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Amphibious fishes can survive extreme changes, often occupying aquatic habitats with 

variable and unfavourable conditions. This group also makes the challenging transition 

from aquatic to terrestrial habitats, sometimes for prolonged durations. Here, I 

investigated the adaptive, behavioural, and plastic responses used by amphibious 

killifishes to cope with extreme environmental changes. First, I collaborated to 

investigate whether amphibious behaviour, in addition to physiological tolerance, 

provides mangrove fishes with a strategy to cope with high external levels of the 

naturally occurring toxicant, hydrogen sulfide. We found that tolerance alone was 

insufficient to cope with high, but ecologically relevant, levels of hydrogen sulfide and 

that all three mangrove fishes examined demonstrated avoidance behaviour through 

emersion from water. Next, I hypothesized that amphibious fishes retain larval skin traits 

as a developmental strategy through either a continuous expression or re-expression 

pattern. I found support for the continuous expression hypothesis regarding skin ion-

transporting cells. I also found that the density of these skin ‘ionocytes’ was highest in



 more emersion tolerant species, suggesting that ionocytes facilitate survival in 

terrestrial habitats. In my final thesis chapter, I tested two related hypotheses that 

address different evolutionary mechanisms. First, that the skin ionocyte density in 

amphibious fishes evolved to be constitutively different from exclusively water-breathing 

species to promote ionoregulation via the skin in terrestrial environments. I also tested 

the alternate hypothesis that skin ionocyte density is instead primarily determined by 

plasticity in response to air-exposure. By rearing nine species of killifish in water with no 

access to air, I first showed that skin ionocytes are a constitutive trait. I also found that 

in two highly amphibious species, skin ionocyte density increased in response to one 

week of air-exposure, whereas this was not the case in four moderately amphibious 

species. Overall, my thesis documents critical strategies amphibious killifishes use to 

cope with aquatic and terrestrial homeostatic stressors as well as the value of 

cyprinodontiform killifishes as a model study group. 
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Chapter 1 : General introduction 

  



 

 

 

 

2 

To survive, all living organisms must maintain homeostasis within tolerable limits. 

Amazingly, organisms achieve this universal objective even in the most extreme 

environments on earth: from the deepest parts of the oceans (Somero 1992) and while 

flying above the highest mountains (Scott et al. 2015). Understanding the diversity of 

physiological strategies used in the natural world to enable survival has occupied, and 

continues to occupy, generations of biologists. In my thesis I investigated how 

amphibious fishes use adaptive traits, behavioural, and plastic responses to maintain 

homeostasis and survive in two extreme environments – mangrove swamps and 

terrestrial habitats.  

1.1 Homeostasis  

Maintaining a relatively constant internal environment despite changing external 

environmental conditions i.e., homeostasis, is one of the “core principles” in physiology 

identified by Michael et al. (2009) and is essential for all living organisms. Different 

organisms have distinct sets of regulatory set-points to maintain their internal 

environment as well as tolerances for variation from those set-points. For example, 

Antarctic icefishes living at ~-1.9ºC have an upper incipient lethal temperature tolerance 

of ~6ºC and can withstand supercooling to at least -2.5ºC, a range of ~8.5ºC (Somero 

and DeVries 1967). Whereas a southern subspecies of temperate killifish, Fundulus 

heteroclitus heteroclitus, has chronic thermal maxima and minima as high as 38.2ºC 

and low as -1.1ºC, respectively, a range of ~39ºC (Fangue et al. 2006). Thus, a 

homeostatic range that is normal for one species, may be extreme to another.  

Homeostasis must be maintained within tolerable limits, otherwise fitness may be 

diminished or ultimately mortality will occur. Provided a homeostatic perturbation is not 

too extreme, an animal’s homeostatic ‘normal’ may be maintained, restored, or a new 

normal established through the individual or combined actions of: 1) evolved, adaptive 

traits (e.g., vascularized skin folds to increase surface area for gas-exchange in some 



 

 

 

 

3 

frogs like Telmatobius culeus, Hutchison et al. 1976), 2) behaviours (e.g., behavioural 

thermoregulation as in some reptiles like Tropidurus torquatus, Kiefer et al. 2006), or 3) 

phenotypic plasticity (e.g., reversible structural changes to alter gill surface area in 

response to hypoxia in fish such as Carassius carassius, Sollid et al. 2003). In my 

thesis, behavioural avoidance (Chapter 2), skin adaptations, and phenotypic plasticity 

(Chapters 3 + 4) were investigated.  

Phenotypic plasticity 

There is a large and diverse body of literature surrounding phenotypic plasticity. Key to 

the principle is the fact that phenotypic traits are influenced by the interaction of the 

underlying genotype with the environment. Thus, phenotypic plasticity has been defined 

as, “the ability of a given genotype to express different phenotypes in different 

environmental circumstances” (Sultan 2021). A key benefit of phenotypic plasticity is 

thought to be enhanced phenotype-environment matching across a broader range of 

environmental conditions than a fixed phenotype could provide (Pfennig 2021). 

Phenotypic plasticity is widespread among organisms. Indeed, a recent textbook 

chapter on plasticity went so far as to say: “there is no such thing as a non-plastic 

organism” (Pfennig 2021). 

There are several types of phenotypic plasticity. The type investigated in my thesis is 

phenotypic flexibility (which can also be referred to as acclimation/acclimatization, 

Wright and Turko 2016). Trait modifications resulting from phenotypic flexibility are 

reversible and such changes occur within the lifespan of an individual (Piersma and 

Drent 2003). A well-known example is life-cycle staging (Piersma and Drent 2003), e.g., 

when darker summer pigmentation is replaced by white winter pigmentation in some 

species (Zimova et al., 2018). Phenotypic flexibility is distinct from developmental 

plasticity where trait modifications are usually irreversible (Piersma and Drent 2003), but 

not always (Burggren 2020). Phenotypic flexibility is also distinct from transgenerational 

plasticity where trait modifications occur between different generations (Bell and 
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Hellmann 2019), transgenerational plasticity will not be explored in my thesis. 

Regardless of the type, phenotypic plasticity is a compensatory response that can act at 

various levels of organization, for example, from whole animal morphology changes 

(e.g., predator induced helmet formation in Daphnia cucullata, Agrawal et al. 1999) 

down to changes in macromolecule expression (e.g., temperature induced heat shock 

protein upregulation, Dietz and Somero 1992). In summary, phenotypic plasticity is a 

useful, diverse, and widespread compensatory response. 

1.2 Aquatic environments present homeostatic challenges for fishes 

Aquatic environments are diverse. Although all composed of water, the category 

‘aquatic environment’ encompasses habitats as disparate as freshwater lakes and 

rivers, brackish estuaries and mangroves, and saline lakes and oceans. Salinity is a key 

parameter for aquatic dwelling organisms, but other abiotic factors such as temperature, 

dissolved oxygen, and carbon dioxide, as well as pH are also important and may vary 

between habitats. pH, for example, may vary up to six pH units (Perry and Laurent 

1993). Thus, aquatic organisms, like fishes, are typically specialized to maintain 

homeostasis in one type of environment (e.g., only a minority of fishes are euryhaline 

and can tolerate a wide range of salinities, McCormick et al. 2013). Even within habitats, 

aquatic environments may be temporally and regionally variable in their abiotic and 

biotic environmental conditions. For example, some freshwater ponds fluctuate from 

near anoxia to hyperoxia (>300 torr) daily, and over only several hours (Graham 1985). 

Multiple aquatic parameters may also vary simultaneously. For example, in tidepools 

where dissolved oxygen, temperature, pH, and water depth may all vary over time 

(Richards 2011). Thus, aquatic environments can be challenging and routinely present 

residents with homeostatic challenges that may be extreme. 

Mangrove ecosystems are an excellent example of a challenging aquatic habitat for 

fishes. Mangrove ecosystems are circumtropically located intertidal habitats where 
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mangrove plants grow (Kathiresan and Bingham 2001). Mangrove ecosystems also 

have a characteristic “rotten egg” smell due to hydrogen sulfide (H2S), a potent, but 

naturally occurring, toxicant present in mangrove waters (Taylor 2012). Within 

mangrove ecosystems there are isolated aquatic habitats e.g., ponds. Water pH, 

temperature, dissolved oxygen content, and levels of H2S vary between and within 

ponds. For example, mangrove ponds in Belize have dissolved oxygen contents below 

1 mgL-1 at night but are supersaturated during the day, daily temperature fluctuations of 

>11ºC, and variable pH (up to 0.68 pH unit difference; Gedan et al. 2017). Clearly, 

aquatic mangrove habitats present formidable homeostatic challenges for fishes. Yet, 

seemingly at odds with the fact of challenging aquatic conditions, mangrove ecosystems 

are often inhabited by an abundance of diverse fish species (Taylor et al. 2007; for 

review: Kathiresan and Bingham 2001). Are some mangrove fishes perhaps tolerant of 

elevated external H2S levels (similar to Poecilia mexicana, Kelley et al. 2016), while 

others may instead use avoidance strategies (e.g., Kryptolebias marmoratus which 

leaves H2S-rich waters, Abel et al. 1987)? In Chapter 2 of my thesis, as part of a 

collaborative effort, I used three mangrove fishes to investigate physiological tolerance 

and behavioural avoidance as compensatory strategies to cope with highly sulfidic 

aquatic conditions in a Belizean mangrove swamp. 

Unfavourable aquatic conditions: a driver for emersion 

Although we typically think of fish as residing in water, not all fish do, at least for their 

entire lives. Amphibious fishes are a group characterized by their ability to live out of 

water, on land, as part of their natural life history (Gordon et al. 1969). Amphibious 

behaviour can be driven by a number of factors, both abiotic (e.g., dissolved oxygen, 

temperature, and elevated hydrogen sulfide) and biotic (e.g., competition and predation, 

for review: Sayer and Davenport 1991). By leaving water (emersing) amphibious fishes 

can completely evade challenging aquatic conditions. Thus, amphibious behaviour 

could be viewed as behavioural avoidance of homeostatic stressors. For the 
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amphibious fishes that use this strategy the terrestrial environment presents a suite of 

novel homeostatic challenges (discussed below) that must be overcome to survive for a 

meaningful duration of time. However, for those fishes with the adaptations and 

compensatory abilities to maintain homeostasis within tolerable limits on land, a unique 

and novel ecological niche is opened for exploitation. 

1.3. Amphibious fishes 

Amphibiousness in fishes is estimated to have independently evolved 87 times across a 

wide phylogenetic distribution, primarily within the last 65 million years (Damsgaard et 

al. 2020). Like air-breathing fishes (~656 species distributed across 41 families), 

amphibious fishes conduct both aquatic and aerial gas-exchange (Damsgaard et al. 

2020). Previously, amphibious and air-breathing fishes have been grouped together 

(e.g., Graham 1997), but more recently the importance of treating amphibious fishes as 

a physiologically distinct group has been recognized (e.g., Turko et al. 2021) due to 

their unique life-history trait of physically leaving water. More than 200 species of 

amphibious fishes, spanning 40 families, have been identified (Wright and Turko 2016). 

However, this number is <1% of all extant fishes (Turko et al. 2021), suggesting that 

emersion is a formidable homeostatic challenge for most fishes. 

Amphibious fishes are remarkably diverse. Amphibious fishes are phylogenetically 

widespread (Damsgaard et al. 2020), are endemic over a wide geographic distribution 

(tropical to polar), are found in disparate habitats (marine to freshwater; demersal to 

pelagic), have different diets (carnivore to herbivore; Ord and Cooke 2016), and also 

have diverse reproductive strategies (e.g., viviparous Poecilia wingei, Řežucha and 

Reichard 2014; oviparous K. marmoratus, Harrington 1961). Even the defining feature 

of amphibious fishes - emersion - varies. Some amphibious fishes, like the pearl blenny 

Entomacrodus nigricans, are typically out of water for only short durations (usually < 10 

seconds) and their maximum air-tolerance is limited to hours (i.e., an average of ~228 
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minutes at night, Graham et al. 1985). Others can survive out of water for several days 

e.g., the marble goby (Oxyeleotris marmorata, Jow et al. 1999), months e.g., the 

mangrove rivulus (K. marmoratus, Taylor 1990; Turko et al. 2019), or even years as in 

the African lungfishes (e.g., Protopterus aethiopicus, Smith 1931). For any extended 

emersion duration, maintaining internal homeostasis while out of water is essential for 

survival. However, the disparate properties of water and air make this challenging. 

Challenges associated with moving between water and land 

Aquatic and terrestrial habitats are disparate; arguably, no two habitat types differ more 

from one another. For example, the respiratory gases oxygen and carbon dioxide are 

8000 times more diffusive, and oxygen is 30 times more soluble in air than in water. 

Also, terrestrial environments are 800 times less dense than aquatic ones, are highly 

desiccating, and poor in accessible ions (see Table 1 within Wright and Turko 2016). 

Given these differences, biological strategies that are effective in water may be 

ineffective in air. Thus, moving from life in water to life on land presents a number of 

homeostatic challenges for fishes (see: Sayer 2005; Wright and Turko 2016; 

Damsgaard et al. 2020).  

Two strategies amphibious fishes may use to cope and maintain homeostasis on land 

are constitutive adaptive traits and/or phenotypic plasticity. Many adaptive traits to 

enable terrestrial occupation have been identified in the literature, but the importance of 

phenotypic plasticity is increasingly recognized (for review: Wright and Turko 2016). In 

the highly amphibious mangrove rivulus (K. marmoratus) for example, the presence of 

epidermal capillaries in the skin (Grizzle and Thiyagarajah 1987) is an adaptation 

presumed to facilitate cutaneous gas-exchange. However, K. marmoratus also 

demonstrates additional phenotypic plasticity to further enhance gas-exchange across 

the skin by increasing the number of cutaneous blood vessels in response to air-

exposure (Blanchard et al. 2019). Another critically important homeostatic parameter for 

amphibious fishes to maintain in water and on land is ionoregulation. Ionoregulation in 
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fish has been predominantly studied in exclusively water-breathing fishes. As Shartau 

and Brauner note in their 2014 review, much less ionoregulatory information is known 

about fishes with bimodal respiration (Shartau and Brauner 2014) i.e., those that 

breathe both air and water.   

1.4 Ionoregulation 

Maintaining homeostasis of internal ion levels within tolerable limits (i.e., ionoregulation) 

is an essential life process that is interlinked with osmoregulation and acid-base balance 

(Zimmer et al. 2021). Maintaining ion balance is critical, as key processes like 

conduction of nervous impulses and maintenance of the structural conformation of 

macromolecules depend upon the ionic composition of surrounding body fluids. For 

many fishes, the skin covering the body and yolk sac is the primary ionoregulatory site 

in early life, and over development ionoregulation typically shifts to the gill (Varsamos et 

al. 2005; Rombough 2007; Fu et al. 2010; Zimmer et al. 2014; Fridman 2020). Thus, in 

most adult fishes the gill is the organ primarily responsible for maintaining whole animal 

ion balance via exchange with the surrounding aquatic environment (Evans et al. 2005).  

Ion exchange, whether occurring across the skin or gill, is facilitated by specialized ion 

transporting cells called ionocytes in the epithelium. Initially discovered in fish gills and 

termed “chloride-secreting cells” by Keys and Willmer (1932) the nomenclature for these 

cells was later revised to “mitochondria-rich cells” or “ionocytes” (the term ionocyte is 

used throughout my thesis). Since their discovery, ionocytes have been identified in 

taxonomically widespread species spanning invertebrates (e.g., Cieluch et al. 2005; Hu 

et al. 2011) to humans (Shah et al. 2022). In fishes, there are a diversity of ionocyte 

subtypes (see: Evans et al. 2005) specialized to species life-history, the nuances of 

which are still an active area of research. Regardless, ionocytes perform a conserved 

function – ion transport. 
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The structure of ionocytes facilitates their ion transport function. Characteristically, fish 

gill ionocytes have membrane ion transporters and channels in their surfaces to enable 

ion movement, an abundance of mitochondria to power active ion transport (Dymowska 

et al. 2012), an elaborate basolateral membrane (Wilson and Laurent 2002) to increase 

surface area for transport, and are located in close proximity to blood and the external 

environment to facilitate exchange (van der Heijden et al. 1997). Typically, energy 

consuming ATPases provide the drive for other ion movements e.g., Na+-K+-ATPase 

(NKA, Flik et al. 1997), ultimately resulting in ion uptake in freshwater fishes or ion 

extrusion in seawater fishes. As an active process, gill ionoregulation requires energy 

(e.g., active NaCl uptake in freshwater Oncorhynchus clarki clarki accounts for ~1.8% of 

resting oxygen consumption, Morgan and Iwama 1999). Clearly, the ionoregulatory 

function of the gills is critically important for survival, how then do amphibious fishes 

ionoregulate in air when water ceases to flow over the gills, impairing function? The skin 

is thought to play a key ionoregulatory role in amphibious fishes. 

Skin ionoregulation by amphibious fishes 

In adult fishes, ionocytes can also be present in body regions other than the gills. For 

example, the inner opercular epithelium of some species (e.g., Degnan et al. 1977) is 

populated with ionocytes. Ionocytes have also been documented in the skin of adult 

fishes and seem to serve an ionoregulatory function (Glover et al. 2013). This 

commonality with the skin of early life-stage fishes has led some authors to speculate 

that the use of the adult skin for ionoregulation, “may be interpreted as the exploitation 

of a neotenic characteristic” (Pelster and Wood 2018). To my knowledge, this idea has 

not previously been explicitly tested. Thus, as skin ionocytes are particularly associated 

with amphibious fishes (see list of species and associated references within Chapters 3 

and 4), in Chapter 3 I asked whether amphibious fishes retain larval skin traits as a 

developmental strategy. Although a number of studies have identified skin ionocytes in 

amphibious species, fewer have more deeply investigated how skin ionocytes respond 
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to air-exposure. Most such work has been done in the model amphibious species K. 

marmoratus where skin ionocytes have been shown to be phenotypically plastic in 

response to air-exposure (LeBlanc et al. 2010, Martin et al. 2019, Ridgway et al. 2021). 

How widespread such phenotypic plasticity may be amongst other amphibious fish 

species is largely unknown. Thus, in Chapter 4, by experimentally preventing air-

exposure, I investigated whether it is developmental exposure to air that stimulates the 

expression of an ionoregulatory skin phenotype in seven amphibious fishes (a current 

unknown) as well as how skin ionocytes respond to subsequent air-exposure as adults. 

1.5 Thesis scope and hypotheses 

My thesis comprises three original studies (Chapters 2, 3, and 4), all of which take a 

comparative experimental approach. Chapter 2 investigates how mangrove fishes 

persist in an extreme aquatic environment - highly sulfidic mangrove swamps. In this 

study we asked whether amphibious behaviour provides amphibious species with an 

additional compensatory strategy to cope with high levels of the naturally occurring 

toxicant H2S. We tested two hypotheses: 

The tolerance hypothesis – that mangrove fishes persist in H2S-rich mangrove pools 

because they are highly H2S tolerant. 

The avoidance hypothesis – that emersion behavior allows mangrove fishes to persist 

in H2S-rich mangrove pools by leaving water to avoid H2S. 

Chapters 3 and 4 are more closely related to one another and generate a sub-theme 

within my thesis. These two chapters address the question of whether the skin acts like 

a gill for the purposes of ionoregulation and oxygen-sensing when amphibious fishes 

make the extreme environmental transition between aquatic and terrestrial 

environments.  



 

 

 

 

11 

In Chapter 3 I used six different species, spanning a range of amphibiousness, to ask 

whether amphibious killifishes retain larval-type traits (cutaneous ionocytes and oxygen-

sensing neuroepithelial cells) across development and into later life-stages to facilitate 

survival in terrestrial environments. I tested hypotheses related to two developmental 

patterns through which such larval-trait retention could occur. 

The continuous-expression hypothesis – that the larval-type skin phenotype of 

adult amphibious fishes is the result of the continuous expression of larval traits 

across life-stages.  

The re-expression hypothesis -  that the larval-type skin phenotype in amphibious 

species is the result of the decline and then re-expression of larval skin traits in later 

developmental stages. 

Finally, in Chapter 4 I added three additional killifish species to my investigation and 

asked whether skin ionocytes are a constitutive skin trait in amphibious fishes and how 

air-exposure impacts the density of these cells in the skin. I tested the following 

hypotheses: 

The constitutive differences hypothesis – that the skin ionocyte density of 

amphibious fishes has evolved to promote ionoregulation via the skin in terrestrial 

environments. 

