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ABSTRACT 

 A wide diversity of fishes exhibit amphibious behaviors for a variety of reasons. However, it is 

unknown how most amphibious fishes orient in terrestrial environments. Furthermore, while there has 

been some research into why fish emerge onto land, motivations for emersion can differ between 

species and data is deficient for many. Additionally, the terrestrial behaviors of many amphibious fishes 

have not yet been described. The goals of this dissertation are to determine the senses and cues 

mangrove rivulus (Kryptolebias marmoratus) and walking catfish (Clarias batrachus) use to orient in 

terrestrial environments, describe the conditions that encourage emersion in northern snakehead 

(Channa argus) and walking catfish, and describe the terrestrial locomotor behaviors of northern 

snakeheads and Neotropical suckermouth catfishes (Loricariidae). Behavioral assays with a variety of 

visual and chemical stimuli were used to determine the cues these fish use to orient while emerged. 

Experiments with a variety of environmental conditions and crowd-sourcing surveys on walking catfish 

observations were used to determine conditions that promote terrestrial emersion. High-speed videos 

were used to describe terrestrial behaviors. Vision is widely used in amphibious fishes and mangrove 

rivulus use reflections, colors, and contrast to orient on land, in addition to the otolith-vestibular system. 

Walking catfish also use chemoreception to orient with respect to chemical signals they are in direct 

contact with and over a distance. This is the first confirmed case of fish using chemoreception for 

orientation out of the water, which appears to involve aerial taste using their barbels. Snakeheads 

emerge under poor aquatic conditions, including low pH, high salinity, and high [dCO2]. Walking 

catfish emerge under a variety of conditions, but primarily emerge during the rain, particularly out of 

flooding storm drains. Snakeheads use a form of axial-appendage-based terrestrial locomotion, but 

perform better on complex substrates. Armored catfishes use an entirely new form of axial-appendage-

based terrestrial locomotion – reffling- characterized by high asymmetry. Reffling is very similar across 

multiple armored catfish species. As many of these are invasive species, incorporating knowledge of 
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their amphibious behaviors, performance, and orientation can help us better understand how they could 

disperse overland, improving management plans and risk assessments. 
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INTRODUCTION 

Fish are thought of as completely aquatic organisms, but many exhibit terrestrial 

behaviors, including feeding, locomotion, reproduction, and navigation (Bressman et al., 2016; 

Bressman et al., 2018a, Das, 1928; Goodyear, 1970; Van Wassenbergh et al., 2006; Walker, 

1952).  All fish lie on a spectrum of terrestriality, with most lying toward the fully aquatic end.  

These fish will only display terrestrial behaviors if they are displaced onto land by a predatory or 

human, but are nonetheless capable of effective terrestrial locomotor behaviors to return to water, 

including many killifishes (Cyprinodontiformes), minnows (Cypriniformes), and sculpins 

(Cottoidei; Bressman et al., 2016; Bressman et al. 2018; Boumis et al., 2014; Gibb et al., 2011; 

Gibb et al. 2013; Wright and Turko, 2016). At the other end of the spectrum are amphibious 

fishes that may behave more like amphibians than fish. These fishes, which include the mangrove 

rivulus (Kryptolebias marmoratus; Pronko et al., 2013; Taylor et al., 2008), airbreathing catfishes 

(Clariidae; Johnels, 1957; Pace and Gibb, 2014; Das, 1928; Van Wassenbergh et al., 2006), and 

mudskippers (Periophthalmus spp.; Swanson and Gibb, 2004; Pace and Gibb, 2014), spend parts 

of their lives residing, feeding, reproducing, and/or migrating relatively long distances on land.  

Amphibious fish will emerge from the water for a wide variety of reasons. Some emerge 

to escape aquatic predators, such as waterfall climbing gobies (Gobiidae; Blob et al., 2006) or 

cyprinodontiform fishes (Bressman et al., 2016). Others emerge onto to land to access resources, 

such as the eel-catfish Channallabes apus (Clariidae) that feeds on terrestrial invertebrates (Van 

Wassenbergh et al., 2006; Van Wassenbergh, 2013) and K. marmoratus which use damp logs and 

crab holes as shelter (Taylor et al., 2008). Poor aquatic conditions can also motivate amphibious 

fish to emerge, such as low [dO2] (Ebeling et al., 1970; Graham, 1970; Sayer and Davenport, 

1991; Horn et al. 1999), high temperatures (Ebeling et al., 1970; Gibson et al., 2015), or high 

[dCO2] (Robertson et al., 2015). However, conditions that cause some species to emerge may 

have no effect on others (Ebeling et al., 1970; Davenport and Woolmington, 1981; Abel et al., 
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1987; Liem 1987; Sayer and Davenport, 1991; Wright and Turko, 2016). Therefore, it is 

important to understand the motivations for emersion for a wide variety of fishes on a species-by-

species basis. As fish become increasingly amphibious and emerge more commonly, they 

typically have more traits associated with terrestrial excursions. These traits often include 

hypoxia tolerance, desiccation tolerance, the ability to extract oxygen from air, morphological 

adaptions, and effective terrestrial locomotor behaviors (Bressman et al., 2016; Bressman et al., 

2018a; Chew et al., 2003; Gibb et al., 2013; Horn et al., 1999; Knope and Scales, 2013; Mandic et 

al., 2009; Martin, 1991; McInroe et al., 2016; Pierce et al., 2012; Standen et al., 2014; Wright and 

Turko, 2016; Taylor et al., 2008; Sayer, 2005). The evolutionary necessity for effective terrestrial 

locomotor behaviors is obvious for amphibious fishes, and intuitive for intertidal fishes, like 

Fundulus spp. and the tidepool sculpin (Oligocottus maculosus; Bressman et al., 2016; Bressman 

et al., 2008; Mast, 1915; Goodyear, 1971; Hsieh, 2010; Swanson and Gibb, 2004; Pace and Gibb, 

2009; Pace and Gibb, 2014). Effective terrestrial locomotor behaviors show directionality and 

cover a significant distance. These behaviors can typically be classified into three distinct 

categories: axial-based locomotion, appendage-based locomotion, and axial-appendage-based 

locomotion (Pace and Gibb, 2014).  

Axial-based terrestrial locomotion relies solely on the axial body for propulsion. It is 

common in elongate fishes, including the American eel (Anguila rostrata), the ropefish 

(Erpetoichthys calabaricus), and the rock prickleback (Xiphister mucosus; Pace and Gibb, 2014; 

Gillis, 1998; Pace and Gibb, 2011; Clardy, 2012; Ward and Mehta, 2010). Their elongate bodies 

allow them to move over land using undulatory motions, similar to the kinematics of terrestrial 

snake locomotion (Jayne, 1986). There is another form of axial-based terrestrial locomotion, 

“tail-flip jumping”, that is commonly found in much smaller and less elongate fishes, such as 

cypriniform and cyprinodontiform fishes (Bressman et al., 2016; Mast, 1915; Gibb et al., 2013; 

Gibb et al., 2011; Pronko et al., 2013; Ashley-Ross et al., 2013). A tail-flip jump is a modified 
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aquatic c-start adapted for terrestrial locomotion, consisting of two stages: bending of the head 

towards the tail while a fish lies on a lateral aspect to form a “C” shape with its body, followed by 

rapidly pushing off the substrate with its caudal peduncle to launch a fish in a caudally-directed 

ballistic flight path (Bressman et al., 2016; Bressman et al., 2008; Mast, 1915, Gibb et al., 2011; 

Brainerd and Patek, 1998; Pronko et al., 2013; Ashley-Ross et al., 2013). 

Appendage-based locomotion is rare in extant fishes, and it has only been described in 

Periophthalmus mudskippers. This form of locomotion relies only on the paired fins for 

propulsion, without using the axial body. Mudskippers use a specific-form of appendage-based 

locomotion called “crutching”, which involves the synchronous movements of highly-modified 

pectoral fins to lift the body off the substrate and forward in a fashion that resembles the use of 

crutches in humans (Pace and Gibb, 2009; Pace and Gibb, 2014; Swanson and Gibb, 2004; 

Kawano and Blob, 2003). 

Axial-appendage-based locomotion is a more common form of terrestrial locomotion, 

found in a diverse phylogeny of fishes with amphibious behaviors. This form of locomotion relies 

on coordinated movements of the axial body and the appendages (Pace and Gibb, 2014). Some 

species use both pectoral and pelvic fins in their terrestrial locomotion, including C. thamicola 

(Flammang et al., 2016), while most species that use axial-appendage-based terrestrial 

locomotion use their pectoral fins, in combination with their axial body and tail. Some of these 

species simply alternatingly rotate about their pectoral fins while using their axial body and tail 

for propulsion, like O. maculosus, which rotate about the base of their pectoral fins (Bressman et 

al., 2018a), and Clarias spp., which alternatingly rotate about the tips of their highly stiffened 

pectoral fins (Pace and Gibb, 2014; Johnels, 1957; Das, 1928). However, at least one species also 

uses its pectoral fins for propulsion, P. senegalus (Standen et al., 2014; Standen et al., 2016).  

While the kinematics and behaviors associated with terrestrial locomotion in fishes have 

been relatively well-studied in select species, there have been very few studies on the sensory 
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biology, orientation, and navigation of fish while they are on land. The sensory systems of fishes 

have adapted to function in an aquatic environment. While fishes are able to use a combination of 

vision (Hawryshyn, 1992; Hawryshyn et al., 1989; Hawryshyn and Bolger, 1990), 

chemoreception (Hara, 1975), and mechanoreception (Webb et al., 2008) to obtain information 

about their aquatic environment, some of these sensory systems may not function as well in an 

aerial environment. For example, the lateral line system relies on near-field fluid movements, so 

this sense is greatly diminished in an aerial environment (Harris and van Bergeijk, 1962; Coombs 

and Montgomery, 1999; Bressman et al., 2016).  

The otolith-vestibular system helps a fish determine its position in the water, but can also 

can provide valuable information about body orientation while emerged. Fish can use their 

otolith-vestibular system to determine their position on a slope, allowing them to orient downhill, 

potentially toward bodies of water (Boumis et al., 2014). However, this sense does not help a fish 

find water when the ground is flat, and may play a limited role in terrestrial orientation. 

 While there is little research available on chemoreception of fishes in an aerial 

environment, the olfactory organs of fishes have evolved to function in water to detect water-

soluble odorants, rather than volatile odorants, so they may not function well in an aerial 

environment (Derivot, 1984; Hara, 1975). Still, some air-breathing fishes have demonstrated the 

use of chemoreception in an aerial environment. Particularly, these species have been found to 

use oxygen and carbon dioxide chemoreceptors in their gills during aerial exposure (Lopes et al., 

2010; Hedrick and Jones, 1993; Milsom, 2012). Furthermore, the oceanic whitetip shark 

(Carcharhinus longimanus) has been suggested to use aerial olfaction to find food over long 

distances in the ocean (Savel’ev and Chernikov, 1995).  Still, chemoreception of fishes in an 

aerial environment has been understudied, so chemoreception cannot be ruled out as a means of 

terrestrial navigation to find food, water, or suitable habitat, similarly to amphibians (Arzt et al., 

1986). 
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 According to several studies, vision is important sense used by fishes to navigate a 

terrestrial environment. Some fishes, like the frillfin goby (Bathygobius soporator), may visually 

memorize local intertidal zone during high tide, and then use a mental map to navigate the 

exposed areas during low tide (Aronson, 1971; Aronson, 1951). Celestial navigation via vision 

may also be used find familiar bodies of water (Goodyear, 1970). However, these methods are not 

very useful in unfamiliar environments for discovering new bodies of water or colonizing new 

areas. The common mummichog (Fundulus heteroclitus) can find nearby bodies water by 

navigating towards reflective surfaces (Bressman et al., 2016), suggesting orientation based on 

new sensory input rather than memory may better serve exploratory purposes. 

Though B. soporator and Fundulus spp. use vision to navigate terrestrial environments, 

their aerial visual acuity is currently unknown. Almost all fishes have spherical eye lenses, which 

allows them to focus on images in water (Hawryshyn, 1992). Since air has a different refractive 

index than water, most fishes are unable to focus their eyes in air to form clear images. However, 

some fishes have adaptations to improve their aerial vision. The four-eyed fishes (Anableps spp.) 

have ovoid lenses and split pupils, which allow them to simultaneously create focused images in 

air and in water (Sivak, 1976). Other amphibious fishes, like the foureye rockskipper (Dialommus 

microcephalus) and the Pacific leaping blenny (Alticus arnoldum) have modified, flattened 

corneas that allow them to better focus their eyes in air (Graham and Rosenblatt, 1970; Sayer, 

2005). 

 In this dissertation, I investigate why amphibious fishes emerge onto land, how they 

move around on land, and how they orient in terrestrial environments. I focus on determining 

environmental conditions that encourage emersion in the northern snakehead (Channa argus) and 

walking catfish (Clarias batrachus), describing the terrestrial locomotion of C. argus and 

Neotropical suckermouth armored catfishes (Loricariidae), the sensory cues K. marmoratus and 

Clarias batrachus use to orient in terrestrial environments, and determining the sensory cues K. 
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marmoratus and C. batrachus use to orient in terrestrial environments. As many of these species 

are listed as invasive in the United States and throughout the world, it is imperative to understand 

how well they perform in terrestrial environments and their potential for overland dispersal into 

new bodies of water in order to properly manage these species. 
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CHAPTER 1: WHERE DO FISH GO WHEN STRANDED ON LAND? TERRESTRIAL 

ORIENTATION OF THE MANGROVE RIVULUS KRYPTOLEBIAS MARMORATUS 

 

Originally published in the Journal of Fish Biology:  

Bressman, N. R., Simms, M., Perlman, B. M., & Ashley‐Ross, M. A. (2018). Where do fish go 

when stranded on land? Terrestrial orientation of the mangrove rivulus Kryptolebias 

marmoratus. Journal of Fish Biology, 95(1), 335-344. 

Stylistic variations result from the journal’s demands. 

 

ABSTRACT 

The goal of the present study was to determine which sensory cues the mangrove 

rivulus Kryptolebias marmoratus, a quasi‐amphibious, hermaphroditic fish, uses to orient in an 

unfamiliar terrestrial environment. In a laboratory setting, K. marmoratus were placed on a 

terrestrial test arena and were provided the opportunity to move toward reflective surfaces, water, 

dark colours v. light colours, and orange colouration. Compared with hermaphrodites, males moved 

more often toward an orange section of the test arena, suggesting that the response may be 

associated with camouflage or male–male competition, since only males display orange 

colouration. Younger individuals also moved more often toward the orange quadrant than older 

individuals, suggesting age‐dependent orientation performance or behaviour. Sloped terrain also 

had a significant effect on orientation, with more movement downhill, suggesting the importance 

of the otolith‐vestibular system in terrestrial orientation of K. marmoratus. By understanding the 

orientation of extant amphibious fishes, we may be able to infer how sensory biology and behaviour 

might have evolved to facilitate invasion of land by amphibious vertebrates millions of years ago. 
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INTRODUCTION 

While fishes are widely regarded as the epitome of an aquatic organism, many osteichthyan 

species are capable of terrestrial behaviours, including locomotion, reproduction and orientation 

(Aronson, 1971; Boumis et al., 2014; Bressman et al., 2016; Falkingham & Horner, 2016; 

Flammang et al., 2016; Gibb et al. 2013; Horn et al., 1999; Hsieh, 2010; Kawano & Blob, 2013; 

Martin et al., 2004; Mast, 1915; Pace & Gibb, 2014; Pronko et al., 2013; Taylor et al., 2008; Van 

Wassenbergh et al., 2006; Wright & Turko, 2016). These fishes lie on a spectrum of terrestriality. 

Some fishes are fully aquatic and rarely move voluntarily onto land (but are capable of effective 

terrestrial locomotor behaviours to return to water); this category includes many killifishes 

(Cyprinodontiformes; Boumis et al., 2014; Bressman et al., 2016; Gibb et al., 2011, 2013; Wright 

& Turko, 2016) and minnows (Cypriniformes; Gibb et al., 2011, 2013; Wright & Turko, 2016). 

These fishes may only need to move on land in order to return to the water if they are stranded on 

land due to predator evasion, severe drought, or other extreme circumstances (Bressman et 

al., 2016; Gibb et al., 2011, 2013; Mast, 1915). At the other end of the spectrum, amphibious fishes 

voluntarily and frequently make excursions onto land using specialized adaptations (e.g., air‐

breathing organs), where they may reside for most of their lives, aestivate, hunt prey, seek shelter, 

or migrate relatively long distances (Horn et al., 1999; Mast, 1915; Taylor et al., 2008; Van 

Wassenbergh et al., 2006). These fishes include the mangrove rivulus Kryptolebias 

marmoratus (Poey 1880) (Pronko et al., 2013; Taylor et al., 2008), Senegal bichir Polypterus 

senegalus Cuvier 1829 (Standen et al., 2014, 2016), airbreathing catfishes, Clariidae (Das, 1928; 

Johnels, 1957; Pace & Gibb, 2014; Van Wassenbergh et al., 2006), 

mudskippers Periophthalmus spp. (Kawano & Blob, 2013; Pace & Gibb, 2009, 2014; Swanson & 

Gibb, 2004) and leaping blennies Alticus spp. (Hsieh, 2010). 

Species that are more amphibious typically have more traits associated with terrestrial 

excursions. These traits often include desiccation tolerance, the ability to extract oxygen from air 
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and morphological adaptations that allow for effective terrestrial locomotor behaviours 

(Bressman et al., 2016; Gibb et al., 2013; Horn et al., 1999; Mandic et al., 2009; Martin, 1991; 

McInroe et al., 2016; Standen et al., 2014; Taylor et al., 2008; Wright & Turko, 2016). The 

evolution of effective terrestrial locomotor behaviours is necessary for amphibious fishes and 

adaptive for intertidal fishes, like killifishes Fundulus spp. (Bressman et al., 2016; 

Goodyear, 1970; Hsieh, 2010; Mast, 1915; Pace & Gibb, 2009, 2011, 2014; Swanson & 

Gibb, 2004). Effective terrestrial locomotor behaviours show directionality. One such behaviour is 

a tail‐flip jump, which is commonly observed in small, cylindrical and moderately laterally‐

compressed fishes, such as cypriniform and cyprinodontiform fishes (Ashley‐Ross et al., 2014; 

Gibb et al., 2011, 2013; Mast, 1915; Perlman & Ashley‐Ross, 2016; Pronko et al., 2013). 

While the kinematics and behaviours associated with terrestrial locomotion in fishes have 

been understudied (Ashley‐Ross et al., 2014; Das, 1928; Gibb et al., 2013; Gillis, 1998; Horner & 

Jayne, 2014; Hsieh, 2010; Kawano & Blob, 2013; Pace & Gibb, 2011, 2014; Pronko et al., 2013: 

Schoenfuss & Blob, 2004; Swanson & Gibb, 2004), there have been even fewer studies on the 

sensory biology and orientation of fishes while they are on land. The sensory systems of fishes 

evolved to function in an aquatic environment. Although fishes are able to use a combination of 

vision (Hawryshyn, 1992; Hawryshyn & Bolger, 1990), chemoreception (Hara, 1975) and 

mechanoreception (Webb et al., 2008) to obtain information about their aquatic environment, some 

of these sensory systems may not function as well in an aerial environment. For example, the 

lateral‐line system relies on near‐field fluid movements and the fish cannot ventilate air through 

their nostrils to their olfactory epithelium well, so the ability of these sensory organs to perceive 

external stimuli is greatly diminished in an aerial environment (Coombs & Montgomery, 1999; 

Derivot, 1984; Hara, 1975; Harris & van Bergeijk, 1962). 
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The otolith‐vestibular system can provide valuable information about body orientation to 

fishes out of water. When on a slope, fishes can use this sensory information to orient downhill, 

where water is more likely to be found (Boumis et al., 2014). While slope information can be 

helpful for short displacements from the water's edge, such as when a fish jumps out of the water 

to evade predation and gets stranded on land, this sense does not help a fish find water when the 

ground is flat, or for navigating relatively long distances over complex terrain. 

Several researchers have demonstrated that vision appears to be an important sense used 

by fishes to orient in and navigate a terrestrial environment (Aronson, 1951, 1971; Bressman et 

al., 2016; Goodyear, 1970). For example, some species, such as frillfin goby Bathygobius 

soporator (Valenciennes 1837) and striped killifish, Fundulus majalis (Walbaum 1792), are 

thought to use vision to memorize the layout of the intertidal zone during high tide and then use 

this mental map to navigate the exposed areas during low tide (Aronson, 1951, 1971; Mast, 1915). 

Other species, like the starhead topminnow Fundulus notti (Agassiz 1854), may use celestial 

navigation to return to a body of water from which they have been displaced (Goodyear, 1970). 

The common mummichog Fundulus heteroclitus (L. 1766) is capable of finding unfamiliar bodies 

of water by orienting toward non‐polarizing, reflective surfaces using its visual system 

(Bressman et al., 2016). While the foregoing studies all suggest that vision is of paramount 

importance to amphibious fishes, the full range of cues used to guide orientation is, as yet, 

unexplored. 

Among the most extreme of amphibious fishes, K. marmoratus is a self‐fertilizing 

hermaphroditic, quasi‐amphibious killifish (Cyprinodontiformes), native to the upper intertidal 

mangrove swamps of central Florida, USA, and throughout the Caribbean region (Costa, 2016; 

Taylor et al., 2008; Taylor, 2012). The mottled hermaphrodites are capable of irreversibly 

changing to orange‐coloured males when stressed by a variety of environmental factors, including 

temperature and photoperiod (Harrington, 1967, 1971; Turner et al., 2006). These fish are capable 
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of surviving weeks on land, where they may seek shelter in damp logs (Taylor et al., 2008). They 

exhibit a variety of terrestrial behaviours, including the uprighting behaviour observed in F. 

heteroclitus (Bressman et al., 2016) that allows a fish to maintain an upright, prone position on 

land, which may lead to improved terrestrial vision. Kryptolebias marmoratus are very effective 

tail‐flip jumpers, having enlarged, fused hypural bones near the caudal peduncle that provide 

greater surface area and stability that may lead to increased tail‐flip performance (Ashley‐Ross et 

al., 2014; Pronko et al., 2013). 

While their locomotor behaviours have been well studied, little is known about how K. 

marmoratus orient in terrestrial environments. Since vision and the otolith‐vestibular system have 

been shown to be used in terrestrial orientation by multiple cyprinodontiform species (Boumis et 

al., 2014; Bressman et al., 2016), we focus on how those senses may be used by K. marmoratus for 

orientation on land. Specifically, we hypothesize that K. marmoratus will orient downslope and 

will use a variety of visual cues: reflective surfaces (as in F. heteroclitus), contrast and structures 

(since they need to navigate a complex, three‐dimensional mangrove environment) and colours 

(since they exhibit sexually dimorphic colourations). By learning which senses and cues K. 

marmoratus use to orient while on land, we may gain further insight into the use of sensory systems 

in early amphibious organisms and what allows for successful land invasions. 

 

MATERIALS AND METHODS 

ANIMALS 

Kryptolebias marmoratus were obtained from multiple sources. Fifteen individuals of 

multiple lineages [LK10, LK15, CF27, CF28, CF33, CF35, LCBW8, n = 2–3 individuals per 

lineage] were collected in 2012 from Lighthouse Reef Atoll, Belize (17° 20′N, 87° 30′W; LCBW 

lineages) and the Florida Keys, USA (LK and CF lineages), from multiple sites. Fish were 
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maintained in a temperature‐controlled laboratory (23–24°C) in individual containers filled with 

brackish water (salinity 25). Fish were housed with a 12:12 light: dark cycle and were fed a diet of 

live brine shrimp (2 ml daily). In 2017, 140 additional K. marmoratus (lineage ENP02) were 

generously provided by B. Turner of the Virginia Polytechnic Institute and State University. These 

fish were reared in the laboratory in 2016 and were maintained under the same conditions as the 

older individuals. At the time of experimentation, LK, CF and LCBW individuals were c. 5–6 years 

old and ENP0 individuals were c. 1 year old. All fish used were 25–40 mm total length (LT). Animal 

housing, maintenance and experiments were approved by Wake Forest University IACUC 

(protocols A14‐078 and A16‐173). 

SET-UP AND EXPERIMENTS 

We used a similar set‐up as in Bressman et al. (2016). Instead of a square, wooden board 

with one side adjacent to a seawater table, a circular, plastic kiddie pool (c. 1 m in diameter) was 

used as the test arena in a room kept at 24°C. The test area extended from the centre of the pool 

to c. 12 cm from the edge of the pool, painted a neutral, matte colour (sandy‐white) and then 

covered in moist bench‐liner paper before each experimentation session. Gridlines were placed on 

the kiddie pool to aid in angle measurements and circular statistics were used to determine 

terrestrial directionality. For each trial, a fish was placed in the centre of the test area, covered by 

an inverted cup. The cup was attached to a pulley system that allowed the cup to be removed 

directly upwards from a distance (including from outside of the room), to reduce any influence on 

the fish's directionality. Each fish was allowed 5 min to move freely around the test area. If a fish 

left the test area, the trial ended, the time was recorded and the point at which the fish left the test 

area was manually recorded on a gridded sheet. If the fish did not move for 5 min, it was recorded 

as incomplete and was not used in the circular statistical analysis. If a fish continued to move during 

the last 2 min of the trial, the fish was allowed to continue moving until it either left the test area 

or ceased movement for 1 min. Each fish was used for a maximum of one trial per treatment and a 

https://onlinelibrary.wiley.com/doi/full/10.1111/jfb.13802#jfb13802-bib-0009
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maximum of three treatments in total, with a month between treatments (to mitigate the effects of 

previous experience on the results of subsequent treatments). Individuals that received multiple 

treatments were assigned to subsequent treatments at random. Individuals of the ENP02 lineage 

were used in all treatments, but the older individuals from the other lineages (LK10, LK15, CF27, 

CF28, CF33, CF35, LCBW8) were only used in Treatment 7, the orange treatment (see below). 

Sex ratios for each treatment were approximately 1:1. Individuals were also filmed overhead by a 

stationary GoPro camera (www.gopro.com) and from the side by an observer with a hand‐held 

camera during the control treatments for behavioural observations. 

For each treatment, the surface area beyond the test area of the pool, including the walls of 

the pool, were modified and referred to as the extra‐test area. Two control treatments were first 

explored. Treatment 1. Neutral‐coloured extra‐test area with an observer on one side of the kiddie 

pool (n = 45, with five incompletes). Treatment 2. Neutral‐coloured extra‐test area with an observer 

on the other side of the kiddie pool (n = 28, with seven incompletes). The presence of the observer 

affected the behaviour of the fish in these treatments, skewing their directionality. For the 

remaining treatments, fish were observed remotely using GoPro cameras by an observer outside of 

the room. A subsequent control treatment was: Treatment 3, neutral‐coloured extra‐test area (n = 

30, with four incompletes) to determine whether the fish move randomly without the presence of 

experimental stimuli. 

Experimental treatments were: Treatment 4, neutral‐coloured extra‐test area with 90° 

covered in a thin layer of water (which polarizes light upon reflection) from their aquaria (n = 49, 

with five incompletes), to determine if K. marmoratus orient toward water. Treatment 5. Neutral‐

coloured, matte extra‐test area with 90° covered in aluminium foil (n = 51, with three incompletes), 

to determine if K. marmoratus orient using vision toward non‐polar, reflective surfaces (metal does 

not polarize light). Treatment 6. Half of extra‐test area painted black and half painted white (n = 

http://www.gopro.com/
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29, with one incomplete), to determine if they orient toward or away from specific colour contrasts 

for terrestrial orientation. Darker colours could be associated with shade or shelter, while lighter 

colours could be associated with more exposed areas. Treatment 7. Neutral‐coloured extra‐test area 

with 90° painted orange (n = 55, with four incompletes), to test whether aerial colour vision is 

important in their terrestrial sensory biology and if they orient toward or away from specific 

colours. Orange was chosen because while the hermaphrodites are drab and mottled in colour, 

male K. marmoratus develop orange colouration. Therefore, it is possible that hermaphrodite 

individuals might be attracted to the orange colouration for possible mating opportunities and/or 

males may see it as an indication of a competitor to fend off. Additionally, since their native habitat 

is littered with dead, orange mangrove leaves, an orange substrate may provide a camouflage 

opportunity. Treatment 8. Neutral‐coloured extra‐test area with a realistic, plastic aquarium 

ornament (a rocky, hut‐like structure) covering a 45° section of the extra‐test area (n = 45, with two 

incompletes), to simulate shelter. These fish are typically found taking shelter in logs and crab 

burrows when on land and they may seek out three‐dimensional structures while on land for shelter. 

Treatment 9. Neutral‐coloured extra‐test area with the pool tilted at 10° (n = 30, with five 

incompletes) to determine if these fish use their otolith‐vestibular system and a slope to orient by 

gravity (as seen in Gambusia affinis [Baird & Girard 1853]; Boumis et al., 2014), since water is 

typically found at the bottom of slopes. 

ANALYSIS 

Using ImageJ (www.imagej.nih.gov) and the recorded trajectories of the fish, the directions 

of the fish that completed the trials were measured, using their starting and final positions to 

determine direction of travel. Specifically, we used the CircStats package (Lund & Agostinelli, 

2018) in R 3.3.1 (www.r-project.org) to visualize the distribution of the directions taken by the fish 

(circ.plot and rose.diag functions). We performed Rayleigh's tests of uniformity (r.test function), 

which creates r‐values based on the angular directions of the fish during each treatment, to 

https://onlinelibrary.wiley.com/doi/full/10.1111/jfb.13802#jfb13802-bib-0008
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determine if there are significant directionalities for each treatment (P‐values denoted by PR). We 

chose these tests as they were found by Bressman et al. (2016) to be more powerful than χ2‐tests 

for similar data. A low P‐value signifies a strong directional preference; however, Rayleigh's test 

of uniformity does not give a direction, merely the strength of the directional correlation. Therefore, 

the circ.mean function was used to determine the mean direction of travel for the fish. Additionally, 

1‐proportion Z‐tests were used to determine whether a greater proportion of individuals moved to 

the experimental quadrants or halves than expected at random (P‐values denotes by PZ). Post‐hoc 

Bonferroni corrections were used to correct significance levels and P‐values for sub‐sampling and 

multiple testing within the orange treatment (Armstrong, 2014). 

