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The evolution of air breathing during the Devonian provided early fishes with bimodal respiration
with a stable O2 supply from air. This was, however, probably associated with challenges and
trade-offs in terms of acid–base balance and ionoregulation due to reduced gill:water interaction
and changes in gill morphology associated with air breathing. While many aspects of acid–base
and ionoregulation in air-breathing fishes are similar to water breathers, the specific cellular and
molecular mechanisms involved remain largely unstudied. In general, reduced ionic permeability
appears to be an important adaptation in the few bimodal fishes investigated but it is not known
if this is a general characteristic. The kidney appears to play an important role in minimizing ion
loss to the freshwater environment in the few species investigated, and while ion uptake across the
gut is probably important, it has been largely unexplored. In general, air breathing in facultative
air-breathing fishes is associated with an acid–base disturbance, resulting in an increased partial
pressure of arterial CO2 and a reduction in extracellular pH (pHE); however, several fishes appear to
be capable of tightly regulating tissue intracellular pH (pHI), despite a large sustained reduction in
pHE, a trait termed preferential pHI regulation. Further studies are needed to determine whether pref-
erential pHI regulation is a general trait among bimodal fishes and if this confers reduced sensitivity
to acid–base disturbances, including those induced by hypercarbia, exhaustive exercise and hypoxia
or anoxia. Additionally, elucidating the cellular and molecular mechanisms may yield insight into
whether preferential pHI regulation is a trait ultimately associated with the early evolution of air
breathing in vertebrates.
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INTRODUCTION

Acid–base and ion regulation are essential to vertebrate life, with the former inex-
tricably linked with ion regulation through the need to maintain electroneutrality,
according to strong ion difference theory (Stewart, 1983). Disruption of acid–base
and ionoregulation can have dire consequences for cellular signalling and processes
such as volume regulation, through to organ function and whole animal perfor-
mance (Putnam & Roos, 1997). While acid–base and ionoregulation are reasonably
well studied in a few species of water-breathing fishes (Evans et al., 2005; Perry
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& Gilmour, 2006; Gilmour & Perry, 2009), relatively little is known in fishes with
bimodal respiration.

The evolution of air breathing during the Devonian provided early bimodal
breathers with a stable and ample O2 supply. Acid–base and ionoregulatory chal-
lenges probably arose as a consequence of air breathing due to the reduced gill:water
interaction and the physical differences between air and water as respiratory media.
More specifically, some of the differences between water and bimodal breathers
that could potentially affect acid–base and ion regulation include changes in gill
morphology, which alter ion exchange rates [e.g . pirarucu Arapaima gigas (Schinz
1822) (Gonzalez et al., 2010)] and a reduction in gill surface area, and reduced
gill ventilation hindering CO2 excretion and thus pH balance [e.g . spotted gar
Lepisosteus oculatus Winchell 1864 (Smatresk & Cameron, 1982)]. Furthermore,
the nature of their habitat may impose constraints on acid–base and ion regulation
because of the lack of available ions [e.g . Amazon sailfin catfish Pterygoplichthys
pardalis (Castelnau 1855) (Brauner et al., 2004a)] or extended stay out of water
associated with aerial excursions [e.g . slender African lungfish Protopterus dolloi
Boulenger 1900 (Wilkie et al., 2007; Patel et al., 2009a)].

The study of extant bimodal breathers is likely to provide insight into adapta-
tions associated with this crucial but understudied aspect of the terrestrialization
of vertebrates. The degree to which fishes with bimodal respiration depend upon air
breathing varies dramatically. Obligate air breathers drown without access to air, and
thus their air breathing is continuous (Graham, 1997). In facultative air breathers,
aquatic respiration is sufficient to satisfy O2 uptake under routine conditions, but air
breathing is used to supplement aquatic O2 uptake at higher temperatures, during and
following exercise or during exposure to aquatic hypoxia (Graham, 1997; Lefevre
et al., 2014). The degree to which aerial respiration is relied upon in these different
conditions is species specific and given that air breathing is thought to have evolved
independently as many as 67 times, the effect on both acid–base and ionoregulation
is likely to be diverse. This review will discuss what is known about acid–base
regulation and ionoregulation in fishes with bimodal respiration by comparison with
unimodal water-breathing fishes, then discuss how air-breathing fishes respond to
acid–base and ionoregulatory challenges and then, finally, discuss future directions
for research.

IONOREGULATION IN BIMODAL BREATHERS

Studies investigating the mechanisms of ionoregulation specifically in fishes capa-
ble of bimodal respiration are limited. In water-breathing fishes, ionoregulation is
accomplished in the branchial mitochondrial-rich cells (MRCs; Perry, 1997; Evans
et al., 2005) and it is believed that bimodal breathers generally use similar mecha-
nisms (Lin & Sung, 2003); however, during air breathing, gill:water interaction may
become limited and it has been assumed that the gut and kidney may play a greater
role in ionoregulation (Hochachka et al., 1978; Brauner et al., 2004b; Gonzalez et al.,
2010), as observed in terrestrial air breathers (Graham, 1997).

