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The self-fertilizing mangrove rivulus, Kryptolebias marmoratus, is an amphibious fish
capable of reversible gill remodelling when moving between aquatic and terrestrial
environments. In this thesis I determined how plastic morphological and physiological
respiratory traits were integrated during transitions between environments. In two isogenic
lineages, I found that behaviour (increased emersion) of individual fish caused gill
morphological changes (enlargement of the interlamellar cell mass (ILCM)) that reduced gill
surface area. I also found that large ILCMs that formed after 7 d of air exposure increased both
gill ventilation and critical oxygen tension (Pcrit) when fish returned to water. These results
indicate that large ILCMs reduce aquatic respiratory function, and increased gill ventilation was
unable to maintain oxygen uptake at extreme levels of hypoxia. Ultimately, this study highlights
the trade-offs in gill structure and function during the transition between air and water, and
demonstrates that differences in behaviour can generate morphological variation.
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GENERAL INTRODUCTION

The phenotype of an organism is determined by the interaction of its genome with the
surrounding environment. Phenotypic plasticity occurs when a single genotype is able to express
a range of environment-dependant phenotypes. Thus, plasticity is not necessarily advantageous,
as relatively poor environments can negatively affect phenotype and thus fitness. Alternatively,
adaptive phenotypic plasticity is the expression of a relatively fit phenotype for a given
environment (West-Eberhard 2003, DeWitt and Scheiner 2004). Adaptive phenotypes can be
expressed at the behavioural, physiological, or morphological level, and may be reversible or
irreversible. Irreversible plasticity, especially as it occurs over ontogeny, is commonly labelled
“developmental plasticity,” while reversible phenotypic changes experienced by reproductively
mature individuals has been called “phenotypic flexibility” (Piersma and van Gils 2011).
Developmental plasticity is thought to be most common in environments that change
infrequently (relative to an organism’s lifespan), while flexibility is preferred in frequently and
unpredictably fluctuating environments (West-Eberhard 2003, Piersma and van Gils 2011).
Furthermore, expressions of plasticity are not usually isolated to one trait, but rather involve
correlated changes in behaviour, physiology, and morphology (Schlichting and Pigliucci 1998,
Bolnick et al. 2003). In this thesis I used the self-fertilizing (isogenic) amphibious fish
Kryptolebias marmoratus, the mangrove rivulus, to explore how phenotypically flexible
morphological and physiological respiratory traits are integrated during relatively frequent and
unpredictable transitions between terrestrial and aquatic environments.
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Phenotypic plasticity
Adaptive phenotypic plasticity refers to the ability of a single genotype to produce a
range of relatively fit alternative phenotypes in response to environmental conditions.
Investigators have found a vast number of examples of adaptive plasticity in response to both
biotic (e.g. predator or prey abundance, reproductive opportunity, or social interactions) and
abiotic (e.g. temperature, oxygen, or light availability) conditions (e.g. West-Eberhard 2003,
Piersma and van Gils 2011). These plastic responses are often observed in several functionally
related traits, ranging from behaviour to morphology, suggesting that the phenotypes of these
traits and their plasticities can be integrated (Schlichting and Pigliucci 1998, Bolnick et al. 2003).
However, the mechanisms underlying this integration are relatively unknown. One possibility is
that the phenotypes of several traits are controlled by a single pleiotropic gene or common
sensory pathway (Schlichting and Pigliucci 1998, Ghalambor et al. 2010). Alternatively, the
environment could cause a response in one trait, which then initiates plastic responses in other
traits. For example, pumpkinseed sunfish (Lepomis gibbosus) may immediately exploit novel
prey with changes in foraging or food handling behaviour, which is followed by remodelling of
food handling morphology to further improve feeding efficiency (e.g. Mittelbach et al. 1992,
1999). It may therefore be possible for intraspecific differences in behaviour, cued by
environmental variation, to cause plastic morphological divergence between individuals
(Pigliucci 2001, West-Eberhard 2003). However, this issue is hard to address empirically as
genetic variation can impact behavioural and morphological traits directly, the plasticity of each
trait, and also the degree to which traits are correlated (Schlichting and Pigliucci 1998, Pigliucci
2001, Ghalambor et al. 2010). Studies investigating this topic should therefore ideally use
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genetically identical individuals in order to isolate the contribution of the environment to
phenotype.
The benefit of adaptive plasticity is quite clear – it allows for the phenotype to be better
suited to a given environment than if an intermediate form were always expressed. A
theoretically perfect organism for a variable environment would be infinitely plastic and thus
would always express the optimal phenotype for its environment – a “Darwinian monster”
(Pigliucci 2001). Darwinian monsters do not exist however, likely because expressions of
plasticity are both metabolically costly and phylogenetically or physically limited (DeWitt et al.
1998, Callahan et al. 2008, Auld et al. 2010). Costs of plasticity arise from the need to monitor
the environment and respond to it, and therefore include the costs of acquiring information and
maintaining sensory structures. Any extra time or energy required to produce a physiological or
morphological feature via plasticity, rather than through a set genetic response, is also a cost of
plasticity.
Limits to plasticity, on the other hand, are mechanistic or functional reasons why a
Darwinian monster cannot exist (DeWitt et al. 1998, Pigliucci 2001, Vallerdes et al. 2007,
Callahan et al. 2008, Auld et al. 2010, Piersma and van Gils 2011). For example, phylogenetic
constraints limit plasticity by restricting the genes and developmental pathways available to
organisms when mounting a response. Ecological constraints or phenotypic compromises limit
the plasticity of multifunctional traits where trade-offs restrict optimization of any one function.
Developmental range limits occur when plasticity is not able to produce phenotypes that are as
extreme as those produced by canalized, specialist genotypes. The epiphenotype problem limits
developmental plasticity when environmental cues are not perceived early enough in ontogeny to
enable remodelling, or when plastic changes late in development are inferior to the same changes
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integrated with the rest of an organism’s phenotype earlier in ontogeny. Finally, information
reliability or lag-time limits to plasticity occur when environmental conditions fluctuate too
rapidly or unreliably, or when remodelling is too slow compared to the rate of environmental
change, resulting in the frequent display of suboptimal phenotypes. I will focus on the latter two
limits.
Long lag-times or poor information reliability limit the effectiveness of plasticity by
causing mismatches between phenotype and the environment. Indeed, theoretical models have
concluded that remodelling is favoured if lag-times are less than half the duration of the mean
period of environmental fluctuations, while plasticity would be disadvantageous if lag-times
were longer than this (León 1993, Padilla and Adolph 1996). Instead, if remodelling requires too
much time relative to the frequency of habitat fluctuations, the constant expression of an
intermediate phenotype relatively weighted in favour of the more common environment would
be favoured. However, there are few empirical studies that test whether expressing extreme
phenotypes actually limits tolerance of environmental change (Auld et al. 2010). Furthermore,
these models do not account for the possibility that responses in quickly altered traits (i.e.
behaviour or physiology) may temporarily be able to moderate the effects of possessing a
disadvantageous slowly-alterable phenotype. Such temporal integration of functionally related
traits may minimize the effects of information reliability or lag-time limits, providing an
organism with a “margin for error” while slowly remodelling morphology. For example, male
ptarmigan (Lagopus mutus) maintain white plumage for several weeks in the spring after snow
melts in order to attract females, greatly increasing their risk of predation (Montgomerie et al.
2001). Once breeding opportunities cease, however, there is a lag-time before the ptarmigan are
able to moult into brown, camouflaging plumage – during this time the birds compensate
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behaviourally by actively soiling their white plumage to increase camouflage. Similarly, some
frog tadpoles (Hyla versicolor) immediately respond to an increased predation threat by hiding,
while at the same time altering their developmental pathways to grow relatively smaller bodies
and larger tails to enhance their escape abilities (Relyea 2003). Once these morphological
changes are complete, the tadpoles no longer need to hide. These are relatively predictable
seasonal or ontogenetic examples; perhaps similar temporal integration can moderate the effects
of lag-times in randomly fluctuating environments, but this is unknown.

Gill remodelling
Gill remodelling is one type of morphological plasticity that has recently drawn interest
among physiologists (Nilsson 2007). The gills of fish are typically the primary site of gas
exchange, acid-base balance, osmoregulation, and nitrogen excretion (Evans et al. 2005). This
multifunctional nature requires that gill morphology be the product of many trade-offs. For
example, the osmorespiratory compromise hypothesis suggests that overall gill surface area is
the product of the trade-off between large surface areas for respiration and small surface areas to
prevent costly ion and water flux with changes in salinity (Gonzalez and McDonald 1992,
Sardella and Brauner 2007). Fluctuations in environmental conditions change the balance
between these trade-offs, and sometimes fish are able to remodel their gills in response. For
example, several fish species develop longer gill filaments or increase the density of secondary
lamellae if exposed to hypoxia during development (Chapman 2007). Euryhaline fishes also
increase the size or abundance of branchial ionocytes in response to ion poor or hypersaline
environments, at the expense of an increased diffusion distance for respiratory gases (Fernandes
et al. 2007, Gonzalez 2011).
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Air breathing fishes require gills that are able to tolerate exposure to both air and water
(Graham 1997, Sayer 2005). While water breathing, the gills must function similarly to typical
fish gills (i.e. maintain gas exchange, ionoregulation, acid-base balance, nitrogen excretion, etc).
During air breathing, while the gills are often used for some gas exchange, they usually become
relatively less important as alternative respiratory structures are used (Graham 1997). Many air
breathing fishes have specialized air breathing organs, which have independently and repeatedly
evolved in different taxa as modifications of the buccal cavity, swim bladder, or gastrointestinal
tract, while some amphibious air breathers simply rely on cutaneous respiration during air
exposure, or emersion (Graham 1997, Sayer 2005). Amphibious fishes must also reduce
evaporative water loss and protect their delicate secondary lamellae from collapsing and
coalescing during air exposure, especially if the gills remain functional. Therefore, the gills of
air breathing fishes are typically reduced, characterized by relatively short, thick secondary
lamellae and low overall surface area (reviewed by Graham 1997).
The trade-offs between water and air breathing suggest that plastic gill morphologies that
could be remodelled to suit an individual fish’s most frequently encountered respiratory medium,
in a manner similar to what has been observed in response to the osmorespiratory compromise,
would be advantageous. Indeed, the arapaima (Arapaima gigas) exhibits developmental
plasticity of its gills as it ontogenetically transitions from aquatic to aerial respiration (Brauner et
al. 2004). Young arapaima (~10 g) are water breathers, and possess gills with well developed
secondary lamellae and relatively large surface area. As these fish grow and increase reliance on
a modified swim bladder for oxygen uptake, however, the inter-lamellar spaces become filled
with ionocytes and relative gill surface area is greatly reduced. This turns the arapaima into an
obligate air breather; in fact these fish will drown if prevented from accessing air for as little as
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10 min (Val and Almeida-Val 1995). Are the consequences of gill remodelling as severe in
fishes that frequently switch between air and water breathing?
A small number of fishes are able to remodel their gills using an interlamellar cell mass
(ILCM). The ILCM is comprised of a mass of cells located between the secondary lamellae
which can reversibly alter the functional surface area of the gills via proliferation or apoptosis
(Sollid et al. 2003). First discovered in the crucian carp (Carassius carassius), this form of gill
remodelling has since been discovered in a few other cyprinids (C. auratus and Gymnocypris
przewalskii) and the distantly related mangrove rivulus (Sollid et al. 2003, 2005, Ong et al. 2007,
Matey et al. 2008, Mitrovic et al. 2009). In the crucian carp, the ILCM proliferates and reduces
the surface area of gills during periods of low oxygen demand, but recedes to increase functional
area during hypoxic or thermal stress (Sollid et al. 2003, 2005). A detailed study by Tzaneva et
al. (2011a) using C. auratus showed that the ILCM could also be reduced by experimentally
decreasing arterial oxygen levels (by inducing anemia using phenylhydrazine or preventing
haemoglobin-oxygen binding with exposure to carbon monoxide), or by injecting fish with
sodium cyanide to stimulate oxygen sensing neuroepithelial cells (NECs). In contrast, the ILCM
was enlarged after exposure to hyperoxia. These results suggest that, in cyprinids, ILCM size is
primarily a function of oxygen supply and demand (Tzaneva et al. 2011a).
Mangrove rivulus (Kryptolebias marmoratus) remodel their gills in response to terrestrial
exposure or hyposmotic water, suggesting that different regulatory pathways may be involved
compared to those used by cyprinids (Ong et al. 2007, LeBlanc et al. 2010). Mangrove rivulus
frequently emerse in both the laboratory and in the wild, and are able to survive out of water for
weeks at a time, relying primarily on cutaneous respiration (Taylor 1990, C. Cooper and P.
Wright, personal communication). After 7 d of air exposure these fish develop enlarged ILCMs,