 

RESULTS 

While K. marmoratus are on land, they move using posteriorly‐directed tail‐flip jumps. 

Between jumps, they typically rest in an upright position, so that their eyes are parallel to the 

ground. They often land from a jump in an upright position, but if they land on their side, they will 

immediately perform an uprighting manoeuvre by initiating a roll around the long axis. While 

upright, they often squiggle and wriggle to change their trajectories before jumping. Squiggles 

involve bending the head and tail toward each other in oscillatory movements to achieve anterior 

displacement (Pronko et al., 2013), while wriggles involve asymmetric bending of the head and tail 

to achieve rotational displacement (Bressman et al., 2016). 

In the control treatment (Treatment 1; n = 40) with an observer present in the room and no 

experimental stimuli, the fish showed significant directionality by moving away from the observer 

(PR < 0.001; Table 1.I and Figure 1.1(a)). When the observer moved approximately 180° around 

the kiddie pool in Treatment 2, the fish (n = 21) still moved away from the observer (PR < 0.05; 

Table 1.I and Figure 1.1(b)). Since the presence of the observer affected the behaviour of the fish, 
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the fish were subsequently observed remotely using GoPro cameras for the experimental 

treatments. The fish in Treatment 3 with no observers present in the room moved randomly without 

the presence of experimental stimuli (PR > 0.05; Table 1.I and Figure 1.1(c)), so this remote set‐up 

was used for the experimental treatments. 

When K. marmoratus were stranded on land with access to water in one quadrant of the kiddie 

pool, they showed a statistically significant movement toward water (PR < 0.001, PZ < 0.05; Table 1.I and 

Figure 1.2(a)). Water was present 0–90° in the extra‐test area (though the water mostly pooled around 

30°, rather than in the centre at 45°; Supporting information Figure S1.1) and the mean angle that the fish 

crossed into the extra‐test area for this treatment was 0.9°. When the water was replaced with foil, the 

fish also showed a significant movement to the foil (PR < 0.05, PZ < 0.001; Table 1.I and Figure 1.2(b)), 

with a mean angle of 32.9°. The fish showed a significant movement toward black in the black‐and‐white 

treatment (PR < 0.05, PZ < 0.001; Table 1.I and Figure 1.2(c)). The fish showed a significant movement 

away from shelter (PR < 0.05; Table 1.I and Figure 1.2(d)). However, some individuals did move toward 

the shelter (albeit, no greater than expected at random; PZ > 0.05; Table 1.I and when they did, they 

immediately tried to squiggle under the shelter. For the sloped treatment, movement was downhill (PR < 

0.001, PZ = 0.003; Table 1.I and Figure 1.2(e)). 

In the orange treatment (n = 51), there was a trend in moving toward the orange quadrant that 

was supported by the 1‐proportion Z‐test (PZ < 0.001), but not by the Rayleigh's test of uniformity (PZ > 

0.05; Table 1.I and Figure 1.3(a)). However, it was observed that several of the older individuals from 

lineages LK10, LK15, CF27, CF28, CF33, CF35 and LCBW8 had one or two cloudy eyes, which could 

have impaired their vision. Therefore, a re‐analysis of the orange treatment (Treatment 7) was performed 

after separating the older (about 5–6 years old; n = 11) from the younger fish (about 1 year old; n = 40). 

We used post‐hoc Bonferroni corrections to correct significance levels and P‐values for the multiple 

testing of the orange treatment data. The older fish moved randomly (PR > 0.05, PZ > 0.05; Table 1.I), 

whereas the younger fish moved toward the orange quadrant (PR < 0.05, PZ < 0.001; Table 1.I and 
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Figure 1.3(b)). When the results for the younger individuals in the orange treatment were separated by 

sex, hermaphrodites (n = 19) showed no difference moving toward or away from the orange quadrant 

(PR > 0.05, PZ > 0.05; Table 1.I and Figure 1.3(c)), whereas the males (n = 21) moved toward the orange 

quadrant (PR < 0.05, PZ < 0.05; Table 1.I and Figure 1.3(d)). 

 

DISCUSSION 

In all treatments, K. marmoratus demonstrated the ability to intentionally orient in 

terrestrial environments. They moved toward water (Table 1.I and Figure 1.2(a)) and reflective 

aluminium foil (Figure 1.2(b); Table 1.I), suggesting intentional water‐seeking behaviour; 

Bressman et al. (2016) noted that the most reflective surface in the terrestrial environment of 

stranded fishes is the surface of water and thus reflection is a valid cue to its presence. Like F. 

heteroclitus (Bressman et al., 2016), K. marmoratus orient by using an upright posture between 

jumps, possibly to improve their field‐of‐view. An interesting observed difference between F. 

heteroclitus and K. marmoratus is that the former showed a more pronounced ability to quickly 

move to water (death occurs if out of water for several hours; Horn et al., 1999). In contrast, 

some K. marmoratus did not move in the direction of water–foil, possibly because they are 

amphibious and spend a significant amount of time on land (Taylor et al., 2008), they may not be 

motivated to return to water immediately. 

When presented with an option of black or white quadrants, K. marmoratus showed 

directionality in moving to the black quadrants (Figure 1.2(c); Table 1.I), suggesting colour and 

contrast are likely factors in their terrestrial orientation. Their natural habitat is littered with dead 

leaves, mangrove roots, crab burrows and dead logs, all of which provide shade and hiding 

opportunities. Dark colours may thus be associated with shade and shelter (Helfman, 1981). 

Counter to our expectations, when exposed to a natural‐looking aquarium decoration, most K. 

https://onlinelibrary.wiley.com/doi/full/10.1111/jfb.13802#jfb13802-fig-0003
https://onlinelibrary.wiley.com/doi/full/10.1111/jfb.13802#jfb13802-tbl-0001
https://onlinelibrary.wiley.com/doi/full/10.1111/jfb.13802#jfb13802-fig-0003
https://onlinelibrary.wiley.com/doi/full/10.1111/jfb.13802#jfb13802-fig-0003
https://onlinelibrary.wiley.com/doi/full/10.1111/jfb.13802#jfb13802-tbl-0001
https://onlinelibrary.wiley.com/doi/full/10.1111/jfb.13802#jfb13802-fig-0002
https://onlinelibrary.wiley.com/doi/full/10.1111/jfb.13802#jfb13802-fig-0002
https://onlinelibrary.wiley.com/doi/full/10.1111/jfb.13802#jfb13802-tbl-0001
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https://onlinelibrary.wiley.com/doi/full/10.1111/jfb.13802#jfb13802-bib-0027
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marmoratus moved away from the shelter (Figure 1.2(d); Table 1.I). Since the fish were unfamiliar 

with this type of shelter before the study, it is possible that they may have perceived it as a threat, 

similar to the looming stimulus presented by the observer during control Treatments 1 and 2 

(Figure 1.1(a),(b); Batty, 1989; Dill, 1990). 

It is well known that most fishes possess excellent colour vision (Marshall & 

Vorobyev, 2003); we tested the response of K. marmoratus to a quadrant painted orange as we 

hypothesized that, because males and hermaphrodites display sexually dimorphic colouration 

(males develop first orange fins and then an entirely orange body), this was the most likely colour 

to elicit a response. We were surprised by an initial result, which considered all the fish together, 

that there was no significant directionality in response to the orange treatment (Figure 1.3(a)), 

though more individuals moved towards the orange quadrant than expected at random (Table 1.I). 

An observation that several of the older individuals had cloudy eyes led us to re‐analyse the data 

on only the younger individuals of the ENP02 lineage, with all older fish excluded. When only 

young fish were considered, K. marmoratus moved toward the orange quadrant (Table 1.I and 

Figure 1.3(b)). There are several potential explanations for the different performance of older 

versus younger fish. First, vision of animals degrades with senescence (Seddon et al., 2003; Wall 

& Richards, 1992); it may simply be that the older individuals were unable to perceive the orange 

colouration in the extra‐test area. Second, older individuals were from different lineages (LK10, 

LK15, CF27, CF28, CF33, CF35, LCBW8) than younger individuals (ENP02). It is possible that 

different lineages have different genetic predispositions to respond to orange colouration. Third, it 

may be that the drive to move toward orange decreases with age. Any or all of these factors are 

potential explanations that await further exploration. Since the older individuals from different 

lineages were only used for the orange treatment, separate analyses were not necessary for the other 

treatments. 

https://onlinelibrary.wiley.com/doi/full/10.1111/jfb.13802#jfb13802-fig-0002
https://onlinelibrary.wiley.com/doi/full/10.1111/jfb.13802#jfb13802-tbl-0001
https://onlinelibrary.wiley.com/doi/full/10.1111/jfb.13802#jfb13802-fig-0001
https://onlinelibrary.wiley.com/doi/full/10.1111/jfb.13802#jfb13802-bib-0005
https://onlinelibrary.wiley.com/doi/full/10.1111/jfb.13802#jfb13802-bib-0013
https://onlinelibrary.wiley.com/doi/full/10.1111/jfb.13802#jfb13802-bib-0035
https://onlinelibrary.wiley.com/doi/full/10.1111/jfb.13802#jfb13802-fig-0003
https://onlinelibrary.wiley.com/doi/full/10.1111/jfb.13802#jfb13802-tbl-0001
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https://onlinelibrary.wiley.com/doi/full/10.1111/jfb.13802#jfb13802-bib-0058
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When sex differences were assessed in the orange treatment for younger individuals, the 

males moved toward the orange quadrant whereas the hermaphrodites did not (Table 1.I and 

Figure 1.3(c),(d)). Ellison et al. (2013) showed that, given a choice of associates, males moved 

toward hermaphrodites and hermaphrodites moved toward males. Only male K. 

marmoratus display orange colouration (Harrington, 1967) and since the hermaphrodites did not 

move toward the orange quadrant, hermaphrodites may use other sensory modalities such as 

chemoreception to signal the presence of males and thus potential outcrossing opportunities 

(Ellison et al., 2013). 

Male K. marmoratus are highly aggressive toward each other (Earley et al., 2000; 

Molloy et al., 2011), so the orange colouration may signal competition to the males. Similar 

aggressive behaviours to male colourations by males have been observed in other species, 

particularly in male sticklebacks Gasterosteus aculeatus L. 1758, which are triggered into 

aggressive territorial responses in the presence of red colouration (Bolyard & Rowland, 1996; 

Tinbergen, 1948). Male K. marmoratus may move toward the orange quadrant to fight off male 

competition. An alternate explanation for the male attraction to the orange quadrant is camouflage. 

Their natural habitat is littered with dead, orange mangrove leaves that may provide a camouflaging 

opportunity for the orange males, but not for the mottled hermaphrodites. Additional experiments 

are needed to test this possibility, as the camouflage explanation would imply that an individual 

fish knows what colour it is, potentially even after a transition from hermaphrodite to male. 

Finally, slope had a strong influence on the terrestrial orientation of K. marmoratus. They 

moved downhill significantly more often than any other direction (Table 1.I and Figure 1.2(e)). 

Boumis et al. (2014) found that Gambusia affinis, also a cyprinodontiform, moved downhill when 

placed on a slope, but there are important differences. Gambusia affinis were placed on a greater 

slope (30°) and were able to accomplish downhill motion not only by tail‐flips, but also by simply 

rolling down slope under the influence of gravity. In the present study, K. marmoratus were tested 

https://onlinelibrary.wiley.com/doi/full/10.1111/jfb.13802#jfb13802-tbl-0001
https://onlinelibrary.wiley.com/doi/full/10.1111/jfb.13802#jfb13802-fig-0003
https://onlinelibrary.wiley.com/doi/full/10.1111/jfb.13802#jfb13802-bib-0015
https://onlinelibrary.wiley.com/doi/full/10.1111/jfb.13802#jfb13802-bib-0022
https://onlinelibrary.wiley.com/doi/full/10.1111/jfb.13802#jfb13802-bib-0015
https://onlinelibrary.wiley.com/doi/full/10.1111/jfb.13802#jfb13802-bib-0014
https://onlinelibrary.wiley.com/doi/full/10.1111/jfb.13802#jfb13802-bib-0040
https://onlinelibrary.wiley.com/doi/full/10.1111/jfb.13802#jfb13802-bib-0007
https://onlinelibrary.wiley.com/doi/full/10.1111/jfb.13802#jfb13802-bib-0055
https://onlinelibrary.wiley.com/doi/full/10.1111/jfb.13802#jfb13802-tbl-0001
https://onlinelibrary.wiley.com/doi/full/10.1111/jfb.13802#jfb13802-fig-0002
https://onlinelibrary.wiley.com/doi/full/10.1111/jfb.13802#jfb13802-bib-0008
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on a shallow (10°) slope where they could not simply roll them down the incline aided by gravity. 

Instead, K. marmoratus used controlled tail‐flips to move downhill, with jumps separated by pauses 

that afforded them the opportunity to reassess their position and intended direction. It is, of course, 

possible that on steeper slopes, K. marmoratus might also employ rolls, but our results indicate that 

they do not need to rely on gravity for effective downhill movement. As yet, it is unclear whether K. 

marmoratus use their otolith‐vestibular system or vision (or a combination of both) to determine 

slope direction. Further experiments that render one of the systems non‐functional would be 

necessary to discriminate between the possibilities. 

Since K. marmoratus use multiple types of sensory information (visual and mechanical), 

different cues may come into play when the fish are orienting and navigating with different 

motivations. A fish desiccating in the heat and a fish near a predator will probably have different 

motivations for terrestrial locomotion and may orient differently in a terrestrial environment. Not 

all individuals may have been motivated to move toward the experimental quadrants–halves, which 

could explain that while a greater proportion of individuals did than expected at random, some 

moved toward other quadrants (Table 1.I). Further experiments may explore the roles of motivation 

and environmental and ecological conditions in the terrestrial orientation of amphibious fishes. 

Overall, our results suggest that K. marmoratus can assess slopes and see in air with 

enough acuity that they are able to orient toward a particular destination over relatively short 

distances. Several other fishes are known to use and have adaptations to improve, their aerial vision. 

The foureye rockskipper Dialommus macrocephalus (Günther 1861) and Atlantic flying 

fish Cheilopogon heterurus Rafinesque 1810), have flattened corneas that improve the ability of 

their eyes to focus in air, to the detriment of their aquatic vision (Baylor, 1967; Graham & 

Rosenblatt, 1970; Land, 1987). The flattened lenses of the four‐eyed fish Anableps anableps (L. 

1758), function similarly to the flattened lenses of terrestrial juvenile salamanders, which also aid 

the eyes in focusing in air (Land, 1987; Sivak, 1976; Sivak & Warburg, 1983; 

https://onlinelibrary.wiley.com/doi/full/10.1111/jfb.13802#jfb13802-tbl-0001
https://onlinelibrary.wiley.com/doi/full/10.1111/jfb.13802#jfb13802-bib-0006
https://onlinelibrary.wiley.com/doi/full/10.1111/jfb.13802#jfb13802-bib-0020
https://onlinelibrary.wiley.com/doi/full/10.1111/jfb.13802#jfb13802-bib-0033
https://onlinelibrary.wiley.com/doi/full/10.1111/jfb.13802#jfb13802-bib-0033
https://onlinelibrary.wiley.com/doi/full/10.1111/jfb.13802#jfb13802-bib-0048
https://onlinelibrary.wiley.com/doi/full/10.1111/jfb.13802#jfb13802-bib-0049
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Walls, 1942). Kryptolebias marmoratus may have similar optic adaptations that improve their 

aerial visual acuity and, therefore, their terrestrial orientation. Since vision is an important sensory 

system for amphibious fishes and some amphibians (Aronson, 1951, Aronson, 1971; Bressman et 

al., 2016; Goodyear, 1970; Graham & Rosenblatt, 1970; Land, 1987; Sivak, 1976; Sivak & 

Warburg, 1983; Walls, 1942), it was probably important to the orientation of early amphibious 

vertebrates that were transitioning to land. By studying terrestrial orientation in modern amphibious 

fishes, we can improve our understanding of how vertebrate life (past and present) transitions from 

water to land with respect to behaviour and sensory biology, which may not be evident in the fossil 

record. 
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TABLES 

Table 1.I. Summary of orientation data of Kryptolebias marmoratus and interpretations of mean 

circular direction, Rayleigh's tests of uniformity, and 1‐proportion Z‐tests (including post‐hoc 
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Bonferroni corrections for analyses of subsections of the orange data) for each treatment, including 

the percentage of fish expected (E; assuming random directional movement) and observed (O) 

moving to the experimental quadrant/half. For the black‐and‐white and slope treatments, the 

observed % reflects the proportion of individuals that went to the black half and downhill, 

respectively. P* denote significance level after Bonferroni correction.
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FIGURES AND FIGURE LEGENDS 

 

Figure 1.1. Polar rose histogram of Kryptolebias marmoratus movement during control treatments. 

(a) Treatment 1, the observer ( ) was located at approximately 240° and fish (n = 40) moved away from 

the observer, with a mean direction ( ) of 81.1°. (b) Treatment 2, the observer was located at 

approximately 60 and fish (n = 21) moved away from the observer, with a mean direction of 216.0°. (c) 

Treatment 3, the observer was located outside of the room and monitored the fish remotely; the fish (n = 

26) moved randomly in no particular direction, with a mean direction of 238.9°. , the direction of the 

final jump to leave the extra‐test area. 
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Figure 1.2. Polar rose histogram of Kryptolebias marmoratus movement during trial treatments. (a) 

Treatment 4: water was located 0–90° ( ) and fish (n = 44) moved toward the water, with a mean 

direction ( ) angle of 0.9°. (b) Treatment 5: aluminum foil was located 0–90° ( ) and fish (n = 48) 

moved towards the foil, with a mean direction of 32.9°. (c) Treatment 6 (black and white regions): the 

white side was 0–180°, the black side was 180–360° and fish (n = 28) moved toward the black side, with 

a mean direction of 264.8°. (d) Treatment 8 (shelter): an aquarium decoration spanned approximately 0–

45° to represent shelter ( ) and fish (n = 43) moved away from the shelter, with a mean direction of 
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258.3°. (e) Treatment 9 (slope): directly uphill was at 90° ( ), while directly downhill was 270°; fish (n = 

25) moved downhill, with a mean direction of 241.2°. , The direction of the final jump to leave the extra‐

test area. 

 

Figure 1.3. Polar rose histogram of Kryptolebias marmoratus movement during orange trial 

treatment ( , orange quadrant was located 0–90°). (a) Treatment 7, all fish combined (n = 51): fish 

showed a trend in moving toward the orange quadrant, with a mean direction ( ) of 54.4° , but this trend 

was not significant. (b) Treatment 7, younger fish only (n = 40): fish moved toward the orange quadrant 

with a mean direction of 53.6°. (c) Treatment 7, young hermaphrodites only (n = 19): fish showed no 

directionality toward the orange quadrant, with a mean direction of 104°. (d) Treatment 7, young males 
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only (n = 21): fish moved toward the orange quadrant, with a mean direction of 30.2°. , The direction 

of the final jump to leave the extra‐test area. 
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CHAPTER 2: EMERSION AND TERRESTRIAL LOCOMOTION OF THE NORTHERN 

SNAKEHEAD (CHANNA ARGUS) ON MULTIPLE SUBSTRATES 

 

Originally published in Integrative Organismal Biology 

Bressman, N. R., Love, J. W., King, T. W., Horne, C. G., & Ashley-Ross, M. A. (2019). Emersion and 

terrestrial locomotion of the northern snakehead (Channa argus) on multiple substrates. Integrative 

Organismal Biology, 1(1), obz026. 

Stylistic variations result from the journal’s demands. 

 

SYNOPSIS 

Most fishes known for terrestrial locomotion are small and/or elongate. Northern snakeheads 

(Channa argus) are large, air-breathing piscivores anecdotally known for terrestrial behaviors. Our goals 

were to determine their environmental motivations for emersion, describe their terrestrial kinematics for 

fish 3.0–70.0 cm and compare kinematics among four substrates. For emersion experiments, C. argus was 

individually placed into aquatic containers with ramps extending through the surface of the water, and 

exposed to 15 ecologically-relevant environmental conditions. For kinematic experiments, fish were 

filmed moving on moist bench liner, grass, artificial turf, and a flat or tilted rubber boat deck. Videos 

were digitized for analysis in MATLAB and electromyography was used to measure muscular activity. 

Only the low pH (4.8), high salinity (30 ppt), and high dCO2 (10% seltzer solution) treatments elicited 

emersion responses. While extreme, these conditions do occur in some of their native Asian swamps. 

Northern snakeheads >4.5 cm used a unique form of axial-appendage-based terrestrial locomotion 

involving cyclic oscillations of the axial body, paired with near-simultaneous movements of both pectoral 

fins. Individuals 3.5 cm used tail-flip jumps to travel on land. Northern snakeheads also moved more 
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quickly on complex, three-dimensional substrates (e.g., grass) than on smooth substrates (e.g., bench 

liner), and when moving downslope. Release of snakeheads onto land by humans or accidentally by 

predators may be more common than voluntary emersion, but because northern snakeheads can respire 

air, it may be necessary to factor in the ability to spread overland into the management of this invasive 

species. 

 

INTRODUCTION 

A diversity of fishes exhibit a variety of terrestrial behaviors for a range of reasons, such 

as to escape onto land away from aquatic predators (Abel et al., 1987; Blob et al., 2010; Goodyear, 

1970; Hsieh, 2010; Kawano and Blob, 2013; Magellan, 2015; Martin et al., 2004; Swanson and 

Gibb, 2004; Walker, 1952), to feed on land and access new resources (Bressman et al., 2018a; 

Bressman et al., 2018b; Bressman et al., 2016; Das, 1928; Gordon et al., 1985a; Graham, 1970; 

Graham et al., 1985; Mast, 1915; Pronko et al., 2013; Taylor et al., 2007; Van Wassenbergh et al., 

2006; Van Wassenbergh, 2013; Wright and Raymond, 1978), or to alleviate competition for 

resources (Huehner et al., 1985; Liem, 1987).  Environmental factors can also encourage 

amphibious fishes to emerge. Some species may leave the water if the dissolved oxygen (dO2) 

concentration is low (Davenport and Woolmington, 1981; Ebeling et al., 1970; Graham, 1970; Horn 

et al., 1999; Martin, 1991; Sayer and Davenport, 1991; Wright and Raymond, 1978), pH is low 

(Davenport and Woolmington, 1981; Robertson et al., 2015), temperatures are high (Ebeling et al., 

1970; Gibson et al., 2015), hydrogen sulfide concentrations are high (Abel et al., 1987), or dCO2 is 

high (Robertson et al., 2015). However, conditions that cause amphibious fishes to emerge can be 

species-specific (Abel et al., 1987; Davenport and Woolmington, 1981; Ebeling et al., 1970; Liem, 

1987; Sayer and Woolmington, 1991; Wright and Turko 2016). In order to understand the 

mechanisms for overland movement by a species, it is important to investigate emersion on a 

species-by-species basis as broad generalizations are less informative. By developing a better 
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understanding of factors that influence emersion, we may be able to improve management of 

invasive amphibious species, allowing us to predict when terrestrial behaviors and dispersion are 

most likely for each species. 

Once on land, amphibious fishes use a variety of locomotor behaviors to move, with some 

relying on the axial body, some relying on appendages, and some relying on both. Appendage-

based terrestrial locomotion is restricted to mudskippers (Oxudercinae) because they have highly 

modified pectoral fins with increased range of motion (Kawano and Blob, 2013; Pace and Gibb, 

2014; Pace and Gibb, 2009; Swanson and Gibb, 2004). Axial-appendage-based terrestrial 

locomotion in fishes is more common (Johnels, 1957; Pace and Gibb, 2014; Standen et al., 2014; 

Standen et al., 2016), as a lower degree of morphological specialization is needed (Bressman et al., 

2018a). Both appendage and axial-appendage-based terrestrial locomotion are limited to relatively 

small fish because it is difficult for large fish to support their body weight out of water on soft fin 

rays. An exception is walking catfish (Clarias spp.), which can reach lengths up to 40 cm and 

“walk” on land, supporting their weight on stiffened pectoral spines during axial-appendage-based 

locomotion (Johnels, 1957; Pace and Gibb, 2014). Larger amphibious fishes, such as eels 

(Anguilliformes; Gillis, 2000; Gillis, 1998; Gillis and Blob, 2001), ropefish (Erpetoichthys 

calabaricus; Pace and Gibb, 2011), and African lungfish (Proptopterus annectens; Falkingham and 

Horner, 2016; Horner and Jayne, 2014) are typically very elongate and use axial locomotion while 

on land. With the exception of lungfish, which use their heads as a pivot while they thrust forward 

with their axial body (Falkingham and Horner, 2016; Horner and Jayne, 2014), these elongate fishes 

are able to use aquatic anguilliform locomotion on land, seemingly slithering like snakes using 

lateral undulation (Jayne, 1986).   

Previous studies of terrestrial locomotion in fish have mostly measured performance on 

relatively smooth, simple substrates, such as glass or damp bench liner (Bressman et al., 2018a; 

Bressman et al., 2016; Gibb et al., 2013; Gibb et al., 2011; Kawano and Blob, 2013; Pace and Gibb, 
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2009). However, substrate can impact terrestrial performance. Standen et al. (2016) found that the 

Senegal bichir (Polypterus senegalus), which use axial-appendage-based terrestrial locomotion, 

change their gaits on more complex substrates. Hawaiian waterfall-climbing gobiids also improve 

performance on some rougher substrates by gaining better purchase (Blob et al., 2006). Studies of 

fish terrestrial locomotion on smooth substrates may underestimate their capabilities in natural 

settings, so it is important to investigate fish terrestrial performance on a variety of substrates. 

Snakeheads (Channidae) are large, piscivorous fishes that can respire air using an accessory 

suprabranchial organ (Chew et al., 2003; Courtenay and Williams, 2004; Das, 1928; Glass et al., 

1986; Lee and Ng, 1994; Li et al., 2017; Liem, 1987). Snakeheads of the genus Channa, which are 

native to warm temperate waters of southeastern Asia, are capable of reaching 1.8 m and 30 kg, 

and are tolerant of very high acidities and extreme anoxic conditions (Courtenay and Williams, 

2004; Das, 1928; Lee and Ng, 1994; Li et al., 2017). Some species can survive for at least 20 hours 

out of water and are known for terrestrial behaviors (Das, 1928). Snakehead terrestrial locomotion 

has been described variously as a “rowing” of the pectoral fins (Das, 1928), a “slither” (Pace and 

Gibb, 2014), and a sinuous “crawl” or “wriggle” (Courtenay and Williams, 2004). Essentially, 

snakeheads are known to move overland, but accurate and precise descriptions of their terrestrial 

behaviors and kinematics have been unavailable. 

The prevalence of snakehead fishes in the hobby aquarium industry and their value for food 

in Asian markets has led to their invasion throughout the United States and Europe (Courtenay and 

Williams, 2004; Love and Newhard, 2018; Love and Newhard, 2012; Odenkirk and Owens, 2007; 

Orrell and Weigt, 2005). Currently, several different species have established spawning populations 

in the United States, including the northern snakehead (Channa argus), which are particularly 

prevalent in the Chesapeake Bay watershed. Northern snakeheads are considered a particularly 

harmful and high-risk invasive species because they are very tolerant of extreme conditions and are 
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piscivorous, which could adversely affect ecosystems and recreational fisheries (Courtenay and 

Williams, 2004; Love and Newhard, 2012).  

The goals of this study are to determine environmental and ecological conditions that cause 

northern snakeheads to emerge from the water onto land, to provide a detailed description of the 

terrestrial locomotion of northern snakeheads, and to quantify their terrestrial kinematics. We 

investigated a wide range of factors that may elicit emersion in northern snakeheads, including 

many that elicit emersion in other amphibious species (Table 2.I; Strayer and Davenport, 1991). 

Because substrate can impact terrestrial performance in fishes (Blob et al., 2006; Standen et al., 

2016), we described and compared northern snakehead performance on multiple substrates, 

including natural, heterogenous substrates and artificial, homogenous substrates with different 

degrees of complexity. We hypothesized that substrate would impact kinematics and performance, 

with increased velocity on more three-dimensionally complex substrates, similar to P. senegalus 

(Standen et al., 2016). Additionally, because northern snakeheads grow relatively large for an 

amphibious fish, we sought to determine the effects of scaling on terrestrial kinematics and 

performance over a wide size range. As young northern snakeheads seem to resemble their adult 

forms morphologically (though their coloration changes), we hypothesized that scaling would 

minimally impact kinematics, and more greatly impact performance (i.e., velocity), as fish tend to 

move faster across ontogeny (Herrel and Gibb, 2005). As one of the largest fishes known for 

moving on land, developing a better understanding of their terrestrial behaviors may help us further 

understand the scaling of locomotion in large vertebrates transitioning from water to land. 

Furthermore, as an invasive species that can potentially spread overland, understanding the 

environmental factors that influence their emersion can help identify situations in which dispersion 

may be most likely.  
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METHODS 

ANIMALS 

Northern snakeheads (Channa argus Cantor 1842; n = 351) were collected with the 

Maryland Department of Natural Resources (MDDNR) by electrofishing in Maryland tributaries 

of the Potomac River and drainage ditches adjacent to these tributaries. Specimens ranged greatly 

in size for kinematic experiments (Total length [TL] = 3-70 cm). Of the specimens, 300 individuals 

were collected from the same school of fry guarded by the same parents, indicating they are likely 

all siblings. These individuals varied little in size (TL = 3.0-3.5 cm), and were used for emersion 

and kinematic experiments. Additionally, 11 individuals were collected from a separate school of 

fry (TL = 5.0-10.0 cm), and were used for the control treatment in the emersion experiments. 

