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Summary

In jumping spiders, both the book lungs and the tracheal

all secondary tracheae was 5.9ilmin-1g-lkPal for

system are well-developed. The tracheal system consists group A animals and 6.63u min—tg1kPa for group B

of four thick primary tracheae that branch into small
secondary tracheae, some of them ending in the
opisthosoma and others entering the prosoma. We used
stereological morphometric methods to investigate the
morphological diffusing capacity of the lungs and of the
walls of the secondary tracheae (‘lateral diffusing capacity’)
of two groups ofSalticus scenicusvith mean body masses of
2.69mg (group A) and 5.28 mg (group B). The thickness of

animals.

Our results are consistent with the hypothesis that the
tracheal system plays an important role in gas exchange
in jumping spiders. Resting and low-activity oxygen
consumption rates can be met by the lungs or the tracheae
alone, while high oxygen demands can be met only if both
respiratory systems are working together. Tracheae
entering the prosoma have only 4-10% of the total

the gas-exchange epithelium of the lungs was 0.16%
(group A) and 0.186um (group B) for the total diffusion
barrier. The secondary tracheae were divided arbitrarily
into seven classes according to their inner diameter
(1-7um). The diffusion barriers of the tracheal walls tend
to be thinnest (0.17 and 0.18m) for the smallest tracheae,
the walls of the other tracheal classes having approximately
the same thickness of diffusion barrier (0.24-0.32m).

The calculated oxygen-diffusing capacity Do,) for
the lungs was 16.4min-1g-lkPa? for group A and
12plmin—1g-1kPal for group B; the Do, of the walls of

tracheal diffusing capacity, thus providing sufficient
oxygen for the nervous system but not being able to
prevent muscle fatigue. The similar thickness of the walls
of all tracheal classes is consistent with the hypothesis that
the secondary tube tracheae function as ‘tracheal lungs’,
supplying the haemolymph and organs by lateral
diffusion.

Key words: Salticidae, jumping spideBalticus scenicugracheal
system, anatomical diffusing factor, lateral diffusing capacity,
oxygen uptake, respiratory organ.

Introduction

Like most araneomorph spiders, jumping spiders possessrathe haemolymph; only the gut and the nervous system are
double respiratory system consisting of book lungs and tubgenetrated in both the pro- and opisthosoma (Schmitz and
tracheae. The book lungs are the most important for ga2erry, 2000).
exchange in many species and cope alone with the oxygenOne way of describing the gas-exchange potential of a
demands. The tracheae are often only poorly developed and aespiratory organ is to evaluate its morphological diffusing
presumed to be of little importance in overall gas exchangeapacity. Quantitative morphological data on spider lungs have
(Anderson, 1970; Anderson and Prestwich, 1982; Strazny armben obtained by counting the number of lung lamellae or
Perry, 1984). In contrast, several species, e.g. the diurnaterlamellar spaces and multiplying by the area of an average
jumping spiders, have both book lungs and tracheae that demella (Anderson and Prestwich, 1980). Morphological
well developed (Schmitz and Perry, 2000), but nothing igliffusing capacities cannot, however, be calculated using this
known about the gas-exchange potential of the tracheae imethod. Only inTegenariaspp. has the morphological diffusing
comparison with that of the lungs. capacity of the lungs been evaluated using stereological methods

In Salticus scenicysthe tracheal system consists of four(Strazny and Perry, 1984). In addition, there is a lack of
thick tube tracheae that originate from the atrium of theuantitative data on the surface areas, diffusion barriers and
spiracle and that branch into secondary tracheae. These rdiffusing capacities of tracheal systems in spiders. Thus,
parallel, without further branching, tapering slightly as they goevaluation of the functional morphology of tracheae, which
Some of the secondary tracheae end in the opisthosoma whitgtially involves identifying where gas exchange occurs, has
others extend as bundles into the prosoma. Most tracheae drebn restricted to descriptive and speculative accounts. It is
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known, however, that, in contrast to the insect tracheal systedetermined using the Cavalieri principle (Michel and Cruz-
(Schmitz and Perry, 1999), the thickness of the tracheal walls forive, 1988), which estimates volume as the total cross-
jumping spiders seems to be similar in all secondary tracheaectional area of sectioned material multiplied by the distance
(Schmitz and Perry, 2000), and the surface of all secondabetween the sections. For each animal, we took 10 equidistant
tracheae could, therefore, play a role in gas exchange. semithin sections of the prosoma and of the ospisthosoma, for
The circumstances leading to the evolution of tracheathe tracheae, and another 10 semithin sections of each lung.
within the Araneae are also poorly understood (Levi, 1967The location of the first (starting) section was chosen at
1976; Weygoldt and Paulus, 1979; Forster, 1980; Andersorandom within an interval of, T1 or T2 (Fig. 1). As we used
and Prestwich, 1975). It has been suggested (i) that trachethe same samples for evaluating both surface area and barrier
could provide better resistance to desiccation than lungs, (ithickness, we combined the Cavalieri principle with the
that tracheae may be necessary when energy needs aegtical section method (Baddeley et al., 1986). The frontal
increased (transition from ‘sit-and-wait predator’ to activeplane of an animal was defined as the horizontal plane, while
predator) and (iii) that tracheae might provide importantvertical planes were all planes perpendicular to the horizontal
support for aerobic metabolism in the prosoma during periodslane (Fig. 1). In each group, animals were rotated
of extended activity when prosomal pressures are high arsktquentially about the axis of the vertical planes, according
haemolymph cannot be pumped from the opisthosoma agairtst the systematic random sampling method (Gundersen and
the pressure gradient. Jensen, 1987). We started at a randomly chosen angle within
In the present paper, we have evaluated the diffusing—18° from the original orientation (the transverse axis is 0 °)
capacity of the lungs and of the secondary trachea®. of for the first animal and added 18° for each further animal
scenicusising stereological morphometric methods and havéFig. 1).
compared these data with those from oxygen consumption For the volume determinations from semithin sections, we
measurements. These data enable us to test two hypothesesed a light microscope with a drawing tube and a light box,
(i) that the walls of all the secondary tracheae can serve asoa which we placed our test array (Perry et al., 1994).
gas-exchange surface, thus functioning as ‘tracheal lungsTracheal volumes (wall and lumen) were evaluated by point-
and (ii) that the tracheae constitute an important percentageunting at a final magnification of 62Gor the primary
of the total diffusing capacity of respiratory organs intracheae and of 15%0for the secondary tracheae. The
jumping spiders and are essential for meeting high oxygesecondary tracheae were divided into seven classes
demands. according to their inner diameters: class pni and less;
class Il, between 1 andu2n; class Ill, between 2 andusn;
) class IV, between 3 andn; class V, between 4 andif;
Materials and methods class VI, between 5 andun; class VII, between 6 andufn
Experimental animals and tissue processing (Fig. 2). The total areas of the lung sections (tissue and
For stereological analysis, we examined two groups ofumen) were evaluated by point-counting at a final
jumping spiders Salticus scenic)s each consisting of six magnification of 628.
female specimens, all caught in the vicinity of Bonn. Group A The volumes of the wall and lumen of the secondary
animals had a mean body mabtg) of 2.69+0.18 mg (mean tracheae and of the lungs were determined from ultrathin
* sD., range 2.55-2.8md\=6) and group B animals had a sections by point-counting at a final magnification of 3260
meanMg of 5.28+0.1 mg (range 5.1-5.5 mygs6). with the test grid placed directly onto transmission electron
The animals were weighed and cold-anaesthetised, and thecrographs.
legs, chelicerae and pedipalps were removed. The specimens
were immediately transected between the prosoma and Surface areas and barrier thickness: vertical sections
opisthososma and immersed in glutaraldehyde (3% The surface areas of the lungs were determined from
glutaraldehyde in 0.05moli cacodylate buffer, pH7.1; semithin sections using 40 symmetrically distributed test
osmolarity 380—-400 mosmafl 4 °C). The samples were fixed fields per animal. The surface areas of the inner and outer
overnight, washed in buffer and postfixed with 1.5% 0isO surfaces and of the surfaces of the border between the cuticle
the same buffer for 2h at 0°C. The samples were theand hypodermis were determined from their respective
dehydrated through an ethanol series and embedded in Epsmrface-area-to-volume ratioS/) multiplied by the volume
812. Semithin (0.pm) sections were prepared and stainedf the lungs (tissue and lumen). T8e of each component
with 0.05 % Toluidine Blue in 0.05% borax. Ultrathin sectionswas determined by point- and intersection-counting sections
were prepared and contrasted with uranyl acetate and leatl a final magnification of 15%0(Fig. 3A). The Sy was
citrate before electron microscopic evaluation with a Zeiss EMalculated a$y=2l/L, wherel is the number of intersections