7

likely to reduce evaporative water loss or protect the delicate secondary lamellae during
emersion (Ong et al. 2007). Unlike in the air breathing arapaima, however, this form of gill
remodelling is fully reversible and the ILCM recedes upon return to water breathing within 7 d.
Some mangrove rivulus individuals regularly emerse voluntarily, while others tend to spend
most of the time in water (A. Turko, personal observation). Do these behavioural differences in
emersion frequency impact gill morphology? Furthermore, the respiratory consequences of gill
remodelling upon returning to water breathing in mangrove rivulus are unknown.
In accordance with the osmorespiratory compromise hypothesis, cyprinids with reduced
ILCMs are able to maintain oxygen uptake during significantly more severe hypoxia than those
with enlarged ILCMs (Sollid et al. 2003, Fu et al. 2011, but see Tzaneva et al. 2011b). However,
these fish also suffered greater ion loss, confirming that a trade-off between respiratory and
osmoregulatory functions exists (Sollid et al. 2003). In normoxic fresh water on the other hand,
large ILCMs could theoretically impede chloride ion uptake, however the migration of ionocytes
from the gill filament to distal regions of the ILCM maintains normal rates (Mitrovic and Perry
2009). Similarly, Perry et al. (2010) hypothesized that enlarged ILCMs would also impede
ammonia excretion in C. auratus. Fish with reduced gill surface area were able to maintain
ammonia excretion despite evidence that the ILCM acted as a barrier to diffusion however, likely
by increasing the number of ammonia transporting Rh proteins in distal lamellar regions (Perry
et al. 2010). Oxygen sensing ability is also maintained in remodelled gills via the shifting of
NECs from gill filaments to the distal regions of the secondary lamellae (Tzaneva and Perry
2010). However, increases in the ILCM of mangrove rivulus during air exposure does not
involve a spatial compromise between respiration and other gill functions because the gill
appears non-functional out of water (i.e. no opercular movements; LeBlanc et al. 2010). Rather,
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the trade-offs in gill surface area are relevant temporally, as mangrove rivulus move between
aquatic and terrestrial habitats. It is unknown, however, if the lag-time between changes in
respiratory medium and subsequent gill remodelling imposes a respiratory cost to mangrove
rivulus. Furthermore, if such a cost exists, can more rapidly modifiable traits (e.g. gill
ventilation) compensate during the lag-time when gills are being remodelled?

Mangrove rivulus
Mangrove rivulus, Kryptolebias (formerly Rivulus) marmoratus (Poey), are an ideal
model species to answer questions related to phenotypic plasticity and trade-offs between aquatic
and terrestrial environments for three reasons. These fish inhabit extreme and highly variable
mangrove swamps, their gills are highly plastic, and they are synchronous hermaphrodites able
to produce effectively “clonal” offspring. Mangrove rivulus are small (20-60mm) cyprinodonts
endemic to mangrove forests of the tropical West Atlantic, ranging from Florida to southern
Brazil (Taylor et al. 2004). Within this habitat, mangrove rivulus typically inhabit depressions,
drainage ditches, or burrows of the land crabs Cardisoma guanhumi (Taylor et al. 2004) or
Ucides cordatus (Davis et al. 1990). Daily weather and tidal cycles combined with longer-term
seasonal changes cause water conditions in these habitats to fluctuate dramatically. Near the
shoreline, pools are regularly inundated by tides and maintain salinities near 35‰, while further
inland water may be nearly fresh after a rainfall or extremely hypersaline (70-80‰) after
prolonged drought and evaporation (Davis et al. 1990, Taylor 2000). Decaying organic matter in
these habitats causes water to become hypoxic (<1mg/L; Dunson and Dunson 1999), and high in
hydrogen sulphide (Abel et al. 1987). To tolerate this habitat, K. marmoratus are able to tolerate
salinities of 0–114‰, hydrogen sulphide concentrations of 150 ppb, and ammonia concentrations
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of 10 mM (King et al. 1989, Taylor 2000, Frick and Wright 2002a). If aquatic conditions
deteriorate too far, however, mangrove rivulus are able to leave the water (emerse). This
emersion behaviour is known to be caused by high hydrogen sulphide concentrations, extreme
hypoxia, low water levels, hunger, or intraspecific aggression (Abel et al. 1987, Davis et al.
1990, Taylor 1990, Taylor et al. 2008, Regan et al. 2011). Mangrove rivulus are able to survive
emersed in moist leaf litter or within rotting logs for upwards of 66 days (Taylor 1990, Taylor et
al. 2008), during which time they remodel their gills in order to reduce water loss or protect
delicate lamellar structures (Ong et al. 2007). In fact, the abundance of leaf litter was recently
reported to be the strongest microhabitat predictor of mangrove rivulus abundance, suggesting
that tolerating emersion is often necessary (Richards et al. 2011).
The mangrove rivulus has long been thought to be the only self-fertilizing hermaphroditic
vertebrate (Harrington 1961), although recently Taterenkov et al. (2009) reported a similar
reproductive strategy in the congener K. ocellatus. Furthermore, Costa et al. (2010) found
evidence of hermaphroditism, though not self-fertilization, in a basal member of the genus (K.
caudomarginatus), suggesting that hermaphroditism arose at the base of this clade. Entirely
male mangrove rivulus have also been discovered in the wild alongside hermaphrodites (Turner
et al. 1992), and laboratory work has suggested maleness can be triggered by cold temperatures
(Harrington 1967, 1968) or methyltestosterone (Kanamori et al. 2006). Extensive outcrossing
occurs in wild populations containing males, such as those in Belize (Mackiewicz et al. 2006b,
Ellison et al. 2011), while the majority of individuals caught at locations without males are
homozygous (Turner et al. 1992). Several lineages of mangrove rivulus have been maintained in
captivity for >10 generations, and have recently been shown to be homozygous at 36
microsatellite loci (Mackiewicz et al. 2006a; Tatarenkov et al. 2010). These lineages make
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excellent models for plasticity research, as they allow the genetic factors to be excluded when
interpreting expressions of alternate phenotypes.

I proposed several hypotheses to explain the integration of behavioural, physiological,
and morphological traits in mangrove rivulus. In Chapter 1, I tested the prediction that due to an
integration of behavioural and morphological plasticity, individual mangrove rivulus that spend
more time in air would express anatomical features that differ from fish that emerse less often.
Furthermore, I tested whether differences in gill morphology were the result of behavioural
variation. These experiments were conducted using isogenic mangrove rivulus from both the
colony at the Hagen Aqualab, University of Guelph, and a separate lineage of mangrove rivulus
located at the University of Alabama in Ryan Earley’s laboratory. I tested the first hypothesis as
an undergraduate at the University of Guelph in partial fulfillment of the requirements for a
B.Sc. Honours in Marine and Freshwater Biology (2008). The second hypothesis was tested as a
portion of my M.Sc. studies, and the combined results were published in Animal Behaviour in
July 2011 (Turko et al. 2011).
In Chapter 2, I tested the hypotheses that (1) there is a trade-off in the aquatic respiratory
function of the gills of mangrove rivulus acclimated to terrestrial or osmotically challenging
habitats as a result of changes in functional gill surface area, and (2) physiological compensatory
mechanisms exist to ameliorate the costs of gill remodelling during the transition between
environments. This work was conducted using mangrove rivulus from the breeding colony at the
University of Guelph. Chapter 2 has been written as a standalone manuscript, and is to be
submitted to Proceedings of the Royal Society B: Biological Sciences.
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CHAPTER 1

BEHAVIOUR DRIVES MORPHOLOGY: VOLUNTARY EMERSION PATTERNS SHAPE
GILL STRUCTURE IN GENETICALLY IDENTICAL MANGROVE RIVULUS

INTRODUCTION

Individuals of a given species possess variable morphological and behavioural
phenotypes (Darwin 1859). Genetic and environmental factors interact to generate this variation,
although developmental stochasticity may also play a role (e.g. Vogt et al. 2008). Phenotypic
plasticity, the result of genotype by environment interactions, can occur in response to acute or
chronic environmental conditions, and produce reversible or irreversible changes in phenotype
(Scheiner 1993, West-Eberhard 2003, DeWitt and Scheiner 2004). Plasticity can occur at any
level of the phenotype (e.g. behaviour, physiology, morphology), and expressions of plasticity
across these scales are often correlated (Bolnick et al. 2003). The range of plasticity expressed
among taxa varies widely, possibly because of the many costs associated with the expression of
alternative phenotypes (DeWitt et al. 1998, Auld et al. 2010). For this reason it has been
hypothesized that organisms that inhabit heterogeneous or fluctuating environments tend to have
more variable phenotypes than organisms inhabiting relatively stable environments (WestEberhard 2003).
Different environmental conditions can result in a variety of plastic responses of
behaviour and morphology in fishes. Experiments in stickleback (Gasterosteus aculeatus),
zebrafish (Danio rerio) and guppies (Poecilia reticulata) have shown that the developmental
environment has irreversible effects on adult behaviour, morphology and physiology (Tulley and
Huntingford 1987, Marks et al. 2005, Schaefer and Ryan 2006, Widmer et al. 2006, Chapman et
al. 2008). Environmental conditions can also cause reversible phenotypic change in juvenile and
adult fishes (Ghalambor et al. 2010). In three freshwater carp species (Carassius carassius, C.
auratus and Gymnocypris przewalskii), reversible gill remodelling has been reported in response
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to changes in water temperature or oxygen levels (Sollid et al. 2003, 2005, Nilsson 2007, Matey
et al. 2008, Mitrovic and Perry 2009). Reversible gill remodelling has also been linked to air
exposure and fluctuating salinity in the mangrove rivulus, Kryptolebias marmoratus (Ong et al.
2007, LeBlanc et al. 2010). Under these environmental conditions, a cell mass between the gill
lamellae (interlamellar cell mass, ILCM) enlarges, which decreases gill surface area; this may be
a strategy which reduces dehydration or ion loss, or that prevents lamellae from collapsing and
permanently coalescing when individuals are on land or exposed to freshwater (Graham 1997,
Ong et al. 2007, LeBlanc et al. 2010). It is clear that differences in environmental conditions
result in morphological variation in fishes, but an important question that has yet to be elucidated
is whether individual differences in behaviour also lead to morphological variation. This is not
an easy question to address, as genetic variation can introduce numerous factors that obscure the
link between behaviour and morphology. Behaviour and morphology can be directly, and
perhaps differentially, influenced by genetic variation. Genetic variation also can control
plasticity itself and thereby change the degree of correlation between traits (Ghalambor et al.
2010). Therefore, experiments addressing these phenomena should ideally use genetically
identical individuals in order to pinpoint the contribution of environmental variance to the
phenotype.
To understand the link between behaviour and gill morphology, I studied the mangrove
rivulus, Kryptolebias (formerly Rivulus) marmoratus, one of two known self-fertilizing
hermaphroditic vertebrates (Harrington 1961, Tatarenkov et al. 2009, Costa et al. 2010).
Hermaphrodites held individually in the laboratory will routinely release fertilized embryos,
formed internally from gametes produced in the ovotestis (Harrington 1963, Sakakura et al.
2006). Although males have been discovered in the wild and extensive outcrossing occurs in
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some populations in Belize, high rates of inbreeding are common in locales where males are rare
or absent, and the majority of field-caught animals are homozygous (Turner et al. 1992,
Mackiewicz et al. 2006b). Homozygous hermaphrodites produce genetically identical offspring
(Vrijenhoek 1985), and isogenic strains are stable for at least three generations (Turner et al.
1990, Laughlin et al. 1995). However, despite this genetic stability, genetically identical
offspring can vary in size and growth rate as a result of phenotypic plasticity (Lin and Dunson
1999).
Kryptolebias marmoratus (~20 mm) typically inhabit depressions, drainage ditches or
burrows of the land crabs Cardisoma guanhumi (Taylor et al. 2004) or Ucides cordatus (Davis et
al. 1990) within mangrove forests. Water conditions in these habitats fluctuate during both shortterm weather and tidal cycles and also as a result of longer-term seasonal changes. Kryptolebias
marmoratus are able to tolerate salinities of 0–114‰, oxygen concentrations of less than 1
mg/litre, hydrogen sulphide concentrations of 150 parts/billion, and ammonia concentrations of
10 mM (King et al. 1989, Dunson and Dunson 1999, Taylor 2000, Frick and Wright 2002a). Fish
leave the water (emerse) to capture prey (Davis et al. 1990) or in response to suboptimal water
conditions (Huehner et al. 1985, Abel et al. 1987) or intraspecific aggression (Taylor 1990). In
the wild, these emersion periods probably vary in length from minutes to weeks and are usually
spent under wet leaves or in moist, rotting logs where the fish respire cutaneously (Taylor 1990,
Ong et al. 2007, Taylor et al. 2008).
The combination of its unique reproductive strategy and highly variable habitat makes the
mangrove rivulus an ideal model for the study of phenotypic plasticity. In this study, I tested the
hypothesis that mangrove rivulus are morphologically plastic in response to emersion. I
predicted that the cell mass between gill lamellae (ILCM) would be well developed, and lamellae
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would be shorter and thicker in fish that emerse frequently to prevent the lamellae from
collapsing and permanently coalescing. In addition, I predicted that the cutaneous epidermis
would be thicker in fish that spend more time out of water, a feature that would reduce water loss
across the skin during air exposure. Second, I asked whether differences in morphology result
from behavioural variation (experiment 2). I predicted that differences in morphology related to
emersion frequency would disappear if fish were subsequently prevented from emersing,
indicating that behavioural variation drives morphological plasticity. Alternatively, results
showing the persistence of morphological differences related to emersion frequency after fish
were prevented from emersing would be evidence that morphological variation may be driving
behavioural differences. To test these hypotheses, I compared tissue samples between three
groups of fish. I observed (videorecorded) the first group (experiment 1 and experiment 2,
control) during a period of free access to terrestrial and aquatic environments for 7 days, after
which I collected tissue samples. I observed a second group of fish (experiment 2, immersion) as
above, but I subsequently limited the group to an aquatic environment for 7 days before
collecting tissue samples. I treated the final group (experiment 2, recovery) similarly to the
immersion group, followed by a second period of free access to both terrestrial and aquatic
environments for 7 days before tissue samples were taken.
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METHODS