Experimental animals were size-matched and housed together in several large, aerated aquaria with 

ambient lighting at 19-20 °C at the Cedarville State Forest MDDNR Field Office in Brandywine, 

MD. At the conclusion of the experiments, all individuals were either kept by the MDDNR for 

future experiments or euthanized using MS-222, according to IACUC guidelines, and fixed in 

formalin. Some of the specimens (n = 21) were then donated to the Harvard University Museum of 

Comparative Biology as two lots (Ichthyology 172824 and 172825). All experiments and 

procedures were conducted in accordance with WFU IACUC protocol A16-173. 

EMERSION EXPERIMENTS 

We used environmental stimuli that have been shown to influence emersion in previous 

studies (Table 2.I), including dissolved gasses, pH, temperature, salinity, light levels, and 

precipitation. Individual northern snakehead (TL = 3.0-10.0 cm) were placed into plastic shoeboxes 

filled with well water (pH = 7.5, dO2 = ~1.0 mg/L, temperature = 19°C). While the well water 

supplying the facility was hypoxic, we deemed it to have little impact on their behavior as they are 

obligate air-breathers (Courtenay and Williams, 2004; Das, 1928; Lee and Ng, 1994; Li et al., 2017; 

Liem, 1987) that can meet their metabolic demands through air-breathing under hypoxic conditions 
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(Glass et al., 1986; Li et al., 2017). Therefore, the well water was used for all treatments. We aerated 

one treatment to be a normoxic control, so that we could compare it to the hypoxic treatments. The 

shoeboxes had a moist, wooden ramp extending from the bottom of the container through the 

surface of the water at an average angle of 27° +/- 5° (S. Fig. 2.1). A small hole was drilled into the 

boxes at 2 cm from the top to prevent overflow and assure water level were consistent between 

boxes and treatments. The fish were exposed to the treatments for approximately 10 minutes before 

recording began. The treatments were as follows: control (normoxic water, ambient light, ambient 

temperature), hypoxia, darkness achieved using a tent made out of opaque tarps, low pH (4.8) 

achieved using hydrochloric acid, high pH (9.8) achieved using sodium hydroxide, brackish water 

(15 ppt) achieved using Instant Ocean saltwater mix, saltwater (30 ppt), moderate dCO2  (5% seltzer 

solution, pH = 6.5) high dCO2 (10% seltzer solution, pH = 6.0), low hydrogen sulfide (H2S) 

concentration (10 ppb), achieved by adding an aqueous H2S solution (0.4%) to the water, medium 

H2S concentration (25 ppb), high H2S concentration (350 ppb), precipitation using containers 

placed outside during a rainstorm, supplemented with a hose with a shower nozzle and a hole near 

the top of the containers to prevent overflowing, crowding of 100 individuals in one container under 

control conditions, high temperatures with 24 individuals in a shallow metal pan with a ramp, 

heated on a hot plate at a rate of 0.5°C/s from 19°C-40°C. A step-wise method was chosen for this 

treatment because it prevented cooling of the water throughout the experimental duration. 

Rationales for each treatment are included in Table 2.I. 

 For each treatment, individuals were randomly selected without replacement from a large 

housing aquarium. Twelve individuals were selected for all treatments, except the control, hypoxia, 

high temperatures, and crowding treatments (n = 24, 24, 100, respectively). Aside from the hypoxia 

treatment that lasted 2 hours and the high temperatures treatment that lasted 40 minutes, treatments 

lasted 1 hour unless fish exhibited adverse effects, at which point the treatment ended. The high 

dCO2 treatment was terminated after 45 minutes because the fish had difficulty maintaining an 
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upright position in the water column. Except for the precipitation treatment, all treatments were 

conducted indoors during the day (9 AM – 5 PM), as northern snakehead are diurnal (Courtenay 

and Williams, 2004). All emersion experiments took place in July 2018, except the control 

treatment, which a had a similar set-up to the other treatments and took place July 2019. Responses 

to treatments were recorded with a GoPro Hero5 camera at 30 fps for behavioral observations, 

except for the darkness treatment, which we observed from inside of the tent using night vision 

goggles. To limit the effects of human presence, an observer watched a livestream of the fish on a 

smartphone at the far end of the room, approximately 3 m away from the experimental set-up. If a 

fish emerged onto the ramp with its mouth completely out of the water and any part of the gill 

opening out of the water (S. Fig. 2.2) for more than 3 seconds, it was recorded as an emersion event. 

Fish that emerged remained in the treatments until completion. While multiple emergences were 

observed for some individuals, fish with at least one emergence during the treatment were classified 

as emergers. 

KINEMATIC DATA COLLECTION AND ANALYSIS 

 To describe their terrestrial behaviors, northern snakeheads (n = 60; TL = 3.0-70.0 cm) 

were placed on a variety of substrates: (1) heterogeneous natural grass; (2) stiff but short, 

homogenous artificial grass turf; (3) smooth rubber boat deck with small bumps for grip; and (4) 

moist bench liner – plastic-backed paper towel – on a hard surface (Table 2.II). Individuals were 

allowed to move freely for up to 30 minutes while being filmed 90° dorsally by a stationary GoPro 

Hero5 camera at 30 frames per second (fps), positioned approximately 1.5 m above the substrate. 

Kinematic experiments took place August and November 2017. Individuals that did not move 

during filming were excluded from this study. Eleven individuals on the bench liner and two on the 

turf were also filmed laterally during terrestrial locomotion using a GoPro Hero5 camera at 30 fps. 

These videos were only used for qualitative descriptions to help determine if C. argus lift their 

bodies above the substrate and if they exhibit roll along the long axis. Individuals < 4 cm were 
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recorded with a stationary iPhone 7 at approximately 90° and 0.5 m above the substrate at 240 fps, 

as their behaviors occurred more quickly than the larger individuals. In addition to the 5 individuals 

recorded on the flat boat deck, 8 individuals were filmed on the boat deck while the boat was tilted. 

During this treatment, the water was very calm and we kept the distribution of boat passengers 

consistent, allowing us to achieve a consistent tilt of approximately 10° for each fish. One 

successful sequence of locomotion was analyzed for each individual on only one substrate 

(sampling without replacement).  

Substrate complexity was quantified using the chain-and-tape method for measuring 

rugosity (Risk, 1972). This method involves placing a chain or string of known length over a three-

dimensionally complex substrate, and measuring the distance between the endpoints. The ratio 

between the known length and measured length is used as a rugosity (R) index. Surface complexity 

was greatest on grass (R = 1.130), followed by the boat deck (R = 1.026), turf (R = 1.018), and 

bench liner (R = 1.012). 

Observations from the terrestrial locomotion videos were used to qualitatively describe the 

terrestrial behaviors of northern snakeheads. To quantify the kinematics of locomotor behaviors 

(forward and backward crawling) from the videos, we used similar methods as Bressman et al. 

(2018a). Three points were manually tracked in the dorsal view using the DLTdv5 application of 

Dr. Ty Hedrick’s Digitizing Tools (Hedrick, 2008) in MATLAB: (1) the tip of the snout (head), (2) 

the tip of the tail (tail), (3) and the center of mass (COM). The COM was approximated as the 

anterior insertion of the dorsal fin using balance tests and preserved specimens, similarly to 

Bressman et al. (2018a). For these three points measured, displacement versus time was plotted to 

determine movement of various regions of each fish. Using these data and length measurements in 

ImageJ (Schindelin et al., 2012), wave amplitudes (WA), curvature coefficients (CC), velocities, 

stride frequencies (SF), and distance ratios (DR) were calculated for each stride. We define a single 

stride similarly to Bressman et al. (2018a): the lateral movement of the tail from the maximum 
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curvature (when CC is smallest; see below) to the maximum curvature again on the same side of 

the body. If multiple, full strides were recorded for an individual, then the kinematic measurements 

for each stride in the sequence were averaged together. We define WA as the maximum amplitude 

of the head, tail, and COM as a percentage of TL and use it as a measure of how far laterally the 

snout, tail, and COM move during strides. A modified definition of CC from Brainerd and Patek 

(1998) and Bressman et al. (2018a) was used: a ratio of the distance between the tip of the snout 

and the tip of the tail, when the tail is maximally laterally displaced, to TL. Values of CC range 

between 0 and 1; a smaller value indicates greater curvature. We used CC to quantify lateral flexion. 

Velocity was calculated by measuring the distance between in-phase start and end points (i.e., when 

the head is at its first maximum amplitude to the left to when the head is at its last maximum to the 

left) of locomotor sequences, and dividing by duration of the sequence. To calculate SF, we counted 

the number of strides in a sequence and divided by duration of the sequence. The DR is a measure 

of how far laterally the head, tail, and COM move relative to the overall anterior movement, and is 

defined as the net displacement divided by the gross displacement (Bressman et al., 2018a; Pace 

and Gibb, 2014). The DR served as a proxy for the linearity of the path traveled, providing a 

measure of how effective each locomotor strategy was for producing forward movement in the 

species compared to lateral movement. 

ELECTROMYOGRAPHY 

Seven of the individuals that were filmed on the artificial turf were also simultaneously 

used for electromyography (EMG) in November 2017. Because northern snakeheads survive very 

well out of the water for extended periods of time (Das, 1928) and would stay very still when 

implanted with electrodes, electrode implantation was performed quickly without anesthesia to 

avoid affecting their locomotor behaviors. Thirteen fine-wire electrodes were implanted 

intramuscularly into each of these snakeheads using 30G syringe needles. The electrodes were 

implanted into the left and right pectoral fin abductors, pectoral fin adductors, anterior hypaxials, 
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posterior hypaxials, anterior epaxials, and posterior epaxials, as well as a ground electrode 

implanted into the midline connective tissue near the base of the dorsal fin (Fig. 2.1A). 

Electromyograms of these muscles were recorded using AcqKnowledge software (BIOPAC 

Systems, 2007). To synchronize the videos with the electromyograms, an LED was also connected 

to the AcqKnowledge software, which was manually flashed at the onset of locomotor behaviors. 

Due to limitations in sampling rates, only six muscles at a time (chosen at random) were recorded 

during each locomotor sequence, at a sampling rate of 2392.91 samples per second. Northern 

snakeheads were allowed to move freely until there was no slack in the wires, at which point we 

interfered to prevent them from dislodging the electrodes. Multiple sequences, in which different 

combinations of muscles were recorded, were captured for each individual. Using the EMG 

recordings from all individuals, the relative duration and start and end times of activation of all 

muscles relative to the kinematic events of the stride were patched together to determine the average 

muscle activity pattern of their forward locomotory behavior (Fig 2.1B). 

STATISTICAL ANALYSIS 

Two-proportion Z-tests were performed on a TI-84 calculator to compare the proportion of 

individuals that emerged in each treatment to the control treatment. The p-values from these tests 

were adjusted for multiple comparisons using the Bonferroni correction in the p.adjust command 

in R (R Core Team, 2017; Wright, 1992). 

Statistical analyses of kinematic data were performed in R using the standard statistics 

package (R Core Team, 2017) and the jmv ‘jamovi’ analysis package (The jamovi project, 2019). 

Multiple analyses of covariance (MANCOVA) tests were used to determine if substrate type and 

TL affected kinematic parameters, and if there were interactions between the effects of size and 

substrate. Because of unequal sample sizes and failure to meet the assumption of homogeneity of 

variance, ranked MANCOVAs were used in place of parametric tests. A significant effect of 

substrate type on the response variables was determined using the Pillai’s Trace test statistic. 
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Independent Kruskal-Wallis rank sum tests were used to determine how dependent kinematic 

variables differed among substrate types (independent variable). Spearman’s Rank-Order Tests and 

individual linear regressions were used to determine if TL predicted dependent kinematic variables. 

Welch’s Two Sample t-tests were used to compare kinematic parameters between forward and 

backward crawling behaviors, as well as between individuals on turf with and without electrodes 

implanted. 

 

RESULTS 

EMERSION RESPONSES 

In both the control and hypoxia treatments, northern snakeheads showed no signs of 

distress, which could have included erratic swimming, inability to remain horizontal in the water 

column, and rapid ventilation. The fish in the darkness, high pH, brackish, low H2S, medium H2S, 

precipitation, and crowding treatments appeared to behave normally as well. While we did not 

quantify swimming movements or air gulps, in the high dCO2, low pH, and saltwater treatments, 

the fish did exhibit signs of distress, appearing to swim more frequently and quickly than in the 

hypoxia treatment. In the moderate dCO2 treatment, the fish noticeably swam less frequently than 

in the control treatment, but maintained an upright position. The fish in the higher temperature 

treatment were more active and gulped air from the surface more frequently as temperature 

increased.  

No northern snakeheads emerged from the water during the control or hypoxia treatments 

(Table 2.I), but individuals did emerge when exposed to acidic conditions, high salinity, and high 

levels of dCO2 (S. Fig. 2.2). The first emersions in these treatments were at 15 minutes, 40 minutes, 

and 10 minutes, respectively Emersion events lasted from 2 seconds to 20 minutes. Typically, the 

individuals that emerged would alternate emersion and immersion, switching periodically after the 
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initial emersion. In the rest of the treatments, the fish did not emerge, nor did they behave differently 

than the control or hypoxia treatments.  

KINEMATICS 

 While on land, northern snakeheads > 4.5 cm in TL adopted an upright posture, regardless 

of substrate. To move anteriorly while upright on a terrestrial substrate, northern snakeheads used 

coordinated cycles of pectoral fin and axial body movements (Fig. 2.2). This crawl-like behavior 

is a form of axial-appendage-based terrestrial locomotion, and had an average stride duration of 

1.162 s +/- 0.411. Crawls lasted an average of 3.55 s +/- 2.53 per sequence, but new sequences 

often began as soon as 1 s after the previous, suggesting northern snakeheads move in short bursts. 

Coordination between the pectoral fins was variable. In some instances, both pectoral fins appeared 

to retract almost simultaneously as the tail and head began to swing toward each other from one 

side of the body to the other during each half of a stride, repeating on the other side of the body to 

complete a stride (Fig. 2.2). In other instances, the pectoral fins were out-of-phase, with one 

retracting as the other protracts. Additionally, within the same sequence, some fish had their fins 

in-phase for some strides and out-of-phase for others. The pectoral fins maintained contact with the 

substrate as they retracted, but lifted off the substrate as they protracted. Meanwhile, the axial body 

oscillated while maintaining contact with the substrate, but the fish rolled slightly along their 

longitudinal axis onto the pectoral fin of the side that their head and tail moved toward (Fig. 2.2). 

During this rolling, their posterior axial body appears to push against the substrate to provide 

forward thrust. In addition to potentially providing thrust, the pectoral fins help support the fish, 

likely keeping them upright and preventing excessive rolling. The larger fish that were filmed 

laterally (>30 cm) did not lift their ventral surface above the substrate. 

In addition to the forward crawling behavior, two individuals exhibited a backward 

crawling behavior on grass. This behavior involved axial movements with pectoral fins protracted 

farther than during forward crawling (up to 180°), with limited retraction. The axial body used a 
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less oscillatory and more undulatory motion for backward crawling than forward crawling, and 

initiated the behavior at the tail. However, this behavior was rarer, only observed twice out of the 

46 crawling sequences recorded, and had significantly lower head and tail DRs, absolute velocity, 

and relative velocity (velocity scaled to body length; Table 2.II; Table 2.III; Fig. 2.4). Northern 

snakeheads <3.5 cm (n = 18), which still displayed juvenile coloration, did not use an axial-

appendage-based crawling behavior for terrestrial locomotion, but used tail-flipping behavior when 

out of the water (Fig. 2.3). These individuals were excluded from the quantitative kinematic 

analysis, as they perform a different behavior than crawling. No individuals >3.5 cm were observed 

to use tail flip jumps, and no individuals <4.5 cm were observed using an effective axial-appendage-

based crawling behavior, so the transition from tail-flipping to crawling occurs between 3.5-4.5 cm 

in TL. A few smaller individuals (3.0-3.5 cm in TL) were observed attempting crawl-like behaviors, 

but were unable to achieve full strides or net displacement. 

ELECTROMYOGRAPHY 

The EMG analysis revealed an alternating left-right pattern of muscle activation in northern 

snakeheads during their forward crawling behavior on turf, particularly in the axial muscles (Fig. 

2.1B, S. Fig. 2.3). There appeared to be only a slight delay in activation between the anterior and 

posterior epaxial and hypaxial muscles – which is particularly evident on the right side, for which 

there was a greater sample size. Thus, the axial movements of northern snakeheads during 

terrestrial crawling are closer to a standing than traveling wave, aligning with typical axial-

appendage-based locomotion characteristics. There was a much larger phase shift, however, for 

ipsilateral pectoral fin abductor and adductor activation. Furthermore, both the abductors and 

adductors often activated twice per stride, but not always (Fig 2.1B), as indicated by the unequal 

number of recordings between the first and second muscle activations in a stride. The EMG data 

show the abductors on one side synchronized with the contralateral adductors in a paddling motion; 

the fish retracted one pectoral fin as the contralateral pectoral fin protracted, and the contralateral 
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axial muscles began contracting. Then, the first pectoral fin protracted as the contralateral pectoral 

fin retracted and the contralateral axial muscles completed contraction.  

EFFECTS OF SUBSTRATE 

Terrestrial performance and kinematics of northern snakeheads differed significantly 

across substrates (p < 0.001, F = 4.22, df1 = 40.0, df2 = 128) after accounting for a significant 

effect of TL (p < 0.001, F = 4.96, df1 = 10.0, df2 = 29.; Table 2.II; Table 2.III; Fig. 2.4). Tilting 

the boat deck had no significant effects on kinematics, but did increase absolute velocity and 

relative velocity (Table 2.II; Table2. III; Fig. 2.4); therefore, the tilted boat deck data were included 

in neither the ANOVAs nor correlation tests for velocity and relative velocity. While most 

individuals moved downslope on the tilted boat deck, one individual moved upslope, but was not 

included in the statistical analysis. Electrode implantation had no significant effects on any 

kinematic or performance parameters for individuals moving on turf (Table 2.III), so data from 

individuals with electrodes implanted were combined with the rest of the turf data for comparisons 

to other substrates. Overall, small northern snakeheads moved differently than large ones. As length 

increased, absolute velocity and CC significantly increased, while relative velocity and head and 

COM WA significantly decreased (Fig. 2.4, Table 2.II; Table 2.III).  

Northern snakeheads performed differently on different substrates, moving most quickly 

on grass (Fig. 2.4; Table 2.II). Substrate type had significant impacts on head, tail, and COM DRs, 

velocity, CC, SF, and head, tail, and COM WAs (Table 2.III). Northern snakeheads had greater 

DRs on more complex substrates like grass and the boat deck. This is further supported by the 

greatest velocities on grass and the boat deck, and the lowest on bench liner (Table 2.II). The CCs 

were greatest (meaning curvature was least) and WAs were least on the boat deck and grass. 

Additionally, grass produced the highest SF (Fig. 2.4; Table 2.II).  
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DISCUSSION 

EMERSION AND BEHAVIORS 

These are the first documented cases of environmentally-motivated emersion in the 

northern snakehead. Of the tested emersion treatments, only high acidity, high dCO2 and high 

salinity elicited emersion responses in some, but not all, individuals. Future experiments could 

investigate intraspecific variation that leads only some individuals to emerge under these 

conditions. Snakeheads may naturally emerge under different, less extreme conditions, but these 

may be rare occurrences that would be difficult to observe by random chance. High dCO2 

negatively affects fish by causing cardiac arrest, respiratory acidosis, hyperventilation, and 

increased cortisol levels (Crocker and Cech Jr, 1998; Ishimatsu et al., 2004). Environmental 

hypercapnia can occur in still waters with decaying material, such as in drainage ditches where 

some of the northern snakeheads were collected. Individuals from those ditches lived in a few 

inches of muddy, stagnant water. It is possible that they may emerge when the dCO2 reaches a 

certain threshold, or the water dries up, isolating the fish in small, unconnected puddles. Emersion 

would be a means of escaping the poor quality and limited resources of the isolated puddles. High 

dCO2 also elicits emersion responses in the distantly-related mangrove rivulus (Kryptolebias 

marmoratus; Cyprinodontiformes; Robertson et al., 2015), suggesting this may be a factor that 

encourages emersion in many amphibious fishes.  

Northern snakeheads emerged under acidic conditions, as does K. marmoratus (pH 5.5; 

Robertson et al., 2015). Acidic conditions can be harmful to fish, as it can disrupt ionoregulation 

and acid-base balance (Schofield, 1976), so emersion may be a means to avoid these negative 

effects. Basic conditions (pH 9.8) did not elicit emergence. Many Channa spp. are tolerant to 

extremely high acidity and high basicity, live in waters with a pH as low as 2.80 and as high as 9.6 

(Lee and Ng, 1994), so our acidic treatment was within their natural pH tolerance. However, their 

emersion response to high acidity suggests that in the acidic blackwaters of east and southeast Asia 
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where many Channa species are native (Lee and Ng, 1994), terrestrial emersion may be a common 

occurrence in snakehead species. While our basic treatment may have had a pH greater than in 

much of the native range of Channa, the pH in parts of the Potomac River system where northern 

snakeheads are invasive can be greater than the pH we used, sometimes exceeding 10.0 (Eyes on 

the Bay MD DNR Buoy Data, 2018). Even still, northern snakeheads did not seem to be perturbed 

by the basic conditions, with no individuals emerging, suggesting they are more sensitive to acidic 

conditions than basic.  

The brackish salinity treatment (15 ppt) elicited no emersion response, but northern 

snakeheads are somewhat tolerant of brackish conditions, with an upper limit of 18 ppt (Li et al., 

2008; Snakehead Plan Development Committee, 2014). However, the higher salinity treatment (30 

ppt) exceeded their upper salinity tolerance and elicited emersion. As a freshwater fish, northern 

snakeheads would have difficulty osmoregulating in saltwater (Evans, 2008). They may be more 

likely to emerge in tidal regions, such as in the tidewaters of the lower Potomac River system where 

they are invasive (Love and Newhard, 2018; Love and Newhard, 2012; Odenkirk and Owens, 2007; 

Orrell and Weigt, 2005), or in coastal regions prone to flooding that may have rapid influxes of 

saltwater. However, their emersion demonstrates an intolerance of saltwater, making their 

expansion via coastal lagoons or embayments unlikely. While no other amphibious species has yet 

been documented to emerge due to increased salinity, saltwater mudskippers (Periophthalmus 

novaeguineaensis; gobiiformes) will emerge to avoid freshwater (Gordon et al., 1985b; Sayer and 

Davenport, 1991). This suggests that water salinity may be a factor in terrestrial emersion of other 

amphibious fishes, particularly of species that inhabit variable tide pools and coastal freshwaters 

prone to flooding from the ocean. 

In addition to the moderate dCO2, basic, and brackish treatments, no emersions were 

observed in the control, hypoxia, high temperature, H2S, darkness, crowding, and precipitation 

treatments. While hypoxia elicits emersion in many amphibious fishes that breathe air cutaneously 
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(Davenport and Woolmington, 1981; Ebeling et al., 1970; Graham, 1970; Horn et al., 1999; 

Livingston et al., 2018; Martin, 1991; Sayer and Davenport, 1991; Wright and Raymond, 1978), 

the hypoxic conditions of the well water (~1 mg O2/L) did not elicit any emersion in northern 

snakeheads in the hypoxia treatment. The hypoxia treatment had no observable differences in 

behavior compared to the control treatment. While this level of hypoxia may be insufficient to 

induce emersion in all cutaneous-breathing amphibious fishes (Mandic et al., 2009; Regan et al., 

2011; Sloman et al., 2008), snakeheads have an accessory air-breathing organ (Courtenay and 

Williams, 2004; Das, 1928; Liem, 1987) that does not rely on dO2. Under low dO2 conditions, 

cutaneous-breathing amphibious fishes need to completely emerge from the water to extract oxygen 

from the air. However, northern snakeheads and other fishes that breathe air with swim bladders, 

lungs, or accessory air-breathing organ, such as tarpon (Megalopidae), gar (Lepisosteiformes), and 

lungfish (Dipnoi), can gulp air from the surface while staying submerged (Graham, 1997). 

Furthermore, the aerial ventilation rates of northern snakeheads increase very little under hypoxic 

aquatic conditions (Glass et al., 1986), suggesting dissolved oxygen levels have little effect on these 

obligate air-breathers. However, seasonal physiological differences in another air-breathing fish 

(gulf killifish, Fundulus grandis) can impact its response to hypoxia (Love and Rees, 2002), so 

northern snakeheads may also respond differently to hypoxia depending on the season. 

Nevertheless, respiring at the surface makes northern snakeheads more visible and vulnerable to 

aquatic, terrestrial, and aerial predators.  

Some Channa spp., like C. striata, are tolerant to temperatures as high as 40 °C (Lee and 

Ng, 1994), so we likely covered the maximum extent of the thermal range of northern snakeheads 

without an emersion response. While emersion is used by Aplocheiloid killifishes and the Chilean 

clingfish (Sicyases sanguineuis; gobiesociformes) during high water temperatures to cool down via 

evaporative cooling (Ebeling et al., 1970; Livingston et al., 2018; Robertson et al., 2015; Sayer and 

Davenport, 1991), no such response was observed in northern snakeheads, similar to the shanny 
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(Blennius pholis; blenniidae; Davenport and Woolmington, 1981). Killifish and S. sanuineuis lack 

accessory air-breathing organs, though, so it is possible that these fish may leave the water to avoid 

hypoxic aquatic conditions associated with higher temperatures, whereas northern snakeheads can 

continue breathing air from the surface in anoxic warm water. 

We used an H2S concentration (350 ppb) that elicited a 100% emersion response in K. 

marmoratus (Abel et al., 1987), yet it had no effect on northern snakehead emersion. While high 

levels of H2S elicit emersion responses in other amphibious fishes, these environmental 

disturbances did not elicit emersion behaviors in juvenile northern snakeheads. They may not be as 

sensitive to H2S, or may just respond differently, with northern snakeheads becoming more 

lethargic at high H2S concentrations. 

Neither darkness, crowding, nor precipitation elicited emersion responses. As visual 

predators with large eyes, northern snakeheads likely use vision to orient on land like other 

amphibious fishes, which respond to colors, shapes, reflectivity, and celestial objects for terrestrial 

orientation (Aronson, 1971; Bressman et al., 2018b; Bressman et al., 2016; Goodyear, 1970). 

Therefore, it may be unlikely for them to emerge from the water at night, as supported by the lack 

of emersion in the darkness treatment. Additionally, northern snakehead fry typically live close 

together in large numbers in a bait ball-like manner. Crowded conditions are standard for the fry, 

which is perhaps why these conditions did not elicit emersion. Crowding may limit resources over 

longer periods of time and cause waste to accumulate, which could encourage emersion, but long-

term studies on the effects of crowding on emersion are needed. The range expansion of northern 

snakeheads in the Chesapeake Bay watershed appears to be correlated with rainfall and flooding 

(Love and Newhard, 2018), yet our precipitation treatment did not elicit emersion. However, we 

isolated the effects of precipitation to only include surface perturbations by falling water for a 

relatively short period of time. It may be that northern snakeheads preferentially take advantage of 

higher water levels during substantial precipitation events to expand their range aquatically rather 
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than terrestrially, as staying in the water shields them from exposure to land predators and potential 

desiccation. 

While the conditions that caused emersion in our experiments are uncommon in their non-

native range in the US, highly acidic and hypercapnic conditions are more common in some of the 

native range of northern snakeheads and other snakehead species, particularly in Asian swamps 

and blackwater river systems (Lee and Ng, 1994). Emersion may be a means to escape unfavorable 

conditions in these habitats, either until conditions improve or to find more suitable bodies of water. 

In the United States, accidental and intentional releases onto land by human fishermen and 

predators may be a more common than environmentally-motivated emersion, but can nonetheless 

facilitate overland movements. 

BIOMECHANICS 

 Adult northern snakeheads can move effectively on land using a form of axial-appendage-

based locomotion. While other amphibious fishes also use axial-appendage-based terrestrial 

locomotion, including walking catfishes (Das, 1928; Johnels, 1957; Pace, 2017; Pace and Gibb, 

2014), bichirs (Standen et al., 2016; Standen et al., 2014), Cryptotora thamicola (Flammang et al., 

2016), and the tide pool sculpin (Oligocottus maculosus; Bressman et al., 2018a), northern 

snakehead is the only species described to use both pectoral fins almost simultaneously, at least in 

some instances, during axial-appendage-based locomotion. Mudskippers (Periophthalamus spp.) 

do use both of their pectoral fins simultaneously in a crutching motion that lifts their body off the 

substrate (Kawano and Blob, 2013; Pace and Gibb, 2009; Swanson and Gibb, 2004; Wicaksono et 

al., 2017); however, mudskipper crutching is solely appendage-based locomotion, which is likely 

unfeasible for adult snakeheads to achieve as they are too large to lift their bodies up and support 

them on their soft pectoral fins that lack stiffened fin rays.  

