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Summary. 1. Carbon dioxide release, a major vari-
able of gas exchange, was measured during rest,
maximum activity and recovery in the tarantula,
Eurypelma californicum, the ctenid spider, Cupien-
nius salei, and in the scorpions, Pandinus imperator
and Leiurus quinquestriatus. In Eurypelma and
Pandinus, water loss was measured simultaneously
with CO,. In Eurypelma, heart frequency, and in
both Eurypelma and Pandinus, the respiratory sur-
faces of the book lungs were also determined. In
most experiments, gas exchange of the whole ani-
mal was measured, and the animals were not re-
strained.

2. At rest, Vo, was similar in Eurypelma and
Pandinus. During activity, Vo, often came to a
halt in the spiders but not in the scorpions. During
recovery, the pattern of CO, release was rather
different in spiders and scorpions. In a series of
experiments, CO, release after different activity pe-
riods was measured. In Eurypelma, maximum Vcoz
was much lower than in Pandinus, and recovery
time was much longer in the tarantula. The surplus
release of CO, was similar in both species, and
it was linearly related to the duration of activity.

3. There were no significant differences in water
loss during rest and recovery between Eurypelma
and Pandinus, although these species live in quite
different habitats (dry and humid environments).
Special adaptations respecting a reduction of water
loss seem to be absent in Eurypelma.

4. The additional measurement of heart fre-
quency in Eurypelma revealed that slow fluctua-
tions in CO, release (1-3-min~!) at rest and in
a later phase of recovery are probably caused by
slow fluctuations in heart frequency. The time
courses of VCOZ and heart frequency during recov-
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ery differed, with heart frequency declining much
faster than CO, release.

5. The respiratory surface in Pandinus is about
1.7 times larger than that in Eurypelma, which is
in agreement with a much higher maximal CO,
release in Pandinus during recovery.

6. CO, release pattern differences in the spiders
and scorpions during recovery are probably caused
by a different proportion of CO, release for buffer-
ing metabolic acidosis. Because of the high postac-
tive CO, release due to the buffering of D-lactate,
respiration and acid-base control are strongly re-
lated in the arachnids investigated. It is proposed
that the control of the spiracle entrance area from
the ambient to the book lungs is an essential ele-
ment in controlling the acid-base state of body
fluids.

Key words: Arachnids — Book lungs — Carbon
dioxide release — Water release — Heart frequency

Introduction

Respiration and circulation play an essential part
in clearing metabolically produced CO, and even-
tually the further CO, released from the buffering
of metabolic acids. There has been a lot of work
carried out, especially on vertebrates but also on
invertebrates like crustacea, to understand the role
of CO,, e.g., in buffering processes or in the con-
trol of respiration.

For arachnids, only a few papers deal with the
involvement of CO,, especially in acid-base bal-
ance (e.g., Loewe and Brauer de Eggert 1979). The
control of the openings of the book lungs to the
ambient environment, the spiracle entrance areas,
was related to the prevention of a high water loss
(cf. Angersbach 1978). A continuous registration
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Fig. 1. Set-up for measurements of CO, release (see text for
details)

of variables of respiration and circulation in arach-
nids to study cardiopulmonary coupling is not
known to us.

Therefore, measurements with a high time reso-
lution of CO, release, water release and heart fre-
quency of unrestrained animals during rest, activi-
ty and recovery seemed to be promising for new
insights in arachnid physiology. The main aspects
to be explored are the comparison of CO, release
in spiders and scorpions and the evaluation of
maximum gas exchange rates. The high sensitivity
of the CO, analyzer used here allowed measure-
ments of Vc02 without using a respiratory mask.
Simultaneously with CO,, either water release of
the whole animal or heart frequency was measured.
Together with data on respiratory surfaces and
CO, transport in the haemolymph, the role of CO,
in buffering is discussed.

Material and methods

Animals. Origin and keeping of Eurypelma californicum and
Pandinus imperator were discussed in Paul et al. (1989b). The
Latin and South American ctenid spider, Cupiennius salei
(mass: 2.5 to 4.8 g), was bred according to Melchers (1963),
and the scorpions, Leiurus quinquestriatus (Buthidae) (mass:
1.4 to 4.3 g), were caught in the Sahara. They were kept in
preserving jars, filled either with moistened peat dust or with
sand and were fed small crickets and flies. Water was given
ad libitum. The temperature in the animal room was 25 °C.