Bimodal breathers generally have reduced gill surface area relative to body mass
compared with water breathers (Hughes & Morgan, 1973; Brauner & Berenbrink,
2007) and a higher density of MRCs on the gills (Brauner et al., 2004b). Because
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air breathers can secure O2 extra-branchially (Graham, 1997), some of the design
constraints on gill morphology associated with gas exchange may be relaxed, allow-
ing the gills to take on an increased ionoregulatory role that otherwise could not
occur because it would impair gas exchange. A comparison of branchial MRC local-
ization in bimodal and water breathers found that the former were more likely to
possess MRCs on both the filament and lamellae, while the latter tended to possess
MRCs only on the filament (Lin & Sung, 2003). Lamellar proliferation of MRCs
could increase blood–water diffusion distance and, thus, impair gas transfer (Lin &
Sung, 2003) resulting in an osmorespiratory compromise (Nilsson, 1986; Sardella
& Brauner, 2007). Given, however, that obligate air-breathing fishes are less depen-
dent on branchial gas exchange than water breathers, gill remodelling could occur to
enhance ion exchange without compromising gas exchange. The gills of A. gigas , an
obligate air breather, undergo extensive remodelling with development. Initially, their
gills have a similar appearance to a closely related water breather, the silver arowana
Osteoglossum bicirrhosum (Cuvier 1829) where lamellae are clearly visible; how-
ever, with development, the interlamellar spaces become filled with cells, including
MRCs, resulting in only column-shaped filaments with a high density of MRCs on
the apical surface (Brauner et al., 2004b). The reduced gill surface area in A. gigas
does not necessarily reduce ion loss, because Gonzalez et al. (2010) found increased
Na+ loss in larger fish with reduced gill surface area. Why this occurred is unclear
but was suggested to be a consequence of increased epithelial permeability due to
changes in cell type density, as MRCs are more permeable than pavement cells.
The findings in A. gigas are difficult to evaluate as reduced surface area along with
increased Na+ flux cannot explain the morphological changes alone; however, they
may confer an advantage of decreased sensitivity to challenging water conditions,
particularly to low pH environments (Gonzalez et al., 2010). Further investigation is
required to understand why these changes occur.

The activity and localization of ion transporters during ionoregulatory stress
have been studied in a few freshwater air-breathing Anabantoidei. In pearl gourami
Trichopodus leeri (Bleeker 1852), exposure to deionized water increased Na+,
K+-ATPase (NKA) activity and MRC numbers in the anterior, but not posterior,
gill arches, implying that the former may play a greater role in ionoregulation
(Huang et al., 2008). In moonlight gourami Trichopodus microlepis (Günther 1861),
exposure to brackish water (salinity of 10) resulted in an increase in gill NKA and
vacuolar-type H+-ATPase (VHA) protein expression consistent with what has been
observed in exclusive water-breathing fishes (Huang et al., 2010). In a third species,
dwarf gourami Trichogaster lalius (Hamilton 1822), exposure to low pH for 4 days
resulted in the disappearance of lamellae in 30% of the fish (Huang & Lin, 2011),
resulting in a gill morphology similar to A. gigas where the interlamellar space is
filled with MRCs. This gill remodelling may also play a role in minimizing ionic
stress associated with acidic or dilute environments in this species; however, further
studies are required.

The African lungfishes (Protopteridae) have the ability to form cocoons during air
exposure, which limits ion exchange with the environment. When P . dolloi and West
African lungfish Protopterus annectens (Owen 1839) were exposed to air, a cocoon
was formed but no disturbances in blood osmotic or ion balance were observed,
despite large increases in plasma urea. In water, their body surface including the
gills has relatively low ionic and water permeability, with rates of unidirectional
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Na+ and Cl− influx that were 90% lower than values typically measured in similar
sized freshwater fishes. This low influx was balanced by a similarly low rate of efflux
(Wilkie et al., 2007). Despite the reduced ionic flux of Na+ and Cl−, similarities in
the overall pattern of ion balance exist between these fishes and water breathers based
on the ion types, transporters and site of exchange (Patel et al., 2009a , b). Reduced
ionic permeability may be an adaptation to reduce energy expenditures during re-
immersion following air exposure (Wilkie et al., 2007). In general, reduced ionic
permeability may appear to be an important adaptation in many bimodal fishes, a
trait hypothesized to have been important in the transition of vertebrates from water
to land (Ultsch, 1987, 1996).