While some fishes of similar length are capable of terrestrial locomotion, like the ropefish 

(Erpetoichthys calabaricus; Pace and Gibb, 2011), African lungfish (Proptopterus annectens; 
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Falkingham and Horner, 2016; Horner and Jayne, 2014), and American eel (Anguilla rostrata; 

Gillis, 2000; Gillis, 1998; Gillis and Blob, 2001), these fish are more elongate and rely on axial-

based terrestrial locomotion. Since it appears that adult northern snakehead are too large for 

appendage-based locomotion, and not elongate enough for axial-based locomotion, they exhibit a 

distinct, novel form of axial-appendage-based locomotion that allows them to move their large 

bodies. Most axial-appendage-based amphibious fishes lift their COM above the substrate 

(Bressman et al., 2018a; Johnels, 1957; Pace and Gibb, 2014; Standen et al., 2014; Standen et al., 

2016). However, while we only tested a subset of substrates, our results suggest that northern 

snakehead terrestrial locomotion does not include a vertical component. Unlike O. maculosus and 

C. batrachus, which consistently alternate their pectoral fins (Bressman et al., 2018a; Johnels, 

1957; Pace and Gibb, 2014), northern snakeheads have variable pectoral fin coordination, 

suggesting kinematic flexibility in their terrestrial locomotion. This variability in pectoral fin 

coordination, which may not have been fully captured by EMG due to a limited sample size, may 

aid in moving over uneven surfaces, such as grass. However, we consistently recorded large phase 

shifts in ipsilateral pectoral fin abductors and adductors. This is to be expected of antagonistic 

muscles in cyclical fish behaviors, such as during labriform swimming in labrids (Westneat, 1996; 

Westneat and Walker, 1997). The low ipsilateral pectoral muscle variation suggests that individual 

fin movements during terrestrial locomotion are stereotyped, but coordination between fins is 

variable, which may increase locomotor flexibility. Alternatively, achieving effective terrestrial 

locomotion with variable pectoral fin usage suggests that pectoral fins may be relatively 

unimportant for propulsion compared to the axial body, and instead may be used primarily for 

balance during terrestrial locomotion.  

Like O. maculosus, which have very similar COM DR on bench liner (0.38; Table 2.II; 

Bressman et al., 2018b), northern snakeheads have flexible pectoral fin rays compared to Clarias 

spp., which have rigid pectoral spines. The COM DR of northern snakeheads and O. maculosus are 
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about half that of Clarias spp. (~0.70-0.80; Table 2.II; Pace and Gibb, 2014), suggesting rigid 

pectoral fins greatly improve terrestrial performance in fish that use axial-appendage-based 

terrestrial locomotion. Additionally, patterns of higher head and tail WA and lower COM WA 

movements have also been observed in Clarias spp. (Pace and Gibb, 2014) and O. maculosus 

(Bressman et al., 2018a), suggesting this is a common pattern among fish that use oscillatory axial-

appendage-based terrestrial locomotion.  

Northern snakeheads moved most quickly over grass, the most complex substrate tested. 

The increased complexity may allow northern snakeheads to increase purchase on this substrate, 

and therefore performance, similar to how Hawaiian climbing gobies (gobiidae) are able to improve 

purchase and performance on some rougher substrates (Blob et al., 2006). Furthermore, the 

increased three-dimensionality would improve the axial portion of their terrestrial locomotion by 

providing more structure to push against laterally with the body, similarly to P. senegalus on more 

complex substrates (Standen et al., 2016). 

When the boat deck was tilted, northern snakeheads were able to move significantly faster, 

suggesting they may work with gravity to more effectively move down slopes, similarly to 

mosquitofish (Gambusia affinis; Boumis et al., 2014) and mangrove rivulus (Kryptolebias 

marmoratus; Bressman et al., 2018b). As water tends to pool at the bottom of slopes, moving 

downslope could be beneficial, as it would improve a fish’s chances of finding water while on land. 

However, an individual did move up the tilted boat deck in a similar manner to the individuals on 

the flat boat deck. While accurate kinematic conclusions cannot be drawn from this one 

observation, it does show that northern snakeheads are capable of moving upslope and potentially 

out of bodies of water. 

Unlike adults, northern snakehead fry use caudally-directed tail-flip jumps to locomote on 

land, like many killifishes (Cyprinodontiformes; Bressman et al., 2018b; Bressman et al., 2016; 

Gibb et al., 2013; Gibb et al., 2011; Mast, 1915; Minicozzi et al., 2019; Perlman and Ashley-Ross, 
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2016; Pronko et al., 2013). The transition between terrestrial locomotor behaviors occurs between 

3.5-4.5 cm in TL, which is also when they change from their orangey fry coloration to mottled 

green, more closely resembling adults. Modest ontogenetic shifts in kinematics are not rare 

(Domenici, 2001; Drucker, 1996; Hale et al., 2006), but complete ontogenetic shifts in locomotor 

behaviors such as this have not been described in fishes. A drastic shift to a new locomotor behavior 

is typically the result of extreme metamorphoses, such as in amphibians and lepidopterans. Several 

cyprinodontiform species are able to tail-flip at TL up to 11 cm (Bressman et al., 2016; Minicozzi 

et al., 2019), so the transition to crawling in snakeheads larger than 4.5 cm may not be because of 

size limitations. There may be morphological changes occurring as the coloration changes that may 

reduce their ability to tail-flip. Crawling may also become more effective and efficient on land once 

northern snakeheads reach 3.5-4.5 cm, at which point they transition terrestrial locomotor 

behaviors. Their mass distribution may also be different than in mummichogs and other tail-

flipping killifish, potentially limiting their ability to tail-flip at a smaller size. 

In northern snakeheads larger than 4.5 cm, CC increases and WA decreases with body 

length, which could be associated with increased vertebral flexural stiffness through ontogeny of 

fishes (Gibb et al., 2005). As they grow and their vertebral columns stiffen, the maximum extent to 

which they can bend their axial bodies laterally may become reduced. However, the increase in 

vertebral flexural stiffness with ontogeny may allow for improved energy transfer between axial 

muscles and the axial skeleton (Gibb et al., 2005). This could partially explain the ontogenetic 

increase in northern snakeheads terrestrial velocity (Gibb et al., 2005), which is consistent with the 

ontogenetic increase in the aquatic velocities of vertebrates (Domenici, 2001). The ontogenetic 

decrease in relative velocity in northern snakeheads is also consistent with other vertebrates 

(including frogs, salamanders, sharks, fish, and mammals; Altringham et al., 1996; Azizi and 

Landberg, 2002; Curtin and Woledge, 1988; D’Aouˆt and Aerts, 1999; Gibb et al., 2005; Hale, 

1999; James et al., 1998; Rome et al., 1990), as muscle shortening velocity decreases with 
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increasing body size (Herrel and Gibb, 2005). As in many other vertebrates, juvenile northern 

snakehead may have relatively high levels of locomotor performance compared to adults to 

improve escape responses when most vulnerable to predation (Herrel and Gibb, 2005). We also 

observed a decreasing trend in SF as TL increased in northern snakeheads, consistent with previous 

observations of O. maculosus and C. batrachus (Bressman et al., 2018b; Johnels, 1957; Pace and 

Gibb, 2004). Scaling seems to affect SF not only within species of amphibious fishes, but between 

species, likely because muscle shortening velocity is inversely related to body size (Herrel and 

Gibb, 2005) and large fish need to move their bodies absolutely farther to achieve the same relative 

distance as small fish. 

While there is a phase shift between anterior and posterior axial muscles, this shift is 

relatively small given the distance between anterior and posterior electrodes. This suggests that 

northern snakehead axial movement during forward crawling behaviors is more oscillatory than 

undulatory on the oscillatory-undulatory spectrum, and is more similar to P. annectens (Horner and 

Jayne, 2014) and O. maculosus (Bressman et al., 2018a) than E. calabaricus (Pace and Gibb, 2011) 

and A. rostrata (Gillis, 1998; Gillis, 2000; Gillis and Blob, 2001), which use highly undulatory 

terrestrial locomotor behaviors. While undulatory behaviors for terrestrial locomotion are more 

easily derived from anguilliform locomotion (Gillis, 2000; Gillis, 1998; Gillis and Blob, 2001), as 

they require few changes to their locomotor pattern between media, oscillatory behaviors for 

terrestrial locomotion are more reminiscent of salamander locomotion (Ashley-Ross et al., 2009) 

and require a higher degree of deviation from swimming kinematics. Furthermore, except for 

labriform swimmers (Drucker and Jensen, 1997; Westneat, 1996; Westneat and Walker, 1997), 

most fish do not use both pectoral fins simultaneously during sustained swimming, including 

northern snakeheads (author’s personal observations). Therefore, it is unlikely their steady 

swimming muscle pattern, which they use for constant-speed cruising (Langerhans, 2009), is the 

origin of their terrestrial crawling muscle pattern. Snakeheads may use one pectoral fin or both 
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simultaneously along with their axial body for unsteady swimming, which includes aquatic fast 

starts, turns, and rapid bursts (Langerhans, 2009), so it is possible the origins of their terrestrial 

crawl kinematics lie in repeated cycles of these behaviors, similarly to O. maculosus (Bressman et 

al., 2018a). 

The CCs are greatest (curvature is least) and WAs are least on the boat deck and grass, 

suggesting lower amplitude movements are sufficient for locomotion on more complex substrates. 

Smaller amplitude movements may also allow northern snakeheads to have greater stride 

frequencies on these complex substrates by covering a shorter lateral distance. Overall, northern 

snakeheads are able to move more effectively and efficiently on natural, complex surfaces like 

grass, than on artificial, homogenous surfaces like bench liner-covered concrete. Snakeheads are 

likely able to cover a greater distance and move more quickly in natural, herbaceous riparian zones 

or grasslands than in manmade, concrete areas with low surface complexity, such as at the edges 

of artificial canals and on roads. Therefore, natural areas may be at greater risk for terrestrial 

dispersion of northern snakeheads than urban areas, especially since cover offered by vegetation 

may reduce their risk of desiccation. 

CONCLUSIONS 

Overall, northern snakeheads can perform effective overland movements, and are in fact 

the largest species of fish yet described to use a form of axial-appendage-based terrestrial 

locomotion. Their locomotor performance improves on complex substrates, like grass. 

Additionally, northern snakeheads emerge from water during physiologically stressful conditions. 

Snakeheads can also respire in air (Das, 1928; Chew et al., 2003; Courtenay and Williams, 2004; 

Li et al., 2017; Liem, 1987) and survive out of water for long periods of time whilst moist (Das, 

1928). Combined, these traits suggest that northern snakeheads are capable of overland movements 

between bodies of water, especially when exposed to poor aquatic conditions or during flooding 

events when fish can be stranded on land or in small ephemeral bodies of water. As an invasive 
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amphibious fish that is currently expanding its range in the United States, it is important to consider 

their amphibious behaviors and potential to colonize new bodies of water overland when regulating 

live possession and developing range expansion models and management plans (Love and 

Newhard, 2018; Love and Newhard, 2012; Odenkirk and Owens, 2007; Orrell and Weigt, 2005). 
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TABLES 

Table 2.I. Northern snakehead emersion treatments, results, and statistics. For various 

treatments and water conditions, the number (N) of individuals emerging from treatment conditions 

(# emerged) was tallied for analyses using Two-Proportion Z-tests, with the control treatment as a 

comparison. Bonferroni-corrected p-values are included. An “*” denotes significance at the α = 

0.05 level. 
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Treatment Conditions Rationale for 

Treatment 

Duration 

(Minutes) 

N # 

Emerged 

p-value Z-value 

Control pH = 7.5, 

Temp = 20 

°C, [dO2] = 

7.9 mg/L 

Served as a 

comparison for 

the hypoxia 

treatment 

60 11 0 - - 

Hypoxia pH - 7.5, 

Temp = 19 

°C, [dO2] = 

1.0 mg/L 

Hypoxia elicits 

emersion in  many 

amphibious 

species 

(Davenport and 

Woolmington, 

1981; Ebeling et 

al., 1970; 

Graham, 1970; 

Sayer and 

Davenport, 1991) 

120 24 0 1 0 

Darkness Opaque tent 

blocking 

light 

Channallabes 

apus emerge more 

frequently at night 

(Van 

Wassenbergh, 

2013) 

60 12 0 1 0 

Low pH pH = 4.8 K. marmoratus 

emerge under 

acidic conditions 

(Robertson et al., 

2015) 

60 12 5 0.008* 3.4 

High pH pH = 9.8 Deviations in pH 

from the neutral 

range found in 

natural waters has 

been found to 

elicit emersion in 

other killifish 

(Robertson et al., 

2015) 

60 12 0 1 0 

Saltwater 30 ppt The saltwater P. 

novaeguineaensis 

emerges when 

salinity is low 

(Gordon et al., 

1985) so the 

freshwater C. 

argus may emerge 

when salinity is 

high  

60 12 3 0.039* 3.0 
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Brackish 

Water 

15 ppt See Saltwater 

treatment above 

60 12 0 1 0 

Moderate 

dCO2  

5% seltzer, 

pH= 6.5 

K. marmoratus 

emerge when 

dCO2 is high 

(Robertson et al., 

2015) 

60 12 0 1 0 

High dCO2  10% seltzer, 

pH= 6.0 

See Moderate 

dCO2 treatment 

above 

45 12 6 0.002* 3.8 

Low H2S 10 ppb K. marmoratus 

emersion rates 

increase as H2S 

concentrations 

increase (Abel et 

al., 1987) 

60 12 0 1 0 

Medium H2S 25 ppb See Low H2S 

treatment above 

60 12 0 1 0 

High H2S 350 ppb See Low H2S 

treatment above 

60 12 0 1 0 

Precipitation Natural rain 

supplemente

d with 

artificial 

rain 

C. batrachus 

emerge more 

frequently during 

precipitation 

(Liem, 1987) 

60 12 0 1 0 

Crowding All 

individuals 

in one 

container 

Anabas 

testudineus and C. 

batrachus emerge 

more frequently 

under crowded 

conditions when 

competition is 

high (Liem, 1987) 

60 10

0 

0 1 0 

High 

Temperatures 

19-40 °C, 

increased by 

0.5 

C/minute) 

High water 

temperatures elicit 

emersion in S. 

sanguineus 

(Ebeling et al., 

1970,) and K. 

marmoratus 

(Gibson et al., 

2015) 

40 24 0 1 0 
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Table 2.II. Summary of kinematic and performance data on multiple substrates. SE represents standard error.  

Substrate Length 

(cm) 

DR 

Snout 

DR 

Tail 

DR 

COM 

Velocity 

(cm/s) 

Intrinsic 

Velocity 

(TL/s) 

CC WA 

Snout 

WA 

Tail 

WA 

COM 

SF 

(Hz) 

N 

Boat Deck 49 0.338 0.146 0.566 9.69 0.204 0.449 0.218 0.277 0.089 1.06 5 

SE 3.82 0.063 0.035 0.07 1.55 0.038 0.027 0.047 0.025 0.012 0.225 - 

Tilted Boat Deck 47.3 0.319 0.172 0.732 16 0.341 0.424 0.207 0.304 0.114 0.959 8 

SE 0.957 0.029 0.036 0.032 1.95 0.043 0.065 0.012 0.015 0.011 0.155 - 

Bench liner 24.2 0.101 0.08 0.425 2.8 0.226 0.264 0.27 0.329 0.073 1.13 11 

SE 7.08 0.013 0.014 0.049 0.517 0.051 0.037 0.029 0.006 0.009 0.135 - 

Turf 48 0.172 0.122 0.446 7.81 0.207 0.273 0.28 0.323 0.084 0.735 14 

SE 4.57 0.018 0.022 0.03 1.05 0.054 0.024 0.01 0.016 0.009 0.048 - 

Grass Forward Crawl 61.8 0.178 0.145 0.541 16.1 0.269 0.337 0.205 0.236 0.068 1.39 6 

SE 3.68 0.022 0.046 0.03 1.52 0.039 0.027 0.014 0.016 0.005 0.19 - 

Backward Crawl 61.96 0.055 0.021 0.146 3.8 0.065 0.102 0.223 0.277 0.064 0.883 2 

SE 7.04 0.013 0.003 0.065 1.61 0.034 0.045 0.007 0.082 0.018 0.16 - 

 

Table 2.III. Summary of statistical tests comparing effects of substrate and size on response variables. Kruskal-Wallis tested for an effect of 

substrate on response variables, and Spearman’s rank-order correlation tests tested for an effect of size on the other parameters, but backward 

crawling is excluded from these analyses. The Boat Deck t-test data refer to comparisons between parameters for flat and tilted boat decks, while 
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the Turf t-test data refer to comparisons between parameters for snakeheads moving on turf with and without electrodes implanted. An “*” denotes 

significance at the α = 0.05 level.  

Test Test 

Statistics 

DR 

Snout 

DR 

Tail 

DR 

COM 

Velocity 

(cm/s) 

Relative Velocity 

(TL/s) 

CC WA 

Snout 

WA 

Tail 

WA 

COM 

SF (Hz) 

Kruskal-Wallis p <0.00

1* 

0.039* <0.001* <0.001* 0.341 0.012* 0.007* 0.007* 0.026* 0.024* 

 χ2 28.3 10.1 19.7 24.4 2.76 12.9 14.0 14.0 11.1 11.279 

 df 4 4 4 3 3 4 4 4 4 4 

Spearman’s   p 0.461 .199 0.924 <0.001* 0.011* 0.011* <0.00

1* 

0.056 0.028* 0.053 

 r 0.114 0.197 0.015 0.560 -0.417 0.381 -0.516 -0.290 -0.332 -0.294 

 S 12570 11387 13979 3421 11008 8778 21507 18301 18897 18357 

Boat Deck t-test p 0.799 0.607 0.076 0.028* 0.037* 0.728 0.834 0.382 0.151 0.711 

 t 0.267 0.530 2.17 2.53 2.38 0.359 0.223 0.932 1.55 0.384 

 df 5.79 10.5 5.74 11.0 10.7 9.17 4.53 6.99 10.1 7.69 

Turf t-test P 0.956 0.943 0.946 0.299 0.448 0.812 0.944 0.600 0.237 0.879 

 t 0.057 0.074 0.070 1.13 0.804 0.244 0.734 0.542 1.26 0.155 

 df 8.28 7.23 8.80 6.43 6.77 11.2 7.74 9.65 10.4 11.9 



 

 

FIGURES AND FIGURE LEGENDS 

 

Figure 2.1. Muscle activity pattern during the terrestrial forward crawl of northern 

snakeheads. A) Each northern snakehead (n = 7) in the EMG experiments had 6 intramuscular 

fine-wire electrodes implanted on each side (blue = left, red = right) in the labeled muscles, as well 

as a ground electrode near the base of the dorsal fin (snakehead image by Susan Trammell). B) 

Since their forward crawl is a cyclical behavior, the muscle activity pattern is shown from 0% to 

100% for each stride, with 100% being 0% of the subsequent stride. The thick bars indicate the 

average start and end times of muscle activation, while the thin bars reflect the standard error (SE). 

The numbers on the thick bars show the number of strides recorded for each muscle, with two 
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numbers present for the abductors and adductors because these muscles would activate up to two 

times per stride. Overall, there is a left-right activation pattern of axial muscles, while both pectoral 

fins are coordinated for each half of a stride. The RA Hyp was chosen as the starting frame of 

reference as it had the most strides recorded of any muscle. (LA Epax = left anterior epaxials; LP 

Epax = left posterior epaxials; LA Hyp = left anterior hypaxials; LP Hyp = left posterior hypaxials; 

L Add = left adductor; L Ab = left abductor; RA Epax = right anterior epaxials; RP Epax = right 

posterior epaxials; RA Hyp = right anterior hypaxials; RP Hyp = right posterior hypaxials; R Add 

= right adductor; R Ab = right abductor).  
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Figure 2.2. Northern snakehead forward crawl behavior. A) a northern snakehead begins 

crawling by B) moving its head toward the left and swinging the tip of its tail laterally toward the 

right. C) The head and tail continue to move as the left pectoral fin begins retracting. D) The right 

pectoral fin begins to retract, and the tail tip has achieved its approximate maximum lateral 

amplitude as it begins swinging toward the body’s midline. E) Both pectoral fins are fully retracted 

as the head crosses the midline of the body. The fish rolls along its longitudinal axis partially onto 

its left pectoral fin, while the posterior axial body appears to push against the substrate. F) The 

pectoral fins begin to protract as the tail crosses the body’s midline. H) The fish rolls along its 

longitudinal axis toward the right side of its body as the tail tip rapidly increases in amplitude 
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toward the left. I) Both pectoral fins are fully protracted and the head has reached its maximum 

amplitude on the left side of the body. J) The head begins moving back toward the right as the tail 

tip has reached its maximum amplitude on the left. The pectoral fins begin to retract. K) The head 

and tail are both moving toward the right side of the body as both pectoral fins are fully retracted. 

The fish rolls partially onto its right pectoral fin, as the posterior axial body appears to push against 

the substrate L) The head has approximately reached its maximum amplitude as the fish rolls 

toward the left side of its body and rapidly increases the tail tip amplitude on the right side of the 

body. M) The tail tip has reached its maximum amplitude on the right side of the body and the head 

begins moving back toward the left side of the body, starting a new stride. The three points tracked 

– tip of the snout, anterior insertion of the dorsal fin/COM, tip of the tail- are shown by yellow, red, 

and blue dots, respectively.  
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Figure 2.3. Juvenile northern snakehead tail-flip jump. A) a juvenile northern snakehead 

(bottom right of the panel, approximately 3.2 cm in TL) begins a tail-flip by lying on its lateral 

surface, and then B) lifts its head above the substrate and bends it towards the tail, making a C-

shape with the body. C) Once the fish is maximally bent, it rapidly pushes against the substrate 

with its caudal peduncle, D) launching itself into a ballistic flight path. E) while the fish is airborne, 

it can travel several body lengths before landing (F) next to a stationary northern snakehead. 
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Figure 2.4. Effects of substrate and length on kinematics and performance. Kinematic and 

performance parameters of the snakehead forward crawling behavior on each substrate (symbols 

in panel B) are plotted on the y-axes against length. The regression line includes all substrates, to 

show the overall effect of length. 
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CHAPTER 3: WHY DID THE CATFISH CROSS THE ROAD? CHEMORECEPTIVE 

TERRESTRIAL ORIENTATION AND AMPHIBIOUS NATURAL HISTORY OF THE 

INVASIVE WALKING CATFISH CLARIAS BATRACHUS 

 

Submitted for publication in the Journal of Fish Biology, with co-authors Jeffrey H. Hill and 

Miriam A. Ashley-Ross. Stylistic variations result from the journal’s demands. 

 

ABSTRACT 

 Clarias batrachus (Walking Catfish) is an invasive species in Florida, renowned for its air-

breathing and terrestrial locomotor capabilities. However, it is unknown how this species orients in 

terrestrial environments. Furthermore, while anecdotal life history information is widespread for 

this species in its nonnative range, little of this information exists in the literature. The goals of this 

study were to identify sensory modalities that C. batrachus use to orient on land, and to describe 

the natural history of this species in its nonnative range. Fish (n = 150) were collected from around 

Ruskin, FL, and housed in a greenhouse, where experiments took place. Individual catfish were 

placed in the center of a terrestrial arena and were exposed to nine treatments: two controls, L-

alanine, quinine, allyl isothiocynate, sucrose, volatile hydrogen sulfide, pond water, and aluminum 

foil. These fish exhibited significantly positive chemotaxis toward alanine and pond water and 

negative chemotaxis away from volatile hydrogen sulfide, suggesting chemoreception – both 

through direct contact and through the air – is important to their terrestrial orientation. Additionally, 

88 people from Florida wildlife-related Facebook groups who have personal observations of C. 

batrachus on land were interviewed for information regarding their terrestrial natural history. These 

data were combined with observations from 38 YouTube videos. C. batrachus appear to emerge 

most frequently during or just after heavy summer rains, particularly from stormwater drains in 
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urban areas, where they may feed on terrestrial invertebrates. By better understanding the full life 

history of C. batrachus, we can improve management of this species. 

 

INTRODUCTION 

While the kinematics and physiology associated with terrestrial behaviors in fishes have 

been relatively well-studied, there have been very few studies on the sensory biology, orientation, 

and navigation of fish while they are on land. The sensory systems of fishes have adapted to 

function in an aquatic environment. While fishes are able to use a combination of vision 

(Hawryshyn and Bolger, 1990), chemoreception (Hara, 1975) and mechanoreception (Webb et al., 

2008) to obtain information about their aquatic environment, some of these sensory systems may 

not function as well in an aerial environment. For example, the olfactory organs of fishes are 

adapted to function in water to detect water-soluble, rather than volatile, odorants, and cannot 

ventilate air through their nostrils well, rendering their ability to receive odorant molecules in air 

questionable (Derivot, 1984; Hara, 1975). Still, some fishes are able to use their otolith-vestibular 

system and vision to orient while on land, like killifish (Cyprinodontiformes; Boumis et al., 2014; 

Bressman et al., 2018b; Bressman et al., 2016; Goodyear, 1970) and Polypterus senegalus 

(Znotinas and Standen, 2018). However, the otolith-vestibular system detects linear and angular 

acceleration, which is only useful for orientation with respect to the grade of the substrate (i.e, help 

a fish determine which direction is downhill; Boumis et al., 2014; Bressman et al., 2018b), and 

orientation by vision is only possible when light is available (Bressman et al., 2016). In amphibious 

fishes with poor vision and/or those that engage in terrestrial behaviors at night, alternative sensory 

modalities may be at play. 

Some air-breathing fishes have demonstrated the use of chemoreception in an aerial 

environment, though not for orientation. Bowfin (Amia calva) and jeju (Hoplerythrinus 

unitaeniatus) have been found to use oxygen and carbon dioxide chemoreceptors in their gills 
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during aerial exposure to regulate aerial respiration (Lopes et al., 2010; Hedrick and Jones, 1993; 

Milsom, 2012). There is also some evidence that oceanic whitetip sharks (Carcharhinus 

longimanus) can use aerial olfaction (Savel’ev and Chernikov, 1994), but this study was based on 

anatomy of dead specimens, and did not test orientation by aerial chemoreception in live animals. 

Still, some amphibious fishes may be able to find food, water, or suitable habitat using aerial 

chemoreception, similarly to amphibians out of the water (Arzt et al., 1986). 

Commonly found in the food trade of their native Asian and African regions, airbreathing 

catfishes (Family Clariidae; Order Siluriformes) are renowned for their terrestrial locomotor and 

aerial respiratory capabilities (Das, 1928; Helfman et al., 2009; Johnels, 1957; Jordan, 1976; Pace 

and Gibb, 2014). They terrestrially locomote using a form of axial-appendage-based locomotion, 

(Das, 1928; Johnels, 1957; Pace and Gibb, 2014), similar to the tidepool sculpin (Oligocottus 

maculosus; Bressman et al., 2018a) and the northern snakehead (Channa argus; Bressman et al., 

2019, with the ability to move up to 1.2 km at a time on land (Courtenay and Miley, 1975) and 

survive for 18 hours out of water (Das, 1928). Airbreathing catfishes are known to consume prey 

on land (Liem, 1987; Van Wassenbergh et al., 2006; Van Wassenbergh, 2013). However, it is 

unknown how they orient or find prey while emerged. Airbreathing catfishes can capture aquatic 

prey equally well with or without vision (Fatollahi and Kasumyan, 2006), and they are commonly 

observed emerging from water at night to either move to a different body of water or hunt terrestrial 

prey (Das, 1928; Van Wassenbergh, 2013).  These catfish have small eyes, suggesting vision is 

relatively unimportant to their terrestrial navigation and orientation. In contrast, airbreathing 

catfishes and many other families within Siluriformes have very keen chemoreception, due to the 

presence of extraoral gustatory receptors across the surface of their body and sensory barbels 

(commonly referred to as “whiskers”; Caprio, 1975; Das, 1928; Fatollahi and Kasumyan, 2006; 

Helfman et al., 2009; Ovalle and Shinn, 1977; Raji and Norozi, 2010). These receptors may 

function to find prey while on land. Catfishes have the lowest threshold for taste of any vertebrate, 
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with particularly extreme reception of amino acids, making taste an important distance sense 

(Caprio, 1975). Therefore, we hypothesize that the walking catfish can use chemoreception to 

orient on land. Additionally, though they can breathe air using their arborescent organ, airbreathing 

catfishes still need to return to water to avoid desiccation. We hypothesize that airbreathing 

catfishes can use aerial chemoreception to orient toward water while on land by detecting aqueous 

volatile compounds, similarly to how birds and amphibians can orient with respect to water using 

olfaction (Gagliardo et al., 2013; Arzt et al., 1986).  

The behaviors and orientation of one airbreathing catfish species, walking catfish (Clarias 

batrachus), are of particular concern because it is becoming critically endangered in parts of its 

native range (Argungu et al., 2013), and has become established as an invasive species in Florida 

(Courtenay and Miley, 1975). The ecological impacts of walking catfish are poorly known (Nico 

et al., 2020), but they prey upon native species (Baber and Babbitt, 2003), make up a dominant 

proportion of the fish biomass in limited habitats, including isolated wetlands (Courtenay and 

Miley, 1975; Shafland, 1996), and invade fish farms in some locations where they consume 

ornamental fish (Courtenay and Miley II, 1975; Hill and Watson, 2007). While their amphibious 

abilities greatly impact their ability to disperse (Courtenay and Miley II, 1975), there is little 

literature available on the amphibious aspects of C. batrachus natural history. In addition to 

determining whether C. batrachus are able to use chemoreception terrestrially for orientation, a 

goal of this study is to understand and describe the amphibious natural history of this species. By 

developing a better understanding of this species’ amphibious behaviors, we could not only learn 

how to prevent the further spread of invasive Clarias batrachus, but also learn aspects of their 

biology that may help conservation efforts in their native range. 

 

METHODS 

ANIMALS 
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 Walking catfish (C. batrachus, n = 150; TL = 8-30cm; sex unknown) were caught by 

electrofishing and seining in retention ponds near Ruskin, Florida, USA, in the summers of 2018 

and 2019, and were used for orientation experiments in January 2019 and September 2019, 

respectively. The fish were housed together in greenhouses at the University of Florida’s Tropical 

Aquaculture Laboratory in Ruskin, Florida, in large (300 gallon) flow-through tanks with treated 

freshwater. The air temperature of the greenhouse was maintained between 21-32°C, and the fish 

were fed pellet food daily. Three days prior to experiments, daily feedings paused to ensure the fish 

were sufficiently hungry for orientation experiments. At the end of experiments, all of the 

individuals were euthanized humanely using MS-222, and used for morphological analysis (see 

below). All experiments and procedures were conducted in accordance with WFU IACUC protocol 

#A16-173 and UF IACUC protocol #201810521. 

