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Abstract

This study documents both aerial and aquatic gas exchange in a’
predoﬁinantly uater-ﬁreathing salamander in response to five levels of
aquatic hypercapnig. Necturus maculosus, acciimated at 20°C and LD 12:12
vere subjecfed to a 3 hr cdntrol perioé of nbrmoxic normocapnia in both
media; the aquatic phase vas‘then mixedbvith a solugion having a PCO of
20-130 mmHg, and the Po2 of this mix;ure éleyated to thét at the beginning
of the control period (150 mmHg). While none of the animals registered
pulmonary COZ release during the contfol period, 6 out of the 16 did so
during hyper;apnié. This response occurredvonly above PCOZ' 40 mmig. Two
animals registered pulmonary 0, uptake during the control period and both
of these plus one‘other did so during hype;capnia. This contribution of
the lungs to overall gas exchange was, however, extremely small; it did not
fall into a regular pattern in any aniwal. Thus, aquatic hyperc#pnia did
not result in a shift in CO, release from gills and skin to lungs.
Consideration of these results with acidfbase balancg, respiratory
behavior, and ionfexchange in bimodal and other trimodal breathers during
short-term and long-term hypercapnia suggests an ion-mediated rather than

ventilation-mediated mechanism of acid-~base regulation in most amphibians.

KEY WORDS

Necturus maculosus, hypercapnia, gas exchange partitioning,

acid-base balance, respiratory control, ion-exchange, amphibians



Introduction

The presence of more than one respzratory organ in amphibians has
generated investigation of the physxologxcal roles of each organ in
dszerent species; an important consxderat1on is the relative effectxveness
of 8 partlcular surface in facxlxtat1ng 02 acqu;s;t1on and CO, eliminationm.
The dxstrxbuexon of gas exchange under nqrmal temperatures and avexlebllxty
of geses in the respiratory media have addressed this point in studies of

the giant salamanders Crggtobrahchus allepaniensis, Necturus maculosus,

Siren lacertina, and Amphiuma means (Guimond & Hutchison, 1963; Whitford &

Sherman, 1968), and the bullfrog Rana catesbeiana (Krogh, 1904). Of the

amphibians which spend virtually al} their time in water, pulmonary
activity is greatest in animals such as Amph1u and Siren where the lungs
are well-developed; aquatic respiration ptedomxnates in those with sac-like
lungs, regardlesss of whether gills are present (Necturus) or not
(Cryptobranchus). The pietere vhich emergesrfromrthese studies shows that,
in general, trimodal breathers (those with skin, lungs, and gills) use
their lungs very little. What then is the func;ion of lungs in these

animals?

A second consideration is the possibility that changes in ventilation
regulate blood acid-base balance, and is supported by studies on the tiger
salamander, Ambystoma tigrinum (Burggren & Wood, 1981), the bullfrog
(Jackson & Braun, 1979), the tropical toad, Bufo marinus (Boutilier et al.,
1981), the sea turtle, Pseudemys scripta (Jackson & Kagen, 1976), and the
alligator, Alligator m1ss1ss1ggzens1s (Davies, 1975), among others.
However, when Crytpobranchus is subjected to an aquatic 002 load, increases
in pu!monary and buccopharyngeal ventilation do not forestall respiratory

acidosis (Boutilier & Toews, 1981).



Thirdly, ecological conditions such as seasonal hypercapnia or changes
in ion concentrations are potentially disruptive to an animal”s acid-base
balance. Aquatié #ypefcafnia is regularly encountered bj sirenids,
trimodal breathers vith poorly~developed gills. Necturus, with well-

developed gills, is rarely exposed to high environmental COZ.

Finally, ontogenetic factors may be important. When metamorphosing from
larval to neotenic adult form, Necturus retains its gills and continues to
rely primarily on aquatic respir#tion. This contrasts with many anurans
and ambystomid salaﬁanders, which lose ;heit gills duriﬁg metamoréhosis
from a strictly aquatic existence to a fully tefrestrial one, thereby
experiencing a "physiological hypercapnia" (Stiffler et el., 1983) as they
rely primarily on respiration in air, which has a lo§ €O, capacitance

coefficient.

Thus, the role of the lungs is more obscure in Necturus than it is in
other amphibians. Even at high temperatures, pulmonary contribution to
total gas exchange is minimal, and as gas exchange is redistributed with
increasing temperature, the decrease in the cutaneous compbnent is more
than made up for by the increase in branchial tespitatidn (Guimond &
Hutchison, 1976). Morphological simplicity and this absence of pulmonary
gas exchange suggest that the lung is used in bouyancy control, but lack of

direct data renders this explanation speculative.

This study attempts to clarify the role of aerial respiration in
Necturus and is the first assessment of the effect of aquatic hypercapnia

on the partitioning of gas exchange in a trimodal breather.



Materials and Methods

Necturus maculosus, purchased from commerqial suppliers in Wisconsin,
vere maintained in environﬁeﬁtal chambers with an LD 12:12 photoperiod and
in tap vatef at 20°C in open plastic containers for at least 2 weeks prior
to experimentation. On the daj before én'expe;iment, #n indivjdual vas
transferred to an uncovered 3 L glass chamber-ﬁartially filled vith tap
water. An identical chamber filled with 2.75 L of 0.5mM NaBCO3- circulated
through an external pump was situated in a temperature-controlled water
bath and housed the animal during an experiment. Aquatic 6xygen
consumption was calculated froﬁ continuous measurement of PO with a
Diamond Electro-Tech‘Clark electrode #731 and Transidyne General Chemical
Mircrosensor. Aquatic CO, release was determined from continuous titration
of the chamber solﬁtion to pﬁ 8.00 with 0.1 N NaOH (Gottlieb & Jackson,
1976) with a Fischer Titriﬁeter ;I systeﬁ. Tﬁe chamber was sealed and the
upper portion ventilated at a constant rate from a pump drawing in room
air. The outflow from this breathing spéce was dried with anhydrous c3504
(Drierite, W.A. Hammond Company) and passed ;hrough a Beckman S-3A Oxygen
Analyzer and a Beckman Model 364 Infared Analyzer for measurement of
pulmonary oxygen uptake and CO, release, respectively. The aerial and
aquatic phases of the chamber were separated by mineral oil to prevent gas

transfer between air and water.

