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Abstract 

The lateral line system of fish has been implicated in contributing to many behaviours, 

including orientation, activity and feeding. The system is comprised of a series of 

interconnected organs (neuromasts) that may be either embedded in fluid filled canals in 

the dermal surface of the fish (canal neuromasts), or embedded on the skin of the fish 

(superficial neuromasts). The ratio of canal to superficial neuromasts has been 

demonstrated to vary with hydrological environment. The Gobiomorphus genus occupies a 

wide variety of hydrological environments and one species, Common Bully, has been 

demonstrated to exhibit habitat related variation in the lateral line system. This study 

examined the lateral line system of four Gobiomorphus species (Common, Bluegill, Redfin 

and Upland Bullies) through vital staining and histological methods. This demonstrated that 

the lateral line system varies with the hydrodynamic environment of each species, with high 

flow specialists having low neuromast counts and low flow generalists having high and 

variable neuromast counts. A consistent difference in superficial neuromast size was found 

across all species. Redfin Bullies were found to lack neuromasts within their canals. A 

feeding experiment in controlled aquaria conditions  suggests that the capacity of these 

species to capture prey in the absence of light is related to the form of the lateral line 

system. Species with canal neuromasts caught more prey than those with solely superficial 

neuromasts, and those with a higher proportion of large superficial neuromasts were more 

successful at capturing prey compared to species with only superficial neuromasts. This 

study demonstrated the likely importance of the lateral line system in feeding in the 

Gobiomorphus genus. The role of differing feeding capabilities between species and how it 

relates to the distribution patterns of these species and across the wider genus is discussed.  



iii 
 

Acknowledgements 

My thanks go to the technical staff in both the Zoology Department and the Electron 

Microscopy Unit for all their support and guidance. In particular I’d like to thank Matthew 

Downes for everything he taught me about laboratory techniques, and Kim Garrett for all 

his help in the field.  

Without the support and constant availability of my supervisor Gerry Closs this thesis would 

not be what it is, and for that I am forever grateful.  

The atmosphere of comradery within the Zoology Department could not be more 

supportive. The support staff are friendly and supportive, the academic staff engaging and 

talkative, and the fellow students understanding and helpful. I am genuinely privileged to 

have studied amongst these people and can never fully express my gratitude.  

I would like to highlight the help and advice given by Jason Augspurger and Matt Jarvis, both 

in the office and the field, the statistical advice provided by Luke Easton, the help with 

graphic design from Megan Askew, and the general support and sounding board provided 

by Stefanie Barak, without whom this process would have been more difficult.  

Lastly, I would like to thank my friends and family for their support and reminding me that 

while fish research is exciting, there is a world outside of it that I should not forget about.  

  



iv 
 

Table of Contents 

Abstract ........................................................................................................ ii 

Acknowledgements ...................................................................................... iii 

Table of Contents ......................................................................................... iv 

List of Figures ............................................................................................... vi 

List of Tables ............................................................................................... vii 

1. General Introduction ................................................................................. 1 

1.1 The Lateral line system ........................................................................................................ 1 

1.2 Morphology .......................................................................................................................... 1 

1.2.1 Superficial Neuromasts.............................................................................................. 2 

1.2.2 Canal Neuromasts...................................................................................................... 2 

1.2.3 Variation .................................................................................................................... 3 

1.3 Behaviour ............................................................................................................................. 4 

1.3.1 Physical Ablation ........................................................................................................ 4 

1.3.2 Chemical Ablation ...................................................................................................... 5 

1.4 Study Species ....................................................................................................................... 5 

1.5 Thesis aims ........................................................................................................................... 7 

2. Morphology of the Lateral Line System in the Gobiomorphus genus .......... 8 

2.1 Introduction ......................................................................................................................... 8 

2.1.1 Lateral line system function ...................................................................................... 8 

2.1.2 Variation in lateral line morphology .......................................................................... 9 

2.1.3 Aims and Hypotheses .............................................................................................. 10 

2.2 Methods ............................................................................................................................. 11 

2.2.1 Vital Staining ............................................................................................................ 11 

2.2.2 Histology .................................................................................................................. 12 

2.2.3 SEM Preparation ...................................................................................................... 12 

2.2.4 Image and Statistical analysis .................................................................................. 12 

2.3 Morphology Results ........................................................................................................... 14 

2.3.1 Superficial Neuromasts............................................................................................ 14 

2.3.2 Histology .................................................................................................................. 20 

2.3.3 SEM .......................................................................................................................... 21 

2.4 Discussion........................................................................................................................... 23 



v 
 

2.4.1 Similarities across the genus ................................................................................... 23 

2.4.2 Environment related variation ................................................................................ 24 

2.4.3 Predictions of feeding ability ................................................................................... 24 

2.4.5 Conclusion ............................................................................................................... 26 

3. Feeding Capabilities of the Gobiomorphus genus ..................................... 27 

3.1 Introduction ....................................................................................................................... 27 

3.1.1 Lateral line function ................................................................................................. 27 

3.1.2 Nocturnal feeding in New Zealand Fish ................................................................... 28 

3.1.3 Aims and Hypotheses .............................................................................................. 28 

3.2 Methods ............................................................................................................................. 30 

3.2.1 Field Sampling and Laboratory Protocols ................................................................ 30 

3.2.2 Experimental set up ................................................................................................. 31 

3.2.3 Vital staining and morphological analysis ............................................................... 32 

3.2.4 Shrimp behaviour .................................................................................................... 33 

3.2.5 Statistical analysis .................................................................................................... 34 

3.3 Experimental Results ......................................................................................................... 35 

3.3.1 Shrimp behaviour .................................................................................................... 35 

3.3.2 Pores, analysis and impact ...................................................................................... 35 

3.3.3 Superficial neuromasts, analysis and impact .......................................................... 36 

3.3.4 Comparisons of feeding success across the Genus ................................................. 38 

3.4 Experiment Discussion ....................................................................................................... 41 

3.4.1 Impact of Canal Neuromasts ................................................................................... 41 

3.4.2 Impact of Superficial Neuromasts ........................................................................... 42 

3.4.3 Impact of Differing Feeding Capabilities ................................................................. 44 

3.4.5 Conclusion ............................................................................................................... 45 

4. General Discussion .................................................................................. 46 

4.1 Thesis Conclusions ............................................................................................................. 46 

4.2 Wider genus implications .................................................................................................. 48 

4.3 Additional methods............................................................................................................ 49 

4.4 Conclusion .......................................................................................................................... 50 

5. References .............................................................................................. 51 

6. Appendix ................................................................................................. 59 

6.1 Histological Processes ........................................................................................................ 59 

 

  



vi 
 

List of Figures 

Figure 2.1: A generalised bully, demonstrating the groupings of superficial neuromasts on 
the lateral surface of the head (a), and the dorsal surface of the head (b).  Not all 
neuromasts groups were present in all species, and quantities vary greatly both between 
and within species. The classification is adapted from Wongrat & Miller 
(1991)......................................................................................................................................13 

Figure 2.2: DASPEI stained fish illustrating the superficial neuromast pattern in each of the 
four species. U= Upland, R= Redfin, C= Common and B= Bluegill. Scale bars = 1mm.............15 

Figure 2.3: The percentage of cephalic neuromasts of  the large size in four Gobiomorphus 
species. N=20 for Bluegill, Upland and Common (River), 18 for Redfin and 15 for Common 
(Lake).......................................................................................................................................15 

Figure 2.4: The density of cephalic neuromasts standardised by standard length compared 
across four Gobiomorphus species. N=20 for Bluegill, Upland and Common (River), 18 for 
Redfin and 15 for Common (Lake)..........................................................................................17 

Figure 2.5: The absolute difference in superficial neuromast counts between left and right 
sides of the head. N=20 for Bluegill, Upland and Common (River), 18 for Redfin and 15 for 
Common (Lake).......................................................................................................................18 

Figure 2.6: Results of Principle Component Analysis (PCA) ordination carried out on the 
density of cephalic superficial neuromasts  on the left side of four Gobiomorphus species. 
Principle Components 1 and 2 collectively describe 75.5% of all variation present N=20 for 
Bluegill, Upland and Common (River), 18 for Redfin and 15 for Common (Lake)...................20  

Figure 3.1: The total number of mysids caught by each species during two hours of  either 
light conditions (a) or dark conditions (b). N=10 for each species grouping in each treatment 
(10 each for both lake and river Common Bullies)..................................................................40 

 

 

 

 

  



vii 
 

List of Tables 

Table 2.1: The absolute number of neuromasts in each grouping as described in Figure, on 
the left side of the head of each species. N=20 for Bluegill, Upland and Common (River), 18 
for Redfin and 15 for Common (Lake). Values are mean ± standard error..........................16 

Table 2.2: MANCOVA results comparing densities of neuromasts in the groups on the left 
side of the head of the fish. Standard Length was held as a covariate...................................18 

Table 2.3: Eigenvalues and percent variation explained for the first four Principle 
Components from the Principle Component Analysis (PCA)  carried out on the density of 
cephalic neuromasts on four species of the Gobiomorphus genus. Neuromast labels are 
given in figure 2.1....................................................................................................................20  

Table 3.1: The results of ANCOVA analysis of varying features of the mechanosensory 
system on feeding success in dark conditions in four Gobiomorphus species, with standard 
length controlled as a covariate..............................................................................................37 

Table 3.2: The results of ANCOVA analysis of varying features of the mechanosensory 
system on feeding success in light conditions in four Gobiomorphus species, with standard 
length controlled as a covariate. Significant results (p<0.05) in bold.....................................37 

Table 3.3: The feeding success of four Gobiomorphus species in either light and dark 
conditions (mean ± SE) and the results of an ANCOVA analysis comparing these with 
standard length controlled as a covariate. Significant results (p<0.05) in bold......................38 

 

  



1 
 

1. General Introduction 

1.1 The Lateral line system 

The lateral line system, commonly referred to as the mechanosensory system, is a sensory 

system unique to fish and aquatic amphibians (Coombs et al. 1988). It is comprised of a 

series of small organs called neuromasts, either distributed in clusters or rows  on the 

surface of the skin (superficial neuromasts), or embedded in subdermal, fluid filled canals on 

the head and often along the trunk of the body (canal neuromasts) (Münz 1979, Coombs et 

al. 1988).  