ORIENTATION EXPERIMENTS 

 To determine whether C. batrachus can orient to chemical cues while on land, we used a 

similar terrestrial orientation arena and methods as Bressman et al. (2018). A large, flat piece of 

polystyrene foam was placed under an inflatable kiddie pool on level ground (as determined by a 

carpenter’s level) in the same greenhouse that the catfish were housed, approximately 15 m from 

their tanks. A smaller, circular piece of polystyrene foam (diameter = 92 cm) was placed in the 

center on top of the kiddie pool (henceforth known as the test area (TA)), with approximately 15 

cm between the edge of the foam and the wall of the kiddie pool (this 15 cm ring will henceforth 

be referred to as the extra-test area (ETA)). Plastic sheeting was placed over the entire TA and 

ETA, and bench liner (moistened with deionized (DI) water) was placed on top of the sheeting on 

the TA. The plastic sheeting and the bench liner was replaced for every trial of each treatment, to 

prevent chemical signals from previous individuals from affecting subsequent catfish. An 80 cm-

high barrier of PVC piping and brown, opaque tarp was placed around the perimeter of the kiddie 

pool to obscure extraneous visual and volatile chemical cues (S. Fig. 3.1). 
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 At the start of each trial, a catfish was placed in the center of the TA under a bucket for one 

minute, where it could acclimate to air and move freely under the bucket, randomizing its starting 

direction. The bucket was removed by the same observer for each trial from a random direction on 

the pool to minimize the observer’s influence on the direction of their first movements. Immediately 

after removing the bucket, each trial was viewed remotely using a livestream from an overhead 

GoPro Hero 5 camera at 30 fps, so the observer would not be within view of the fish. Trials lasted 

up to 10 minutes, or until an individual traveled from the TA to the ETA. The point at which the 

head of each fish first crossed into the ETA was recorded on a circular diagram. At five minutes, 

the fish were lightly sprayed with DI water from a squirt bottle to prevent desiccation. If a fish did 

not cross into the ETA by the end of 10 minutes, it was excluded from the statistical analysis.  

Each fish was used for up to three trials – with at least one week between trials – and were 

assigned to up to three of the nine treatments in a random order, to control for effects from previous 

treatments. Due to limited available experimentation time, sample sizes were the result of two full 

days of experiments for each treatment, which led to similar sample sizes as Bressman et al. (2016) 

and Bressman et al. (2018a). The treatments fell under two categories: direct contact orientation 

and distant orientation. To test orientation by chemoreception through direct contact, 4 treatments 

were used in addition to the deionized water control (N=35): saturated (1.88 M) L-alanine solution 

(BulkSupplements, Henderson, NV, dissolved in DI water; N = 35), satured 0.02 M quinine 

solution (Alfa Aesar, Havervill, MA; N = 38), 0.01 M allyl isothiocyanate (AITC) solution (Fisher 

Scientific, Hampton, NH; N =17), and 0.40 M sucrose solution (Domino Sugar, Yonkers, NY; N = 

43). These solutions were used instead of DI water to moisten the bench liner on one half of the 

TA. L-alanine was chosen because it is an amino acid that elicits a strong taste response in 

submerged catfish (Caprio, 1975). Because the capacity for terrestrial orientation by 

chemoreception in fish is completely unknown, we used high concentrations of alanine and other 

compounds that were well above the aquatic chemoreception thresholds of these fish in the hopes 
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of eliciting strong, conclusive behavioral responses. Quinine was chosen because it elicits a 

negative taste response in fish (Lamb and Finger, 1995). AITC was used to determine the role of 

nociception in terrestrial orientation because AITC activates TRPA1 nociceptors in fish, causing 

an aversive response (Curtright et al., 2015; Hinman et al., 2006; Ko et al., 2019). Due to the low 

solubility of quinine (0.5 g/L) and in the insolubility of AITC in water, super-saturated solutions of 

these substances were created to aversive concentrations, based on the literature (Ko et al., 2019; 

Lamb and Finger, 1995), and then shaken in spray bottles immediately before dispersion onto the 

TA to ensure even coverage. Sucrose was used as a chemical control, as it is not palatable to fish 

(Kasumyan, 1997). A control treatment in which the entire TA was covered in DI water was also 

performed, to determine whether other factors in the greenhouse could be skewing their terrestrial 

orientation.  

To test distant orientation, 90° of the polystyrene foam under the ETA was cut out, creating 

a 5 cm deep reservoir. The reservoir was filled with pond water from the retention pond outside of 

the greenhouse (N = 37). This pond contained a variety of organisms, including C. batrachus, so 

this water was likely chemically representative of a natural body of water that C. batrachus may 

terrestrially orient toward in the wild. Colored food dye was used to show that the trial durations 

were insufficient for chemicals to diffuse a significant distance from the pond water through the 

edge of the bench liner (S. Fig. 3.2), so all relevant chemical cues from the water were airborne. As 

a control to determine if non-chemical cues (other than water vapor) of water could affect their 

terrestrial orientation, the ETA reservoir was filled with reverse osmosis-filtered (RO) water for 

another control treatment (N = 28). The water in the ETA was replaced after each trial for the pond 

water and RO water treatments, regardless of whether a fish came in contact with it. To test aversive 

responses to airborne cues, an open 50 mL vial of aqueous hydrogen sulfide (0.12 M; LabChem) 

was placed in the ETA reservoir instead of water (N = 35). Hydrogen sulfide was chosen because 

it is noxious, highly volatile, and causes emersion and avoidance responses in the mangrove rivulus 
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(Kryptolebias marmoratus; Abel et al., 1987). To test if vision is important to their terrestrial 

orientation, we used a treatment consisting of aluminum foil on 90° of the ETA and the barrier 

around the arena (N = 45), as this visual treatment elicits positive taxis in killifish out of the water 

(Bressman et al., 2018B, Bressman et al., 2016). The entire arena was rotated approximately 90° 

after each trial for all treatments, except the control treatments and hydrogen sulfide treatment) to 

control for any orientation bias that the greenhouse may cause. The arena was not rotated for the 

hydrogen sulfide treatment to ensure the fish started downwind of the vial, based on the direction 

of the vent fans for the greenhouse. 

 The same statistical analysis methods for orientation from Bressman et al. (2018B) were 

used for this study. Using the CircStats package (Lund and Agostinelli, 2018) in R 3.3.1 (R Core 

Team, 2018), we performed Rayleigh’s tests of uniformity (r.test function) to determine if there 

was significant directionality in each treatment. The mean directionality was determined using the 

circ.mean function. To control for repeated measures, p-values from the Rayleigh’s tests were 

adjusted using the p.adjust() function in R with the “fdr” method. Based on the methodology used 

by Bressman et al. (2016), we used Χ2 goodness-of-fit tests in Microsoft Excel 2016 to determine 

whether the directions of fish in each treatment were distributed differently amongst the 4 quadrants 

than expected at random. Rayleigh’s tests were also used to determine if there was signficant a 

signficant trend in initial directionality (the direction the fish were facing when the bucket was 

removed) to ensure random start directions.   

CROWDSOURCING SURVEY 

 Crowdsourcing was used to obtain a variety of data on the amphibious natural history of 

C. batrachus. We posted a voluntary survey of six questions on 15 southern and central Florida 

wildlife-focused Facebook group pages about people’s personal observations of C. batrachus on 

land, which was shared by individuals in the groups on a variety of other pages and social media 

platforms. The six questions are as follows: 
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1. When did you observe walking catfish on land (month/season, year, time of day, etc.)? 

2. Where was the observation (town, nearest body of water, specific area, etc.)? 

3. What was the weather like (rainy, cloudy, sunny, not raining but recently rained, etc.)? 

4. Was there one individual on land or multiple? If there were multiple, were they clustered 

together or spread apart? 

5. Were they moving in a specific direction/straight path, or did they appear to move 

randomly? If they appeared to be moving toward something, what were they moving 

toward? 

6. Are there any other details you can remember? The details you think may be unimportant, 

like the ground type (concrete, grass, etc.), wind direction, etc. may turn out to be very 

helpful to us! Additionally, please let us know if you’ve seen other species of fish on land! 

Overall, we received 88 partial and complete survey responses. We also analyzed 38 

YouTube videos on walking catfish on land in Florida to obtain additional natural history data. 

Individuals who had particularly detailed or interesting information in their survey responses and 

videos were contacted for further information about their encounters. 

 

RESULTS 

ORIENTATION EXPERIMENTS AND BEHAVIOURAL OBSERVATIONS 

 In the direct contact orientation treatments, C. batrachus showed significant directionality 

toward the alanine half in the alanine treatment, but showed no directionality in the DI water, 

quinine, AITC, or sucrose treatments (Table 3.I, Fig. 3.1). In the distant orientation treatments, C. 

batrachus showed significant directionality toward the pond water quadrant and away from the 

hydrogen sulfide and foil, but showed no directionality in the RO water treatment (Table 3.I, Fig. 

3.2). After p-adjustment, significant directionality remained for the hydrogen sulfide treatment, 
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while directionality was marginally significant for the alanine, pond water, and foil treatments. 

Based on the Χ2 results, the distribution of directions was significantly different than expected at 

random for the hydrogen sulfide, pond water, and foil treatments, but not for the other treatments. 

Additionally, there were no signficant trends for initial directionality for any treatment (Table. 3.I). 

In all treatments, approximately 1/2 of the individuals did not enter the ETA before the test period, 

with the exception of the AITC treatment, for which all individuals entered the ETA within 10 

minutes (Table 3.I). 

During the orientation experiments, it was noted that C. batrachus maintain their barbels 

in very stereotypical positions while resting on land: the nasal (dorsal-most) barbels are rigidly 

maintained at approximately 45° above the substrate, the maxillary (longest, most lateral) barbels 

are rigidly spread wide apart anterolaterally forming an approximately 120° angle, and the mental 

(chin) barbels are more flexible and variable in their positioning (Fig. 3.3). The tips of their nasal 

barbels were observed to deflect from the slightest of breezes during outdoor preliminary 

experiments. Immediately prior to body movements and during terrestrial locomotion, C. batrachus 

actively sweep their maxillary and mental barbels along the substrate, and move their nasal barbels 

around in small circles in the air.  

One individual in the orientation experiments that successfully moved into the ETA 

appeared to move unusually slowly, while still using a typical C. batrachus locomotor pattern. On 

closer inspection, this individual lacked pectoral fins, likely due to a birth defect. 

SURVEY AND YOUTUBE RESULTS 

 While there were great variances in conditions surrounding C. batrachus terrestrial 

sightings, there were some overall trends. Sightings of C. batrachus on land range greatly in the 

numbers of individuals observed, from solitary to hundreds, particularly after strong flooding 

events (Fig. 3.4A). Terrestrial grouping of C. batrachus is variable, with some reports of multiple 

individuals “schooling” together or “moving together as a family” on land, and others with catfish 
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scattered around seemingly randomly (Fig. 3.4B). Most sightings occurred during the day, but there 

were still a considerable number of reports of C. batrachus on land at night, dawn, and dusk (Fig. 

3.4C). Most individuals were observed while the substrate was wet from recent rain or heavy fog 

(Fig. 3.4D), or during precipitation, but some individuals were observed on dry substrates during 

sunny weather (Fig. 3.4E). At night, a greater proportion of individuals were observed on land 

while there was no precipitation (Fig. 3.4F). Most C. batrachus sightings occurred during the rainy 

season in Florida (late spring to early fall; Fig. 3.4G, 3.4H). Additionally, most sightings occurred 

in urban and suburban areas on concrete or asphalt (Fig. 3.4I), such as on highways and parking 

lots. On these artificial substrates, many reported that the fish seemed to “appear out of nowhere”, 

and there were 17 accounts of direct observations of C. batrachus entering and exiting stormwater 

drains. Furthermore, most sightings did not occur near any visible, above-ground bodies of water 

(Fig. 3.4J).  

 While many people reported additional information in their survey responses, such as 

noting that some individuals moved uphill and some moved downhill, we will elaborate on two 

particularly informative responses. One of these responses was by a a reliable source who observed 

hundreds of C. batrachus crossing a dirt road just after heavy rain ended. According to him, a large 

seasonal pond near cow pastures was overflowing over a road into drainage ditches and smaller 

ponds, and it seemed as though the overflow stream of water attracted the fish upstream. These fish 

moved upstream against the current, alternating swimming and “walking” over the road, depending 

on water depth. In this flooded area, the person also observed thousands of small earthworms (or 

annelid-like invertebrates) on the substrate and in the water. The person collected approximately 

50 catfish to consume, and performed gut dissections while filleting the fish. He found the same 

type of worms in the stomachs of approximately half of these individuals. 

 Another reliable person responding to the survey gave extremely detailed responses to 

follow-up questions about an observation he had during a sunny afternoon with no recent rain 
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during the dry season. He observed 15-18 C. batrachus emerge from a golf course pond and move 

in a tightly clustered group approximately 40 m in a straight line toward a cypress dome with 

standing water. Based on the angle of the shoreline and bank, he thought it was too steep for the 

fish to directly see the water at the cypress dome until they were very close to it. The cypress dome 

was directly upwind, and the catfish moved upwind to the cypress dome. 

 

DISCUSSION 

Clarias batrachus are capable of terrestrial orientation using chemoreception. To our 

knowledge, this is the first description of chemoreceptive orientation by a species of fish on land. 

Furthermore, this is the first direct evidence of fish orienting by aerial chemical cues. This was 

demonstrated by positive chemotaxis toward alanine and pond water and negative chemotaxis away 

from volatile hydrogen sulfide while C. batrachus were on land, but random orientation when 

exposed to DI or RO water under the same conditions. Albeit, some significance was lost in the 

alanine, pondwater, and foil treatments after p-adjustment and the post-hoc Χ2 test for alanine was 

above the significance level of 0.05 (Table. 3.I). However, we believe that the trends would be 

stronger and lead to higher significance given sample sizes greater than we were able to procure 

based on their biology, the survey results, their behaviors, the results of the other treatments, and 

random intial directionality.  Catfish have a particularly strong, positive taste response to alanine in 

the aquatic environment (Caprio, 1975), and the body and barbels of C. batrachus are covered with 

taste buds (Raji and Norozi, 2010), so gustation of amino acids is likely involved in their terrestrial 

chemoreceptive orientation. While gustation through direct contact may not aid C. batrachus in 

orienting toward water over long distances, they could use it to find terrestrial prey. Other clariid 

catfishes are known to feed on land, particularly at night when vision is greatly reduced (Van 

Wassenbergh, 2013), and C. batrachus are more likely to emerge from the water when starved 

(Liem, 1987) so C. batrachus may also feed on land. Furthermore, annelid worms are a favorite 
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food item of C. batrachus (Das, 1928), and were found by a survey responder to be in the stomachs 

of many C. batrachus that were on land and surrounded by annelids. Considering C. batrachus are 

most commonly found on land during rain or after recent rain, which is when annelid earthworms 

are commonly found on terrestrial surfaces in high densities (Author’s Personal Observation), C. 

batrachus may take advantage of flooding and moist substrates to feed on annelids and other 

terrestrial invertebrates. Earthworms leave chemical trails along the ground that garter snakes 

(Thamnophis spp.) are able to detect through traditional olfaction using their main nasal olfactory 

epithelium and with their vomernasal organ via tongue flicking, which they can they follow toward 

the source worms (Halpern et al., 1997; Kubie and Halbern, 1978) . Like the snakes, C. batrachus 

may be able to use chemoreception to detect and follow worm trails toward worms, which would 

allow them to feed in terrestrial environments even in low-light conditions. Mechanoreception via 

barbels, particularly somatosensation and substrate-borne vibrational detection, may also aid in 

locating prey and facilitating prey capture. The wide sweeping of their maxillary and mental barbels 

while on land likely increases their receptive area, improving their ability to locate terrestrial prey, 

and perhaps orient toward other goals.  

Quinine is a bitter compound that elicits negative taste responses in fish when mixed with 

food (Lamb and Finger, 1995), and AITC in solution targets TRPA1 nociceptors on solitary 

chemosensory cells in fish, which are found on the bodies of C. batrachus (Curtright et al., 

2015;Hinman et al., 2006; Ko et al., 2019; Kostrschal, 1995), but C. batrachus showed no 

orientation response to either substance on the substrate. Therefore, C. batrachus may not use these 

compounds for terrestrial orientation. However, unlike in all of the other treatments, all individuals 

reached the ETA within the test period during the AITC treatment. It is possible that while C. 

batrachus do not use nociception for terrestrial taxis, noxious compounds such as AITC may act 

as releasing stimuli that initiate kineses, causing the fish to move more frequently in a random 

orientation while on land to escape the negative stimuli. Alternatively, quinine and AITC are barely 



 

88 
 

soluble and insoluble in water, respectfully. The extra skin mucus C. batrachus produce out of the 

water to stay moist may act as a barrier preventing these practically insoluble molecules from 

reaching appropriate chemoreceptors, greatly reducing their ability to detect and orient to these 

compounds. However, a saturated solution of quinine (10-3 M) is well above 10-5 M, the aversive 

taste threshold to quinine in fish food found by Lamb and Finger (1995). Therefore, while bitter 

compounds may cause aversive responses during feeding, they may not be used for chemotaxic 

orientation. Both quinine and AITC are derived from terrestrial plants. Aquatically, these 

compounds are practically novel to fishes, but amphibious fishes may come in contact with these 

compounds while on land. Even still, they show no significant responses to these compounds, 

suggesting the terrestrial environment may have had little impact in shaping chemoreceptive 

orientation in C. batrachus. 

Distant orientation by fish on land has previously only been described to use vision 

(Bressman et al., 2016; Bressman et al., 2018B; Goodyear, 1970; Znotinas and Standen, 2018). C. 

batrachus do seem capable of using vision for terrestrial orientation, but unlike killifish that move 

toward reflective surfaces to find water (Bressman et al., 2016; Bressman et al., 2018B), the catfish 

moved away from foil. Physiological differences in visual reception and perception, such as the 

relatively smaller eye size of C. batrachus, may cause different responses to the same visual stimuli. 

Additionally, C. batrachus may use different visual cues than killifish for terrestrial orientation. 

Instead of orienting toward reflective surface, C. batrachus may have moved away from the foil 

because they may have perceived it as an unfamiliar, potentially threatening object, similarly to 

how K. marmoratus moved away from unfamiliar objects on land (Bressman et al., 2018B). 

However, in the other distant orientation treatments experiments, there was no direct line of sight 

to the water in the ETA from the fish’s eyes until the fish were practically in the ETA (as measured 

with a meter stick), and the small glass vial containing hydrogen sulfide protruded to a height of 

only 1 cm above the TA. It is possible C. batrachus used polarized light reflected off the surface 
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of the pond water to orient toward it, but had that been the case, they should have oriented toward 

the RO water as well, and Bressman et al. (2016) found polarized light is not necessarily used by 

fish for terrestrial orientation. Furthermore, there were numerous reports of C. batrachus on land 

at night when vision is poor, so C. batrachus may rely less on vision for distant terrestrial 

orientation than cyprinodontiform fishes (Bressman et al., 2016).  

Other than the type of water used, there were no differences between the pond and RO 

water treatments, so the catfish must have oriented toward something in pond water. Their aversion 

to airborne hydrogen sulfide further supports our conclusion that C. batrachus can orient with 

respect to airborne compounds. Aqueous hydrogen sulfide elicits aversive responses in some 

amphibious fishes (Abel et al., 1987), and can reach high levels in stagnant waters with lots of 

decaying matter. As C. batrachus frequent stagnant water and high concentrations of hydrogen 

sulfide can be toxic, aversion to aerial hydrogen sulfide may be an adaptation to avoid entering 

bodies of water with unfavorable water quality. Seabirds are also able to orient toward bodies of 

water using aerial chemical cues, doing so by smelling volatile compounds given off by their 

aquatic prey (Gagliardo et al., 2013), and salamanders are able to orient toward water by smelling 

volatile aqueous compounds (Artz et al., 1986). C. batrachus may also be able to orient toward 

water using aerial chemoreception of volatile compounds present in natural bodies of water. 

Currently, there is very limited evidence for aerial olfaction in fishes (Savel’ev and Chernikov, 

1994). It is conceivable that C. batrachus may orient toward volatile compounds in water using 

modified nostrils and associated olfactory epthielia. Electrophysiology experiments would be 

necessary to test this possibility. We believe this is unlikely, though, as fish would have difficulty 

ventilating their nostrils with air. Clariid catfishes also possess accessory air-breathing organs that 

include “fans” made of modified gill arches to ventilate air through this organ (Das, 1928; Liem, 

1987). Some air-breathing fishes are known to use oxygen and carbon dioxide chemoreceptors in 

their gills to regulate aerial respiration (Lopes et al., 2010; Hedrick and Jones, 1993; Milsom, 2012). 
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Clariid catfishes may use similar gill chemoreceptors and have other chemoreceptors (i.e., olfactory 

receptors, solitary chemosensory cells) that are associated with their air-breathing organs that could 

allow them to detect and orient in response to chemoreception. However, iti is unknown if the gill 

chemoreceptors can be used for orientation and olfaction through the air-breathing organ would 

require the discovery of fish olfactory receptors in an organ other than the nasal olfactory 

epithelium. Functional olfactory receptors have recently been discovered in mammalian taste cells 

(Malik et al., 2019), so it is possible that cells associated with the air-breathing organ of C. 

batrachus could also express olfactory receptors. Catfish also have an extremely sensitive sense of 

smell, particularly for amino acids. Furthermore, C. batrachus have significantly expanded 

olfactory gene families compared to non-amphibious catfishes, which may suggest a capacity for 

aerial olfaction (Li et al., 2018).Alternatively, we propose that C. batrachus use extra-oral taste 

buds to detect volatile aqueous compounds, allowing them to orient toward bodies of water. 

Specifically, we suggest the nasal barbels play an important role in their distant terrestrial 

orientation, in addition to their distant aquatic orientation (Atema, 1971). Like most catfish barbels, 

their nasal barbels are coated in extremely sensitive taste buds (Caprio, 1975; Das, 1928; Fatollahi 

and Kasumyan, 2006; Helfman et al., 2009; Ovalle and Shinn, 1977; Raji and Norozi, 2010). 

Barbels are moist out of the water due to mucus secretion, which may facilitate the detection via 

taste of airborne molecules that can only be detected in solution, similarly to how saliva facilitates 

taste in tetrapods (Matsuo, 2000). Like mammals, it is possible their extraoral taste buds express 

functional olfactory receptors (Malik et al., 2019), which could be used to detect odorants such as 

hydrogen sulfide (Kobal et al., 1989). Catfish olfactory receptors are extremely sensitive, 

particularly to amino acids (Suzuki and Tucker, 1971), so C. batrachus could use olfactory 

receptors and/or gustatory receptors to detect and orient to volatile compounds and aerosolized 

amino acids from pond water.. However, catfish barbels are innervated by branches of the 

trigeminal nerve (Cranial Nerve V) and facial nerve (Cranial Nerve VII; Itoyama et al., 2019), 

which transmit noxious sensory information from TRP channels and gustatory information from 



 

91 
 

taste buds, respectively, to the brain (Simon and Gutierrez, 2017). The olfactory nerve (Cranial 

Nerve I), which relays sensory information from the nasal olfactory epithelium to the olfactory bulb 

of the forebrain (Liem et al., 2001), does not innervate barbels. Therefore, gustation of amino acids 

and nociception of hydrogen sulfide – which activates TRPA1 channels innervated by the 

trigeminal nerve (Andersson et al., 2012; Smith, 2009) – are the most likely pathways for barbel-

facilitated, chemoreceptive terrestrial orientation in C. batrachus.  

C. batrachus maintain their nasal barbels in the air well above their head (Fig. 3.3), while 

most other catfish barbels are limp and/or adhered to the body’s surface (Author’s Personal 

Observations). Barbels maintained away from the body while out of the water may be 

disadvantageous for most catfishes as they can desiccate more quickly, so we suggest C. batrachus 

may use their nasal barbels to orient terrestrially using chemoreception and mechanoreception.  

By maintaining their nasal barbels away from their bodies, C. batrachus can reduce the 

boundary layer effect and sample freestream volatile compounds, in a similar manner to how 

tubular nostrils improve aquatic olfaction in fishes (Cox, 2008). In addition to tasting volatile 

compounds in the air, the positioning of the nasal barbels and their observed deflection when 

exposed to air currents suggest a capacity for anemotaxis (the movement of organisms in response 

to air currents). Superficial neuromasts of the fish lateral line system are not known to be able to 

detect air movement, but vertebrate skin is richly innervated with somatosensation and stretch 

receptors (Loewenstein, 1956; Malinovský, 1986). Therefore, C. batrachus should be able to detect 

airflow and bending in their nasal barbels, allowing them to determine the direction of wind. In one 

of the aforementioned survey responses, it was distinctly noted that on a sunny day with no recent 

rain, a group of C. batrachus emerged from one body of water and moved upwind in a relatively 

straight line to a distant body of water that was out of view. Like male moths that orient upwind to 

find the source of female pheromones (Murlis et al., 1992), C. batrachus may use 

chemoanemotaxis, orienting and moving upwind in response to volatile chemical cues from a 
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distant body of water, or moving downwind away from noxious volatile compounds including 

hydrogen sulfide. Additionally, because of their axial-appendage-based terrestrial locomotor mode, 

C. batrachus move in a relatively zig-zag pattern. As in moths and many other animals (Farkas and 

Shorey, 1972; Murlis et al. 1992), moving in a zag-zag pattern allows for better localization of odor 

plumes and airborne compound gradients. Further experiments could determine the specific volatile 

chemical cues in natural bodies of water that C. batrachus use for orientation 

The above sighting of the individuals leaving the golf course pond, and others, distinctly 

noted that a group of C. batrachus left a body of water and traveled together in a clustered group 

under dry conditions. Observed clustering during dry conditions suggests motivations for emersion 

during dry conditions, including high fish densities and lack of available prey (Liem, 1987), and 

may cause C. batrachus to emerge as a group. These fish may follow a leader that makes the initial 

decision to emerge, similarly to intertidal killifish seen by Mast (1915). While on land, a 

combination of chemoreception of chemicals released by anterior individuals, vision, and 

somatosensation using tactile barbel signals in a similar manner to antennation by ants (Hölldobler, 

1999) may be used to maintain grouping. During wet conditions, grouping of individuals often 

occurred along the side of the road, where water is directed toward stormwater drains. In these 

instances, gravity or the direction of water flow may cause individuals that were previously 

scattered across flooded landscapes to be concentrated in specific areas as water recedes into ponds 

and stormwater drains.  

Due to the large number of observations of C. batrachus around, entering, and exiting 

stormwater drains, it is evident that there are subterranean populations of C. batrachus in urban and 

suburban areas of Florida. Unlike many stormwater drain systems that rely on topographical 

gradients to transport water during and after rain, the drains in Florida depend largely on water 

pressure to transport water because the state is extremely topographically flat. Therefore, there are 

constant bodies of water in the stormwater drain system of Florida that create subterranean aquatic 
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ecosystems both due to infiltration of groundwater and the construction of stormwater drains and 

other structures which incorporate sediment-collecting depressions and traps which retain water 

(see Chin, 2004). Surviving off organic material and prey from runoff into stormwater drains and 

prey in these  ecosystems, C. batrachus can easily expand their range underground in urban and 

suburban areas throughout Florida. During rain and flooding when the water in the stormwater 

drains are connected to aboveground surfaces, C. batrachus can exit stormwater drains. Not only 

does this allow them to spread into new aboveground bodies of water that are distant from each 

other, but explains why many individuals reported seeing C. batrachus on land in urban areas that 

were distant from any aboveground bodies of water. Other than similarly invasive, amphibious fish 

species, such as Asian swamp eels (Monopterus albus; Shafland et al., 2009), no species of fish 

were reported exiting stormwater drains, despite YouTube videos and reports of other species being 

caught by fisherman in stormwater drains, including largemouth bass (Micropterus salmoides) and 

butterfly peacock bass (Cichla ocellaris). Therefore, C. batrachus is actively taking advantage of 

wet conditions to disperse from stormwater drains into flooded areas. 

The results of the surveys may be skewed by observation bias because people are more 

likely to be outside and encounter C. batrachus on land during the day in urban areas when weather 

is nice than in rural or forested areas at night during flooding. High water in stormwater drains can 

occur in dry locations due to nearby rains pushing water in the drain’s direction (Author’s personal 

observations); this phenomenon could result in C. batrachus individuals attempting to disperse in 

a dry location. Still, enough individuals were reported on land during dry conditions to suggest 

heavy rain is not conditional for emergence, contradicting Liem (1987) and Sayer and Davenport 

(1991). Furthermore, a higher proportion of C. batrachus are expected to emerge at night than 

reported, when they are more likely to feed terrestrially (Van Wassenbergh, 2013) and are less 

likely to experience desiccation under dry conditions. 
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The observation of the individual without pectoral fins successfully locomoting on land, 

albeit more slowly, suggest that while pectoral fins can facilitate axial-appendage-based terrestrial 

locomotion in C. batrachus (Johnels, 1957; Pace and Gibb, 2014), they are not required to move 

across land. Axial kinematics alone are sufficient for C. batrachus to move in a directed path in a 

terrestrial environment, similarly to Channa argus, which may only use their pectoral fins for 

stabilization and not propulsion (Bressman et al., 2019). 

As an ecologically harmful species that can spread to new bodies of water underground 

and overland, the urban-adapted C. batrachus is a particularly difficult invasive fish to manage. 