Aerial and aquatic respiration was monitored under normoxic normocapnia
in both respiratory media for at least‘3 h. This control period was
followed §? an experimental period in which the Pc02 of the aquatic phase
(PaqC0,) was elevated by mixing the chamber solution with one which had
been bubbled with CO,. Throughout the experimental period, a Radiometer

Poy electrode was used to measure PaqCO,. Because initial experiments
2
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with low-level hypercapnia (20 mmHg) did not stimulate pulmonary activity,

additional tests at Pcoz's of 30, 40, 60, 80, and 130 mmHg vere performed.

The significance of these results was determined with one-way analysis
of variance. The arcsin transform was used on percentages. In appropriate
cases, Student”s t-test was used to determine level of significance.

Values of P<0.05 were considered significant.



Results

At each level of hypercapnia’;here vas a decrease in 02 consumption from
control to experimental conditions (Table 1). This ;:end oqcurted ip 9
experimenté (f=31.46:,7.291 of coﬁtrol value in thé expetimenta} period),
vhiig animals in 5 ﬁtber experiménfs incre#séd their tbtal 962 by a mégn of
16.50:].082 over thg control valug. Althoﬁgh the régression of total §02
against aquatic Pcbz shoved a very slight trénd toﬁérdg decreaging Q;ygén
consumption with incre#sing hypercapnia; tﬁis>¥ei;£i8hship was not
signifiﬁant (lower line, Fig. i). Similarly, an apparent tendency towards

greater reduction of 90 at higher levels of hypercapnia was insignificant

2
when analyzed as the difference between the regression of total Vo against
2

Pco for control versus experimental periods (Fig. 1). There was no
2 : , _
relationship between body weight and the change in total 02 consumption from

control to experimental periods.

There was no relationship between pulmonary 002 release and the level of
aquatic hypercapnia. This was true of the‘absolute level of lung ﬁcoz
(X=5.23+3.00 ;ugm-lhrfl) (Fig. 2) and of this value as a percentage of
control 6002 (X=13.32+ 6.052). This activity also bears no relationmship to
body weight. The lack of pulmonary, and therefqte total, 002 loss during
" aquatic hypercapnia means that the respiratory exchange ratio (Rcﬁbozlﬁoz)
was zero, or near zero, during the experimental periods, and decreased

greatly from control to experimental periods (Table 1).

Eight individual Necturus were exposed to aquatic hypercapnia in 16
separate experiments. Six animals registered some pulmonary gas exchange.
Two animals used lungs for oxygen acquisition, and both did so under both
control and experimental conditions; the latter episodes occurred at Pcoz's
of 20 and 80 mmHg for one animal and at 40 and 80 mmlg for the other (Table

7



1, Np=4). There were no instances in any animal of pulmonary CO2 release
during normoxic normocapnia (Table 1, Np=0). Lung CO, loss was measurable in

6 animals (Table 1, Np=6) at experimental Peo "8 of 40, 60 (2 experiments),

80‘(3 éxperiments), and 130 mmHg. Aerial excﬁange of both 0, and CO, was
sporadic in 311 cases; iq only one expefiment was pulmonéry”activity
registered during each 30 min of contfol and exﬁerimental pbaséé. For this
reason, all refetences to fotal o, cbnsumption may be considered equally
valid for aquatic 0, consumption; this equivalence also apélies to CO,
release during the control perioa. Under hypercapnia the animals weie,

presumably, prevented from releasing 002 into the aquatic medium, and

therefore total 66 was the pulmonary value alone.
: 2



Discussion

These results demons;rate that even under environmental CO2 levels far
above any the animals voﬁld likely encounter in thgir natural'habitat,
Necturus remains a 'vatef-breathet'. Dur;ng hypercapnia, the mean ;evel of
lung-}"o2 and 9co2, gxprgssed és ;rpércen:agevéf tye tqtal exéhange of eaéh
gas (Iable 1), was essentially thé same as thatArepgrged by Guimopd &
Hutchison (1976) for Necfurué at 25°C. 1In their study, ﬁulmonaty exchange
peaked at 102 of total;O2 aﬁd 12Z of total coi; these levels apply to
animals restrained, and therefdre probably stressed, by 2 tu5ber cuffs
encircling the body on either side of the gills. In the experimental
period of thig study, lungs accounted for a mean 927 of total ioz, and 132
of total 6b02 measured during the control pe;iod. This degree of lung
activity does not represent a redistribution of gas exchange from aquatic
to pulmonary surfaces in either study, but does constitute a greater role
than that measured for unrestrained animals. The animals studied by
Guimond and Hutchison (1976) relied completely on skin and gills for
exchange of both gases at 5°C and 15°C. The slight recruitﬁent of lungs at
25°C was in accord with control values measured here: 4% pf total 602 and
0-12 of to:zl éboz in both stuqies. Thus, the pulmopaty contribution in

unrestrained animals is the same at elevated temperature as it is at

elevated PCOZ"

Aquatic surfaces are dominant in respiratory activity under all
conditions tested. In this study, cutaneous and branchial exchanges were
not measured separately; however, the overall level of aquatic respiration,
gauged by absolute values and by comparison of total and aquatic R values,
was similar to that previously recorded for restrained animals (Guimond &

Hutchison, 1976). We may therefore use their study as a clue to what is



happening at the aquatic surfaces under hypercapnia. As overall
respiration increases with increasing temperature, each surface exchanges a
greater amount of each gas. The relative contribution of skin versus gills

to V02 remains essentially uhchangedrbetween 5°C and 2§°c (Guimond &
Hutchison,11976). ‘Becéﬁse thé change in aquatic 0, consumption between
control and experimental phases-ofrthis study was‘insighificant and less
than that accompanying.the.changés‘in temperature (Ghimond.& Hutchison,
1976). it is reasonable to conclude.that hypeicapnia did not produce a
shift in the relativé contribu;ion of gills versus skin to V., ., However,
the animals were subjected to normoiic hypercapnia, and their gills can
effectively take up 0, even at low environmental Po2 (Guimond & Hutchison,
1976). Therefore, given the increased branchial activity, 02 uptake across
the gills may have increased during hypercapnia. If so, gas transfer
across the integument must have decreased. This would be consisten; wvith a
reduction of cutaneous blood flow to limit CO, transfer into the animal.
Whatever surfaces mediate O, consumption during hypercapnia, the
corresponding CO2 is not eliminated ae;ially or aquatically. What happens

to this 002?