General conditions. See Paul et al. (1989b).
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Measurement of the release of carbon dioxide (Fig. 1). The ani-
mals were in a small plastic chamber (ca. 160 ml) which was
streamed through from top to bottom by air free of CO, and
H,0. A magnetic bar in the chamber could be moved from
the outside to provoke activity. The flow rate was 500 ml
(ATPD) min ! (the optimum to receive a high time resolution
and a high sensitivity of the CO, analyzer), controlled by a
flow meter with an adjustable valve (Rotameter Serie L, Rota,
Wehr, FRG). The calibration of this flow meter was periodi-
cally tested. The CO, and water from the room air were ab-
sorbed by two serially connected containers, filled with KOH
pellets and lye. After that, the air passed a dust filter. CO,-
and H,O-free air streamed through the reference channel of
the CO, analyzer (URAS 2T, Hartmann & Braun, Frankfurt,
FRG@G), while the air from the chamber streamed through the
measuring channel of the device. All tubing material was made
of PVC (inside diameter 4 mm; lengths as short as possible).
The CO, analyzer was calibrated with mixtures of CO,- and
H,O-free air and CO, (99% air/1% CO,; 98% air/2% CO,,
etc.) prepared by a gas mixing pump (Wosthoff 201/a-F, Bo-
chum, FRG). A peristaltic pump (Minipuls I1, Gilson, France)
was used to add 0.5ml (ATPD)-min~* of these mixtures to .
the main stream of 500 ml (ATPD)-min~!. The flow rate of
the pump was controlled prior to each calibration. In this way
CO, concentrations of 10, 20, 30 ppm, etc. were produced to
calibrate the analyzer. From the CO, concentration and the
total flow rate, the CO, flux (VCOZ) was calculated. During
calibration the clamp was opened and the animals removed.
The voltage signal of the analyzer was amplified and recorded
with an ADC-computer unit (12-Bit A/D converter, Apple IT).
The CO, analyzer was checked to give a voltage linear to the
CO, concentration or flux [from 0 to >150 ul CO, (ATPD)-
min~!]. The maximum delay between the animal’s CO, release
and the corresponding signal of the analyzer could be estimated
from the flow rates and from the volumes of the chamber,
the tubes and the measuring channel of the analyzer to be
smaller than 30 s. Because CO, was released ventrally from
the animals’ book lungs and could stream directly out of the
chamber, the time resolution was even better than this estima-
tion of maximum delay. Applying steps of 0 to 10, to 20 or
to 30 pl CO, (ATPD) min ! (and backwards) at the bottom
of the chamber revealed a 7439, of 6.5 (6.5-7) s and a 7449,
of 1012 (10.5-13) s.
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Simultaneous measurement of carbon dioxide and water release
(Fig. 2). The experimental set-up (Fig. 1) was extended by a
water vapour measuring device. The CO,- and H,O-free air
was divided into two streams [1000 ml (ATPD)-min~?! each)].
Flow rates were stabilized by narrow cannulas (cannulas with
an inside diameter of 0.4 mm and a length of 30 mm). Air
flow B served as a reference for the water vapour analyzer.
Flow A streamed through a flow meter (Rotameter), the refer-
ence channel of the CO, analyzer, the animal chamber, the
measuring channel of the CO, analyzer to the measuring part
of the water vapour analyzer. An analytical balance (DP 3,
Sartorius, Gottingen, FRG) with two plastic containers on the
scales, which were filled with sclective water-absorbing material
(granulated P,0s;), was used as analyzer. The streams into the
containers were orientated horizontally, to prevent a turn of
the scales due to the air stream. The small tubes entering the
containers were fixed to the laboratory table and touched nei-
ther the absorbing material nor the containers. The high out-
flow from the containers of 1000 ml (ATPD)-min~* prevented
an invasion of ambient water vapour. A turn of the scales due
to water absorption was recorded with an inductive displace-
ment transducer (IWE 09/8 and OVE 35-1, TWK Elektronik,
Diisseldorf, FRG). Linearity between mass and the signal of
the displacement transducer was checked (from 0 to 15mg).
A Dbuilt-in device for an addition of ‘riding weights’ to the
left arm (reference) was used to calibrate and also to reset the
balance, if the deflection became too high. Two signals, one
from the CO, analyzer and one from the water vapour analyzer,
were fed to a two channel chart recorder. The water analyzer
at work needed attention (P,O; handling, permanent control
of the small tubes inside the plastic containers to prevent any
contact). An injection of 1, 2 and 5 pl of water (distilled) with
a micrometer syringe into the animal chamber led to an increase
in mass (downward movement of the right scale) of 1, 2, and
5mg. The CO, analyzer did not show any response during
water calibration, and the water vapour analyzer did not show

2-channe!
recorder

£

electronics

Fig. 2. Set-up for simultaneous
measurements of CO, and water release
(see text for details)

any response during CO, calibration (see above), which means
both devices worked selectively.

One problem, however, was that the dynamic properties
of the analyzer were not completely clear. A rapid injection
of moistened room air (CQ, concentration =300 ppm, 100%
relative humidity) into the animal chamber caused a response
with a 79s, Of ca. 6s (a little higher than the 7405, of the
CO, analyser), but the measurements of the animals’ water
loss did not show any more rapid changes (see Paul et al.
1989b; Fig. 4). Perhaps there was some damping by condensa-
tion in the chamber or tubes. But it might also be true that
the water release of whole animals does not show any rapid
changes. Nevertheless, resting values, release patterns in general
and the order of magnitude of the maxima are certainly reliable
(see ‘Discussion’). In some experiments, the animals release
fluid from the mouth or from the poison gland during activity.
In these cases, the maximum MHZO was higher, the time course
was clearly not typical, and therefore these experiments were
not taken into account.

Simultaneous measurement of carbon dioxide release and heart
Jfrequency (Fig. 3). Measurement of CQ, release and calibration
were done as above (Fig. 1). To measure heart frequency simul-
taneously a special chamber was built (i) to allow an easy ex-
change of animals (because the animals lay on their back, the
recording device for heart activity could not be fixed to the
opisthosoma) and (ii) to adjust the mounting to the specific
anatomy of each spider. The carapace of the tarantula was
glued to a square pipe (Fig. 3, bottom) with a mixture of wax
and colophonium. This pipe fitted exactly around a square bar
on a stand which could be screwed to the bottom of the
chamber in variable positions. The legs remain free, and the
prosoma can be move up and down to some degree. A magnetic
bar was used to provoke activity (leg and prosoma movements,
bites into the bar). The opisthosoma of the animals rested on
a water-filled container covered with a Teflon membrane and
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connected to a differential pressure transducer (LX 06005D,
SenSym, Sunnyvale, CA, USA) and to water-filled syringe.
With the syringe, the amount of water in the container could
be changed to fit the membrane to the animal’s shaved opistho-
soma. The beating of the heart led to changes of the curvature
of the dorsal cuticle which caused pressure changes inside the
container recorded by the pressure transducer. The plastic
chamber was closed with a lid held tight by screws. CO,- and
H,O-free air entered the front part of the chamber separated
from the back part by a partition wall to improve the speed
of response by limiting dead space (Fig. 3, top). The air
streamed around the pedicel and passed the spiracles of the
book lungs. Two tubes were used to exhaust the air with the
expired CO, to obtain a fast response. In contrast to Fig. 1,
the air was sucked by a pump placed behind the measuring
channel of the CO, analyzer [flow rate: 1000 ml (ATPD)-
min~*]. The partition wall also fixed the opisthosoma laterally
and prevented a disturbance of the heart recording by the poste-
rior legs. The signal of the pressure transducer (voltage refer-
ence: LH 0070-0H, National Semiconductor, USA) was ampli-
fied (instrumentation amplifier: INA 101, Burr-Brown, Tucson,
AZ, USA) and filtered (high pass, f,=90.1 Hz; low pass, f,=
1 Hz). This signal was permanently controlled to be simply
periodic (sinusoidal) by using an oscilloscope. Subsequently,
the signal was again amplified and fed into a frequency-to-
voltage converter (AD 451 J, Analog Devices, Norwood, MA,
USA). This device provided a voltage linear to frequency and
therefore also to heart frequency. The frequency-dependent vol-
tage signal enables a parallel plot of CO, release and heart
frequency on a two-channel recorder, without further computa-
tion of heart frequency from the period length of single beats.
Linearity was tested with periodics from smaller than 0.1 Hz
to more than 2 Hz. A sudden change of frequency from e.g.
30 to 70 periods-min~ ! — as tested by using a waveform genera-
tor — was followed by the frequency-voltage converter within
2.6 s. The 7499, of the CO, analyzer was ca. 5 s at a flow rate
of 1000 ml (ATPD)-min~!. Two signals, one from the fre-