1009. of the test lines with the surface ahds the total length of
test lines covering the lung (tissue and lumen). Respiratory
Volume determination: Cavalieri principle on vertical surface areasSk) were evaluated during measurements of
sections barrier thickness (Fig. 3B) and are defined as those surfaces

The volumes of the tracheal system and of the lungs werxposed to respiratory medium that are not connected by a
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measuring line to another such surface. Points connectedThe areas of the inner and outer surfaces and of the surfaces
with measurement lines that left the field of measuremertdf the border between the cuticle and hypodermis of all
were not counted. The percentage of a surface area thatsecondary tracheal classes were determined from their
respiratory (%) was calculated as 108(Ir+INR), Where  respective surface-area-to-volume rati®g) (multiplied by the
Ir is the number of points falling on respiratory surfaces angdolume of the respective tracheal class. $hef each tracheal
INR is the number of points falling on non-respiratoryclass was determined by point- and intersection-counting of
surfaces. single tracheae at a final magnification of 328flasses | and
Both the surface areas of the tracheae and barrier thickndgsor 1340x (classes IlI-VII).Sy and Sk were calculated as
were evaluated using transmission electron micrographdescribed for the lungs (Fig. 2F).
taken from ultrathin sections at the same positions as the The barrier thickness of cuticular and hypodermal
semithin sections. The photographs were evaluated usinglayers was measured in randomly chosen directions
stereomicroscope with a drawing tube and a light box, ofrom transmission electron micrographs using the
which we placed our test array (Perry et al., 1994). The dagtereomicroscope and with a half-logarithmic ruler (Perry,
were pooled and evaluated for both groups of animals (HowartB81). The starting point of a measurement was selected in

and Reed, 1998). an unbiased way by the test array as the intersection of the
test line with the surface (Figs 2F, 3B). The
A _ final magnification was 27 480for class |
Prosoma Opisthosoma tracheae, 13 600for class Il and Il tracheae,

10 180 for tracheae of classes IV-VIl and 13
900x for the lungs.
The harmonic mean lengths of the measured
distances were calculated as:
N g
I=NI§I/IiD, Q)
_ O
i=1
whereN is the number of measuring points and
| is the harmonic mean length, calculated from
the individual measured lengths. The
harmonic mean length was then converted to
the harmonic mean barrier thickness tagl
(Weibel and Knight, 1964). According to
Fick’s first law, thin regions are more relevant
for gas exchange than thick regions, so the
harmonic mean, which weights in favour of
small values, is more relevant than is the
arithmetic mean. In the mathematical

Fig. 1. (A) Schematic drawing @&alticus scenicus
demonstrating the sampling methods for the
combined Cavalieri principle and the vertical
section method. The horizontal plane (HP) is the
frontal plane of the animal. The pro- and
opisthosoma were each cut into 10 pieces of equal
length (sizes of sections indicated By and Ty).

The plane of section was in the vertical axis. One
example (20° from the transverse axis at 0°,
marked by a heavy black line) is given. See text for
further details. (B) Schematic drawing of a lung of
Salticus scenicusdemonstrating the sampling
methods for the combined Cavalieri principle and
the vertical section method. The horizontal plane is
the frontal plane of the lung. The lung was cut into
10 pieces of equal lengtif)( The plane of section
(PS) was in the vertical axis. One example (20°
from the transverse axis at 0°, marked by a heavy
black line) is given. VP, vertical plane.