Experimental Animals
Mangrove rivulus from two laboratory colonies were used. I conducted an initial
experiment (experiment 1) to examine the relationship between voluntary emersion and gill
morphology using a single hermaphroditic lineage (R/W; originating from Florida, U.S.A.) of
mangrove rivulus maintained in the Hagen Aqualab, University of Guelph, for over 25
generations. Adult hermaphrodites at least 1 year of age weighing 0.06–0.13 g (wet weight) were
used. These fish were recently demonstrated to be homozygous at 36 microsatellite loci
(Mackiewicz et al. 2006a, Tatarenkov et al. 2010). Fish were held individually in 100 ml
containers (FisherBrand Collection Containers; Fisher Scientific) under identical conditions (25
°C, 16‰, pH 8, 12:12 h light:dark cycle; Frick and Wright 2002a). Water changes were
performed weekly using artificial sea water (Crystal Sea® Marinemix; Marine Enterprises
International, Inc., Baltimore, MD, U.S.A.) diluted with reverse osmosis freshwater. Fish were
fed live Artemia nauplii three times per week.
I conducted a second experiment (experiment 2) to test the causal relationship between
emersion behaviour and gill structure using a separate lineage (RHL; originating from the
Bahamas) maintained in the Biology Building at the University of Alabama. This lineage has
been in the laboratory for at least 7–12 generations. Adult hermaphrodites at least 1 year of age
and weighing 0.13–0.33 g (wet weight) were used. These fish also constitute a homozygous,
isogenic lineage (Tatarenkov et al. 2010) and were maintained under similar conditions as the
previous group of fish (28 °C, 25‰, pH 8, 11:13 h light:dark cycle). However, these fish were
reared in larger (1230 ml) containers (TakeAlongs Deep Squares; Rubbermaid) with established
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colonies of nitrifying bacteria and algae to maintain water quality. Fish were fed live Artemia
nauplii seven times per week, and received water changes every 4 months.

Experimental Protocol
Experiment 1: correlation between emersion and gill morphology
To quantify variation in emersion behaviour, individual fish (N = 26) were held for 7
days in 100 ml semitransparent plastic containers (FisherBrand Collection Containers; Fisher
Scientific) with near-vertical (83°) sides containing 60 ml of brackish water. Emersion events
were defined as fish leaping out of the water and sticking to container sides. Fish were arranged
randomly and each container was surrounded by white paper on three sides, ensuring that fish
were exposed to the same external stimuli and could not observe one another. Each fish was fed
approximately 2 ml of newly hatched Artemia nauplii suspension (typical laboratory feeding)
immediately prior to experimentation and were not fed or disturbed for the duration of the trial.
A digital video camera (Sony DCR-HC32, Tokyo, Japan; or Logitech Quickcam Pro, Fremont,
CA, U.S.A.) connected directly to a computer was used to record the fish continuously over the 7
days. Filming at night was accomplished using a combination of the camera’s ‘Nightshot’ or
‘RightLight’ feature and a red incandescent light (60 W), turned on for the duration of the
experiment and located approximately 120 cm from the fish. The time and duration of each
emersion event was recorded to the nearest minute; emersions of less than 30 s were considered
failed attempts and disregarded. These failed emersion attempts were rare and were typically
quickly followed by successful emersion (A.J. Turko, personal observation). At the end of the
experiment fish were euthanized (0.2% 2-phenoxy-ethanol), weighed and fixed for histological
processing.
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Experiment 2: causal relationship between emersion and gill morphology
To determine the causal relationship between emersion behaviour and gill morphology, a
three-stage follow up study was conducted on a different clonal lineage (RHL). An initial group
of fish (N = 40) was monitored with a video camera (Logitech Quickcam Pro) for 7 days as
described above. In experiment 1, there was no difference in the time spent emersed during the
day versus night during the 7-day trial (P = 0.25); therefore, to simplify the set-up, fish were
filmed only during the day for this second experiment. Emersion behaviour was continuously
quantified during the trial to divide the sample population into three subgroups (control,
immersion, recovery) on day 7. To ensure that each subgroup contained individuals representing
the complete emersion spectrum, the three fish that showed the highest levels of emersion were
randomly assigned to subgroups, and then the next three highest-emersing individuals were
assigned in the same manner until the three complete subgroups were created.
All animals of the control subgroup (N = 18) were immediately euthanized (6 g/litre
buffered tricaine methanesulfonate), weighed and fixed for histology after the 7-day observation
period. Because no relationship was found between cutaneous epithelial thickness and emersion
time in experiment 1, only the gills were collected for histology in experiment 2. The remaining
fish (immersion and recovery subgroups, each N = 11) received a water change and were
prevented from emersing by securing a piece of mesh at the air–water interface. These fish were
fed Artemia nauplii every other day to minimize the potential effects of hunger on future
emersion behaviour. After 7 days the immersion subgroup was euthanized for histology as
described for the control subgroup. The remaining fish (recovery subgroup) received a water
change, were fed Artemia and were videorecorded for 7 days with free access to both aquatic and
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terrestrial conditions. Tissue samples were then immediately collected for histology as described
previously.

Histology
Euthanized fish were fixed in 10% neutral buffered formalin at 4 oC for 24 h, placed in a
decalcification solution (Surgipath Decalcifier II, Winnipeg, MB, Canada) for 1 h at 20 oC, and
then transferred to 70% ethanol at 4 oC until dissection. Gill arches were obtained from the left
side. Dissected tissues were routinely processed for paraffin embedding, serially sectioned in 4
µm increments and stained with hematoxylin and eosin. Slides were viewed using a Nikon
Eclipse 90i epifluorescent microscope and measurements were taken using NIS Elements
software (Nikon, Melville, NY, U.S.A.). Five gill lamellae from each gill arch were measured for
morphometric analyses. These were randomly selected by numbering all intact gill lamellae in a
section and using randomly generated numbers in Microsoft Excel to decide which lamellae to
measure (LeBlanc et al. 2010). The fourth gill arch was sometimes distorted or sectioned along
the wrong axis on the prepared slides, and in these cases only measurements from the first three
gill arches were used. The height of the proximal interlamellar cell mass (ILCM) was measured
parallel to the total lamellar length, starting from the edge of the ILCM bordering the filament to
the most distal edge of the ILCM from the filament (Fig. 1.1, see also Ong et al. 2007). The 20
measurements of each trait were averaged to provide an overall value for each individual. I
measured cutaneous epidermal thickness of fish from experiment 1 on the dorsal, ventral and
lateral surfaces relative to the spinal column. Random labelling of the slides served to blind the
single observer (A.T.) and reduce observational bias.
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Ethical Note
The experiments in this study were approved by the University of Guelph Animal Care
Committee (Animal Utilization Protocol 10G008) and the University of Alabama Institutional
Animal Care and Use Committee (Protocol 08-309-2). Behavioural experiments were conducted
under conditions similar to standard laboratory rearing conditions, and at no time did fish appear
to be distressed.

Statistical Analysis
I used simple linear regressions to examine the relations between emersion time and
interlamellar cell mass height, lamellar length, lamellar width and cutaneous epithelial thickness
(where applicable). To reduce the chance of committing a type I error resulting from the multiple
comparisons of linear regressions, I used Bonferroni-corrected α levels of 0.008 (experiment 1:
0.05/6) and 0.017 (experiment 2: 0.05/3). For all other tests, I used an α level of 0.05. I used oneway ANOVA followed by post hoc Tukey`s tests to test for differences in mean ILCM height
between the three subgroups in experiment 2. Multiple linear regressions were used to test
whether variation in total emersion time was the result of differences in emersion frequency or
duration of emersion events. Despite collecting diurnal and nocturnal emersion data in
experiment 1, only diurnal values were used for analysis to be consistent with experiment 2; this
had no effect on the significance of my results (data not shown). SigmaStat 3.5 (Systat Software,
San Jose, CA, U.S.A.) was used for all analyses. Throughout the text means are given as mean ±
s.e.m.
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RESULTS

Emersion and Morphology
In experiment 1, individual fish spent 0–64% of the diurnal recording period out of water.
Emersion durations ranged from 1 to 403 min (mean ± SE = 61.0 ± 3.0 min; Fig. 1.2A), and
individual fish emersed between 0 and 73 times over the 7-day period. Total emersion time was
significantly positively correlated with both emersion frequency and average emersion duration
(multiple linear regression: R2 = 0.84, frequency: P < 0.001, duration: P = 0.029). Emersion time
was not correlated with body size (linear regression: R2 = 0.0015, P = 0.85).
Total emersion time was positively correlated with ILCM height (linear regression: R2 =
0.34, P = 0.002, Fig. 1.2B), but not with lamellar length or width (linear regression: length: R2 =
0.016, P = 0.54, width: R2 = 0.0037, P = 0.77). In those fish that spent most of their time in
water, a reduced ILCM resulted in lamellae that were clearly separated and well defined (Fig.
1.1). Conversely, in fish that spent much of their time in air, the spaces between gill lamellae
were mostly filled by the ILCM (Fig. 1.1B). Total emersion time was not correlated with
cutaneous epithelial thickness in any region (linear regression: dorsal R2 = 0.055, P = 0.25,
ventral: R2 = 0.0016, P = 0.85, lateral: R2 = 0.041, P = 0.32).
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A