syringe

AN Fig. 3. Set-up for simultaneous measurements of CO,
release and heart frequency (see text for details; the
partition wall is not shown in side view)

quency-voltage converter and one from the CO, analyzer were
recorded either by a two-channel recorder or by an A/D con-
verter-computer unit.

Measurement of the respiratory surface. The surface of the book
lungs’ lamellac was determined i Eurypelma and Pandinus.
Individual book lungs were dissected, and after removal of the
posterior atrial wall, a photograph (slide) was taken of the
entrance area to the lamellae (by using a Zeiss binocular micro-
scope, FRG). On the projected slide, the number of lamellae
could easily be counted. Furthermore, several stacks of lamellae
(up to 8) were dissected from one book lung and put on a
sheet of graph paper. Then again a slide was taken. The outlines
of the lamellae and a distinct number of millimeter squares
were drawn from the projection onto cardboard, cut out and
weighed. The surface of the lamellae was calculated by compar-
ing the weights. The averaged surface of all stacks of lamellae
was multiplied by the total number of lamellae and then by
two (top and bottom surface), to get the respiratory surface
of one book lung. Different book lungs of one animal were
treated in this way. The mean respiratory surface of these lungs
multiplied by their number (4 in Eurypelma, 8 in Pandinus)
was considered to be the mean respiratory surface of an animal.

Results

Measurement of CO, release

CO, release, as one essential variable of respira-
tion, differed significantly in the spiders and scor-
pions investigated, especially during recovery. Ex-
amples of typical release patterns are shown in
Fig. 4. After an activity period of 60 s, maximum
Veo, was about 45 pl CO, (ATPD)-min~! in one
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Fig. 4. Two examples of CO, release (ul ATPD) during rest,
60 s of locomotory activity (black bar) and recovery in Eury-
pelma (rop) and Pandinus (bottom). Note the stop of CO, release
during activity and the slow fluctuations, especially in a later
phase of recovery in Eurypelma and the higher peak value and
the shorter recovery time in Pandinus

Eurypelma californicum, whereas the maximum
was about 70 pl CO, (ATPD)-min ' in one Pan-
dinus imperator. The recovery period (the time until
resting level was reached again) was long in Eury-
pelma (ca. 60 min) but definitely shorter in Pandin-
us (ca. 40 min). While in Eurypelma Vc02 gradually
decreased after it had reached its maximum, in
Pandinus the decrease was more rapid in the begin-
ning and then slowed down, which resulted in a
more distinct VCO peak. During the first phase
of activity, Veo usually came to a halt in Eury-
pelma but not in Pandinus. In Eurypelma, quite
regularly slow fluctuations of Vc02 were observed
during rest or in a later phase of recovery (with
frequencies of ca. 1-3-min~'). In the phase of
maximum Vcoz (the first 10 min of recovery), these
fluctuations did not occur. In Pandinus these fluc-
tuations were usually absent.

In a quite extensive series of experiments (n=
70), CO, release during rest, different periods of
maximum activity and recovery was measured in
E. californicumm (n="7 animals with body masses
between 5.7 and 22 g; mean mass=15 g) and P.
imperator (n= 6 animals with body masses between
7.5 and 22 g; mean mass=15.1 g). Activity periods
lasted 30s, 1, 2, 4 and 5 min. For each period
ca. 6 tests in Eurypelma and 5 tests in Pandinus
were performed. Although it looks as if the param-
eters of CO, release, e.g. Vcozmax, do not depend
on species and body mass only but show very

strong individual variations, VCO values were cal-
culated as VCO per g body mass (mass-specific
Vco ) to allow comparrson with data in other spe-
cies. Furthermore it is obvious that identical stim-
ulation periods do not necessarily evoke an identi-
cal response of the animals which causes an in-
crease in standard deviation.

