience as the area is subjected to increasing thermal 

variability (Duncan et al., 2019b). Future research still needs to assess whether these 

phenotypes are heritable, associated with beneficial life-history strategies, and consistent ly 

occur in other protected populations. Protective management is an anthropogenic influence 

which can foster physiological trait diversity and HTP individuals in a population, increasing 
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probable population resilience in an inevitable future of rising thermal variability (Figure 5.1, 

pathway Y).   

 

South Africa’s population of C. laticeps and its dependent fishing industry are confronted with 

a future of increasing temperature variability, and to remain sustainable, biological and socio-

economic resilience must be prioritised. From the perspective of the industry, resilience is 

underpinned by the maintenance of predictable catch rates (Perry et al., 2010). Efficient spatial 

planning of MPAs is key in maintaining socio-economic sustainability as well as biologica l 

rigidity (Le Cornu et al., 2018). By safeguarding HTP phenotypes in well positioned areas, 

productivity within adjacent fisheries can remain stable in an unpredictable future from the 

spillover of adults and larvae with HTP physiological traits to other areas (Figure 5.1, pathway 

X:Y). In another study on C. laticeps, Kerwath et al., (2013) showed that the 40 km2 

Goukamma MPA, situated 100 km from TNP, effectively doubled catch-per-unit-effor t 

(CPUE) in adjacent fisheries 10 years after being established. Over a similar timeframe, 

extreme upwelling events have increased in the area (Duncan et al., 2019b). Therefore, the rise 

in productivity of adjacent fisheries at a time of increased thermal variability could suggest a 

contribution by the overflow of individuals with HTP traits from the adjacent MPA. The 

biological and socio-economic benefits derived from an abundance of HTP individuals may 

already be present along South Africa’s coast. 

By understanding the potential mechanism driving resilience to increased thermal variability, 

it may be possible, through the design of MPA networks, to further increase the resilience of 

C. laticeps populations to future thermal variability. When considering this, and the 

significance of MPA networks, the future of C. laticeps and the respective fishery looks more 

optimistic as we progress through the Anthropocene. Within 2019, 20 new Marine Protected 
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Areas proposed by the South African Minister of Environmental Affairs were formally 

gazetted. Five percent of South African marine ecosystems are now protected compared to a 

previous 0.4% before 2019. Across C. laticeps’ core distribution there is efficient coverage by 

numerous MPAs, despite only a few being no-take zones (Figure 5.2). The adequately spaced 

Table Mountain National Park, Addo Elephant Park, Tsitsikamma National Park and De Hoop 

provide the largest coverage, with the latter two being exclusively restricted zones (Figure 5.2). 

Between these are well-dispersed smaller MPAs such as Walker Bay, Stilbaai, Goukamma and 

Sardinia Bay, providing additional intermittent protection. When combining results of 

enhanced HTP phenotypic diversity in protected areas with the efficient spatial coverage of 

MPAs in C. laticeps’ core distribution, adequate levels of resilience to impending temperature 

change may result. Although TNP, South Africa’s largest MPA, is situated in the core of the 

distribution of C. laticeps, the general MPA protection around the country may also provide 

protection for other species with similar life histories (such as resident or long-lived species). 

However, it is likely that the positioning of the MPA network, in relation to distribution of a 

species, is critical for the efficacy of protection. Ultimately, in South Africa (and globally), 

fisheries management should consider conservation physiology, and the positioning of MPAs 

should be evaluated in light of the core distribution of the major fisheries species and their life 

history tactics, particularly with regards to their dispersal capabilities.  
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Figure 5.2: South African marine protected areas (MPA’s, light blue) across the core 
distribution of Chrysoblephus laticeps. Note the dispersed large MPA’s (Table Mountain 

National Park, De Hoop, Tsitsikamma National Park and Addo elephant Park) with efficient ly-
positioned smaller intermittent MPA’s (Walker Bay, Stilbaai, Goukamma, Sardinia Bay) 
providing an efficient network of protective coverage for C. laticeps and similar species.  