The plasticity hypothesis – that the increased skin ionocyte density of amphibious 

fishes is instead primarily determined by plasticity in response to air-exposure  

1.6. Study species 

Throughout my thesis I have elected to focus primarily on one taxonomic order - the 

Cyprinodontiformes, commonly known as the killifishes. Indeed, eight of the ten genera 

used in my thesis are from this Cyprinodontiformes Order. The evolution, ecology, and 
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physiology of amphibious Cyprinodontiformes has been detailed previously (see: Turko 

and Wright 2015) and this group has also previously been used as a model in which to 

compare amphibious and non-amphibious members while incorporating phylogenetic 

considerations (Turko et al. 2020). Two reasons why the Cyprinodontiformes provide an 

effective study system are that: 1) the order is rich with amphibious species (Wright and 

Turko 2015) from multiple evolutionary origins (Damsgaard et al. 2020), thus offering 

evolutionary diversity and 2) air-tolerance varies between the amphibious 

Cyprinodontiformes, from short periods of emersion (seconds to minutes) to prolonged 

(months) periods out of water (Turko and Wright 2015), further increasing diversity and 

providing a gradient for study. Thus, for me, the Cyprinodontiformes satisfied the August 

Krogh principle that: “For a large number of problems there will be some animal of 

choice or a few such animals on which it can be most conveniently studied” (Krogh 

1929). 
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2.1 Abstract 

Hydrogen sulfide (H2S) is a potent respiratory toxin that makes sulfidic environments 

tolerable to only a few organisms. We report the presence of fishes (Kryptolebias 

marmoratus, Poecilia orri, Gambusia sp., and Dormitator maculatus) in Belizean 

mangrove pools with extremely high H2S concentrations (up to 1,166 µM) that would be 

lethal for most fishes. Thus, we asked whether the three most prevalent species 

(Kryptolebias, Poecilia, and Gambusia) persist in sulfidic pools because they are 

exceptionally H2S tolerant and/or because they can leave water (emerse) and 

completely avoid H2S. We show that both physiological tolerance and emersion 

behavior are important. Kryptolebias demonstrated high H2S tolerance, as they lost 

equilibrium significantly later than Poecilia and Gambusia during H2S exposure (1,188 ± 

21 µM H2S). However, the fact that all species lost equilibrium at an ecologically 

relevant [H2S] suggests that physiological tolerance may suffice at moderate H2S 

concentrations but that another strategy is required to endure higher concentrations. In 

support of the avoidance behavior hypothesis, H2S elicited an emersion response in all 

species. Kryptolebias was most sensitive to H2S and emersed at H2S concentrations 

52% and 34% lower than Poecilia and Gambusia, respectively. Moreover, H2S 

exposure caused Kryptolebias to emerse more frequently and spend more time out of 

water compared to control conditions. We suggest that physiological H2S tolerance and 

emersion behavior are complementary strategies. The superior H2S tolerance and 

amphibious capability of Kryptolebias may explain why this species was more prevalent 

in H2S-rich environments than other local fishes. 
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2.2 Introduction 

Hydrogen sulfide (H2S) is acutely toxic for most aquatic animals at micromolar 

concentrations, and thus it is an extreme environmental stressor (Smith et al. 1977; 

Bagarinao 1992). H2S is naturally produced in many aquatic environments (e.g., coastal 

wetlands, mangrove forests, hydrothermal vents, freshwater springs) through biological 

or geochemical processes (Tobler et al. 2016). Such extreme environmental stressors 

can shape biological communities by acting as ecological filters (Tobler et al. 2016). 

H2S toxicity, for example, imposes strong selection pressure against nontolerant 

species, allowing only a few tolerant species (mostly invertebrates) to pass through the 

“filter” and persist in H2S-rich environments (Turnipseed et al. 2003; Tobler et al. 2006; 

Greenway et al. 2014). Consequently, species richness generally declines with 

increasing H2S concentration (Tobler et al. 2006). However, some fishes have evolved 

remarkable tolerance to H2S through physiological modifications. 

The primary mechanism of H2S toxicity is the inhibition of cytochrome c oxidase (COX), 

which impairs mitochondrial respiration and the aerobic production of ATP (Cooper and 

Brown 2008). In an H2S-tolerant species (Poecilia mexicana), sequence modification of 

COX reduces H2S binding and ensures continued mitochondrial function in the 

presence of H2S (Kelley et al. 2016). Other fishes may compensate for the inhibition of 

direct toxicity targets (e.g., COX) by relying on anaerobic ATP production (i.e., 

glycolysis; Affonso et al. 2002). Tolerance can also be conferred through detoxification 

of H2S in the body. Several fishes from sulfidic environments demonstrate a high 

capacity for oxidizing H2S into a less toxic form (i.e., thiosulfate; Bagarinao and Vetter 

1989, 1993). 

Fishes may utilize behavioral strategies in addition to physiological approaches to 

minimize the flux of H2S into the body. For instance, bearded gobies (Sufflogobius 

bibarbatus) make diel migrations between sulfidic and nonsulfidic microenvironments 
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(Salvanes et al. 2011), whereas other species (e.g., P. mexicana) utilize alternative 

respiratory strategies, such as aquatic surface respiration (ASR), where they encounter 

well-oxygenated water with lower [H2S] (Plath et al. 2007; Greenway et al. 2014). 

Perhaps the most complete avoidance strategy is demonstrated by amphibious fishes 

that can leave water for extended periods and avoid H2S altogether. Amphibious fishes 

are known to emerse for biotic reasons (e.g., to avoid predators; Ord et al. 2017), and 

abiotic stressors in the aquatic environment are also strong emersion stimuli (Sayer and 

Davenport 1991; Graham 1997). This raises the question: Does emersion behavior 

provide a complementary or even alternative strategy to physiological tolerance, thereby 

allowing the utilization of periodically H2S-rich environments from which fully aquatic 

species may be excluded? 

We studied mangrove fishes occupying ephemeral pools in a mangrove forest on Long 

Caye, Belize, where H2S had previously been detected but not extensively quantified. In 

this habitat, H2S is naturally produced from the decomposition of organic matter under 

low oxygen conditions and the activity of anaerobic sulfate-reducing bacteria in the 

sediment (Nedwell 1982; Taylor 2012). In preliminary observations, the amphibious 

mangrove rivulus (Kryptolebias marmoratus) appeared more prevalent in aquatic 

environments containing elevated H2S relative to other local fish species (Poecilia orri 

[mangrove molly], Gambusia sp. [species unknown as not morphologically distinct], 

Dormitator maculatus [fat sleeper]). Kryptolebias is a cyprinodontiform fish that is 

extremely tolerant of poor water quality but emerses when aquatic conditions fall 

beyond thresholds (e.g., extreme hypoxia; Regan et al. 2011) and can survive on land 

for at least 2 mo (Taylor 1990). H2S has been shown to drive emersion in Kryptolebias 

in one previous study (Abel et al. 1987). Relatively little is known about the natural 

history of Poecilia, Gambusia, or Dormitator, but to the best of our knowledge, there are 

no reports of amphibious behavior in these fishes. In the present study, we first tested 

the hypothesis that Kryptolebias, Poecilia, and Gambusia persist in H2S-rich mangrove 

pools because they are highly H2S tolerant. This tolerance hypothesis predicts that 
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fishes should not lose equilibrium even when exposed to the highest [H2S] measured in 

mangrove pools inhabited by fish. Furthermore, due to the suspected primarily aquatic 

lifestyle of Poecilia and Gambusia, these species should be more physiologically 

tolerant of high [H2S] than amphibious Kryptolebias. We also tested the complementary 

hypothesis that emersion behavior allows fishes to persist in H2S-rich mangrove pools 

by leaving water to avoid H2S. This avoidance hypothesis predicts that H2S should be a 

driver of emersion in all species and particularly in the highly amphibious Kryptolebias. 

 

2.3 Methods 

Field Sampling 

We collected four fish species: Kryptolebias marmoratus, Poecilia orri, Dormitator 

maculatus, and an unknown species of Gambusia (Gambusia sp.) from 11 

geographically proximate study sites (Figure 2.1; maximum intersite distance: 750 m) 

on Long Caye, Lighthouse Reef Atoll, Belize, between April 18 and April 30, 2018. 

Going forward, all study species will be referred to by genus name only for brevity. All 

fish (N = 628) were captured from mangrove pools using dip nets, Taylor cup traps, or 

Gee minnow traps (Ritchie and Johnson 1986; Taylor 1990). Standard length (mm) and 

mass (g) were measured for calculation of condition factor (Fulton’s K), as described by 

Froese (2006). We selected a subset of fish: Kryptolebias (hermaphrodites; n = 28), 

Poecilia (mixed sex; n = 28), and Gambusia (mixed sex; n = 25) for experimental use, 

and they were not weighed and measured until after experimentation to minimize 

handling stress. These experimental fish (N = 81) were individually maintained in 120-

mL plastic holding cups (~60 mL seawater, 36.3‰ ± 0.2‰ [mean ± SEM]; pH = 8.1) for 

24 h prior to use in experiments. No Dormitator were used in experiments as relatively 

few were captured. We performed all experiments in seawater of pH 6.4, adjusted using 

HCl (a pH measured in the field; see Table 2.1), to target the toxic sulfide species (H2S) 
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of interest. In all experiments, water dissolved oxygen levels were between 3.3 and 4.5 

mg L-1, and temperature ranged between 27.5º and 30.0ºC. Within 24 h of taking length 

and mass measurements or following experimentation, we returned fish to their capture 

site. All experimental procedures were approved by the University of Guelph Animal 

Care Committee (protocol 3983) according to guidelines established by the Canadian 

Council on Animal Care. 

Our study period coincided with the end of the dry season, which typically runs from 

December to May. Water chemistry parameters were measured at each study site 

several times in April 2018 (Table 2.1). We measured dissolved oxygen (mg L-1), pH, 

temperature (ºC), and salinity (‰) using an electronic field probe (Multiparameter Meter, 

Hanna Instruments, RI). We assayed total sulfide (H2S, HS-, S2-) concentration (µM) at 

each site colorimetrically using the methylene blue method (Cline 1969). Water samples 

were diluted to fall within the linear range of the chosen methylene dye (40–250 µM total 

sulfide). Subsequently, we calculated H2S concentration (µM) from [total sulfide] as 

described by Broderius and Smith (1977) using pH and the pK1 value (Tumanova et al. 

1957) that encompassed the range of water temperatures measured in the field. 

Loss of Equilibrium 

To measure H2S tolerance in Kryptolebias (0.23 ± 0.03 g, n = 8), Poecilia (0.23 ± 0.04 g, 

n = 8), and Gambusia (0.19 ± 0.03 g, n = 8), we exposed fish to seawater (pH = 6.4) 

containing 1,188 ± 21 µM H2S, made using NaS • 9H2O (Sigma Aldrich). We recorded 

the time until loss of equilibrium (LOE). This concentration was chosen because it was 

the highest-recorded field measurement at a site where fish were captured (Table 2.1, 

site 10). Fish were considered to have lost equilibrium when they could no longer 

maintain an upright position in the water column and were unresponsive to three 

consecutive caudal peduncle prods (Regan et al. 2017). LOE experiments were carried 

out in 350-mL plastic containers with a mesh barrier 1 cm below the water line to 

prevent emersion and aquatic surface respiration. Three of the eight Gambusia used in 
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this experiment were previously used in the time control emersion behavior experiment 

detailed below. 

Assessment of H2S as a Driver for Emersion 

To assess whether increasing concentrations of H2S would result in emersion by 

Kryptolebias (0.27 ± 0.03 g, n = 8), Poecilia (0.25 ± 0.05 g, n = 8), and Gambusia (0.30 

± 0.07 g, n = 9), we individually acclimated fish to an experimental chamber containing 

350 mL seawater (pH = 6.4) for 1 h. The experimental chamber was surrounded at the 

water line by an oval platform (~4 cm wide) lined with a moist foam substrate onto which 

the fish could emerse. The seawater in the experimental chamber was continuously 

mixed with a stir bar (separated from fish by a mesh divider). Following the 1-h 

acclimation period, we increased the [H2S] in the experimental chamber by ~35 µM min-

1 via the repeated addition of a bolus (150 µL) of 100 mM total sulfide stock solution. 

The addition of sulfide stock caused pH to increase; thus, pH was continuously 

recorded with a pH meter (Accumet AB15, Fisher Scientific) and maintained at ~6.4 

(range 6.3–6.6) using small (µL) simultaneous additions of concentrated HCl. We added 

sulfide and HCl behind a visual barrier to minimize fish disturbance. At the time of 

emersion, we recorded water temperature and pH and used a water sample to 

empirically determine [H2S] as above. 

Assessment of Emersion Behavior in Response to H2S 

To assess the degree of terrestriality in Kryptolebias (0.34 ± 0.07 g, n = 8), Poecilia 

(0.39 ± 0.11 g, n = 8), and Gambusia (0.32 ± 0.09 g, n = 8), we individually acclimated 

fish to the same experimental chamber as above (pH = 6.4) for 1 h without a stir bar or 

divider. Following the acclimation period, fish were video recorded (Logitech Quickcam 

Pro, Fremont, CA) for 1 h in seawater (pH = 6.4) to establish individual baseline 

emersion behavior. At the end of this control period, we drained the experimental 

chamber via siphoning to minimize disturbance and immediately refilled with 350 mL of 
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seawater containing H2S (545 ± 66 µM H2S, pH = 6.4). This concentration was chosen 

to ensure that H2S could trigger emersion behavior as it is slightly above the mean 

concentration at which the least sensitive species (Poecilia) emersed in the experiment 

above. Fish were then video recorded for another 1 h. We analyzed videos to compare 

the number of emersions and the total time spent out of water (min) between the control 

hour and H2S exposure hour. H2S volatilizes and oxidizes and thus is lost from solution 

over time. Over the 1-h experimental period, an average of 33.5% ± 0.04% of the H2S 

was unavoidably lost; however, final concentrations remained high (396 ± 12 µM).  

We also conducted a separate time control experiment to ensure that differences in the 

number of emersions and total time spent out of water (min) between hour 1 and hour 2 

were the result of H2S exposure and not disturbance, low pH, or chamber familiarity. 

Kryptolebias (0.43 ± 0.06 g, n = 4), Poecilia (0.32 ± 0.03 g, n = 4), and Gambusia (0.21 

± 0.04 g, n = 4) were used in this experiment. After the 1-h control period in this 

experiment, we drained the experimental chamber as above and replaced with 350 mL 

of H2S-free seawater (pH = 6.4). 

Statistical Analysis 

We assessed all data for normality and homogeneity of variance using Shapiro-Wilk and 

Bartlett’s tests, respectively. A nonparametric Kruskal-Wallis test, followed by a Dunn’s 

post hoc test using a Bonferroni correction factor, was used to compare the Fulton’s K 

of the three species across study sites, as normality and homogeneity of variance 

assumptions were violated and could not be corrected by data transformation. To 

compare Fulton’s K of Dormitator at the two sites at which it was found, an unpaired t-

test was used. When comparisons between species were required, we tested for a 

phylogenetic signal using an Abouheif’s Cmean test. Of the many phylogenetic signal 

tests available, Abouheif’s Cmean test is thought to be most appropriate when small 

numbers of species are compared (Abouheif 1999), although all phylogenetic signal 

tests have a high rate of type II error when there are fewer than 20 species 
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(Münkemüller et al. 2012). Abouheif’s Cmean tests revealed no phylogenetic signal in 

either the time to LOE (P = 0.49) or [H2S] at emersion data (P = 0.50); therefore, 

incorporating phylogeny into statistical methods was unnecessary (Björklund 1997; 

Abouheif 1999). Thus, we performed a Kruskal-Wallis test, followed by a Dunn’s 

multiple-comparison test using a Bonferroni correction factor, to compare the time to 

LOE between species and a one-way analysis of variance (ANOVA), followed by a 

Tukey’s multiple-comparison test, to compare the [H2S] at which species emersed; data 

were log transformed to meet parametric assumptions. We used paired t-tests to 

determine the effect of constant H2S exposure on emersion behavior (number of 

emersions, % time spend out of water) in Kryptolebias and Poecilia. We did not perform 

statistical tests on the emersion behavior of Gambusia to constant H2S as fish did not 

emerse in response to control or H2S-rich water. We designated significance at α = 0.05 

and performed all statistical analyses in RStudio (ver. 1.1.447). 

 

2.4 Results 

Water Chemistry 

Water parameters varied considerably on spatial and temporal scales, both across and 

within mangrove pools (Table 2.1; Supplemental Figure 2.1). While H2S is prevalent in 

the sediments across the mangrove ecosystem (Harbison 1986; Kryger and Lee 1995), 

we detected it in the water at only five of the 11 study sites (sites 7–11). We measured 

extremely high [H2S] at sites 10 and 11 (>1 mM). At site 11, we found high [H2S] in 

conjunction with white microbial mats coating the surface of the water; however, we 

never observed or captured fish there. 
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Species Proportion and Condition Factor across Sites 

Kryptolebias was the predominant species at three of the four sites where we detected 

H2S and captured fish (sites 7–10). Kryptolebias constituted 100% of fish captured at 

sites 7 and 9 and 76% of fish captured at site 10 (Figure 2.1; Supplemental Table 2.1). 

Condition factor in Kryptolebias did not differ across study sites (Kruskal-Wallis; P = 

0.66; Table 2.2). In comparison, at sites where we did not detect H2S (sites 1–6), 

species richness was higher (up to four fish species colocated at a single site), with 

either Poecilia or Gambusia being the dominant species at five of these six H2S-free 

study sites (Figure 2.1; Supplemental Table 2.1). Poecilia and Gambusia collected at 

site 3 were in better condition than those at other sites. Poecilia at site 3 had a 

significantly higher Fulton’s K than those collected at sites 4, 6, and 8 (Dunn’s; P < 

0.05), while Gambusia collected at site 3 had a significantly higher Fulton’s K than those 

collected at site 8 (Dunn’s; P < 0.05; Table 2.2). We captured Dormitator at only three 

study sites (sites 3, 6, and 8) in low proportions (≤26%; Supplemental Table 2.1), and 

condition factor of this species did not differ across sites (Kruskal-Wallis; P = 0.43; 

Table 2.2). No other fish species were found at any of our study sites. 

Loss of Equilibrium 

All species, with the exception of one Kryptolebias individual, lost equilibrium within our 

a priori–determined 1-h experimental duration; thus, this single trial was terminated prior 

to LOE (Figure 2.2A, square). However, the time to LOE varied among species 

(Kruskal-Wallis; P < 0.01), indicating significant species differences in tolerance. 

Kryptolebias lost equilibrium significantly later than both Poecilia and Gambusia 

(Dunn’s; P < 0.05), and Poecilia lost equilibrium significantly later than Gambusia 

(Figure 2.2A). 
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Emersion in Response to Increasing H2S 

All species emersed in response to increasing concentrations of H2S. However, both the 

propensity to emerse and the concentration of H2S that elicited emersion was species 

specific (ANOVA; P < 0.01). Kryptolebias emersed at a significantly lower [H2S] than 

both Poecilia and Gambusia (Tukey; P < 0.01; Figure 2.2B). However, in four of nine 

experimental trials, Gambusia did not emerse, despite unimpeded access to an 

emersion platform, and instead lost equilibrium (Figure 2.2B, squares). Length, mass, 

and Fulton’s K were not significantly different in fish that lost equilibrium compared to 

those that emersed (t-test; P > 0.5). 

Emersion Behavior in Response to Constant H2S 

In contrast to rapidly increasing H2S, exposure to a constant lower [H2S] was only an 

emersion stimulus for Kryptolebias and some Poecilia individuals but not for Gambusia. 

Exposure to H2S significantly increased the number of emersions (t-test; P < 0.01; 

Figure 2.3A) and the percent time spent out of water (t-test; P < 0.01; Figure 2.3B) in 

Kryptolebias. Although Poecilia exposed to H2S did not significantly change the number 

of emersions (t-test; P = 0.10; Figure 2.3D) or the percent time spent out of water (t-

test; P = 0.08; Figure 2.3E), the data were bimodal. Some Poecilia (5/8) were 

nonresponsive (i.e., did not emerse in response to H2S; Figure 2.3G), while others (3/8) 

emersed and remained out of water for more than 90% of the H2S-exposure hour 

(Figure 2.3F). H2S caused one Poecilia individual to lose equilibrium after 41 min; this 

fish was excluded from the statistical analysis because the experimental period was 

incomplete. Gambusia did not emerse in either the control or H2S-exposure hour 

(Figure 2.3H, I); thus, we did not perform statistical analysis. Three Gambusia 

individuals lost equilibrium within 7–34 min of H2S exposure. These Gambusia did not 

differ significantly in length, mass, or Fulton’s K (t-tests; P > 0.1) than fish that 

maintained equilibrium. We show representative traces outlining the emersion activity 

during the H2S exposure hour for each species (Figure 2.3C, F, G, J). In the time 
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control experiment, we detected neither statistical significance in the number of 

emersions (t-test, P = 0.23) nor the percent of time spent out of water (t-test, P = 0.09) 

between hours 1 and 2 for all species (data not shown). 