During rest Vcoz was found to be very similar
in both species 0.75+0.3 (SD) wl CO, (STPD)-
min~*-g~'in Eurypelma (n=37 experrmen‘rs) and
0.7340.35 (SD) ul CO, (STPD)-min~*-g~! in
Pandinus  (n=32 experiments). These ‘resting
values’ are certainly not basal values, because no
precautions were taken to minimize e.g. acoustical
or optical stimulation. During locomotory activity,
Eurypelma often stopped to release CO, for a cer-
tain period of time. The phase of interrupted or
at least reduced CO, release did not depend on
stimulation time and normally lasted between 26
and 42 s. Only in a few cases did the stop or reduc-
tion exceed 1 min. In Pandinus no stop or reduc-
tion was observed. In both Eurypelma and Pandin-
us, the maximum VCOZ was always reached within
1-2 min after the end of activity, independent of
stimulation time; in Furypelma this was usually
later than in Pandinus. The CO, release during
recovery was very strongly different in both spe-
cies. In either case, maximum CQO, release slightly
increased when stimulation was prolonged up to
4 min (Fig. 5, top). The mass-specific Vcozmax, cal-
culated from the experiments with a stimulation
period of 4 min, was 5.02+1.34 (SD) ul CO,
(STPD) min~'-g~* in FEurypelma (n=7 experi-
ments) and more than twice that much in Pandinus,
11.05+2.69 (SD) ul CO, (STPD) min~t-g~ ! (n=
5 experiments). The highest non-mass-specific
values in single experiments have been 94 pl CO,
(STPD) -min~' in Eurypelma and 180 ul CO,
(STPD)-min~"' in Pandinus. Recovery was much
faster in Pandinus (Fig. 5, center). As total recov-
ery time was difficult to determine, we used the
parameter ‘half recovery time’ starting with the
end of actlvrty and lasting until the mean Vco
between maximum and resting level was reached.
This value generally was ca. 2.5 times higher in
Eurypelma. In both species, half recovery time in-
creased with longer stimulation periods and was
approximately twice as high after 4 min activity
than after 30 s. Total recovery times were maxi-
mally 98 min in Eurypelma and 50 min in Pandinus
in single experiments. As a third parameter the
surplus of CO, release during recovery (‘additional
CO, release’), which is the total amount of CO,
(per g body mass) above resting level released dur-
ing recovery, was calculated (Fig. 5, bottom). In
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both species this parameter was similar and in-
creased linearly with stimulation time, somewhat
faster in Eurypelma than in Pandinus. A linear re-
gression analysis revealed a slope of 0.44 in Eury-
pelma and 0.34 in Pandinus. Absolute, non-mass-
specific amounts were maximally 2926 ul CO,
(STPD) in Eurypelma and 2467 pl CO, (STPD)
in Pandinus in single experiments.

In summary, maximum CQO, release is twice
as high in Pandinus, and half recovery time is ap-
proximately twice as long in Euypelma. Therefore,
a similar surplus of CO, release may be expected
and indeed occurs.

Additional experiments were done in the much
smaller arachnids Cupiennius salei and Leiurus
quinqguestriatus. The spider and the scorpion again
have similar body masses. Although these tests
were not so numerous, they fit well into the general
scheme of CO, release in spiders and scorpions.

In Cupiennius, the pattern of CO, release dur-
ing recovery matched that of Eurypelma (as de-
scribed above) closely, as the pattern of Leiurus
matched that of Pandinus. During activity, the
CO, release was reduced in Cupiennius but not in
Leiurus, and again maximum VCOZ was reached
within 1-2 min after the end of activity, usually
faster in Leiurus than in Cupiennius. Most of the
experiments were performed with stimulation peri-
ods of 1 and 2 min. The evaluated data are shown
in comparison with the data from Eurypelma and
Pandinus [Table 1; mean body masses: 15 g (Eury-
pelma), 151 g (Pandinus), 3.16 g (Cupiennius),
2.75 g (Leiurus)]. Mass-specific Vo mex Was ap-
proximately twice as high in Leiurus compared
with Cupiennius and was much higher in the
smaller species than in the bigger ones (difference
about threefold in the two spiders and about two-
fold in the two scorpions). The highest non-mass-
specific values in single experiments were 43 pl
CO, (STPD)-min" ! in Cupiennius and 83 pl CO,
(STPD) min~! in Leiurus. Half-recovery time in
Leiurus was approximately only one-third of that
in Cupiennius, but the values of the two spider or
the two scorpion species, respectively, are similar.
Total recovery times were maximally 54 min in Cu-
piennius and 25 min in Leiyrus. In the two spider
species, the mass-specific surplus of CO, release

-——

Fig. 5. Top: Maximum CO, release (ul STPD; mean values +
SD) plotted against duration of activity in Eurypelma and Pan-
dinus. Center : Time of half recovery (mean values 3- SD) plotted
against duration of activity in Eurypelma and Pandinus. Bot-
tom: The surplus release of CO, during recovery (ul STPD;
mean values + SD) plotted against duration of activity in Eury-
pelma and Pandinus
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Table 1. Comparison of maximum CO, release, ‘half recovery time’ and additional CO, release in
Eurypelma, Cupiennius, Pandinus and Leiurus after stimulation periods of 60 and 120 s

Eurypelma Cupiennius Pandinus Leiurus
Vo max (W CO, STPD-min~*-g™%)

60 s 3.0+ 1.3(9) 861 1.8(4) 8.7+ 3.8(7) 193+ 7.5(4)
120's 41+ 1.2(7) 11.7+ 41(5) 104+ 3.2(4) 18.0+ 2.8(3)
Time of half recovery (min)

60 s 11.5+ 4.3(8) 120+ 0.8(4) 584 1.7(8) 40+ 1.2(4)
120's 159+ 4.4(5) 121+ 4.2(5) 474+ 1.0(6) 3.84 0.9 (5
Additional CO, release (ul CO, STPD-g™ 1)

60 s 34.7416.4 (9) 67.1+10.7 (4) 61.14+21.7 (7) 59.84+40.2 (4)
120's 71.5+413 &) 148.2£51.2 (5) 79.9424.9 (4) 64.61+35.2 (3)

()=number of experiments

\'/CO2 (l min~1) water mass (mg)

120 12
60 - 6
0 0
0 10 20 30 40
time (min)

Fig. 6. Example of a simultaneous measurement of CO, (pl
ATPD) and H,O release in Eurypelma during rest, 1 min of
locomotory activity (black bar) and recovery. (MHZO values were
obtained by differentiating this signal vs time)

(additional CO, release) increased more strongly
with stimulation time and was still ca. two times
higher in Cupiennius. Non-mass-specific amounts
were maximally 570 ul CO, (STPD) in Cupiennius
and 416 ul CO, (STPD) in Leiurus. In summary,
Vcozmax is higher in scorpions, and recovery takes
longer in spiders. The consequences will be dis-
cussed.