The role of the kidney in ion regulation in water breathers is small relative to
the gills (Evans et al., 2005), but as the opportunity for ion exchange at the gills
disappeared as vertebrates evolved onto land, it is expected that the kidney may take
an increased ionoregulatory role in bimodal breathers (Cameron & Wood, 1978).
Few studies have looked at renal involvement in ion regulation in bimodal breathers
but Cameron & Wood (1978) were among the first to investigate kidney function
between closely related water and air-breathing fishes [trahira Hoplias malabari-
cus (Bloch 1794) and jeju Hoplerythrinus unitaeniatus (Spix & Agassiz 1829)] and
found no clear relationship between kidney function and air breathing. In A. gigas ,
the kidney is greatly enlarged compared to its water-breathing relative, O . bicir-
rhosum (Hochachka et al., 1978). In A. gigas , renal Na+ –K+-ATPase activity is
greater than in its gills (Gonzalez et al., 2010) and in the kidney of the O . bicirrho-
sum (Hochachka et al., 1978). Additionally, urine:plasma ratios of Na+ and Cl− were
one-tenth and one-hundredth, respectively, of the values for most freshwater fishes,
indicating a much greater degree of ion conservation from the urine. These fishes
are suggested to have adopted a more terrestrial mode of ion regulation, empha-
sizing renal conservation of salts, along with a greater dependency on diet for salt
uptake, which may be beneficial in the ion-poor environment of the Rio Negro, Brazil
(Gonzalez et al., 2010). Similarly, two species of African lungfish (P. dolloi and P .
annectens), which are able to aestivate for months without access to water (Perry
et al., 2008), also exhibited low urinary excretion rates for Na+, Cl− and Ca2+ and a
higher water reabsorption rate than in rainbow trout Oncorhynchus mykiss (Walbaum
1792 ), a water breather (Patel et al., 2009b). Increased use of renal ion regulation is
probably a consequence of these fishes’ habitat, ion-poor water or terrestrialization,
rather than of air breathing per se. Bimodal breathers have access to new habitats,
which are either ion-poor waters in the case of A. gigas or ion-free air in the case of
a terrestrial lungfish; therefore, the gills become less effective at ion regulation and
the focus becomes more on ion conservation. Ion regulation during the transition
from water to land deserves further study, particularly the involvement of the kidney
and gut, in order to gain insight into this evolutionary transition.

ACID–BASE BALANCE

The primary site of acid–base regulation in water-breathing fishes is gills, which
typically account for c. 90% of total acid–base ion transport during pH compensa-
tion (Heisler, 1984; Evans et al., 2005), with the kidney and intestine accounting for
the remaining 10%. Nonetheless, some work on the renal mechanisms suggests a

© 2014 The Fisheries Society of the British Isles, Journal of Fish Biology 2014, 84, 682–704



686 R . B . S H A RTAU A N D C . J . B R AU N E R

larger role for the kidneys (Perry & Gilmour, 2006) and this may be especially true
in bimodal breathers. Fishes, similar to other vertebrates, can minimize or compen-
sate for an acid–base disturbance by either (1) direct transfer of acid–base relevant
ions between the cell and blood, and the blood and the environment, (2) buffering
with bicarbonate and non-bicarbonate buffers or (3) altering ventilation rate to mod-
ify blood PCO2 and, thus, pH via the CO2 –HCO3

− buffer system (Heisler, 1984;
Evans et al., 2005; Brauner & Baker, 2009). The principle mechanism of short-term
acid–base compensation in terrestrial air breathers consists of the latter because
blood PCO2 is highly relative to environmental levels [e.g . c. 40 Torr v . <1 Torr (c.
5333 Pa v . 133 Pa) PCO2], so considerable adjustment of blood pH can be accom-
plished through changes in ventilation. In water breathers, this mechanism is much
less effective owing to the similarity of blood and environmental PCO2 levels [c.
2–5 Torr v . <1 Torr (c. 267–667 Pa v . 133 Pa) PCO2] (Heisler, 1984) and, thus,
water-breathing fishes rely on buffering to minimize and direct transfer of acid–base
relevant ions to compensate acid–base disturbances. The mechanisms through which
bimodal fishes regulate acid–base status are generally thought to be similar to that
of water-breathing fishes; however, changes in ventilation may be involved in some
of these fishes (Perry et al., 2005), and there may be an increased dependence on
the kidney (Heisler, 1984; Ultsch, 1996; Graham, 1997).

T H E RO L E O F B U F F E R S I N AC I D – BA S E D I S T U R BA N C E S

Buffers minimize the magnitude of pH disturbances. Important buffers include
bicarbonate (because of the CO2 –HCO3

− system), phosphate buffers and
haemoglobin (Hb) (due to the presence of histidine and their associated imidazole
side chains that buffer H+ at physiological pH). Fishes, in general, have lower
blood and tissue buffer values than other vertebrates (Heisler, 1984). Within the
blood, however, these values vary among fishes, with the more basal groups
(chondrichthyans and basal actinopterygians) having higher blood buffer values than
teleosts (Berenbrink et al., 2005). Interestingly, several groups within the teleosts
include fishes with bimodal respiration, such as the Siluriformes, Synbranchiformes,
Cypriniformes (specifically Cobitoidea) and Gymnotiformes, which have secondarily
increased Hb buffer values and reduced Root and Bohr effects (Berenbrink et al.,
2005). The Hb buffer values, and Hb–O2 and CO2 transport characteristics of a
limited number of bimodal fishes have been studied, a consistent pattern appears to
emerge. In Fig. 1, it can be seen that, in general, obligate air breathers possess the
greatest Hb buffer values and smallest Bohr effects, whereas water breathers tend to
have small Hb buffer values and large Bohr effects, while facultative air breathers
fall in between those groups.