However, we offer some potential solutions for reducing its ability to disperse. Terrestrial traps 

could be created using attractive volatile compounds for this species, which can be placed near yet 

uninvaded bodies of water, to lure individuals away from the water itself. Monitoring of stormwater 

drains during flooding events could identify areas where C. batrachus is more likely to use these 

conduits for dispersal.  Grate or drain modifications could be made that prevent C. emersion from 

these stormwater drains, as long as they do not interfere with drainage. Additionally, floodplains 

(natural and artificial) seem to be important for feeding (Liem, 1987; Van Wassenbergh et al., 2006; 

Van Wassenbergh, 2013), dispersion (Courtenay and Miley II, 1975), and reproduction, as many 

clariid catfish spawn in inundated marginal areas after heavy rains (Arungu et al., 2013; Bruton, 

1979). Water mitigation and reduction in flooding may reduce the capacity of C. batrachus to 

reproduce and spread into new bodies of water. However, reduction in flooding through water 

mitigation likely negatively impacts struggling native clariid populations (Arungu et al., 2013, 

Vishwanath, 2010). Changes to water mitigation and flood management in their native ranges may 

help endangered clariid populations recover. Overall, the information we have provided may in aid 

management of clariid populations, endangered or non-native. Additionally, we found the first 

evidence of aerial chemoreception – either through aerial taste or olfaction – for orientation in a 



 

95 
 

fish. Further experiments are needed to determine the exact mechanisms of their aerial 

chemoreception. 
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TABLES 

Table 1.  

Table 3.I. Results of orientation experiment statistical analyses. R and P values from Rayleigh’s 

tests of uniformity are shown with adjusted p-values using the “fdr” method in R. Χ2 and associated 

P values are also shown with degrees of freedom (DF) and sample size for each treatment (N). R.0, 

P.0, and N.0 show the R values, P values, and sample sizes, respectively, for Rayleigh’s tests on 

the initial directions that catfish were facing when buckets were removed. P-value significance at 

the α= 0.10 and 0.05 levels are noted woth † and *, respectively. 

Treatment R  Rayleigh's P  P Adjusted Χ Χ2 P DF N R.0 P.0 N.0 

DI Water 0.205 0.495 0.694 2.06 0.56 3 17 0.192 0.399 35 

Alanine 0.433 0.018* 0.09† 6.24 0.101 3 21 0.084 0.784 35 

Quinine 0.151 0.53 0.694 0.857 0.836 3 28 0.151 0.53 38 

AITC 0.089 0.876 0.876 0.647 0.886 3 17 0.046 0.961 17 

Sucrose 0.165 0.555 0.694 0.238 0.971 3 21 0.069 0.819 43 

RO Water 0.139 0.771 0.771 0.857 0.836 3 14 0.168 0.457 28 

Pond Water 0.461 0.031* 0.062† 9 0.029* 3 16 0.180 0.48 37 

Hydrogen Sulfide 0.47 0.011* 0.044* 10 0.018* 3 20 0.143 0.49 35 

Foil 0.326 0.049* 0.065† 9.43 0.024* 3 28 0.197 0.174 45 
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FIGURES AND FIGURE LEGENDS 

 

 

Figure 3.1. Polar rose histograms of C. batrachus movement directionality during direct 

contact terrestrial orientation treatments. (A) when exposed to only DI water in the bench liner, 

the fish moved randomly, with a mean direction of 160.1°. (B) in the alanine treatment, C. 

batrachus significantly oriented toward the alanine half of the bench liner (180-360°, indicated 

with an arc) crossing into the ETA at mean direction of 260.8°. The fish moved randomly in the 

(C) quinine (mean direction = 232.8°), (D) AITC (mean direction = 36.9°), and (E) sucrose (mean 

direction = 276.2°) treatments, indicated by respective arcs at 180-360°. N = 17, 21, 28, 17, and 21, 
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respectively. Open circles (○) indicate the directions at which individual fish crosses into the ETA. 

Open triangles (Δ) indicate the mean direction of fish in each treatment. The size of the triangular 

rose petals reflect the number of individuals to cross into the ETA in each 30° arc. 

 

 

Figure 3.2. Polar rose histograms of C. batrachus movement directionality during distant 

terrestrial orientation treatments. (A) when exposed to RO water in the eta (0-90°, indicated 

with a black arc), the fish moved randomly, with a mean direction of 278.4°. (B) When the RO 

water was replaced with pond water, the fish significantly oriented toward the pond water at a mean 

direction of 43.3°. (C) C. batrachus significantly oriented away from the vile of hydrogen sulfide 

(indicated by a solid black circle), with a mean direction of 210.7°. (D) The fish also significantly 

oriented away from the foil (0-90°, indicated by a gray arc), with a mean direction of 209.2°. N = 

14, 16, 20, and 28, respectively. Open circles (○) indicate the directions at which individual fish 

crosses into the ETA. Open triangles (Δ) indicate the mean direction of fish in each treatment. The 
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size of the triangular rose petals reflect the number of individuals to cross into the ETA in each 30° 

arc. 

 

Figure 3.3. Positioning of C. batrachus barbels while at rest on a terrestrial substrate. A) 

dorsal and B) anterior views of a C. batrachus on land with nasal barbels (NA) elevated above the 

head, maxillary barbels (MA) spread wide apart, and mental barbels (MB) against the substrate.  
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Figure 3.4. Categorical counts of survey results and YouTube video analyses. Information on 

terrestrial sightings of C. batrachus were grouped into categories based on: A) number of 

individuals seen (whether sightings were of solitary individuals or multiple animals), B) grouping 

(whether individuals were solitary, grouped tightly together, or scattered seemingly randomly), C) 

time of day during the sighting, D) substrate conditions (whether the ground was dry or wet from 

recent precipitation or fog), E) weather conditions during daytime sightings, F) weather conditions 

during nighttime sightings, G) binary seasons (this was included because central and southern 

Florida often experience rainy and dry seasons, rather than conventional seasons), H) conventional 

seasons, I) type of substrate (whether individuals were observed moving on manmade substrates 

like concrete and asphalt, vegetative substrates like grass, or sand and bare/soil), and J) closest body 

of water. The closest body of water was based on qualitative observations in which people either 

distinctly remember a nearby body of water, such as a canal or retention pond, or they distinctly 

remember no nearby body of water or the closest body of water being greater than ½ km away. 

Sample sizes for each category vary (note differing y axes for each panel) due to varying levels of 

detail from the survey responders and videos.  
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CHAPTER 4: REFFLING: A NOVEL LOCOMOTOR BEHAVIOR USED BY 

NEOTROPICAL ARMORED CATFISHES (LORICARIIDAE) IN TERRESTRIAL 

ENVIRONMENTS 

 

Prepared for publication in the Journal of Experimental Biology, with co-authors Callen H. 

Morrison and Miriam A. Ashley-Ross. 

 

ABSTRACT 

 Neotropical suckermouth armored catfishes (Loricariidae) are known to exhibit terrestrial 

behaviors, but these have been poorly described. The goals of this study are to describe the 

terrestrial locomotion of four loricariid species (three Pterigoplichthys and one Hypostomus), how 

their armored morphology may affect terrestrial performance, how performances and kinematics 

compare between species, and how their behaviors change over time. The terrestrial locomotion of 

the four species was recorded using high-speed cameras. These videos were digitized in MATLAB 

and ImageJ to compare performance and kinematics between species and over time. Morphology 

was described using µCT scans and dissections. Loricariid catfishes use a novel form of axial-

appendage-based terrestrial locomotion involving their mouth, pectoral fins, pelvic fins, posterior 

axial body, and tail characterized by a high degree of asymmetry. As this behavior is so unlike any 

other described locomotor behavior, we have created a new word to describe it: reffling. These 

species have numerous unique morphological traits that greatly reduce body and fin flexibility. 

Because loricariids are so inflexible, they may be constrained into reffling as their only means of 

terrestrial locomotion, but their stiffness may improve force transmission, allowing them to be 

among the fastest fishes on land. Overall, all four species had very similar terrestrial kinematics 

and performance. Their performance generally declined over time, but different species had 
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different endurance levels. Because many loricariid species are invasive throughout the world, it is 

important to consider their capacity to disperse into new bodies of water overland in management 

plans and risk assessments. 

  

INTRODUCTION 

Neotropical suckermouth armored catfishes (Loricariidae), colloquially known as plecos or 

suckerfish, are a highly diverse group of fish native to Central and South America with highly 

specialized morphology. They are generally dorsoventrally compressed with a flattened ventral 

surface, have highly reduced swim bladders, have rigid, bony armor over most of their bodies, and 

have inferior mouths that are modified into an oral sucking disk (Armbruster, 2004; Gee, 1976; 

Shelden, 1937). They also generally have long, rigid, strong pectoral and pelvic fins (Schaefer, 

1984; Schaefer, 1987), which many species use for aquatic substrate-based “walking” behaviors 

(NRB Personal Observations; Shelden, 1937).  

Terrestrial “walking” behaviors have been briefly described for many loricarioid and other 

catfishes (Breder, 1926; Bressman et al., In Preparation b; Carvajal-Quintero et al., 2015; Cuvier, 

1828; Das, 1928; Evermann and Kendall 1905; Hancock, 1829; Johnels, 1957; Johnson, 1912; 

Kramer et al., 1978; Leege, 1922; Rauther, 1910; Schomburgk, 1848; Shelden, 1937). Clariid 

catfishes are known to “walk” using a form of axial-appendage-based terrestrial locomotion 

involving synchronized, symmetric movements of their pectoral fins and axial body (Bressman, In 

Preparation b; Das, 1928; Johnels, 1957; Pace and Gibb, 2014). Astroblepid catfishes 

(Loricarioidei) essentially “inchworm” up waterfalls by alternating attachment with their oral 

sucker and pushing their pelvic girdle posteroventrally against the substrate (Evermann and 

Kendall, 1905; Johnson, 1912). Cordylancistrus sp. (Loricariidae: hypostominae) are also known 

to climb vertical waterfalls using their oral sucker in conjunction with pectoral, pelvic, and caudal 

fin movements and body undulations (Carvajal-Quintero et al., 2015). As for many of the other 
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loricarioid catfishes for which terrestrial behaviors are described, they appear to use some 

combination of their mouths, pelvic fins, pectoral fins, axial body, and tail, but kinematics of most 

of these species were described poorly or contradict other manuscripts (Breder, 1926; Cuvier, 1828; 

Hancock, 1829; Kramer et al., 1978; Leege, 1922; Rauther, 1910; Schomburgk, 1848; Shelden, 

1937). Furthermore, many of the genera and species originally described in the older manuscripts 

(Breder, 1926; Cuvier, 1828; Das, 1928; Evermann and Kendall, 1905; Hancock, 1829; Johnson, 

1912; Leege, 1922; Rauther, 1910; Schomburgk, 1848; Shelden, 1937) were referred to by 

inaccurate, antiquated common and species names for various catfish species, making species-level 

identification of those species extremely difficult. Additionally, while most amphibious fishes are 

scaleless and/or highly flexible (Bressman et al., 2019; Bressman et al., 2018a; Das, 1928; Johnels, 

1957; Minicozzi et al., 2019; Pace and Gibb, 2014; Van Wassenbergh et al., 2006; Wright and 

Turko, 2016), loricariids are covered in thick armor that may reduce flexibility.The goals of this 

manuscript are to  accurately describe the terrestrial locomotion of loricariid catfishes anddescribe 

how the unique morphology of loricariids may affect their terrestrial locomotion. 

Due to their popularity in the aquarium trade for managing algal growth in aquaria, 

loricariid catfishes (particularly of the genera Pterygoplichthys and Hypostomus) have been 

introduced throughout the world, establishing populations in North America, Asia, the Middle East, 

and elsewhere (Agoramoorthy and Hsu, 2007; Chaichana, and Jongphadungkiet, 2012; Gibbs et 

al., 2010; Gibbs et al., 2008; Hill, 2002; Jumawan et al., 2011; Karunarathna et al., 2008; Marambe 

et al., 2011; Orfinger and Goodding, 2018; Özdilek, 2007; Pound et al., 2011). As invasive species, 

they compete with native herbivores and omnivores for food (Chaichana, and Jongphadungkiet, 

2012; Marambe et al., 2011; Özdilek, 2007; Pound et al., 2011; United States Fish and Wildlife 

Service, 2018a; United States Fish and Wildlife Service, 2018b), are a nuisance to fishermen whose 

nets they destroy with their sharp spines and armor (NRB Personal Observations; Karunarathna et 

al., 2008; Orfinger and Goodding, 2018), alter water quality by scraping the sediment (Marambe et 
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al., 2011; Orfinger and Gooding, 2018), cause erosion by burrowing into river banks (Gibbs et al., 

2008; Hill, 2002; United States Fish and Wildlife Service, 2018a), and stress vulnerable Florida 

manatees (Trichechus manatus latirostris) during critical periods of rest by trying to scrape the 

algae off their skin (Gibbs et al., 2010). Furthermore, individuals from these genera have been 

observed in terrestrial environments (S. Fig. 4.1; NRB Personal Observation; Kramer et al., 1978; 

Shelden, 1937) and may have the potential to spread to new bodies of water via overland movement. 

Pterygoplichthys and Hypostomus have other adaptations that can prolong their ability to survive 

out of water, such as the ability to breathe air through their gut for up to 30 hours (Armbruster, 

1998; Gibbs and Groff, 2014; Orfinger and Goodding, 2018) and thick armor that reduces the risk 

of desiccation through dermal evaporation, similarly to doradid catfishes that also exhibit terrestrial 

behaviors (Leege, 1922). They will also burrow into mud and riverbanks to avoid desiccation for 

several days at a time (Gibbs et al., 2008; Hill, 2002). Therefore, we focused our study of loricariid 

terrestrial locomotion on Pterygoplichthys and Hypostomus, in order to assess their terrestrial 

dispersion abilities. Because closely-related fish species can dramatically differ in terrestrial 

performance and locomotor behaviors (Bressman et al., 2018a), we compare the terrestrial 

performance of multiple Pterygoplicthys and Hypostomus species – closely-related genera within 

loricariidae (Armbruster, 2008; Armbruster, 2004) – to determine whether certain species are at a 

greater risk of terrestrial dispersion. 

Other than mudskippers (Periophthalmus spp.; Jew et al., 2013), mangrove rivulus 

(Kryptolebias marmoratus; McFarlane et al., 2019; Rossi et al., 2019), and walking catfish (Clarias 

batrachus; Bressman et al., In Preparation b; Courtenay and Miley II, 1975; Das, 1928; Johnels, 

1957), the terrestrial endurance and performance of many amphibious fishes is currently unknown. 

Therefore, the last goal of this study is to describe how the terrestrial performance of loricariids 

change over time. We hypothesize that their performance will decline over time as they repeatedly 

move overland, but the rate of decline may differ between species. 
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METHODS 

ANIMALS 

Specimens of two loricariid species (Pterygoplicthys disjunctivus Weber, N = 8, Total 

Length (TL) = 31.03 +/- 7.39 cm; P. multiradiatus Hancock, N = 3, TL = 33.76 +/- 2.68 cm) were 

collected from bodies of water around Ruskin, Florida, USA and housed in a greenhouse at the 

University of Florida’s Tropical Aquaculture Laboratory (TAL; Ruskin, Florida, USA) for at least 

one month before experimentation began in January, 2019. These fish were housed with a variety 

of other fishes to manage and consume algal growth in the greenhouse aquaria, but were also fed 

pellet food daily. The greenhouse was maintained between 21-32°C. In the summer of 2019, P. 

gibbiceps Kner (N = 5, TL = 7.87 +/-0.25 cm) and Hypostomus punctatus (N = 5, TL = 8.30+/- 

0.59 cm) were obtained from the aquarium trade and housed for one month before experimentation. 

These fish were housed in aquaria at an animal care facility at Wake Forest University (Winston-

Salem, North Carolina, USA) maintained at 22°C, and fed a diet of algae wafers and pellet food. 

At the end of experiments, remaining individuals of P. gibbiceps and H. punctatus and one P. 

disjunctivus were euthanized humanely using MS-222, and used for morphological analyses (see 

below). All of the fish were fixed in a 10% formalin solution and stored in 70% ethanol, except for 

the large P. disjunctivus, which was frozen. The other P. disjunctivus and P. multiradiatus were 

immediately returned to their aquaria after experiments, where TAL continues to use them for algae 

management. All experiments and procedures were conducted in accordance with WFU IACUC 

protocol #A16-173. 

EXPERIMENTS 

 Experiments on P.disjunctivus and P. multiradiatus took place in January of 2019 in the 

same greenhouse they were housed. Experiments on P. gibbiceps and H. punctatus took place in 

the summer of 2019 in the animal care facility where they were housed. Fish were individually 

removed from their aquaria and immediately placed on the center of a polystyrene foam terrestrial 
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arena within an inflatable kiddie pool to prevent escape. Markings of known length were drawn on 

the polystyrene foam arena to act as scale bars. The fish were filmed dorsally by a stationary GoPro 

Hero 5 camera at 60 fps, and laterally by a handheld iPhone 7 at 240 fps. The fish were allowed to 

move freely until they stopped moving for five seconds or touched the wall of the kiddie pool, at 

which point they were picked up and placed on the center of the arena. If the fish would not move, 

it was gently prodded by hand until it moved again. This process repeated and continued until the 

fish would not move after 30 s of prodding. At this point, the experiment ended and the fish were 

returned to the aquaria. The dorsal videos were analyzed for kinematics and performance data (see 

below), and the lateral videos were used for qualitative observations.  

 In total, 108 terrestrial locomotor sequences consisting of at least 2 full strides were 

recorded from 18 fish (40 sequences from 7 P. disjunctivus individuals, 19 sequences from 3 P. 

multiradiatus, 23 sequences from 4 P. gibbiceps, and 26 sequences from 4 H. punctatus). We use 

the stride definition from Bressman et al. (2018), which defines a single stride as the lateral 

movement of the caudal peduncle from the maximum curvature on one side of the body to the 

maximum curvature again on the same side of the body. Only whole strides were included, so that 

the start and end of each sequence were in-phase. We define a locomotor sequence as a series of 

strides with a constant net direction. For fish that turned while locomoting or moved in a curved 

path, their movements were broken into multiple sequences approximating linear net paths. 

 In addition to the arena experiments, 3 H. punctatus were filmed ventrally on a frustrated 

total internal reflection table (FTIRT) from a stationary iPhone 7 at 240 fps, for a total of 10 

sequences. This technique was originally developed and used by Betts et al. (1980) and Endlein et 

al. (2013) to illuminate points of contact. The FTIRT consisted of an LED light strip placed around 

the sanded edges of a square, 0.64 cm-thick sheet of transparent acrylic (Plexiglas). Due to the 

angle of incidence of the lights and the difference between refractive index of acrylic and air, the 

light completely reflects within the sheet of acrylic. When something with a similar refractive index 
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as acrylic – such as water, fish skin, or fish mucous – comes in contact with the FTIRT, light passes 

through the points of contact, which become illuminated. This technique allowed us to determine 

the points of contact, duty factor, and better describe the terrestrial kinematics of loricariid catfishes 

(see below). 

KINEMATIC ANALYSES 

 Similar methods to Bressman et al. (2018a) and Bressman et al. (2019) were used to 

describe the terrestrial kinematics and performance of the four loricariid catfishes. Dorsal, lateral, 

and ventral videos were used to qualitatively describe the terrestrial behaviors of the four catfishes. 

Kinematics of their terrestrial locomotion were quantified from the dorsal videos using the DLTdv5 

application of Digitizing Tools (Hedrick, 2008) in MATLAB. Using this software, we manually 

tracked three points: (1) the tip of the snout (head), (2) the tip of the tail (tail), and (3) the center of 

mass (COM). The anterior insertion of the dorsal fin was used as a visual, easily-trackable 

approximation for the true COM, as determined by Bressman et al. (2018a) and Bressman et al. 

(2019). The displacement of these three points was plotted against time to determine the movement 

of each body region for each sequence of each fish. These data were used in conjunction with length 

measurements obtained in ImageJ (Schindelin et al., 2012) to determine wave amplitudes (WAs) 

curvature coefficients (CCs), velocities, stride frequencies (SFs), and distance ratios (DRs). We 

used the same definitions for WA, CC, SF, and DR as Bressman et al. (2018a) and Bressman et al. 

(2019). WA is the maximum amplitude of the head, tail, and COM as a percentage of TL, which 

we used as a measure of how far laterally the head, tail, and COM move during sequences. CC is 

the ratio of the distance between the head and tail when they are closest together in a half-stride to 

the TL. CC values range between 0 and 1, with a smaller value indicating greater curvature. CC 

was used to quantify anterolateral flexion. Velocity was calculated by measuring the distance 

between the start and end points for each sequence, dividing by duration. SF was calculated by 

dividing the number of strides per sequence by sequence duration. DR is a measure of how far 
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laterally body regions move relative to a straight line between the start and end points of a sequence, 

and is defined by Pace and Gibb (2014) as the net displacement divided by the gross displacement. 

It serves as a proxy for how effective a locomotor behavior is at producing a linear path. 

 A representative sequence of two strides was chosen from the ventral FTIRT videos to 

quantify how the pectoral fins, pelvic fins, mouth, tail, and torso move and interact with the 

substrate throughout terrestrial locomotion. Similar to Bressman et al. (2018a), the CC and angles 

of the pectoral and pelvic fins were measured for each video frame of a representative H. punctatus 

FTIRT sequence using ImageJ. Fin angles and CC of P. disjunctivus and P. multiradiatus were also 

measured for two strides from representative sequences from the GoPro videos. Due to noise and 

human error in selecting points to measure for the fin angle and CC data, a moving average of 5 

frames for the FTIRT video and 3 frames for the slower framerate GoPro videos were used to more 

clearly visualize the data. Smoothing kinematic data has been shown to effectively control for 

human error while accurately representing the true kinematics (Ashley-Ross et al., 2009). 

Additionally, the duty factor – whether each fin, tail, trunk, and mouth were in contact with the 

substrate for each frame – was determined for the same two sequences of the FTIRT video. 

STATISTICAL ANALYSIS 

 Kinematic and performance data were analyzed in R 1.2.1335 using the standard statistics 

package (R Core Team, 2017), “car” package (Fox and Weisberg, 2019), “lme4” package, (Bates 

et al., 2015), and “lmerTest” (Kuznetsova et al., 2017). Linear mixed-effects models were created 

using the lme() function, assigning each kinematic and performance measurement as response 

variables, and TL, species, sequence number, and species:sequence number as fixed effects. 

Individual animal number was assigned as a random effect to avoid pseudoreplication associated 

with multiple data points coming from the same individuals. Analysis of covariance (ANCOVA) 

tests were performed using the anova() function with TL as a covariate, to determine the effects of 

species, sequence number, and TL on various kinematic and performance parameters. For 
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significant differences between species, post-hoc Tukey honest significant difference (HSD) tests 

were performed using the TukeyHSD() function to determine which species were significantly 

different from each other. For significant trends associated with TL and/or sequence number, linear 

models were plotted using the plot() and abline(lm()) functions to determine the direction and 

strength of the trends. For significant differences between species:sequence number, linear models 

were created for each individual fish, and the average slopes of the models for each species were 

compared to each other using boxplots. Post-hoc Tukey HSD tests were not performed for this data 

due to the relatively low sample size. To control for repeated measures, all p-values from the 

ANCOVAs were adjusted using the p.adjust() function in R with the “fdr” method.  

MORPHOLOGICAL ANALYSES 

 One preserved P. gibbiceps and one H. punctatus were µCT scanned using a Bruker 

Skyscan 1173 at the Karel F. Liem Imaging Center at Friday Harbor Laboratories, Friday Harbor, 

Washington, USA. After reconstruction, these scans were segmented in 3D Slicer 4.11.0 

(http://www.slicer.org, Fedorov et al., 2012) for qualitative morphological observations and 

comparisons. One large, frozen P. disjunctivus was dissected for qualitative observations of its 

musculature, skeleton, integument, and articulation. 

 

RESULTS 

KINEMATICS AND PERFORMANCE 

Overall, the kinematics of the four species were fairly similar. Their terrestrial behaviors 

involved axial-appendage-based locomotion using coordinated movements of the pelvic fins, 

pectoral fins, axial body, tail, and head while the body was in an upright, prone posture (Fig. 4.1, 

Fig. 4.2). Their tail movements (and accompanying body and head movements) were generally 

asymmetric, with uneven head and tail amplitudes between the two halves of each stride (Fig. 4.1, 

http://www.slicer.org/
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Fig. 4.2, Fig. 4.3). From here on, the side to which the tail and head have a greater amplitude will 

be referred to as the greater amplitude side (GAS), while the lower amplitude side will be referred 

to as such (LAS). While oscillatory, their locomotor behavior generally produced anterior to 

anterolateral net displacement in an overall linear path (Fig. 4.3). However, curved or circular paths 

were sometimes recorded, more frequently for the smaller P. gibbiceps and H. punctatus 

specimens. The fish did not appear to have a clear handedness for path curve or the GAS. Instead, 

individuals showed the same asymmetry in their tail movements for every stride in a sequence, but 

may change the side of greater tail flexion between sequences. The side toward which the tail 

exhibited greater flexion (and a lower CC) was also generally characterized by greater head 

displacement than during the other half of the stride (Fig. 4.1, Fig. 4.2, Fig. 4.3, Fig. 4.4). While 

the tail was moving toward the GAS, the mouth was not in contact with the substrate, but the mouth 

was in contact while the tail moved toward the LAS (Fig. 4.2, Fig. 4.4). Based on the FTIRT video 

analysis, the pectoral and pelvic fins on the ipsilateral side of the GAS were raised above the 

substrate from approximately when the tail was at its maximum amplitude on its GAS to when the 

tail approaches the midline of the body. Meanwhile, the pectoral and pelvic fins on the ipsilateral 

of the LAS were always in contact with the substrate. In terms of angles, the pectoral fin angles are 

roughly coupled with their ipsilateral pelvic fin angles (Fig. 4.2, Fig. 4.4, S. Fig. 4.2). The pectoral 

and pelvic fins on the LAS protract while the head is in contact with the ground 

Based on the FTIRT experiments, the tails of the relatively smaller H. punctatus specimens 

did not come in contact with the substrate at all (Fig. 4.2), while lateral videos of the larger P. 

disjunctivus and P. multiradiatus specimens clearly show that their tails contacted the surface. The 

tails of the larger specimens appeared to contact the ground during the tail movements toward the 

LAS, when the mouth was in contact with the substrate. Additionally, the ventral surface of the 

trunk of H. punctatus was in constant contact with the substrate (Fig. 4.2), while the lateral videos 

of P. disjunctivus and P. multiradiatus show that trunk was raised at least partially above the 
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substrate for brief periods during each stride. The axial movements and kinematics appeared to be 

very similar between all four species, except for their COM WA, which is significantly different 

between species (Table 4.I, Fig. 4.5). Body length had little impact on kinematics and performance, 

except for head DR, which significantly decreased with length (Fig. 4.6). 

Neither species nor length had a significant effect on absolute or relative velocity (Fig. 

4.6), but sequence number and species:sequence number significantly affected absolute and relative 

velocity (Table 4.I; Fig. 4.7). While absolute and relative velocity decreased by 0.352 cm/s per 

sequence and 0.040 TL/s per sequence, respectively, on average for all individuals, the rate of 

decline in velocity was significantly different between the species (Table 4.I). Pterygoplicthys 

gibbiceps had the least decline in velocity per sequence, while P. disjunctivus had the greatest 

decline (Fig. 4.7). The average absolute velocity for the first sequence of all individuals was 19.9 

cm/s, but the maximum instantaneous velocity recorded was 108 cm/s for a P. disjunctivus 

individual. The greatest distance covered by an individual was by a P. disjunctivus (TL = 29.7 cm) 

that moved 6.5 m in a series of locomotor sequences spanning 13.3s. 

Sequence number also had a significant effect on other kinematic and performance 

parameters. Stride frequency, head WA, and tail WA significantly decreased with sequence 

number, with slopes of -0.574 Hz, -0.002, and -0.002 per sequence, respectively, while CC 

increased with a slope of 0.013 per sequence (Table 4.I). Similarly to velocity, while most 

parameters were not significantly different between species, species:sequence number yielded 

significant differences for COM DR, COM WA, and CC (Table 4.I; Fig. 4.7). Overall, H. punctatus 

exhibited the least change in performance between sequences, while P. disjunctivus exhibited the 

greatest change in performance. 
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MORPHOLOGY 

All of the species studied had very robust, heavily ossified pelvic girdles. The two halves 

of the pelvic girdle are fused together, forming the basipterygium (Shelden, 1937). Additionally, 

these fish have paired, rib-shaped bones – known as the lateropterygia (Shelden, 1937) – that form 

anterolateral pelvic joints (Fig. 4.8, S. Fig. 4.3). Based on the µCT scans of P. gibbiceps and H. 

punctatus, this bone appears to connect at the other end to the dermal armor (Fig. 4.8.). Dissection 

of P. disjunctivus showed that the lateropterygium is surrounded by a thin layer of muscle tissue, 

and connects to the dermal armor via thin layers of muscle and connective tissue. The posterior 

process of the basipterygium appears to connect to the ventrolateral armor (Fig. 4.8). The muscles 

associated with the pelvic fins and girdle are composed of dark red, highly vascularized 

(presumably slow-oxidative) muscle fibers (S. Fig. 4.3). 

The posterior neural and hemal spines of P. gibbiceps and H. punctatus seemed typical for 

teleosts, except that they extended to the medial surface of the dermal armor (Fig. 4.9). However, 

the vertebrae adjacent to dorsal fin pterygiophores lacked dorsal neural spines, but possessed “V”-

shaped paraneural spines (Py-Daniel, 1997) that interlocked with the pterygiophores (Fig. 4.8) and 

extended close to the dermal armor. The dermal armor was thick and extensive, covering most of 

the fish’s bodies, except for the ventral surface of the trunk, which was covered by thick skin and 

smaller, rough scales. 