4324 A. Schmitz and S. F. Perry

Fig. 2. Electron micrographs of tracheae of the different classes. (A) Class | trachea with a prominent hypodermis (hyekiae 2xample
of a measurement line that connects two points at the outer surface, line 1 of a line that connects the inner with tfecewbthaitrachea.
(B) Class Il trachea. c, cuticular lining; lu, lumen of the trachea. (C) Class Il tracheae with a homogeneous hypoder@adar(d) Class
IV trachea. Note the prominent taenidia (arrowheads). (E) A bundle of class V tracheae, some showing a prominent hypoG&assis/I(F
trachea overlaid with the test array used for the surface-to-volume ratio measurements and to select the starting poeaswktnent lines
for the barrier thickness. Line 1 gives an example of a measurement line that connects two points at the inner surfa2e@badifiaghat

connects two points at the outer surface. Scale bars in A and B reprgsgrthise in C—F representih.
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Fig. 3. (A) Determination of surface-to-volume rati&)(with the test grid placed over a section of the lung. hl, haemolymph-filled lung
space; lu, air-filled lung space. Scale bapnb (B) Measurements of barrier thickness were made from electron micrographs; some
measurement lines are given as an example. The starting points of measurements were chosen from the intersectiomes tivihidbieli
surface of the cuticular or hypodermal layers. Lines 1 and 2 are measurement lines that connect the inner surfacer(gisiiitled)lwith the

outer surface (haemolymph-filled lung space), line 3 is a measurement line that connects two points at the outer surfack iamal lin
measurement line that connects two points at the inner surface. Scalgrbar, 2

derivation for the determination from randomly oriented Statistical analyses

sections, the harmonic mean of measured lengths must beTo evaluate the estimator variance, we calculated the
multiplied by the factor 2/3 to compensate for an overestimatétandard deviatiors.) and coefficient of error (C.E.) of our
due to the random orientation of the measured intercepisarrier thickness measurements. Becauisecalculated from

(Weibel and Knight, 1964). the harmonic mean of the intercept lengths and.thefor the
. - - _ harmonic mean is not defined, we calculatedstbeand C.E.
Anatomical diffusion factor and diffusing capacity of the arithmetic mean of the intercept lengths. S¥swas

The anatomical diffusion factors (ADFs) (Perry, 1978) weresvaluated on fields covering a single trachea, we calculated the
calculated as the surface areas with respect to body mass ésimator variance dd, as thes.n. and C.E. of the values for
S/Mg) divided by the harmonic mean barrier thickne}®{the  each field.
respective layers. For the inner surface (leading from the air to For the Cavalieri principle, the precision of the estimate
the haemolymph), we used the inner respiratory surface area footal variance of the counted points orRjadepends on the
the ADF of the cuticle and the surface area of the border betweanise (inaccuracy of the test array) and the variance of the sum
the cuticle and hypodermis for the ADF of the hypodermis. Foof the areas (vaared: varP=noise+vafarea (Gundersen and
the outer surface (leading from the haemolymph to the air), w&ensen, 1987; Howard and Reed, 1998). The noise indicates
used the outer respiratory surface area for the ADF of thkow much the estimate could change if the test array were
hypodermis and the surface area of the border between thiaced differently. It is calculated as: 0.0724@)vnzP,
cuticle and hypodermis for the ADF of the cuticle. where b/Va) is the ‘average profile shape’, 30 for the tracheae

The morphological oxygen-diffusing capacities (from air toand 4 for the lungsj is the number of sections a@® is the
haemolymph) were calculated for each of the two layers as tisim of all counted points. The variance of the area is a function
product of the ADFs and Krogh'’s diffusion coefficie#t)( of the number of sections, and the calculation is based on a
corrected to 20°C (Bartels, 1971; Krogh, 1919). For theovariogram analysis of data from cross-sectional areas
hypodermis, we used the corrected published value for rat lur{loward and Reed, 1998).
tissue K=2.05x10~cm?min~1kPal) and for cuticle that for The coefficient of error is calculated from Paand the sum
chitin (1.28<10-8cm?min-1kPal). The total oxygen-diffusing of all counted points according to:
capacity of the tracheal walls and lung epitheliubo,] is —
calculated as the reciprocal of the sum of the reciprocal value \/ varP
of the diffusing capacities of cuticl®¢) and hypodermisy), CE. eP)=—g

respectively (Weibel, 1970/71): (Cruz-Orive, 1993; Howard and Reed, 1998).
1/Do,=1/Dc+ 1/Dp. (2) To test the differences between the two groups of animals

®)
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Table 1.Volumes of the tracheae and lungs for one animal from each test group

Prosoma Opisthosoma Entire body
Mean body mas$y=6  Lung volume C.E. Tracheal volume volume volume C.E.

(mg) (cn®) (%) class (crd) (cmd) (cmd) (%)
Group A

2.69 9.&10° 0.3 I 25108 8.86x10°8 11.3%108 1.9

Il 15.10<10°8 53.10<10°8 68.20<10°8 0.6

1] 2.51x10°8 55.50<10°8 58.01x1078 0.8

v 34.70x10°8 34.70<10°8 11

\Y, 28.80x10°8 28.80x10°8 1.8

\ 5.30x10°8 5.3x10°8 4.7

Total* 20.1210°8 186.26¢10°8 206.3810°8

Group B

5.28 14.610°6 0.8 I 1.50x10°8 15.60<10°8 17.10<10°8 21

Il 12.97x10°8 91.70<10°8 104.6%108 0.8

1] 11.46x10°8 109.9510°8 121.4%10°8 0.9

v 11.99x10°8 94.98<10°8 106.9%108 11

\Y, 1.73x10°8 118.8%108 120.60x10°8 14

\ 70.56x1078 70.56<10°8 2.7

Vil 23.33x10°8 23.3%10°8 3.8

Total 39.6%10°8 524.9%10°8 564.641078

Secondary tracheae are divided into seven classes according to internal diameter, see Materials and methods.
C.E., coefficient of error.