In water breathing and facultative air-breathers, the large Bohr effect and low
buffer value indicate a tight coupling of O2 and CO2 transfer within the red blood
cell at both the tissues and the gills (Wyman, 1964; Lapennas, 1983; Brauner &
Randall, 1996). A low Bohr effect and high Hb buffer capacity, however, seen in
the obligate air breathers (albeit only two species) indicate an uncoupling of O2
and CO2 at the level of the red blood cell that is probably associated with the
spatial uncoupling of gas exchange, where O2 uptake occurs primarily across the
air-breathing organ (ABO) and CO2 is excreted into the water, presumably across
the gills (Brauner et al., 2004b).
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Fig. 1. Relationship between haemoglobin (Hb) buffer value and Bohr effect in bimodal and water-breathing
fishes ( , facultative air breathers; , obligate air breathers; , water breathers): 1, Lepidosiren paradoxa
(Berenbrink et al ., 2005); 2, Protopterus aethiopicus (Lenfant & Johansen, 1968); 3, Polypterus sene-
galus (Vokac et al ., 1972); 4, Neoceratodus forsteri (Lenfant et al ., 1966); 5, Silurus glanis (Berenbrink
et al ., 2005); 6, Monopterus albus (Berenbrink et al ., 2005); 7, Erpetoichthys calabaricus (Berenbrink
et al ., 2005); 8, Lepisosteus platyrhincus (Berenbrink et al ., 2005); 9, Megalops cyprinoides (Beren-
brink et al ., 2005); 10, Amia calva (Berenbrink et al ., 2005); 11, Latimeria chalumnae (Wood et al .,
1972); 12, Scyliorhinus stellaris (Berenbrink et al ., 2005); 13, Squalus acanthias (Berenbrink et al .,
2005); 14, Mustelus asterias (Berenbrink et al ., 2005); 15, Acipenser ruthenus (Berenbrink et al .,
2005); 16, Oncorhynchus mykiss (Berenbrink et al ., 2005); 17, Tinca tinca (Berenbrink et al ., 2005);
18, Coryphaena hippurus (Berenbrink et al ., 2005); 19, Thunnus obesus (Berenbrink et al ., 2005); 20,
Cyprinus carpio (Berenbrink et al ., 2005); 21, Scleropages jardinii (Berenbrink et al ., 2005).

Within a fish, there is considerable variation in compartment buffer capacity. The
blood and extracellular fluid comprise 20–25% of body water which, in fishes,
has relatively low bicarbonate levels compared with other vertebrates (4–13 mM v .
15–40 mM) (Ultsch, 2012). In combination with low blood non-bicarbonate buffer
values, due to a relatively low haematocrit, net transport of acid–base equivalents
can have a large effect on the extracellular acid–base status in fishes (Heisler, 1984).
The intracellular body compartments represent a much larger proportion of the body
water (75–80%), are much more heterogeneous in nature and typically have a much
higher buffer value. White muscle makes up the largest intracellular compartment
in fishes (40–70% of the intracellular body fluids) and has buffer values about five-
fold that of the extracellular compartment. Other intracellular compartments also
have significantly greater buffer values than the extracellular compartment. Because
of the large volume and high buffer value of the intracellular compartments, they
may account for up to 90% of the total buffer capacity in fishes (Heisler, 1984) and
this does not appear to differ in bimodal fishes (Heisler, 1982).

AC I D – BA S E R E L E VA N T I O N E X C H A N G E

The net transfer of acid–base equivalents between the fish and its environment
is the primary means by which fishes can compensate for acid–base disturbances.
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The underlying cellular and molecular mechanisms of acid–base ion transport at the
gill are not well described but the putative acid–base transporters are the Na+ –H+
exchangers (NHE), VHA coupled to apical membrane Na+ channels (ENaC) and the
HCO3

− –Cl− exchangers (Evans et al., 2005). A general model has been developed
for acid–base regulation in the water-breathing O . mykiss . Within the gill epithelium,
MRCs are believed to be the primary site of acid–base regulation. Two populations
of MRCs exist, those with peanut lectin agglutinin (PNA)-binding sites on their
apical membranes (PNA+ MRC) and those lacking such sites (PNA− MRC). PNA−
MRCs are proposed to be responsible for acid excretion where it is believed that H+
elimination occurs via an apical NHE or a VHA coupled to an apical ENaC. The
result is hyperpolarization of the plasma membrane by transporting H+ via VHA
across the membrane, resulting in a favourable electrochemical gradient for diffusion
of Na+ via ENaC (Goss et al., 1998; Gilmour & Perry, 2009). Net acid excretion is
then achieved by the combined actions of apical H+ efflux and basolateral HCO3