 

2.5 Discussion 

We asked whether Kryptolebias, Poecilia, and Gambusia can persist in H2S-rich 

mangrove pools (up to 1,166 µM H2S) because they are highly H2S tolerant and/or 

because emersion behavior allows them to avoid H2S. Our results suggest that both 

physiological H2S tolerance and emersion behavior are important. Kryptolebias 

demonstrated high physiological H2S tolerance, as fish lost equilibrium significantly later 

than both Poecilia and Gambusia during H2S exposure (1,188 ± 21 µM H2S). However, 

the fact that all species lost equilibrium at an ecologically relevant [H2S] suggests that 

physiological tolerance may suffice at moderate [H2S], while another strategy is required 

to endure higher [H2S]. In support of the avoidance behavior hypothesis, increasing 

[H2S] elicited an emersion response in all species. However, the amphibious 

Kryptolebias was highly sensitive to H2S, as fish of this species emersed at lower [H2S] 

than Poecilia and Gambusia. Moreover, H2S exposure caused Kryptolebias to emerse 

more frequently and spend more time out of water than Poecilia and Gambusia. We 

suggest that physiological H2S tolerance and emersion behavior are complementary 

strategies for survival in mangrove swamps. However, the superior ability of 

Kryptolebias to use both strategies may explain why this species was predominant at 

three of four study sites where H2S was detected. 

Our findings refute the hypothesis that mangrove fishes rely solely on physiological 

tolerance to persist in H2S-rich pools. All fish lost equilibrium when exposed to an 

ecologically relevant [H2S], except for one Kryptolebias individual. Loss of equilibrium is 

considered the point of ecological death, as fish are unable to escape lethal conditions 
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in this immobilized state (Beitinger et al. 2000). While H2S tolerance may be a valuable 

trait for fishes in pools with moderate [H2S], fish must also employ alternative strategies 

to persist long-term. We expected that Kryptolebias would have lower physiological H2S 

tolerance than Poecilia and Gambusia given their amphibious lifestyle and known 

aversion to H2S (Abel et al. 1987). Instead, Kryptolebias was significantly more H2S 

tolerant than both Poecilia and Gambusia. Tolerance to a stressor such as H2S is often 

developed through prior or prolonged exposure (Bagarinao and Vetter 1993; Plath et al. 

2007). It is possible that periodic H2S exposure was sufficient to confer substantial H2S 

tolerance in Kryptolebias over acclimatory, developmental, or evolutionary timescales. 

Alternatively, H2S tolerance may not be dependent on the presence of H2S in the 

environment (Tobler et al. 2016). Low O2 availability constrains aerobic metabolism 

(Hochachka et al. 1996) in a similar manner to the inhibition of COX by H2S exposure. 

Thus, physiological modifications to cope with aquatic hypoxia—which is pervasive in 

these mangrove pools (Table 2.1; Supplemental Figure 2.1)—may also confer H2S 

tolerance in fishes. H2S LC50 data are not available for Kryptolebias, and thus direct 

comparisons with other species are not possible. However, Kryptolebias appears far 

more H2S tolerant than several fully aquatic species that inhabit sulfidic environments. 

For instance, the 12-h LC50 for the flathead grey mullet (Mugil cephalus) was only 42 

µM H2S, and California killifish (Fundulus parvipinnis) could only tolerate 53 µM H2S for 

~20 h (Bagarinao and Vetter 1989). Overall, our findings suggest that physiological 

tolerance may be valuable at moderate H2S concentrations, but other strategies are 

required to persist in mangrove pools when H2S concentrations reach lethal levels. 

Currently, the physiological mechanisms behind H2S tolerance in mangrove fishes 

remain unknown and worthy of study. 

In support of the avoidance hypothesis, all species emersed in response to increasing 

[H2S]. Kryptolebias are highly amphibious (Taylor 2000; Wright 2012; Turko and Wright 

2015) and are known to voluntarily emerse in response to abiotic stressors (Regan et al. 

2011; Gibson et al. 2015; Robertson et al. 2015), including H2S (Abel et al. 1987). 
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Surprisingly, Poecilia and Gambusia also emersed in response to H2S, despite no 

previous literature reports of amphibious behavior in these species, although there are 

documented examples of other Poecilia and Gambusia species on land for brief 

sojourns. For example, Gambusia affinis have been observed jumping onto land to 

avoid aquatic predators (Baylis 1982), and an unidentified Poecilia species was 

reported leaving water to reach an adjacent aquatic environment (Lefebvre and Spahn 

1987). As increasing H2S elicited an emersion response in all three species, the ability 

to sense H2S is likely a common trait. However, the highly amphibious Kryptolebias was 

the most H2S sensitive as they emersed at significantly lower H2S concentrations than 

either Poecilia or Gambusia. The fact that the concentration of H2S at emersion differed 

among species suggests that the mechanism(s) of H2S detection differ, the threshold for 

detection differs, and/or the cost of air exposure is greater for Poecilia and Gambusia. 

The mechanism underlying the sensing of H2S in Kryptolebias, Poecilia, and Gambusia 

is unknown but could be conferred by hypoxia-sensitive neuroepithelial cells (NECs) 

that also respond to H2S in other fishes (Olson 2008; Porteus et al. 2014). NECs are 

typically localized on the gills of fishes (Dunel-Erb et al. 1982) but have also been 

reported in the skin of Kryptolebias (Jonz et al. 2004; Regan et al. 2011) and only one 

other species (Periophthalmodon schlosseri; Zaccone et al. 2017) to date. The greater 

H2S sensitivity of Kryptolebias may be driven by a greater overall number/size of NECs 

across the body relative to Poecilia and Gambusia, but additional research is required to 

test this idea. Regardless, it is clear that Kryptolebias utilized emersion behavior in 

response to H2S far more readily compared to the other two species. The low threshold 

for the emersion response in Kryptolebias is consistent with their well-documented 

highly amphibious natural history, where presumably the energetic and/or ecological 

costs on land are lower than for Poecilia and Gambusia. For example, H2S-exposed 

Gambusia would often lose equilibrium rather than emerse, despite unimpeded access 

to the surface, suggesting that Gambusia may only use the emersion response as a last 

resort. 
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The amphibious Kryptolebias showed a high degree of terrestriality in response to 

constant H2S, lending additional support to the avoidance behavior hypothesis. We 

observed Kryptolebias voluntarily leaving H2S-free water on several occasions (Figure 

2.2A-C; Supplemental Figure 2.2). H2S exacerbated this behavior as emersion 

frequency and time spent out of water increased. Interestingly, all Poecilia individuals 

emersed in response to increased H2S, but only some Poecilia emersed in response to 

constant H2S exposure. These interexperimental differences may be the result of 

methodological differences, such as the rate of H2S change. The rate of change of an 

experimental variable (e.g., temperature in CTmax literature) can influence physiological 

and behavioral responses (Moyano et al. 2017). A subset of Poecilia emersed when 

exposed to constant H2S for 1 h and remained on land for 90%–99% of the 

experimental duration with no apparent ill effects. Additional support for this 

amphibious-like phenotype in Poecilia is shown in Supplemental Figure 2.2, where a 

Poecilia individual is photographed emersed from H2S-free water on the side of a 

bucket. Gambusia did not emerse when exposed to constant elevated H2S and were 

never observed voluntarily emersed from H2S-free water. Both Poecilia and Gambusia 

display the characteristic upturned mouth with a protruding bottom lip of aquatic fishes 

that perform ASR (Kramer 1987). While ASR was not quantified in this study, anecdotal 

observations suggest that Poecilia and Gambusia exposed to H2S spent a large portion 

of time at the air-water interface. Therefore, ASR may be a key strategy used by 

nonamphibious Poecilia and Gambusia to tolerate elevated H2S. Overall, the 

amphibious Kryptolebias demonstrated the highest degree of terrestriality in response to 

H2S, followed by a subset of Poecilia individuals demonstrating some amphibious 

capability. 

We found that mangrove pools exhibit considerable variation in [H2S], pH, temperature, 

dissolved oxygen, and salinity on both spatial and temporal scales (Table 2.1; 

Supplemental Figure 2.1). The extremely high H2S concentrations measured in this 

study are mong the highest reported in mangrove waters (Harbison 1986; Laurent et al. 
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2009; Satheeshkumar and Khan 2009). Remarkably, within a matter of hours, H2S 

concentrations ranged from detectable to undetectable, and vice versa. At site 10, for 

instance, H2S was 1,166 µM at noon and undetectable at 3 p.m. that same day (a rate 

of change of 387 µM h-1). Low pH shifts the proportion of total sulfide (H2S, HS-, S2-) 

toward the toxic form (H2S; Broderius and Smith 1977). Interestingly, elevated H2S 

concentrations were generally accompanied by low pH values. While O2 levels varied 

across sites, most sites experienced intermittent hypoxia (<2 mg L-1; Supplemental 

Figure 2.1). Low O2 availability in mangrove pools supports the production of H2S and 

can exacerbate H2S toxicity in fishes by further constraining aerobic metabolism 

(Bagarinao and Lantin-Olaguer 1999). Taken together, these aquatic conditions and 

their fluctuating nature provide a challenging environment for fish respiration and 

survival. Further studies are required to assess the effects of multiple abiotic stressors 

on behavioral and physiological responses in mangrove fishes. 

Conclusion 

The H2S concentrations measured in mangrove pools on Long Caye, Belize, are among 

the highest reported in mangrove waters. As these high concentrations exceed the limit 

of physiological tolerance for resident fishes, alternate coping strategies are necessary. 

The mangrove fishes studied here, particularly Kryptolebias, are highly H2S tolerant but 

rely on the emersion response in their behavioral repertoire to survive when H2S 

concentrations reach acutely toxic levels. We suggest that emersion behavior is an 

additional strategy fishes can exploit to pass through the ecological filter imposed by 

H2S. Fishes that have successfully colonized H2S-rich environments exemplify how both 

behavioral and physiological adaptations are often necessary to survive extreme 

environmental conditions. 
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2.8 Figures and tables 
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Figure 2.1: Map showing the northern tip of Long Caye, Lighthouse Reef Atoll, Belize, where field 

sampling occurred. Eleven study sites (1–11) are depicted at their GPS coordinates with the total number 

of fish of all species (N) listed for each site. Pie charts depict the percentage of each species captured at 

each site (see also Supplemental Table 2.1): Kryptolebias marmoratus (black), Poecilia orri (dark gray), 
Gambusia sp. (medium gray), Dormitator maculatus (light gray), and sites where no fish were collected 

(striped). Scale bar = 150 m. Image captured from Google Earth Pro, 2018, version 7.3.1.4507. 
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Figure 2.2: Physiological tolerance and behavioral sensitivity to H2S. A, Filled circles indicate the time at 

which individual fish lost equilibrium. The broken Y-axis and filled square indicate a single individual who 

did not lose equilibrium within the 1-h experimental duration. B, Water [H2S] at time of emersion. Circles 

indicate the [H2S] at which fish emersed, and open squares indicate the [H2S] at which Gambusia sp. lost 
equilibrium rather than emersing. The long horizontal bars denotes the mean of each group, while error 

bars indicate SEM. Different letters denote statistical significance. For all groups, n = 8, except for 

Gambusia sp. emersion data, where n = 9. 
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Figure 2.3: Emersion behavior—number of emersions (A, D, H), percentage of time spent out of water 

(B, E, I), and representative traces depicting an individual’s emersion activity over time (C, F, G, J) for 

each species (Kryptolebias marmoratus, Poecilia orri, and Gambusia sp.) in response to constant H2S 

exposure (545 µM) for 1 h. For each species, n = 8. Double asterisks indicate P ≤ 0.01; triple asterisks 
indicate P ≤ 0.001. Circles represent fish that emersed from water, while squares represent fish that did 

not emerse and instead lost equilibrium. 
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Table 2.1: Minimum and maximum water chemistry parameters measured at each sampling site 

Site Temp (ºC) Salinity (‰) DO (mg L-1) pH Total sulfide (µM) H2S (µM) 

1 32.4 - 35.5 (2) 22.8 - 26.3 (2) .5 - 3.5 (2) 7.5 - 7.6 (2) 0 - 0 (2) 0 - 0 (2) 

2 34.7 - 35.1 (2) 23.3 - 23.7 (2) 1.7 - 4.3 (2) 7.5 - 7.6 (2) 0 - 0 (2) 0 - 0 (2) 

3 27.6 - 33.1 (4) 21.6 - 27.3 (3) 1.2 - 5.8 (4) 7.2 - 7.5 (4) 0 - 0 (2) 0 - 0 (2) 

4 29.0 - 32.0 (3) 22.9 - 26.1 (3) .1 - 7.9 (3) 6.9 - 7.4 (3) 0 (1) 0 (1) 

5 30.6 - 31.2 (3) 32.1 - 35.6 (3) 3.0 - 5.2 (3) 7.0 - 7.2 (3) 0 - 0 (2) 0 - 0 (2) 

6 32.9 - 33.8 (2) 31.7 - 34.7 (2) 5.5 - 5.9 (2) 7.8 - 7.9 (2) 0 - 0 (2) 0 - 0 (2) 

7 27.8 - 32.6 (2) 1.1 - 2.8 (2) .0 - 1.9 (2) 7.3 - 7.7 (2) 0 - 10 (2) 0 - 5 (2) 

8 28.0 - 32.7 (12) 32.4 - 34.5 (7) .4 - 3.6 (12) 6.8 - 7.4 (12) 0 - 102 (9) 0 - 45 (9) 
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9 27.9 - 32.0 (12) 36.3 - 40.3 (7) .2 - 2.3 (10) 6.3 - 7.5 (12) 61 - 641 (7) 17 - 492 (7) 

10 27.8 - 32.6 (9) 34.8 - 42.9 (8) .0 - 3.4 (9) 6.3 - 7.8 (7) 0 - 2,881 (6) 0 - 1,166 (6) 

11 26.5 - 30.0 (2) 39.5 - 41.4 (2) .0 - 1.3 (2) 7.2 - 7.6 (2) 107 - 2,402 (2) 18 - 1,077 (2) 

 
Note. Zero values indicate undetectable measures (i.e., <40 µM total sulfides). Values in parentheses indicate the number of readings included in 
the range. No statistical analyses were performed. 
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 Table 2.2: Calculated condition factor (Fulton’s K) for mangrove fish species (Kryptolebias marmoratus, Poecilia orri, Gambusia sp., and 

Dormitator maculatus) at each sampling site 
 

 Fulton's K 

Site  Kryptolebias Poecilia Gambusia Dormitator 

1  1.56 ± .09 (22) 2.87 ± .20 (6)ac … … 

2  1.56 ± .03 (4) 2.61 ± .25 (7)ac 1.86 ± .09 (18)ab … 

3  1.51 ± .06 (10) 2.90 ± .10 (41)a 2.08 ± .10 (25)a 2.04 ± .22 (5) 

4  1.74, 1.82 (2) 2.14 ± .09 (7)bc 1.83, 1.82 (2) … 

5  1.46, 1.19 (2) 2.93 (1) … … 

6  1.66 ± .26 (5) 2.31 ± .10 (21)bc … … 

7  1.48 ± .04 (29) … … … 
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8  1.50 ± .08 (31) 2.21 ± .07 (17)bc 1.75 ± .06 (64)b 2.06 ± .04 (45) 

9  1.43 ± .06 (10) … … … 

10  1.50 ± .05 (113) 2.44 ± .07 (19)ac 1.09, 1.79 (2) … 

11  … … … … 

 
Note. Data are presented as mean ± SEM, except where the sample size is <3, where individual values are reported separated by a comma. 
Numbers in parentheses indicate sample size. Letters in superscript indicate statistically significant differences within a species across sites. 
Statistical comparisons were not made between species, nor were sites with a sample size <3 included in statistical analyses.
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2.9 Supplemental materials 
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Supplemental Figure 2.1: Temporal variation in [H2S] (A) and dissolved oxygen (B). Vertical light and 

dark bands represent day and night respectively over a 6-day period from April 26-30, 2018. Different 

symbols represent different sampling sites: Site 8(•), Site 9 (○), Site 10 (�). A, Dashed horizontal lines 

represent the [H2S] at emersion in Kryptolebias marmoratus, Poecilia orri, and Gambusia sp. B, Dashed 

horizontal line represents the universal hypoxia threshold of ≤2 mg L-1 (Vaquer-Sunyer and Duarte, 2008). 

 



 

 

 

 

58 

  



 

 

 

 

59 

Supplemental Figure 2.2: Photograph of a collection bucket containing H2S-free water with four species 

of mangrove fish (Kryptolebias marmoratus (colored asterisks or arrow: purple), Poecilia orri (green), 

Gambusia sp. (blue), and Dormitator maculatus (pink)). Fish are pictured both in water (asterisks), and 

voluntarily emersed (arrows) onto the walls of the bucket.  
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Supplemental Table 2.1: Percentage of each species (Kryptolebias marmoratus, Poecilia orri, Gambusia 

sp., and Dormitator maculatus) captured at each study site. 

   Species captured (%)  

Site Latitude, Longitude‡  Kryptolebias Poecilia Gambusia Dormitator Site Total (N) 

1 17.219681, -87.590631  74 26 0 0 35 

2 17.219599, -87.590476  9 15 76 0 46 

3 17.219524, -87.591539  11 46 38 5 92 

4 17.219303, -87.591997  7 24 69 0 29 

5 17.218378, -87.593535  40 7 53 0 15 

6 17.218068, -87.591136  15 65 15 6 34 

7 17.220507, -87.591564  100 0 0 0 29 

8 17.218576, -87.593090  20 10 44 26 173 

9 17.221605, -87.594168  100 0 0 0 16 

10 17.217703, -87.594480  76 13 11 0 161 

11 17.216213, -87.589494  - - - - - 

* Dash indicates that no fish were captured at this site.    ‡Study site GPS co-ordinates are listed as decimal degrees.   
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3.1 Abstract 

The gills are the primary site of exchange in fishes. However, during early life-stages or 

in amphibious fishes, ionoregulation and gas-exchange may be primarily cutaneous. 

Given the similarities between larval and amphibious fishes, we hypothesized that 

cutaneous larval traits are continuously expressed in amphibious fishes across all life-

stages to enable the skin to be a major site of exchange on land. Alternatively, we 

hypothesized that cutaneous larval traits disappear in juvenile stages and are re-

expressed in amphibious species in later life-stages. We surveyed six species spanning 

a range of amphibiousness and characterized cutaneous ionocytes and neuroepithelial 

cells (NECs) as representative larval skin traits at up to five stages of development. We 

found that skin ionocyte density remained lower and constant in exclusively water- 

breathing, relative to amphibious species across development, whereas in amphibious 

species ionocyte density generally increased. Additionally, adults of the most 

amphibious species had the highest cutaneous ionocyte densities. Surprisingly, 

cutaneous NECs were only identified in the skin of one amphibious species 

(Kryptolebias marmoratus), suggesting that cutaneous NECs are not a ubiquitous larval 

or amphibious skin trait, at least among the species we studied. Our data broadly 

supports the continuous-expression hypothesis, as three of four amphibious 

experimental species expressed cutaneous ionocytes in all examined life-stages. 

Further, the increasing density of cutaneous ionocytes across development in 

amphibious species probably facilitates the prolonged occupation of terrestrial habitats. 
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3.2 Introduction 

All animals exchange materials with their environment, but the sites used by animals to 

accomplish environmental exchange vary across taxa. In invertebrate phyla, exchange 

may occur across a simple integument covering the animal (e.g., gas-exchange 

Graham 1988). In contrast, the primary role of the skin in vertebrates is to form a 

protective barrier between internal and external environments (Matoltsy and Bereiter-

Hahn 1986). Vertebrates have evolved specialized organs to facilitate environmental 

exchange. For many fishes, gills are the specialized site for exchange between the 

internal and external environments. Fish gills are primarily responsible for gas-

exchange, ion- and osmoregulation, acid–base balance, and nitrogenous waste 

elimination (Evans et al. 2005). However, the fish gill may not always be functional, and 

extra-branchial sites such as the skin are used for environmental exchange in some 

circumstances. 

The skin is an important exchange organ in the early life of fishes. Many fishes are 

altricial at hatch and have morphologically under-developed organ systems like the gills 

(e.g. zebrafish Danio rerio, Rombough 2002; rainbow trout Oncorhynchus mykiss, 

Gonzlez et al. 1996; yellowfin tuna Thunnus albacares, Kwan et al. 2019). Instead, 

larval fish skin performs several functions later assumed by the gill. Larval skin is an 

excellent extra-branchial exchange organ because it is very thin (Varsamos et al. 2005), 

is in direct contact with the external environment, and provides a high surface area-to-

volume ratio due to the small size of larval fishes. Consequently, diffusion driven gas-

exchange occurs readily across the thin larval skin and can be the primary gas-

exchange organ in early life-stages (e.g., in O. mykiss the cutaneous surfaces account 

for ~ 80% of total oxygen uptake at hatch; Fu et al. 2010). Furthermore, larval skin 

surfaces (e.g., yolk sac membrane, body trunk, and fins) in a number of fish species (for 

review: Fridman 2020) contain ionoregulatory cells known as ionocytes that play an 

important role in ionoregulation during early life. The prevalence and distribution of skin 
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ionocytes is variable and species specific (Hwang 1989; Varsamos et al. 2005), but 

these cells may be highly abundant. For example, in T. albacares there may be 

thousands to tens of thousands of cutaneous ionocytes per larvae depending on larval 

stage (Kwan et al. 2019). The morphology and cell composition of larval skin makes it a 

critically important exchange site for gases and ions in many young fishes. 