*Total, the combined volumes of all secondary tracheae.

Values are means.

(volumes of respiratory orgartSy, diffusion barrier and ADF) Primary tracheae will, therefore, show a very low lateral
and between different classes of secondary tracheae (barrdiffusing capacity in comparison with secondary tracheae, so
thickness), we usetdtest statistics. only the volumes of primary tracheae were determined. In
small animals (group A), the mean volume of the primary
Rates of oxygen consumption rates (respirometry)  tracheae was 1610-8cm3 (0.10% of the total body volume
The rates of @ consumption of femal&alticus scenicus without legs); in large animals (group B) it was 208-8cm?3
were measured using a Gilson differential respirometer. Fq0.09 % of body volume).
these experiments, we used a different group of females The dimensions of the secondary tracheae differ in the two
(N=29) from those used for stereological measurements. Affroups of animals tested. In group A, the diameters of the
animals were fed witlDrosophila spp. 3 days before the secondary tracheae range from 1 fo8 in group B, tracheae
experiment. The rates of oxygen consumption were measuredth diameters of gm are also present. In the prosoma,
at 20 °C and 100 % relative humidity during the night and agaitracheae with diameters of 1y occur in group A animals,
during the following day at 25°C and with an artificial light while tracheae with diameters of 1% are found in group B
source, allowing a 2 h temperature equilibration time betweeanimals.
these measurements. The measurement period extended oveFhe volume of all secondary tracheae was<2068cn for
12h during darkness (one mean value) and 8h in the liglgroup A (0.18 % of body volume) and 58®-8cm? for group
(observation periods of 1h). Animals were placed in 15mB (0.23% of body volume). This results in a total tracheal
flasks, 10% KOH was placed in the centre well of the flaskgolume of 31%10-8cm? for group A (0.28 % of body volume)
to absorb C@and the rate of ©consumption was converted and 77%10-8cm? for group B (0.32% of body volume). The
to volume of Q utlised per unit time per gram tissue absolute volumes of the seven tracheal classes, given
(umin—1g-1) atstro separately for the pro- and opisthosoma, are shown in
Table 1 and are given as a percentage of the volume of all
secondary tracheae (entire body) in Fig. 4. In both groups,
the opisthosoma makes up the major part of the tracheal
Volumetry volume. The volume of all secondary trach&ke/was
The primary tracheae possess a thick hypodermis and als@@.6x10-8cm®mg? in group A and 10¥108cm3mg in
thick cuticular lining with prominent trichomes. Some testgroup B and differed significantly between the groups
measurements of the barrier thickness resulted in valugB<0.01). In group A, tracheae of class Il make up the greatest
approximately 10 times greater than for secondary tracheagercentage of the volume, followed by classes IIl and IV. In

Results
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Group A Group B

100, 100 I = II
901 80 III III

g 7 _
801 | - -

3 60- |

>

T
701 =

k40

S

D
o

I mirvyv vl I nmirv v vivi

Fig. 5. Volumes of the lumen (lu) and the cuticular (c) and
hypodermal (h) layers of the tracheal classes as a percentage of the
total volume of each secondary tracheal class in group A and group
B spiders.
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Surface-area-to-volume ratios, surface areas and anatomical
diffusing factors

Surface-area-to-volume ratidS,) are shown in Table 2 for

LI _ 8 i : the tracheae and lungS, values are greatest for the smallest

Prosom,ah Entire body Prosomah Entire body tracheae and decrease with increasing tracheal diameter, for
Opisthosoma Opisthosoma both the cuticle and hypodermis. T8e for the inner surface

Fig. 4. Volumes of the tracheal classes (I-VII) as a percentage of ti"d for the surface between the cuticle and hypodermis of the

volume of the prosoma, the opisthosoma and the entire body for ttiéngs is significantly different between group A and group B
two groups of animals. (P<0.01), but there are no significant differences in any

tracheal class between the two animal groups. Shef the

outer surface area is significantly different between group A
group B, tracheal classes II-V make up most of the volumend group B for all tracheal class&(.001), but not for the
The relative contributions of the volumes of the lumen and olungs.
the cuticular and hypodermal layers to the total volume of the Total surface areas, respiratory surface areas and respiratory
tracheal classes are shown in Fig. 5. The proportion occupietirface areablg are given in Table 3. The surface area
by cuticle is very similar in all tracheal classes, while the
proportion occupied by the lumen increases and that occupit 100
by the hypodermal layer decreases as the diameter of t
tracheal class increases.

The mean values for lung volume werexd.8-6+0.58x10-6 801

cm (N=6, mean #s.p., range 8.810°%to 10.%10-5cms) for

10|

group A animals and ¥40%+0.86x10-6cm3 (N=6, mean + S 60
sD., range 12.810° to 15.410%cm3) for group B = i
animals (Table 1). This gives a lung voluMe/ ratio E

of 3.64x10%cm®mg?® for group A animals and S 40

2.65¢<10-8cm3mg-1 for group B animals. These values differ
significantly between the two group$<0.0001). Fig. 6
shows a comparison between the volumes of air-filled lumet 201
haemolymph-filled lumen, cuticular layer and hypoderma
layer of the two groups. The proportion of the lung space filles
with haemolymph is more than 50 % of the total lung volume
in both groups, while the air-filled lumen makes up 24% o
the volume in group A animals and 22 % in group B animalsrig. 6. Volumes of the haemolymph-filled lung space (hl), the air-
The cuticular and hypodermal layers share the rest of the toffilled lung space (lu) and the cuticular (c) and hypodermal (h) layers
lung volume and make up similar proportions in both groupsas a percentage of the total lung volume.