Figure 1.1

B

Representative light micrographs of Kryptolebias marmoratus gill filaments (F)
and lamellae (L) showing (A) low interlamellar cell mass (ILCM) development in
an individual that rarely left the water and (B) high ILCM development in an
individual that frequently emersed. Adobe Photoshop (Adobe Photoshop 7,
Toronto, Canada) ‘auto contrast’ was used to improve image clarity.
Scale bar = 50 µm.
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(A) Frequency of diurnal emersion events (N = 393) of different duration (range
1–403 min) recorded in experiment 1. (B) Relation between height of the
interlamellar cell mass (ILCM) and total emersion time (linear regression:
R2 = 0.34, P = 0.002).
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Causal Relationships
During the control period of experiment 2, individual fish spent 0–22% of the time
emersed. Emersion durations ranged from 1 to 157 min (mean ± SE = 18.8 ± 0.7 min; Fig. 1.3A),
and individual fish emersed 0–67 times over the 7-day period. Total emersion time was
significantly positively correlated with both emersion frequency and average emersion duration
(multiple linear regression: R2 = 0.86, frequency: P < 0.001, duration: P < 0.001). Emersion time
was not significantly related to body size or any gill parameter (linear regression: mass: R2 =
0.011, P = 0.52, ILCM: R2 = 0.12, P = 0.17; Fig. 1.3B, lamellar length: R2 = 0.16, P = 0.12,
lamellar width: R2 = 0.064, P = 0.33).
Fish in the immersion subgroup were prevented from emersing for 7 days after emersion
tendencies were measured during the control phase. There were no relationships in the
immersion group between emersion time during the control period and any gill parameter after
the immersion period (linear regression: ILCM: R2 = 0.11, P = 0.31; Fig. 1.3C, lamellar length:
R2 = 0.03, P = 0.58, lamellar width: R2 = 0.11, P = 0.32).
Emersion rates in the recovery subgroup increased relative to the other subgroups and
fish spent 3–78% of the time out of water. Emersion durations ranged from 1 to 167 min (mean ±
SE = 21.9 ± 0.5; Fig. 1.4A), and individual fish emersed 9–204 times over the 7-day period.
Total emersion time was significantly positively correlated with both emersion frequency and
average emersion duration (multiple linear regression: R2 = 0.94, frequency: P < 0.001, duration:
P = 0.015). Emersion time was not correlated with body size (linear regression: R2 = 0.076, P =
0.41). In these recovery fish, emersion time was strongly related to ILCM height (linear
regression: R2 = 0.53, P = 0.01; Fig. 1.4B). No other gill measurements showed a relationship
with emersion time (lamellar length: R2 = 0.072, P = 0.43, lamellar width: R2 = 0.03, P = 0.61).
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Mean ILCM height differed significantly between the three subgroups (P = 0.001; Fig.
1.5). The ILCM was significantly enlarged in the recovery subgroup relative to both the control
subgroup (P < 0.05) and immersion subgroup (P < 0.001). There was no difference in ILCM
height between the control and immersion subgroups, however (P = 0.14).

26

Figure 1.3

(A) Frequency of diurnal emersion events (N = 914) of different duration (range
1–157 min) recorded in experiment 2. Relation between height of the
interlamellar cell mass (ILCM) and total emersion time immediately after the
control phase (B: R2 = 0.12, P = 0.17) and after the immersion phase (C: R2 =
0.11, P = 0.31).
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(A) Frequency of diurnal emersion events (N = 822) of different duration (range
1–167 min) in the recovery phase of experiment 2. (B) Relation between height of
the interlamellar cell mass (ILCM) and total emersion time (R2 = 0.53,
P = 0.01).
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(P < 0.05) between groups are indicated by different letters.
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DISCUSSION

These findings demonstrate that differences in emersion behaviour exist within isogenic
lineages of K. marmoratus. Some fish generally remained in water, venturing out only rarely,
whereas other fish consistently attempted to emerse and spent up to 78% of their time out of
water. In support of my first hypothesis, I found that the size of the cell mass between gill
lamellae (ILCM height) was positively correlated with the amount of time emersed. Fish that
voluntarily spent more time out of water showed reduced gill surface area, a modification that
may limit branchial water loss and provide support for delicate lamellar structures.
There was no difference in the thickness of the cutaneous epidermis related to emersion
time within the one lineage studied. Although preventing desiccation is probably the greatest
challenge facing amphibious fish during emersion, mangrove rivulus face a trade-off between
reducing water loss across the skin while maintaining functionality for respiration,
ionoregulation, osmoregulation and ammonia excretion (Frick and Wright 2002b, Sayer 2005,
Litwiller et al. 2006, Ong et al. 2007, LeBlanc et al. 2010). Mangrove rivulus do not undergo
metabolic depression during emersion, but the gills are remodelled and opercular movements
cease (Ong et al. 2007), suggesting that the skin is especially important during air exposure.
Additionally, mangrove rivulus are one of only a few amphibious fishes that possess epidermal
rather than dermal capillary networks to allow for cutaneous gas exchange (Grizzle and
Thiyagarajah 1987, Graham 1997). Placement of capillaries close to the surface of the skin may
negate any possible advantage of a thicker epithelium. Changes in the location and density of the
epidermal capillaries may also be important in gas exchange and water conservation during
emersion, and this should be examined in future studies.
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My results also support the second hypothesis that differences in behaviour are
responsible for the observed differences in gill morphology. I found a strong positive correlation
between emersion time and ILCM height in the experiment 2 recovery fish that were allowed to
emerse after being held in water for 7 days. Experiment 2 showed no relationship between
emersion time and gill morphology in either control individuals or in immersion individuals.
However, the control individuals in experiment 2 did not display the same breadth of variation in
emersion behaviour as the fish in experiment 1 (see below). The observation that a correlation
between emersion time and ILCM height only occurs when some fish spend a relatively large
amount of their time emersed may indicate that a threshold level of air exposure is required
before gill remodelling begins. The increased emersion rates of recovery fish in experiment 2
may have crossed the threshold amount of time spent in air responsible for initiating gill
remodelling. Whatever the reason for increased rates of emersion in some fish after 7 days of
forced immersion, these results strongly suggest that high levels of emersion caused ILCM
enlargement in these individuals.
The difference in emersion frequency observed between the R/W fish used for experiment
1 and the RHL fish used for the control phase of experiment 2 either resulted from genetic
differences between the lineages, or were due to differences in husbandry protocols between
laboratories. Differences in growth rate and reproductive investment have been reported between
isogenic strains of mangrove rivulus (Grageda et al. 2005), and there are strain differences in
aggressiveness (R.L. Earley, unpublished data). It is possible that emersion behaviour also
varies among mangrove rivulus lineages, and this may explain the observed differences in
emersion rates between experiment 1 and the control phase of experiment 2. These behavioural
differences between experiments may also have resulted from differences in rearing conditions at
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each laboratory. Fish used in experiment 1 were housed in smaller containers, maintained at a
slightly lower temperature and salinity, and were fed less often than fish used in experiment 2.
Despite these rearing differences, however, when fish from experiment 2 emersed at similar rates
to fish from experiment 1 (during the recovery phase of experiment 2), a similar ILCM response
was observed in both groups. This suggests that, while genetic or environmental factors may
have differentially influenced initial emersion rates in the present experiments, high emersion
rates triggered the same gill remodelling response despite these differences between populations
and/or laboratories.
What is the stimulus for emersion in K. marmoratus? There is limited quantitative
information on this topic. Abel et al. (1987) reported that 50% of K. marmoratus emersed at a
hydrogen sulphide concentration of about 150 ppb in the laboratory. Although no hydrogen
sulphide accumulated in the present experiment, water quality undoubtedly changed over the 7day experiment due to the normal exchange of gases and ions between fish and chamber water.
For example, water ammonia concentrations increased from 0.0 to 0.4 mmol/litre by the end of
the experiment 1 (A.J. Turko, unpublished data). No mortalities or behavioural changes were
reported in K. marmoratus exposed to 5 mmol/litre (7 days) or 10 mmol/litre (48 h) NH4Cl
(Frick and Wright 2002a), so it is unlikely that ammonia levels at least 10 times lower would
have caused undue stress. Furthermore, differences in emersion rates were observed between the
control and recovery subgroups of experiment 2 despite the fact that ammonia would have
probably accumulated similarly in both experiments.
An alternative possibility is that hunger influences emersion behaviour in the laboratory.
Hunger is known to increase exploratory behaviour and activity levels in fishes (Stoner 2003,
Vehanen 2003, Petrie and Ryer 2006), and I found that emersion rates increased over the course
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of each 7-day filming period (data not shown). In my experiments fish were fed only on the first
day of each 7-day recording period and presumably food availability would have quickly
declined thereafter. Although these captive-bred fish were only fed live Artemia, which were
added to the water, some individuals might have left the water to seek prey once Artemia
numbers had decreased. Mangrove rivulus are known to emerse to feed on terrestrial insects in
the laboratory, and in a survey of 45 wild fish with food in their guts, 41% contained terrestrial
prey (Huehner et al. 1985, Taylor 1992).
Since the K. marmoratus hermaphrodites used here were drawn from two isogenic (selffertilizing and homozygous) lineages, the observed behavioural variation within each experiment
was not a result of genetic differences. Lin and Dunson (1999) were the first to report phenotypic
plasticity within clonal lines of this species. In their studies, the condition of parent K.
marmoratus was a key factor in phenotypic differences between clonal offspring (Lin and
Dunson 1995, 1999). Offspring of well-fed parents grow and mature more slowly than do
offspring of adults provided smaller food rations (Lin and Dunson 1999). These developmental
differences occur despite the fact that parents’ food availability does not influence the size of
eggs or newly hatched larvae (Lin and Dunson 1995). While all reasonable efforts were taken to
rear the fish used in the present experiments under standardized conditions, it is likely that there
were small variations in the care of each individual. Small differences in parents’ age or
condition or food availability may have affected the behavioural phenotype of offspring. Other
environmental factors experienced by the developing embryos may have varied slightly,
including systemic disturbance due to placement within the laboratory or proximity to the ceiling
lighting or the climate control system. Additionally, water conditions and food availability may
have differed slightly between individuals due to the standardization of feeding and water change
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schedules. It is possible that exposure to slightly different environments during a critical period
of development would cause persistent phenotypic differences to arise between genetically
identical individuals, especially if these critical periods are often only a few days long (Browman
1989).
This is the first study to report a causal link between behaviour and gill morphology in
any fish. I showed that frequent voluntarily emersion increased ILCM height to a level similar to
that of fish maintained in air for 1 week (Ong et al. 2007), while fish that rarely emersed had
reduced ILCMs. This finding indicates that short but frequent exposure to air can have the same
effect on gill morphology as continuous emersion (Ong et al. 2007). It should be noted that the
naked carp, G. przewalskii, alters the size and shape of lamellae in addition to the development
of the ILCM in response to environmental hypoxia (Matey et al. 2008), but in K. marmoratus
there were no changes in lamellae length or thickness. There is a great diversity of respiratory
structures (e.g. lungs, buccal cavities) that have evolved for breathing air in amphibious fishes.
However, there is no information in the literature on whether these respiratory structures are
reversibly remodelled in other amphibious fishes.
In summary, my results show that a spectrum of emersion tendencies exists within
isogenic lineages of mangrove rivulus, indicating that subtle developmental and/or
environmental factors alone can give rise to distinct behaviours in this fish. These behavioural
differences, in turn, induce dramatic plastic changes in gill morphology that may provide
protection against dehydration or gill damage when fish are out of water. The high degree of
phenotypic plasticity expressed by this species may be a key to its successful exploitation of
highly variable mangrove habitats.
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CHAPTER 2

LAG-TIME LIMITS OF GILL REMODELLING: THE MORPHOLOGY OF
TERRESTRIALLY ACCLIMATED GILLS REDUCES AQUATIC RESPIRATORY
FUNCTION OF THE AMPHIBIOUS MANGROVE RIVULUS, Kryptolebias marmoratus