The skin of larval fishes may also be an important sensory organ due to the presence of 

chemosensory neuroepithelial cells (NECs). NECs are typically found in the gills of fish 

where they are responsible for O2-sensing and eliciting the hypoxic ventilatory response 

(reviewed by Perry et al. 2009). But NECs may also be found in alternate respiratory 

sites like the air-breathing organs of air-breathing fishes (e.g. in the lung of Nile bichir 

Polypterus bichir bichir, Zaccone et al. 2007) and in the skin during early life although, 

only two fish species have been examined to-date at early life-stages. Young D. rerio 

individuals have under-developed gills that lack NECs (Jonz and Nurse 2005), and 

instead NECs are abundant across cutaneous surfaces (Coccimiglio and Jonz 2012) 

where gas-exchange also occurs (Parker and Perry 2021). NECs have also been 

documented, albeit at lower densities, in the skin of early life-stage mangrove rivulus 

(Kryptolebias marmoratus) and are also present in the developing gills (Cochrane et al. 

2021). Given the association between NECs and respiratory surfaces, NECs are a 

potential indicator of gas-exchange. Furthermore, the presence of skin NECs in some 

larval fishes suggests that they, along with cutaneous ionocytes, may be cell-types 

characteristic of larval skin. 

As development proceeds, the role of the skin shifts. In fishes, cutaneous contributions 

to O2 uptake (Fu et al. 2010), ionoregulation (Varsamos et al. 2002; Fu et al. 2010), and 

O2-sensing (Coccimiglio and Jonz 2012) are reported to decline across development as 

the gill assumes an increasingly important role. The diminishing role of the skin is 

thought to be due to increased skin thickness and mineralization, decreased 

vascularization across development, and decreased surface area-to-volume ratio for 
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exchange as fish increase in size (Rombough 2002; Brauner and Rombough 2012). 

There is undoubtedly variation in the importance of skin-exchange in early life between 

species. However, it is generally documented (e.g. Brauner and Rombough 2012; 

Fridman 2020) that the typical developmental trajectory in teleosts is for a transition 

from skin-exchange to gill-exchange for ions and respiratory gases as development 

progresses. 

The skin is also an important site of exchange in fishes out of water. In amphibious 

fishes, water flow across the gill ceases during terrestrial sojourns. Similar to larval 

fishes, gas-exchange (reviewed by Graham 1997), nitrogenous waste elimination (e.g., 

Davenport and Sayer 1986; Livingston et al. 2018), and ionoregulation (e.g., Nonnotte 

et al. 1979; Sturla et al. 2001; LeBlanc et al. 2010) occur across the skin of some 

amphibious fishes. Furthermore, NECs have been documented across the body skin of 

amphibious K. marmoratus (Regan et al. 2011; Cochrane et al. 2021) as well as in the 

branchiostegal skin near the gills of the amphibious giant mudskipper Periophthalmodon 

schlosseri (Zaccone et al. 2017). Such exchange and O2-sensing functions are not 

typically associated with the skin of fully aquatic fish species. This raises the question: 

Is the multifunctional skin of adult amphibious fishes the result of the retention of larval 

skin traits? After all, expression of juvenile traits in mature life-stages (paedomorphosis) 

have been documented in a number of taxa, from plants (e.g., Carlquist 1989), 

invertebrates (e.g., Brökeland and Brandt 2004), fish (e.g., Harada et al. 2003), and 

amphibians (e.g., Denoël et al. 2005), to mammals (e.g., Galatius 2010; Skulachev et 

al. 2017). 

Here we asked whether amphibious fishes deviate from the presumed ‘typical’ piscine 

developmental trajectory of a declining role for the skin in exchange across ontogeny. 

We tested two competing hypotheses. First, the continuous-expression hypothesis 

which proposes that the larval-type skin phenotype of adult amphibious fishes (i.e., 

presence of ionocytes and NECs) is the result of the continuous expression of larval 
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traits across life-stages. This hypothesis predicts that in amphibious species, densities 

of cell-types typically found in larval fish skin (ionocytes and NECs) will be maintained 

at, or above, larval levels in all life-stages while a distinct decline will occur in 

exclusively water-breathing fishes. We also tested the alternate re-expression 

hypothesis which proposes that the larval-type skin phenotype in amphibious species is 

the result of the decline and then re-expression of larval skin traits in later 

developmental stages. This hypothesis predicts that in both amphibious and exclusively 

water-breathing species, densities of key larval skin cell-types will decline below larval 

levels in juvenile life-stages. However, only in amphibious species will there be a 

subsequent increase in the density of these cell-types over ontogeny (U-shaped 

expression pattern). To test our hypotheses, we used a comparative, multi-species 

experimental approach and examined several life-stages spanning hatch to 5 months of 

age. We examined two highly amphibious species (mangrove rivulus K. marmoratus 

and Hart’s rivulus Anablepsoides hartii) that can survive > 1 week out of water, two 

moderately amphibious species (green rivulus Rivulus cylindraceus; ~ 1 day out of 

water, and striped panchax Aplocheilus lineatus; < 1 day out of water), and two 

exclusively water-breathing species (Norman’s lampeye Poropanchax normani and 

Daisy’s ricefish Oryzias woworae). We characterized skin ionocytes and NECs as 

hallmark larval traits, as well as skin thickness and scale formation at up to five life-

stages to characterize normal developmental changes in the skin in all species. In 

addition, we examined the gills as a positive control for ionocyte and NEC staining in 

these largely uncharacterized species. 
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3.3 Methods 

Experimental Animals 

We studied six closely related species, spanning a range of amphibiousness. Oryzias 

woworae is from the Beloniformes Order, while the other five species are from the 

amphibious-rich Order of Cyprinodontiformes, commonly referred to as killifishes 

(Figure 3.1). We categorized P. normani and O. woworae as exclusively water-

breathing (Turko et al. 2020). In a lab-setting K. marmoratus, A. hartii, R. cylindraceus 

and A. lineatus voluntarily left water under control conditions as well as in response to 

hypoxia and elevated temperature (Livingston et al. 2018), indicating amphibious 

behaviour (Turko et al. 2020). However, we classed K. marmoratus and A. hartii as 

highly amphibious as both can tolerate prolonged periods of continuous air-exposure for 

several weeks: (K. marmoratus, Turko et al. 2019; A. hartii, A. Turko, personal 

communication) and we classed R. cylindraceus and A. lineatus as moderately 

amphibious as we found they could tolerate ~ 1 day and < 1 day of continuous air-

exposure, respectively. 

Progenitor fish were acquired through the aquarium and hobby trades, with one 

exception. Progenitor K. marmoratus (isogenic strain 50.91 from Twin Cayes, Belize) 

were from a breeding colony at the University of Guelph. We housed all fish in the 

Hagen Aqualab at the University of Guelph under a constant 12L:12D photoperiod at 25 

ºC. We group-housed all species (except K. marmoratus) in single-species aquaria with 

added spawning mops for oviposition. Kryptolebias marmoratus were housed 

individually (~ 60 mL water) due to their unique hermaphroditic reproductive strategy 

(Harrington 1961). The aquatic holding conditions varied slightly between species to 

approximate natural conditions (Figure 3.1). We maintained A. hartii, R. cylindraceus, 

and A. lineatus in the same hard or soft freshwater conditions (hard water pH 8.03, 4.2 

mOsm/kg, Ca2+ 2.77 mM, Mg2+ 1.86 mM, Na+ 2.34 mM, Cl− 2.39 mM; soft water 1:1 
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well:reverse osmosis water) as described previously in Platek et al. (2017) and 

Livingston et al. (2018). Poropanchax normani were maintained in soft water and O. 

woworae in hard water. In the wild, K. marmoratus most commonly frequent saline 

waters (Taylor 2012), thus, we maintained K. marmoratus in brackish 15 ppt water. 

Brackish water (15 ppt) was made with commercial seasalt and reverse osmosis water. 

We fed progenitor fish live Artemia sp. nauplii and flake food (Breeders blend flake, 

AngelFins, Guelph, Canada) three times per week, with the exception that K. 

marmoratus were fed only Artemia. Our animal protocols were approved by the 

University of Guelph animal care committee (protocols 3992 and 3891) and follow the 

guidelines of the Canadian Council of Animal Care (CCAC). 

Experimental protocol 

Embryo collection, hatching, and rearing 

We collected embryos within 24 h of oviposition from progenitor adults. Kryptolebias 

marmoratus has a unique internal self-fertilization strategy and can hold developing 

embryos internally for variable durations, but typically less than 24 h (Koenig and 

Chasar 1984). To standardize developmental stage, we only collected K. marmoratus 

embryos where no head or tail features could be visually discriminated on the 

developing embryo (stage 15 or earlier; Mourabit et al. 2011). Post-collection, we 

maintained all embryos individually in plastic cups in ~ 10 mL of water of the appropriate 

osmotic composition (15 ppt, hard, or soft) until hatching. 

Hatching times were variable across the six experimental species. Delaying hatching, a 

form of developmental dormancy (for review see Martin and Podrabsky 2017), is widely 

reported among the cyprinodontiform killifishes as well as in the beloniform Oryzias 

genus (Thompson et al. 2017). The embryonic developmental period prior to hatch can 

therefore be highly variable. For example, K. marmoratus can delay hatching up to 108 

days (mean 58 days) after development is complete and A. hartii for up to 14 days 
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(mean 8 days; Furness et al. 2018). Therefore, we manually hatched each embryo by 

removing the chorion with forceps after a set number of developmental days (except P. 

normani, see below). We optimized the duration of embryonic development for each 

species in preliminary trials so that manual hatching occurred as early in development 

as possible while maintaining good hatching success and post-hatch larval survival 

(Figure 3.1). We found that P. normani embryos did not tolerate manual hatching. 

Instead, we allowed P. normani to hatch naturally as the hatching window was relatively 

narrow (9–15 days for experimental fish). We also accounted for different post-hatch 

developmental rates by standardizing sampling to the developmental milestone of yolk 

sac absorption (ysa). Yolk sac size and utilization may vary depending on parental 

factors and environmental conditions (Heming and Buddington 1988; Maddams and 

McCormick 2012), but our standardized holding conditions should have minimized any 

differences. 

After hatch, we increased the volume of water in each holding container to ~ 60 mL and 

changed the water daily until 6 weeks of age. We began feeding fish at 75% ysa to 

ensure successful exogenous feeding prior to full yolk sac absorption. At this stage we 

fed K. marmoratus, A. hartii, R. cylindraceus, and A. lineatus larvae a daily ration of a 

0.25 g·mL−1 live Artemia suspension. We initially fed smaller food daily to P. normani 

and O. woworae (0.01 g·mL−1 suspension of live nematode microworms), switching at 1 

week post ysa to daily Artemia rations. At 6 weeks of age, we transferred fish to larger 

holding containers (~ 250 mL) where they were maintained with weekly water changes 

and fed Artemia three times per week until 5 months of age. 

Sampling 

We sampled up to five life-stages spanning hatch to 5 months of age to represent 

different developmental stages. To aid inter-species comparisons and to account for 

different developmental rates post-hatch, we used the developmental milestone of yolk 

sac absorption to standardize sampling across species (Figure 3.1). We chose day of 
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hatch as our earliest life-stage to represent the early larval phenotype. We chose 50% 

ysa to represent the mid larval life-stage and 1- and 3-weeks post ysa to represent early 

and late juvenile life-stages, respectively. The 5 month post-hatch sampling time-point 

was chosen to reflect the adult phenotype.  

To process samples, we euthanized experimental fish using cold-water immersion (~ 4 

ºC) before fixation in at least 10 volumes of 10% neutral buffered formalin (NBF) at ~ 4 

ºC. We sampled K. marmoratus, R. cylindraceus, and P. normani at all five experimental 

life-stages and A. hartii, A. lineatus, and O. woworae only at 50% ysa, 3 weeks post 

ysa, and 5 months. This sampling strategy was designed to balance comprehensive 

coverage of development with a reasonable number of individual samples to process. 

Within each sampling group we selected individuals from the maximum number of 

different spawning events possible (range 2–8), and to the best of our abilities we 

analysed equal numbers of males and females. We fixed all samples for subsequent 

histological staining for 24 h before transferring samples to 70% ethanol (EtOH) for 

storage at ~ 4 ºC before analysis. Whereas, for whole-mount immunofluorescence (IF) 

analysis, we fixed samples in 10% NBF for either 6 h (hatch—1 week post ysa) or 24 h 

(3 weeks post ysa and 5 months). Post-fixation, we moved samples through a 

dehydrating methanol (MeOH) series (25, 50, 75%; 20 min each step) before 

transferring to 100% MeOH and storing samples at – 20 ºC. We analyzed all samples 

within 1 year. 

Analyses 

Whole-mount immunofluorescence 

To identify and quantify ionocytes and NECs we used indirect double IF antibody 

labelling. To identify ionocytes we used a monoclonal primary antibody raised in mouse 

against the α subunit of the ion transporter Na+-K+-ATPase (NKA) which is abundant in 

the tubular system of ionocytes (Kaneko and Hiroi 2008). The use of NKA antibodies to 
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identify ionocytes is an established protocol (e.g., Varsamos et al. 2005; Wilson and 

Laurent 2002). This NKA antibody (α5) was obtained as a culture supernatant from the 

Developmental Studies Hybridoma Bank at the University of Iowa and was used at a 

dilution of 1:100. To identify NECs, we used a commercially available polyclonal anti-

serotonin (5-HT) antibody raised in rabbit and diluted 1:250 (Sigma Aldrich, S5545). We 

chose serotonin as our marker as it is the primary neurotransmitter found in O2-sensing 

gill NECs (Perry et al. 2009). Our double labelling protocol closely followed the single 

labelling protocol detailed in Ridgway et al. (2021) with the following modifications. Prior 

to the commercial blocking solution step, we rehydrated samples by moving them 

through a rehydration series (75%, 50%, 25% MeOH, H2O, PBS; 20 min each step), 

similar to Cochrane et al. (2021). The secondary antibodies we used here were goat 

anti-mouse IgG Alexa 488 (ThermoFisher Scientific; A11001) and goat anti-rabbit IgG 

Alexa 647 (ThermoFisher Scientific; A21244), both at a 1:500 dilution. Nuclei were 

stained with DAPI (2 μg·μL−1; Sigma Aldrich D9542) for 45 min prior to post-fixation in 

10% NBF. 

We prepared samples for IF in a stage-specific manner. In brief, due to their small size 

we did not remove the gills until after IF labelling was complete. In larger life-stages, gill 

baskets and a portion of posterior trunk (just anterior to the caudal fin) were isolated and 

labelled separately. Once labelling was complete, we isolated one of the first or second 

gill arches from all gill baskets for imaging. In all samples, we captured a multichannel 

photomicrograph of the lateral skin on one half of the posterior trunk beginning at the 

caudal peduncle for quantification (FITC, DAPI, CY5, and DIC filters; 30 x objective, 

FOV area = 0.28 mm2) using an Eclipse Ti2 microscope and DS-Qi2 monochrome 

camera (Nikon Instruments). We chose to focus upon the lateral posterior skin region in 

all samples as it offered a common landmark between species and life-stages, 

presented a relatively flat imaging plane for whole-mount microscopy, and in early life-

stages was removed from confounding fluorescence contributions from the gills, yolk-
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sac, pectoral fins, and intestine. We imaged the isolated gills in a similar manner to the 

skin. 

We quantified the density of cutaneous ionocytes in all species and life-stages. We 

categorized all cells that were NKA immunopositive as ionocytes, except for larger NKA 

immunopositive sensory hair cells that were easily distinguished based on morphology. 

We counted the number of NKA immunopositive cells with non-contiguous cell borders 

that had > 50% of the cell cross-sectional area inside a randomly positioned 0.1 mm2 

(500 x 200 μm) region of interest within each image. We then scaled counts to express 

values as a density per mm2 of skin (n = 5–8 per species per life-stage). We only 

quantified NECs in the skin and gills of K. marmoratus because they were not 

detectable in the skin of other species. We counted 5-HT immunopositive cutaneous 

NECs within the same 0.1 mm2 region and calculated an overall density as above. In 

the gills, we counted the total number of 5-HT immunopositive NECs on three central 

filaments and divided by three to obtain the mean number of NECs per filament (n = 5–7 

per life-stage). In total we used N = 158 fish for IF analyses. 

Histological staining 

To examine skin thickness and document the formation of scales in the skin, we 

processed samples for histological analysis. We rehydrated samples from storage in 

70% EtOH to distilled water in a four-step series (50%, 25%, 10% EtOH, water; 1 h 

shaking at room temperature per step) and then decalcified for 1 h in a 50% solution of 

Cal-Ex (Fisher Scientific) in water while shaking at room temperature. To aid orientation 

of small samples and enable sections to be cut perpendicularly to the epithelial surface, 

we doubled embedded samples using a warm 2% agar solution in water (after Blewitt et 

al. 1982). We returned the agar embedded tissue to 70% EtOH before subsequently 

routine processing (Shandon Excelsior ES, Thermo Fisher Scientific) and embedding 

(Histostar embedding station, Thermo Fisher Scientific) in paraffin wax for microtome 

sectioning. We took cross-sections (5 μm thick) from the posterior trunk region near the 
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caudal peduncle and collected sections onto positively charged slides for histological 

staining. To identify collagen in the skin we stained sections for 1 h with a commercial 

solution of 0.1% picrosirius red in saturated picric acid (Electron Microscopy Sciences; 

Cat # 26357-02) and counterstained with iron hematoxylin (final working concentrations: 

0.58% ferric chloride, 60 mM HCl, 0.5% hematoxylin in 48% EtOH) using an auto-

stainer (Leica XL) and cover slipper (Leica CV5030). We captured images using an 

Eclipse Ti2 microscope and DS-Fi1 color camera (Nikon Instruments) for subsequent 

quantification using FIJI software (Schindelin et al. 2012).  

We quantified the thickness of both the epidermis and dermis. We differentiated 

between the layers based upon negative picrosirius red staining of the epidermis and 

grouped all remaining skin components (picrosirius red positive) including scales as well 

as pigmentation into a dermal skin layer. In P. normani the layers could not be 

accurately distinguished and therefore we only present total skin thickness for this 

species. We selected a consistent skin region on one half of the photomicrograph cross-

section, that was centred around the lateral line, and was approximately one third of the 

depth of the body. We determined overall thickness by dividing the area of the skin 

dermis or epidermis (in μm2) by the mean linear length of the skin region (in μm). Using 

the same photomicrographs in combination with DIC images from IF imaging, we also 

documented the presence or absence of scales in the skin at each life-stage. In total we 

used N = 142 individuals for histology analysis. 

Statistics 

We analyzed all data using one-way analysis of variation (ANOVA) in GraphPad Prism 

(version 9). When significant main effects were detected, we used Tukey’s post-hoc 

tests to identify differences between life-stages. All data were assessed for the 

assumptions of normality of the residuals (Kolmogorov–Smirnov test) and homogeneity 

of variance (Brown–Forsythe test). Data were transformed to meet test assumptions as 

needed. In only two cases data could not be appropriately transformed to meet 
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assumptions (A. lineatus ionocyte density and homogeneity of variance only for R. 

cylindraceus total skin thickness) and we proceeded with parametric tests for 

consistency. All results were considered significant at α < 0.05. We did not incorporate 

phylogenetic relationships into our statistical analyses because the statistical 

comparisons needed to address our hypotheses occurred across developmental time 

within a species, not between species. 