−
influx. Exchange of HCO3

− is believed to occur via a HCO3
− –Cl− exchanger, such

as those found in the solute carrier (SLC)4 or SLC26 family and by the Na+ –HCO3
−

co transporter (NBC, also found in the SLC4 family) (Evans et al., 2005; Parks
et al., 2009; Perry et al., 2009). The PNA+ MRC is proposed to be responsible for
base excretion in which apical membrane HCO3

− –Cl− exchanger links Cl− uptake
to HCO3

− excretion. Apical membrane HCO3
− efflux along with basolateral H+

efflux, via a VHA, would result in net transepithelial base excretion (Gilmour &
Perry, 2009). Using these membrane transporters, net acid–base equivalents can be
transported from the blood to the environment to ensure pH homeostasis. Models
involving similar transporters located in other acid and base secreting cell types have
also been developed for zebrafish Danio rerio (Hamilton 1822) and dogfish Squalus
acanthias L. 1758 (Gilmour & Perry, 2009). Few studies have been conducted to
elucidate the mechanism of acid–base and ion exchange specifically in bimodal
breathers; however, based on the limited data (Gonzalez et al., 2001; Gilmour et al.,
2007; Patel et al., 2009a), there appear to be many similarities with water breathers.
This is clearly a topic in need of further study.

PAT T E R N S O F AC I D – BA S E R E G U L AT I O N ; I N T R AC E L L U L A R
A N D E X T R AC E L L U L A R R E S P O N S E S

In most fishes, a severe acid–base disturbance associated with severe hypoxia or
anoxia, exhaustive exercise or exposure to elevated environmental CO2 (hypercarbia)
results in a reduction in extracellular pH (pHE) and, if the disturbance is severe, a
reduction in intracellular pH (pHI). While all cells have some ability to regulate pHI
(Putnam & Roos, 1997), this capacity is limited and thus changes in pHE and pHI
generally follow a similar qualitative pattern (Wood et al., 1990; Wood & LeMoigne,
1991; Brauner & Baker, 2009). Typically, the reduction in pHI is less than pHE
largely due to the greater buffer value of the tissues (Heisler, 1984). Recovery of
pHE occurs through the mechanisms described above with pHI following a similar, if
not slightly faster, recovery. This has been thought to represent the typical pattern of
acid–base regulation in fishes for decades (Truchot, 1987; Brauner & Baker, 2009).

Recent studies, however, have elucidated a different pattern in some species where
pHI is tightly regulated despite large reductions in pHE, termed preferential pHI reg-
ulation (Brauner & Baker, 2009). This trait is best described in the white sturgeon
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Acipenser transmontanus Richardson 1836, a basal water-breathing actinopterygian
(Baker et al., 2009, 2011; Huynh et al., 2011; Baker & Brauner, 2012). When
A. transmontanus are subjected to a severe respiratory acidosis by means of hyper-
carbia (6% CO2), pHE is depressed from 7·8 to 7·1 and is not compensated over 48 h
(Baker et al., 2009). pHI of heart, muscle, brain, liver and white muscle, however,
remain tightly regulated with no measurable depression, and more often a significant
increase of up to 0·2 pH units within hours or days of exposure (Baker et al., 2009,
2011). Preferential pHI regulation has now been documented in five bimodal species,
the marbled swamp eel Synbranchus marmoratus Bloch 1795 (Heisler, 1982; also see
Table I), P . pardalis (Brauner et al., 2004a; also see Table I), L. oculatus , longnose
gar Lepisosteus osseus (L. 1758) and alligator gar Atractosteus spatula (Lacépède
1803) (unpubl. data), and has been proposed to be a general pattern in bimodal fishes
(Brauner & Baker, 2009).

SPATIAL SEPARATION OF GAS EXCHANGE DURING AIR BREATHING
AND EFFECTS ON ACID–BASE STATUS

In water-breathing fishes, both O2 and CO2 transfers occur across the gills. The
capacitance coefficient for O2 is much lower than that for CO2 in water and, thus, if
gill ventilation rate is sufficient for O2 uptake, CO2 is relatively easily excreted into
the water. Consequently, water breathers have low blood PCO2 levels relative to
terrestrial air breathers (Truchot, 1987; Dejours, 1988). Bimodal breathers continue
to rely upon the gills and skin for the majority of CO2 excretion, despite a significant
amount (and in some cases the majority) of O2 uptake being across the ABO. This
has been shown in several facultative air breathers (such as bowfin Amia calva
L. 1766, L. oculatus and S . marmoratus) when breathing air (Graham, 1997). In
obligate air-breathing fishes, c. 80% (or more) of total O2 uptake occurs across
the ABO while c. 80% of CO2 eliminated is excreted into the water (Johansen
& Lenfant, 1968; Johansen et al., 1968, 1970; Lenfant & Johansen, 1968; Randall
et al., 1978a; Brauner & Berenbrink, 2007); however, P . dolloi appears to be an
exception where CO2 is primarily released at the lung (Perry et al., 2005) and at
higher temperatures the South American lungfish Lepidosiren paradoxa Fitzinger
1837 increases the amount of CO2 excreted across its gills (Amin-Naves et al.,
2004). Thus, in general, there is spatial separation of O2 uptake via the ABO and
CO2 excretion across the gills and skin to some degree in all fishes during bimodal
respiration, the magnitude of which varies interspecifically and as a function of the
internal and external environment. It also varies during development, as even obligate
air breathers start their lives as exclusive unimodal water breathers (Graham, 1997;
Brauner et al., 2004b).