This system has been shown to be important in the mediation of several behaviours in fish, 

including prey detection (Coombs et al. 2001), rheotaxis (Montgomery et al. 1997, Baker et 

al. 1999), schooling (Partridge & Pitcher 1980) and obstacle entrainment (Teyke 1988, de 

Perera 2004, Montgomery et al. 2003). The neuromasts are sensitive to vibrations in the 

water, allowing fish to “touch at a distance” (Dijkgraaf 1963), giving it an image of its 

surroundings.  

Here we will look at the difference in the morphology of the neuromasts as described in the 

literature, and then examine the behavioural impacts these have, with a focus on the 

methods used to examine these behaviours.  

1.2 Morphology 

Individual neuromasts are ovoid in shape, with a row of hair cells arranged either along the 

long axis or across the short axis of the structure. This hair line consists of both long kinocilia 

and shorter stereocilia. Surrounding the hair cells are a group of support cells, with mantle 
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cells forming the outer edge (Münz 1979). Covering the structure is a gel cupula secreted by 

the support cells, protecting the cilia and adding to the signal strength threshold required to 

stimulate the neuromast, contributing to signal dampening (Münz 1979).   

 

1.2.1 Superficial Neuromasts 

Groupings of superficial neuromasts are highly variable, and tend to be associated with 

nearby canals (Coombs et al. 1988). There are several forms that the superficial neuromast 

may take, including papilate, flush, grooved or pitted (Coombs et al. 1988). Differences in 

the size of superficial neuromasts and their corresponding sensory epithelium have been 

noted in at least one species (Wongrat & Miller 1991), although no clear adaptive 

differences were noted.   

As superficial neuromasts are directly exposed to the hydrodynamic environment of the 

fish, they have reduced ability to detect singular signals. In the Common Bully, a fish whose 

mechanosensory system predominantly consists of superficial neuromasts, impairment of 

signal detection has been demonstrated at background flow rates as low as 1.5cms-1 in 

experimental conditions (Bassett et al 2006).    

1.2.2 Canal Neuromasts 

Canal neuromasts form first as superficial neuromasts on the skin of the fish. These are 

termed “presumptive canal neuromasts” (Webb 1989a). At a species specific development 

stage, these neuromasts begin to sink into grooves, eventually invaginating themselves 

either in a dermal scale or in the skin itself (Coombs et al. 1988, Webb 1989a). Pores appear 
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at this stage. The outer layer of the newly formed canal often then ossifies (Coombs et al. 

1988, Webb 1989a).  

 

Canal neuromasts are often substantially larger than their superficial counterparts. Münz 

(1979) found that the canal neuromasts in the cichlid Sarotherodeon niloticus were four 

times the size of superficial neuromasts (~400µm vs ~100µm).  

 

The particular location of canals follow repeatable patterns within and between fish families 

(Coombs et al. 1988), with many canals located on the head and generally one or two 

located along the trunk. Some fish families exhibit branching and complex canal patterns 

(Coombs et al. 1988) while others, such as Eleotorids, exhibit canal reduction or loss 

(Coombs et al. 1988, McDowall 1990, Wongrat & Miller 1991).  

 

1.2.3 Variation and Environment 

Considerable variation in the form of the mechanosensory morphology has been noted both 

between and within fish families both in the form of the canals and in the distribution of 

superficial neuromasts (Coombs et al. 1988, Wongrat & Miller 1991). Fish from high flow 

environments tend to have a higher proportion of canals compared to those from low flow 

or lentic systems, which tend to be dominated by superficial neuromasts (McDowall 1990, 

Trokovic et al. 2011, Vanderpham et al. 2013), however phylogenetic constraints have been 
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implicated in fish having a higher proportion of superficial neuromasts in a high flow 

environment than would otherwise be expected (Carton & Montgomery 2004).  

 

1.3 Behaviour 

Studies on the impact on behaviour of each neuromast subtype have focused on the 

inactivation of either the whole or part of the mechanosensory system, and then measuring 

changes in specific behaviour, often as a function of the change in stimulus strength 

threshold required to induce an already observed behaviour (eg rheotaxis, object 

orientation). For superficial neuromasts this can be done through physical removal of 

neuromasts via dermal scraping (Montgomery et al. 1997, Montgomery & Baker 1999a, 

Montgomery & Baker 1999b), however to inactivate canal neuromasts chemical ablation is 

generally required, although a dental paste has been utilised to block canal openings in at 

least one study (Hoekstra & Janssen 1985).  

 

1.3.1 Physical Ablation 

Physically removing neuromasts can be achieved by dermal scraping, whereby a blade is run 

over the scales of an anaesthetised fish, removing the cilia from the neuromast (e.g. 

Montgomery et al. 1997, Baker & Montgomery 1999a, Baker & Montgomery 1999b) Other 

methods, such as freezing hairs off with a cold probe (Montgomery et al. 2003), or using an 

adhesive to peel cilia from neuromasts (Yoshizawa et al. 2010), have also been used. These 

techniques have the advantage of selectivity, whereby only the head might have 

neuromasts damaged, or only one side, allowing for examination of the role of specific 
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elements of the superficial neuromast groupings (e.g. Baker & Montgomery 1999a). Fish 

that have undergone physical ablation of superficial neuromasts have demonstrated a 

reduced ability to orient in flow (rheotaxis) (Montgomery & Baker 1999), maintain position 

in flowing systems (Montgomery et al. 2003), and respond to vibratory stimuli (Yoshizawa et 

al. 2010).  

 

1.3.2 Chemical Ablation 

Chemical ablation is carried out by immersing the fish in a water bath containing a dissolved 

ablation agent. Gentamicin, streptomycin  and cobalt ions are commonly used (Montgomery 

et al. 1997, Montgomery et al. 2003, Coombs et al. 2001). Recent studies have called into 

question the selectivity of these chemicals (e.g. Butler et al. 2016), and therefore call into 

question some of the conclusions that have been drawn about the role of the canal 

neuromasts in mediating behaviours. For example, CoCl2, a common chemical ablative, has 

been demonstrated to reduce olfaction in three freshwater fish species, in addition to 

damaging both canal and superficial neuromasts (Butler et al. 2016). Gentamicin has also 

been demonstrated to inactivate both canal and superficial neuromasts (Van Trump et al. 

2010), where previously it had been thought to inactivate just canal neuromasts (Coombs et 

al. 2001, Montgomery et al. 2003), necessitating a reinterpretation of behavioural 

experiments using these agents.  

 

 

1.4 Study Species 
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The Gobiomorphus genus consists of nine species, seven endemic to New Zealand and two 

to Australia (Stephens et al. 1982, McDowall 1990, NIWA 2016). In New Zealand they occupy 

a wide range of habitats and exhibit varied life histories. The Common Bully (G. cotidianus) is 

a habitat generalist that is facultatively amphidromous, forming both lake-locked and 

riverine populations (McDowall 1990, Closs et al 2003). The Redfin (G. huttoni) and Bluegill 

(G. hubbsi) bullies are both amphidromous breeders and are localised to river populations 

(McDowall 1990). The Upland Bully (G. breviceps) is not known to be diadromous, and is 

present in a wide variety of habitats from lakes to fast flowing rivers (McDowall 1990, NIWA 

2016). 

 

The Gobiomorphus genus exhibits the reduced canal morphology (McDowall 1990), 

characterised by a reduction (or in some cases a complete absence of) pores and associated 

canals (Coombs et al. 1989, Webb 1989b, Webb 2013), and in Gobioids by large papillae 

extending neuromasts into the water column (Winterbottom 1993). Differences in the pore 

structure of the cephalic lateral line system have been noted within the genus and are used 

as distinguishing characteristics within the genus (McDowall 1990), eg: Bluegill and Redfin 

Bullies have five pores each, with one medial pore. In Redfin Bullies there has been shown 

to be very little variation in this form (Vanderpham et al 2013). Upland Bullies have no 

canals whatsoever, instead having a lateral line system consisting entirely of superficial 

neuromasts. Common Bullies have variable numbers of cephalic lateral line pores, which 

have been shown to correspond to the hydrodynamic environment in which the fish live 

(McDowall 1990, Michel 2008, Vanderpham 2013). 
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Due to the wide range of habitats occupied by the four Gobiomorphus species mentioned, 

this genus provides an excellent model to investigate the adaptations of the 

mechanosensory system to varying hydrological environments, in particular allowing for 

investigation into the distribution and morphology of the superficial neuromast systems.  

1.5 Thesis aims 

This thesis aims to describe the mechanosensory system of the four Gobiomorphus species 

listed above, with particular focus on the superficial neuromasts. It is expected that the 

distribution of the neuromasts will be related to the habitat of the species. Predictions of 

the feeding ability in the absence of light will be made based on the morphology. Those 

species with more neuromasts, particularly canal neuromasts are expected to feed better in 

the absence of light.  These predictions will then be tested by comparing the feeding success 

of each species in light and dark conditions, with particular reference to the differences in 

mechanosensory systems between the species.  
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2. Morphology of the Lateral Line System in the 

Gobiomorphus genus 

2.1 Introduction 

2.1.1 Lateral line system function 

The lateral line system is a series of vibration sensitive organs found in teleost fish and 

amphibians (Coombs et al. 1988). In fish this comprises a series of canals, within which lie 

neuromasts, organs comprised of hair cells protruding into the canal interior, and associated 

superficial neuromasts on the epidermal surface of the fish, with hair cells protruding into 

the water column (Coombs et al. 1988, Coombs et al. 2008). It is through the innervation of 

these hair cells that canal neuromasts detect pressure gradients in the water column and 

superficial neuromasts detect the water flow around the fish (Coombs et al. 1988, Van 

Netten 2006).  