Simultaneous measurement of CO, and H,O release

Reduction of water loss is an essential factor in
keeping the body water content constant,
especially in organisms (like Eurypelma) living in
arid zones. CO, and H,O release were measured
simultaneously in Eurypelma (see for example,
Fig. 6) and Pandinus. In all cases CO, release dur-
ing recovery (after 60 s of maximum activity; black
bar) followed the typical pattern, with a maximum
of ca. 60 ul CO, (ATPD) -min~"' in this example.
MHZO was calculated by differentiating the water
vapour analyzer signal (Fig. 6) vs time in sections
by applying tangents. During rest and in the late
phase of recovery, water loss is similar. In the be-

VCO2 (}1' mm"g")

57
4
3 —
2 -
"R
0 T T T T
0 10 20 30
. time (min)
Mi,0 (g min! g7
80 —
60
40 -
20 5 r
Ji I
0 T T T T
0 10 20 30
time (min)

Fig. 7. Simultaneous measurements (mean values + SD) of CO,
release (top, ul STPD) and water release (bottom) in Eurypelma
during rest (R) and recovery from 1 min of locomotion

ginning of recovery, water release increases consid-
erably.

Several experiments of this type in Eurypelma
led to the result in Fig. 7: n=17 experiments in
6 animals (body masses between 6.7 and 12.3 g;
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mean mass=9.5g). CO, release at rest was
0.7740.42 (SD) ul CO, (STPD) min~*-g~! and
water loss at rest was 16 +11 (SD) pg H,O -min~*-
g~ 1. After 1 min of locomotory activity, maximum
CO, release was 3.52+1.35 (SD) pl CO, (STPD)-
min~'-g7!, and maximum water loss was 47424
(SD) pg H,O-min"'-g~ ! (Fig. 7). As mentioned
above in ‘Material and methods’, the water release
registrations do not show any more rapid changes
(Fig. 6), and the dynamic behaviour of the set-up
is not completely clear. Thus, recovery time and
additional water release were not determined, but
it might be that the resting level was reached earlier
in H,O release (Fig. 7). In Pandinus 4 experiments
in 4 animals (body masses between 9.2 and 17.7 g;
mean mass=13.6 g) were done. Values at rest were

o] i
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rest

recovery

Fig. 8. Two examples of simultaneous
measurements of CO, release (ul ATPD)
and heart frequency in Eurypelma during
rest (fop) and recovery (bottom). Parts of the
signals are magnified to demonstrate the
similarity of heart frequency and CO,
release (at right)

VCO =0.631£0.26 (SD) pl CO, (STPD)-min -1
g Cand My ,0=19+11(SD) pg H,O min~'-g~ 1.
Maximum values were VCO =13.7+6.1 (SD) pnl
CO, (STPD)- m1n‘ 1.g7 1 and My 0=35120 (SD)
pg H,O-min™t-g~ No 31gn1ﬁcant differences in
MH,o could be found for Eurypelma and Pandinus
during rest and recovery.

Simultaneous measurement
of CO, release and heart frequency

CO, release (as an essential variable of respiration)
and heart frequency (as an essential variable of
perfusion) were recorded in parallel to obtain in-
formation about cardiopulmonary coupling. One
major observation was that the fluctuations in CO,



R. Paul and T. Fincke: Book lung function in arachnids II. Carbon dioxide 427

release mentioned above are reflected and probab-
ly caused by fluctuations in heart frequency
(Fig. 8). The fluctuations of heart frequency and
CO, release had a frequency of ca. 1-3-min~1,
they were usually absent during the first phase of
recovery, when both variables were maximal, and
the changes in heart frequency always occurred
ahead of the changes in CO, release (0—10 s). Heart
frequency variations probably cause slow varia-
tions in book lung perfusion and thus changes in
CO, release (see ‘Discussion’).

In a series of experiments, the two variables
were measured simultaneously during rest and re-
covery (after 60 s of activity) to estimate the gener-
al pattern (n=14 experiments in 6 animals with
body masses between 9.2 and 14 g; mean mass=
9.7 g). In the following, Vcoz data are not given
as mass-specific but rather as absolute values to
make comparison with the heart frequency values
more feasible (to avoid the dimension: heart fre-
quency -g~'). Mean resting Vc02 was 12.7-+3.7
(SD) pl CO, (STPD)-min~!, and mean resting
heart frequency was 21.24 7.2 (SD) beats-min~*
(Fig. 9, top and center; first three data points).
After  60s of locomotion, Ve mx Was
40.55+12.21 (SD) pl CO, (STPD)-min~!, and
maximum heart frequency was 79.5+16.8 (SD)
beats-min~*. Maximum Vcoz was reached ca.
2 min and maximum heart frequency ca. 1 min
past the end of activity. Half-recovery time (as de-
fined above) was ca. 8 min for CO, release and
ca. 5min for heart frequency. The time courses
of CO, release and heart frequency during recov-
ery were not parallel. This can be demonstrated
by plotting Vco2 against heart frequency (Fig. 9,
bottom). A hysteresis occurs running clockwise as
heart frequency declines much faster than CO, re-
lease.

Respiratory surface

The respiratory surface in Pandinus is much larger
than that in Eurypeima (Fig. 10). The variables of
the allometric equation: S,=a*M? (S,=respirato-
ry surface in cm?, M =body mass in g) were calcu-
lated using a least-squares linear regression analy-
sis after transformation to common logarithms
(log S,=log a+b*log M). In Eurypelma (body
mass between 7.5 to 18.6 g), the resulting factors
are a=38.59 and #=0.64 (with a 95% confidence
interval for & of 0.33) and in Pandinus (body mass
between 6.5 and 19.5¢g) a=14.29 and b=0.64
(95% confidence interval for 5 of 0.33). Thus, the
respiratory surface of Pandinus is 1.66 times larger
than that of Eurypelma, independent of body mass.
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Fig. 9. Simultaneous measurements (mean values + SD) of CO,
release (top, ul STPD) and heart frequency (center) in Eury-
pelma during rest (R} and recovery from 1 min of maximum
activity (black bar). The plot of heart frequency vs CO, release
(bottom) shows a distinct hysteresis. Numbers designate subse-
quent intervals of time from the state of rest (0), through the
maximum of heart frequency (2) and through the whole recov-
ery period (3-28); time between numbers is 1 min
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This corresponds to a higher CO, release in Pan-
dinus (Fig. 5), although a still higher value (ratio
of 2 in Vo max) Would be expected (see ‘Discus-
sion”).