 

Before concluding this thesis, some uncertainties of this study must be addressed. Foremost, 

the differences observed between the exploited and unexploited site are attributed to differ ing 

historical fisheries pressures. However, because of a limited site comparison, the observed 

population differences could stem from other unaccounted factors including a difference in 

local adaptations to thermal environments (e.g., Eliason et al. 2011). Thus, to truly substantia te 

such findings and reduce some uncertainty, a more robust approach would be to compare 

multiple sites for exploited and unexploited populations. Further, the small sample sizes raise 

uncertainty that the individuals selected are a true representative of the population. Whilst 

increasing the sample size of such experiments comes with an associated monetary cost, a 

reduced uncertainty within a studied population can have more of a significant impact for 

management and conservation decisions.     



 75 

Regardless of these uncertainties, the alignment of the findings of this study with those of 

Duncan et al., (2019a) suggests that the results are robust and therefore this thesis provides a 

fundamental example of the applicability of conservation physiological research. Mckenzie et 

al., (2016) reviewed the four major issues around this field of study that emerged from meetings 

under the European Union’s Cooperation in Science and Technology (COST) Action FA1004 

Conservation Physiology of Marine Fishes (2011–2015; http://fish-conservation.nu). This 

research strongly aligns with two of these issues, namely, “i) the state of basic physiologica l 

knowledge for marine fishes and how this might be applied directly towards conservation 

goals” and “iii) how biotelemetry and biologging studies can contribute to conservation 

research” (Mckenzie et al., 2016). This study therefore contributes to the basic physiologica l 

knowledge of a marine fish by elucidating the natural-state energy expenditure of a resident 

Sparid in response to in situ thermal variability. By comparing this response in a protected and 

exploited population, this study has demonstrated that appropriate protective management may 

preserve the thermal physiological diversity of fishes, thus integrating our research with 

conservation goals. Finally, as the methods entailed the use of acoustic accelerometry, this 

study provides empirical evidence of the usefulness of biotelemetry for conservation research. 
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Appendices 
 
 
Appendix 1: A schematic of the mooring design used to keep receivers in one place within 

the water column and the basic layout of the range test utilized at both sites.  
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Appendix 2: Coordinates and depth details of deployed moorings forming the two fine-scale 

arrays. Visual identification of corresponding mooring numbers can be seen in Figure 4.4.  

 

Site Mooring number Depth (m) East South Comments 

PE 1 14 25.55045 -34.05135 Temp. logger 

PE 2 14 25.55046 -34.05033  
PE 3 16 25.55181 -34.0503  
PE 4 16 25.55174 -34.05133  
PE 5 19 25.55168 -34.05237  
PE 6 18 25.5505 -34.05235  
PE 7 18 25.54919 -34.05242  
PE 8 15 25.54922 -34.05133  
PE 9 10 25.54919 -34.05027  
PE 10 13 25.54985 -34.05083  
PE 11 14 25.55106 -34.05082  
PE 12 17 25.55109 -34.05183  
PE 13 14 25.54973 -34.05172  
PE 14 14 25.55045 -34.0508 Sent. tag no. 65163 

PE 15 18 25.54983 -34.05234 Sent. tag no. 65165 

TNP 1 18 23.91371 -34.02798 Temp. logger 

TNP 2 13 23.91369 -34.02692  
TNP 3 10 23.91496 -34.02695  
TNP 4 12 23.91493 -34.02801  
TNP 5 23 23.91494 -34.02901  
TNP 6 23 23.9137 -34.029  
TNP 7 23 23.91246 -34.029  
TNP 8 19 23.91243 -34.02797  
TNP 9 13 23.91242 -34.02692  
TNP 10 15 23.91307 -34.02745  
TNP 11 13 23.91432 -34.02744  
TNP 12 22 23.9143 -34.02851  
TNP 13 22 23.91307 -34.02849  
TNP 14 15 23.91372 -34.02746 Sent tag no. 65164 

TNP 15 23 23.91303 -34.02903 Sent. tag no. 65166 
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Appendix 3: A poster to inform local fisherman about tags they may potentially find in red 

roman within the Port Elizabeth area. This was greatly received by the angling community with 

close to 500 shares on Facebook. 

 
 

 
 

Appendix 4: Best fit second order polynomial relationship (line) and recorded data points 

(black dots) of the field metabolic rate (FMR) for each individual Chrysoblephus laticeps 

across experienced temperatures in the field. Shaded areas represent 95% confidence intervals.  
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