At an environmental Pco2 of 22 mmHg, this respiratory CO, produces an
acidosis in the extracellular}compartment, manifested as a decrease in
plasma pH accompanying an increase in arterial Pco2 (stiffler, et al.,
1983); this acidosis resulted from 2 hours of hypercapnia and became more
pronounced aftér 24 hours. The 3-hour exposure reported in the present
study is, therefore, temporally sufficient to produce an acid-base state
vhich would effect changes in ventilation if an appropriate physiological
mechanism existed. The unresponsiveness of pulmonary ventilation to even
higher PCOZ is further evidence against the presence of such a mechanism in

Necturus. The effects of the extracellular acid-base disturbance on the

10



intracellular compartment are not documented, but any degree of
compensation there cannot be the result of changes in puimonary

ventilation.

Comparison of Necturus” acid-base dynamics with those of other
amphibians suggesfs tﬁgf‘siéﬁificaﬁt inttécelluiar compensation does not
occur in the mudpuppy. Although dissiyil;r.to Amphiuma and Siren in lung
morphology and eﬁological.exposure to 002, ﬁecfufus‘is pbysiol§gica11y
similar in its extracellular response to aqua;ic'hypercapnia. Thése species
all tolerate significant decreases:in arterial pH and increhsés in plasma
Pco2 (Stiffler et al., l983;vBeisler et alf, 1982). In Recturus, plasma
[HC03-] and electrolytes did not change with short or long-term
hypercapnia, while Siren registered a transient decrease in plasma [8003-]

during the first several hours of exposure to a Pco of 47 mmHg. During

, 2
this same period both Amphiuma and Siren exhibited a tramsient increase in

plasma [Cl1™ ], which suggests a BCO3-ICI- counterion exchange similar to

that in fish gills (Heisler et al., 1982). Siren is the only one of these

three species in which intracellular pH has been measured (Heisler et al.,
1982), and due to increased tissue [HCOB°], is found to be relatively

undisturbed by aquatic hypercapnia. For comparison with Siren, data on

intracellular compensation in Amphiuma is critical in understanding whether
the gills have a role in ion transfer which is relevant to acid-base

regulation. The only compensation for respiratory acidosis occurs in the

one instance, Siren, where extracellular electrolytes are affected in a

manner consistent with a mechanism for compensation.

Larval Ambystoma are like Necturus in being trimodal breathers with
poorly-developed lungs. Neither species normally encounters hypercapnia in

its natural environment, yet they are quite different in their

11



physiological responses to elevated PCOZ' In larva; Ambystoma, a decrease
in plasma [C1l™ ] parallels an increase in plasma [BCOa- ]gfter long-term
(24 h) hypercapnié; these changes did not éﬁcui'after short-term (2 h)
hypercapnia (Stiffler et al., 1983). These ion shifts were associatéd with
a slight but ingignificant increase in arterial pﬁ. The overall pi;ture is
still consistenf witﬁ ancapacity for compensation, and is also in accord
vith changes in arterial éﬂ and plasma [HCO3']during similar durations and
level of hypercapnia in Cryptobranchus (Boutilier & Toews, 1981) and

Typhlonectes compressicauda (Toews & MacIntyre, 1978).

Necturus is the only water-breather in which there is no extracellular
compensation for the acidosis resulting from # long-term (several days)
exposure to high aquatic PCOZ’ of tﬁe 2 gill-less spegies. both of which
have poorly~developed lungs, only nghlonectesbnormally encounters
hfpercapnia in its natural habitat (Tdebsv& MacIntyre, 1978). Neither of
the gilled forms usually encounters aqﬁatic hypercapnia; yet one of these,
the larval Ambystoma, shows extraéellular compensation when experimentally
subjected to hypercapnia. Thus, there is no correlatiqn between the
presence of gills and acid-base regulation in salamanderé. bﬂore
information_on plasma electrolytes and the acid-base state of the
intracellular space is»requifed to clarify an association between ion-
exchange and acid-base regulation. In addition, it would be helpfql to

investigate th§ effect of hypercapnia on the gilled larvae of Typhlonectes.

In amphibians, the focus of inquiry on the effect of environmental
hypercapnia has been the potential for ventilatory regulation of acid-base
balance, but oxygen acquisition may also direct gas exchange partitioning.
In both Necturus and larval Ambystoma, arterial Po (Paoz) increased after

2
2 h of aquatic hypercapnia, and decreased after 24 h; only the 2 h value in

12



Necturus was insignificant (Stiffler et al., 1983). These results suggest
a shoft-term hyperventilatiop followed by a depressionhof ventilation
(Stiffler et al., 1983). Concomitanf decreases followed by ipcreases of
the difference between arterigliand inépired COi ;ensions (PaCOz-PICOZ) in
both animals support this suggesgion. Thevresults of the ﬁfésent study
bear on this ?oint'ingt;°>vafs. First.Abecat.xsedaquatic’O2 consump;idn did
not change with hypercapﬁig, braﬁchial hyperyén;ilatiop éddld occur'only if
cutaneous gas exchangg decreased. As noted éarlier, the increase in
branchial motions during experimental periods occurs under physico-chemical
conditions favorable for just such a’fedistribution of aquagic 02 uptake.
Second, in spiterf the behavioral indication of increased pulmohary
activity, episodes of pulmonary gas exchange are not markedly increased in
Necturus during aquatic hypercapnia, and did not contribute significantly
to total exéhange of Oz_or 002. However, in Necturus, pulmonary gas
exchange may not reflect pulﬁonary ventilation. The pulmon#ry artery
branches directly from‘the union of the efferent arteries of thevsecond and
third gills; unless blood leaving the gills was defiqient in oxygen (as a
résult of aquatic hypoxia or of being shunted away from the respiratory
lamellae) little O, uptake would take place in the lungs. Thus, the
constancy of PaD, between control and experimental conditions probably does
not constitute evidence against short-term pulmonary hyéerventilation in

Necturus.