During air breathing in most bimodal breathers, access to both water and air is
required for gas exchange. If fishes cannot release sufficient CO2 while air breathing,
either due to emersion, where the gills are no longer in contact with the water, or
due to a reduction in gill ventilation associated with securing O2 from their ABO,
then arterial blood PCO2 (PACO2) will become elevated, reducing pH. Among fac-
ultative air breathers, an increased PACO2 during air breathing has been observed
in Australian lungfish Neoceratodus forsteri (Krefft 1870) (Lenfant et al., 1966),
marbled lungfish Protopterus aethiopicus Heckel 1851 (Lenfant & Johansen, 1968),
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Fig. 2. Arterial plasma [HCO3
−] as a function of blood PCO2 in bimodal and water-breathing fishes

( , facultative air breathers; , obligate air breathers; , water breathers). The blood buffer line of
Lepisosteus osseus is indicated ( ) in order to provide an example of blood buffer capacity of a facul-
tative bimodal breather during air breathing at 25◦ C (Rahn et al ., 1971). Specific numbers with different
letters either indicate the same species under different circumstances or closely related species. 1, Leu-
coraja ocellata at 12◦ C (Wood et al ., 1990); 2, Oncorhynchus mykiss at 15◦ C (Wood & LeMoigne,
1991); 3, Conger conger at 17◦ C (Toews et al ., 1983); 4, Acipenser transmontanus at 13◦ C (Baker
et al ., 2009); 5, Scyliorhinus stellaris at 17◦ C (Heisler et al ., 1976); 6, Pterygoplichthys pardalis at 28◦

C (Brauner et al ., 2004a); 7a, Lepisosteus osseus at 10◦ C when no air breathing occurs (Rahn et al .,
1971); 7b, L. osseus at 25◦ C when frequent air breathing occurs (Rahn et al ., 1971); 8, Lepisosteus ocu-
latus at 30◦ C (Smatresk & Cameron, 1982); 9a, Hoplias malabaricus at 28–32◦ C (Cameron & Wood,
1978); 9b, Hoplerythrinus unitaeniatus at 28–32◦ C (Cameron & Wood, 1978); 10, Amia calva at 24·5◦

C (Randall et al ., 1981); 11, Protopterus annectens at 25◦ C (Gilmour et al ., 2007); 12, Neoceratodus
forsteri at 18◦ C (Lenfant et al ., 1966); 13, Channa argus at 25◦ C (Ishimatsu & Itazawa, 1983); 14a,
Arapaima gigas smaller fish at 28◦ C (Gonzalez et al ., 2010); 14b, A. gigas larger fish at 28◦ C (Gonzalez
et al ., 2010); 15, Lepidosiren paradoxa at 25◦ C (Sanchez et al ., 2005); 16, Synbranchus marmoratus
at 28–30◦ C (Heisler, 1982); 17, Electrophorus electricus at 28–30◦ C (Johansen et al ., 1968).

L. oculatus (Smatresk & Cameron, 1982), northern snakehead Channa argus (Can-
tor 1842) (Ishimatsu & Itazawa, 1983), H . unitaeniatus (Randall et al., 1978b),
armoured catfish Hypostomus sp. (Wood et al., 1979), S . marmoratus (Heisler, 1982)
and A. calva by Johansen et al. (1970), but not by McKenzie & Randall (1990); in
these fishes, a reduction in pHE was also observed in conjunction with an increased
PACO2 (Table I). As fishes become more dependant on air breathing (i .e. facultative
v . obligate air breathers), PACO2 and plasma [HCO3

−] rise (Ultsch, 1996) (Fig. 2).
The increase in plasma [HCO3

−] is higher than it would be expected strictly due to
increased PACO2 because, as Fig. 2 shows, most bimodal breathers have [HCO3

−]
above what would be expected based only on the buffer capacity of the blood [whole
blood buffer capacity of L. osseus at 25◦ C is used as an example (Rahn et al.,
1971)]. The increased [HCO3

−] occurs in conjunction with a reduction in plasma
Cl−, indicating that these animals live in a continued state of partially compensated
respiratory acidosis (Brauner et al., 2004b). The increased [HCO3

−] may be accom-
plished through HCO3

− uptake from environment and internal sources [e.g . kidney
(Gonzalez et al., 2010) and dermal bone (Janis et al., 2012)].