Group A Group B
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Table 2.Statistical results for measured line lengths and surface-area-to-volume ratios

Tracheal Arithmetic mean C.E. Number of
classes group A/group B S.D. group A/group B measurements
and lungs |&m) group A/group B (%) group A/group B
Line length,li
Cuticle I 0.18/0.19 0.10/0.12 2.3/2.5 601/596
Il 0.27/0.27 0.14/0.17 2.5/2.7 436/552
1] 0.28/0.27 0.16/0.18 2.5/3.0 529/472
Y 0.25/0.29 0.16/0.20 2.3/2.5 745/729
Y, 0.31/0.34 0.20/0.21 2.4/2.6 726/591
\ 0.35/0.31 0.22/0.18 2.9/2.7 463/464
Vil 0.38 0.22 2.8 426
Lungs 0.17/0.19 0.15/0.16 2.9/2.6 936/993
Hypodermis | 0.25/0.27 0.31/0.34 4.9/4.9 601/596
Il 0.33/0.48 0.33/0.56 4.7/5.0 436/552
1 0.50/0.30 0.56/0.31 4.9/4.8 529/472
Y 0.35/0.34 0.48/0.45 4.9/4.8 745/729
\Y, 0.35/0.33 0.48/0.40 4.9/4.9 726/591
VI 0.43/0.28 0.46/0.24 4.9/4.0 463/464
Vil 0.34 0.31 4.4 426
Lungs 0.34/0.36 0.47/0.50 4.8/4.5 936/993
Tracheal Mean C.E. Number of
class and group A/group B S.D. group A/group B fields evaluated
Sy lungs (cnmh group A/group B (%) group A/group B
Inner surface I 16020/16476 8335/7209 5.0/3.6 110/92
Il 12681/14642 5069/5642 3.9/3.6 104/112
1] 10573/9403 3544/3965 3.4/4.1 100/104
v 8812/7688 3098/2546 3.6/3.3 95/103
Y, 7127/7483 1890/2385 2.9/3.4 86/86
\ 6225/6577 1399/1596 3.7/3.1 38/62
Vil 6081 1467 3.1 60
Lungs 3548/3929 1088/1653 2.1/2.9 221/217
Surface between cuticle and hypodermis
| 12137/11988 5041/4871 3.9/4.2 110/92
Il 8742/9468 2991/3942 3.4/3.9 104/112
1] 7360/6400 1993/1483 2.7/2.3 100/104
v 6398/5422 1497/887 2.4/1.6 95/103
\Y, 4861/4635 917/851 2.0/1.9 86/86
VI 4150/4635 771/703 3.0/2.3 38/62
VI 3515 684 25 60
Lungs 3087/3514 988/1056 2.2/2.0 221/217
Outer surface I 21408/20506 8055/8037 4.6/4.1 110/92
Il 14090/15273 4435/5500 3.1/3.4 104/112
1] 11781/10109 3763/2701 3.1/2.6 100/104
v 9039/7756 2648/1929 3.0/2.5 95/103
Y, 7119/6153 1534/1381 2.3/12.4 86/86
VI 6064/5375 983/894 2.6/3.1 38/62
Vil 4640 812 2.3 60
Lungs 3702/3964 1080/1654 2.0/2.3 221/217

Sy, surface-area-to-volume ratio; C.E., coefficient of error.

between cuticle and hypodermis is identical with thesurface area is greater than the outer one. This is because of
respiratory surface area, while the inner and outer respiratotkie heterogeneity of the hypodermis and the enlargement of the
surface areas are smaller than the total inner and outer surfazeface area due to the taenidia (Figs 2, 3).

areas. In all tracheae and also in the lungs, the inner respiratoryFor the ADF (Table 4) of all secondary tracheae, there is a
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Table 3.A comparison of the surface areas of tracheae and lungs for one animal from group A and one from group B

Inner

Inner respiratory Surface area Outer Outer Outer respiratory
Mean body  Tracheal Inner surface respiratory surface area/ between cuticle surface respiratory surface area/
massN=6 class area surface area body mass and hypodermis area surface area body mass
(mg) and lungs (cA (cm?) (cm2g (cm?) (cm?) (cm?) (cm?g™
Group A
2.69 I 1.8<10°3 1.53«1073 0.57 1.3%10°3 2.40x10°3 1.23x1073 0.46
I 8.77x1073 7.09x10°3 2.64 5.9%10°3 9.60x10°3 4.81x10°3 1.79
1] 6.13x1073 4571073 1.70 4.2%1073 6.80x10°3 3.96x10-3 1.47
v 3.05x10-3 2.45¢10-3 0.91 2.2x10°3 3.10x10°3 1.98<1073 0.73
\Y, 2.05x1073 1.52¢1073 0.56 1.410°3 2.05x10-3 1.29¢1073 0.48
\ 0.30x10-3 0.23x1073 0.08 0.2x103 0.30x10°3 0.21x10°3 0.07
Total 22.1:10°3 17.381073 6.46 15.441073 24.21x10°%  13.46¢10°3 5.01
Lungs 34.%10°3 29.5¢10-3 10.85 30.%1073 33.5¢10°3 30.8x10°3 11.30
Group B
5.28 I 2.8(x1073 2.35¢10°3 0.45 2.0%10°3 3.50x10°3 1.75¢1073 0.33
I 15.30x10°3 11.60<10°3 2.20 9.9%10°3 15.90¢10°3 8.22x1073 1.56
1] 11.40x10-3 8.24x10-3 1.56 7.7%10°3 12.30x10°3 7.29%10-3 1.38
v 8.20x10-3 6.1710-3 1.17 5.810°3 8.30x10°3 5.42x10-3 1.03
\Y, 9.00x1073 6.4710-3 1.22 5.5%103 7.40¢1073 4.70x10°3 0.89
\ 4.60x10-3 2.79%x1073 0.53 2.7410°3 3.80x10°3 2.68x1073 0.51
Wl 1.40x10°3 0.92x10°3 0.17 0.8%1073 1.10<1073 0.72x1073 0.14
Total 52.761073 38.55¢1073 7.30 34.6810°3 52.30x10%  30.7%10°3 5.83
Lungs 54.561073 47.70x10°3 8.87 49.x10°3 54.00<10%  50.70x10°3 9.43

Table 4. Anatomical diffusing factors per body mass for inner and outer respiratory surface areas