The cardiovascular pattern in larval Ambystoma allows the same
inference. However, the increase iq PaQ2 in this species may not be due to
increased pulmonary ventilation, even if it occurs. The pulmonary artery
in Ambystoma can receive blood directly from the efferent artery of the
third gill and the bulbous arteriosus of the heart. Due to the presence of
a vascular plexus in the latter route and the relative resistances which
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usually exist in these vessels, the former path actually supplies the lungs
undét normal conditions (Malvin, 1983). Du:ing hypo;ia. cirﬁulating
catecholamines act to increase total perfusion of bofh thevrespira§9ry
lamellae and the pu.lmonary vascuiar bed (Halvin; 1983). However, the
fra;tiqn of cardiac output to the first gill décréases by 802 (Malvin &
Hei?ler, 1984); thus, the increase in the fraction reaching thé lungs must
be due to an increased blopd flow to.the third gi}l.’ ﬁnder these
circumstances, elevated PaO2 could only resuit fr;;'increased pulmonary 0,
uptake. During normoxia, vascular resistance in the gill indicafes that
the respiratory lamellae receive a small fraction of the cardiac output
(Malvin, ;983), and gill ligation does not chahge 02 uptake (Heath, 1975).
Exposure to CO, (at a level comparable to the intermediate ones employed in
this study) did not alter vascular resistance in either the respiratory bed
or the shun; ves?els of isolated Amﬁxstoma gills (Qalvin, 1983). While
exposure of the réspiratory tissues to 002 may produce no direct effect on
gas exchange, the increased activity of the animal may create a need for
oxygen which elicits changes in blood flow siﬁilar to those described for
the isolated gill in response to hypoxié. If so, increased perfusion of the
respiratory lamellae during normoxic hypercapnia could result in an

increase in branchial 0, uptake.

At this point, it is not possible to discern the effect of hypercapnia
on the distribu:ion of gas exchange in larval Ambystoma. Comparison of its
respiratory and acid-base profiles with those of Necturus suggests that,
like the neotenes, the larvae derive no benefit from changes in ventilation
in maintaining their acid-Pase state under short-term hypercapnia. As they
decrease their swimming and air-breathing efforts under extended
hypercapnia, both species exhibit similar drops in Pa02. Thus,
extracellular compensation in Ambystoma is probably the result of changes
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in ion~exchange rather than in respiration. In both species, increased
ventilation serves only to elevate Pa02 in the short-term; due to the
cardiovascular patterns, and the lack of pulmonéry eichange recorded in
this study, ;quatic exchangé mns# be the source of this increase. If the
anzmals are experlencxng an 1ncreased metabolxc requxrement, and blood flow
changes as it dzd in the 1solated Ambystoma gzll durlng hypoxia, then the
81118 must be responsible for takzng up additional 02. For a full
explanation of the response to hypercapnia, these elements must be
fashioned into a complete cﬁusal chain. The;source of increased»metabolic
demand is‘needed to complete the scenario suggested thué far. Ion exchange
(HCO,™/C1™ and/or BCO3-INHAf) is the ready candidate. There is evidence
for both renal and extra-renal mechanisms in larval Ambystoma during
hypercapnia (Hicks & Stiffler, 1980). In addition, these animals lose
ﬁheir ability for compensation vhgn dgprived of external NaCl, and
significantly increase active Kat transport during hype;capnia (Stiffler,
pers. comm.) What implication does the absence of extracgllulat
compensation in Necturus have for this explanation? Because hypercapnia
did not produce changes in plasma electrolytes, Necturus need not increase
602 to drive an ion exchange mechanism. Because Necturus does not normally
experience hypercapnia in either its ecology or ontogeny, its increased
swimming gctivity during experimental hypercapnia may be a reaction to a

stress for which it has no relief mechanism.

The data presented in this study are the only quantification of the
consequences of increased respiratory behavior for gas exchange in a
trimodal breather subjected to aquatic hypercapnia. There is no indication
that respiratory CO, exchange plays a significant role in regulation of
blood acid-base balance. Neither thermal, physical, (Guimond & Hutchisonm,
1976) nor physicochemical stress results in a major role for the lungs of
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Necturus. The absence of data on lung use for other activities, such as
buoyancy control, leaves one explanation for their presence in this
species, namely, as auxiliary gas exchangers. However, the circumstances

in which this role is important have not been adequately described.

Comparison of ca;diovascular patterns and changes in respiratory
behavior, ventilation at all gaé exchange sutf#ces, plasma electrolytes,
and extracellular acid-base parameters in Necturus maculosus and larval
Ambystoma tigrinum leads to the following conclusions: 1) Pulmonary
ventilation is not involved in regulatiﬁn of blood acid-base balance.

2) In contrast to Ambystoma, the absence of extracellular acid-base
tegﬁlation in Necturus is probably due to the absence of ecological or
ontogene;ic circuﬁstances which would threaten their_normal acid-base
state. 3) Increased metabqlic demands are met by O, uptake across aquatic
surfaces. 4) The influence of cardiovascular pétterns on‘gas exchange
effectiveness at each surface dictates that increased aquatic 02
consumption be accomplished by a shift in emphasis from cutaneous to

branchial avenues.
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Table Heading

Table 1. Effects of several levels of hypercapnia on gas exchange in
Necturus maculosus. Oxygen consumptzon (V ) and 002 productxon (VCO ) are
given in ;d.gm ; hr 1. Values in parénthes:s are percent of total ga:
exchange for animals with pulmonary activity. C-control per;od.

E-Experimental period. Np-number of animals which registered pulmonary

exchange. B~-CO2 release into the aquatic medium was blocked during the

experimental periods.
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Table 1, Effect of aquatic hypercapnia (Paqcoz) on oxygen consumption (002
Values in parentheses are percent of total gas exchange for animals'wlth"pulmonary activity.

Necturus maculosus.

C-Control period. E-Experimental period. B-COZ release blocked during the experimental peribds.

) and COZ production (Vco } in

BODY . .
PaqCO,  WEIGHT N v v R
2 lem 0, o co, o
(mmHg) (ulgm hr ') (wlgm hr ')
AQUATIC AERIAL Np AQUATIC  AERIAL Np
X+SE X+SE X4SE X+SE
20 81,2546,93 4 28.2642.11 0.66+0,28 1 22,013,450 0 0,83+0, 1%
(96, 94)
27,7042, 91 0. 3040, 25 1 B 0 0
(98,72)
30 80, 00 1 37.39 0 0 19,74 0 0 0.53
26,17 0 0 B 0 0
4o 112,00 1 21,92 0 0 27.30 0 0 1,24
16,17 0.2240,22 1 B 0,0840,08 |
(98.65)
60  84,0049.35 3 33,2143.35 0 0 28.3543.43 0 0  0.89+0,21
24,6047, 39 0 0 B 4,2343.56 2
80  93,3347.00 3 20,0943, 63 11,4440, 32 1 49,5343.67 0 0  2.1140,01
(95. 15
21,5242, 29 5, 8845, 12 2 B 9.10+6,57 2
(83.53)
130 73.0047.00 2 38.39+3.91 0 0 20, 1448,37 O 0 0,5140,17
21,484+6.70 0 0 B 0.78+0.21 1