This lateral line system is used to gather information critical to many behaviours, including 

schooling position (Partridge & Pitcher 1980), predator detection and avoidance (Fuiman & 

Magurran 1994, Mesa & Warren 1997), rheotaxis (Montgomery et al. 1997, Baker et al. 

1999), environment mapping (Teyke 1988, de Perera 2004, Montgomery et al. 2003), and 

prey location and capture [Coombs et al. 2001, Pohlmann et al. 2004]. The role of each 

element of the lateral line system has not been elucidated for all behaviours, however 

through selective blocking of either canal neuromasts chemically (Coombs et al.2001) or 

through physically removing the cilia from superficial neuromasts (Montgomery et al.1997, 

Baker et al.1999, Coombs et al.2001), it is evident that certain behaviours are mediated by 
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one element of the lateral line system and not the other e.g.: canal neuromasts mediate an 

orientation response to prey in the Mottled Sculpin Cottus Bairdi (Coombs et al.2001), and 

superficial neuromasts mediate rheotaxis in several species (Montgomery et al.1997, Baker 

et al. 1999). In other behaviours, such as the positioning behaviour of rainbow trout in 

water currents, both superficial and canal neuromasts provide information critical to the 

behaviour, and inactivation of either neuromast type reduces the rate and accuracy at 

which the behaviour occurs (Montgomery et al. 2003).   

 

2.1.2 Variation in lateral line morphology 

The particular form the lateral line system takes has been shown to vary greatly between 

fish families (Coombs et al.1988 and references therein), and phylogenetic constraints can 

be the dominant force for lateral line system distribution in some species (e.g. Carton & 

Montgomery 2004). In other species the hydrodynamic environment has been shown to 

correlate with the form of the lateral line system (Trokovic et al. 2011, Vanderpham et al. 

2013), with a higher proportion of canal neuromasts being present in fish from high velocity, 

turbulent environments compared to superficial neuromasts dominating fish from low 

velocity, still environments. This is due to canal neuromasts being shielded from the noise of 

turbulent water, and therefore allowing for detection of finer signals, whereas superficial 

neuromasts are more suited to gathering information about the flow environment itself 

(e.g. Coombs & Montgomery 1994, Montgomery et al. 1997, Montgomery & Baker 1999). 

However, one New Zealand Native freshwater fish, the Torrentfish (Cheimarrychthys fosteri) 

has a higher proportion of superficial neuromasts and a relatively simple canal structure 

than the closely related Blue Cod (Parapercis colias), despite the former living in fast flowing 
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streams and the latter residing in slow flowing sub-tidal regions (Carton & Montgomery 

2004), indicating that evolutionary history can play a more dominant role in neuromast 

distribution than hydrological environment. 

 

2.1.3 Aims and Hypotheses 

This study aims to investigate the cephalic lateral line morphology of four Gobiomorphus 

species, and compare the forms they take in relation to the environment the fish typically 

occupy. Of particular interest is the arrangement of superficial neuromasts of Common 

Bully, as this species commonly occurs in both lakes and rivers, and has shown variation in 

mechanosensory pores related to habitat (Vanderpham et al.2013). It is predicted that the 

genus will show habitat related variation, with a reduction in superficial neuromast numbers 

in species from high flow environments (Bluegill and Redfin Bullies) compared to species 

that can be found in a variety of flow regimes (Common and Upland Bullies). I also predict 

that Common Bully will show this same pattern within the species.  
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2.2 Methods 

2.2.1 Vital Staining 

A total of 20 each of Bluegill, Common and Upland Bullies, along with 18 Redfin Bullies were 

collected from various river sites in the East Otago region, along with 15 Common Bullies 

from Sullivan’s Dam, a lake site within the Dunedin City Limits. 

Neuromast counts and distribution patterns of each species were observed using the vital 

stain  DASPEI (2-(4-(dimethylamino)styryl)-N-Ethylpyridinium Iodide) in accordance with the 

protocol detailed in Pisano et al. (2014).  This stain binds to mitochondria in the hair cells of 

the neuromasts, causing them to fluoresce under a confocal microscope, neuromasts with 

more hair cells fluoresce brighter than those with fewer. DASPEI was applied at a 

concentration of 0.005% through water bath submersion. Fish were then washed of excess 

stain in a tank water bath then immediately euthanized with an overdose of MS-222 (Ethyl 

3-aminobenzoate methanesulfonate). 

Fish were then imaged under a fluorescent confocal microscope, with a Green Fluorescent 

Protein (GFP) filter. While the GFP filter does not emit light at the exact peak excitation 

wavelength of DASPEI, the emission and excitation wavelengths of the two overlap 

sufficiently to allow for imaging.  

Photos were taken with a Leica camera in conjunction with the Leica Application Suite 

software. Images of the dorsal and ventral surfaces, and the left and right sides of every fish 

were taken, focusing on the aspects rostral to the operculum. Superficial neuromasts were 

classified into groups following the longitudinal morphology described in Wongrat and 

Miller (1991) (Figure 2.1). Fish were then preserved in 10% formalin, standard length was 
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measured, and then a subset were examined histologically and with a Scanning Electron 

Microscope.   

2.2.2 Histology 

The internal structure of the canals present in three of the species were visualised using 

histological methods. Five fish of each species with canals (Bluegill, Redfin, Common) were 

decapitated and decalcified in a formic acid solution then dehydrated in an ethanol series, 

infiltrated with xylene and embedded in paraffin wax. Six micrometre thick sections were 

then cut with a Zeiss microtome and mounted on slides. These were then stained with a 

standard Hemotoxylin and Eosin (H&E) protocol and cover slipped with entellan mountant. 

For a full breakdown of the procedure see Appendix A.  

2.2.3 SEM Preparation 

To examine a potential size difference between brightly fluorescing and dimly fluorescing 

superficial neuromasts three fish of each species were prepared for SEM imaging. Fish heads 

were decapitated and fixed in 2.5% gluteraldehyde buffered with 0.1M cacodylate. They 

were then washed of gluteraldehyde with three ten-minute 0.1M cacodylate washes. 

Following this samples were osmicated for one hour with a 1% Osmium Tetraoxide solution, 

buffered with 0.1M cacodylate. Samples were then washed in 0.1M cacodylate buffer until 

critical point drying.  

2.2.4 Image and Statistical analysis 

Neuromast counts and measurements were made using the Image J software and statistical 

analysis of neuromast counts was performed in the R software program (version 3.3.1; R 

Development Core Team 2016). As the Standard Length (SL) of fish varied greatly both 
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within and particularly between species, MANCOVA tests were performed, with SL as a 

covariate. Principle Component Analysis (PCA) ordination was carried out on the superficial 

neuromast densities standardised by standard length on the left side of each fish. 

 

Figure 2.1: A generalised bully, demonstrating the groupings of superficial neuromasts on 
the lateral surface of the head (a), and the dorsal surface of the head (b).  Not all 
neuromasts groups were present in all species, and quantities vary greatly both between 
and within species. The classification is adapted from Wongrat & Miller (1991).  

a 

b 
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2.3 Results 

2.3.1 Superficial Neuromasts 

The general distribution of the neuromasts are conserved within the genus (Figure 2.2). 

Superficial neuromasts in groups u, a, i, i1, b, c1, s, p, p1, p2 appear brighter and larger than 

the other neuromast groups when imaged with DASPEI in every specimen of all four species 

examined (Figure 2.2). The proportion of these large neuromasts compared to small 

neuromasts differed significantly between species (F=98.627, Df=4, P=2*10-16, N=93), with 

Upland Bullies having the highest proportion, Common Bullies from lakes and rivers differing 

slightly (F=4.640, Df=1, P=0.0389, N=35), as did Common and Bluegill Bullies (F=31.987, 

Df=1, P=2.85*10-05, N=40), and Bluegill and Redfin Bullies, (F=63.098, Df=1, P=2.42*10-09, 

N=38), with Redfin Bullies having the lowest proportion of large neuromasts (Figure 2.3). 

Collectively all of the neuromast groupings presented in Table 2.1 varied significantly across 

all species (Pillai=3.5128, Df=4, P < 2.2*1016, N= 93). All of the variables measured 

contributed to the difference (P < 0.05). The absolute difference between number of 

neuromasts on the left and right sides did not differ significantly between species (Figure 

2.5), (F=1.8268, Df=1, P=0.1309, N=93).   

Common Bullies from rivers had significantly more pores than those from lakes (F=34.047, 

Df=1, P=1.05*10-6, N=35), with those without pores having neuromasts visible in the p, p1 

and i1 locations that are obscured in fish with pores. The density of neuromasts did not 

differ between Common Bullies from lakes or rivers (F=3.779, Df =1, P=0.060752, N=35) 

(Figure 2.4). There was a significant difference in some of the groupings (s, u, os, oi, ot, d, i) 

between Common Bullies from lakes and those from rivers not related to the canal 

structures (p < 0.05) (Table 2.2).  
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Figure 2.2: DASPEI stained fish illustrating the superficial neuromast pattern in each of the 
four species. U= Upland, R= Redfin, C= Common and B= Bluegill. Scale bars = 1mm. 

 

Figure 2.3: The percentage of cephalic neuromasts of  the large size in four Gobiomorphus 
species. N=20 for Bluegill, Upland and Common (River), 18 for Redfin and 15 for Common 
(Lake). 
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Table 2.1 : The absolute number of neuromasts in each grouping as described in Figure, on 
the left side of the head of each species. N=20 for Bluegill, Upland and Common (River), 18 
for Redfin and 15 for Common (Lake). Values are mean ± standard error.  