Air breathing in a facultative air breather is not always associated with respiratory
acidosis. In A. calva air exposed for 5 days, while blood PCO2 increased, there
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was no change in pHE (McKenzie & Randall, 1990). In Hypostomus sp. induced to
breathe air by exposure to aquatic hypoxia, there was no reduction in pHE despite a
large increase in PACO2 from 3 to 20 Torr (c. 400 to 2666 Pa), pHe compensation
occurred via an increase in plasma [HCO3

−] (from 2 to 13 mM) (Wood et al., 1979),
presumably in exchange for Cl−, which is the ‘typical’ pattern observed in water-
breathing fishes (Brauner & Baker, 2009). The more common pattern is that air
breathing in facultative air breathers is associated with an uncompensated reduction
in pHE (Truchot, 1987; Table I). In S . marmoratus induced to air breathe through
exposure to aquatic hypoxia, PACO2 increased from 6 to 26 Torr (c. 800 to 3466 Pa),
pHE fell by 0·6 pH units and there were no changes to plasma [HCO3

−] (Heisler,
1982), indicating a complete lack of pHE compensation. As mentioned above, pHI
of white and heart muscle was not reduced following 4–5 days of air breathing
(the only time point measured), despite a large decrease in pHE. In fact, pHE was
well below the blood buffer line, probably associated with net tissue acid extrusion.
This study was the first to demonstrate preferential pHI regulation indicating that
tissues have the ability to regulate their pH independent of pHE, a trait that had
not been previously been observed in vertebrates but may be a common strategy in
air-breathing fishes (Brauner & Baker, 2009).

P R E F E R E N T I A L P H I R E G U L AT I O N D U R I N G H Y P E R C A R B I A

While preferential pHI regulation has not been observed in other bimodal
fishes during air breathing, it has been observed in fishes exposed to hypercarbia
where a respiratory acidosis similar to, or greater in magnitude than, those
observed during air breathing. Brauner et al. (2004a) investigated the response
of P . pardalis to various degrees of hypercarbia and found that at 7, 14 and
32 Torr (c. 933, 1867 and 4266 Pa) PCO2, pHE was uncompensated despite an
acidosis of 0·2, 0·6 and 1·0 pH units. During exposure to 14 and 32 Torr PCO2
for up to 72 h, pHI of heart, liver and white muscle did not change despite
a drop in pHE of over 0·5 pH units (Table I). Preferential pHI regulation of
the heart appears to confer protection of cardiac function at high CO2 tensions
(7·5% CO2) in situ (Hanson et al., 2009). Recent findings on L. oculatus ,
L. osseus and A. spatula show that preferential pHI regulation occurs in the heart,
liver, brain and white muscle during exposure to 6% CO2 (unpubl. data). There is
also indirect evidence of preferential pHI regulation in A. calva (Brauner & Baker,
2009) and L. paradoxa (Sanchez et al., 2005; Brauner & Baker, 2009) during
exposure to hypercarbia. All studies have observed preferential pHI regulation
during sustained respiratory acidosis in bimodal respiring fishes when both pHE and
pHI have been measured.

ACID–BASE REGULATION DURING METABOLIC DISTURBANCES

Few studies have investigated how bimodal breathers compensate for metabolic
acid–base disturbances that are the result of endogenous acid or base production.
Compensation for a metabolic pH disturbance induced by acid or base infusion has
been examined in P . annectens (Table I). Gilmour et al. (2007) found that follow-
ing the development of a metabolic acidosis or alkalosis, P . annectens used both
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respiratory (i .e. changes in ventilation rate) and metabolic pathways to restore pHE;
a response that differs from most fishes studied to date. Following acid infusion,
respiratory compensation appeared to be the primary mechanism for pHE recovery
as both pulmonary and branchial ventilation increased to enhance CO2 excretion;
there was a small but insignificant increase in net acid excretion via the gills
(Gilmour et al., 2007). Following base infusion, there was a significant reduction
in branchial ventilation (reducing CO2 excretion) and net base excretion via the gills
and skin associated with pHE recovery. Interestingly, there was no change in pul-
monary ventilation following base infusion. The authors suggest that these lungfish
have characteristics of both terrestrial air breathers in that they can alter ventilation
to regulate pH, and water breathers as metabolic compensation was accomplished
to some degree at the gills and skin. The role of the kidney in net acid–base
excretion was minimal (Gilmour et al., 2007). This is the only study to date to
investigate the relative involvement of respiratory v . metabolic compensation in
response to pH disturbances in bimodal breathers, an area clearly worthy of further
investigation.