Figure Captions

Figure l. Total oxygen consumptxon (V ) (,u1 gm -1 hr ) Solzd
symbols are mean values of animals durxng control perxods. Open symbols

are wmean values of the same group of anxmals durzng aquat1c hypercapnxa

(PanOz),

Figure 2. Pulmonary CO, release (69002) as a function of aquatic

hypercapnia (PaqC0,). Points are mean values of CO, production during each
30 min of experimental period for each animal which registored lung 002

loss during hypercapnia.
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Abstract

Respiratory surfaces in contact with the aquatic medium are the primary
sites of CO, loss in the giant salamanders Amphiuma tridactylum, a bimodal

breather, and Siren lacertina and Siren intermedia, trimodal breathers, but

tﬁeir‘relative capacities.of aerial ana‘aéﬁétic co, producti&n are unknown.
Frequent environméptai.exposure torpartigl fressures of COZV(PCOZ) up to
60 mmlg may restrict'aqqa;ic CO2 release and andlor produce reépiratory
acidosis. The presence of veil-deveioped lungs in these animals guggests
that a shift to‘puimonarj CO, elimination may be a means'of regqlgting
blood acid~base balance. In this sthdy, aerial and aquatic gas exchange
was measured in response to aerial (62 002) and aquatic (Pc02~ 40 mmHg)
hypercapnia. C02 loss increased significau;ly across 1ung; and aquatic
surface(s) in gll 3 species; however, there was no accompanying change in
overall CO, production (ﬁboz). Concomitant levels of 0, consumption (6b2)
indicate that CO, loss during experiﬁental ﬁypercapnia is sufficient to
maintain the respiratory exchange ratio at control values; in some cases it
exceeds this level, thereby including CO, from the imposed hypercapnia.
Extracellular acidosis resulting from comparable levels of hypercapnia is

uncompensated in Amphiuma means and Siren lacertina (Heisler et al., 1982).

Thus, the capacity for increased 6002 is apparently not effective for
regulating acid-base balance in these species. The presence of gills does
not affect the response of gas exchange partitioning to hypercapnia but may
influence a role for ion-exchange with the environment in acid-base
adjustments. Comparison of these results with those on other amphibians
and reptiles suggests that ventilatory mechanisms as well as the ability to
readily exchange ions with the environment may underlie the dichotomy
between the presence of respiratory acid-base regulation in reptiles and
its absence in most amphibians.
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Introduction

The mechanisms for physiologigal control of acid-base balance in
ectotherms have been the subject of inQestigation since the temperature
dependence of their Blood aéid-base state was established (Baumgardner &
Rahn,'1967; Howell et al., 1967; Rée;es, 1969; Howell et al., 1970).
Ventilation aﬂd‘ion-éxéhange are the tvormmjbr béci;ns'for éﬁntrol.r In
fisheé, the limitations of living in a medium of relatively low oxygen
availability ﬁay not allow enough adjustmént of respiration to be effective
in acid-base regulation (Randall & Cémeron, 1973; Dejours, 1973). Gas
exchange appears to be the primary mechanism in air—breathers as diverse as

the bullfrog, Rana catesbeiana (Reeves, 1972; Jackson & MaéKenzie, 1977),

sea turtle, Chelonia mydas (Jackson & Kagen, (1976), figet salamander,
Ambystoma tiprinum (Burggren & Wood, 1981), chuckualla; Sauromalﬁs obesus
(Crawford & Gatz, 1974) and alligator, Alligatér ﬁississiggiensis (Davies,
1975). An expanding body of work on acid;baée balanée and ion—regnlation
between various cellular compartments indicates that changes in ventilation
are not a control mechanism in primarily aquatic species. In most
amphibians, an increase in temperature causes a shift from an emphasis on
aquatic respiration to a greater role for the lungs, particularly in 02
consumption (Krogh, 1904; Whitford & Hutchisonm, 196ja,b; Vinegar &
Hutchison, 1965; Guimond & Hutchison, 1976). BHypercapnia in one of the
respiratory media has been used to invéstigate ventilatory control in these
animals. A largely uncompensated extra-cellular respiratory acidosis

occurs in Necturus maculosus, larval Ambystoma tigrinum (Stiffler et al.,

1983), Siren lacertina, and Amphiuma means (Heisler et al., 1982) in
response to aquatic hypercapnia, and in Typhlonectes compressicauda (Toews

& MacIntyre, 1978), Bufo marinus (Boutilier et al., 1979) and the bullfrog

(Jackson & Braun, 1979) in response to aerial hypercapnia. In the
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bullfrog, aquatic hypercapnia increases pulmonary 002 loss, thereby

preventing blood acid-base disturbance (Jackson & Braun, 1979). 1In all but
this last case, the significance of the results for respir;tory control are
implied by the absence of compensation rathgi'than by di;ect‘measurement of

ventilation.

This study documents the hypercapnic response of aerial versus aquatic
respiration in species with different options for gas exchange. Amphiuma
tridactylum is a bimodal breather, with cutaneous and pulmonary gas

exchangers, while both Siren lacertina and Siren intermedia are trimodal,

having gills as well. The lungs of all threé species are well~developed

for amphibians. >All encounter season#l aqqatic hypoxia and hypercapnia,

often simultaneously. They are thereby challenged with a reduced oxygen

supply as well as respiratory disruption of their acid-base.s:ate. Under
such conditions, adjustment of gas exéhange between aerial and aquagic

organs should be useful in understanding metabolic versus physicochemical

constraints on respiration.
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Materials and Methods

Amphiuma tridactylum, Siren lacertina, and Siren intermedia, purchased
from commer;igl‘suppliers iﬁ Lﬁuisiana; veré maintained in éniirbnmental
chambers with an LD 12:12 photﬁéeriod and in t#p vater at 20° in‘open
plas;ic contginers for at leagt Z:Qeekg priorlfo é*perimentation. Op the
day beforé an experiment, an'individuai Qas.traﬁsférfe& to Qn uncovefed 3L
or 6 L (dependent on the size of the animal) glass chamber par;ially filled
with tap water. An identical chamber filled with 2.75 L or 5 L of 0.5zM
NaHC03- circulated through an external pumﬁ vés situated in a temperature-~
controlled water bath aﬁd housed the gﬁimﬁl during an experiment. Aquatic
oxygen consumption was calcuiated from #eriodic measurement bf solution P02
with a Radiometer oxygen electrode, Type E5046, and PHA 927 Gas Monitor.
Aquatic €O, release’vas determined fr&m continuous titration of the chamber
solution to pH 8,00 with 0.1 N NaOH (Gottlieb & Jacksom, 1976) with a
Fischer Titrimeter II system. The chamber was sealed and ;he upper portion
ventilated at a constant rate from a pump drawing in room air. The outflow
frﬁm this breathing space was dried in a tube filled with Casb4 and passed
through a Beckman S-3A Oxygen Analyzer and a Beckman Model 364 Infared
Analyzer to measure pulmonary oxygen uptake and CO2 rgleasg. respectively.
The aerial and aquatic phases of the chamber were separated by mineral oil

to prevent gas transfer between air and water.