Neuromast 

row / cluster 

 

Bluegill 

 

Redfin 

Species 

Common 

(Lake) 

 

Common 

(River) 

 

Upland 

u 4.05 ± 0.26 5.89 ± 0.20 18.8 ± 0.85 21.1 ± 1.13 19.9 ± 0.78 

x1 7.3 ± 0.50 11 ± 0.40 10.4 ± 1.10 15.05 ± 0.71 10.9 ± 0.78 

x2 4.9 ± 0.34 6.39 ± 0.40 5.8 ± 0.65 8.25 ± 0.76 9.2 ± 0.79 

x3 2.95 ± 0.66 7.06 ± 0.42 4.87 ± 0.47 8.05 ± 0.75 9.85 ± 0.92 

z 8.85 ± 0.46 10.61 ± 0.33 8.6 ± 0.65 11.35 ± 0.53 5.9 ± 0.61 

os 13.95 ± 1.05 19.28 ± 0.83 17.07 ± 0.73 19.5 ± 1.53 16.05 ± 0.55 

oi 6.6 ± 0.41 11.17 ± 0.46 20.2 ± 1.18 17.75 ± 0.88 11.55 ± 0.43 

ot 20.5 ± 01.26 30.33 ± 0.10 31.6 ± 1.99 47.35 ± 2.46 27.35 ± 1.00 

a 15.1 ± 0.51 13.95 ± 1.17 22.2 ± 0.42 30.4 ± 1.31 29.4 ± 0.84 

a1 11.2 ± 0.46 16 ± 0.46 17.53 ± 0.90 21.05 ± 0.97 8.75 ± 0.58 

b 2.05 ± 0.05 2 ± 0 8.6 ± 0.6 11.45 ± 0.82 2.5 ± 0.27 

c 10.15 ± 0.43 15.94 ± 0.37 21.8 ± 0.79 26.5 ± 1.29 19.55 ± 0.66 

d 8.65 ± 0.36 14 ± 0.66 26.33 ± 01.76 27.95 ± 01.87 15.45 ± 0.69 

e 23.45 ± 1.0 28.61 ± 0.78 32.87 ± 1.21 40.75 ± 2.31 22.35 ± 0.65 

f 12.68 ± 0.70 18.78 ± 0.68 29.93 ± 1.12 40.1 ± 1.54 17.2 ± 0.53 

i 16.37 ± 0.37 20.39 ± 0.62 39.4 ± 1.21 44.15 ± 2.35 32.25 ± 0.87 

i1 0 ± 0 0.56 ± 0.39 3.73 ± 0.23 3.2 ± 0.59 5.3 ± 0.29 

c1 5.05 ± 0.18 6.06 ± 0.10 7.67 ± 0.36 10.9 ± 0.62 5.3 ± 0.29 

s 4.2 ± 0.09 3.06 ± 0.06 9.4 ± 0.36 9.7 ± 0.45 0 ± 0 

s1 1 ± 0 0.17 ± 0.09 1.67 ± 0.16 2 ± 0.18 3 ± 0 
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r 0 ± 0 2.78 ± 0.13 3.53 ± 0.42 5.55 ± 0.67 2.8 ± 0.16 

p 0 ± 0 0 ± 0 2.93 ± 0.30 2.3 ± 0.40 19.9 ± 0.42 

p1 0 ± 0 0 ± 0 3.07 ± 0.18 2.95 ± 0.44 0 ± 0 

p2 1 ± 0 2 ± 0.08 1.47 ± 0.19 2.1 ± 0.22 1.55 ± 0.18 

o 4.65 ± 0.45 5.56 ± 0.47 5.47 ± 0.65 7 ± 0.58 7.95 ± 0.50 

g 3.8 ± 0.37 6.22 ± 0.35 4.4 ± 0.65 6.85 ± 0.62 8 ± 0.42 

 

 

 

Figure 2.4: The density of cephalic neuromasts standardised by standard length compared 
across four Gobiomorphus species. N=20 for Bluegill, Upland and Common (River), 18 for 
Redfin and 15 for Common (Lake). 
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Figure 2.5: The absolute difference in superficial neuromast counts between left and right 
sides of the head. N=20 for Bluegill, Upland and Common (River), 18 for Redfin and 15 for 
Common (Lake). 

 

Table 2.2: MANCOVA results comparing densities of neuromasts in the groups on the left 
side of the head of the fish. Standard Length was held as a covariate.  

Species Comparison Neuromast groups that differ (P < 0.05) 

Common (Lake) vs 

Common (River) 
s, p, p1, u, os, oi, ot, d, i, i1 

Bluegill vs Redfin s1, s, r, p2, o, g, u, x1, x2, x3, z, os, oi, ot, c1, i1, a1, c, i, e, f 

Redfin vs Upland s1, s, r, p, o, u, x1, x2, x3, z, os, oi, ot, c1, i1, a, a1, b, c, d, i, e, f 

Upland vs Common 

(River) 
s1, s, r, p, p1, o, g, x1, x2, x3, z, oi, ot, c1, i1, a, a1, b, c, d, i, e, f 
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Principle Component Analysis  (PCA) ordination performed on the superficial neuromasts on 

the left side of the head of each species revealed distinct groupings of species across the 

first two Principle Component axes (Figure 2.6). Grouping was evident in Common Bullies, 

with considerable overlap occurring between lake and river caught specimens. Bluegill and 

Redfin Bullies showed some overlap, but also showed some distinction along the first axis. 

Upland Bullies were shown to overlap with Common and Redfin Bullies along the first axis, 

but were distinct along the second axis, leading to an overall lack of overlap.  The first of 

these axes, accounting for 58.7% of the total variation, was driven primarily by neuromast 

groupings on the ventral half of the fish, while the second axis, accounting for 16.8% of the 

total variation, was driven primarily by neuromasts on the dorsal surface of the fish (Table 

2.3) These two axes collectively describe 75.5% of the total variation in the superficial 

neuromasts. MANCOVA analysis demonstrated that species that overlap in ordination space 

differ across fewer neuromast groupings compared to those that appear more distinct 

(Table 2.2), with Common Bullies from lakes and rivers differing in the fewest neuromast 

groupings.  

No canal neuromasts were visible through DASPEI staining in any of the species measured.  

As many clusters of superficial neuromasts can be distinct in some fish and merge together 

in others, a certain amount of uncertainty as to the precise grouping of some neuromasts is 

inevitable. Neuronal innervations are the distinguishing feature of specific lateral line 

subunits, but these are not revealed by DASPEI staining or H&E histological stains, and 

hence remain undescribed.  
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Figure 2.6: Results of Principle Component Analysis (PCA) ordination carried out on the 
density of cephalic superficial neuromasts  on the left side of four Gobiomorphus species. 
Principle Components 1 and 2 collectively describe 75.5% of all variation present. N=20 for 
Bluegill, Upland and Common (River), 18 for Redfin and 15 for Common (Lake). 

 

Table 2.3: Eigenvalues and percent variation explained for the first four Principle 
Components from the Principle Component Analysis (PCA)  carried out on the density of 
cephalic neuromasts on four species of the Gobiomorphus genus. Neuromast labels are 
given in figure 2.1.  

Principle Component Eigenvalue 
Percent of variation 

explained 

Neuromast groupings 

contributing to 

Principle Component 

1 15.26 58.69 c, i, f, d, ot 

2 4.37 16.81 p, s, s1, x2, x3 

3 1.25 04.82 g, p2, z 

4 0.74 02.86  
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2.3.2 Histology 

Supraocular pores were present in all of the Bluegill and Redfin Bullies, all but one of the 

River Common and four of the Lake Common Bullies. None of the Upland Bullies exhibited 

canal pores, so these were not analysed histologically.  

The supraocular canal in the Bluegill Bully consists of two pore openings on each side of the 

fish, arranged rostro-caudally connected by a canal containing four neuromasts, also 

arranged rostro-caudally, with each canal connected to the medial pore by a transverse 

canal, which lacks neuromasts. This makes for a total of five pores on the dorsal surface of 

the Bluegill Bully’s head, all interconnected with eight neuromasts therein.  

Redfin Bullies have the same canal arrangement, however in the five specimens examined, 

there were no neuromasts present within the canals. Common Bullies have a rostrocaudal 

arrangement of canals, with no medial canal connecting them, and no medial pore. 

Common Bullies were highly variable in the number of neuromasts within their canals. Of 

the five specimens examined, the lowest number of neuromasts in any one canal was 2, and 

the highest 13. Neuromast counts were either symmetrical or with one neuromast 

difference. One specimen had pore asymetry, resulting in one canal section being smaller 

than the other, and therefore containing fewer neuromasts. 

 

2.3.3 SEM 

An unknown artefact during the preparation process resulted in the destruction of the 

cupula of neuromasts, along with many of the sensory cilia. Dehydration and uneven 

shrinkage of the skin resulted in many individual neuromasts being obscured, preventing 
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measurements of the sensory surfaces. However, qualitative observations could be made. 

Superficial neuromasts that appear brighter through DASPEI staining  (groups u, a, i, i1, b, c1, 

s, p, p1, p2) appeared larger than those in other locations across all four species, although 

this observation is based on supporting mantle cells, rather than the true sensory surface. 

The i grouping appeared extremely pappilate in all species, whereas no other grouping 

showed this pappilation.  
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2.4 Discussion 

2.4.1 Similarities across the genus 

The general form of the lateral line system is highly conserved within the genus and 

matches the longitudinal form described in other Eleotrids (Wongrat & Miller 1991) . All 

species of bullies observed in the course of this study had clear and repeatable neuromast 

distribution patterns, and while they exhibited intraspecific variation, consistent 

interspecific patterns were present and diagnostic.  