Anatomical diffusing factor

Mean body Inner surface Outer surface
massN=6 Tracheal class cuticle/hypodermis cuticle/hypodermis
(mg) and lungs (cmg) (cmg?
Group A
2.69 I 61.4x10%64.3%10° 55.40<103/57.1 7103
Il 192.46x103/189.541(3 161.60x10%/153.08¢103
1] 121.40x10%/108.5%10° 113.55%10%/100.80<1(3
v 71.72x108/73.29<1C° 65.10<10%/65.25¢10°
\Y, 38.79%x10%/45.54103 35.70<10%/41.88<1C°
VI 5.05x10%/5.56x10° 4.83x10%/5.18x10°
Total 490.8%10%/486.8%10° 436.18<10%/423.36¢10°
Lungs 136%10%/1324x103 1413x10%/1334x103
Group B
5.28 I 49.0%10%/44.70<1C° 42,70x10%/38.1 7103
Il 162.06x10%/129.4(x1(3 138.4(x10%/107.4x1(3
Il 124.73x10°%/140.2%10° 117.50¢10%/131.5810°
v 85.91x10%/90.56<103 80.80x10%/84.61x10°
\Y, 81.78x10%/93.90x103 74.50<103/74.73<1C°
\ 36.58x10%/41.80<1C° 35.84¢10%/40.910°
Vil 10.60%x10%/11.30<1C3 9.45¢10%/9.89x103
Total 550.7410%/551.95¢103 499.1%10%/487.3%10°
Lungs 99%10%/961x10° 1046x10%/973<10°

significant difference in the hypodermis and the cuticle betweelnypodermis). Respiratory surface areas and ADFs are greatest
groups A and BFH<0.01). In the lungs, the ADF for both the for class Il tracheae in both groups of animals followed by class
cuticle and the hypodermis also show significant differencell for group A and classes IlI-V for group B, while in both
between groups A and B<€0.001 for cuticle andP<0.01 for  groups classes VI and VII show the smallest ADFs.
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Table 5.Diffusing capacities for oxygen of the tracheae and A calculation of the whole oxygen-diffusing capacity of
lungs respiratory organs from th@o, of the lungs and that of the

secondary tracheae shows that the tracheae make up 26.5% of

the totalDo, in group A animals and 36 % in group B animals.

No value forKco, is available in the literature, so we can only

Diffusing capacity
(uImin-1g-lkPal)

Tracheal class Group A, Group B, estimate that the diffusing capacity for carbon dioxided,)
and lungs Mg 2.69 mg Mg 5.28 mg . . .
is approximately 30 times greater th2s,.
| 0.74 0.59
I 2.32 1.93 Rates of oxygen consumption
11l 1.45 1.51 - .
Y, 0.87 1.04 The rates of oxygen consumptiovb, of 29 animals
v 0.47 0.99 during light conditions NMlg=4.49+2.3 mg, mean $D., range
VI 0.06 0.44 1.8-9.1 mgN=29) were measured every hour. The mean values
VI 0.13 for each animal for the entire time of measurement was
Total 5.91 6.63 16.1+4.21lmin~1g1 (mean #s.p., range 9.4-25@min-1g;
Lungs 16.4 12.0 N=29) atsTpD. During darkness, a singi®, measurement was
taken at the end of the 12h period for 24 animals
*Mg, mean body mass. (Mg=4.3412.1mg, mean isD., range 1.8-9.1 mgN=24).

The Vo, was 4.9+1.@min-lgl (mean # sp., range
3.1-6.61 min"1g-1, N=24) atstrn
Barrier thickness Taking 3.6uUmin1gl, which is the rate of oxygen

Fig. 7 shows that the barrier thickness is smaller for theonsumption of a resting spider at 25°C, a €f 1.35 can be
class | tracheae for both cuticle and hypodermis, resulting icalculated by taking the value for the same animal at 20°C
a diffusion barrier of 0.1@m for group A and 0.18m  (3.1ulmin-1gY). Using this Qo value to correct the resting
for group B animals. Barrier thickness did not differ rates gives a mean restiNg, of 5.2ulmin—1g-t at 25°C.
significantly between groups A and B when considering Using similar calculations, a typical group A spider raised
the single tracheal classes. Looking at groups A and Bs metabolic rate during the day to approximately 3.3 times
separately, the diffusion barrier of class | tracheae ishat at night and a typical group B spider raised its metabolic
significantly thinner than that of all the other classegsate by 3.1-fold.
(P<0.0001) for both the cuticular and the hypodermal layers.
The diffusion barriers for the walls of class II-VII tracheae
within each group are very similar (0.24—0188 in group
A and 0.24-0.3Qm in group B). The slight differences Methods
observed are due mainly to differences in the thickness of The tracheal and lung tissue was well conserved by the
the hypodermal layer. The barrier thickness of the lungs ixation procedure so that no distortion influenced the
less than 0.fum for both cuticular and hypodermal layers in measuring processes. As a result of using vertical sections, the
the two groups of animals, and this gives a total diffusiorvariance among animals will differ systematically according to
barrier of 0.164um for group A and 0.186m for group B. the plane of sectioning. For this reason, it was necessary to pool
There is no significant difference in the barrier

Discussion

thickness of the lungs between group A and g 0.351 GroupA Group B
B animals. Statistical results for barrier thickr ™
measurements are given in Table 2. 0.301 — *: — [« |
e (=] wn - -
— = — 7 — I —lS
Diffusing capacities 02571 Sl == Sl S 5
In both groups of animals, more than half —_ .| °l 1351° S1° =
lateral diffusing capacity of the tracheae for oxy £ Il — =
(Do,) resides in class Il and class Il trach¢ = © Y ey o s
0.15 =] -3 ol— [I&mle|o
followed by classes IV, V and | (Table 5). The lar Slel=l=] E ola <=l 1] T B
tracheae (VI and VII) make up the smal o101t | lelslgl® = b= slhelle L
proportion of the totaDo,. a2 = 2 2
The volume-to-body-mass ratio of the tracheae 0.05+ |o© g (=] o
lungs and the ADF for the hypodermis and cutic
the tracheae and lungs showed significant differe 0
I 1m1v v Vi Lu 11 1v v Vi VIl Lu

between groups A and B. Thus, the diffus
capacities for oxygen are also significantly diffe  Fig. 7. Barrier thicknesst) of the cuticle (shaded area of the columns) and the
between the two groups for both secondary trac hypodermis (unshaded area of the columns) for tracheal classes I-VII and for the
and lungs. lungs (Lu).