INTRODUCTION

Adaptive phenotypic plasticity occurs when a single genotype produces a range of
relatively fit alternative phenotypes in response to environmental cues. Alternative behavioural
and physiological phenotypes can be expressed relatively quickly after an organism senses a
change in its environment, while plastic morphological changes often take longer (Piersma and
van Gils 2011). Therefore, the advantages of plasticity may be limited by unreliable perception
of the environment or by lag-times between sensing environmental changes and remodelling the
phenotype accordingly (DeWitt et al. 1998, Pigliucci 2001, Callahan et al. 2008, Auld et al.
2010). Plasticity is predicted to be disadvantageous if environmental fluctuations are frequent
relative to the time it takes to modify the phenotype, and a better strategy would be the constant
expression of an intermediate phenotype (León 1993, Padilla and Adolph 1996, Gabriel 2005).
Expressions of plasticity among functionally related traits, however, may be temporally
integrated in order to cope with the environmental change immediately and over time
(Schlichting and Pigliucci 1998, Pigliucci 2001). For example, tadpoles of the frog Hyla
versicolor develop morphological defences (relatively short bodies and large tails) in response to
an increased risk of predation (Relyea 2003). During the lag-time period before these physical
traits are expressed, tadpoles confronted with predators may compensate by decreasing activity
and seeking refuge. After morphological remodelling is complete, however, behavioural defence
strategies are no longer employed. Likewise, amphibious fishes experience abrupt
environmental changes when moving between aquatic and terrestrial habitats. Can temporal
integration of respiratory morphologies ease this transition between respiratory media?
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Amphibious fishes require unique gills that can tolerate exposure to both water and air.
During air exposure (emersion) gills are vulnerable to desiccation and, when unsupported by
water, delicate secondary lamellae can collapse and coalesce, permanently damaging the gills
(Graham 1997, Sayer 2005). Therefore many amphibious fishes have relatively short and thick
secondary gill lamellae that are able to function during frequent and rapid transitions between air
and water with few morphological adjustments. Conversely, the Amazonian fish Arapaima
gigas dramatically and permanently remodels its gills, reducing surface area, during ontogeny as
the fish transition from obligate water breathers to obligate air breathers (Brauner et al. 2004).
Among air-breathing fishes, mangrove rivulus (Kryptolebias marmoratus) are uniquely able to
reversibly remodel their gills in response to air exposure by developing a mass of cells between
the secondary lamellae called the interlamellar cell mass (ILCM; Ong et al. 2007). Only a few
other fish species (the cyprinids Carassius carassius, C. auratus, and Gymnocypris przewalskii)
are known to have this reversible ILCM, and in these fishes the ILCM shrinks when increased
oxygen uptake is required (e.g. during hypoxia or in warm water), but enlarges when oxygen is
abundant to reduce ion loss to the surrounding freshwater (Sollid et al. 2003, 2005, Matey et al.
2008, Mitrovic et al. 2009). In mangrove rivulus however, the ILCM develops after 7 d in air
and reduces functional gill surface area, likely to protect the delicate secondary lamellae or
reduce water loss (Ong et al. 2007). Furthermore, in Chapter 1 I found that frequent voluntary
emersion in individual mangrove rivulus also causes ILCM enlargement. This ability to
reversibly remodel the gills makes mangrove rivulus an excellent model for studying trade-offs
in gill morphology and respiratory function between aquatic and terrestrial habitats.
To assess the trade-offs between gill morphology and respiratory function, I studied the
hypoxic ventilatory response and oxygen uptake ability of mangrove rivulus expressing different
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gill morphologies. In water, fish typically respond to environmental hypoxia initially by
increasing activity and using avoidance behaviour (Chapman and Mckenzie 2009). If this fails,
an acute hypoxic ventilatory response occurs within seconds to minutes; hyperventilation of the
gills by increasing the frequency and/or amplitude of opercular movements increases oxygen
uptake (Perry et al. 2009, Porteus et al. 2011). In C. auratus, the sensitivity of this ventilatory
response was not affected by the size of the ILCM (Tzaneva and Perry 2010). However, the
critical partial pressure of oxygen (Pcrit), the level of dissolved oxygen (DO) at which oxygen
uptake can no longer be maintained, was increased in both C. auratus and C. carassius with
enlarged ILCMs (Sollid et al. 2003, Fu et al. 2011). It remains unclear if a more sensitive
hypoxic ventilatory response can maintain oxygen uptake in fish with reduced gill surface area.
The ability to rapidly increase gill ventilation could moderate any negative consequences of large
ILCMs in mangrove rivulus acclimated to terrestrial conditions during the lag-time period after
mangrove rivulus return to water and prior to the gills being remodelled for water breathing.
I hypothesized that there is a trade-off in the aquatic respiratory function of the gills of
fish acclimated to terrestrial habitats as a result of changes in functional gill surface area.
Furthermore, I hypothesized that rapidly modifiable compensatory mechanisms exist to reduce
the costs of gill remodelling during the transition between respiratory media. Therefore, I tested
the predictions that (1) fish with low gill surface area will have a more sensitive hypoxic
ventilatory response, (2) physiological (ventilation) and morphological (gill surface area)
respiratory phenotypes are integrated to maintain oxygen uptake (unchanged Pcrit), and (3)
recovery from hypoxia will be unaffected by reduced gill surface area. Alternatively, if Pcrit is
increased or recovery from hypoxia is impaired in fish with reduced gill surface area, it would
suggest that increased ventilation cannot compensate for the lag-time effects of gill remodelling.
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METHODS

Experimental Animals
Kryptolebias marmoratus hermaphrodites (DAN06 strain, originating from Belize;
Taterenkov et al. 2010) were obtained from the breeding colony maintained in the Hagen
Aqualab, University of Guelph. Fish were held individually in 120 mL semi-transparent plastic
containers (FisherBrand Collection Containers; Fisher Scientific) under conditions
approximating their natural environment (25°C, 15-18‰, pH 8.1, 7.8 mg/L O2, 12h light:12h
dark cycle; Frick and Wright 2002a). Water changes were performed weekly using artificial
seawater (Crystal Sea Marinemix; Marine Enterprises International, Inc., Baltimore, MA, USA)
made with reverse osmosis water. Fish were fed Artemia nauplii three to four times per week.
Adult hermaphrodites at least 6 months of age and weighing 0.04 – 0.11 g were used. The
experiments in this study were approved by the University of Guelph Animal Care Committee
(Animal Utilization Protocol 10G008).

Experimental Protocol
Treatment conditions
Mangrove rivulus were acclimated (25°C) for seven days prior to experimentation to one
of seven treatment conditions thought to cause gill remodelling based on preliminary evidence:
air exposure, chronic hypoxia (15‰, DO 18% sat = ~30 Torr), reverse osmosis (RO) water (1‰
artificial sea salt was added to maintain pH: Na+ = 0.50 mmol/L, Ca2+ = 0.29 mmol/L, Mg2+ =
0.47 mmol/L, Cl- = 0.32 mmol/L, pH = 8.1), Hagen Aqualab well water (Na+ = 1.55 mmol/L,
Ca2+ = 5.52 mmol/L, Mg2+ = 3.45 mmol/L, Cl- = 1.82 mmol/L, pH = 8.1), seawater (35‰, pH =
8.2), hypersaline water (70‰, pH = 8.1), or brackish water control (15‰, pH = 8.1). Because
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mangrove rivulus are unable to feed while emersed, all fish were fasted for the duration of the
acclimation period. Air-acclimated fish were maintained on moist filter paper (wetted with 15‰
brackish water) in plastic rearing containers (120 mL; Ong et al. 2007). This allowed the fish to
remain moist but prevented immersion of the gills in water. For other treatments fish were held
in standard rearing containers (120 mL) within an aerated recirculating apparatus (50 L) which
prevented fish from voluntarily emersing, a behaviour known to cause gill remodelling (Chapter
1). Water flowed freely through the rearing containers as the top and bottom of the containers
was replaced with fine mesh (0.5mm). Acclimation to hypoxia was achieved by aerating the
system with compressed nitrogen rather than air. Dissolved oxygen was measured daily (Hach
LDO101 electrode connected to Hach HQ30d meter, Hach Company, Missisauga, ON, Canada),
and averaged 18.1 ± 0.3% over the duration of the experiment. The acute response to hypoxia
and metabolic rate experiments (detailed below) were conducted using the same water that fish
were acclimated in, with two exceptions. Fish acclimated to hypersaline water (70‰) were
recovered to 35‰ seawater for 12h before experimentation to reduce osmotic stress, as
preliminary experiments revealed that fish exposed to acute hypoxia in 70‰ water did not all
survive. Air-acclimated fish were tested in 15‰ brackish water.

Acute ventilatory response to hypoxia
Ventilatory movements were quantified non-invasively by detecting impedance changes
caused by opercular displacement in a custom-built ventilation recording chamber (modified
from Altimiras and Larsen 2000, Vulesevic et al. 2006). Chambers consisted of standard 1 mL
syringes (BD Syringe, Franklin Lakes, NJ, USA) cut to 40 mm in length, with two solder-coated
copper wires inserted through small holes 15 mm from the tapered end of the syringe and sealed
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with epoxy. These electrodes were connected, via an amplifier (Vernier Instrumentation
Amplifier, Vernier Software and Technology, Beaverton, OR, USA) set at 0-200 mV, to an
impedance converter (Model 2991, Biocom Inc, Culver City, CA, USA). The amplified
impedance signals were digitized (Vernier LabPro, Vernier Software and Technology) and
recorded (20 Hz) on a computer (LoggerPro 3.8, Vernier Software and Technology). Ventilatory
movements produced distinct voltage peaks from which frequency and amplitude data could be
collected (Fig. 2.3). In order to validate these impedance data, fish were video recorded
(Logitech Quickcam Pro, Fremont, USA) at a wide range of ventilation frequencies (10 – 147
ventilations per minute (vpm); N = 5) while inside the ventilation chamber. The resulting video
recordings and impedance data files were randomized to blind the observer (A.T) and ventilation
frequencies were measured. Linear regression of impedance data plotted against video-recorded
values showed that the two measurement techniques were highly similar (P < 0.001, R2 = 0.99).
Water (25°C) was circulated through the ventilation recording chamber at approximately
5 mL/min, a rate sufficient to maintain water DO in the chamber. Fish were left to acclimate for
1-3 h in the ventilation chamber before exposure to stepwise hypoxia. Oxygen concentrations in
water supplying the recording chamber were maintained using a DigiMix gas mixing pump
(Wostoff AG, Dortmund, Germany) and monitored with an oxygen electrode (Vernier DO-BTA,
Vernier Software and Technology). Observations were initiated when ventilatory frequency had
reduced to <10 vpm, as preliminary experiments showed that this level of ventilation was typical
of calm fish. Ventilation measurements were recorded for 10 min at 100, 50, 40, 30, 20, and
10% DO saturation, followed by recovery measurements at 40 and 100% DO saturation. The
gas mixture was adjusted to the next step in the series immediately after each recording period
and DO was allowed to stabilize for 10 min before the next ventilation measurement.
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Preliminary experiments using an oxygen microelectrode (Unisense OX-25, Denmark) inserted
into the ventilation chamber showed no detectable difference between oxygen levels in the
reservoir and the chamber within 7-8 min of changing the gas mix, therefore fish were exposed
to the new oxygen level for approximately 2-3 min before recording of ventilation began.
Measurements were gathered between 1100 and 1700 h each day to minimize the impact of the
diel metabolic cycle (Rodela and Wright 2006). After each experiment, fish were immediately
euthanized (2 mL/L 2-phenoxy-ethanol) and fixed in 10% neutral buffered formalin for
histological processing.
Preliminary results indicated that most fish acclimated to both air and RO water initiated
a ventilatory response at water DO levels greater than 50%. In order to more accurately assess
the oxygen level at which a respiratory response occurred in this group of fish, a second
experiment was conducted. Fish were acclimated and ventilation rates were measured as
described previously, but instead of immediately reducing DO saturation to 50%, steps of 100,
90, 80, 70, 60, 50, 40, 30, and 10% DO saturation were used. Fish were fixed for histology
immediately after each experiment.
Ventilatory frequency (Vf), relative amplitude (Vamp), gill ventilation (VG), and apnoea
were quantified at each level of hypoxia. Frequency was quantified by counting the number of
voltage peaks recorded over the 10 min recording period. Amplitude recordings varied based on
the size of each fish and its precise location within the recording chamber and therefore only a
relative measure of amplitude could be assessed. The amplitude of ventilatory movements at
10% DO was taken to be maximal, and the ventilatory amplitude at all other oxygen
concentrations was calculated as the proportion of this value. Visual observations of fish
exposed to 10% DO suggested that these fish were respiring at maximum capacity, and
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prolonged exposure to this degree of hypoxia was lethal (A. Turko, personal observation). Gill
ventilation was calculated as the product of Vf and Vamp.