 

3.4 Results 

Ionocytes 

NKA-immunopositive ionocytes were identified in the skin of all six species, however, 

the density and pattern of change across development was species-specific (Figure 

3.2). In highly amphibious K. marmoratus, ionocytes were abundant in the skin at hatch 

and density increased progressively across development (Figure 3.2A; One-way 

ANOVA, p < 0.0001), peaking at 5 months of age (Figure 3.2D) at a > threefold greater 

density than at hatch (Figure 3.2A; Tukey’s: hatch vs. 5 months p < 0.0001). In A. hartii, 

another highly amphibious species, ionocytes were scarce in the skin during the larval 

period. However, by 3 weeks post ysa ionocyte density had significantly increased by ~ 

20-fold (Figure 3.2A; Tukey’s: 50% ysa vs. 3 weeks p < 0.0001) and remained high in 5 

month old individuals (Tukey’s: 3 weeks vs. 5 months p = 0.34). In moderately 

amphibious R. cylindraceus, ionocytes were present in the skin at hatch and the density 

increased across development (Figure 3.2B, E; One-way ANOVA, p < 0.0001). Density 

peaked at 3 weeks post ysa before significantly declining at 5 months of age to larval 

equivalent levels (Tukey’s: 50% ysa vs. 5 months p > 0.99). Surprisingly, ionocytes 

appeared to be largely absent from larval A. lineatus in the skin region examined 

(Figure 3.2B) and across the body (Figure 3.3), but were found in the gills (Figure 3.3, 

Figure 3.4), as was the case for all other species. However, skin ionocytes were 



 

 

 

 

75 

detected at low levels at 3 weeks post ysa and 5 months post hatch life-stages (Figure 

3.2B). In exclusively water-breathing species, ionocytes were present in the skin at low 

levels during the larval period and did not significantly change across development 

(Figure 3.2C, F; One-way ANOVAs: P. normani p = 0.10, O. woworae p = 0.26).  

The density of skin ionocytes was associated with the degree of amphibiousness at 5 

months of age (Figure 3.5). Ionocyte density was highest in highly amphibious K. 

marmoratus and A. hartii, where densities were ~ 20–165 times higher than in 

exclusively water-breathing P. normani and O. woworae. Within the moderately 

amphibious classification, R. cylindraceus had a higher density (sevenfold) of cutaneous 

ionocytes than the less amphibious A. lineatus. Indeed, the skin ionocyte density of A. 

lineatus at 5 months of age was very similar to the low skin densities found in 

exclusively water-breathing P. normani and O. woworae. 

NECs 

NECs were detected in the gills of all species, even in the earliest larval life-stages 

(Figure 3.4). In all species, NECs were predominantly located in the filamental region of 

the gills and in later life-stages were most abundant at the filament tips (Figure 3.6D). 

NECs were positively identified in the skin of K. marmoratus (Figure 3.6A, B), but not in 

any other species (images not shown). In K. marmoratus, NECs were mostly absent 

from the lateral posterior skin region until 1 week post ysa (Figure 3.6A), and then 

remained constant until 5 months of age (Figure 3.6A; Tukey’s: 1 week vs. 5 months p 

= 0.94). In contrast, in K. marmoratus gills, NECs were present at hatch (Figure 3.4, 

Figure 3.6C) and progressively increased in number across development (Figure 3.6C; 

One-way ANOVA: p < 0.0001). 



 

 

 

 

76 

Skin thickness 

The thickness and complexity of the skin of all species increased across development 

with no marked skin developmental differences between amphibious and exclusively 

water-breathing species (Table 3.1). In early life-stages of all species, up to 1 week post 

ysa, the skin was composed of an epidermal (< 10 μm thick) layer and a thin (< 5 μm 

thick) underlying collagenous band of dermis (e.g. Figure 3.7A–C and Table 3.1). The 

most profound change in skin phenotype in all species occurred by 3 weeks post ysa 

(e.g. Figure 3.7D), when skin thickness significantly increased relative to earlier life-

stages (Table 3.1). On average, epidermis and dermis thickness increased 1.7 and 4.2 

fold, respectively, between 50% ysa and 3 week post ysa life-stages. This 

developmental pattern continued through to 5 months of age where the skin of every 

species was thicker at 5 months than at 3 weeks post ysa (Table 3.1; all species: 

Tukey’s p < 0.05). Between 3 weeks post ysa and 5 months the increase in skin 

thickness was primarily driven by changes in the dermal layer which increased on 

average 2.2 fold across species. Not only did the collagen content of the dermis 

increase across development, but by 3 weeks post ysa scales that originated in the 

dermis were present in five out of six species (not observed in O. woworae) and 

contributed to the thickened and increased complexity of the skin in later life-stages 

(Table 3.1). Scales were present in all species by 5 months of age. 

 

3.5 Discussion 

Overview 

The data broadly support our continuous expression hypothesis where larval skin traits 

are retained across ontogeny in the amphibious species we studied. We found no 

evidence for our re-expression hypothesis which predicted the decline and subsequent 
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re-expression of larval skin traits in amphibious species. Our data show distinct 

differences in ionocyte skin phenotype between amphibious and exclusively water-

breathing species. Specifically, in amphibious species skin ionocyte densities tended to 

increase across development whereas densities remained lower and constant across 

development in the two exclusively water-breathing species. As skin ionocyte densities 

were highest in the most emersion tolerant species and at later life-stages our data 

suggest that ionocytes in the cutaneous surfaces of amphibious species facilitate the 

prolonged occupation of terrestrial habitats. 

Evaluation of approach 

Working with both multiple species and multiple developmental life-stages within a 

single study presents methodological challenges; perhaps explaining the relative 

paucity of such studies in the literature. We have attempted to standardize our 

methodology wherever possible but acknowledge that there are limitations. For 

example, we chose to focus upon a consistent posterior-lateral region of the skin in all 

individuals. This region was chosen as the laterally compressed body-shape of larval 

fishes presented very little dorsal or ventral skin to examine. A posterior portion of skin, 

immediately anterior to the caudal fin, was examined as it was a common landmark 

present in all species and life-stages. As reviewed by Varsamos et al. (2005) there are 

species- and regional differences in cutaneous ionocyte distribution and density that can 

shift even within a species across ontogeny. Thus, analysis of a different body region(s) 

or quantification area would undoubtedly yield different absolute cell density values, but 

we feel confident that the overall distinctions between amphibious and exclusively 

water-breathing species would remain unaltered. 

As outlined in the methods, the aquatic holding conditions varied slightly between 

species to approximate natural conditions. The largest difference between species was 

for K. marmoratus that were held in brackish water. However, freshwater-acclimated (1 

ppt; LeBlanc et al. 2010) and a strain of K. marmoratus captured from a freshwater pool 
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on Long Caye, Belize and subsequently maintained in the laboratory in 0.4 ppt water 

have a similar abundance of cutaneous ionocytes as our study fish in 15 ppt 

(Supplemental Figure 3.1). Thus, the high cutaneous ionocyte density in K. 

marmoratus relative to other species appears related to the degree of amphibiousness 

and not to environmental salinity. 

It is possible that not all immunopositive cells counted were indeed ionocytes or were 

actively functioning in ion transport. Visualization of a cellular apical crypt and/or 

measurement of ion fluxes (e.g. with SIET electrode probes) would be needed to 

address this question. Amongst species and life-stages we noted that NKA 

immunopositive cells in the skin varied in size, shape, intensity of NKA fluorescence, 

and propensity to form multicellular complexes. We did not attempt to quantify these 

nuances here, but clearly there is much scope for further investigation in future studies. 

Ionocytes in the skin and gills 

The amphibious species we studied did indeed express a larval-type skin phenotype. 

Cutaneous ionocytes were present in every examined life-stage of amphibious K. 

marmoratus, A. hartii, and R. cylindraceus (three of the four amphibious species 

studied), and in all species by 5 months of age—broadly supporting our continuous-

expression of larval traits hypothesis. Cutaneous ionocytes have been previously 

documented in the skin of amphibious fishes (e.g. Nonnotte et al. 1979; Yokota et al. 

1997; Sturla et al. 2001; LeBlanc et al. 2010), and have been shown to facilitate 

ionoregulation across the skin in air-acclimated fish. Specifically, LeBlanc et al. (2010) 

showed that radiolabelled 22Na was transported across the ionocyte rich skin of air-

exposed amphibious K. marmoratus. We found two lines of evidence in our data to 

further support the idea that cutaneous ionocytes are an important amphibious trait. 

First, we found that cutaneous ionocytes were most abundant in more emersion 

tolerant/amphibious species. Specifically, cutaneous ionocyte density was ~ three–

sixfold higher in 5 month old K. marmoratus and A. hartii, both of which can spend 
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weeks continuously out of water, than in less air-exposure tolerant R. cylindraceus. 

Secondly, we found that cutaneous ionocytes tended to increase from early to later life-

stages in amphibious species. This ionocyte developmental pattern is in concordance 

with a presumed increase in both the propensity to leave water and duration tolerated 

out of water by amphibious species across development. However, with few exceptions 

(e.g. Okamoto et al. 2018), little is known about the ontogeny of emersion behaviour in 

amphibious species. Thus, experiments to detail the ontogeny of emersion behaviour 

are needed to confirm that amphibiousness does increase across development in each 

species in concert with an increase in cutaneous ionocyte density. 

Interestingly, our data also show that cutaneous ionocytes in adult fish skin are not an 

exclusively amphibious trait. Typically, cutaneous ionocyte densities are reported to 

decline across development in teleost fishes (reviewed by Varsamos et al. 2005). Our 

hypotheses correctly predicted that amphibious species would deviate from this 

developmental trajectory, but the two exclusively water-breathing species also did not 

conform. Instead, skin ionocyte densities remained constant across development in 

both P. normani and O. woworae and we quantified low, but non-zero, ionocyte 

densities in the skin at 5 months of age. Iger et al. (1994) also noted that ionocytes were 

present in the skin (dorsal head region) of small (70 g) O. mykiss, a species with no 

known amphibious tendencies, but commented that they were rare. Given the low 

densities we document here, and the fact that gill-exchange remains functional in these 

species, the cutaneous ionocytes in the skin of 5-month old P. normani, and O. 

woworae are likely contributing minimally to whole-animal ionoregulation. Instead, 

cutaneous ionocytes in these species may perform more localized roles. For example, it 

has been proposed that in freshwater fishes cutaneous ionocytes may play a role in 

active integumental calcium uptake (Flik et al. 1995). Similarly, a functional association 

between ionocytes and lateral line sensory neuromast cells has been recently reported 

in D. rerio (Peloggia et al. 2021). Indeed, we also observed ionocytes clustered around 

sensory cells in some species in this study (most notably in P. normani). 
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It is widely accepted that extrabranchial ionocytes across the body surface and yolk-sac 

membrane in fishes are important for ionoregulation in early life-stages before full gill 

ionoregulatory capacity is reached (for review: Varsamos et al. 2005; Fridman 2020). 

While this is undoubtedly true for some species, our data support other reports (e.g. 

Hwang 1989) that not all larval fishes have an abundance of cutaneous ionocytes. We 

found that the cutaneous ionocyte densities in the posterior skin region we examined 

were often low in the larval life-stages (across species mean: 84 cells mm−2, species 

range: 0–243 cells mm−2), or even largely absent in the case of A. lineatus. For 

comparison, in yolk-sac larvae of D. labrax cutaneous ionocyte densities are much 

higher (~ 1060 cells mm−2; Varsamos et al. 2002). Yet young fishes must be able to, at 

least partially, ionoregulate in order to survive. How then are early life-stage fishes 

ionoregulating with low or absent cutaneous ionocytes? We propose that the presence 

of relatively well-developed gills, abundant in ionocytes (Figure 3.4), in the earliest life-

stages of our study species may partly explain the lower skin ionocyte densities we 

measured. While some fish species do not form gill filaments until well after hatch (e.g. 

Atlantic halibut Hippoglossus hippoglossus Pittman et al. 1990; European sea bass 

Varsamos et al. 2002; Sucré. et al. 2009) in other species gill filaments form in the 

embryonic phase before hatch (e.g. spiny chromis Acanthochromis polyacanthus and 

cinnamon clownfish Amphiprion melanopus Prescott et al. 2021). The gills of our study 

species appear to resemble this latter category more closely. Perhaps variation in early 

gill development influences the proportion of environmental exchange contributed by the 

skin, and consequently the skin phenotype in early life-stage fishes. A taxonomically 

diverse investigation into a correlation between degree of gill development and skin 

exchange would be a fruitful future research avenue. 

NECs in the skin and gills 

We identified 5-HT immunopositive NECs in the skin of K. marmoratus, consistent with 

our previous findings (Regan et al. 2011; Cochrane et al. 2021), but were surprised that 
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NECs were absent from the five other species studied. As NECs were positively 

identified in the gills of all species we are confident that the absence of NECs in the skin 

is not due to a lack of 5-HT antibody cross-reactivity. While 5-HT is the primary 

neurotransmitter marker used to identify NECs in fishes, 5-HT negative NEC 

populations exist (Perry et al. 2009). Indeed, a previous study identified NECs positive 

for vesicular acetylcholine transporter (VAChT) protein in the skin of adult K. 

marmoratus that the authors speculated were a separate population from 5-HT 

immunopositive NECs (Regan et al. 2011). Regardless, our data suggest that 5-HT 

positive NECs may not be universally indicative of larval fishes, although they are 

abundant in larval zebrafish skin (Coccimiglio and Jonz 2012). Likewise, although 

cutaneous 5-HT positive cells have been reported in the skin of two adult amphibious 

fishes (K. marmoratus Regan et al. 2011; P. schlosseri Zaccone et al. 2017), they 

clearly are not present in all amphibious species. Thus, cutaneous respiratory sites may 

not always contain 5-HT immunopositive NECs, although further studies are required to 

ascertain if other types of NECs containing other neurotransmitters are present in the 

species we studied. 

We were surprised to observe NECs in the larval gills of every species. In zebrafish, the 

only other species besides K. marmoratus in which NECs in early life-stages have been 

examined, NECs do not form on gill filaments until 2 days after hatch (5 dpf; Jonz and 

Nurse 2005) and are instead dominant in the skin. However, zebrafish hatch after only a 

short embryonic development period (~ 3 days post fertilization) compared to our 

experimental species (8–16 days). Given this, differences in the formation, timing, and 

expression of cellular features between species is perhaps less surprising. As with 

cutaneous ionocytes, it is probable that early gill development in our experimental 

species alleviates some reliance on cutaneous contributions to O2-sensing in early life. 
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Skin thickness 

Fish skin thickness is variable between species and also across body regions within an 

individual (e.g. Park et al. 2003; Harabawy and Mekkawy 2011). Here, as expected, the 

skin did thicken across development in every experimental species and scales were 

formed (Table 3.1). Developmental increases in skin thickness and mineralization are 

thought, in part, to underly the typical developmental shift from an early reliance on 

cutaneous-exchange to branchial-exchange in larval teleost fishes (Brauner and 

Rombough 2012). However, compared to other teleost species (e.g., O. mykiss, D. 

rerio, Cyprinus carpio, Pleuronectes platessa, and Platichthys flesus) where the 

epidermis alone may be ~ 40–110 μm thick (Fletcher et al. 1976; Iger et al. 1994; van 

der Marel et al. 2010; Guzman et al. 2013) the skins of our experimental species were 

comparatively thin. However, equivalent epidermal thickness values have been reported 

for the ventral abdominal skin of zebrafish (~ 10 μm, Guzman et al. 2013) as well as 

even thinner (0.5–4.5 μm) epidermal thickness values in the amphibious Kirk’s blenny 

(Alticus kirkii; Harabawy and Mekkawy 2011). While absolute thickness values may vary 

depending on species, skin region, and methodology, broadly, we observed an increase 

in thickness and complexity across development that was driven by scale formation and 

was similar between amphibious and exclusively water-breathing fish groups. 

Conclusions and perspectives 

A taxonomically diverse range of species selectively retain larval traits across 

development to enable successful environment-phenotype matching as mature 

individuals. We found that in three of our four amphibious species (K. marmoratus, A. 

hartii, and R. cylindraceus) cutaneous ionocytes were part of the skin phenotype in 

every life-stage examined from larvae to 5 months of age, demonstrating the retention 

of larval traits as a developmental strategy. Our study also highlights the value of taking 

a comparative species experimental approach and working with non-model species. 

There are over 34,000 known fish species (Froese and Pauly 2021), yet we have 
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detailed life-history and physiological information on only a small proportion as most 

scientific studies in fish have been conducted on a few ‘model’ or commercially 

important species. Our work highlights the diversity of traits across fish species, even if 

they share similar life histories (e.g., skin NECs present in only one out of four closely 

related amphibious species). Clearly, there is much value and insight to be gained from 

investigating a broader range of fish species. Finally, we suggest that documenting the 

presence of cutaneous ionocytes could be a potential screening tool to identify novel 

amphibious species. More than 200 of the ~ 34,000 extant fish species are known to be 

amphibious, however, it is probable that more species exhibit amphibious behaviours 

but simply have not yet been investigated (Wright and Turko 2016). 
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3.8 Figures and tables
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Figure 3.1: Schematic explaining the experimental species, housing conditions, species-specific 

developmental milestones, and experimental sampling time-course. Phylogenetic relationships between 

experimental species are indicated above the table. Species classed as highly amphibious are shown in 

dark green, moderately amphibious in light green, and exclusively water-breathing in blue. Bolded life-

stages along the experimental time-course indicate sampling time-points. Kryptolebias marmoratus R. 

cylindraceus, and P. normani were sampled at all five life-stages. Anablepsoides hartii A. lineatus, and 

O. woworae were not sampled at hatch or at 1 week post yolk sac absorption (ysa; used to standardize 

sampling between species). All species were maintained at a constant temperature of 25ºC. Brackish = 

15 ppt, FW Hard = pH 8.03, 4.2 mOsm/kg, Ca2+ 2.77 mM, Mg2+ 1.86 mM, Na+ 2.34 mM, Cl- 2.39 

mM, FW soft = 1:1 well:reverse osmosis water. Embryonic development period = number of days 

between embryo collection and hatch. 
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Figure 3.2: Skin ionocyte density increases across development in amphibious species, while densities 

remain constant in exclusively water-breathing species. A In highly amphibious K. marmoratus (n = 7–8; 

One-way ANOVA F4, 32 = 35.55, p < 0.0001) and A. hartii (n = 5–7; One-way ANOVA F2, 15 = 51.80, p < 

0.0001). B In moderately amphibious R. cylindraceus (n = 6–8; One-way ANOVA F4,29 = 14.05, p < 

0.0001) and A. lineatus (n = 6–7; One-way ANOVA F2,16 = 10.65, p = 0.001). C In exclusively water-

breathing P. normani (n = 5–8; One-way ANOVA F4,26 = 2.18, p = 0.10) and O. woworae (n = 6–7; One-

way ANOVA F2,16 = 1.48, p = 0.26). Species classed as highly amphibious are shown with dark green 

points and dashed lines, moderately amphibious species in light green, and exclusively water-breathing 

species in blue (means ± SEM). In all panels dissimilar letters indicate significant differences (p < 0.05) 

between life-stages determined by Tukey’s post-hoc tests following one-way ANOVA. 

Immunofluorescence images D, E, F show NKA immunopositive ionocytes in a representative 0.1 mm2 

region of lateral posterior skin in 5 month old K. marmoratus (D), R. cylindraceus (E), and P. normani (F). 
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Figure 3.3: Ionocytes are abundant across the body of 50% yolk sac absorption (ysa) larval K. 

marmoratus (A) but are largely absent in A. lineatus (B) at the same life-stage. NKA-immunopositive 

ionocytes are shown in green and DAPI stained nuclei in blue. White arrows point to NKA positive 

labelling of gill ionocytes. Ionocytes are abundant across the body of K. marmoratus but are largely 

absent from the skin of A. lineatus except in the gills and gill-adjacent regions. 
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Figure 3.4: Neuroepithelial cells (NECs) and ionocytes are present in the gills at the earliest life-stages 

examined in each species. Representative maximum intensity projection images of central filaments from 

the first or second gill arch (whole-mount). Images show 5-HT immunopositive NECs (magenta; left 

column), NKA immunopositive ionocytes (green; central-left column), and a composite of NECs and 

ionocytes (central-right column). A representative differential interference contrast (DIC) image of a single 

z-stack from the same gill arch is shown in the right column to demonstrate gill morphology. Gills are from 

the earliest life-stage studied in each species (hatch: K. marmoratus, R. cylindraceus, P. normani; 50% 

ysa: A. hartii, A. lineatus, O. woworae). Scale bars = 25 μm. 
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Figure 3.5: Skin ionocyte density is associated with amphibiousness in six fish species at 5 months post 

hatch. Highly amphibious K. marmoratus and A. hartii are represented in dark green, moderately 

amphibious R. cylindraceus and A. lineatus are represented in light green, and exclusively water-

breathing P. normani and O. woworae are represented in blue. Each point denotes the group mean for 

each species (n = 6–7) and vertical error bars represent SEM.  
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Figure 3.6: Neuroepithelial cells (NECs) in the skin (A, B) and gills (C, D) of K. marmoratus increase 

across development. A One-way ANOVA: F4,25 = 63.91, p < 0.0001. B Asterisks indicate 5-HT 

immunopositive NECs in the skin of a 5 month old K. marmoratus individual. C One-way ANOVA: F4,24 = 

64.50, p < 0.0001. D 5-HT immunopositive NECs in the tip of a 5 month old K. marmoratus gill filament. 