Individuals were subjected to two experimental regimens on separate
days. Each began with a 3 h control period in which both aerial and
aquatic media were normoxic and normocapnic. Then the CO, level in the
breathing space was raised to 6% or the chamber solution was mixed with a

second solution with an elevated PCO until the PCO in the chamber was at
2 2

least 40 mmilg.

29



The significance of these results was determined with one-way analysis
of variance on control versus experimental values. The a;csin transform
was used on percentages. VIn app;opriate cases, Student”s t-test was used
to determine level of significancé. Vhlﬁes of P<0.05 were considered

significant.
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Results

The three species showed the same patterns of C0, loss during both
aerial and aquatic hype;caphia. Aerial CO2 loading, which blocked.
pulmonary CO, release and thereby caused #quatic surfaces to account for
}Ooz‘of the total CO2 loss, did not change Coz pa;titioging; aquatic
surf#ces remained prédoﬁinant in ihe percent éf tétal coz eliminatéd across
them (Figs. 1-3, Panel A). The incrg#se in the per;eﬁf of total CO, lost
across the aquatic surfaces during aerial hypercapnia vas insignificant.
Because the pulmonary contribution to 002 loss during the control periods
was small compared to the aquatic loss, the most striking change in the
partitioning of gas exchange occurred when the aquatic surfaces were no
longer available for CO2 release. Under this circumstance, the pattern of
CO, loss changed complételi, from one where ﬁearly all the CO, was conveyed
across the aquatic surfaces tb one where 1002 of it was released via the
lungs. Thus, aquatic hypercapnia produced an élmost complete, and highly

significant, shift in CO, loss from skin and gills to lungs (Figs. 1-3,

Panel B).

The qualitative changes in CO, partitioning in response to hypercapnia
are a matter of experimental design and are therefore not surprising; but
there is a major difference in the effect of an aerial versus an aquatic
CO2 load on 0, partitioning. An aerial CO, load changes the balance
between aerial and aquatic 0, uptake very little, while an aquatic CO, load
reverses or nearly reverses it. During aerial hypercapnig, the fraction of
02 taken up across cutaneous and branchial surfaces decreased slightly, but
insignificantly, in all1 3 séecies (Figs. 1-3, Panel A). This decrease
represented a shift to a dominant role for the lungs only in Amphiuma (Fig.

1, Panel A), where the balance between aquatié and aerial exchange was
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close to 50:50. Aquatic surfaces remained predominant in 02 exchange in
the sirenids»(?igs. 2 & 3, Panel B). Aqugtic 002 produced insignificant
decreases in Fhe percent of 0, taken up across the aquatic surfaces

(Panel B, Figs. 1-3), but.in Amphiuma and §i;gg,ig;g;gggigvthese changes

constituted a shift to lungs as the primary site of 02 uptake.

The large scatter in the data, and the statistical insiggificance of the
changes in gas exchange partitioniﬁg, make it especially impefative to view
these changes in the context of absolute quantities of‘gas‘exchanged.
Aerial CO, loading produced a decrease in total 6002 in Amghigmavané an
increase in total 6C02 in the §irenids (Fig. 4). The opposité trends
resulted from aquatié hypercapnia (Fig. 5). Total CO2 loss increased in
Amphiuma but decreased in the sirenids. Nrne of these changes are

statistically significant.

In response to aerial €O, loading, changes in CO, loss were mirrored by

the change in total 02 consumption except in Siren intermedia, where the

decrease in total 60 opposes the increase in total ﬁco (Fig. 4). The
2 : 2 :

decrease in total 60
hypercapnia (Fig. 5) was the only significant change in absolute level of

exhibited by Siren lacertina during aquatic

gas exchange (P<0.025).
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Discussion

These results show that the changes in sbsolute levels of gas exchange
during aqugtic hypercapnia :endef the concomitant redistribution of gas
vexchﬁnge ineffective for'acid-Base regulatioh; In Amphiuma and Siren
lacertina, absence of compensatién for e*tracellular acido#ﬁs resulting
from aq&atic hyperc#pﬁia is in accord wiﬁh thié codclusio; (Heislgf et al.,
1982). In the sirenids, both pulmonary 6002 and.its fraction of total 600

2
increased with aquatic hypercapnia (Fig.5); however, the concomitant

decrease in overall ico probably nullifies this pulmonary capacity as an
2

acid-base control mechanism. The decreases in total 6c0 match decreases

in total V, (Fig. 5), but because the animals are almost certainly taking
2

in €O, across the integument and/or gills (due to reversal of the Pg,
: 2
gradient), total Vco must increase relative to total 60 to maintain acid-
2
base balance. This occurs in Amphiuma, where increases in both fractional

and total pulmonary CO2 loss exceed parallel increases in total 60

2
(Fig. 5). In this circumstance, increased lung CO, loss must alleviate the

imposed C°2 load to some degree; however, blood acid-base parameters show
that it is insufficient to relieve extracellular acidosis (Heisler, et al.

1982).

Aerial hypercapnia produces the opposite trends. Both species of Siren
exhibit increases in absolute 6002 as well as in the fraction of C0, lost
across the non~loaded surfaces, i.e. the skin and gills (Fig. 4). " In
Siren lacertina these changes are slightly greater than the parallel
increase in total 602. thergpy eliminating some CO, from the aerial
loading. This is likely the result of an increased transcutaneous and

transbranchial P gradient toward the environment, as blood P is
002 002
elevated in the lungs. Siren intermedia must also eliminate some of the
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COZ taken in from aerial loading, as itsrincrease in total ﬁCOZ accompanies
a decrease in total 662 (Fig. 4). Although Fotal 6002 actualiy decreases
in Amphiuma dqting aerial CO, loading, this reductioh is less than that of
total 602’ and therefore some of the imposed :gspirgtory co, is being
eliminated across the aquatic surfaces. Acid-base parameters have not been
méasuted durihg aerial CO, loading, but the insignificahce of the changes
in aquatic CO, loss ma#e it wost unlikely that they achieve any
compensation of acidosis. For the same reason, the difference between the
decrease in total 60 in Siren intermedia as opposed to the increase in

2

total Voz in Siren lacertina is probably not physiologically meaningful.