Discussion

Carbon dioxide release

The pattern of CO, release is quite different in
spiders and scorpions. Fluctuations of I'/co2 oc-
curred in Eurypelma but were usually absent in
Pandinus (Fig. 4). During maximum activity, Vcoz
usually came to a halt in the spiders but not in
the scorpions (Fig. 4). Maximum values were much
higher and recovery periods much shorter in the
scorpions (Fig. 5, Table 1). Only mean values at
rest and the surplus release of CO, during recovery
were comparable in Eurypelma and Pandinus
(Fig. 5).

CO, release at rest (22° C) was 675 ul CO,
(STPD)-h™! in a 15-g Eurypelma. This value is
ca. 3.8 times higher than the basal value, which
was measured by manometric respirometry and
found to be 180 ul CO, (STPD)-h™! in a 15-g
animal, interpolated for T=22° C (see Paul et al.
1989b). Special precautions had been taken to min-
imize optical and acoustical stimulations, and only
the lowest gas exchange rate from a 24-h period
was taken into account. Obviously, a certain alert-
ness in the arrangement shown in Fig. 1 could not
be avoided (see Paul et al. 1989b).

The stop of VCO (up to 1 min) in Eurypeima
at the beginning of ‘maximum activity correlates
with a stop of Vo2 (Paul et al. 1987, Paul et al.
1989b) and with a closure of the spiracles (Fincke
and Paul 1989). Additionally, a stop or reduction
of prosomal perfusion was measured during loco-
motion, because of high prosomal haemolymph
pressures due to hydraulic leg movement (Paul
et al. 1989a). Scorpions, in contrast to spiders,
most probably do not have a hydraulic locomotory
system (Manton 1958).

Maximum CO, release during recovery is much
higher in the scorpions than in the spiders investi-
gated (Fig. 5, Table 1). After 4 min of activity, the
highest mean Vcozmax values were reached: 75.3 ul
CO, (STPD)-min~' in Eurypelma and 165.8 pl
CO, (STPD)-min~! in Pandinus (at T=22°C;
mean body mass=15 g). Respiratory surfaces are
also much smaller in the tarantula (Fig. 10):
48.7 cm? in Eurypelma vs 80 cm? in Pandinus (in
15-g animals). The mean respiratory surface per
lung is ca. 12 cm? in the four-lunged Eurypelma
and ca. 10 cm? in the eight-lunged Pandinus (in
15-g animals). For Vo mas values, the ratio is ca.

Pandinus

Sy (em?)

20- r T

L L T T -1
5 6 7 8 910 12 15 20
body mass (g)

Fig. 10. Regression lines between respiratory surface S, (cm?)
and body mass (g) after transformation to common logarithmy
in Furypelma (squares) and Pandinus (circles)

1:2.2; for respiratory surfaces, itisca. 1:1.7 (Eury-
pelma to Pandinus). Maximum CO, flux per cm?
is 155 in Eurypelma and 2.1 ul CO, (STPD)-
min~'-cm” 2 in Pandinus (15-g animals).

From these data, two conclusions may be
drawn:

1. The increase in respiratory surface from
Eurypelma to Pandinus is mainly due to an increase
in book lung units and hardly due to an increase
in respiratory surface per lung (addition of func-
tional subunits; cf. Giinther 1975; Anderson and
Prestwich 1982). Book lungs, at least in these two
species, essentially are diffusion lungs, as ‘ventila-
tory” volumes are much lower than gas exchange
volumes in Eurypelma (Paul et al. 1987), and simi-
lar results have been found in Pandinus (unpub-
lished data). An increase of the respiratory surface
by increasing the anterior-to-posterior length of
the lamellae would probably impede diffusion in
the air space by too long diffusion distances. On
the other hand, an increase of the lateral-to-medial
width of the lamellae would not improve gas ex-
change much, because the haemocyanin in the hae-
molymph, which streams in parallel to this width,
already is almost completely saturated during re-
covery (Angersbach 1978). A further increase of
either length or width of lamellae would not in-
crease the effective respiratory surface. The only
real alternative would be an increase in the number
of sacculi, but this would probably require changes
in anatomy which would cause even more prob-
lems, e.g., a conflict with the position of other or-
gans. The construction and the dimensions of book
lungs are the result of an optimizing process for
metabolic and various physical requirements (sec
below).
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2. Since the ratio for VCO max values is higher
than the ratio for respiratory surfaces for Eury-
pelma to Pandinus or, in other words, because the
maximum CO, flux per cm? of respiratory surface
is higher in Pandinus, the PCO gradient across the
lung wall should be higher in the scorpion. The
chitinous lung walls are more or less equally thin,
in Eurypelma about 0.2 pm (electron microscopi-
cally determined by Peter Seifert, unpublished
data), in Pandinus about 0.3 pm (R6dl 1987). The
assumption of a higher gradient is supported by