Bimodal breathing in jumping spider$331

samples, so we could not determine the between-animékacheoles) in insects. In insects, barrier thickness is lowest in
variance. This is generally assumed to be approximately 15 #acheoles and increases with increasing tracheal diameter
of the mean (L. M. Cruz-Orive, personal communication). ThgSchmitz and Perry, 1999). In jumping spiders, the walls of all
coefficient of error (C.E.) of all measured values is less thasecondary tracheae have a similar barrier thickness, but it tends
5% (Tables 1, 2), so the observed variation in volumes, surfade be reduced in the smallest tracheae. In the stick insect
areas, barrier thickness and ADF is dominated by th€arausius morosydracheoles with diameters of up tquh
biological variation. have a total barrier thickness of O (cuticular layer
The calculated diffusing capacities are only estimates an@.03um, hypodermal layer 0.318n); in tracheae with
could be erroneous because we used Krogh's diffusiodiameters of 2—fim, this is increased to 0.p& (cuticular
constant K) for chitin measured for the %p4n thick layer 0.07um, hypodermal layer 0.31m) (Schmitz and Perry,
intersegmental membranes Gfryctes spp. larvae (Krogh, 1999). Thus, the total barrier thickness of the tracheal walls of
1919). AlthoughK is normalised to unit thickness, the chitin C. morosuss similar to that inS. scenicusbut the cuticular
used to determine this value was quite thick by respiratory layer, which has a very low Krogh's constant, is 2—3 times
standards. The constant may, therefore, be too low for the lunggnner.
and tracheae of jumping spiders, and the diffusing capacities In C. morosus approximately three-quarters of the lateral
could be even greater than reported here. diffusing capacity lies in the tracheoles. In more active insects,
Rates of oxygen consumption were measured during datkis proportion is presumed to be even greater. In jumping
periods at 20°C, i.e. under conditions that are considered gpiders, the tracheal system is not homogeneously distributed,
give resting rates in jumping spiders (Anderson and Prestwicls it is in insects, but is mainly situated in the opisthosoma.
1982; Anderson, 1996). In the light, the temperature wa¥he majority of the diffusing capacity lies in tracheae with
elevated to 25 °C, which corresponds to daytime temperatureéameters of 2—@m and not in the narrowest ones. In

under natural conditions. comparison, the diffusing capacity of the rest of the tracheal
_ o _ system is restricted mainly by the volumes and not by the
Comparison of ADFs and diffusion barriers diffusion barrier. As a result, the lateral diffusing capacity of

Differences in ADF between the tracheal classes are largetiie entire tracheal system of a 4.6 1@g morosusinstar is
dependent on the volumes and surface areas; the smapproximately 10 times greater than that d8.ascenicusf
differences in barrier thickness are of minor importance. As theimilar body mass.
cuticular layer of the tracheal wall is slightly thicker than that The primary tracheae . scenicuappear to be structurally
of the hypodermal layer in all tracheal classes and as Kroght®mparable with the air sacs of insects, which are presumed to
diffusion constant for chitin is lower than that for the have a very minor gas-exchange function. Thus, primary
hypodermal layer, the cuticular lining is the limiting factor for tracheae of jumping spiders could function in gas storage when
the diffusion barrier. the spiracle is closed, in a manner similar to the air sacs in

insects, but without being ventilated.
Comparison of diffusing capacities

The proportionally low volume of the secondary tracheae if=omparison of the lungs 8flticus scenicusith the lungs of
the prosoma (Table 1) means that the diffusing capacity of the Tegenariaspp.
tracheal system in this part of the body is also low compared Our data can best be compared with measurements made in
with that in the opisthosoma (less than 10 % of opisthosom&egenariaspp. (Agelenidae) (Strazny and Perry, 1984). The
values in both groups of animals). Sy of the lungs measured in two animals with body mass of 27

In the group B animals, tHRo, of all secondary tracheae is and 28 mg was between 2100 and 2500¢muhich is clearly
significantly greater than in the smaller animals of group Aless than ir6. scenicu§3550—3900 crm). The resulting value
while the Do, of the lungs is significantly smaller. for inner lung surface per unit body mass/§g) was
Interestingly, the distributions of the total diffusing capacity 0f9—12.7 cdg-1, which is in the same range asSn scenicus
the lungs and tracheae in large and sr@alticus scenicus  (8.9-10.9 crig™Y). The diffusion barrier was at least twice as
different: large animals have proportionally more diffusingthick in Tegenariaspp. as inS. scenicusThe resultingDo,
capacity in the tracheae (36 %) than do small ones (27 %). It igas 4.3-9.2 min—1g-1kPa?, which is clearly less than .
possible that this observed difference in diffusing capacitgcenicus(12—16.4umin—1g-1kPal). Thus, compared with
could be explained as an adaptation to meet the greater lothése Tegenaria spp, the lungs of S. scenicusare
oxygen demands of the maturing gonads in the opisthosoma miorphologically optimised for gas exchange by a reduction in
the more mature animals in group B. the thickness of the diffusion barrier rather than by an

enlargement of the surface area.
Comparison with insect tracheal systems

The tracheal system of insects differs from that of jumping Comparison of rates of ronsumption
spiders in having a much wider range of diameters. The Data on the rates ofZ@onsumption of jumping spiders with
secondary tracheae 8f scenicubave diameters that can best a similar body mass to that & scenicusre restricted to a
be compared with tracheae just before the final terminatiorsmall number of species. Measurements were all carried out
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Table 6.RequiredAPo, of the lungs and tracheae 8élticus
scenicugesulting from a comparison &fo, andVo, per body

runs parallel to the gut, passes the petiolus and enters the
prosoma, where the tracheae end in or near the central nervous

mass during rest, mean activity and estimated peak metabolgystem and, to a lesser degree, in the gut epithelium (Schmitz

activity in the two groups of animals

APo, (kPa)
Group A, Group B,
Respiratory organ Mg 2.69 mg Mg5.28 mg
Lungs Rest 0.30 0.40
Mean activity 0.98 1.34
Maximum 2.20 3.00
Secondary tracheae Rest 0.83 0.7
Mean activity 2.70 2.40
Maximum 6.10 5.40
Lungs and secondary  Rest 0.22 0.26
tracheae Mean activity 0.72 0.86
Maximum 1.06 1.93