What is important is that the experimental level of CO, production is at

least adequate to eliminate the CO2 generated at the corresponding level of

0, consumption.

. The PC02 gradient between the animal and its environment is a major
determinant of the level of €0, production. Therefore, any increase in co,
loss during hypercapnia will be influenced by the amount of CO2 taken in
across the gas exchangér(s) in contact with the hypercapnic medium. In
Amphiuma, the overall reduction in aerial gas exchange with aerial
hypercapnia may minimize the influence of that CO2 load on blood acid-base
balance. Inhibition of aquatic gas exchange with aquatic hypercapnia in
the sirenids may have’a similar effect. This dichotomy suggests that the
different respiratory organs affect the response‘of bimodal versus trimodal
breathers to hypercapnia. Data on chemosensitivity of the vagious organs
would help to clarify tbis point, but the absence of compensation for
hypercapnia-induced extracellular acidosis directs attention to a different
issue. Given that the lungs of Amphiuma demonstrate a capacity for
increased CO, loss, and do so in response to a CO, load at or above that

wvhich the animals normally encounter in their habitat, what prevents the
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exercise of respiratory acid-base control in these animals? The close
similia:ity of ecology and lung morphology makes this question equaliy

applicable to Siren. Comparison of these 2 species with other air-

breathing ectotherms may be helpfulAiu ansvering this question.

Some compensation of hypé;capnia-induéed extracellular acidosis has been
demoﬁsirafed in 5 species of amphibiané: nghloneétes cbmgféssicauda (Toews
& MacIntyre, 1978),.Crggtobrénchus allegaﬁienéié (Boutilier & Toews, 1981),
larval Ambystoma tigripum (Stiffler et. al., 1983), Bufo marinus (Boutilier
et al., 1979), and the bullfrog, Rama cafesbeiana (Jaékéon & Braun, 1979).
The pattern of coﬁpens#tion, as chgrted on a Davenport diagram, is
esseutially the same in all but the bullf;og, which was exposed to short-
term hypercapnia only. Cryptobranchus and Ambystoma, subjected to aquatic

hypercapnia, and Bufo marinus, subjgﬁted to aerial hypercapnia, registered

some move toward restoration of blood pH to pre-hypercapnic levels only
after they were returngd to normocapnia. In Typhlonectes, subjected to
aerial hypercapnia, elevation of arterial pH began without removal of
hypefcapnia. but did not achieve the contfol level until it-was removed.

In all & species, there was no sign of compensation prior to 24 hours after
exposure to hypercapnia; pre-hypercapnic lévels of plasma bicarbonate

[8003-]p1, vere not attained.

Respiratory gctivity (e.g., gill ventilation, swimming to the air-water
interface) in all these animals increased during the first several hours of
hypercapnis, but was effective in forestalling acid-base disruption only in
the bullfrog (Jackson & Braun, 1979). Ventilation may hgve attenuated the
fall in pH and rise in Pcoz in the other species during that initial
period, but because compensation began much later, and only with the

removal of hypercapnia, respiratory 002 loss was not the mechanism for

35



recovery. Increases in both ventilation (63 in mllkg—lmin°l) and the air-

convection requirement (Vp/V, in ml BTPS/ml STPD) maintain total [CO,] in
g ‘ :

the face of temperatute dependent PaC02 changes in a var],ety of rept11e5'

the chuckwalla, Sauromalus obesus (Crawford & Gatz, 1974) the turtle.

Pseudemgs scrxgta (Jackson & Kagen, 1976), the allzgator, Allxgator
vmxssxss1ggxensxs (Davxes & Kopetzky, 1976), a monitor llzard Vhranus
exanthematicus (Wood et al., 1977), the marine iguana, Amblxghxgchus
cristatus (Ackerman & Wb;te, 1980), and the desert iguana, Dipsosaurus
dorsalis (Bickler,‘l981), and one amphibian, the bullfrog, éégg catesbeiana
(Jackson & Braun, 1979). In the alligator, this mechanism isialso‘
effective in the face of aerial hypercapnia at‘different temperatures
(Davies et al., 1982). This near-dichotomy (the bullfrog being an
exception) of the presence of respiratory control in reptiles versus

amphibians suggests 2 factors of importance in the regulation of acid-base

balance in ectotherms.

" One factor is an ability to readily exchange ions vith the environment.
Amphibians are well-equipped for this task because they’possess a well-
vascularized integument in direct contact with the aquatic medium, and the
ability of their skin to transport ions actively is well-documented
(Zerahn, 1956; Snell et al., 1957; Curran et al., 1962,1965; Bricker et
al., 1963). Gilled amphibians, including tadpoles (Alvarado et al., 1970;
Boonkoom et al., 1971), are doubly yeli—equippéd. Ion-exchange au:ing
hypercapnia in Necturus méculosus and larval Aﬁﬁxstoma tigrinum (Stiffler

et al., 1983) and Siren lacertina and Amphiuma means (Heisler et al., 1982)

supports the hypothesis that ioh—exchaﬁgé with the environment may be
involved in regulation of acid-base balance. The latter 3 species do not
show significant alteration in ion-exchange nor do they compensate for
extracellular acidosis resulting from exposure to aquatic hypercapnia.
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Larval Ambystoma tigrinum show both, and their capacity to elevate

[BCO,” ] is impaired when deprived of ions in the external medium (Stiffler,
pers. comm.). None of these animals demonstr#te an‘ability to
significantly alter respira;ibn during hypercapnia (Brauﬁ. 1984).
Localization of Fhe ion~exchange is upknovn. VIonfex;hgngé mééhgnisms exist
in fish gillé (Haétz, 1974), and increased gill ventilation accﬁﬁpanyiug
compensation of extracellular acidod;is during coutinﬁed aquatic
hypercapnia in the dogfish Scyliorhinus stellaris (ggﬁgg;l et al., 1976)
encourages investigation of the bfanchial route. Measurement of GFR in
larval Ambystoma during hypercapnia indicates that a renal contribution

cannot be ruled out (Stiffler & Hicks, 1980).