This study suggests that in the Gobiomorphus genus, the superficial neuromasts found in the 

locations usually associated with mechanosensory canals in species without head canal 

reduction are generally larger than those found elsewhere, with the low flow generalist 

species (Common and Upland Bullies) having a higher proportion of large neuromasts than 

the high flow specialists (Bluegill and Redfin Bullies). This is explained by the model of 

development of the reduced canal morphology (Nelson 1969), whereby the development of 

presumptive canal neuromasts continues as normal, however during the invagination phase 

of canal formation, development ceases. As canal neuromasts are generally larger than their 

superficial counterparts (Münz 1979, Coombs et al. 1988), presumptive canal neuromasts 

may also be generally larger than superficial neuromasts. This larger size may correspond to 

differing sensory capabilities. Larger superficial neuromasts have been shown to have a 

marginally lower detection threshold to vibrational stimuli in the Antarctic notothenioid 

Trematomus bernacchii (Coombs & Montgomery 1994) and while in that species the 

difference was considered non-adaptive, it is possible that within the Gobiomorphus genus 

such differences in detection capabilities between large and small neuromasts are more 

pronounced and have adaptive benefits. This may correspond to Upland Bullies, which have 
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the highest proportion of large neuromasts, having greater feeding success than the other 

species with only superficial neuromasts (Redfin Bullies and Common Bullies from lakes).   

2.4.2 Environment related variation  

In this study the difference in densities of neuromasts observed correspond to the typical 

environment of the various fish species examined, with the fast flowing specialists having 

fewer superficial neuromasts, and the slower flow generalists having a higher number of 

neuromasts. This corresponds with the patterns observed in other species (Trokovic et al. 

2011) and indicates that the mechanosensory system plays an important role in this genus.  

The variation in neuromast counts within the canals of Common Bullies, compared to the  

consistency observed in Bluegill Bullies, is concordant with the pattern observed in 

Vanderpham et al. (2013), which showed variable pore counts in Common Bullies, and 

consistency in Redfin Bullies, a fluvial specialist similar to the Bluegill Bully, however this 

study found no neuromasts within the canals of Redfin Bullies. The mechanism driving the 

loss of neuromasts withon the Redfin Bullies’ canals is unclear. Canal reduction generally 

results in exposed neuromasts (Vanderpham et al. 2015). As this study only investigated 

Redfin Bullies from the East Otago region, further investigation is required to assess if this 

morphology is standard across the species. 

2.4.3 Predictions of feeding ability 

Given what has been demonstrated here, some predictions of the feeding abilities of these 

bullies in zero light conditions can be made. As canal neuromasts are considered to be the 

class of neuromasts most responsible for prey detection (Coombs et al. 2001) and capture 

(Pohlmann et al. 2004), it is expected that species with a higher number of them would be 
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more proficient at capturing prey than those with a lower proportion or those that are 

lacking them entirely. Common Bullies show a wide level of variation in canal morphology 

(Vanderpham 2013), and thus would be expected to have more variable feeding success 

than Bluegill Bullies, which have a more conserved and consistent morphology. Redfin 

Bullies, having canals that lack neuromasts, are at a disadvantage, as not only do they lack 

the sensory equipment best suited to prey related behaviours, they have not been able to 

replace it with other sensors (superficial neuromasts) as happens with Common Bullies 

(Vanderpham 2015), and Upland Bullies (McDowall 1990).  

 Juvenile Redfin Bullies have been shown to be less likely to feed in complete darkness than 

juvenile Common Bullies (Rowe & Dean 1998). This study did not investigate the form of the 

lateral line system of the fish used, however the standard length of fish was reported. Given 

that the average length of both species of these fish was between 3mm and 7mm less than 

the size at which mechanosensory pores form in these species (30mm) (Vanderpham 2013), 

then it can be assumed that most if not all of the fish in this study lacked mechanosensory 

pores. While the juvenile morphology of the mechanosensory system of these fish is not 

known, it is possible that the differences mentioned in this chapter, namely the vast 

increase in superficial neuromast density and the difference in the proportion of large to 

small neuromasts in Common Bullies compared to Redfin Bullies, is formed early in the 

development of the fish. If this is the case, then superficial neuromast density or large to 

small neuromast proportions, may have an impact on nocturnal feeding ability and may 

explain the difference in feeding ability in complete darkness demonstrated in Rowe & Dean 

(1998). If this is the case, we would expect that adult Redfin Bullies would have less ability to 

feed in dark conditions than Common Bullies lacking mechanosensory pores.  
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2.4.5 Conclusion 

This study demonstrated that the morphology of the mechanosensory system of the 

Gobiomorphus genus is related to the hydrological environment of each species. High flow 

specialists had fewer superficial neuromasts, while low flow generalists had higher and 

more variable neuromast counts. Bluegill and Common Bullies with canal neuromasts are 

predicted to have greater feeding success in nocturnal situations than Redfin, Upland and 

Common Bullies with only superficial neuromasts.  
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3. Feeding Capabilities of the Gobiomorphus genus 

3.1 Introduction  

3.1.1 Lateral line function 

Prey detection is crucial to feeding success and many sensory systems are directed towards 

this stage of gathering nutrients (e.g. Faucher et al. 2002, Confer et al. 1978, Coombs et al. 

2001. Predators have evolved sensory systems including visual (Confer et al. 1978), olfactory 

(Faucher et al. 2002) and vibrational (Coombs et al. 1988) that are used to locate and catch 

prey.  Often multimodal information from multiple sensory systems gives the best means of 

detecting the precise location of prey (New & Kang 2000).  

 

Fish and some amphibians have evolved a mechanosesory system sensitive to vibrations, 

allowing feeding in low or no light conditions (Coombs et al 1988, Dijkgraaf 1963, Yoshizawa 

et al. 2010). This sense is derived from the lateral line system, a series of interconnected 

small organs, called neuromasts (Coombs et al. 1988). These organs are small, often ovoid in 

shape, and may be located either on the epidermal surface of the fish (superficial 

neuromasts) or in subdermal fluid filled canals (canal neuromasts) (Coombs et al. 

1988). These two types of neuromasts are thought to be optimally attuned to different 

stimuli and therefore to mediate different behaviours. Superficial neuromasts have been 

linked to rheotaxis (orienting within a current) in blind cave fish  (Montgomery et al. 1997, 

Montgomery & Baker 1999). Canal neuromasts are thought to be best at filtering weak 

signals, such as those made by prey, from the surrounding noisy environment (Coombs et al. 

1988), and hence have been shown to be important for behaviours related to prey capture, 
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such as orienting towards a signal source (Coombs et al. 2001), determining strike distance 

(New et al. 2001) and prey capture (Pohlmann et al. 2004).  

The blocking of canal neuromasts, either pharmacologically or physically often leads to a 

reduced capacity of fish to detect moving prey items in the environment around them in the 

absence of light (Forsyth & James 1987, Hoekstra & Janssen 1985, Janssen et al. 1995). 

However this is not always the case, as European Sea Bass that underwent both surgical 

inactivation of lateral line nerves and pharmacological blockade showed no reduced ability 

to feed (Faucher et al. 2002), although it should be noted that that study did not utilise live 

prey.  

3.1.2 Nocturnal feeding in New Zealand Fish 

Many native fish in New Zealand are capable of feeding in the absence of light (eg. Glova et 

al. 1987, Glova & Sugar 1989), including some Gobiomorphus species (Forsyth & James 1987 

Scrimgeour & Winterbourn 1987, Vanderpham et al. 2012). This ability has been 

demonstrated in the juveniles of some species, including two Gobiomorphus species (Rowe 

& Dean 1998). In other families, such as the native freshwater Torrentfish (Cheimarrychthys 

fosteri), a high flow specialist, the capacity to feed at night has been shown to be dependent 

on the lateral line system, with feeding rates in darkness dropping substantially, sometimes 

to zero, following pharmacological blocking of the lateral line system (Montgomery & Milton 

1993).  

 

3.1.3 Aims and Hypotheses 
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This study aimed to determine the relationship between mechanosensory system 

morphology and feeding success in four species of the Gobiomorphus genus in the absence 

of light under controlled aquarium conditions. In the previous chapter many aspects of the 

cephalic lateral line system were described, and predictions of the feeding ability of the fish 

in darkness were made.  These predictions are summarised briefly here; species with canal 

neuromasts (Bluegill Bullies, most riverine Common Bullies) will feed better in the absence 

of light than those without. Redfin Bullies, having canals but no neuromasts therein will fare 

no better than the species missing canals entirely (Upland Bullies, most lacustrine Common 

Bullies). Lastly, Upland Bullies, with their higher proportion of large neuromasts will have a 

slight advantage over the other species lacking canal neuromasts (Redfin Bullies, most 

lacustrine Common Bullies).  
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3.2 Methods 

3.2.1 Field Sampling and Laboratory Protocols 

Bullies were collected from sites throughout east Otago, with Bluegill Bullies being collected 

from the lower Waitaki River, Redfin Bullies from the west branch of the Tokomairiro River 

and from Bucklands Crossing on the Waikouaiti River, Upland Bullies from Tommy’s Flat 

Creek, Common Bullies from the lower Kaikorai Stream, Silverstream and Waikouaiti River 

using backpack electrofishing and from Sullivan’s Dam with overnight minnow trapping. As 

there was some overlap of species at some sites, Bullies were identified visually on site, and 

reassessed post mortem using the key given in McDowall (1990). Fish were transported to 

the laboratory and initially held overnight in the insulated 20L transportation container with 

aeration to allow recovery from stress associated with capture. Following this fish were 

transferred to holding tanks of ~22L capacity with dimensions of 45cmx45cmx45cm with no 

more than 12 fish to a tank. Three PVC tubes of approximately 10cm length and 5cm 

diameter were provided in each tank for the fish to use as cover. Fish were fed on a mix of 

live mysid shrimp and pellet food daily during a ~1-2 week holding phase. Lights were kept 

at a 12:12h cycle during this phase, and water and ambient air temperatures were kept at 

15 degrees C.  