 

DISCUSSION 

Loricariids can effectively move across terrestrial environments using a novel form of 

axial-appendage-based terrestrial locomotion, characterized by a high degree of asymmetry. 

Kramer et al. (1976) incompletely described parts of their terrestrial behavior based on brief field 

experiments, stating that loricariids use their mouths as pivot points and used their pectoral fins and 
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tail for propulsion, which we found to be partially true. The loricariid terrestrial locomotor behavior 

is not closely akin to any known locomotor behavior, so we are creating a new term to describe this 

behavior: repetitive flinging, or “reffling”. This behavior could be kinematically similar to the 

waterfall climbing behavior of Cordylancistrus, which also involves coordinated paired-fin, body, 

and tail movement in conjunction with periods of mouth contact with the substrate (Carvajal-

Quintero et al., 2015). However, Carvajal-Quintero et al. (2015) superficially described the 

waterfall climbing kinematics without mention of symmetry or asymmetry, so controlled laboratory 

observations of Cordylancistrus with high-speed cameras would be necessary to make accurate 

comparisons. The asymmetry in their kinematics is the likely cause for their anterolaterally-directed 

movement, rather than anteriorly directed movement (Fig. 4.3). The asymmetric behavior we 

describe – reffling – is highly unusual among vertebrates as sustained, cyclic locomotor behaviors 

(i.e., walking, running, swimming, flying) are generally symmetric in healthy vertebrates – limping 

due to injuries or congenital conditions can cause asymmetric locomotor behaviors (Bauman and 

Chang, 2013). While asymmetric locomotor behaviors are relatively common for burst locomotion, 

such as for aquatic fast starts and terrestrial tail-flip jumps (Bressman et al., 2016; Gibb et al., 2011; 

Mast et al., 1915), only a few vertebrates exhibit them: jerboas exhibit asymmetric skipping (Moore 

et al., 2017), sidewinder snakes use asymmetric axial undulations to move sideways across sand 

(Cowles, 1956; Mosauer, 1930; Secor, 1992), and galloping in horses and other tetrapods involves 

asymmetric limb movements (Bertram and Gutmann, 2008; Deuel and Lawrence, 1987). 

Furthermore, this is the first described case of a sustained, asymmetric terrestrial locomotor 

behavior in a fish. Killifish (Cyprinodontiformes) can use a series of asymmetric tail-flip jumps to 

cover a distance overland, but this is a non-cyclical behavior that requires reorientation and 

readjustments between each jump to achieve directed locomotion. (Bressman et al., 2016; 

Bressman et al., 2018b). While tail-flips have their origins in aquatic c-starts (Perlman and Ashley-

Ross, 2016), reffling does not originate from this asymmetric aquatic behavior because fish during 

tail-flips and c-starts have greater velocities when straightening their bodies, whereas loricariids 
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have greater velocities when bending their bodies toward the GAS (Fig. 4.33). Additionally, 

loricariids are not just using a novel gait, as there are no other vertebrates that use their mouth, axial 

body, and only the ipsilateral appendages on one side of the body for locomotion; they use a truly 

novel sustained, asymmetric locomotor behavior. 

To our knowledge, loricariids may be the only fish to exhibit any sustained, asymmetric 

locomotor behaviors. Flatfish (Pleuronectiformes) are thought by some to use such behaviors 

because of their asymmetric morphology and their behavior of swimming along the substrate, but 

a kinematic analysis by Webb (2002) of the plaice (Pleuronectes platessa) revealed no asymmetry 

in their axial undulation. Aquatically, most sustained, asymmetric behaviors would result in a 

circular swimming path, which is likely disadvantageous. Terrestrially, depending on how a 

behavior is asymmetric, it may result in a circular path as well. While the loricariids in this study 

sometimes reffled in curved or circular paths, this seemed to be more common in the smaller P. 

gibbiceps and H. punctatus individuals, whose tails did not contact the substrate. We propose two 

possible reasons for why the tails of P. disjunctivus and P. multiradiatus, but not H. punctatus, 

come in contact with the substrate. The first is that different species may have different kinematics 

for terrestrial locomotor behaviors, as seen in sculpins (Cottidae; Bressman et al., 2018a). However, 

P. disjunctivus and P. multiradiatus are more morphologically and behaviorally similar to H. 

punctatus than the sculpin species investigated by Bressman et al. (2018a), and relatively closely 

related (Armbruster, 2008; Armbruster, 2004). Pace and Gibb (2014) also showed that the closely 

related and morphologically-similar Clarias batrachus and Clarias gariepinnus use similar 

kinematics and have comparable performance for their terrestrial crawling behavior. Therefore, we 

hypothesize that our second reason is more likely: scaling. 

Because the loricariids in this study have several morphological features that greatly reduce 

body flexibility (discussed below), a small individual propped upright on its pectoral, pelvic, and 

anal fins has its tail above the substrate, due to the angle that the posterior axial body forms with 
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the pelvic fins. However, as fish body length increases, mass increases to the third power. 

Additionally, as length increases, the center of mass of the body posterior to the pelvic fins increases 

in distance from the pelvic fins. Assuming the caudal body acts as a second class lever with the 

pelvic fins as the fulcrum, by having a larger amount of mass located farther from the pelvic fins, 

the force of gravity pulling the caudal region toward the substrate is greater and the mechanical 

advantage is greater. Combined, this likely causes the caudal region to slightly bend downward, 

allowing the tail to come in contact with the substrate. Utilizing tail-substrate interactions may 

allow larger loricariid individuals to lift their trunk above the ground during reffling, which could 

yield different duty factors and substrate contact patterns for their body parts compared to smaller 

individuals (Fig. 4.4).  However, the fin angle patterns for the larger fish were similar to the smaller 

fish (S. Fig. 4.2), so tail-substrate interactions do not appear to affect the timing of protraction. The 

maximum and minimum fin angles were somewhat different between the species, but this may have 

been due to the different methods used to measure fin angles for H. punctatus and the larger 

Pterygoplicthys species. Tail-substrate interactions combined with asymmetric tail movements may 

be used to counteract the turning effect caused by asymmetric head/mouth and paired fin 

movements and “fin-fall” patterns (Fig. 4.4). Using the tail to push against the substrate and provide 

rotational displacement about the mouth could help reset the trajectory of each stride. This would 

explain why larger loricariids were less likely to reffle in curved or circular paths than smaller 

individuals. 

Body length did not have much effect on performance, except for a small but significant 

increase in head distance ratio (Table 4.I). Other than slightly reducing relative lateral head 

movement and creating a generally more linear path, tail contact with the substrate does not seem 

to offer overall performance advantages. Therefore, the performance benefit from the ontogenetic 

shift that allows the tail to come in contact with the substrate may come at a cost, such as heavier 

mass that may offset any performance advantages offered by tail-substrate interactions. However, 
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like the smaller individuals, the head of the larger individuals covered a greater distance on the half 

stride in which the CC is lowest and the tail moves closer to the head (Fig. 4.3), not when the tail 

is in contact with the substrate. Therefore, on a flat surface, the tail does not appear to be used 

directly nor significantly for propulsion during reffling for loricariids of any size. Alternatively, 

rapid, anteriorly-directed movements of tails synchronized with body and fin movements may still 

contribute to forward movement by adding forward momentum, similar to how a child on a swing 

set pumps their legs back-and-forth at critical moments to increase their pendular swinging speed. 

Additionally, protracting and abducting the pectoral and pelvic fins on the LAS while the mouth is 

in contact with the substrate while retracting and adducting them when the mouth is not in contact 

with the substrate may also contribute to forward propulsion. The fins may push against the 

substrate, contributing to rotational displacement about the mouth. The mouth then resets as a pivot 

point for each stride, making net translational displacement possible in a similar manner to how 

tidepool sculpins (Oligotcottus maculosus) alternatingly rotate about their pectoral fins to convert 

rotational displacement into translational displacement (Bressman et al., 2018a). By not exhibited 

a handedness and sometimes switching the GAS between sequences, loricariids may be able to 

prevent asymmetric muscle fatigue during extended periods of reffling. 

Larger P. disjunctivus and P. multiradiatus whose tails came in contact with the wall of 

the kiddie pool rapidly accelerated off the wall. Like northern snakeheads (Channa argus; 

Bressman et al., 2019), bichirs (Polypterus senegalus; Standen et al., 2016), and waterfall-climbing 

gobies (Gobiidae; Blob et al., 2006), loricariids may be able to take advantage of the three-

dimensionality of rougher substrates, improving their performance by getting better purchase with 

their tail. Smaller individuals whose tails do not make contact with a flat substrate may also be able 

to take advantage of complex substrates to improve performance by pushing against protrusions in 

the ground (i.e., grass, sticks, uneven substrate) with their tails.  
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Loricariids are bilaterally symmetric, but they have unusual morphology that likely greatly 

reduces flexibility, but may improve locomotor performance. They have rough, ventral scales 

oriented posteriorly (S. Fig. 4.3), which may have an anistropic effect on friction, acting as an anti-

slip mechanism. The scale orientation may allow the fish to move forward overland relatively 

easily, but may resist backward movement due to greater friction, similarly to terrestrial snake 

locomotion (Baum et al., 2014; Hazel et al., 1999). They also have spinules along their pectoral 

and pelvic fin spines that may further improve friction and purchase against terrestrial substrates 

(Shelden, 1937). These fish also have thick, bony, dermal armor (Fig. 4.8) that likely reduces axial 

flexibility. They have paraneural arches that extend from their vertebrae and interlock with the 

dorsal fin pterygiophores of the dorsal fin (Fig. 4.8; Py-Daniel, 1997), which also likely reduce 

axial flexibility. Furthermore, Py-Daniel (1997) stated that the paraneural arches of many 

loricariids support the dermal armor, which are closely associated (Fig. 4.8). Having the vertebral 

column connected to dermal armor likely further limits axial flexibility. The vertebrae in the caudal 

region do not possess paraneural spines, but retain neural spines as well as hemal spines that extend 

to the dermal armor (Fig. 4.9). While these spines likely reduce flexibility by connecting to the 

armor, this region appears to be more flexible laterally than the anterior and mid-body, perhaps due 

to a lack of interlocking pterygiophores and paraneural spines. 

The lateropterygium and posterior processes of the basipterygium connect the loricariid 

pelvic girdle to their armor via tendons (Fig. 4.8, S. Fig. 4.3; Schaefer, 1987; Shelden, 1937), which 

then connects to their vertebral column (Py-Daniel, 1997). The high degree of association between 

the pelvic girdle, dermal armor, and vertebrae may further reduce body flexibility. Shelden (1937) 

proposed that the lateropterygium functions as a locking mechanism, limiting the anterior 

movement of the pelvic fin spine. Because of the numerous morphological traits that limit the 

flexibility of loricariids, they may be functionally constrained into reffling, an asymmetric, novel 

form of axial-appendage-based terrestrial locomotion that does not resemble typical tetrapod 
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locomotion. However, the waterfall-climbing blind cavefish Cryptotora thamicola (Balitoridae) 

also has a modified pelvic girdle that connects to the vertebral column and uses axial-appendage-

based terrestrial locomotion, but is able to use a salamander- like locomotor behavior that utilizes 

a diagonal couplets lateral sequence gait to move along terrestrial substrates (Flammang et al., 

2016). Cryptotora thamicola is not restricted by armor, though, which likely gives it a greater range 

of motion, allowing it use a tetrapod-like locomotor behavior. Both loricariids and Cryptotora 

thamicola have extraordinarily robust pelvic girdles for teleosts, which likely helps support their 

body weight when out of the buoyant force-dominated aquatic environment and in the gravity-

dominated terrestrial environment (Ashley-Ross et al., 2013; Flammang et al., 2016; Lebedev, 

1997; Wright and Turko, 2016). While the connections between their pelvic girdles and axial 

skeletons may be convergent, they are not homologous. The pelvic girdle of Cryptotora thamicola 

is connected by a rib to the axial skeleton (Flammang et al., 2016), whereas the pelvic girdles of 

loricariids are connected to the axial skeleton via the lateropterygium and posterior process of the 

basipterygium connecting to the dermal armor which in turn connects to the axial skeleton. 

Regardless of how the connection between the axial skeleton and pelvic girdle is formed, a 

connection between the axial skeleton and the ground is necessary to effectively transform body-

generated forces into movements away from and parallel to the substrate, such as lifting the body 

or limbs above the substrate (Flammang et al., 2016; Lebedev, 1997). Early amphibious fishes, 

such as Acanthostega, also evolved connections between their axial skeleton and pelvic girdle 

(Lebedev, 1997). The repeated evolution of connections between pelvic girdles and vertebrae 

among fish that primarily use limb-like appendages to transmit force to the ground suggest this 

may be an important adaptation for invading the terrestrial environment. Additionally, some 

loricariids have hypertrophied pelvic fin muscles composed of slow-oxidative fibers (S. Fig. 4.3, 

Armbruster, 2008) that can improve endurance, and are known to aquatically walk along the 

substrate (Shelden, 1937), which can save energy by keeping the animal within the boundary layer 

during benthic locomotion in fast-flowing rivers. Terrestrial reffling in loricariids may have initially 
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evolved from their aquatic substrate-based locomotion, similarly how aquatic walking behaviors 

may have evolutionarily preceded terrestriality in sarcopterygians (Ashley-Ross et al., 2009; King 

et al., 2011). Reffling could also have evolved from waterfall climbing behaviors (Carvajal-

Quintero et al., 2015), which likely evolved from aquatic substrate-based locomotion in high-flow 

environments with increasing ground slope (Bressman et al., In Preparation a). While the skeletal 

and muscular adaptations of the loricariid pelvic girdle may have initially evolved to improve 

aquatic substrate-based locomotion, these adaptations likely also improve terrestrial reffling and 

waterfall climbing (Carvajal-Quintero et al., 2015). 

Other catfishes are capable of terrestrial locomotion, including Clarias and Astroblepus, 

but they lack lateropterygia or any connection between their pelvic girdle and axial skeleton (Das, 

1928; Evermann and Kendall, 1905; Johnels, 1957; Johnson, 1912). While they may therefore have 

a less restricted pelvic fin range of motion, they may also not be able to transmit force as well 

through their pelvic girdle. Clarias do not use their relatively small pelvic fins for terrestrial 

locomotion, instead relying on their pectoral fins (Das, 1928; Johnels, 1957). Their pectoral fins 

are rigidly attached to the axial skeleton, allowing them to effectively transmit force to the ground, 

resulting in their quick, signature “walking” behavior. Astroblepus do use their pelvic girdle for 

terrestrial locomotion, but without a rigid connection to the axial skeleton, they may not be able 

use these fins as effectively loricariids. Instead, they use a much slower “inch-worm” behavior 

using their pelvic girdle and oral suction cup (Evermann and Kendall, 1905; Johnson, 1912). 

Astroblepidae is a sister taxon to loricariidae within loricarioidei, so the use of pelvic girdles in 

substrate-based locomotion (aquatic and terrestrial) may be an ancestral condition. 

Unlike Cryptotora thamicola and its tetrapod-like locomotor behavior, loricariids have a 

highly asymmetric terrestrial locomotor behavior, despite having convergent pelvic girdle 

morphologies. This may be due to the restrictive armor and the interlocking dorsal pterygiophores 

and vertebral paraneural spines of loricariids, which may make a symmetric, tetrapod-like 
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locomotor behavior difficult. However, while restricting axial flexibility, the rigid armor and 

interlocking pterygiophores and paraneural spines may improve force transmission through the 

axial body, which may explain how the loricariids in this study achieved the greatest velocities of 

any fish using axial-appendage-based terrestrial locomotion, with a maximum instantaneous 

velocity of 108 cm/s. The average velocity and flexibility – as determined by CC and WA – of 

loricariids on flat surfaces are also more similar to those of Oligocottus maculosus (Bresssman et 

al., 2018a) than they are to northern snakehead (Channa argus; Bressman et al., 2019). O. 

maculosus relies heavily on pectoral fin movements but utilizes a smaller range of axial motion, 

whereas Channa argus relies mostly on large axial movements, with pectoral fins playing a 

negligible role (Bressman et al., 2018a; Bressman et al., 2018b). Because of their high terrestrial 

performance and inflexible bodies, loricariids may be a model fish for amphibious robots, as a 

lower range of motion would be relatively easier to mimic with hard robotics. 

Axial stiffness may have a bimodal distribution in amphibious fishes. Amphibious fishes 

with relatively stiff axial skeletons, such as loricariids, balitorids (Flammang et al., 2016), O. 

maculosus (Bressman et al., 2018a) and Fundulus sp. (NRB Personal Observations; Ashley-Ross 

and Bressman, 2019; Bressman et al., 2016; Minicozzi et al., 2019), may have improved force 

transmission at the cost of reduced flexibility and locomotor behavior plasticity. Meanwhile, more 

flexible amphibious fishes, such as K. marmoratus (Bressman et al., 2018b; Minicozzi et al., 2019) 

clariid catfishes (Das, 1928; Johnels, 1957; Pace and Gibb, 2014; Van Wassenbergh et al., 2006), 

and American eels (Anguilla rostrata) and other eel-like amphibious fishes (Clardy, 2012; Gillis, 

1998; Gillis and Blob, 2001; Pace and Gibb, 2014; Pace and Gibb, 2011) may have increased 

locomotor behavior plasticity at the cost of reduced force transmission. This is supported by flexible 

Channa argus and A. rostrata displaying the capability of employing different kinematics on 

different substrates (Bressman et al., 2019; Redmann et al., In Review). 
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The two smaller species were more similar to each other than the larger species for many 

parameters, yet body length may not have significant effects on most parameters. It is still possible 

that body size can affect many of the parameters investigated, but a larger sample size with more 

species over a greater size range than we used would better separate the effects of body length and 

species. While many performance parameters decreased over time, the rates at which performance 

declined differed between the species (Table 4.I, Fig. 4.7), indicating that different species have 

different reffle endurance levels. Differing endurance between species may be attributable to slight 

differences in morphology or physiological differences that were not explored, such as the amount 

of slow-oxidative muscle fibers. Further research could investigate differences in physiology 

between loricariid species that may cause differences in endurance. It is fortunate that the two 

species with lower terrestrial endurance (P. disjunctivus and P. multiradiatus) are the species that 

have established non-native populations throughout the world (Orfinger and Goodding, 2018), as 

this means that they have comparatively lower terrestrial dispersal abilities. However, while no 

populations of P. gibbiceps or H. punctatus have been discovered in the United States yet, 

individuals of both have been found throughout the world, with established populations of H. 

punctatus in southeast Asia (Agoramoorthy and Hsu, 2007; Keszka et al., 2008; Orfinger and 

Goodding, 2018, United States Fish and Wildlife Service, 2018a; United States Fish and Wildlife 

Service, 2018b). Special concerns should be given to avoid non-native introductions of P. gibbiceps 

and H. punctatus due to their prevalence in the ornamental aquarium trade, uncertainty in their 

ecological risk assessments, and superior terrestrial endurance, which could improve their 

terrestrial dispersal abilities (United States Fish and Wildlife Service, 2018a; United States Fish 

and Wildlife Service, 2018b). Nonetheless, all loricariids may still be capable of dispersing to new 

bodies of water overland by reffling. It is currently unknown whether loricariids ever voluntarily 

emerge from the water or get stranded on land naturally by remaining in small bodies of water that 

dry up. However, NRB personally witnessed a dead Pterygoplicthys sp. individual on land in an 

area unlikely to have involved human-mediated emersion and multiple people reported 
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observations of loricarioid catfishes in terrestrial environments to Bressman et al. (In Preparation 

b) for their crowd-sourced project on amphibious catfishes. Terrestrial and avian predators may 

translocate individuals to distant terrestrial environments. Invasive loricariids are easy for terrestrial 

and avian predators to catch due to their habit of resting in shallow water along the shoreline, but 

are difficult to swallow because of their thick armor and sharp, locking spines (NRB Personal 

Observations; Karunarathna et al., 2008; Orfinger and Gooding, 2018). These predators often 

discard inedible, live loricariids in terrestrial environments, extending their terrestrial dispersal 

capabilities. Additionally, anglers in Florida who catch invasive Pterygoplichthys spp. and 

Hypostomus spp. often discard loricariids by tossing them onto land to suffocate (NRB Personal 

Observation) because wildlife management organizations recommend killing these invasive fishes. 

However, like Channa argus (Bressman et al., 2019) and Clarias batrachus (Bressman et al., In 

Preparation b), many anglers do not know that they are capable of breathing air and moving across 

land, so by discarding them alive in terrestrial environments, they may be facilitating the overland 

dispersal of invasive loricariids.  
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TABLES 

Table 4.I. ANCOVA results. The relationships between kinematic and performance parameters 

are shown in relation to species, sequences number (Seq), TL, and Species:Sequence number 

(Species:Seq). P-values shown have been adjusted using the fdr method. P-value significance at 

the α= 0.05, 0.01, and 0.001 levels are noted with *, **, and ***, respectively. NumDF = Numerator 

Degrees of Freedom; DenDF = Denominator Degrees of Freedom. 

 
F P NumDF DenDF 

SF~Species 1.32 0.430 3 24.0 

SF~Seq 23.8 <0.001*** 1 87.3 

SF~TL 0.597 0.549 1 14.0 

SF~Species:Seq 0.972 0.529 3 87.7 

Head DR~Species 2.68 0.134 3 38.6 

Head DR~Seq 1.54 0.349 1 92.8 

Head DR~TL 7.72 0.049* 1 12.6 

Head DR~Species:Seq 0.072 0.618 3 92.2 

Tail DR~Species 1.70 0.330 3 29.4 

Tail DR~Seq 0.906 0.477 1 89.7 

Tail DR~TL 0.111 0.806 1 12.3 

Tail DR~Species:Seq 3.48 0.055 3 90.2 

COM DR~Species 0.687 0.632 3 23.0 

COM DR~Seq 1.39 0.372 1 86.9 

COM DR~TL 0.494 0.582 1 13.0 

COM DR~Species:Seq 7.09 0.002** 3 87.4 

Head WA~Species 1.95 0.275 3 39.3 

Head WA~Seq 28.4 <0.001*** 1 92.9 
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Head WA~TL 6.6 0.063 1 12.8 

Head WA~Species:Seq 2.75 0.111 3 92.3 

Tail WA~Species 1.77 0.330 3 25.1 

Tail WA~Seq 7.75 0.024* 1 87.7 

Tail WA~TL 0.007 0.935 1 13.6 

Tail WA~Species:Seq 2.85 0.105 3 88.2 

COM WA~Species 6.21 0.009** 3 28.3 

COM WA~Seq 3.07 0.175 1 89.0 

COM WA~TL 0.011 0.935 1 13.2 

COM WA~Species:Seq 5.32 0.009** 3 89.5 

V (cm/s)~Species 0.908 0.549 3 27.5 

V (cm/s)~Seq 20.7 <0.001*** 1 88.7 

V (cm/s)~TL 1.81 0.335 1 13.6 

V (cm/s)~Species:Seq 7.24 0.002* 3 89.2 

V (TL/s)~Species 1.72 0.330 3 28.5 

V (TL/s)~Seq 15.5 0.002** 1 15.5 

V (TL/s)~TL 0.014 0.935 1 13.7 

V (TL/s)~Species:Seq 4.19 0.027* 3 4.19 

CC~Species 1.04 0.525 3 22.7 

CC~Seq 12.7 0.004** 1 67.4 

CC~TL 0.958 0.477 1 12.6 

CC~Species:Seq 4.98 0.014* 3 68.0 



 

142 
 

FIGURES AND FIGURE LEGENDS 

 

Figure 4.1. Representative reffling behavior of a P. multiradiatus. A) The reffling behavior 

begins on the LAS (Lesser Amplitude Side, left, in this sequence). B) The head and tail start moving 

toward the GAS (Greater Amplitude Side, right), and the left pectoral and pelvic fins begin 

retracting. C) The head and tail reach their maximum amplitude on the GAS, and the left pectoral 

and pelvic fins are maximally retracted. D) The head and tail begin moving back toward the LAS. 

E) The left pectoral and pelvic fins begin protracting as the head and tail continue to move toward 

the LAS. The body has started pivoting counterclockwise about the mouth. F) The tail makes 

contact with ground as it starts approaching maximum amplitude on the LAS. G) The head and tail 

have reached their maximum amplitude on LAS and the left pectoral and pelvic fins are fully 

protracted, beginning the next reffle stride. 
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Figure 4.2. Representative reffling behavior of a H. punctatus from the FTIRT experiments. 

The FTIRT illuminates the parts of the body in contact with the substrate. A) The reffling 

behavior begins on the LAS (the right side of the fish in this stride, which appears mirrored 

because of the ventral view). B) The head and tail start moving to the GAS. C) The mouth starts 

lifting above the substrate, while the right pectoral and pelvic fins begin retracting. D) the head 

and tail have reached their maximum amplitude on the GAS, while the mouth and left pectoral 

and pelvic fins are raised above the substrate (water adhering to the tip of the left pelvic fin and 

the lower lip make these parts appear as though they are slightly in contact with the substrate). 

Both pectoral and pelvic fins are maximally retracted. The head starts moving toward the LAS. E) 
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The mouth starts regaining contact with the substrate, while the left pectoral and pelvic fins start 

protracting. F) The tail has started moving to the LAS. G) The left pectoral and pelvic fins are 

maximally protracted and are starting to regain contact with the substrate. The right fins are 

starting to protract as the head and tail continue to move toward the LAS. The fish begins rotating 

about the mouth, which is fully in contact with the substrate. H) The trunk is maximally lifted 

above the substrate, but remains partially in contact. The head and tail continue moving toward 

the LAS. I) The left pectoral and pelvic fins are maximally protracted and the head and tail are at 

their maximum LAS amplitude. The fish is now ready to begin another stride. 

 

Figure 4.3. Example head trace of a Hypostomus punctatus during a single terrestrial 

locomotor sequence. Each dot represents the location of the tip of the snout for each frame (shot 
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at 210 fps) during a single, complete locomotor sequence. The red arrow indicates the approximate 

average head direction, while the black arrow indicates the net direction of travel, which is 

anterolateral. The lateral component of their directionality varies between sequences; this example 

sequence had a relatively great lateral component and was chosen to illustrate the anterolateral 

directionality in loricariid reffling. The GAS for this sequence is the left side, as the head (and tail) 

are moving with a greater amplitude to the left than to the right. Therefore, the head and mouth are 

in contact with the substrate when the head is moving to the right (Fig. 4.2), but not when the head 

is moving to the left. Despite covering a greater distance when moving toward the GAS, movement 

toward the GAS side has a lesser duration (34.6 +/- 10.6 frames) than the LAS side (24.3 +/- 7.4 

frames), indicating a greater velocity toward the GAS. The scale bars represent 1 cm in the x and 

y dimensions. 
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Figure 4.4. Body patterns of H. punctatus during two representative reffling strides as 

determined by the FTIRT experiments. The GAS for these strides is on the left half of the body. 

This depiction includes the stride in Fig. 4.2, using the same time measurements to allow for 

comparison. A) Pectoral fin angles are roughly correlated with their ipsilateral pelvic fins. B) 1-CC 

is depicted to show the asymmetry in head and tail amplitude between sides. A higher number 

indicates greater amplitude, with the head and tail closer together. Red indicates the tail is moving 
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toward the right of the body and blue indicates the tail is moving toward the left. C) The duty 

factor/contact with the substrate pattern also show left-right asymmetry. A bar indicates that the 

body part is in contact with the substrate, while white space indicates that it is above the substrate. 

Note that the tail is not in contact with the substrate for these strides. Fin angles and CC graphically 

depicted are smoothed using a moving average of five measurements.  

 

Figure 4.5. Boxplots of COM WA by species. The only parameter tested for which the 

ANCOVAs found a significant difference between species was COM WA.  Lowercase letters on 

each boxplot represent Tukey results, with different letters corresponding to significantly different 

groups at the at the α = 0.05 level.  HP = H. punctatus, PD = P. disjunctivus, PG = P. gibbiceps, 

PM = P. multiradiatus. 
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Figure 4.6. Body length has negligible effects on most kinematics and performance 

parameters across species. With our size range, the only parameter that was significantly 

affected by total length was head distance ratio (D). We must note that we lacked a large sample 

size for intermediate-sized fish. Each point represents data from a single sequence from one 

individual. The trend lines indicate the average trend in the data across all four species. A) stride 

frequency, B) absolute velocity (cm/s), C), relative velocity (TL/s), D) head distance ratio, E) tail 

distance ratio, F) COM distance ratio, G) head wave amplitude, H) tail wave amplitude, I) COM 

wave amplitude, and J) curvature coefficient. 
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Figure 4.7. Distributions of slopes of parameters changing over time that are significantly 

different between species. The distribution of slopes for each parameter over time (in terms of 

sequence number) are represented in the boxplots. Values further from zero indicate a greater 

change in performance over time. All parameters depicted graphically are those for which the 

ANCOVA tests found were significantly affected by species:sequence number at the α = 0.05 level: 
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A) absolute velocity (cm/s), B) relative velocity (TL/s), C) COM DR, D) COM WA), and E) CC. 

HP = H. punctatus, PD = P. disjunctivus, PG = P. gibbiceps, PM = P. multiradiatus. 
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Figure 4.8. Segmented µCT scans displaying unusual loricariid morphology.  Sagittal sections 

of A) H. punctatus and B) P. gibbiceps show that the pelvic fins and girdle (light blue) connect to 

the armor and axial skeleton (tan) via the lateropterygium (red) and the posterior process of the 

basipterygium (pink). Vertebrae interlocking with dorsal fin pterygiophores are more easily visible 

in the transparent axial skeleton of B). A closer look of several interlocking vertebrae (blue) and 

pterygiophores (orange) is seen in C) and D) for H. punctatus and P. gibbiceps, respectively. Please 

note that there are not small holes throughout the skeleton; they appear as an artifact of pixellation 

due to downsampling the scans to a workable data volume.   