The other factor influencing acid-base balance in ectotherms is their
mechanism of lung ventilation. Assessment of the utility of various
respiratory organs has involved consideration of their morphology. It was

therefore thought that Amphiuma and Siren, similar to reptiles in their

wvell-developed (septate and well-vascularized) lungs, would be capable of
respiratory acid-base regulation, while other aquatic forms, such as
Necturus, larval Ambystoma, and Cryptobranchus, with simple lungs, would
not. Lung morphology is certainly a factor, but the effectiveness of
filling and emptying the lungs =ust also be important. Buccal pumping, the
mechanism in most amphibians, is considered an inefficient means ofvgas
transfer, and has been cited as the reason why so little CO2 is eliminated
acrosss the lungs of most amphibians during normal circumstancés (Gans,
1970). This reasoning has been supefseded by measurement of CO2 loss at
different temperatures and during hypercapnia, and by increased
appreciation of the advantage of the relative energy-effectiveness of
aquatic exchange. However, the ability of the lungs to handle more CO2
than they do under normal conditions is not an argument for their
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effectiveness under any or all circumstances. If acid-base balance can be
maintained by ion-exchange vi;h the environment, and this option is
available and energy-efficiehi; pulmonary exchange ig an inferior option.
Pulse-pumbing has been shown to hg particul&rly inefficientbin Amphiuma and
Siren lacertina where 2 bugcal nnvgmehﬁs are needed for exhaia;ion and
;everal more are rgquired‘to £ill the lungsr(ﬁaétin‘&»Hut#ﬁisdn; 1979).

The discrepancy betueenrthe‘prgsence of réspiratory acid-base control in

the bullfrog and its absence in Amphiuma and Siren is probably not

attributable to this small difference in their respiratory mechanics.

Other factors such as ontogeny and ecology must be considered.

The bullfrog metamorphoses from a completely aquatic and gilled larva to
a gill-less animal capable of extended survival on land. Ihis
transformation involves exposﬁre to a "physiological hypetéapnia" (Stiffler
et al., 1983), as the iucreased reliance on gas-exchange\in air, with a coz

capacitance much less than that of water, increases blood Pco and[8c03“].
‘ 2

Amphiuma and Siren possess lungs throughout ;heir life history, and
although lungs are critical in meeting oxygen requireﬁepts during severe
conditioné (Guimond & Hutchison, 1976) ﬁhey are exchanging a gas readily
available in the aerial medium. Thebconcentratiops of dissolved oxygen and
C02 vary seasonally and with the presence of the vater hyacinth, Eichhornia
crassipes, ip the habitat of Amghiﬁma and Siren (Ultsch, 1976). These
variations prpduce distinct mirohabitats delineated by depth, vegetation
cover, and temperature (Ultsch, 1976). Fish in the hyacinth community
select among these microhabitats; bqt 3 species of Siren, including the 2
in the present study, avoid:the open water, where dissolved gases favor
aquatic respiration, and exhibit no preference for microhabitats in the
covered areas (Ultsch, 1976). Apparently, other factors, such as predator
avoidance, influence the distribution of the sirenids more than do the
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levels of dissolved respiratory gases. Thus, the morphological and

physiological characteristics of the respiratory organs in animals with

more than one gas-exchanger are not the sole determinants of the

partitioning of gas exchange.
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Table Heading

Table 1. Effects of aerial and aquatic hypercapnia on gerial and

aquatic gas exchange in Amphiuma, Siren lacertina, and Siren intermedia.
Oxygen consumption (V. ) and CO, production (V.. ) are given in

02 2 . C02 : .
‘dgm-lht-l. Figures are mean values of animals under each regimen.

C-Control period. E-experimental period.

B-CO2 loss blocked during experimental period.
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Table 1. Effect of aerial and aquatic hypercapnia on aerial and aquatic gas exchange in Amphiuma tridactylum,

Siren lacertira, and Siren intermedia. Oxygen consumption (V

.,ulgm_1

B-CO2 release blocked during the experimental pefiods.

i oy ) and CO, production (Vcoz ) are given in
hr~ . Figures are mean values of animals under each regimen., C-Control period. E-Experimental period.

fAerial €0, Loading

Aquatic CO2 Loading

v

v

v

v

0, co, 0, €0,
Aquatic Pulmonary Aquatic Pulmonary Aquatic Pulmonary Aquatic Pulmonary
Amphiuma tridactylum
C  6.39+1.26 6.17+2,04 9.9041.95 2,2241,06 4,8141,05 3.05+0.88  7.u8+1.63 0. k440, 14
E 3.2U4+0.58 U,1U4+1.23 11.38+1.85 B 2.89+0.71  7.3643.03 B 15.5317.65
Siren lacertina
c 11.20+4.98 3.85+1.06 15.79+7.01  0,63+0.21 11.1810;70 3.19+0.47  15.76+0,98 0,46+0.17
E  14,09+46.98 2.34+0.28  20,01+8,50 B 4.87+2,00 2,86+1.64 B 7.86+4,43
Siren intermedia
c 8.39+2.88 1.90+0.U43 11.8U+4,06 0.35+0. 11 3.98+1.18  1,U49+0,42 5.62+1,76 0.23+0,05
E  6.3us1.49 2.35+40,62 16.15+8.,22 B 1.3140.79  1.78+0.56 B 1.35+0,69




Figure Captions

Figure 1. Percentage of total gas exchange across aquatic (cutaneous)
and pulmonary surfaces in Amphiuma tridactvlum during aerial (Panel A) and

aquatic (Panel B) hypercapnia. C-control period. E-experimental period.

Figure 2. Percentage of total gas exchange across aquatic (cutaneous
and branchial) and pulmonary surfaces in Siren lacertina during aerial
(Panel A) and aquatic (Panel B) hypercapnia. C-control period.

E-experimental period.

Figure 3. Percentage of total gas exchange across aquatic (cutaneous

and branchial) and pulmonary surfaces in Siren intermedia during aerial

(Panel A) and aquatic (Panel B) hypercapnia. C-control period.

E-experimental period.

Figure 4. Oxygen consumption (V_ ) and CO production (Voo ) during
02 2 COZ

aquatic hypercapnia in Amphiuma, Siren lacertina, and Siren intermedia.

C-control period. E-experimental ﬁeriod.

Figure 5. Oxygen consumption (V. ) and CO production (Vor ) during
. 02 2 COz

aerial hypercapnia in Amphiuma, Siren lacertina, and Siren intermedis.

C-control period. E-experimental period.
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