 

Mysid shrimp (Tenagomysis spp.) were collected by dip netting from Kaikorai Stream Lagoon 

after sunset. Following transport to the laboratory they were kept in the same temperature 

controlled room as the bullies and were aerated with an air stone, and fed on a mix of 

spirulina powder and Artemia naupilli.  
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Two days prior to experiments, food was withheld from the fish to motivate feeding during 

the experiments. Rowe and Dean (1998) found that 36 hours was sufficient for the gut of 

both juvenile Common and Redfin Bullies to completely empty, and therefore 48 hours was 

assumed to be sufficient to induce hunger in adult bullies.  

 

3.2.2 Experimental set up 

To examine a potential correlation between mechanosensory system morphologies and 

feeding success in the Gobiomorphus genus, feeding ability in light (visual and 

mechanosensory), and dark (mechanosensory alone) conditions was compared between 

each species.  This was carried out using a modified version of the protocol given in 

Vanderpham (2012). After fasting for 48 hours, fish were transferred to large aquaria of the 

same type as the holding tanks filled to approximately 16L, with one fish per experimental 

tank, and allowed to acclimate for one hour. Experimental tanks were oxygenated with one 

air stone per tank during the acclimation phase, but to ensure uniform hydrological 

conditions these were removed during the experiment. Background flow rates as low as 

1.5cm s-1 have been shown to disrupt the detection ability of the mechanosensory system of 

Common Bullies (Bassett et al. 2006). The experimental tanks had opaque walls to reduce 

the influence of external stimuli on the fishes feeding. 

Ten fish of each species were tested in each treatment condition (light/dark), along with 10 

each of Common Bullies from rivers and those from lakes. 30 mysid shrimp of ~5mm body 

length along with 300ml of shrimp culture water, were introduced into the experimental 
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tanks after the acclimatisation period and left for two hours. At the end of this period, the 

fish were removed, and to visualise neuromasts fish were stained with the fluorescent dye 

DASPEI (2-(4-(dimethylamino)styryl)-N-Ethylpyridinium Iodide (Sigma-Aldrich)) (refer to 

Section 3.2.3) and then euthanised with an overdose of MS-222 (Ethyl 3-aminobenzoate 

methanesulfonate (Sigma-Aldrich)) for morphological analysis, and the remaining mysid 

shrimp counted. Their small size allowed for total consumption by the fish, lowering the risk 

of misidentifying a partially consumed mysid as unpredated.  

To prevent accumulation of odour cues from fish or mysid shrimp the water from the 

aquaria was completely emptied, flushed thoroughly and refilled between each trial. All 

experimental water was brought into the experimental room and left to sit overnight, to 

ensure consistency in temperature between trials. While the salinity of the holding tanks 

were kept at ~5ppt NaCl (to reduce the risk of disease outbreaks), in the experiment tanks 

the water was 0ppt NaCl, so that varying levels of salinity were not present, and thus not a 

confounding factor.  

Light conditions used in the experimental tanks were the same as those used in the holding 

tanks, generated with overhead lights of approximately 1,200 lux. During the dark trials 

black paper was used in addition to the seals around the door for climate control to remove 

ambient light sources from outside the room, in addition to turning off the overhead lights. 

The room was left undisturbed during the trials and pumps and aeration turned off to avoid 

disturbance. To allow the fish to acclimatise to dark conditions lights were turned off one 

hour prior to the addition of mysids. 

 

3.2.3 Vital staining and morphological analysis 
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To ascertain the number and distribution of neuromasts on each fish, the vital stain DASPEI 

was administered following the protocol detailed in Pisano et al. (2014). Fish were 

individually transferred to a small tank containing the DASPEI stain for one hour, then 

washed in a second tank with tank water to remove excess stain, followed by euthanasia 

with an overdose of MS-222 fish anaesthetic. Samples were then imaged under a 

fluorescent confocal microscope using a Green Fluorescent Protein filter. The left and right 

sides of the head of each fish, as well as the dorsal and ventral surfaces were imaged and 

neuromasts were classified into groups following the longitudional morphology described in 

Wongrat and Miller (1991). Large neuromasts were identified and counted to examine a 

possible correlation between neuromasts of different size and feeding success. Following 

this fish were preserved in 10% formalin for further morphological analysis, their standard 

length was measured and their supraocular pores counted. 

 

3.2.4 Shrimp behaviour 

To ensure that the activity levels of the mysids did not significantly differ between light and 

dark treatments, a confirmation experiment was conducted. The same tanks were used as 

those used in the fish experiments, filled with the same level of water. To simulate the 

presence of a fish, one litre of freshwater was replaced with one litre of “Bully water” taken 

from a holding tank that had held 8 Common Bullies for one week. Three replicates were 

tested in each condition, lights on/off. 30 shrimp, the same number as in the fish trials, were 

added to each tank and left for one hour in each condition. After the hour the number of 

benthic shrimp were counted. Dark treatments were tested individually, with the 
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experimenter in position before the light came on to allow rapid assessment of mysid 

position. 

 

3.2.5 Statistical analysis 

Statistical analysis was carried out using the R statistical program (version 3.3.1; R 

Development Core Team 2016). Due to the varying standard lengths present both within 

and between the species, ANCOVA analysis was carried out to compare feeding success 

between light and dark conditions across the species, with standard length as a covariable. 

This was performed both for inter and intra-species analysis. Neuromast count data was 

tested both as absolute numbers and standardised to the standard length of the fish. An 

ANOVA analysis was used to compare the position of the mysid shrimp in the water column 

under light and dark conditions.  
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3.3 Experimental Results 

3.3.1 Shrimp behaviour 

There was no observed difference in the position of mysid shrimp in the water column in 

the experimental tanks (F=0.12, Df=1, P=0.7465, N=6). Additionally, while not quantified, 

many of the mysids were observed to be actively swimming in both light and dark 

conditions.  

 

3.3.2 Pores, analysis and impact 

In the Common Bully grouped from rivers and lakes, the total number of supraocular pores 

was not related to the number of prey items caught in light conditions (F=2.2683, Df=1, 

P=0.15040, N=20), however there was a significant, positive relationship between feeding 

success and supraocular pores in dark conditions (F=24.5929, Df=1, P=0.0001194, N=20). 

This patterns holds true in Common Bullies from rivers, as of the 20 Common Bullies 

collected from rivers, all but one had at least two and up to 6 supraocular pores, with 

differing levels of asymmetry and a wide variety of arrangements. The total number of 

supraocular pores did not significantly impact feeding success in light conditions (F=0.0068, 

Df=1, P=0.9364, N=10), however it did have a positive impact in dark conditions (F=8.1551, 

Df=1, P=0.02449, N=10). Five of the Lake Common Bullies in the light trial had supraocular 

pores, four having four pores each, and one having just one pore, which had a significant 

impact on feeding success in light conditions (F=34.835, Df=1, P=5.218*10-03, N=10), 

however all the Lake Common Bullies in the dark trials lacked supraocular pores and 

therefore could not be examined.  
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All the Bluegill and Redfin bullies collected had five supraocular pores, one medial and four 

lateral. Due to this lack of variation, no direct analysis of the impact of varying 

mechanosensory pores on feeding success within these species were possible. Regardless of 

the size of the Upland Bullies caught, ranging from 31mm to 75mm standard length, none of 

the Upland Bullies had any mechanosensory pores.  

 

3.3.3 Superficial neuromasts, analysis and impact 

In dark conditions, none of the superficial neuromast properties tested had any relationship 

with feeding success in any of the species measured (p>0.05) (Table 3.1), however in light 

conditions some relationships were observed (Table 3.2).  In Common Bully from lakes the 

ratio of large to small neuromasts had a negative relationship with feeding success in light 

conditions, (F=41.136, Df=1, P=0.02346, N=5), however this was not apparent when 

Common Bullies from both rivers and lakes were included in the analysis. Bluegill Bullies 

demonstrated negative relationships between feeding success and both total neuromast 

count (F=7.0781, Df=1, P=0.03245, N=10) and small neuromast count (light: F=7.2155, Df=1, 

P=0.03126, N=10), however no relationship was evident with neuromast density. Redfin 

Bullies demonstrated a positive relationship with feeding success by the level of neuromast 

asymmetry, measured as the absolute difference in neuromast counts between left and 

right sides (F=8.4380, Df=1, P=0.0336, N=8) and Upland Bullies demonstrated a positive 

relationship with neuromast density on feeding success in light conditions (F=10.849, Df=1, 

P=0.01323, N=10).  
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Table 3.1: The results of ANCOVA analysis of varying features of the mechanosensory 
system on feeding success in dark conditions in four Gobiomorphus species, with standard 
length controlled as a covariate.  

  
Bluegill 
n=10 

 
Redfin 
n=8 

Species 
Common (Lake) 
n=10 

 
Common (River) 
n=10 

 
Common 
(Grouped) n=20 

 
Upland 
n=10 

 f p f p f p f p f p f p 
Superficial 
Neuromasts 
(total count) 

0.399 0.548 1.374 0.280 0.120 0.739 0.077 0.790 0.866 0.366 0.748 0.416 

Superficial 
Neuromasts 
(density) 

0.033 0.861 0.029 0.869 0.279 0.614 2.707 0.144 0.005 0.946 4.104 0.082 

Large 
Neuromasts 
(total count) 

0.026 0.877 0.604 0.463 0.000 0.990 0.158 0.703 1.286 0.273 0.695 0.432 

Small 
Neuromasts 
(total count) 

0.479 0.511 1.166 0.316 0.180 0.684 0.043 0.843 0.706 0.413 0.695 0.432 

Large 
Neuromasts 
(percentage of 
total) 

0.094 0.768 0.401 0.547 0.171 0.692 0.066 0.804 0.008 0.931 0.083 0.782 

Superficial 
Neuromast 
Asymmetry 

0.410 0.543 0.328 0.585 1.585 0.248 0.353 0.571 0.238 0.632 0.877 0.380 

 

Table 3.2: The results of ANCOVA analysis of varying features of the mechanosensory 
system on feeding success in light conditions in four Gobiomorphus species, with standard 
length controlled as a covariate. Significant results (p<0.05) in bold. 