measurements of the CO, transport properties of

the haemolymph (Paul, unpublished data). Hae-
molymph samples were taken from the pericar-
dium, during rest or 10 min after a 3-min phase
of maximum activity. The pH of the undiluted hae-
molymph was measured after equilibration with
a certain Pco,. The CO, dissociation curves (Ceo,
vs Pco,) were calculated from these data by apply-
ing the Henderson-Hasselbalch equation (solubili-
ty coefficients and pK values were calculated after
Heisler 1986). In the haemolymph of resting ani-
mals, Cco, was much lower in Eurypelma than in
Pandznus at corresponding Pco, values. For a Pgo
of 15 torr for example, Cco, was 13.6 umol-ml~
in Eurypelma and 23 urnol -ml~? in Pandinus at
25° C. Post-active samples revealed a strong meta-
bolic acidosis. The Ceo, lowered considerably in
both FEurypelma and Pandinus (almost parallel
downward shifts of the CO, dissociation curves).
These drops, which were due to an accumulation
of anaerobic metabolites, were ca. 7 pmol-m] ™!
in Eurypelma and ca. 13.4 umol-ml~! in Pandinus.
The reduction in Ccq, is not very dependent on
specific arterial or venous Pco, values, because in
the physiological range the slopes of the CO, disso-
ciation curves are low. Assuming a blood volume
of about 20% of body mass (3 m! in 15-g animals;
see Stewart and Martin 1970), the total loss of
CO, from the haemolymph can be calculated to
be ca. 470 ul CO, (STPD) in Eurypelma and ca.
900 ul CO, (STPD) in Pandinus. A comparison
with the data on total additional CO, release
(Fig. 5, bottom) reveals that a considerable share
of CO, release during recovery must be due to
the buffering of a metabolic acidosis: 34% in Eury-
pelma [additional CO, release: 1378 ul CO,
(STPD)] and 62% in Pandinus [additional CO, re-
lease: 1460 ul CO, (STPD)]. Total CO, release
values are interpolated on the basis of 3 min of
locomotion. The high share of CO, release in Pan-
dinus due to buffering seems to be correlated with
a low concentration of non-bicarbonate buffers in
its haemolymph (Paul, unpublished data). The ac-
cumulation of anaerobic metabolites (D-lactate) in

the haemolymph 10 min after a 3-min phase of
locomotion is roughly the same (regarding the
order of magnitude): maximally 13 pmol-ml~* in
Eurypelma and 15 pmol-ml~! in Pandinus (Paul
and Storz 1987). Note the similarity of D-lactate
accumulation and Ceo, drop in Pandinus. At rest
the D-lactate concentration is below 1 pumol-ml~*
in both species.

As buffering of metabolic acidosis by CO, re-
lease during recovery is more distinct in Pandinus,
it might be the main reason for the different release
pattern of CO, compared with Eurypelma. Since
in both species accumuiation of D-lactate in the
haemolymph is maximum 10 min after the end of
3 min of locomotion, and since the metabolic aci-
dosis occurring is buffered by CO, release — more
strongly in the scorpion than in the tarantula -
CO, release is much higher in Pandinus, especially
during the first 10 min of recovery, causing a high-
er Vo, max value and a shorter half recovery time
(cf. Fig. 4). The high CO, release in the first phase
of recovery in Pandinus is strongly facilitated by
the larger respiratory surface.

The loss of CO, from the haemolymph due
to buffering has to be balanced. Oxygen consump-
tion, which is strictly coupled with CO, produc-
tion, shows a faster time course than CO, release
(Paul et al. 1989b). The refilling of CO, (bicarbon-
ate) stores therefore probably occurs only with a
small delay to the CO, release from buffering. The
second drop in haemolymph pH during recovery,
as reported by Angersbach (1978), may reflect this
metabolic production of CO,.

The acidosis occurring suggests that the mus-
cles of the locomotory system strongly depend on
anaerobic metabolism in both species, which prob-
ably is caused by a lack of capillaries in muscle
tissues (Bihlmayer et al. 1989): oxygen supply has
to occur via diffusion from the haemolymph in
the haemocoele with long diffusion distances (see
Angersbach 1975). In some spiders (Cupiennius,
Pholcus) it is known that mitochondria are very
rare in most of the leg muscles (Linzen and Gal-
lowitz 1975; Foelix 1979: Fig. 23). In Eurypelma
there is also some evidence for a low mitochondria
content in the prosoma and leg muscles (Paul, un-
published data).

For the two smaller species, Cupiennius and
Leiurus, the results are similar (Table 1). During
activity, VCO came to a halt in Cupiennius,; during
recovery, the scorpion had a much higher CO, re-
lease, and the recovery period was much shorter.
The situation most probably is similar to that in
Eurypelma and Pandinus, yet not so many data
were collected. Mass-specific CO, release is higher
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in the smaller species. In Cupiennius, the mass-spe-
cific Vcoz is exceptionally high. Since this species
has only two book lungs and a smaller respiratory
surface, there must be some peculiar features, e.g.
high Pcq_ differences across the lung wall. The to-
tal additional CO, release increased more pro-
nouncedly with stimulation time in the spiders, and
especially strongly in Cupiennius, which may be
caused by a higher participation of anaerobic pro-
cesses during locomotion.

H,O0 release

In contrast to CO, release H,O release in Eury-
pelma (Fig. 7) and Pandinus is quite similar: 16
vs 19pug H,O-min"'-g™! in resting animals
(which corresponds to 0.096% or 0.114% body
mass-h™!) and 47 vs 35 ug H,O-min~!-h ™! maxi-
mally (22° C). Judging these results, an environ-
mental adaptation regarding the variable water re-
lease is not deducible (Eurypelma living in the arid
zones of North America, Pandinus living in hot
humid areas in West Africa).

The data in Eurypelma are supported (regard-
ing the order of magnitude) by measurements with
a radiolabelling technique (Low 1983): ca. 8 ug
H,O-min"*-g~! in resting animals, with an in-
crease of 48.6% after activity. A similar water loss
has been demonstrated for Aphonopelma sp:
0.073% body mass-h™! at 30° C (Seymour and
Vinegar 1973) and Eurypelma sp. (Cloudsley-
Thompson 1967): 0.147% body mass-h™!. Her-
reid (1969) reported in Eurypelma californicum a
water loss about five times higher than ours but
under different environmental conditions (higher
relative humidity): 0.45% body mass-h™! at
25° C. For scorpions (all living in dry habitats)
several data are given by Hadley (1970), which are
within the range of our results: 0.028% body mass-
h~! in Hadrurus arizonensis, 0.044% body mass-
h™*! in Diplocentrus sp. and 0.091% body mass-
h™ ! in Centruroides sculpturatus (all data at 30° C).
Pulz (1986) measured water loss in tarantulas with
a humidity sensor. He differentiated between tran-
spiration (primary gaseous water loss) and secre-
tion (primary liquid water loss). Transpiration in
Phormictopus sp. (body mass between 3.7 and
17.4¢) was 12pug H,O-min~'-g~! and 8.3 g
H,O-min"*-g~! in Brachypelma smithi (body
mass between 5.2 and 27.4 g) (all data at 30° C).
He also reported that activity leads to an increase
of non-mass-specific water loss (‘transpiration
peaks’) up to 500 ug-min~? in individual tarantu-
las. By sealing the spiracles he concluded that apart

from a minor respiratory water loss the transpira-
tion peaks ‘are likely to be elicited by activity-
induced turbulence within the humid boundary
layer near the cuticular surface’.