 

 

Figure 4.9. µCT scans displaying loricariid neural and hemal spines. These µCT images show 

transverse posterior slices of A) H. punctatus and B) P. gibbiceps, taken posterior to the first dorsal 

fin. The neural spines (NS) and hemal spines (HS) of these loricariids extend distally from their 

vertebrae toward their armor (A), which surround the outside of their bodies. The spines may be 

connected to the armor directly or via skin and connective tissue. 
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CONCLUSIONS 

 In my dissertation, I sought to learn why some fish emerge onto land, how they locomote out of 

water, and how they orient while on land. Combined, these three behaviors are necessary for successful 

overland dispersion. Without one, amphibious fish would be unsuccessful in terrestrial environments. 

Without emersion, there would be no amphibious fish, as they would never encounter the 

terrestrial environment. Emersion can be voluntary or involuntary, but both can lead to terrestrial 

dispersion. Valence cues for emersion can be positive (i.e., availability of terrestrial prey), negative (i.e, 

poor water quality), or neutral/opportunistic (i.e, rain and flooding). I have experimentally shown that 

northern snakeheads often emerge when water conditions are poor, particularly when pH is low or 

[dCO2] or salinity is high, but release onto land by anglers may be a more common means of 

emergence. Through surveys, I have determined that walking catfish often emerge during wet, rainy 

conditions, perhaps to exploit terrestrial prey. However, they will also emerge during dry conditions, 

perhaps to find new bodies of water. However, some motivations for walking catfish emersion are still 

unclear. Different amphibious fishes also emerge under different conditions, suggesting a need for 

further research on amphibious fish emersion. 

Without effective terrestrial locomotor behaviors, fish would be unable to traverse and explore 

terrestrial environments. Here, I describe how northern snakeheads use a tail-flip jumping for terrestrial 

locomotion as fry but use a crawl-like form of axial-appendage-based locomotion as adults to move 

effectively on land. These locomotor modes may correlate with differences in behavior and habitat. 

Relatively pelagic fish, such as snakehead fry and killifish, can modify there aquatic fast starts to 

perform tail-flip jumps in terrestrial environments. More benthic fish, such as adult snakeheads and 

armored suckermouth catfishes, on the otherhand, frequently move along aquatic substrates using their 

appendages. Their substrate-based aquatic behaviors may make them more predisposed to employing 

their appendages in terrestrial environments to perform axial-appendage-based locomotion. 
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Body size and shape likely affect the form of terrestrial locomotion as well. Larger fish, such as 

adult snakeheads, are unable to lift their bodies well above the substrate. They may be relatively too 

heavy to perform jumping behaviors because body mass scales with the third power of length, while 

cross-sectional muscle area scales with the second power, so they must rely on axial-appendage-based 

terrestrial locomotor behaviors. Dorsoventrally compressed fish, such as armored suckermouth 

catfishes, are also likely predisposed to use axial-appendage-based behaviors rather than jumping 

behaviors on land because they are stable in an upright positon. Armored suckermouth catfishes are a 

particularly extraordinary case of morphology affecting terrestrial locomotor mode. As I describe for 

the first time in this dissertation, their unique morphology restricts anterior motion of their pectoral and 

pelvic fins and reduces lateral and torsional flexibility of the axial skeleton, so they are likely unable to 

use the axial-appendage-based gaits used by other amphibious fishes. Instead, they are constrained into 

a novel form of locomotion that involves asymmetric movements of the mouth, the axial body, one 

pectoral fin, and the ipsilateral pelvic fin: reffling. 

Without the ability to orient on land, amphibious fish would move randomly, unable to find and 

move toward their goals, be it water, shelter, or prey. Here, I show that mangrove rivulus terrestrially 

orient using a variety of visual cues, such as coloration, contrast, reflection, and shape. Walking catfish 

also respond to visual stimuli, suggesting vision may be the most common and frequently used sense in 

fish orientation out of the water. While the difference in the refractive indices between water and air 

mean fish likely do not see sharp images out of the water, as long as a fish has eyes, it can likely 

terrestrially orient using basic visual cues. However, walking catfish respond differently to the same 

visual cues as killifish, suggesting species may orient differently based on visual acuity and/or 

motivation. After vision, the otolith-vestibular system may be the next most widely used sense for 

terrestrial orientation in fish. All fish can use this sense to determine their orientation in water, but 

based on my experiments on mangrove rivulus and previous killifish research (Boumis et al., 2014), 

amphibious fish are able to use this sense to determine their orientation on a slope. This may be limited 
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information, but can help fish move downhill, where bodies are water are more likely to be. Terrestrial 

orientation by chemoreception is likely much rarer in fish as their taste and smell do not function as 

well out of the water, but I describe it for the first time in walking catfish. These fish are 

chemoreception specilists able to use extraoral taste buds on their barbels to find terrestrial prey. They 

also are capable of tasting the air and using aerial nociception to orient toward good quality bodies of 

water. Terrestrial orientation by chemoreception may also be possible in other amphibious fishes that 

have extraoral taste buds, such as snakeheads and killifish (Egge et al., 2019). However, they lack the 

paired, mobile chemosensory organs that catfish have, so they likely have lesser chemoreceptive 

terrestrial orientation capabilities. 

Amphibious behaviors, such as emersion, locomotion, and orientation, do not preserve well in 

the fossil record. These behaviors are important for overland dispersal, allowing animals to expand their 

range, occupy new environments, and exploit new resources. By studying extant amphibious fishes, we 

may be able to infer more about the behaviors, natural history, and ecology of the first vertebrates that 

transitioned to land millions of years ago. Additionally, most of the species studied in this dissertation 

have established invasive populations around the world. By understanding the mechanisms of their 

overland dispersal, we can learn to better manage these species and prevent their non-native ranges 

from expanding. If we know why they emerge, we may be able to prevent these invasive species from 

entering the terrestrial environment. If we know how they move overland, we could create obstacles 

that prevent them from spreading. If we know how they orient, we can predict where they are going and 

create traps to lure them away. The research within this dissertation offers some data-based suggestions 

to improve the management of invasive amphibious fishes, but stresses the need for more species-

specific data as different species often perform and behave differently. 
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APPENDIX 

 

Ch. 1. Supplementary Figure 1. Pooling of water in Treatment 4. While there was a thin film of water 

from c. 0–90° in the extra‐test area, due to slight unevenness and warping in the surface of the kiddie 

pool, water pooled near 30°, rather than 45°. This may have skewed the data counterclockwise, causing 

the mean direction of the fish to be toward the 0° edge of the water quadrant. 
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Ch. 2. Supplementary Figure 1. Experimental set-up. Plastic shoeboxes filled with water to ~2 

cm served were used for emersion experiments. A wooden ramp was placed in each shoebox, 

extended through the waterline, with an average angle of 27° +/- 5°. A small hole at approximately 

2 cm prevented overflow and assured water level was consistent between boxes and treatments. All 

fish started each treatment in the water.  
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Ch. 2. Supplementary Figure 2. Northern snakehead emersion. In the emersion experiments, 

some northern snakehead fry would partially leave the water to avoid unfavorable conditions by 

emerging onto land via a ramp. This individual is in an acidic solution with a pH of 4.75. 

 

Ch. 2. Supplementary Figure 3. Example EMG trace. Raw EMG recordings from the 

Acqknowledge software of the left posterior hypaxials (LP HYP)), right posterior hypaxials RP 

Hyp), and a light, which was used to synchronize videos with the recordings, during 3.5 strides. 

The gray vertical bars correspond to the body curving to the right, and the white vertical bars 
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correspond to the body curving to the right. Vertical scale bars = 0.5 V for each trace. Horizontal 

scale bar = 1 s. 

Ch. 3. Supplementary Figure 1. Orientation experiment set-up. Inside of an inflatable kiddie 

pool, catfish were placed under a bucket on top of moist bench liner. The bench liner was atop a 

sheet of plastic lining, which was atop a flat, circularsheet of polystyrene foam. The red circle 

around the foam sheet indicated the delineation between the test area (TA) and the extra-test area 

(ETA). A barrier of tarp and PVC pipes was placed around the kiddie pool to block extraneous 

stimuli.  
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Ch. 3. Supplementary Figure 2. Test of diffusion through bench liner. A) the corner of a sheet 

of bench liner was dipped into DI water with red food dye to determine the extent to which aqueous 

chemical signals could travel from the pool of water in the ETA through the edge of the bench liner. 

After 20 minutes (the maximum amount of time used for set-up and execution of an experimental 

trial), the food dye diffused a negligible distance through the bench liner.  
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Ch. 4. Supplementary Figure 1. P. disjunctivus on land. NRB found this catfish on the ground 

at the TAL in Ruskin, Florida. The fish was deceased and partially desiccated, but upright. Because 

this fish was found on private property, it was unlikely that an angler caught and released this fish 

into the terrestrial environment. Therefore, this fish likely either emerged from a small pond 

approximately 7 m away, or it was transplanted to the terrestrial environment by an avian predator. 

Great blue herons (Ardea Herodias) and other wading birds were frequently observed fishing at the 

edge of this pond. One such bird could have caught this fish, found it too difficult to swallow 

because of its spines and armor, disposing of it alive in the terrestrial environment. Regardless of 

the means of introduction to land, this fish must have reffled its final location, fatally desiccating 

before it could find a body of water. 
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Ch. 4. Supplementary Figure 2. Fin angles of A) P. disjunctivus and B) P. multiradiatus during 

two representative reffling strides. Fin angle measurements came from 60 fps GoPro videos. 

These data were smoothed using a rolling average of three measurements. 
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Ch. 4. Supplementary Figure 3. Pelvic musculature of P. disjunctivus. The muscles associated 

with the pelvic fins (PF) overlaying the basipterygium (BPT) from the anterior process (AP) to 

lateropterygium (LPT) and the posterior process (PP) are dark red, indicating they likely are highly 

vascularized and contain a high density of red, slow-oxidative muscle fibers. These fibers are 

generally associated with muscles used for endurance.   
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Influence of habitat on pectoral ossification in Cottoid fishes. 

 

Presentations 

PhD Public Defense Seminar - Amphibious fishes on land: Why, how, and where, from an 

applied perspective – Wake Forest University (streamed to the public), Winston-Salem, NC 

                      April 14th, 2020 

Lenior-Rhyne University – Amphibious fishes on land: Why, how, and where, from an applied 

perspective – Invited Seminar – Hickory, NC           February 13th, 2020 

https://doi.org/10.1093/iob/obz026
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Society for Integrative and Comparative Biology (SICB) Annual Meeting – Bressman, NR, Hill, 

JE, and Ashley-Ross, MA – Why (and how) did the catfish cross the road? Chemoreceptive 

terrestrial orientation and amphibious natural history of the invasive walking catfish (Clarias 

batrachus) – Talk – Austin, TX                                 January 7th, 2020 

Society for Integrative and Comparative Biology (SICB) Annual Meeting – Ashley-Ross, MA 

and Bressman, NR – A twisted tail of intrigue: Does fish vertebral morphology constrain 

locomotor mode? – Poster – Austin, TX                        January 6th, 2020 

Society for Integrative and Comparative Biology Southeast Regional Meeting – Division of 

Comparative Biomechanics/Vertebrate Morphology – Bressman, NR, and Ashley-Ross, MA – 

Asymmetric terrestrial locomotion in invasive armored catfishes (Loricariidae)  - Talk – Wake 

Forest University, Winston-Salem, NC              October 26th, 2019 

Joint Meeting of Ichthyologists and Herpetologists – Bressman, NR, Love, JW, King, T, Horne, 

and C, Ashley-Ross, MA – Emersion and terrestrial locomotion of the northern snakehead 

(Channa argus) on multiple substrates – Talk – Snowbird, UT                    July 26th, 2019  

Joint Meeting of Ichthyologists and Herpetologists – Bressman, NR, Hill, J, and Ashley-Ross, 

MA – Chemoreceptive terrestrial orientation and natural history of the invasive walking catfish 

(Clarias batrachus) – Poster – Snowbird, UT                        July 26th, 2019  

International Congress of Vertebrate Morphology – Ashley-Ross, MA and Bressman, NR – When 

Fish go on Land: Axial Morphology and Locomotor Mode –  Talk – Prague, Czech Republic 

                        July 25th, 2019 

Three Minute Thesis Competition –  Bressman, NR – Unraveling the Mysteries of Fish on Land – 

Talk – Wake Forest University, Winston-Salem, NC               March 6th and 22nd, 2019 
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Society for Integrative and Comparative Biology (SICB) Annual Meeting – Bressman, NR, Love, 

JW, King, T, Horne, and C, Ashley-Ross, MA – Emersion and terrestrial locomotion of the 

northern snakehead (Channa argus) on multiple substrates – Talk – Tampa, FL    

                                    January 7th, 2019 

The First International Snakehead Symposium – Bressman, NR, Love, JW, King, T, Horne, and 

C, Ashley-Ross, MA – Effective terrestrial locomotion by the invasive Northern Snakehead, 

Channa argus – Talk – Old Town Alexandria, VA       July 18th, 2018 

Three Minute Thesis Competition – Bressman, NR – Where do fish go while on land? – Talk – 

Wake Forest University, Winston-Salem, NC               March 14th and 27th, 2018 

Society for Integrative and Comparative Biology (SICB) Annual Meeting – Bressman, NR, 

Simms, M, Perlman, BM, and Ashley-Ross, MA. Where do fish go when stranded on land? 

Terrestrial orientation of the mangrove rivulus Kryptolebias marmoratus – Talk – San Francisco, 

CA                                 January 7th, 2018 

Society for Integrative and Comparative Biology (SICB) Annual Meeting – Bressman, NR, 

Buser, T, Summers, D, Summers, AP, and Gibb, AC – Influence of habitat on pectoral 

ossification in Cottoid fishes – Talk – New Orleans, LA                 January 8th, 2017 

Southeast Regional Society for Integrative and Comparative Biology (SICB) Annual Meeting – 

Bressman, NR, Buser, T, Summers, D, Summers, AP, and Gibb, AC – Influence of habitat on 

pectoral ossification in Cottoid fishes – Talk – Duke University, Durham, NC    

                 November 19th, 2016  

Fish Functional Morphology Research Symposium – Bressman, NR, Buser, T, Summers, D, 

Summers, AP, and Gibb, AC – Influence of habitat on pectoral ossification in Cottoid fishes – 

Talk – Friday Harbor Laboratories, Friday Harbor, WA              August 17th, 2016 
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Investigative Marine Biology Laboratory –  Bressman, NR – Fish… on land? Amphibious fishes, 

where they go, and how they get there – Guest Lecture – Shoals Marine Laboratory, Appledore 

Island, ME                                 June 28th, 2016 

Society for Integrative and Comparative Biology (SICB) Annual Meeting – Bressman, NR, Gibb, 

AC, and Farina, SC – A comparative analysis of the novel terrestrial locomotion of the tide pool 

sculpin (Oligocottus maculus) Talk – Portland, OR              January 7th, 2016 

40th Annual Ecology and Evolutionary Biology Graduate Student Symposium – Bressman, NR, 

Gibb, AC, and Farina, SC – A comparative analysis of the novel terrestrial locomotion of the tide 

pool sculpin (Oligocottus maculus) Undergraduate Poster Session – Cornell University, Ithaca, 

NY                     2015 

American Fisheries Society Seminar Series – Bressman, NR – Fish… on land? Amphibious 

fishes, where they go and how they get there –Talk – Cornell University, Ithaca, NY        2015  

Blinks/NSF REU/BEACON Research Symposium – Bressman, NR, Gibb, AC, and Farina, SC – 

A comparative analysis of the novel terrestrial locomotion of the tide pool sculpin (Oligocottus 

maculus) Talk – Friday Harbor Laboratories, Friday Harbor, WA              August 6th, 2015  

Cornell Undergraduate Research Board Spring Forum – Bressman, NR, Farina, SC, and Gibb, 

AC – Look before you leap: Visual navigation and terrestrial locomotion of the intertidal killifish 

Fundulus heteroclitus –Poster – Ithaca, NY                2015 

Society for Integrative and Comparative Biology (SICB) Annual Meeting – Bressman, NR, 

Farina, SC, and Gibb, AC – Look before you leap: Visual navigation and terrestrial locomotion of 

the intertidal killifish Fundulus heteroclitus – Poster Session – West Palm Beach, FL       2015  

39th Annual Ecology and Evolutionary Biology Graduate Student Symposium – Bressman, NR, 

Farina, SC, and Gibb, AC – Look before you leap: Visual navigation and terrestrial locomotion of 
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the intertidal killifish Fundulus heteroclitus – Undergraduate Poster Session – Cornell University, 

Ithaca, NY                       2014 

Cornell Undergraduate Research Board’s Fall Forum – Bressman, NR, Farina, SC, and Gibb, AC 

– Look before you leap: Visual navigation and terrestrial locomotion of the intertidal killifish 

Fundulus heteroclitus – Poster – Cornell University, Ithaca, NY         2014 

 

Science Communication, Community Outreach, and Public Service 

Seminar and Discussion with Students – The Buckley School (Middle School), New York City, 

New York             May 4th, 2020 

Outreach Associate and Blogger– Integrative and Comparative Biology     February 2020-Present 

Bressman, Noah. (Feb. 3rd, 2020). OUTSIDE JEB: Giant trashcan crab also makes creepy noises. 

Journal of Experimental Biology, 223, jeb211433, doi: 10.1242/jeb.211433. 

Reviewer – Integrative and Comparative Biology                  February 2020-Present 

Scientist – Skype a Scientist                     February 2020-Present 

Volunteer Educator – “What is a Scientist?” outreach event at Lively Middle School in Austin, 

TX, as part of the annual meeting of the Society for Integrative Comparative Biology 

                   January 8th, 2020 

Reviewer – Journal of Fish Biology                 December 2019-Present 

Panelist – Sustainability and Journalism Discussion – Wake Forest University Campus Garden, 

Winston-Salem, NC                October 17th, 2019 

https://integrativeandcomparativebiology.wordpress.com/
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Science Writer – Outside JEB – Journal of Experimental Biology            Fall 2019-Present 

Social Media Correspondent – Society for Integrative and Comparative Biology    

         September 2019-Present 

Art Curator, Science Exhibitor, and Event Coordinator – Lost Waterways of Winston-Salem  

       September 5th, 2019 

Wine Judge – 2019 Mid-Atlantic Southeastern Wine Competition – Winston-Salem, NC 

         August 10th & 11th, 2019 

Outreach Associate – Integrative and Organismal Biology – Scientific Journal   

                 April 2019-Present 

Volunteer Event Leader – STEM@Wake – STEM education workshop for local high school 

students            April 3rd, 2019 

Volunteer Event Leader – North Carolina Science Olympiad – Winston-Salem, NC  

            March 2th, 2019 

Reviewer – Zoology – Scientific Journal                    February 2019-Present 

Panelist – Art and Science Panel at Wake Forest University – Winston-Salem, NC          

      February 20th, 2019 

Volunteer Educator – “What is a Scientist?” outreach event at Stewart Magnet Middle School in 

Tampa, FL, as part of the annual meeting of the Society for Integrative Comparative Biology 

                   January 8th, 2019 

Science Fair Judge – Sherwood Forest Elementary School     December 17th and 18th, 2018 
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Fish Biology Adviser and Scientific Blogger – A Fishing Story on various networks, including 

Discovery Channel, NBC Sports, and World Fishing Network                  April 2018-May 2019  

Session Chairman – Locomotion and Navigation – Society for Integrative and Comparative 

Biology (SICB) Annual Meeting – San Francisco, CA                          January 7th, 2018 

Volunteer – ACEing Autism – Winston-Salem, NC             2017-2018 

Artist                2016-Present 

- I use scientific artwork involving cleared and stained specimens to educate the public 

about techniques used by functional morphologists. I have had various art shows and 

exhibits around Winston-Salem, NC, including at the START Gallery, Hanesbrand 

Theater, A/perture Cinema, Wake Downtown (as a part of the START.dt Gallery), 

Colony Urban Farm, Fiddlin’ Fish Brewery, Vin205, Lost Water Ways of Winston-Salem 

event, Sunnyside Mercantile and Wise Man Brewing twice. I am also in the process of 

developing a large, permanent, public scientific art exhibit in downtown Winston-Salem. 

Volunteer Educator – Zoo and Wildlife Society’s Cartilaginous Fishes Workshop – Cornell 

University, College of Veterinary Medicine                 April 17th, 2016 

Volunteer Educator – Expanding Your Horizons – Cornell University         2015  

- EYH is a program in which members of the Cornell community give underprivileged 

teenage girls an opportunity to explore various STEM fields in an interactive 

environment. 

Specimen Donator – I have donated at least 40 fish specimens to a variety of museums and 

natural history collections, including the Harvard Museum of Comparative Zoology and the 

Cornell University Museum of Vertebrates           2014-Present 

Noah and Carl with Fish – Host of fish biology and fishing blog         2014-Present  

https://www.afishingstory.com/blog/
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Gallery Guide – Maritime Aquarium, Norwalk, CT             2013-2016 

- I educated the patrons of the aquarium on the Long Island Sound and the organisms at the 

aquarium, and ensured the safety of both the animals and the patrons.  

Bressman, Noah R. “Aquaculture and Its Environmental Effects.” Web blog post. It’s My Ocean.   

                   August 30th, 2012 

Volunteer Educator – Family Fishing Day at Rockefeller State Park, NY             July 2012 

Bressman, Noah R. and Meredith Cranston. "The Very Basic Gift of Drinkable Water, through 

the LifeStraw." New Castle NOW.           December 12th, 2011 

Bressman, Noah R. “Mystery Solved: Chappaqua’s Loch Ness Monster.” New Castle NOW.  

               September 8th, 2008. 

 

Teaching and Mentorship Experiences 

Invited Speaker – “Invasive Amphibious Fishes: Why, How, and Where” –  Keepin’ 

Sustainability Alive Inside Online Seminar Series – New York City Public School System          

                 May 1st, 2020 

Guest Lecturer – Science and Engineering of Animal Conservation Course – Georgia Institute of 

Technology, Atlanta, Georgia                   March 30th, 2020 

Guest Lecturer – Biology of Fishes Course– Florida Southern College, Lakeland, Florida   

                           March 26th, 2020 

Guest Lecturer – Sensory Biology – Wake Forest University, Winston-Salem, NC  

April 17th and 19th, 2018 
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Graduate Teaching Assistant – Comparative Physiology Lab (instructor on record for 2 sections 

per semester) – Wake Forest University, Winston-Salem, NC             2016-2017 

Graduate Student Mentor and Research Advisor – 13 undergraduate students and 1 high school 

student to date – Wake Forest University, Winston-Salem, NC        2016-Present 

Teaching Assistant – Marine Environmental Science – Shoals Marine Laboratory, Appledore 

Island, ME                2016 

Teaching Assistant – The Vertebrates: Structure, Function, and Evolution – Cornell University, 

Ithaca, NY                 2016  

Teaching Assistant – Anatomy and Function of Marine Vertebrates – Shoals Marine Laboratory, 

Appledore Island, ME               2014 

Teaching Assistant – Introductory Oceanography – Cornell University, Ithaca, NY        2013  

Tennis Instructor – Whippoorwill Country Club, Chappaqua, NY            2011-2015  

Intern (2010-2011), CELF Student Ambassador Program Co-Founder and Trainer (2008 - 2014), 

and Educator (2008-2014) – Children’s Environmental Literacy Foundation, Chappaqua, NY   

                  2008-2014 

 

Selected Media Appearances 

The Fisheries Podcast – “Episode 067 – Voices of Quarantine”                April 26th, 2020 

The Fisheries Podcast – “Episode 060 – Talkin Fish and Walkin Fish with Noah Bressman” 

                          February 9th, 2020 

The Weather Channel – Northern Snakehead ‘Frankenfish’ Not Scourge Made Out to Be 

https://fisheriespodcast.podbean.com/e/067-voices-of-quarantine/
https://fisheriespodcast.podbean.com/e/060-talkin-fish-and-walkin-fish-with-noah-bressman/
https://weather.com/news/trending/video/northern-snakehead-frankenfish-not-scourge-made-out-to-be
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                    January 14th, 2020 

The Atlantic – An Invader’s Less-Than-Elegant Move From Water to Land, by Sarah Zhang 

               November 2nd, 2019 

National Science Foundation – 4 Awesome Discoveries You Probably Didn’t Hear About – 

Episode 36                 October 30th, 2019 

Wake Forest News – Poor water conditions drive invasive snakeheads onto land, by Alicia 

Roberts                 October 22nd, 2019 

Art the Science Blog – Featured “Creator”, by Alice Fleerackers           October 10th, 2019 

Winston-Salem Journal: Relish – Fishing around with techniques, doctorate student creates trippy 

photographs, by Lisa O’Donnell                February 7th, 2018 

50 Shades of Green Divas – Podcast – Interview                  June 19th, 2017 

Journal of Experimental Biology: Outside JEB – Amphibious fish prop up when seeking water, 

by Casey Gilman               2016  

Gizmodo – Back-Flipping Fish Look Before They Leap Across Land, by Jennifer Ouellette     

November 9th, 2015  

Many Shades of Green Radio Show – Any Fish You Wish – BBOX Radio, Brooklyn, NY     2015  

The Daily Planet – Discovery Canada – Guest Segment and Cinematographer     March 30th, 2015 

Cornell Chronicle– Undergrad finds how jumping fish navigate to find new pools, by Krishna 

Ramanujan                    February 24th, 2014  

 

 

https://www.theatlantic.com/science/archive/2019/11/snakehead-fish-land/600850/
https://www.youtube.com/watch?v=5ucn8fdf7sQ&feature=youtu.be
https://news.wfu.edu/2019/10/22/poor-water-conditions-drive-invasive-snakeheads-onto-land/
https://artthescience.com/blog/2019/10/10/creators-noah-bressman/
https://www.journalnow.com/relishnow/the_arts/visual_arts/fishing-around-with-techniques-doctorate-student-creates-trippy-photographs/article_13a98873-a8e1-59d5-9d63-2477ff3718f5.html
https://www.journalnow.com/relishnow/the_arts/visual_arts/fishing-around-with-techniques-doctorate-student-creates-trippy-photographs/article_13a98873-a8e1-59d5-9d63-2477ff3718f5.html
https://www.buzzsprout.com/2640/526063-50-shades-of-green-divas-why-sustainable-fish
http://jeb.biologists.org/content/219/11/1586.2
http://gizmodo.com/back-flipping-fish-look-before-they-leap-across-land-1741008121
https://www.mixcloud.com/TMShadesofGreen/1533-any-fish-you-wish/
https://www.discovery.ca/Shows/Daily-Planet
http://news.cornell.edu/stories/2015/02/undergrad-finds-how-jumping-fish-navigate-land-find-new-pools
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University Service 

Social Chairman and Biology Department Representative – Wake Forest University Graduate 

Student Association               2018-Present 

Volunteer – Wake Forest University Community Garden         2018-Present  

Member – Neuroscience Journal Club – Wake Forest University        2018-Present 

Organizer and Presenter – Applying to the National Science Foundation Graduate Research 

Fellowship Program  (NSF GRFP) and other GrantsWorkshop        September 2017, 2018, 2019  

Member – Wake Forest Bass Fishing Team            2016-Present 

Treasurer, Secretary – American Fisheries Society Cornell University sub-chapter       2015-2016 

Sustainability Chairman, Philanthropy Chairman – Pi Kappa Alpha – Cornell University 

              

                  2013-2016 

Member – Greeks Go Green                2013-2016  

- Promoted sustainability within the Greek community at Cornell University 

President, Co-Founder– Cornell Fishing Club              2012-2016 

- Organized a community of fishermen and fisherwomen at Cornell University, managed 

budgets, regulated day-to-day activity, educated members on proper fishing techniques 

and fish ecology, and competed in competitive fishing tournaments 

Founding Member – Green Catch               2012-2015  

- Educated the local and Cornell University community about fisheries and sustainable 

seafood choices 

Captain, Social Chairman – Cornell Track and Field Club            2012-2016 
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Professional Training 

NSF 3D Morphometrics and Image Analysis Intense Summer Workshop – Friday Harbor Labs, 

University of Washington, WA                  August 26th-31st 

Evolutionary Morphology and Biomechanics Networking and Mentoring Luncheon - Society for 

Integrative and Comparative Biology (SICB) Annual Meeting – Tampa, FL        January 7th, 2019 

Mentorship Workshop – Society for Integrative and Comparative Biology (SICB) Annual 

Meeting – San Francisco, CA                  January 6th, 2018 

Level 1 Training in the Atlantic Large Whale Disentanglement Program by NOAA       2013 

PADI Open Water Dive Certification             2012 

Professional Fishing Academy – IMG Academies – Bradenton, FL            2006-2007 

 

Societies and Memberships 

Member – American Society of Ichthyologists and Herpetologists        2019-Present 

Member – Fishing League Worldwide (FLW)           2017-Present 

Member – The Bass Federation (TBF)            2017-Present 

Member – B.A.S.S. (Bassmaster)            2016-Present 

Member, Social Media Correspondant (since 2019) – Society for Integrative and Comparative 

Biology (SICB)                2014-Present  
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Languages 

English – native speaker 

Spanish – 10 years of instruction  

R – statistical programming 

 

Field Experiences 

University of Florida’s Tropical Aquaculture Lab, Ruskin FL  

          January, September-October 2019 

Maryland Department of Natural Resources Field Office, Cedarville State Forest, MD   

                  2017-2018  

Friday Harbor Laboratories, University of Washington, San Juan Island, WA    

                 Summers 2015, 2016, 2019  

Cornell Biological Field Station, Oneida Lake, NY              2014-2016 

Shoals Marine Lab, Cornell Universty/University of New Hampshire, Appledore Island, ME  

                       Summers 2011, 2013, 2014, 2016 

 