Metabolic rate and critical oxygen pressure
Oxygen consumption rates and Pcrit were measured using closed glass double-walled
respirometry chambers (~12 mL, 25°C) in which an electrode (Vernier DO-BTA) continuously
measured dissolved oxygen (modified from Rodela and Wright 2006). Chambers were sealed
immediately after fish were inserted, and oxygen consumption was recorded over a 2-4 h period
until DO dropped below 5% of saturation. Background oxygen consumption by the electrodes
was measured in chambers without fish for 1h immediately prior to each experiment and this
value was subtracted from the oxygen consumption values of the fish. All experiments began at
12:00 to minimize effects of diel variation in metabolic rate (Rodela and Wright 2006).
Oxygen consumption was calculated as µmol O2/g/h by measuring the slope of the
oxygen consumption curve at 100, 75, 50, 40, 30, 20, 10, and 5% DO saturation. Critical oxygen
tension was calculated using Jeffrey Muday’s Physiological Regulation and Conformation
program (available at http://www.wfu.edu/~mudayja/software/o2.exe), which uses Yeager and
Ultsch’s (1989) algorithm.

Gill histology
Euthanized fish were processed for histology as described in Chapter 1. The height of the
ILCM was measured parallel to the secondary lamellae, from the edge of the filament to the most
distal extension of the ILCM along the lamellae (Ong et al. 2007). Five randomly selected
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secondary lamellae from each gill arch were measured, and the 20 measurements were averaged
to provide a mean value for each individual (LeBlanc et al. 2010).

Statistical analysis
One-factor ANOVAs with post hoc Holm-Sidak tests were used to test whether
treatments had a significant effect on ILCM height or Pcrit. Two-factor repeated measures
ANOVAs with post-hoc Holm-Sidak tests were used to compare ventilatory parameters and
oxygen consumption relative to both normoxia (100% DO saturation) and brackish water
controls. Data were transformed where necessary to better meet homoscedasticity and
distribution assumptions. A square-root transformation (√ + ⅜) was used for Vf, while natural
logarithm transformations (ln + 1) were used for quantitative variables (Vamp, VG, and oxygen
consumption; Zar 1998). Apnoea was measured as a proportion, therefore these data were arcsin
transformed (Zar 1998). SigmaStat 3.5 (Systat Software, San Jose, CA, U.S.A.) was used for all
analyses (critical α = 0.05), and Microsoft Excel was used to plot all figures. Throughout the text
values are given as means ± s.e.m.
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RESULTS

Gill histology
Treatment conditions had significant effects on gill morphology (Fig. 2.1). A substantial
cell mass between secondary lamellae with a distinct cleft at approximately the midpoint of the
ILCM was observed in fish acclimated for 7 d to either air or RO water, relative to control fish
(Fig. 2.1B, D). The ILCMs of air- and RO water-acclimated fish were significantly increased
relative to brackish water controls by 34% (P < 0.0001) and 24% (P < 0.005), respectively (Fig.
2.2). Conversely, hypoxia acclimation significantly reduced ILCM height by approximately 45%
(P < 0.0001; Fig. 2.2). All other treatments (seawater, hypersaline water, and well water) had no
significant effect on mean ILCM height relative to brackish water controls (all P > 0.05; Figs.
2.1E-G, 2.2).

Acute hypoxic ventilatory response
In normoxia, mangrove rivulus exhibited episodic breathing, ventilating infrequently in
short bursts (Fig. 2.3A). As the severity of hypoxia increased, ventilatory bursts increased in
duration and the apnoeic periods between them shortened (data not shown), until fish were
ventilating continuously (Fig. 2.3B). In response to acute hypoxia, control fish significantly
increased Vf and VG at 40% DO sat., while Vamp was not significantly increased until 10% DO
sat. (P < 0.05; Figs. 2.4-2.6). Note that the control data are repeated in Figures 2.4-2.6 for
comparison.
Fish acclimated to air for 7 d showed an increased sensitivity to hypoxia compared to
controls. Air-acclimated fish significantly increased Vf, Vamp, and VG over normoxic rates at 50,
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Figure 2.1

Representative light micrographs of Kryptolebias marmoratus gill morphology in
fish acclimated for 7 d to (A) 15‰ brackish water, (B) air, (C) hypoxia, (D)
reverse osmosis water, (E) well water, (F) 35‰ seawater, and (G) 70‰
hypersaline water. One interlamellar cell mass in each acclimation condition is
outlined in white. Scale bar = 50 µm.
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Height of the interlamellar cell mass (ILCM) in gills of Kryptolebias marmoratus
acclimated for 7 d to 15‰ brackish water conditions, or control (N = 8), air (N =
16), hypoxia (N = 8), reverse osmosis (RO) water (N = 16), well water (N = 8),
35‰ seawater (N = 8), and 70‰ hypersaline water (N = 8). An * denotes a
significant difference from the brackish water control group (P < 0.05). Values
are means ± s.e.m.
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Representative raw ventilatory impedance recordings illustrating (A) Kryptolebias
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Figure 2.4

Ventilatory frequency (A), amplitude (B), and total gill ventilation (C) responses
of Kryptolebias marmoratus acclimated for 7 d to air (green line, N = 8) or
hypoxia (~20% dissolved oxygen saturation, red line, N = 8) compared to the
responses of control fish acclimated to 15‰ brackish water (black line, N = 8).
An * denotes a within-treatment significant difference from normoxia (100%
oxygen saturation), a † denotes a significant difference from the control group at a
given oxygen saturation (P < 0.05). Values are means ± s.e.m.
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Figure 2.5

Ventilatory frequency (A), amplitude (B), and total gill ventilation (C) responses
of Kryptolebias marmoratus acclimated for 7 d to reverse osmosis (RO) water
(blue line, N = 8) or well water (brown line, N = 8) compared to the responses of
control fish acclimated to 15‰ brackish water (black line, N = 8). An * denotes a
within-treatment significant difference from normoxia (100% oxygen saturation),
a † denotes a significant difference from the control group at a given oxygen
saturation (P < 0.05). Values are means ± s.e.m.
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Figure 2.6

Ventilatory frequency (A), amplitude (B), and total gill ventilation (C) responses
of Kryptolebias marmoratus acclimated for 7 d to 35‰ seawater (orange line, N =
9) or 70‰ hypersaline water (purple line, N = 8) compared to the responses of
control fish acclimated to 15‰ brackish water (black line, N = 8). An * denotes a
within-treatment significant difference from normoxia (100% oxygen saturation),
a † denotes a significant difference from the control group at a given oxygen
saturation (P < 0.05). Values are means ± s.e.m.
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20, and 50% DO saturation, respectively (compared to 40, 10, and 40% in the control group; P <
0.05; Fig. 2.4). Air-acclimated fish also had significantly higher Vf relative to controls at 50, 40,
and 30% DO sat. (P < 0.05; Fig. 2.4A), while VG was significantly elevated compared to control
only at 50% DO sat. (P < 0.05; Fig. 2.4C). After recovery, the Vf and VG of air-acclimated fish
remained significantly increased compared to pre-hypoxic exposure normoxic values (P < 0.05;
Fig. 2.4A,C). Ventilation of air-acclimated fish remained significantly elevated for at least 1
hour after the return to normoxia, compared to control fish that returned to pre-hypoxic exposure
ventilation rates within 10 min (data not shown). In contrast, hypoxia-acclimated fish showed no
significantly different response compared to control fish (P > 0.05; Fig. 2.4).
Similar to air-acclimated fish, mangrove rivulus acclimated to RO water showed an
increased sensitivity to hypoxia relative to controls. RO water-acclimated fish significantly
increased Vf, Vamp, and VG from normoxic values at 50% DO sat (P < 0.05; Fig. 2.5). Vf and VG
were also significantly higher in RO water-acclimated fish than control fish at 50 and 40% DO
sat. (P < 0.05; Fig. 2.5A,C). After recovery, the Vf and VG of RO water-acclimated fish
remained significantly increased compared to pre-hypoxic exposure normoxic values (P < 0.05;
Fig. 2.5A,C). These values remained significantly elevated for at least 1 hour after the return to
normoxia, whereas control fish returned to pre-hypoxic ventilatory rates within 10 min (data not
shown). Although well water-acclimated fish significantly increased Vf and VG relative to
normoxia at 50% DO sat. (P < 0.05; Fig. 2.5A,C), ventilation values were not significantly
different from controls at any level of DO (P > 0.05; Fig. 2.5).
The ventilatory responses of seawater- and hypersaline water-acclimated fish were not
significantly different from control fish at any oxygen concentration (P > 0.05; Fig. 2.6).
However, hypersaline-acclimated fish significantly increased Vf and VG over normoxic rates at
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50% DO sat., (P < 0.05; Fig. 2.6A,C), and seawater-acclimated fish did not reduce Vf or VG to
pre-hypoxic exposure normoxic values after recovery to normoxia (P < 0.05; Fig. 2.5A,C).
Follow up studies to determine the ventilatory response of air and RO water-acclimated
fish on a finer scale (i.e. 100 through 50% DO sat.) showed that air-acclimated fish significantly
increased Vf and VG relative to normoxia at 70% DO sat. (P < 0.05), and RO water-acclimated
fish increased Vf and VG at 80% DO sat. (P < 0.05; Fig. 2.7), compared to 40% DO sat. in
control fish (Fig. 2.4).
Variation in apnoea followed the inverse pattern to ventilation. At 50% DO sat, both airand RO water-acclimated fish exhibited apnoea for significantly less time than control fish (P <
0.05; Fig. 2.8A,B). Similarly, the duration of apnoea after recovery to normoxia in these groups
was significantly lower than controls and relative to pre-exposure normoxic values (P < 0.05;
Fig. 2.8A,B). There were no significant differences in apnoeic duration between control fish and
any of the other treatment groups (all P > 0.05; Fig. 2.8).

Metabolic rate and critical oxygen pressure
Normoxic oxygen consumption was approximately equal across treatments with the
exception of fish acclimated to hypersaline water, where oxygen consumption was 2-fold higher
relative to control fish (P < 0.05; Fig. 2.9). Fish acclimated to air or RO water for 7 d consumed
oxygen significantly more slowly than control fish at 10% DO sat. (P < 0.05; Figs. 2.9A,B). The
Pcrit of air- and RO water-acclimated fish was 2.7-fold and 2-fold higher than control fish,
respectively (P < 0.05; Fig. 2.10).