So far only data about water loss of whole ani-
mals have been discussed. In a set of experiments,
water loss from the book lungs was measured by
using a respiratory mask and a humidity sensor
(see Paul et al. 1989 b). Water loss was much lower:
ca. 3ug H,O'min~!-g~! in resting animals and
ca. 7 pg H,0-min~ ' g~ ! maximally. Respiratory
water loss obviously is only ca. 20% of total water
loss in resting animals and 15% during recovery.
Low (1983) estimated respiratory water loss to be
12% of the total loss in Eurypelma.

The spiracles of the book lungs are nearly
closed at rest. This was considered a mechanism
to prevent water loss (cf. Angersbach 1978). Con-
sidering the relatively small proportion of respira-
tory water loss one has to look for additional ad-
vantages. One major point might be the control
of the acid-base state of the haemolymph. In Eury-
pelma and Pandinus, the pH of body fluids depends
very much on CO,; at a low Pgo, (a few torr),
the haemolymph becomes rather alkaline (pH >8;
Paul, unpublished data). Increasing the Pco, in
front of the spiracles causes their opening after
a certain latency (Hazelhoff 1926 ; Fincke and Paul
1989). The latter may be explained as part of the
acid-base control system. An increase of Pgo, in
the body fluids due to buffering in a closed system
(prosoma) or to an increase of metabolic CO, pro-
duction should cause a widening of the spiracle
entrance area, with a subsequent increase of CO,
release (see Fincke and Paul 1989). Therefore, the
spiracle entrance area is probably regulated to sta-
bilize the haemolymph pH by controlled CO, re-
lease.

Heart frequency and CO, release

The parallel measurement of heart frequency and
Vco, in Eurypelma revealed that fluctuations in
CO, release mostly are preceded, reflected and
probably caused by changes in heart frequency
(Fig. 8). Fluctuations in heart frequency probably
cause changes in lung perfusion. Reduced lung per-
fusion might cause a faster equilibration of partial
pressures between the haemolymph and lamellar
air space during lung passage of the haemolymph,
thus reducing the effective partial pressure gradient
across the lung wall with the consequence of a
reduced gas exchange.

Similar fluctuations have been reported for VO;
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in Brachypelma smithi (Anderson and Prestwich
1985) with a frequency of 0.2-2-min~!. We found
fluctuations also in Voz and even in respiratory
water loss (Paul et al. 1989b). Investigating book
lung ‘ventilation’ with a microbarometric method
(Paul et al. 1987), we found not only heart-syn-
chronous pulsations of the atrial wall but also non-
heart-synchronous movements, which occured at
frequencies of ca. 5-10-min~' and slower and are
probably related to the measured fluctuations in
gas exchange.

The general time courses of heart frequency
and CO, release are not parallel (Fig. 9). Heart
frequency declines faster after having reached its
maximum. To keep up expiration on a high level,
the CO, release per heart beat (CO, pulse) has
to increase towards the maximum Veo . The CO,
pulse increases from 0.5 ul CO, (STPD) per beat
immediately after activity to 0.71 ul CO, (STPD)
per beat about 6-9 min after the end of locomo-
tion. The accumulation of D-lactate in the haemo-
lymph shows a similar time course, with a maxi-
mum 10 min after the end of activity (Paul and
Storz 1987). Buffering and metabolic production
of CO, cause an increase of CO, release per heart
beat.

Respiratory surface

The respiratory surface in Pandinus is independent
of body mass and 1.7 times larger than in Eury-
pelma (Fig. 10). The slope b in the allometric equa-
tion S,=a*M?, is identical in both species: 0.64.
Anderson and Prestwich (1982) reported a slope
of 0.83 in a regression of different spider species
with individuals between 40 and 3000 mg and
somewhat higher slopes in intra-specific regres-
sions, A comparison with data in similar-sized
mammals reveals some distinct differences in lung
anatomy. A 15-g Eurypelma has a respiratory sur-
face of 50 cm? and a total lung volume of 0.03 cm?
(Paul et al. 1987). Small mammals like shrews and
mice (15 g) have a much larger respiratory surface
of ca. 600 cm? (Tenney and Remmers 1963) and
a lung volume of 0.9 cm?® (Schmidt-Nielsen 1979,
p 191). Surface per volume is ca. 1670-cm ™! in
Eurypelma and only 670-cm ™! in a similar-sized
mammal. Thus, an increase of respiratory surface
by folding is much more pronounced in the book
lungs of Eurypelma. In Euwrypelma the CO, flux
per c¢cm? of respiratory surface is 1.55pl CO,
(STPD) min~'-¢cm~2 maximally; in a similar-
sized mammal this value is ca. 5.7 ul CO, (STPD)-

min~'-cm~ 2, which partly is due to the very dif-

ferent materials the lungs are built from (chitin
vs epithelium). There is a distinct difference be-
tween tarantulas and mammals in the size of their
body surfaces compared with their lung surfaces.
In Eurypelma, both values are quite similar: the
body surface is 78 cm? (Stewart and Martin 1970),
the lung surface 50 cm?; in the mammal, the lung
surface is ten times the body surface: 600 cm? vs
60 cm? (Benedict 1934). The increase of the inner
(respiratory) surface demonstrates the growing im-
portance of aerobic metabolism in higher organ-
isms.
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