On both graphs dissimilar letters indicate significant differences (p < 0.05) between life-stages determined 

by Tukey’s post-hoc tests following one-way ANOVA. Each point represents an individual and are 

coloured dark green to represent the highly amphibious classification of K. marmoratus. Horizontal bars 

show means and error bars represent SEM. n = 6 per life-stage, except n = 5 for gill 1 week post ysa.  
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Figure 3.7: Skin phenotype thickens and increases in complexity across development. Representative 

photomicrographs of skin cross-sections from the moderately amphibious R. cylindraceus co-stained with 

picrosirius red and iron hematoxylin. In all images (A–E) the pink band (positive for picrosirius red) was 

classified as the dermis. In 3 week post ysa (D) and 5 month (E) samples this band included scales (sc) 

which were identified by a characteristic serrated edge. The dermis is overlaid by a layer of epidermis 

(negative for picrosirius red). The stacked bar graph F shows the change in thickness (μm) of each skin 

layer across development in R. cylindraceus (mean ± SEM; n = 6–8 per life-stage). Dissimilar uppercase 

letters indicate significant differences (Tukey’s post-hoc tests) in epidermis thickness between life-stages 

following a significant one-way ANOVA (F4,29 = 41.14, p < 0.0001). Dissimilar lowercase letters indicate 

significant differences (Tukey’s post-hoc tests) in dermis thickness between life-stages following a 

significant one-way ANOVA (F4,29 = 338.5, p < 0.0001). 
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Table 3.1: Mean epidermal, dermal, and total skin thickness across development in six fish species. 

 Hatch 50% ysa 1 wk post ysa 3 wks post ysa 5 months F stat, p value 
K. marmoratus 
Epidermis 2.4 ± 0.2 a 3.4 ± 0.2 a 8.8 ± 0.9 b 9.7 ± 0.5 b 6.1 ± 0.5 c F4, 24 = 40.7, p < 0.0001 

Dermis 3.6 ± 0.3 ab 3.3 ± 0.3 a 4.7 ± 0.5 b 13.4 ± 0.9 c 28.2 ± 0.9 d F4, 24 = 174.6, p < 0.0001 

Total skin 5.9 ± 0.5 a 6.7 ± 0.3 a 13.5 ± 1.4 b 23.1 ± 1.2 c 34.3 ± 1.2 d F4, 24 = 134.0, p < 0.0001 

n 5 6 5 7 (▲) 6 (▲)  

A. hartii 
Epidermis  5.8 ± 0.4 a  7.7 ± 0.4 b 7.7 ± 0.4 b F2, 14 = 8.5, p = 0.0038 

Dermis 2.7 ± 0.1 a 15.9 ± 0.6 b 27.1 ± 0.9 c F2, 14 = 1048, p < 0.0001 

Total skin 8.5 ± 0.3 a 23.5 ± 0.7 b 34.8 ± 1.1 c F2, 14 = 491.6, p < 0.0001 

n 6 5 (▲) 6 (▲)  

R. cylindraceus 
Epidermis 3.1 ± 0.2 a 4.8 ± 0.2 b 7.9 ± 0.8 c 8.0 ± 0.7 c 9.0 ± 0.5 c F4, 29 = 41.1, p < 0.0001 

Dermis 3.2 ± 0.1 a 2.8 ± 0.3 a 4.3 ± 0.4 a 10.9 ± 0.6 b 26.0 ± 0.9 c F4, 29 = 338.5, p < 0.0001 

Total skin 6.3 ± 0.2 a 7.6 ± 0.3 a 12.1 ± 1.1 b 18.9 ± 1.0 c 35.0 ± 0.9 d F4, 29 = 216.7, p < 0.0001 

n 8 6 6 8 (▲) 6 (▲)  

A. lineatus 
Epidermis  4.2 ± 0.3 a  4.6 ± 0.6 ab 5.9 ± 0.2 b F2, 17 = 5.4, p = 0.0158 

Dermis 2.6 ± 0.4 a 13.0 ± 1.4 b 24.8 ± 2.4 c F2, 17 = 121.7, p < 0.0001 

Total skin 6.8 ± 0.5 a 17.6 ± 1.2 b 30.7 ± 2.4 c F2, 17 = 109.9, p < 0.0001 

n 8 6 (▲) 6 (▲)  

P. normani 
Total skin 4.1 ± 0.1 a 4.1 ± 0.2 a 3.9 ± 0.32 a 8.0 ± 0.8 b 16.2, 22.4 F3, 19 = 25.1, p < 0.0001 

n 6 6 5 6 (▲) 2 (▲)  
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O. woworae 
Epidermis  1.9 ± 0.1 a  4.7 ± 0.1 b 7.9 ± 0.8 c F2, 14 = 200.5, p < 0.0001 

Dermis 2.2 ± 0.1 a 3.7 ± 0.6 b 16.8 ± 1.5 c F2, 14 = 92.1, p < 0.0001 

Total skin 4.1 ± 0.2 a 8.3 ± 0.6 b 24.7 ± 1.8 c F2, 14 = 155.0, p < 0.0001 

n 7 6 4 (▲)  

Units for all thickness values are µm 
n indicates life-stage sample size 
Symbol (▲) in sample size row indicate life-stages where scales were observed in some/all individuals 
Dissimilar letters within each row indicate significant differences (p < 0.05) between life-stages for a given skin region within a species. 
Significance determined by Tukey’s post-hoc tests following a significant one-way ANOVA. ANOVA F-statistic, degrees of freedom, and 
associated p value are given in the table 
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3.9 Supplemental materials  
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Supplemental Figure 3.1: Cutaneous ionocytes are abundant in the skin of both brackish water and 

freshwater K. marmoratus. NKA immunopositive ionocytes (green) in A) a posterior-lateral portion of skin 

from K. marmoratus maintained in 15 ppt water (isogenic strain 50.91). B) an anterior-lateral portion of 

skin from a freshwater population of K. marmoratus maintained in the laboratory in 0.4 ppt water. 
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4.1 Abstract  

When amphibious fishes are on land, gill function is reduced or eliminated and the skin 

is hypothesized to act as a surrogate site of ionoregulation. Skin ionocytes are present 

in many fishes, particularly those with amphibious life histories. We used nine closely 

related killifishes spanning a range of amphibiousness to first test the hypothesis that 

amphibious killifishes have evolved constitutively increased skin ionocyte density to 

promote ionoregulation on land. We found that skin ionocyte densities were 

constitutively higher in five of seven amphibious species examined relative to 

exclusively water-breathing species when fish were prevented from leaving water, 

strongly supporting our hypothesis. Next, to examine the scope for plasticity, we tested 

the hypothesis that skin ionocyte density in amphibious fishes would respond plastically 

to air-exposure to promote ionoregulation in terrestrial environments. We found that air-

exposure induced plasticity in skin ionocyte density only in the two species classified as 

highly amphibious, but not in moderately amphibious species. Specifically, skin ionocyte 

density significantly increased in Anablepsoides hartii (168%) and Kryptolebias 

marmoratus (37%) following a continuous air-exposure, and only in K. marmoratus 

(43%) following fluctuating air-exposure. Collectively, our data suggest that highly 

amphibious killifishes have evolved both increased skin ionocyte density as well as skin 

that is more responsive to air-exposure compared to exclusively water-breathing and 

less amphibious species. Our findings are consistent with the idea that gaining the 

capacity for cutaneous ionoregulation is a key evolutionary step that enables 

amphibious fishes to survive on land.   
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4.2 Introduction 

In most fishes, the gill is the organ primarily responsible for gas-exchange, gas-sensing, 

osmo-, and ion-regulation, including nitrogen-excretion (Evans et al. 2005). As most 

fishes are exclusively water-breathing, gills have evolved to function optimally in 

aqueous environments; when the buoyant support of water is removed, gill function is 

diminished or eliminated (Randall et al. 1981). Amphibious fishes that occupy terrestrial 

habitats as part of their natural life history may therefore experience diminished gill 

function unless specialized anatomical modifications exist (e.g., Low et al. 1988). Like 

the gill, the skin offers a relatively large surface area, is vascularized, and is in direct 

contact with the external environment. The skin may therefore act as a surrogate gill 

when amphibious fishes are out of water. Many amphibious fishes use the skin to 

perform gill functions such as oxygen acquisition and ammonia volatilization during 

terrestrial sojourns (Wright and Turko 2016; Livingston et al. 2018). Another important 

physiological function of the fish gill is ion regulation, but comparatively little is known 

about whether the skin of amphibious fishes is used for ion exchange while on land.  

Based on the structure-function biological principle (Michael 2021), if an alternate site, 

like the skin, is to fulfill the ion exchange function of the gill, it should contain gill-like 

ionoregulatory cells. Ion-transporting cells (ionocytes or mitochondrion-rich cells; 

formerly termed chloride cells) are typically abundant in teleost fish gills where they are 

responsible for active ion secretion in seawater fishes and active ion uptake in 

freshwater fishes (Wilson and Laurent 2002). Gill-type ionocytes have been reported in 

the skin of a number of amphibious fishes (e.g., Channa striata, Banerjee and Mittal 

1975; Lipophrys pholis (formerly Blennius pholis), Nonnotte et al. 1979; Gillichthys 

mirabilis, Marshall and Nishioka 1980; Synbranchus marmoratus, Stiffler et al. 1986; 

Periophthalmus modestus, Yokota et al. 1997; Protopterus annectens, Sturla et al. 

2001; Kryptolebias marmoratus, LeBlanc et al. 2010; Periophthalmus minutus and 

Periophthalmus novaeguineaensis, Itoki et al. 2012; Anablepsoides hartii, Livingston et 
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al. 2018), and depending on the species may be highly abundant. Skin ionocytes have 

also been reported in non-amphibious species (e.g., Gasterosteus aculeatus, Whitear 

1970; juvenile Cyprinus carpio acclimated to acidified water, Iger and Wendelaar Bonga 

1994; rarely in juvenile Oncorhynchus mykiss, Iger et al. 1994; Aphanius dispar, 

discussed by Abraham et al. 2001) but are not always present (e.g., in both freshwater 

and saline acclimated C. carpio, Abraham et al. 2001). Note, we are referring to the 

skin-proper and not the specialized inner opercular skin which may be ionocyte-rich 

(e.g., Degnan et al. 1977) or the larval skin of most teleost species (Varsamos et al. 

2005). In general, ionocytes are less commonly associated with the skin of exclusively 

water-breathing species than amphibious species. Indeed, in a recent study, we 

reported that highly amphibious species have higher densities of skin ionocytes than 

moderately amphibious or exclusively water-breathing fishes (Tunnah et al. 2022, 

Chapter 3). This pattern makes functional sense, given the periods of reduced gill 

function experienced by amphibious fishes on land, the suitability of the skin to function 

as an exchange site, and the critical importance of ionoregulation for survival. However, 

we do not know whether the high density of skin ionocytes in amphibious fishes is a 

fixed, constitutive trait or is induced via plasticity when fish voluntarily leave water. 

Therefore, in the present study, we controlled the rearing environment of seven 

amphibious fishes to answer the question: how important is air-exposure induced 

plasticity in shaping skin ionocyte density in amphibious fishes? 

Phenotypic plasticity is used by taxonomically diverse species to cope with changes in 

the external environment (West-Eberhard 2003, Pfennig 2021). Indeed, the skin of 

many fishes responds plastically to environmental change. For example, environmental 

acidity alters epidermal thickness in exclusively water-breathing juvenile C. carpio (Iger 

and Wendelaar Bonga 1994), external salinity alters skin ionocyte frequency in Poecilia 

reticulata (Schwerdtfeger and Bereiter-Hahn 1978), and seasonal shifts alter skin 

mucous cells in amphibious Misgurnus mizolepis (Oh and Park 2009). Air-exposure is 

also well known to induce skin plasticity in the model amphibious fish K. marmoratus, 
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which alters skin mucous cells (LeBlanc et al. 2010), thickness (Heffell et al. 2018), 

vascularization (Blanchard et al. 2019), neuroepithelial cells (Rossi et al. 2020), and 

ionocytes (LeBlanc et al. 2010; Martin et al. 2019; Ridgway et al. 2021). However, it is 

unknown whether skin plasticity is widespread amongst other amphibious fishes. 

We first tested the hypothesis that the skin ionocyte density of amphibious fishes has 

evolved to promote ionoregulation via the skin in terrestrial environments. This 

constitutive differences hypothesis predicts that skin ionocyte density in amphibious 

fishes is primarily determined by fixed developmental trajectories and thus skin ionocyte 

densities will be higher in amphibious species compared to exclusively water-breathing 

species even when amphibious species cannot leave water. Alternatively, if the 

increased skin ionocyte density of amphibious fishes is instead primarily determined by 

plasticity in response to air-exposure, then ionocyte densities would be constitutively 

similar across all species (i.e., in the absence of emersion), regardless of amphibious 

life history. This skin plasticity hypothesis also predicts that air-exposure will increase 

skin ionocyte densities above constitutive levels in amphibious species. 

We took a comparative experimental approach and investigated nine species spanning 

a range of amphibiousness. Fish were reared in water and air-exposure was prevented 

by a mesh barrier to eliminate plastic responses and enable us to measure the 

constitutive skin phenotype. To test the skin plasticity hypothesis, we exposed 

amphibious species, that had been reared without access to air-exposure, to air for 1 

week (fluctuating or continuous air-exposure protocol depending on tolerance) and 

quantified skin ionocyte densities. 
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4.3 Methods 

Animals 

We studied nine species (Anablepsoides hartii, Aplocheilus lineatus, Fundulus 

heteroclitus, Gambusia affinis, Kryptolebias marmoratus, Oryzias woworae, Poecilia 

wingei, Poropanchax normani, and Rivulus cylindraceus) acquired from either the 

commercial aquarium trade, or, in the case of K. marmoratus, from a breeding colony at 

the University of Guelph. All species are ray-finned fishes from the Order 

Cyprinodontiformes except O. woworae which is a member of the closely related 

Beloniformes (Hughes et al. 2018). We grouped the nine fish species into three 

categories: exclusively water-breathing, moderately amphibious, or highly amphibious 

(Wright and Turko 2016; Turko et al. 2020; Tunnah et al. 2022 (Chapter 3)). We 

classified O. woworae and P. normani as exclusively water-breathing and A. lineatus, F. 

heteroclitus, G. affinis, and R. cylindraceus as moderately amphibious. We also 

classified P. wingei as moderately amphibious as amphibious behaviour (voluntary 

emersion from water) has been observed in the lab (V.V Bhargav and P.A Wright, 

unpublished data). Since both A. hartii and K. marmoratus can tolerate prolonged 

periods of continuous air-exposure (lab-reared A. hartii several weeks, A. Turko, 

personal communication; lab-reared freshwater strain K. marmoratus ~1 week, Dong et 

al. 2021) we classified these two species as highly amphibious.  We maintained all fish 

(except progenitor F. heteroclitus, see below) in the Hagen Aqualab at the University of 

Guelph under a 12L:12D photoperiod.   

Housing conditions for each species were tailored to approximate natural conditions. All 

species, with the exception of F. heteroclitus, were maintained in freshwater at 25ºC. 

Anablepsoides hartii, G. affinis, O. woworae, and P. wingei were maintained in naturally 

hard well water (CaCO3 = 215 ppm; water composition detailed in Platek et al. 2017). 

Aplocheilus lineatus, P. normani and R. cylindraceus were maintained in soft water 
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created by mixing hard water with reverse osmosis water in a 1:1 ratio. Laboratory 

reared descendants of a freshwater strain of K. marmoratus captured on Long Caye, 

Belize in 2012 (Turko et al. 2018) were maintained in 0.4 ppt water created from 

commercial seasalt and reverse osmosis water. Finally, F. heteroclitus were maintained 

in 4 ppt water, also made using commercial seasalt and reverse osmosis water, at room 

temperature. Our animal protocols were approved by the University of Guelph animal 

care committee (protocols 3992 and 3891) and followed the guidelines of the Canadian 

Council on Animal Care (CCAC). 

Experimental protocol 

We collected experimental fish as either embryos or live-born young (P. wingei and G. 

affinis) from captive parents. Embryos from progenitor F. heteroclitus were kindly 

donated from a research population at McMaster University, Canada. We transferred 

early life-stage fishes to individual experimental rearing chambers (opaque plastic 

containers) containing ~250 - 300 mL of water of the appropriate osmotic composition. 

We fitted each chamber with a mesh insert below the water line to prevent fishes from 

leaving water. We maintained fish in these rearing chambers for at least 6 months prior 

to experimentation. We fed fish brine shrimp nauplii (Artemia sp.) three times per week 

and when fish were large enough, we augmented their diets with bloodworms 

approximately once per week. 

After at least 6 months below the mesh barrier, a subset of fish from each species were 

terminally sampled to assess the constitutive skin ionocyte density. We then exposed a 

subset of highly amphibious A. hartii and K. marmoratus individuals to a continuous air-

exposure protocol for 7 days before terminal sampling. A duration of 7 days has been 

repeatedly used in K. marmoratus to investigate air-exposure induced plasticity (e.g., 

Ong et al. 2007; Robertson et al. 2015; Blanchard et al. 2019; Martin et al. 2019; 

Ridgway et al. 2021). Neither K. marmoratus nor A. hartii can feed terrestrially and so 

fishes were fasting for the air-exposure duration. Lastly, we exposed another subset of 
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fish from each amphibious species, except F. heteroclitus due to insufficient animal 

numbers, to a fluctuating air-exposure protocol (~2 hours air-exposure per day for 7 

days between the hours of ~11:00 – 15:00) before terminal sampling. We designed this 

protocol to accommodate the lower air-exposure tolerance of moderately amphibious 

species. No mortality occurred in this treatment group. We decided that 2 hours of daily 

air-exposure may be sufficient to induce ionocyte plasticity based on existing K. 

marmoratus data. In K. marmoratus moving from water to air is an environmental shift 

that is rapidly sensed as alterations to many mRNA transcript levels, including Na+-K+-

ATPase (NKA) subunits, occur in the skin within the first hour of air-exposure (Dong et 

al. 2021). Furthermore, in K. marmoratus a single 3 hour air-exposure was sufficient to 

significantly increase the density of skin ionocytes in a brackish water strain of K. 

marmoratus acclimated to 0.3 ppt (Martin et al. 2019). We fed fishes Artemia in the 

fluctuating protocol according to the regular feeding schedule to reflect natural 

conditions where fish can feed upon returning to water. We conducted air-exposures in 

the same opaque plastic containers used for housing over a moist surface (after Ong et 

al. 2007). Across all three treatment groups the sample size ranged between 7 – 9 fish 

per group. Sex could not be discerned visually in O. woworae, P. normani, or F. 

heteroclitus at sampling, but in other species, except for hermaphroditic K. marmoratus 

(Harrington 1961), we included both male and female individuals. We euthanized fish 

via cold-water immersion followed by decapitation and immediately collected samples 

for subsequent analysis (see below). 

Skin ionocytes 

To examine skin ionocytes we isolated an anterior cross-section of the body beginning 

behind the operculum near the pectoral fin attachment, leaving the skin intact and 

attached to the underlying musculature to minimize damage. We fixed samples in 10% 

neutral buffered formalin (NBF) for 24 hours at 4ºC. After fixation, we rinsed the 

samples in phosphate buffered saline (in mmol L−1: 137 NaCl, 15.2 Na2HPO4, 2.7 KCl, 
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1.5 KH2PO4, pH 7.4) and moved samples through an increasing methanol (MeOH) 

series (25%, 50%, 75%; ~20 min shaking at room temperature each step) before storing 

samples in 100% MeOH at -20ºC for subsequent indirect whole-mount 

immunofluorescence (IF) antibody labelling. For IF labelling we used one lateral half of 

the sample and followed the same protocol to label the ion transporter NKA which is 

highly abundant in ionocytes as described in Ridgway et al. (2021), with the same 

modifications as noted in Tunnah et al. (2022, Chapter 3). Ionocytes were labelled 

using a mouse monoclonal anti-NKA primary antibody from the Developmental Studies 

Hybridoma Bank at the University of Iowa (α5; 1:100) and a goat anti-mouse IgG 

secondary antibody (Alexa 488) at a 1:500 dilution (ThermoFisher Scientific; A11001). 

To confirm that non-specific binding was not contributing significantly to the detected 

fluorescence signal, we performed negative labelling controls, under the same 

conditions, on a separate group of samples (data not shown). For the negative labelling 

control, we used the isotype-matched mouse anti-shark Na+: K+: 2Cl− cotransporter 

(NKCC) antibody (clone J3, culture supernatant from the Developmental Studies 

Hybridoma Bank at the University of Iowa) in place of the NKA antibody, also at a 1:100 

dilution. All samples were also stained with DAPI to identify nuclei.  