58

Figure 2.7

Ventilatory (A) frequency , (B) amplitude, and (C) total gill ventilation responses
of Kryptolebias marmoratus acclimated for 7 d to air (green line, N = 8) or
reverse osmosis (RO) water (blue line, N = 8) tested over a broader range of water
oxygen levels relative to Figs. 4 and 5. An * denotes a within-treatment
significant difference from normoxia (100% oxygen saturation), a † denotes a
significant difference between treatments at a given oxygen saturation (P < 0.05).
Values are means ± s.e.m.
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Figure 2.8

Proportion of time (s/min) Kryptolebias marmoratus exhibited apnoea following
acclimation for 7 d to air, hypoxia, or water of varying salinity. (A) Acclimation
for 7 d to air (green line, N = 8) or hypoxia (~20% dissolved oxygen saturation,
red line, N = 8) compared to the responses of control fish acclimated to 15‰
brackish water (black line, N = 8). (B) Acclimation to reverse osmosis (RO)
water (blue line, N = 8) or well water (brown line, N = 8) compared to the
responses of control fish acclimated to 15‰ brackish water (black line, N = 8).
(C) Acclimation to 35‰ seawater (orange line, N = 9) or 70‰ hypersaline swater
(purple line, N = 8) compared to the responses of control fish acclimated to 15‰
brackish water (black line, N = 8). An * denotes a within-treatment significant
difference from normoxia (100% oxygen saturation), a † denotes a significant
difference from the control group at a given oxygen saturation
(P < 0.05). Values are means ± s.e.m.
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Figure 2.9

Oxygen uptake (µmol/g/h) of Kryptolebias marmoratus acclimated for 7 d to air,
hypoxia, or water of varying salinity. (A) Acclimation for 7 d to air (green line, N
= 8) or hypoxia (~20% dissolved oxygen saturation, red line, N = 8) compared to
the responses of control fish acclimated to 15‰ brackish water (black line, N =
8). (B) Acclimation to reverse osmosis (RO) water (blue line, N = 8) or well
water (brown line, N = 8) compared to the responses of control fish acclimated to
15‰ brackish water (black line, N = 8). (C) Acclimation to 35‰ seawater
(orange line, N = 10) or 70‰ hypersaline water (purple line, N = 8) compared to
the responses of control fish acclimated to 15‰ brackish water (black line, N =
8). Error bars represent s.e.m. An * denotes a within-treatment significant
difference from normoxia (100% oxygen saturation), a † denotes a significant
difference from the control group at a given oxygen saturation (P < 0.05). Values
are means ± s.e.m.
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Critical oxygen tension (Pcrit; % dissolved oxygen saturation) of Kryptolebias
marmoratus acclimated for 7 d to 15‰ brackish water conditions, or controls (N
= 8), air (N = 8), hypoxia (N = 8), reverse osmosis (RO) water (N = 8), well water
(N = 8), 35‰ seawater (N = 8), and 70‰ hypersaline water (N = 10). An *
denotes a significant difference from the control group (P < 0.05). Values are
means ± s.e.m.
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DISCUSSION

My findings demonstrate that gill remodelling in mangrove rivulus has significant
negative consequences for aquatic respiratory function and hypoxia tolerance. Fish acclimated
for 7 d to air or RO water increased ventilation at a higher level of DO relative to control fish,
and maintained significantly elevated ventilation rates as oxygen levels were progressively
lowered. This enhanced ventilatory activity maintained oxygen uptake initially (above ~50%
DO saturation), but the significantly higher Pcrit I observed in these fish suggests that increased
ventilation was insufficient to compensate for reduced gill surface area at more extreme levels of
hypoxia. Additionally, ventilatory activity did not recover to pre-exposure levels in air and RO
water-acclimated fish as it did in controls, suggesting that an oxygen debt had accumulated
(Heath 1973, Rantin et al. 1998). This provides further evidence that increased ventilation could
not fully compensate for the negative effects of enlarged ILCMs at levels of DO below 50%
saturation. Taken together, these results support my first hypothesis that gill remodelling
negatively impacts respiratory function in mangrove rivulus. On the other hand, the data do not
support the prediction that integration of ventilatory and morphological respiratory phenotypes
maintains oxygen consumption. Instead, these results support the alternative hypothesis that
there is a strong time-lag limit to gill remodelling that cannot be moderated with a more sensitive
hypoxic ventilatory response. Branchial respiratory function in mangrove rivulus acclimated to
terrestrial conditions appears to be limited in hypoxic aquatic environments until gill
morphological changes can occur.
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Gill Plasticity
I observed large increases in the ILCMs of fish exposed to air or RO water, as has been
previously observed (Ong et al. 2007, LeBlanc et al. 2010). I also found that the ILCM in
mangrove rivulus acclimated to hypoxia for 7 d was significantly decreased. While this is the
first report of hypoxia-induced ILCM reduction in K. marmoratus, this response was not
surprising based on previous studies in several cyprinids, where it likely maximizes oxygen
uptake when environmental oxygen is scarce (Sollid et al. 2003, Matey et al. 2008, Mitrovic et
al. 2009). It is thought that the increased ILCM in air-exposed fish helps to reduce water loss or
protect the delicate gill lamellae during emersion (Ong et al. 2007). The increased ILCM during
exposure to RO water is thought to reduce ion loss at the expense of reduced respiratory function
according to the osmorespiratory compromise hypothesis (Gonzalez and McDonald 1992,
Leblanc et al. 2010). Surprisingly, I did not observe the same remodelling in fish acclimated to
well water. Although there were small differences in the [Na+], [Cl-], and [Mg2+] of RO and well
water, the [Ca2+] of well water was approximately 20-fold higher relative to the RO water.
Calcium is known to maintain epithelial membrane stability and permeability in fish gills, partly
by maintaining the integrity of tight junctions (McWilliams 1983, Freda et al. 1991). The ILCM
enlargement I observed in RO water-acclimated fish may be an attempt to reduce branchial ion
loss under these low Ca2+ conditions. Alternatively, the ILCM may depend on a threshold
environmental osmolarity, and the RO and well water treatments fell on either side of this
threshold (Laurent et al. 1985).
The small ILCM in fish exposed to hypersaline water was also unexpected, as the
osmorespiratory compromise hypothesis predicts that gill surface area should be reduced to
minimize water loss and ion gain (Sardella and Brauner 2007). Interestingly, LeBlanc et al.
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(2010) showed that fish acclimated for 1 month to 45‰ SW not only had significantly smaller
ILCMs than fish acclimated to 1‰ water, but also had significantly increased cross-sectional
area and density of ionocytes in the skin. Perhaps a degree of regional specialization occurs in
mangrove rivulus during exposure to hypersaline water, such that the gills are primarily
responsible for oxygen uptake and the cutaneous surface for osmoregulation. Such a division
between respiration and osmoregulation has been noted within the gills of the air-breathing
Trichogaster leeri, where the anterior gill arches are primarily responsible for osmoregulation
while the posterior arches are used predominantly for respiration (Huang et al. 2008).

Acute hypoxic ventilatory response
As predicted, mangrove rivulus with enlarged ILCMs had a more sensitive hypoxic
ventilatory response compared to control fish. My results contrast with the findings of Tzaneva
and Perry (2010), who found that ILCM height did not affect hypoxia sensitivity in C. auratus.
However, goldfish with large ILCMs were tested at 7°C while goldfish with small ILCMs were
tested at 25°C, raising the possibility that differences in oxygen demand between these
temperatures may have been a contributing factor (Tzaneva and Perry 2010). In contrast, in my
study oxygen demand was equal between fish with different gill morphologies, highlighting the
impact of ILCM thickness on the hypoxic ventilatory response and respiratory function.
Ionocyte proliferation in the gills may have contributed to the reduced respiratory function in
RO-water acclimated fish by increasing blood-water diffusion distance (e.g. Laurent and Hebibi
1989, Bindon et al. 1994, Greco et al. 1996, Sakuragui et al. 2003). Thomas et al. (1988)
reported that ionocyte proliferation in Oncorhynchus mykiss resulted in significantly reduced
arterial oxygen concentrations during hypoxia. Furthermore, increased ventilation was required
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to maintain oxygen uptake even in normoxia in O. mykiss acclimated to ion poor water (Greco et
al. 1995). LeBlanc et al. (2010) showed that the number of gill ionocytes was about 40% higher
in mangrove rivulus acclimated to 1‰ relative to 45‰ water. Similar ionocyte proliferation in
the present study may have exacerbated the effect of large ILCMs in RO water-acclimated fish
by further limiting the rate of oxygen diffusion across the gills.
The resting ventilatory frequencies observed in this study were remarkably low compared
to other tropical teleosts, but share the characteristic pattern of episodic breathing with fishes
having low respiratory demands. As is typical with episodically breathing fish, the hypoxic
ventilatory response of mangrove rivulus consisted of initially increasing Vf by extending the
duration of ventilatory bursts and decreasing the length of apnoeic periods, until ventilation was
continuous (Milsom 1991, Porteus et al. 2011). During extreme hypoxia (≤ 30% DO sat.)
oxygen uptake was further augmented with increases in both Vf and Vamp, similar to the response
of Gadus morhua (Kinkead et al. 1991). Episodic breathing is thought to minimize the energetic
cost of respiration while maintaining oxygen uptake (Milsom 1991). Perhaps mangrove rivulus
are able to accomplish such low ventilatory frequencies because of the presence of dense
epidermal capillary beds which allow them to respire cutaneously (Grizzle and Thiyagarajah
1987). The tropical amphibious fish Synbranchus marmoratus (~80 g) was able to achieve an
average aquatic Vf of 1-4 vpm in normoxia by obtaining 33-53% of required oxygen via the skin
(Graham et al. 1987). Furthermore, cutaneous oxygen uptake scaled with mass in S. marmoratus
and could theoretically account for 100% of oxygen requirements in a 10 g fish. Mangrove
rivulus used in the present study weighed approximately 100-fold less than this theoretical size
limit, and should therefore be able to predominantly use cutaneous respiration; indeed this
appears to be the case during emersion (Grizzle and Thiyagarajah 1987, Ong et al. 2007).
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Therefore, while the scope of ventilatory increase in these fish appears remarkable (~50 fold Vf
increase and ~100 fold VG increase!), I propose that it is the result of low resting ventilation
enabled by cutaneous respiration. Moreover, the maximum ventilation frequency observed in
mangrove rivulus was low compared to other similarly sized tropical species (e.g. ~150 vpm in
mangrove rivulus versus 350 vpm in Danio rerio; Vulsevic and Perry 2006).

Oxygen consumption
The metabolic rates measured in the present experiment are comparable to what has been
reported previously for this species (Rodela and Wright 2006, Ong et al. 2007). Mangrove
rivulus acclimated for 7 d to hypersaline seawater consumed oxygen almost twice as fast as fish
in brackish water. This is a surprising result, as fish typically depress metabolic rates in
hyperosmotic environments (e.g. Haney and Nordlie 1997, Plaut 2000, Sardella et al. 2004,
Gonzalez 2011). However, hyperosmotic conditions increase oxygen consumption in a few fish
species, possibly to maintain osmoregulation (Iwama et al. 1997, Gonzalez 2005). In the present
experiment, it must be emphasized that hypersaline-acclimated fish (~7 d acclimation to 70‰)
were recovered in 35‰ seawater for ~12 h immediately before being placed in the respirometer.
An overnight recovery period was necessary to prevent mortality during the acute hypoxia
response experiments. It is possible that oxygen consumption in mangrove rivulus was indeed
lowered during the hypersaline exposure, but then increased upon the return to seawater in order
to readjust to the lower salinity.
Fish with reduced gill surface area had significantly increased Pcrit values compared to
control fish, suggesting that gill remodelling imposes a dramatic respiratory cost on mangrove
rivulus. Given these results, it was surprising that the Pcrit of hypoxia-acclimated mangrove
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rivulus did not change with increased gill surface area. Hypoxia-induced ILCM reductions in C.
carassius and C. auratus have been correlated with Pcrit reductions of approximately 50% (Sollid
et al. 2003, Fu et al. 2011). Furthermore, fish populations inhabiting relatively oxygen poor
habitats have both enlarged gills and reduced Pcrit compared to conspecifics from welloxygenated habitats (e.g. Olowo and Chapman 1996, Chapman et al. 2002, Timmerman and
Chapman 2004). Infection by the gill parasite Ichthyophthirius multifilis, which decreases gill
surface area by causing hyperplasia, also increases Pcrit of Cyprinus carpio (Hines and Spira
1974). Interpretation of the unchanged Pcrit of hypoxia-acclimated mangrove rivulus with
increased gill surface area is difficult. One consideration is whether Pcrit accurately captures
subtle respiratory differences between groups if there is a range of environmental oxygen
concentration over which oxygen consumption can no longer be maintained (Mueller and
Seymour 2011).