Mg, mean body mas&o,, oxygen-diffusing capacityo,, rate @
oxygen uptakeQPo,, partial pressure of oxygen difference.

during the hours of darkness at 20 9@etaphidippus vitis
(Mg=5.7mg) has a/o, of 6.67plmin—1g-! (Greenstone and
Bennett, 1980)Sarinda hentzi(Mg=4.6mg) has a/o, of

7.23ulmin"1g! (Anderson, 1996) andygoballus rufipes
(Mg=3mg) has aVo, of 3.3uImin~1g~! (Anderson, 1996).

and Perry, 2000). Since the large animals were sexually mature
females whereas the smaller ones were not mature, we
conclude that the relatively large proportion of tracheae present
in the opisthosoma of large animals selectively serves the
metabolically active, maturing gonads. As a secondary
function, the tracheae in the prosoma are in direct contact with
the nervous system and the gut epithelium, and they are,
therefore, less effective in oxygenating the muscles, which they
do not penetrate. For these reasons, the hypothesis that tracheae
are necessary to provide oxygen to the leg muscles during
phases of intense activity (e.g. escape or struggling) when fluid
exchange between the opisthosoma and prosoma is interrupted
(Anderson and Prestwich, 1975) can be rejected. This
correlates with the observation that3nscenicuyswhich is an
ambush predator that actively patrols its territory, activity is
dominated by walking, short sprints or occasional escape
behaviour. Continuous intensive locomotion, which would
need long-lasting pressure isolation between the pro- and
opisthosoma, is not part of the normal behavioural pattern.

It is possible, however, that, even if the proportion of the
tracheae in the prosoma were quite small, their role in the
nervous system could be quite large. A small part of the total
diffusing capacity of the tracheal system can meet the entire
needs of the nervous system. Jumping spiders possess very
well-developed eyes that are used for orientation, so the

These values are in the same range as those measured herg@focessing of information coming from the eyes is very

S. scenicusThe mean values fofo, of S. scenicusluring the

important. In this context, is interesting to note that, although

day were approximately three times the resting rates. Thée stigma for the tracheae lies in the posterior opisthosoma,
maximum measured/o, was approximately nine times the the tracheae are bundled as they pass the lungs and enter the
mean resting rate, and there was a 12.9-fold increase fropetiolus, thus reducing their lateral diffusing capacity at this
resting to activity when looking at the extreme values duringpoint and enhancing their function in diffusional gas transport.
the day. However, since this comparison is made betweenlIn contrast to the jumping spiders, tracheae in the
oxygen consumption rates of different animals, it might be du&lloboridae enter the legs. Measurements of the cross-sectional
to individual variation, with some animals showing extremeareas of tracheae in the legs have shown that the tracheae are

rates for their size. One can estimate a reasonable\peak

best developed in those species that show active web-

30-40ulmin~1g1 by taking the lowest resting values and monitoring behaviour. These animals will, therefore, have a
multiply by 10. Although the maximal rate of oxygen greater oxygen demand in their legs, and the main function of
consumption of spiders in general lies between 2 and 10 timéise tracheae in this system seems to be the transport of oxygen
the resting rate (Prestwich, 1983; Anderson and Prestwiclp the prosoma and legs (Opell, 1987, 1990, 1998).

1985), the aerobic scope of jumping spiders is greater than for From our results, we propose the following model for the
species with less-developed tracheal systems. In addition, thenctional morphology of the tracheal system Salticus

rate of oxygen consumption increases during activity, not onlgcenicus the primary tracheae act as gas storage sites in a

during recovery from activity (Prestwich, 1983).

How do the tracheae &alticus scenicuinction?

similar way to the air sacs of insects and thus act as a buffer
during periods when the spiracle is closed. The similarity in
the thickness of the walls of all classes of secondary tracheae

Between 90 and 96% of the diffusing capacity of theis consistent with the hypothesis that they function as ‘tracheal

tracheal system in both size groupsSafticus scenicussides

lungs’ and that lateral diffusion to the haemolymph indirectly

in the opisthosoma. All classes of secondary tracheae that esdpplies some organs with oxygen. This is of special interest
in the haemolymph have close contact with the organs, e.@.one considers that haemocyanin is present as a respiratory
gonads and fat body, but only penetrate into the gut and thpggment in the haemolymph. Secondary tracheae could also be
nervous system (Schmitz and Perry, 2000). The remainder wéry efficient in CQ release if the whole surface serves for
the diffusing capacity of the tracheal system lies in theCO; exchange. Thus, CQtored in the tissues or haemolymph

prosoma. A bundle of secondary tracheae (diametergr}-5

could be removed very quicklyia the tracheal system.
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Secondary tracheae thus combine two functions: (ijespiratory system in jumping spiders. Tracheae have the
transport of oxygen to the prosoma supplying mainly thedvantage of high flexibility, being able to function as a
nervous system and the gut and (i) oxygenation of theombination of transport tubes and ‘tracheal lungs’. Further
haemolymph by acting as ‘tracheal lungs’. The transporstudies of the lateral diffusing capacity of tracheal systems in
function is particularly important in the tracheae that run asrachnids will give insight into the functional anatomical
bundles from the spiracle to the prosoma (Schmitz and Perrfexibility that this mode of gas exchange provides.

2000). The function as ‘tracheal lungs’ is especially relevant
for tracheae with diameters of 24® since these possess the We thank two anonymous referees that helped to improve a
greatest diffusing capacity. former version of the manuscript.

How does the double respiratory systenSalticus scenicus

2
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