Once labelling was complete, we imaged the samples using an Eclipse Ti2 microscope 

and DS-Qi2 monochrome camera (Nikon Instruments). Up to three separate z-stacked 

multichannel (FITC, DAPI, and DIC filters; 30x objective, FOV area = 0.15 mm2) images 

were acquired per sample, distributed dorsoventrally in the lateral skin region. Prior to 

image analysis we coded the images to be blinded to treatment group during 

quantification. We then counted the number of NKA-immunopositive cells (ionocytes) 

with non-contiguous cell borders, whose brightness (mean gray value) was ≥10% higher 

than an adjacent background region of the same size, and that had ≥50% of the cell 

cross-sectional area inside a randomly positioned 0.14 mm2 box within each image. We 

then expressed these cell counts as a density (cells · mm-2) by dividing by 0.14 mm2. In 

species with high ionocyte cell densities (A. hartii and K. marmoratus) we quantified one 
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image per fish. But to ensure adequate sampling in all other species, where ionocyte 

densities were lower, we quantified three images per fish and calculated the overall 

mean ionocyte density. Only in A. hartii, where a distinct population of extremely bright 

ionocytes were observed, we quantified the number of non-contiguous cells inside the 

same 0.14 mm2 box whose brightness (mean gray value) was ≥ 10,000. We used the 

software Fiji (Schindelin et al. 2012) for all quantifications.  

Statistics 

We performed a one-way analysis of variance (ANOVA) to assess whether constitutive 

skin ionocyte densities varied among species. We also used one-way ANOVAs to 

assess whether skin ionocyte densities in highly amphibious species and the percent 

composition of extremely bright ionocytes in A. hartii were different between treatments. 

All data were assessed for the assumptions of normality of the residuals (Kolmogorov-

Smirnov test) and homogeneity of variance (Brown-Forsythe test) and were transformed 

(square root) when necessary. When a significant main effect was detected, we used 

Tukey’s post-hoc tests to identify differences between species or treatments. In the 

moderately amphibious fishes, to determine whether skin ionocyte densities differed 

between treatment groups within a species (water vs. fluctuating-air) we performed 

unpaired two-tailed t-tests. Again, we ensured the data met the assumptions of 

normality of residuals (Kolmogorov-Smirnov test) and equality of variances (F-test) and 

log transformed data to meet these assumptions when necessary. Both ANOVA and t-

tests were conducted in GraphPad Prism (version 9).  

To determine whether constitutive ionocyte densities and ionocyte plasticity differed 

between exclusively water-breathing and amphibious species we performed a 

phylogenetic ANOVA to account for possible effects of phylogeny (function phylANOVA 

in phytools, n = 1000000 simulations, Revell 2012). We used a previously published 

phylogeny (Turko et al. 2020) pruned to keep only the species relevant to each analysis. 

When a significant main effect was detected Holm post-hoc tests were used to identify 
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differences between life history categories. To compare constitutive ionocyte density, 

we used mean values for each species. To compare plasticity of ionocyte density, we 

calculated a plasticity score for each species by subtracting the mean constitutive 

ionocyte density from the mean fluctuating air-exposure group ionocyte density. All 

phylogenetic analyses were conducted using RStudio (version Prairie Trillium) running 

R (version 4.1.2 Bird Hippie). For all statistical tests, results were considered significant 

at α < 0.05. 

 

4.4 Results 

NKA-immunopositive cells (i.e., ionocytes) were identified in the skin in all nine species 

examined (Figure 4.1). After rearing in water, without access to air, the constitutive 

ionocyte density in the skin was variable between species (Figure 4.2, one-way ANOVA 

F8, 62 = 105.7, p < 0.0001). Accounting for phylogenetic relatedness, highly amphibious 

species had constitutive skin ionocyte densities 10 – 181-fold higher than exclusively 

water-breathing species (Holm p-values: highly amphibious vs. exclusively water-

breathing p = 0.022; highly amphibious vs. moderately amphibious p = 0.022). In 

comparison, skin ionocyte densities were lower in moderately amphibious species and, 

with phylogeny accounted for, were not significantly different overall from exclusively 

water-breathing species (Holm p-value: moderately amphibious vs. exclusively water-

breathing p = 0.61). Although, in three of the moderately amphibious species 

investigated (F. heteroclitus, P. wingei, and R. cylindraceus) skin ionocyte densities 

were significantly higher than in both exclusively water-breathing species (all Tukey’s p-

values p < 0.05). 

Highly amphibious and moderately amphibious species demonstrated differences in the 

plasticity of skin ionocyte density following air-exposure (Figure 4.3). After accounting 

for effects of phylogeny, highly amphibious species exhibited overall more plasticity than 
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moderately amphibious species (Holm p-value: highly amphibious vs. moderately 

amphibious p = 0.037). Skin ionocyte densities did not increase above constitutive 

(water) levels after a 7-day fluctuating air-exposure protocol in any of the four 

moderately amphibious species tested (unpaired t-tests: A. lineatus t14 = 0.15, p = 0.88; 

G.affinis t14 = 1.29, p = 0.22; P. wingei t13 = 0.27, p = 0.79; R. cylindraceus t14 = 1.43, p 

= 0.18). In contrast, the skin ionocyte density in both highly amphibious species 

increased above constitutive levels with air-exposure. However, the increase in ionocyte 

density (43%) after a fluctuating air-exposure was only statistically significant in K. 

marmoratus (Tukey’s: water vs. fluctuating-air p = 0.003) and not in A. hartii (33% 

increase; Tukey’s: water vs. fluctuating-air p = 0.36). Following 7-days of continuous air-

exposure, skin ionocyte densities significantly increased above constitutive levels in 

both A. hartii (168% increase; Tukey’s: water vs. continuous-air p < 0.0001) and K. 

marmoratus (37% increase; Tukey’s: water vs. continuous-air p = 0.014). 

In A. hartii, a distinct population of extremely bright ionocytes were noted 

(Supplemental Figure 4.1) in both the skin (Supplemental Figure 4.1A) and gills 

(Supplemental Figure 4.1B). In the skin, these extremely bright ionocytes constituted 

only a small percentage (4.9%) of the total number of ionocytes. Although there was an 

overall treatment effect (Supplemental Figure 4.1C, one-way ANOVA F2, 21 = 4.31, p = 

0.027), the percentage of extremely bright ionocytes in the skin did not significantly 

change after air-exposure when compared to levels in fish maintained continuously in 

water (Supplemental Figure 4.1C, Tukey’s: water vs. fluctuating-air p = 0.45; water vs. 

continuous-air p = 0.23). 

 

4.5 Discussion 

Our results reveal that skin ionocytes are a constitutive trait in all nine species 

examined, regardless of life history. Amphibiousness was associated with increased 
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density of skin ionocytes, in support of the constitutive differences hypothesis. In 

addition, our results are partially consistent with the plasticity hypothesis, but we found 

that plastic responses were both species- and protocol-dependent. Air-exposure 

induced plasticity in skin ionocyte density only in highly amphibious species and 

responses differed between fluctuating and continuous air-exposure protocols. The 

higher densities of skin ionocytes in highly amphibious species coupled with further 

density increases following air-exposure collectively support the idea that ionocytes in 

the skin of amphibious species are important for terrestrial ionoregulation and likely 

facilitate survival in terrestrial environments. 

Similarities between skin and gill ionocytes 

The ionocytes in the skin of amphibious fishes resemble those of the gill and appear to 

also function similarly. In K. marmoratus, for example, ionocytes in the skin possess 

apical crypts, an intracellular tubular network, and interface with both the blood and the 

external environment (Dong et al. 2021), all characteristics that are shared with 

branchial ionocytes. Skin ionocytes of K. marmoratus also contain the same ion 

transporters (i.e., NKA, cystic fibrosis transmembrane conductance regulator (CFTR), 

Na+/H+ exchanger (NHE), and Rhesus (Rh) proteins, Cooper et al. 2013; Livingston et 

al. 2018; Martin et al. 2019) as have been documented in gill ionocytes of other species. 

Structural similarity between skin and gill ionocytes has also been noted by previous 

authors in other species (e.g., Nonnotte et al. 1979; Marshall and Nishioka, 1980). 

Additionally, ions are known to move across the cutaneous surface of air-exposed 

amphibious fishes (e.g., Wilke et al. 2007; LeBlanc et al. 2010) and in K. marmoratus 

the rate of flux depended on external salinity (LeBlanc et al. 2010). In the present study, 

as all species were maintained in a hypo-osmotic environment during air exposure (i.e., 

substrate saturated with hard or soft freshwater), we assume that the skin ionocytes are 

actively absorbing ions to maintain ion balance when gill function is impaired. 
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Constitutive ionocyte density 

After accounting for phylogenetic relationships, we found that highly amphibious species 

had significantly higher constitutive skin ionocyte densities than either exclusively water-

breathing or less air-tolerant moderately amphibious species. This suggests that life 

history (i.e., degree of amphibiousness) is associated with skin ionocyte density 

independent of species relatedness. It is possible that small differences in water ion 

composition during rearing may have influenced the absolute ionocyte density we 

measured. However, the density of oval-type skin ionocytes, also identified using a 

whole-mount method, in the skin of K. marmoratus was not significantly different 

between fish acclimated to 1 ppt and 45 ppt for at least one month suggesting that even 

large changes in osmotic composition do not always result in altered skin ionocyte 

density (LeBlanc et al. 2010). Even so, evaluating whether skin ionocyte density is 

altered in response to hard and soft water during rearing in these species would be 

valuable in future studies. However, given the large fold changes in density between 

highly amphibious and other life history categories, we do not feel that our overall 

conclusions would be altered. We also acknowledge that our phylogenetic analyses 

would be strengthened by adding more species, especially in the highly amphibious 

group. However, we were careful to choose species with fairly well-resolved 

phylogenetic relationships and included representatives of most major 

cyprinodontiform clades. We also chose highly amphibious killifish species that were as 

distantly related as possible - Kryptolebias and Anablepsoides genera diverged ~ 37 

million years ago (Amorim and Costa 2022) and are thought to represent two 

independent origins of amphibiousness (Damsgaard et al. 2020). We suggest that skin 

ionocytes are critical for species that emerse for prolonged periods, when iono- and 

osmoregulation across the skin help to maintain homeostasis in the absence of 

branchial exchange. In contrast, some less air-tolerant species may only conduct short 

or infrequent emersions onto land and thus still spend the majority of their lives in water 
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allowing ionoregulation to occur primarily via the gills. An abundance of skin ionocytes 

may therefore not be necessary for moderately amphibious species.  

Skin ionocyte densities may vary among skin regions. The ionocyte density of F. 

heteroclitus we report in the anterior lateral skin was ~33 fold lower than that reported in 

the specialized opercular skin epithelium of F. heteroclitus acclimated to 32 ppt (Chen et 

al. 2021). This suggests that the opercular epithelium has a larger ionoregulatory role in 

F. heteroclitus than the body skin. Similarly, we found that the constitutive ionocyte 

density of O. woworae was higher (5-fold) here in the anterior lateral skin than in our 

previous study where ionocytes were quantified in a posterior skin region (Tunnah et al. 

2022, Chapter 3), suggesting that the anterior skin has a larger ionoregulatory role in O. 

woworae. Poropanchax normani demonstrated the opposite trend, as density was ~5-

fold lower in this study, compared to our earlier work (Tunnah et al. 2022, Chapter 3). 

Different ionocyte densities are also reported between body regions in other species 

(e.g., Yokota et al. 1997; Itoki et al. 2012) as well as in early life-stages (Varsamos et al. 

2005). In K. marmoratus, however, ionocyte counts between dorsal, ventral, left and 

right lateral sides were similar (LeBlanc et al. 2010). We also found similar skin ionocyte 

densities in anterior skin compared to previously reported values for posterior skin in R. 

cylindraceus, A. lineatus, and A. hartii (Tunnah et al. 2022, Chapter 3). In future 

studies, quantifying ionocyte densities in multiple skin regions would be beneficial to 

obtain a clearer picture of overall ionocyte density. However, given that differences in 

skin ionocyte density tended to be much larger among species than among body 

regions, we expect that our primary conclusion that highly amphibious killifishes have 

evolved increased skin ionocyte density is robust. Regional differences in density may 

indicate functional specializations, or they may be dictated by anatomy. For example, a 

close association between ionocytes and blood vessels is often necessary for ionocyte 

function (Alderdice 1988) and in Danio rerio scales may shape nerve and vasculature 

patterns (Rasmussen et al. 2018). An interesting avenue for future research would be to 

investigate whether, in amphibious fishes broadly, higher ionocyte densities are 



 

 

 

 

126 

associated with the surface in direct contact with the substrate during emersion. Such 

an association has been documented in K. marmoratus where mucous cell frequency 

(LeBlanc et al. 2010) and neuroepithelial cell density (Cochrane et al. 2019) are both 

higher in the ventral skin, the primary surface contacting the terrestrial substrate during 

lab-based aerial emersions (Heffell et al. 2018). 

Why would adult fishes constitutively express skin ionocytes? After all, ionocytes, with 

an abundance of mitochondria and active ion transport (Evans et al. 2005), are highly 

metabolically active cells and thus energetically expensive. Constitutively expressing 

skin ionocytes may have some advantages in aquatic environments. For exclusively 

water-breathing species, skin ionocytes may contribute to active calcium uptake across 

the skin (Flik et al. 1995) or maintain the local ionic microenvironment around lateral line 

sensory hair cells (Peloggia et al. 2021). But for amphibious fishes, constitutively 

expressing skin ionocytes may have the additional benefit of priming species for aerial 

exposure. Responding to an environmental shift using phenotypic plasticity requires a 

lag-time for deployment during which phenotype and environment may be sub-optimally 

matched (DeWitt et al. 1998; Auld et al. 2010; Wright and Turko 2016). Indeed, for 

amphibious species that only experience short aerial exposures, constitutive skin 

ionocyte expression may be the only option as the plasticity lag-time may exceed the 

duration of aerial exposure. In summary, constitutive expression of skin ionocytes may 

be beneficial for both exclusively water-breathing and amphibious fishes. Subsequent 

plasticity in amphibious fishes may then augment this base constitutive phenotype to 

better match phenotype to environment. 

Plasticity in ionocyte density 

We observed a significant increase in skin ionocyte density in response to air-exposure 

in highly amphibious species, and not in moderately amphibious species. Here, we used 

a strain of K. marmoratus that was initially captured from a freshwater pond (0.3 ppt) in 

Belize in 2012 and has since been maintained in the lab in freshwater for several (~10) 
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generations. In contrast, in previous work from our group using other isogenic strains of 

K. marmoratus we have not found changes in ionocyte density in fish acclimated to 

brackish water in response to air exposure (LeBlanc et al. 2010; Martin et al. 2019; 

Ridgway et al. 2021), but did observe significant changes in freshwater-acclimated fish 

exposed to air (Martin et al. 2019). Collectively, these data indicate that air-exposure 

induced plasticity in ionocyte density may be associated with environmental salinity in K. 

marmoratus. However, increased ionocyte density following air-exposure is not specific 

to freshwater K. marmoratus as we observed a similar response in A. hartii, the other 

highly amphibious species examined. Our phylogenetic analysis suggests that plasticity 

in ionocyte density is distinct between highly amphibious and moderately amphibious 

life history categories independent of phylogenetic relationships. Furthermore, there are 

thought to be four independent evolutionary origins of amphibiousness within the 

species examined in this study (in the genera Anablepsoides, Kryptolebias, Fundulus, 

and Gambusia, Damsgaard et al. 2020). Thus, the fact that we observed similar 

plasticity patterns within life history categories between species with independent 

origins of amphibiousness indicates that our findings may apply more generally to other 

amphibious species with similar degrees of amphibiousness, but more work on other 

taxonomic groups is needed.  

The two highly amphibious species studied did not respond identically to air-exposure. 

Both air-exposure protocols induced plasticity in K. marmoratus while skin ionocyte 

density was only significantly responsive to continuous air-exposure in A. hartii. One 

possibility is that A. hartii are less responsive to internal ionic perturbations and require 

more ionic dysregulation before a cellular response is induced. It is interesting that 

despite lower constitutive skin ionocyte densities in A. hartii both species increased skin 

ionocytes to similar densities (681 ± 60.5 vs. 786 ± 33.3 cells mm-2) after continuous air-

exposure. Is this perhaps the approximate density sufficient to replace gill 

ionoregulatory capacity and retain ion balance within tolerable limits? Earlier work from 

our lab showed that in K. marmoratus whole-body sodium levels were significantly 
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altered, compared to fish maintained in water, in both fresh- and saltwater (LeBlanc et 

al. 2010), suggesting that switching to skin ionoregulation on land may not perfectly 

maintain ionic homeostasis. Nevertheless, K. marmoratus survive in terrestrial habitats 

for weeks in the wild and we can assume that ions are sufficiently regulated to meet the 

needs of these fish in air. 

The increase in ionocyte density we observed following air-exposure in K. marmoratus 

and A. hartii is reminiscent of the changes in ionocyte density that other fishes display in 

response to a salinity challenge. For example, ionocyte frequency in the skin of P. 

reticulata is higher in seawater, relative to freshwater acclimated individuals 

(Schwerdtfeger and Bereiter-Hahn 1978). Similarly, ionocyte numbers generally 

increase in the gill upon transfer to higher salinities (Zaccone 1981; Laurent and Hebibi 

1989; reviewed by Laurent 1984). Thus, it appears that modulating ionocyte numbers is 

a conserved ionoregulatory response to environmental perturbations in fishes. Indeed, 

there is an association between ionocyte density and chloride transport in G. mirabilis 

skin (Marshall and Nishioka 1980) and in Oreochromis mossambicus (formerly 

Sarotherodon mossambicus) opercular membrane (Foskett et al. 1981). Similarly, we 

conclude that increased skin ionocyte density likely facilitates terrestrial ionoregulation 

in our highly amphibious species. 

Ionocyte morphology 

Ionocytes are typified by high mitochondrial densities and amplified basolateral 

membranes rich in NKA (Wilson and Laurent 2002). Gill ionocytes are described as 

being elongate, ovoid, or cuboidal (Wilson and Laurent 2002), and the majority of 

ionocytes we observed in the skin align with these shape categories (Figure 4.1). 

However, we also observed ionocytes with projections that gave cells an irregular shape 

and spikey appearance, consistent with previous observations (Ridgway et al. 2021). 

These spikey cells were most common in A. hartii and K. marmoratus skin, particularly 

following air exposure (Supplemental Figure 4.2). Irregularly shaped ionocytes have 
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also been documented in the skin of amphibious G. mirabilis exposed to hypersalinity 

(Marshall and Nishioka 1980). Both Marshall and Nishioka (1980) and Ridgway et al. 

(2021) speculate that the ionocyte projections may function to enhance ion transport. 

Our finding of irregularly shaped ionocytes in another species (A. hartii) suggests that 

increasing ionocyte area via cellular projections may be a strategy common to a wider 

range of amphibious fishes.  

We observed a population of extremely bright (high NKA fluorescence intensity) 

ionocytes in the skin and gills of A. hartii. Observations of ionocytes with different NKA 

expression have been made previously - in the gills of P. reticulata (Shikano and Fujio 

1998), between type 1 and 2 ionocytes in the yolk sac membrane of Oreochromis 

mossambicus (Hiroi et al. 2005), between Na+ pump-rich and H+ pump-rich ionocytes in 

the skin of larval D. rerio (Lin et al. 2006), and in the gills of Alcolapia grahami (J. 

Wilson, personal communication). Our observation of a particularly NKA-rich population 

of ionocytes in A. hartii suggests a specialized ionoregulatory role for these cells. 

However, further investigation is required to understand why there is variation in NKA 

labelling between ionocytes. There may also be additional functional differences 

between skin ionocytes among species (e.g., variation in transporter composition; 

Martin et al. 2019). Indeed, variation in transporter composition may be associated with 

NKA expression. For example, in A. grahami, ionocytes with high NKA expression co-

express NKCC and CFTR while ionocytes with lower NKA expression instead co-

express Na+:Cl− cotransporter (NCC) and Na+:HCO3− cotransporter (NBC, J. Wilson, 

personal communication). Therefore, expanding future investigations to also include 

other ionocyte transport proteins (e.g., NKCC, NHE, CFTR, Rh proteins, NCC, or NBC) 

would be interesting in future work. 

Perspectives and conclusions 

There are estimated to be more than 200 species of amphibious fishes distributed 

across 17 taxonomic orders (Wright and Turko 2016). All species experience a common 
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challenge – terrestrial ionoregulation – when they are out of water. On land, when water 

flow across the gills ceases, many amphibious fishes may rely upon ionocytes in the 

body skin epithelium to exchange ions with the moist terrestrial substrate in order to 

maintain ion homeostasis within tolerable limits. To make broad conclusions about 

ionoregulation in amphibious vs. exclusively water-breathing species it would be ideal to 

investigate a greater number of taxonomically diverse species. Unfortunately, the 

logistics of acquiring diverse species as well as finding a set of common holding 

conditions is challenging. Our focus here on Cyprinodontiformes, an order rich with 

amphibious species (Turko and Wright 2015) from multiple independent evolutionary 

origins (Damsgaard et al. 2020) offers an excellent alternative approach.  