Integration of respiratory phenotypes
Overall, my results suggest that under normoxic conditions there is no detectable
respiratory cost to gill remodelling, but during hypoxic exposure gill remodelling poses a
significant respiratory consequence that cannot be compensated for with fast responding
ventilatory changes. Sakuragui et al. (2003) found that increased ventilation could not maintain
arterial oxygen partial pressure in the obligate water breathing Hoplias malabaricus with
increased branchial blood-water diffusion distances caused by ionocyte proliferation, although
Pcrit was unaffected in this species. Together with my data, these results suggest that increased
gill ventilation may only compensate for morphological impairment during moderate hypoxia,
because under extreme hypoxia the cost of hyperventilation could exceed any gains made in
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oxygen uptake. It is interesting, however, that H. malabaricus was able to maintain Pcrit while
the facultatively air breathing mangrove rivulus did not. This suggests that perhaps the trade-off
between gill morphology and aquatic respiratory function is influenced by the availability of
alternate respiratory strategies available to different taxa (Graham 1997).
There are other quickly altered phenotypes besides hyperventilation that fish may use to
respond to hypoxia (Chapman and Mckenzie 2009). For example, mangrove rivulus emerse in
response to extreme hypoxia (~0.2 mg/L), however this threshold for emersion is well below Pcrit
and may be preceded by the use of aquatic surface respiration (ASR; personal observation).
ASR allows fish to exploit the relatively high DO that occurs at the air-water interface, but also
may increase the risk of predation, and therefore ASR often does not begin until oxygen levels
drop to near Pcrit (Kramer and McClure 1982, Sloman et al. 2006, Perry et al. 2009). Like the
mangrove rivulus, Galaxias maculatus respond to progressive hypoxia first by hyperventilating
and utilizing ASR, but if environmental oxygen drops below Pcrit these fish emerse and switch to
air breathing (Urbina et al. 2011). Thus it appears that emersion is used as a last resort.
Functional gill surface area may impact the emersion threshold of mangrove rivulus, but this
needs to be investigated in future studies.
In the wild, mangrove rivulus experience environmental fluctuations that may cause
emersion on daily and seasonal time scales (Taylor 1990, Taylor et al. 2008). Theory predicts
that if the fitness consequences of gill remodelling are large, then phenotypic plasticity should
only evolve if transitions between environments occur relatively infrequently (León 1993,
Padilla and Adolph 1996). Given the substantial respiratory consequences of enlarged ILCMs in
mangrove rivulus, gill remodelling may only be expected if transitions between terrestrial and
hypoxic aquatic environments are relatively infrequent. Alternatively, since large ILCMs were
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not costly in normoxic water, then gill remodelling should be expressed even if habitat
fluctuations are relatively frequent. Indeed, in well oxygenated water under laboratory
conditions, frequent transitions between terrestrial and aquatic habitats cause ILCM enlargement
(Chapter 1). However, in the wild where dissolved oxygen levels are typically low (< 1 mg/L;
Dunson and Dunson 1999), frequent emersions would be predicted not to cause gill remodelling.
This would maintain aquatic respiratory function but potentially increase the risks of desiccation
or lamellar damage during emersion (Ong et al. 2007). Further studies assessing the variability
of environmental parameters in the field, and the costs and benefits of gill remodelling under
these conditions are required.
Overall, these results indicate that gill remodelling in mangrove rivulus is a relatively
complex phenomenon, dependant on respiratory medium, environmental ionic composition, and
oxygen availability. However, any benefits of gill remodelling are limited by the cost of
displaying a large ILCM in hypoxic water, and by the relatively long lag-times required for
ILCMs to be modified. Increased gill ventilation was only able to compensate for large ILCMs
during moderate, but not severe, hypoxia. These results highlight some of the difficulties in
switching between respiratory media, and demonstrate that extreme phenotypes can have
consequences for tolerating rapid environmental change.
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GENERAL DISCUSSION

In my thesis I investigated the causes and consequences of gill remodelling in mangrove
rivulus, Kryptolebias marmoratus. In chapter one, by measuring the correlation between
emersion behaviour and ILCM height in fish with and without access to a terrestrial
environment, I found that increased voluntary emersion behaviour caused ILCM enlargement. In
chapter two, I found that large ILCMs increased the hypoxia sensitivity of mangrove rivulus, but
did not affect respiratory function in normoxia. Furthermore, I showed that increased ventilation
could not compensate for the effects of enlarged ILCMs, as the Pcrit of these treatment groups
increased. These consequences suggest that there is a strong time-lag cost to gill remodelling if
fish move between terrestrial and hypoxic aquatic environments, but not if the water is normoxic.
My results suggest that, in the wild where aquatic conditions tend to be extremely
hypoxic (<1 mg/L DO; Dunson and Dunson 1999), enlarged ILCMs would pose a major
respiratory cost for mangrove rivulus. Therefore, gill remodelling is predicted to occur only if
emersions are relatively long or frequent (León 1993, Padilla and Adolph 1996, Gabriel 2005).
However, in the few gills of wild mangrove rivulus that I have observed, collected in both Belize
(P. Wright, C. Cooper, K. Regan, A. Russo, personal communication) and Florida (personal
observation), the ILCMs appear relatively large, similar to those of fish acclimated to either air
or RO water in the laboratory. The fish captured in Belize were also observed to emerse several
times per day. Given the respiratory cost of reduced gill surface area, there must also be a
significant advantage to gills with large ILCMs. Ong et al. (2007) suggested that reduced
functional gill surface area could minimize evaporative water loss or protect the delicate
secondary lamellae from collapsing and coalescing during emersion, but neither of these
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hypotheses have been tested. Alternatively, the respiratory consequences of large ILCMs may
be moderated under natural conditions using behavioural responses.
Increased ventilation alone cannot maintain oxygen uptake while morphological
remodelling takes place, but perhaps increased ventilation coupled with aquatic surface
respiration ASR or even brief emersions could temporarily compensate for terrestrially
remodelled gills. ASR would enable branchial and cutaneous respiration in relatively well
oxygenated surface water, while emersion would facilitate terrestrial cutaneous respiration,
although these behaviours may also increase the risk of predation. However, it is unclear if brief
emersions would reduce the respiratory consequences of large ILCMs during the lag-time period
after returning to water breathing, or whether these emersions would exacerbate the problem by
inducing large ILCMs as observed in the laboratory (Chapter 1). The answer depends on the cue
for gill remodelling during air exposure. For example, if ILCM development is triggered by
reduced oxygen demand or hyperoxia, as is the case in cyprinids (Tzaneva et al. 2011a), then
intermittent emersions would likely slow ILCM regression. Future research should investigate
the environmental cues and physiological mechanisms that regulate terrestrial gill remodelling in
mangrove rivulus.
The respiratory cost I observed in gills with large ILCMs was measured within the first 34 h of the transition to a hypoxic aquatic environment. It is doubtful that the ILCM was reduced
during this relatively brief period, as fish were sacrificed for gill measurements immediately after
acute hypoxia sensitivity was measured and the results were identical to previously measured
values for air-exposed fish with no aquatic recovery period (26 µm in Chapter 2, versus 26 µm in
high emersion fish in Chapter 1 and 27 µm in air-exposed fish in Ong et al. 2007). Ong et al.
(2007) showed that the ILCM that developed during air exposure receded within 7 d of aquatic
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recovery, but there is no information on a finer timescale. In contrast with mangrove rivulus,
acute hypoxic exposure decreases the height of goldfish ILCMs by 25% after just 30-40 min of
hypoxic exposure (Tzaneva et al. 2011b), and crucian carp can completely reduce the ILCM
within a few hours at 20°C (Sollid et al. 2005). This is likely due to the ability of goldfish to
“slough off” the ILCM, and can be recognized in cross sections by a jagged and torn appearance
of the distal edge of the ILCM (V. Tzaneva, personal communication). No appearance of such
sloughing of the ILCM was visible in mangrove rivulus gills (personal observation). However,
regression of the ILCM likely occurs through apoptosis as in crucian carp, and should therefore
be accomplished on a faster timescale relative to ILCM enlargement (Sollid et al. 2003).
Consequently, the lag-time effects of gill remodelling upon the return to water breathing, while
longer than ~ 4 h in duration, may not endure for an entire week (Ong et al. 2007). Future
studies examining the rate of ILCM reduction in both normoxia and hypoxia would be
informative.
The strain of mangrove rivulus I used in chapter two, DAN06, surprisingly did not exhibit
any apparent gill remodelling in response to seawater or hypersaline water. In preliminary
studies in a separate strain (R/W; used in Experiment 1 of Chapter 1) I observed massive ILCM
growth (~70% increase) in response to 7 d acclimation to either 35 or 70‰ seawater, compared
to brackish water controls. Responses between the DAN06 and R/W strains to RO and well water
were similar however, as was the response to emersion. This differential response to
hyperosmotic water may make these strains ideal candidates for uncovering which genes and
pathways regulate the plastic responses of ILCM development. In crucian carp, hypoxiainducible factor 1α (HIF-1α) accumulates in the gills during exposure to hypoxia or relatively
warm water, suggesting that it may play a role in regulating gill remodelling (Rissanen et al.
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2006, Sollid et al. 2006). However, increased HIF-1α stabilization did not increase production of
the apoptosis-inducing protein, inducible nitric oxide synthase (Sollid et al. 2006) and as far as I
know, no other investigations of the mechanisms responsible for regulation of the ILCM have
been conducted. I suggest that a comparative microarray analysis or subtractive hybridization of
genes upregulated during hyperosmotic stress in lineages of mangrove rivulus known to have
differential morphological responses (i.e. DAN06 and R/W) would be useful for identifying
possible regulatory genes of ILCM plasticity. The characterization of ILCM responses in other
lineages would also be useful. Furthermore, it would be interesting to test whether regulatory
genes identified in mangrove rivulus also play a role in carp gill remodelling. Such a finding
would suggest that the ILCMs in these two groups are homologous.
In Chapter 1, I found that behaviour drives gill remodelling, while in Chapter 2, I found
that gill remodelling causes physiological differences (ventilation rate and oxygen uptake ability)
in mangrove rivulus during hypoxia exposure. It remains unclear, however, whether the
physiological consequences of gill remodelling observed in Chapter 2 influence mangrove
rivulus emersion behaviour. Regan et al. (2011) demonstrated that extreme hypoxia (0.2 mg/L
DO) induced emersion in rivulus maintained in brackish water, but this level of water DO was
far below Pcrit (~1.3 mg/L DO; Chapter 2). Furthermore, in the Regan et al. (2011) study
treatment with stimulatory neurotransmitters for two types of oxygen sensing cells (serotonincontaining NECs and acetylcholine-containing cells) increased the sensitivity of the emersion
response, while using antagonists to block serotonin receptors (ketanserin) or nicotinic
acetylcholine receptors (hexamethonium) decreased emersion sensitivity. Exposure to the
muscarinic acetylcholine receptor antagonist atropine, however, increased emersion sensitivity.
Together, these results demonstrate that the actions of a complex oxygen sensing system may be
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integrated to control the hypoxic emersion response in mangrove rivulus (Regan et al. 2011). If
gill remodelling has consequences for oxygen sensing, as suggested by the results of Chapter 2,
then I propose that gill morphology would in turn cause changes in emersion behaviour. This
would increase the potential for a feedback loop, where increased emersion behaviour causes
increased ILCMs, which then encourages even more emersion. Such a system would be a good
model for studying the role of phenotypic plasticity in generating sympatric phenotypic
divergence, which has been theorized as a possible driver of speciation (Skúlason and Smith
1995, West-Eberhard 2003). These results suggest that the costs and benefits of phenotypic
plasticity are environment-dependant. Furthermore, these results emphasize the importance of
environment when measuring relationships between phenotypic traits, as environmental quality
can affect whether traits appear to be correlated or even change the direction of the correlation,
as was observed in mangrove rivulus (Pigliucci 2001).
Overall, my results show that there is a link between emersion behaviour and gill
morphology in mangrove rivulus. The lag-time between initially returning to water-breathing
and later reducing the ILCM imposes a significant limit to the effectiveness of gill remodelling,
as aquatic respiratory function is reduced during the transition period. These results highlight the
respiratory challenges of alternating between aquatic and terrestrial habitats, and emphasize that
mangrove rivulus are not “Darwinian monsters” able to immediately remodel gill morphologies
to suit their environment. Rather, I have provided empirical evidence that lag-times can impose
a significant limit to the benefits of gill remodelling.
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