Air breathing during exercise in facultative air breathers (A. calva and L. ocu-
latus) may be important for satisfying the increased metabolic demand associated
with exercise (Farmer & Jackson, 1998; McKenzie et al., 2012) which would delay
recruitment of anaerobiosis and thus minimize acid–base disturbances associated
with a given level of exercise intensity. In two facultative air breathers, A. calva
(Gonzalez et al., 2001) and L. oculatus (Burleson et al., 1998), however, air breath-
ing following exhaustive exercise delayed pH recovery, probably associated with an
air-breathing induced elevation in PCO2 (Burleson et al., 1998; Gonzalez et al.,
2001). In L. oculatus , blood PCO2 remained elevated for 2–4 h post-exercise,
whereas in most water breathers PCO2 returns to normocapnic values after 0·5 h
post-exercise (Burleson et al., 1998). In A. calva , recovery of the acid–base distur-
bance following exhaustive exercise was complete within 4 h without access to air,
while a significant acidosis remained even following 8 h in fish with access to air.
In another facultative air breather, Pacific tarpon Megalops cyprinoides (Broussonet
1782), recovery from strenuous exercise as indicated by lactate removal was faster
in those without access to air (Wells et al., 2007). Together, these studies suggest
that recovery from an exhaustive exercise-induced acidosis appears to require aquatic
respiration for CO2 removal and exchange of net acid–base equivalents across the
gills to remove the acid load. While there was no mortality associated with exhaus-
tive exercise in these bimodal fishes, it is well known that fish, such as O . mykiss ,
can experience post-exercise mortality rates of up to 40% (Wood et al., 1983). The
cause of post-exercise mortality is unknown but is thought to be associated with a
severe intracellular acidosis (suggested to be white muscle) incurred during exercise
as decreased pHE does not appear to be related to mortality (Wood et al., 1983;
Milligan & Wood, 1986; Burleson et al., 1998). The only study in which tissue pHI
has been measured following exhaustive exercise in a bimodal fish is in P . pardalis .
Despite a significant reduction in pHE of 0·25 pH units and a 12 fold increase in
plasma lactate 2 h following exhaustion, there were no changes in pHI of heart, liver
or brain (T. S. H. Harter, R. B. S. Shartau, D. W. B. Baker, D. C. J. Jackson, A. L. V.
Val & C. J. B. Brauner, unpubl. data). Pterygoplichthys pardalis were also assessed
for their ability to regulate pH during more severe conditions of 1 h aquatic anoxia
where lactate increased 18 fold over control values. Three hours following exposure,
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pHE had decreased by 0·5 pH units while no changes in pHI of heart, liver or brain
occurred, suggesting preferential pHI regulation may be able to protect against both
metabolic (T. S. H. Harter, R. B. S. Shartau, D. W. B. Baker, D. C. J. Jackson, A.
L. Val & C. J. B. Brauner, unpubl. data) and respiratory acidosis (Brauner et al.,
2004a). Thus, if preferential pHI regulation is a general trait among bimodal fishes,
this may confer a reduced sensitivity to certain stressors, an area clearly worthy of
further investigation.

CONCLUSION AND FUTURE DIRECTIONS

Air-breathing fishes are commonly found in tropical or sub-tropical fresh waters
that may resemble the conditions that ancestral basal euteleostomi fishes encountered
in the Devonian when invading fresh water: ion-poor and prone to hypoxia and
hypercarbia. Regulation of pHE during exposure to hypercarbia through a net increase
in plasma [HCO3

−] in exchange for [Cl−] probably represents the basal condition
for acid–base regulation in fishes (Brauner & Baker, 2009). This process, however,
appears to be limited to a PCO2 of 15–20 Torr (c. 2000–2666 Pa; 2–2·5%) during
short-term exposure to hypercarbia due to an apparent bicarbonate threshold (Heisler,
1984; Brauner & Baker, 2009), while it is not uncommon for CO2 levels in tropical
environments to approach 60 Torr (c. 8000 Pa 8% CO2). Furthermore, net plasma
[HCO3

−]–[Cl−] exchange is also limited in the ion-poor waters (low Na+, Cl−,
HCO3

− and Ca2+; Larsen & Jensen, 1997) that are characteristic of the Amazon
Basin. Thus, preferential pHi regulation may have evolved to overcome these types
of limitations, providing exceptional CO2 tolerance and providing a mechanism to
deal with the air-breathing induced respiratory acidosis (Brauner & Baker, 2009)
that appears to be relatively common among extant facultative air-breathing fishes.
Preferential pHI regulation has only been identified in five air-breathing fishes to date;
however, limited data indicate that other air-breathing fishes do not compensate pHE
following a respiratory acidosis, suggesting preferential pHI regulation may be more
widespread than currently known and may represent a common characteristic of
bimodal fishes (Brauner & Baker, 2009).

There are clearly large voids in the understanding of ionoregulation and acid–base
regulation in bimodal fishes. These are too numerous to mention here, but the
following are some areas worthy of further investigation based upon the above
discussion. Reduced ionic permeability appears to be an important adaptation in
the few bimodal fishes investigated, determining whether this is a general char-
acteristic among bimodal fishes would prove interesting. The role of the kidney
in ionoregulation should be investigated further, and the role of the gut remains
virtually unstudied. The specific cellular and molecular mechanisms associated with
ionoregulation and acid–base regulation in these tissues also remains largely unstud-
ied with the exception of just a few species. The relative involvement of respiratory
v . metabolic compensation (at both the gills and kidney) in response to pH distur-
bances in bimodal breathers is an area bound to reveal interesting findings. Finally,
determining whether preferential pHI regulation confers reduced sensitivity to all
types of acid–base disturbances among bimodal fishes and elucidating the cellular
and molecular mechanisms involved are areas for research that are timely and largely
unexplored.
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