  
Bluegill 
n=10 

 
Redfin 
n=10 

Species 
Common 
(Lake) n=5 

 
Common (River) 
n=10 

 
Common 
(Grouped) 
n=20 

 
Upland 
n=10 

 f p f P f p f p f p f p 
Superficial 
Neuromasts 
(total count) 

7.078 0.032 0.022 0.888 0.693 0.493 1.305 0.291 1.586 0.232 0.001 0.977 

Superficial 
Neuromasts 
(density) 

0.729 0.421 0.083 0.785 0.004 0.957 0.002 0.964 0.008 0.785 10.85 0.013 

Large 
Neuromasts 
(total count) 

0.403 0.546 0.236 0.647 0.005 0.948 2.455 0.161 3.543 0.084 1.164 0.316 

Small 
Neuromasts 
(total count) 

7.216 0.031 0.007 0.936 1.271 0.377 0.839 0.390 1.098 0.315 0.122 0.737 

Large 
Neuromasts 
(percentage 
of total) 

4.431 0.073 0.349 0.581 41.14 0.023 1.019 0.346 0.718 0.413 1.600 0.246 

Superficial 
Neuromast 
Asymmetry 

0.303 0.599 8.438 0.034 0.424 0.582 0.174 0.689 0.396 0.541 0.998 0.351 
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3.3.4 Comparisons of feeding success across the Genus 

All species, excluding Upland Bullies, captured more shrimp in light conditions than dark 

(p<0.05), however standard length did not significantly impact feeding success in either light 

or dark conditions in any of the species studied (p>0.05) (Table 3.3).  

Table 3.3: The feeding success of four Gobiomorphus species in either light and dark 
conditions (mean ± SE) and the results of an ANCOVA analysis comparing these with 
standard length controlled as a covariate. Significant results (p<0.05) in bold. 

Species Light Dark Statistics 

f p 

Bluegill 14.5 ± 1.148 10.3 ± 0.775 11.567 <0.01 
Redfin 9.2 ± 2.255 2.3 ± 0.761 7.889 <0.01 
Common (Lake) 21.2 ± 1.576 5.3 ± 0.870 78.572 <0.01 
Common (River) 19.9 ± 1.882 11 ± 1.745 11.757 <0.01 
Common (Grouped) 20.55 ± 1.204 8.5 ± 1.152 53.923 <0.01 
Upland 12.8 ± 2.004 9.2 ± 1.162 2.3198 0.1461 

 

Standard length did not have a significant relationship with feeding success when compared 

between each species (F=0.011, Df=1, P=0.9170, N=50). In dark conditions, standard length 

was not related to feeding success (F=0.3696, Df=1, P=0.5463, N=50), but differences in 

feeding ability between species were observed (F=9.1841, Df=1, P=7.455*10-5, N=50).  

3.3.4.1 Light 

Bluegill, Redfin and Upland Bullies exhibited no difference in feeding ability in light 

conditions (F=2.4925, Df=2, P=0.10225, N=30) (Figure 3.1). There was also no difference 

between Common Bullies caught in lakes and rivers (F= 0.2728, Df=1, P=0.6082, N=20). 

However, Common Bullies did collectively catch more mysids than all three other species in 

light conditions (F= 8.4369, Df=4, P=3.838*10-05, N=50).  

3.3.4.2 Darkness 
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Common Bully from rivers caught the most mysids in dark conditions, but there was no 

significant difference in their ability to feed when compared to Bluegill Bullies (F=0.1294, 

Df=1, P=0.7234, N=20) (Figure 3.1), or with Upland Bullies (F=7159, Df=1, P=4092, N=20). 

Compared to Common Bully from lakes and Redfin Bullies from rivers, the Common Bullies 

from rivers caught significantly more prey (F=8.1516, Df=1, P=0.01096, N=20 and F=389.684, 

Df=1, P=3.705*10-13, N=20 respectively). Common Bully from lakes also caught significantly 

more prey than Redfin Bullies (F=6.3672, Df=1, P=0.2188, N=20), but significantly less than 

Bluegill Bullies (F=17.4231, Df=1, P=0.0006362, N=20) and Upland Bullies (F=9.0015, Df=1, 

P=0.00805, N=20). Finally, Bluegill Bullies caught significantly more prey than Upland Bullies 

(F=209.64, Df=1, P=5.418*10-11, N=20). 
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Figure 3.1: The total number of mysids caught by each species during two hours of either 
light conditions (a) or dark conditions (b). N=10 for each species grouping in each treatment 
(10 each for both lake and river Common Bullies).  

a 

b 
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3.4 Experiment Discussion 

3.4.1 Impact of Canal Neuromasts 

Other than the Upland Bully, which have highly variable neuromast counts (Section 2.3.1), 

each species was able to capture significantly more prey in light conditions than dark. This 

stands to reason, as two sensory modalities (vision and mechanosensory) are better than 

one (New & Kang 2000), but it is worth noting that with only a few Redfin exceptions, every 

fish fed in dark conditions. A similar feeding pattern in juvenile Redfin Bullies was noted by 

Rowe & Dean (1998) where many juvenile Redfin Bullies were unable to feed in dark 

conditions. While chance encounters likely played a role in feeding success in this study, the 

strong relationship between mechanosensory pore presence and feeding success in 

Common Bullies, as well as the significant differences in feeding success between species in 

darkness indicates that the mechanosensory system plays a role in nocturnal feeding within 

the Gobiomorphus genus. 

As predicted, the presence of supraocular pores with associated neuromasts was strongly 

related with nocturnal feeding success. This was most evident in the difference in feeding 

success between lake and river caught Common Bullies, the former having no pores, the 

latter all had some pores apart from one fish, and otherwise possessing similar levels of 

superficial neuromasts. Common Bullies from rivers were the most successful nocturnal 

feeders in this experiment, but tellingly, Bluegill Bullies, which consistently have five pores, 

with eight neuromasts located within each supraocular canal, were the second most 

successful group, and were not significantly different in feeding success to riverine Common 

Bullies. Redfin Bullies, who as demonstrated in Section 2.3.1, have supraocular 

mechanosensory pores but no neuromasts within them, were the least successful group in 
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dark conditions, with some in this group catching no shrimp. Hence as predicted, these 

results indicate that canal neuromasts are the most important neuromast group for 

nocturnal feeding in this genus.  

 

3.4.2 Impact of Superficial Neuromasts 

Superficial neuromasts were not strongly related with feeding success in any of the species 

in the experiment.  Lake Common Bullies demonstrated a negative relationship between the 

large neuromast subtype and feeding success. This is due to the reduction in canals exposing 

large neuromasts as shown in Chapter 2 and Vanderpham et al. (2015), which did not relate 

to feeding success in this species. The positive impact of superficial neuromast asymmetry 

noted in Redfin Bullies is less easy to explain. A resting behaviour has been noted in Redfin 

Bullies, and in other bullies in general, whereby the fish rests against a rock, or in the corner 

of a tank (pers. obs.). Those with higher levels of asymmetry may have an advantage in 

laying with their less sensitive side against the tank wall, and their more sensitive side 

exposed to the water column, and hence available to detect prey, however as this study 

demonstrated, there was no significant relationship between increased neuromast counts 

or density. Similarly the negative relationship between feeding success and small sized 

neuromast count, as well as total neuromast count in the Bluegill Bullies is not readily 

explained. This may be an impact of a mechanosensory system adapted for fast flowing 

streams providing unreliable information in still water scenarios, or may be related to an 

unmeasured variable.  
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As shown in Section 2.3.1, Upland Bullies have the highest proportion of large superficial 

neuromasts of the species in this study. Of the species with entirely superficial neuromasts, 

the Upland Bullies were the most successful nocturnal hunters, and didn’t differ in feeding 

success between dark and light conditions. This indicates that the large neuromasts may 

have an impact in nocturnal feeding in still water conditions. Large superficial neuromasts 

have been shown to respond slightly differently to smaller superficial neuromasts in the 

Antarctic notothenioid fish (Trematomus bernacchii) (Coombs & Montgomery 1994). In that 

study, the difference was considered essentially non-adaptive, however such a difference 

may occur in the Gobiomorphus genus and may be more pronounced and therefore may 

contribute positively to feeding success. Redfin Bullies were the species with the lowest 

proportion of large neuromasts. As they also caught the least prey in dark conditions, there 

seems to be a correlation between nocturnal feeding success and the proportions of large 

neuromasts. Bassett et al. (2006) demonstrated that in Common Bullies, which have both 

canal neuromasts and a high proportion of large neuromasts, there is loss of detection 

capabilities to vibrational stimuli at low background flow levels, indicating the advantage 

provided by these features are limited in rivers.  

As was found in Vanderpham et al. (2012), no difference in the swimming behaviour and 

placement in the water column of mysids was detected in our experimental aquaria. This 

corroborates the view that mysids make a useful prey species in experimental conditions, 

and the patterns presented in this study were not influenced by any behavioural change of 

the mysids in light or dark conditions.   
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3.4.3 Impact of Differing Feeding Capabilities 

The differences in nocturnal feeding ability of the Gobiomorphus species may explain 

aspects of behaviour and ecology of the various species in the genus. The reduced ability of 

Redfin Bullies and lacustrine Common Bullies to feed in the absence of light may place these 

species at a higher risk of predation from visual piscivores (e.g. Brown Trout (Salmo trutta)), 

as well as limit their ability to capture prey, as they are less able to switch to nocturnal 

feeding, a strategy employed by many New Zealand fish (e.g. Scrimgeour & Winterbourn 

1987, David & Closs 2003). Forsyth & James (1988) noted a change from small to large 

Common Bullies feeding in the littoral zone of a lake, with larger bullies being active during 

darkness. While it is difficult to be certain, as total length or mechanosensory morphology 

was not reported in that study, this may represent a shift from bullies under 30-35mm SL, 

the length at which Common Bullies develop mechanosensory pores (Vanderpham et al. 