Our findings suggest that ionocytes in the skin are particularly important for terrestrial 

ionoregulation in highly amphibious species and these species use plasticity to augment 

constitutive skin ionocyte densities upon exposure to air. In contrast, skin ionocytes 

appear less important for moderately amphibious species who can likely rely more 

extensively on aquatic branchial ionoregulation. The category “amphibious fishes” is 

highly diverse, in terms of phylogeny, geography, habitat, as well as air-tolerance (Turko 

et al. 2021). Although it will be important in future studies to investigate ionoregulation in 

diverse amphibious species, our results indicate that life history is a strong indicator of 

skin ionocyte density in the Cyprinodontiformes. 
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4.8 Figures 
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Figure 4.1: NKA-immunopositive ionocytes (green) were identified in the skin of each of the nine 

species examined. Each image is positioned to the right of the corresponding species name on the 

phylogeny. Phylogeny branches and species names are colour-coded to indicate life history category 

(exclusively water breathing in blue, moderately amphibious in light green, and highly amphibious in dark 

green). All representative images are maximum intensity projections of cells from fish maintained in water, 

except for the A. hartii and K. marmoratus images. These two images depict cells from fish in the 

continuous air-exposure group so that all representative images were obtained at the same magnification.  
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Figure 4.2: Constitutive (water) skin ionocyte densities are different between species and are 

associated with degree of amphibiousness. Species are ordered alphabetically left-to-right by genus 

within each life history classification (exclusively water-breathing (blue), moderately amphibious (light 

green), and highly amphibious (dark green)). Each point represents an individual (n = 7 - 9 per species). 

Dissimilar letters indicate significant differences between species detected by Tukey’s post-hoc multiple 

comparisons tests (p < 0.05) following a significant one-way ANOVA (F8, 62 = 105.7, p < 0.0001). 

Horizontal lines and vertical error bars indicate the mean and SEM, respectively.  
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Figure 4.3: Plasticity in skin ionocyte density following fluctuating air-exposure only occurs in K. 
marmoratus, while continuous air-exposure induces ionocyte plasticity in both highly amphibious 

A. hartii and K. marmoratus. Species are ordered alphabetically left-to-right by genus within each life 

history classification (moderately amphibious (light green background) and highly amphibious (dark green 

background)). Each symbol represents an individual (n = 7 - 8 per species per treatment). Treatment 

groups are represented by different symbols: water (light grey circles), fluctuating-air (dark grey triangles), 

and continuous-air (black circles). Dissimilar lowercase and uppercase letters indicate significant 

differences (Tukey’s post-hoc multiple comparisons tests, p < 0.05) between treatment groups within A. 

hartii and K. marmoratus, respectively, following significant one-way ANOVAs (A. hartii: F2, 21 = 29.08, p < 

0.0001; K. marmoratus: F2, 19 = 8.30, p = 0.0026). Horizontal lines and vertical error bars indicate the 

mean and SEM, respectively.  
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4.9 Supplemental materials 
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Supplemental Figure 4.1: A distinct population of extremely bright ionocytes were observed in the 

skin (A) and gills (B) of A. hartii but their percentage in the skin was unchanged from constitutive 

(water) levels by either air-exposure protocol (C). (A & B) Maximum intensity projection images of the 

skin (A) and gill filaments (B) of A. hartii showing that a subset of ionocytes (green) in both organs have 

more intense NKA labelling (brighter green cells). (C) Each point represents an individual fish (n = 8 per 

treatment). Dissimilar letters indicate a significant (p < 0.05) difference between treatment groups 

detected by Tukey’s post-hoc multiple comparison tests following a significant one-way ANOVA (F2, 21 = 

4.31, p = 0.027). Horizontal lines and vertical error bars indicate the mean and SEM, respectively. 
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Supplemental Figure 4.2: Irregularly shaped ionocytes with projections were observed in the skin 

of A. hartii (A) and K. marmoratus (B). White arrows point to NKA-immunopositive ionocytes with 

prominent projections. Both images are maximum intensity projections from continuous-air treatment 

group fish.   
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In my thesis, I endeavoured to understand the truly amazing ability of amphibious fishes 

to maintain homeostasis and survive in two distinctly different environments that may 

both be considered extreme: water and land. Below I briefly summarize my findings, 

discuss some of the limitations of the experimental design, and new questions arising 

from my work.  

5.1 Summary of findings 

In Chapter 2 (Rossi, Tunnah et al. 2019), we investigated how behavioural strategies 

are used to mitigate environmental impacts in fishes living in extreme aquatic 

conditions. This field expedition to a Belizean mangrove swamp provided me with the 

opportunity to observe K. marmoratus (the focal species of study in my doctoral 

laboratory) in the wild and collaborate with a network of other researchers. We found 

that tolerance alone was insufficient to cope with elevated aquatic H2S, as individuals 

from all three species examined lost equilibrium following exposure to a high, but 

ecologically relevant, level of H2S. Exposure to H2S elicited emersion in P. orri and 

Gambusia sp. as well as in K. marmoratus, although the propensity to emerse differed. 

This widespread emersion behaviour was surprising as, to the best of our knowledge, 

neither P. orri nor the unidentified species of Gambusia we worked with were previously 

reported to be amphibious [predator induced emersion behaviour has been documented 

in G. affinis (Baylis 1982) but this species is not recorded in Belize (Greenfield et al. 

1982) and a previous report of terrestrial locomotion in a poecilid fish did not identify the 

species (Lefebvre and Spahn 1987)]. Overall, we concluded that physiological tolerance 

and behaviour (emersion) are both important strategies used by mangrove fishes to 

survive in sulfidic habitats.  

My work in Chapter 2 showed the importance of emersion behaviour, this made me 

curious to further understand how amphibious fishes develop their abilities to survive 

out of water in Chapter 3 (Tunnah et al. 2022). Here, I used multiple species and 
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developmental life-stages to test whether amphibious killifishes retain larval-type traits 

(skin ionocytes and NECs) across development and into later life-stages to facilitate 

survival in terrestrial environments. I found support for the continuous expression 

hypothesis regarding skin ionocytes but found that skin NECs were not a common larval 

trait in the species I studied. In general, skin ionocyte densities tended to increase 

across development in amphibious species and more emersion tolerant species had 

higher skin ionocyte densities. Collectively, these data suggest that skin ionocytes 

facilitate survival of amphibious fishes in terrestrial habitats.  

Chapter 3 revealed that skin ionocytes were present in multiple killifishes and were 

particularly abundant in amphibious species. This observation prompted me to 

investigate what effects air-exposure has on skin ionocyte density in Chapter 4 (Tunnah 

et al. in review). In this Chapter, I first asked whether developmental exposure to air 

stimulates the expression of an ionoregulatory skin phenotype in amphibious killifishes. 

By preventing air-exposure during rearing, I conclusively showed that skin ionocytes are 

a constitutive trait in all killifish species I studied, and that air-exposure is not required 

for the formation of these cells in the skin. By incorporating phylogeny into statistical 

analyses, I was able to determine that both constitutive skin ionocyte density and 

plasticity in highly amphibious species is significantly different from that of less air-

tolerant and/or exclusively water-breathing species.  

5.2 Limitations 

The experimental work in Chapter 2 was conducted in Belize during an intensive two-

week visit to a fairly remote island (Long Caye) with no associated laboratory resources. 

Out of necessity, the duration of acclimation to our field ‘lab’ and to experimental 

conditions was limited and we could not hold animals for prolonged periods to prevent 

re-sampling. Since we were using opportunistically wild-caught animals, their 

environmental history (e.g., feeding status, age, reproductive status, prior abiotic 
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exposure) was unknown, and we utilized individuals of both sexes (P. orri and 

Gambusia sp.) to maximize the number of experimental replicates we could perform 

within a limited time frame. Such constraints may have contributed to the marked inter-

individual variation we observed within species. For example, in the increasing H2S 

emersion experiment, five of nine Gambusia sp. individuals emersed, while the 

remaining four did not and instead lost equilibrium. In addition, equipment availability 

limited the experimental variables that could be measured. For example, the lack of a 

centrifuge and microplate reader prevented investigation into the mechanisms of H2S 

toxicity that have been performed in lab-based studies (e.g., Cochrane et al. 2019). 

Thus, overall, the primary limitations associated with this study were related to time and 

equipment constraints. 

A strength of our work in Chapter 2 was our use of field-measurements to set 

experimental conditions e.g., the loss of equilibrium H2S exposure concentration. 

However, the number of water samplings was limited (perhaps even higher H2S levels 

occur) and thus, increased duration and frequency of sampling would have been ideal, 

as would using continuous monitoring techniques where possible (i.e., iButtons for 

temperature quantification, Maxim Integrated Products, California). Notably, we 

conducted all H2S experiments at a fairly acidic pH of 6.4. This pH was within the range 

we measured in the field and thus is ecologically relevant. For example, at Site 10 

where K. marmoratus, P. orri, and Gambusia were captured and H2S was detected 

(Figure 2.1; Table 2.1) a pH of 6.3 was recorded. However, water pH was variable 

between and within sites (pH as high as 7.9 was measured at site 6, Table 2.1). It is 

therefore possible that the responses to H2S assessed in this study could be altered if 

experiments were conducted at higher or lower pH values. Thus, repeating these 

experiments at other ecologically relevant pH values would be valuable in future work.  

Chapter 3 contains a detailed discussion of some pertinent study limitations (above) 

and thus I will not re-state these points. However, one methodological aspect not 
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previously discussed is skin histology. While the basic techniques I used were sufficient 

to address whether the skin thickened over development in all species, deeper skin 

characterization would be valuable. More structural information about the skin across 

development could have been gleaned from thin sections photographed at higher 

magnification using a variety of histological stains or with transmission electron 

microscopy. For example, ultrastructural information regarding ionocyte morphology 

could have indicated whether ionocytes in early life-stages were mature or immature 

like in the gills of larval tilapia (Oreochromis mossambicus, van der Heijden et al. 1999) 

and whether ionocytes were associated with other skin components like blood vessels 

as in adult K. marmoratus (Dong et al. 2021). Higher resolution microscopy techniques 

could also have allowed for finer scale skin analysis [e.g. identification of sub-layers 

within the epidermis and dermis, blood vessel location and diffusion distance, and 

investigation of epidermal desmosomes and tight junctions as in Dong et al. (2021)]. 

Such additional information may have revealed differences in the structure or 

development of the skin between amphibious and exclusively water-breathing species 

which could have opened future research avenues. 

My investigation in Chapter 4 of constitutive skin differences between amphibious and 

exclusively water-breathing species was focused solely upon skin ionocytes. Of course, 

many other aspects of the skin may be distinct between these two groups of fishes, for 

example, thickness, diffusion distance, the number or composition of mucous cells, 

scale coverage, innervation, junctional complexes, and others. I initially intended to 

examine more skin parameters; however, time constraints and technical limitations were 

both impediments. My focus on ionocyte density, although thorough, does not allow me 

to comment on the breadth of skin responses. In my experimental design for Chapter 4, 

I did not include any time points throughout the 7 days of air-exposure or investigate 

recovery upon return to water after 7 days. With hindsight, I think these would have 

been valuable additions to elucidate the time course of ionocyte density changes in the 

skin. Including at least one recovery time point would have indicated whether the plastic 
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increase in skin ionocyte density observed in K. marmoratus and A. hartii was 

reversible. As reversibility is a key part of the definition of phenotypic flexibility given by 

some authors (e.g., Piersma and Drent 2003) this knowledge would have allowed me to 

be more specific about the type of phenotypic plasticity I observed.  

Experimental limitations related to the methods used to identify and quantify skin 

ionocytes are common to both Chapters 3 and 4. I used an established technique 

(immunolabelling the protein NKA) to identify ionocytes and assumed that all highly 

NKA immunopositive cells were ionocytes. However, using other techniques in 

conjunction would have helped to verify that these cells were indeed all ionocytes and 

may have yielded additional and interesting information. For instance, using scanning 

electron microscopy to examine apical morphology and adding other transporters 

common to fish ionocytes like cystic fibrosis transmembrane conductance regulator 

(CFTR) or Na+/H+ exchanger (NHE) to the immunolabelling protocol as in Martin et al. 

(2019) would have confirmed ionocyte identity and characterized subtypes. Similarly, 

immunolabelling other membrane protein targets could have helped to shed light on 

other functions that skin ionocytes may be performing e.g., ammonia elimination via 

Rhesus (Rh) proteins in ionocyte apical crypts (e.g., Livingston et al. 2018). In both 

Chapters 3 and 4, NKA immunopositive cells with contiguous borders were not counted 

individually as they often could not be clearly distinguished from one another. Thus, 

actual ionocyte densities in some cases are higher than reported. Using an apical crypt 

marker like Concanavalin-A as in Li et al. (1995) would have helped to identify whether 

contiguous ionocytes were sharing an apical crypt and forming a multicellular complex 

as documented in alewife (Alosa pseudoharengus) gills (Christensen et al. 2012) or 

were simply in close proximity. In addition to not being able to differentiate types of 

ionocytes from one another, both Chapters 3 and 4 were limited as only cell density was 

quantified. However, both ionocyte size and transporter abundance are known ionocyte 

parameters that can change in the skin of amphibious fishes (e.g. Ridgway et al. 2021). 
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Quantification of these additional parameters would have increased our knowledge of 

the flexibility of skin ionocytes across species. 

5.3 Future directions 

Surprisingly, one largely undocumented area in the life history of many amphibious 

fishes is the onset of their defining characteristic - emersion behaviour. In their 2012 

review, Brauner and Rombough (2012) comment that, “All air-breathing fish initially 

appear to be water-breathers, if only briefly”. Given the distinct life history differences 

between adult amphibious and air-breathing fishes, it would be interesting to explicitly 

test whether amphibious species follow the same developmental pattern. Actually, we 

have some evidence that K. marmoratus may be an exception as their embryos can 

hatch on land (Taylor 1990; Wells et al. 2015). However, only relatively short air-

exposure durations are tolerated at early life-stages (Rossi et al. 2020), suggesting that 

young individuals are still closely tied to aquatic habitats. Quantification of how early in 

development amphibious fishes can actively emerse from water as well as how air-

tolerance changes across development would both be valuable additions to the 

literature. However, careful consideration of developmental, hatching, and rearing 

conditions would need to be incorporated into the experimental design to enable 

meaningful inter-species comparisons of the timing of emersion onset. 

In Chapter 2 we concluded that both physiological tolerance and emersion behaviour 

were key strategies used by mangrove fishes to cope with sulfidic conditions. If indeed 

there is a period of development where mangrove dwelling amphibious fishes like K. 

marmoratus, P. orri, and Gambusia sp. are exclusively water-breathing and unable to 

emerse, then it would be interesting to investigate physiological tolerance to H2S during 

early development. The tolerance hypothesis from Chapter 2 predicts that these 

emersion-incapable early life-stages would have higher physiological H2S tolerance 

than later emersion-capable life-stages and thus early life-stages should not lose 
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equilibrium even at the highest ecological levels of aquatic H2S exposure. If this is not 

the case, then early life-stages must have another compensatory coping strategy, 

otherwise no early life-stage individuals would survive to reproductive maturity. To 

execute this experiment, I would need to obtain early life-stage individuals of known 

age, which would be challenging. Collecting offspring from captive wild adults 

maintained in mangrove waters would be a feasible experimental approach.  

Even less studied than phenotypic plasticity in amphibious fishes are the underlying 

hormonal signals that may initiate plastic responses. Recently, I mentored a 4th year 

undergraduate project student, Megan Ridgway. We showed that the hormone cortisol 

is elevated upon exposure to air and plays a role in skin ionocyte plasticity following air-

exposure in amphibious K. marmoratus (Ridgway et al. 2021). We noted that cortisol is 

also a known endocrine factor in gill ionocyte plasticity in other fishes. It is possible that 

other hormones with known effects on gill ionocytes (see Takei and McCormick 2013) 

also play a role in skin ionocyte remodelling following air-exposure in amphibious fishes. 

For example, thyroid hormones (i.e., T3 and T4), have some known effects on gill 

ionocytes (McCormick 2001; Takei and McCormick 2013) and plasma T4 levels were 

found to be elevated in two species of air-exposed amphibious mudskippers (Lee and Ip 

1987). Thyroid hormones are best known for their metamorphic role in amphibians since 

the work of Gudernatsch (1912). Fish species can also undergo metamorphoses (e.g., 

from larvae to juveniles; eye migration in flatfish), some of which are known to involve 

thyroid hormones (see McMenamin and Parichy 2013; Campinho 2019). Fish skin may 

be responsive to thyroid hormones as in Senegalese sole (Solea senegalensis) gene 

expression of keratin transcripts, abundant in the skin, are regulated by thyroid 

hormones (Infante et al. 2007). Furthermore, in a transcriptomic survey of the skin of K. 

marmoratus, mRNA levels of thyroid hormone receptors A and B isoforms (THRA and 

THRB) were significantly upregulated following air-exposure (Dong et al. 2021). Thus, 

thyroid hormones are promising hormonal candidates for involvement in broader 

amphibious fish skin phenotypic plasticity. A variety of pharmacological tools to 
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manipulate thyroid hormone signalling are available (e.g., synthesis inhibitors such as 

thiourea and methimazole), making powerful mechanistic studies possible.  

A theme within my thesis is the idea that the skin acts like a gill for the purpose of 

ionoregulation. I have shown that several amphibious killifishes have elevated ionocyte 

densities in their skin and have concluded that amphibious killifishes use the skin 

surface as a surrogate gill to facilitate ion-exchange on land. The gill is undoubtedly the 

primary ionoregulatory organ for most fishes. However, the kidney and GI tract are 

important secondary sites (see Marshall and Grosell 2006). In their review, Pelster and 

Wood (2018) discuss the role of the digestive tract and kidney for ion transport in air-

breathing and amphibious fishes, noting studies that suggest enhanced ion uptake 

compared to water-breathers (e.g., Hochachka et al. 1978; Wood et al. 2016). 

Expanding this work to conduct a broader investigation of whether, compared to 

exclusively water-breathing species, amphibious fishes have increased reliance on, or 

have modified, secondary ionoregulatory sites to help maintain ion and water 

homeostasis when gill function is diminished on land would be an interesting area for 

future studies.  

The skin of amphibious fishes clearly has enhanced transport functionality compared to 

exclusively water-breathing species. Goblet cells in the skin secrete glycoproteins that 

trap water forming a mucus layer which coats the fish (Shephard 1994). Any materials 

being exchanged across the skin must pass through this mucus layer; thus, its 

composition must inevitably influence exchange. For example, the pH of the skin 

surface influences ammonia elimination across the skin both in water and during 

emersion in K. marmoratus (Litwiller et al. 2006; Cooper et al. 2013). Although fish 

mucus is primarily composed of water (Handy 1989), O2 diffusivity was found to be 30% 

lower in the skin mucus of low pH exposed C. carpio than in water (Ultsch and Gros 

1979) suggesting that mucus can impede gas-exchange across the skin. Similarly, the 

concentration of ions in the body mucus of rainbow trout is higher than those in the 
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surrounding water (Handy 1989) indicating that mucus can alter gradients for ion 

exchange between internal and external environments. Given the enhanced importance 

of the skin for exchange in amphibious fishes, investigation of the composition of skin 

mucus and resultant effects on exchange is particularly worthy of study in amphibious 

fishes. Skin mucus may present an interesting example of a biological trade-off, for 

example between the benefit of desiccation prevention on land and the cost of slower 

gas-exchange. In conclusion, a comparison of mucus properties between amphibious 

and exclusively water-breathing species would be insightful as would investigation of 

possible plastic changes in the mucus of amphibious species following emersion. 

5.4 Conclusion 

The experimental work conducted in my thesis adds to our understanding of how 

amphibious fishes use adaptive traits (skin ionocytes), behavioural (emersion), and 

plastic responses (increased ionocyte density) to maintain homeostasis in extreme 

environments. The techniques used in my thesis span from the whole-animal level (e.g., 

loss of equilibrium experiments) down to the molecular level (e.g., immunofluorescent 

protein localization). I have also taken different approaches from comparative (i.e., 

multi-species comparison), developmental (i.e., use of multiple life-stages), and 

evolutionary (i.e., considering phylogeny) perspectives. The use of multiple species and 

common holding conditions are strengths of my thesis and my work has added to our 

knowledge of cyprinodontiform killifishes. However, there is much left to uncover, both 

within the Cyprinodontiformes and more broadly in amphibious fishes generally. Since 

the fossil record does not preserve physiological information, extant amphibious fishes 

are our best models to study the strategies that ancient fishes may have used to enable 

life in a terrestrial environment. However, I feel, the unique ability of extant amphibious 

species to occupy both aquatic and terrestrial habitats makes them inherently 

interesting to study in their own right.   
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