2013), without mechanosensory pores feeding during the day, to those greater than that 

length and with mechanosensory pores feeding during the night. Both Upland and Common 

Bullies occur in inland lakes (McDowall 1990, NIWA 2016) where they are likely to compete 

for food resources. The nocturnal feeding advantage of Upland Bullies compared to 

lacustrine Common Bullies demonstrated here might contribute to adult Upland Bullies 

ability to maintain populations in lakes, as they may have access to more feeding 

opportunities, or may be better equipped to avoid visual predators than their Common Bully 

counterparts.  
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3.4.5 Conclusion 

This study indicates a relationship between the morphology of the mechanosensory system 

and nocturnal feeding success in the Gobiomorphus genus. Bluegill Bullies and Common 

Bullies with canal neuromasts were the most successful nocturnal feeders, Redfin Bullies 

with no canal neuromasts the least successful, and Upland Bullies and Common Bullies with 

a high proportion of large superficial neuromasts falling between these two. This suggests 

that canal neuromasts are the most important neuromasts for feeding within the genus, and 

that large superficial neuromasts also play a role.  
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4. General Discussion 

4.1 Thesis Conclusions 

This thesis aimed to expand and advance on the work of Vanderpham et al. (2013), wherein 

habitat related variation in the pore structure of two Gobiomorphus species, the Common 

Bully and the Redfin Bully, was described. The scope of the research presented here 

expands upon the above work by describing two generalist and two specialist species, 

examining the distribution of superficial neuromasts and investigating the counts of 

neuromasts within the canals of the fish, and then relating these morphological differences 

to feeding ability in dark conditions. 

 In Chapter 2 the distribution of superficial neuromasts was shown to relate to the 

hydrodynamic environment of the species, a pattern in concordance with that shown in 

Vanderpham et al. (2013). The higher flow specialists (Bluegill and Redfin Bullies) had lower 

superficial neuromast counts, while the generalist species (Common and Upland Bullies) had 

higher and more variable superficial neuromast counts, a pattern observed in other species 

of freshwater fish, e.g. the Nine-Spinned Stickleback (Trokovic et al. 2011). Redfin Bullies 

lacked neuromasts within their canals, a fact not readily explained, which proved the 

greatest difference between this species and Bluegill Bullies - otherwise the two species 

were similar in mechanosensory morphology and occupy relatively similar habitats (Jowett 

& Richardson 1995, McDowall 1990). The patterns noted were used to make predictions of 

the feeding ability of each species in nocturnal conditions.  

In Chapter 3 the predictions of feeding ability were tested in a no-flow environment by 

comparing feeding success in light and no light conditions. As expected, species with 
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variable neuromast counts had variable feeding success. Of particular interest were the 

Common Bullies, whose natural variation in canal structure (Vanderpham et al. 2013) 

allowed for a test of the impact of canal neuromasts on feeding ability without the use of 

chemical ablatives, and demonstrated an increased ability to feed nocturnally with an 

increase in supraocular canal pores.  Redfin Bullies, which have no apparent neurmoasts 

within their canals, were less able to feed in dark conditions than Bluegill Bullies, whom 

possessed a similar superficial neuromast structure. Upland Bullies which lack canals but 

had a high proportion of large neuromasts were more successful at feeding than Common 

Bullies without canals and Redfin Bullies, but were not as successful as those with canal 

neuromasts. This difference in feeding success between the species provides strong 

evidence for the role of canal neuromasts in nocturnal feeding within this genus.  

Gobiomorphus species occur in a wide variety of habitats with a wide variety of flow 

regimes. This study did not demonstrate how the feeding ability of the four species studied 

compares in a flowing environment, which is where these species are most likely to overlap 

(Jowett & Richardson 1995, McDowall 1990, NIWA 2016). Extrapolating the differences in 

feeding success here to real world situations is difficult at best, however as it is known that 

the Common Bullies lose the ability to detect a vibrating object in relatively low flow 

environments (Bassett et al. 2006). Therefore it can be extrapolated that the other species 

with canal neuromasts, i.e. Bluegill Bullies, might also demonstrate this drop off in detection 

ability, and that species without canal neuromasts would be less likely to detect a vibrating 

stimuli in flow environments (Yoshizawa et al. 2010). This difference in detection capabilities 

likely contributes to the distribution of bullies, as Upland Bullies have been found to occur in 

low flow systems containing no other bullies and therefore less competition, while Bluegill 
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Bullies are found more predominantly in high velocity systems (Jowett & Richardson 1995, 

McDowall 1990).  

4.2 Wider genus implications 

This study examined four of the nine Gobiomorphus species. They were selected for their 

relative abundance and ease of collection in southern New Zealand(McDowall 1990, NIWA 

2016), in addition to representing most of the habitats that the genus is known to occur in 

(McDowall 1990, NIWA 2016). Applying the methods here to the remaining species within 

the genus may help elucidate the role of evolutionary constraints on the development of 

the lateral line, particularly by examining the morphology of the two Australian species, 

Gobiomorphus coxii and Gobiomorphus australis, from which the New Zealand species 

diverged approximately 27 million years ago (Stevens & Hicks 2009).  

Of the remaining New Zealand Gobiomorphus species there is one species, the Giant Bully 

(Gobiomorphus gobioides), that occurs in estuaries, a habitat not represented in this study 

(McDowall 1990, NIWA 2016). The mechanosensory pore structure of this species has been 

reported to be similar to that of the Common Bully with six supraocular pores, three on 

each side (McDowall 1990), despite the Giant Bully being most closely related to the Redfin 

Bully (Stevens & Hicks 2009). Whether the pore counts show variation in a similar manner to 

the Common Bully (Vanderpham et al. 2013) is not known. This convergence of form 

between Common and Giant Bullies may reveal the benefit of the particular arrangement 

shared between them.  

The Tarndale Bully (Gobiomorphus alpinus) diverged within the last 5 million years before 

present from the Common Bully (Stevens & Hicks 2009), and Cran’s Bully (Gobiomorphus 
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basalis) diverged from the pair approximately 10 million years ago (Stevens & Hicks 2009). 

Cran’s Bully is a widespread species on the North Island of New Zealand (McDowall 1990, 

NIWA 2016), while the Tarndale Bully has a very limited  geographic range, occupying three 

lakes in the north of the South Island (McDowall 1994, McDowall & Stevens 2007, NIWA 

2016). The mechanosensory system of the Tarndale Bully has been qualitatively described as 

more similar to that of the Common Bully than to Cran’s Bully (McDowall 1994) as would be 

expected from their more recent divergence (Stevens & Hicks 2009) and lacustrine habitat 

(McDowall 1994, McDowall & Stevens 2007, NIWA 2016). A quantitative comparison, such 

as Principle Component Analysis, of the mechanosensory systems of these species may 

reveal what common elements contribute to success in variable environments, while 

demonstrating whether the patterns demonstrated in Chapter 2 hold true across the wider 

genus.     

4.3 Additional methods 

While Daspei staining allows for excellent mapping of superficial neuromasts and generally 

an indication of canal neuromasts (although not in this genus) (Butler et al. 2016, Van Trump 

et al. 2010), the interpretation of groupings of neuromasts is inexact in some particular 

places. As neuromast lines or clusters are ultimately defined by their neural innervations 

(Coombs et al. 1988, Wongrat & Miller 1991), an investigation into the neural innervation 

patterns would corroborate the morphological findings presented here, and resolve some 

uncertainties, particularly in Upland Bullies, where the supraocular line of superficial 

neuromasts appear to be one single line in most fish, but appears to be two in others. There 

are multiple ways a neural innervation study could be conducted, but two main techniques 

appear most appropriate. Histological neural staining, which would likely allow for 
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visualisation of both neuromasts and the neurons innervating them as in Linbo et al. (2006). 

Alternatively the Sihler neural staining technique (Song & Parenti 1995), could be used, 

whilst time consuming, would also produce a neural map of the fish. These methods would 

allow  tracing of individual nerve fibres from the neuromast through to major fibres and that 

when combined with the DASPEI stain maps will allow for greater certainty in neuromast 

grouping and classification, which in itself will allow for a greater analysis of the evolution of 

the lateral line system in the Gobiomorphus genus.  

The protocol detailed in Bassett et al. (2006) demonstrates that Common Bully from a 

stream exhibit a decrease in detection ability corresponding to an increase in background 

flow velocity. By applying this protocol to the other species in the genus used in the present 

study, and to those in the wider genus, the detection threshold of the different 

morphologies of lateral line systems could be compared, allowing for a greater 

understanding of the implications of flow regime on the genus.   

4.4 Conclusion 

This study investigated the morphology of the lateral line system and compared the feeding 

abilities of species within the Gobiomorphus genus in a hydrostatic environment. The results 

presented here demonstrate clear differences in lateral line morphology related to the 

hydrodynamic environment of the species, and demonstrate differences in the feeding 

abilities of the species related to lateral line morphology. This highlights the importance of 

the lateral line in feeding within the Gobiomorphus genus.   
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6. Appendix 

6.1 Histological Processes 

Fix in 10% unbuffered formalin. 

Dehydrate as follows: 

70% ethanol                         2.5 hrs 

95% ethanol                         2.5 hrs 

100% ethanol                       2 x 1.5 hrs 

Clear and infiltrate as follows: 

Xylene                                  2 x 1 hr 

Paraffin wax                     45 min 

Paraffin wax                Overnight 

Paraffin wax   1 hr 

Embed and cool overnight. 

H & E staining 

Xylene                                  3 x 2 min 

100% ethanol                       2 x 2 min 

70% ethanol                         2 min 

Distilled water                       2 min 

Hematoxylin                        4 min 

Tap water (running)             3 min 

Scott’s water                        2 min 

Tap water (running)             3 min 

Eosin                                    2 min 

70% ethanol                         2 min 

100% ethanol                       3 x 2 min 

Xylene                                  3 x 2 min 
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Coverslip using entellan mountant. 

Dry overnight. 
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