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Introduction

Pholcus (Araneae, Araneomorphae, Pholcidae) is a cos-
mopolitan spider genus. The genus can be found in Asia, 
Africa, America, Australia and in Europe. In mid-Europe, 
P. phalangioides lives almost exclusively in buildings. This 
species has very long legs and a pale skin colour.

Araneomorph spiders are the only animal group in 
which lungs and tracheae collaborate (Foelix 1992), while 
Mygalomorphae breathe exclusively with lungs. In litera-
ture, some work exists that deals with this collaboration 
(Anderson 1970; Opell 1987; Prestwich 1983b; Schmitz 
2004, 2005, 2013; Schmitz and Perry 2001, 2002). While 
in most spiders tracheae are of low importance (Schmitz 
2005; Schmitz and Perry 2002), in some families, evalu-
ated in Salticidae, they make more than 25 % of the entire 
diffusing capacity of the respiratory organs (Schmitz and 
Perry 2001). In some families, tracheae became the domi-
nant respiratory organ. This is the case, e.g., in Dysderidae 
and Segestriidae. As it was shown in Salticidae (Schmitz 
2005), also in other spider families tracheae take over spe-
cial task for separate functions. In the Uloboridae, tracheae 
deliver O2 to the leg muscles and supply, therefore, web 
constructing (Opell 1987). In Salticidae, tracheae support 
the aerobic metabolism only at the most intense physical 
exercise. At low and medium activity, tracheae may play 
their main role in the local supply of O2 to organs that are 
not involved in running activity (Schmitz 2005). Moreo-
ver, previous studies are consistent with the hypothesis that 
tracheated spiders have greater aerobic capabilities during 
exercise (Anderson 1970; Levi 1976; Prestwich 1983b; 
Schmitz 2004). In Pholcidae, no tracheae are available 
(Paul et al. 1994; Strazny and Perry 1987). The second lung 
pair disappeared as in many other spider families, but was 
not replaced by tracheae.

Abstract  Morphometric evaluation of the lungs of male 
and female cellar spiders (Pholcus phalangioideus) was 
carried out in 2 test groups with different body masses 
(mean value 10.8, males, and 26.6  mg, females). Males 
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With the present paper, we tested the hypothesis that 
members of the Pholcidae have a lower aerobic metabo-
lism than wolf and jumping spiders and that the lungs have 
about the same diffusing capacity for oxygen. This would 
be another evidence that tracheae in spiders are additional 
respiratory structures that are normally used for special 
metabolic demands.

Materials and methods

Experimental animals for morphological investigations 
and tissue processing

Two groups with 6 animals of P. phalangioides were inves-
tigated (Table  1). All animals were caught in the vicinity 
of Bonn and maintained in plastic boxes until further pro-
cessing. Water was always available and spiders were fed 
Drosophila every other day. The animals were cold-anaes-
thetized, weighed, and the opisthosoma was cut off. The 
opisthosomae were immersed immediately in cold gluta-
raldehyde in cacodylate buffer (pH 7.1, 390 mOsmol l−1, 
4 °C). The samples were fixed overnight, washed in buffer 
and postfixed in 1.5 % OsO4 in the same buffer for 2 h at 
4 °C. The samples were then dehydrated through an etha-
nol series and embedded in Epon 812. Semithin Sections 
(0.5 µm) and ultrathin sections were made with a Diatome 
diamond knife. Semithin sections were stained with tolui-
din blue/borax solution while the ultrathin sections were 
contrasted with uranyl actetate and lead citrate. Sections 
were evaluated using a Zeiss EM 109.

Volume determination: Cavalieri principle on vertical 
sections

The volumes of the lungs were determined using the Cava-
lieri principle (Michel and Cruz-Orive 1988) combined 
with the vertical section method (Baddeley et  al. 1986). 
The Cavalieri principle estimates volumes as the total 
cross-sectional area multiplied by the distance between the 
sections. For each animal, we took 10 equidistant semithin 

sections of each lung (Fig. 1). For the volume determina-
tion, we used a light microscope (Leitz Dialux 20) with a 
drawing tube, and a light box on which we placed the test 
array (Perry et  al. 1994). The volumes of the lungs (tis-
sue and lumen) were evaluated by point-counting at final 
magnification of 750×. Volumes of tissue and lumen of the 
lungs were determined on electron micrographs at a final 
magnification of 3350×, with the test grid placed directly 
onto the micrographs.

Surface areas and barrier thickness: vertical sections

The surface areas of the lungs were determined on semi-
thin sections using 60 symmetrically distributed fields per 
animal. The areas of the inner surfaces (Si) and the outer 

Table 1   Body masses and stereological data for the lungs

CV coefficient of variation, CE coefficient of error, ANOVA for lung volumes/body mass

Test group  
(mean body mass)

Lung volume  
(× 10−6 cm3)

Lung volume/body mass 
(× 10−6 cm3 mg−1)

CV (%) CE (%) Biological  
variance (%)

ANOVA P

Males (10.8 mg, ±0.55,  
range 9.9–11.5 mg, N = 6)

26.8 2.5 9.6 3.9 8.8

Females
(26.6 mg, ±0.58, range  

25.9–27.2 mg, N = 6)

57.2 2.13 10.3 4.2 9.4 <0.05

Fig. 1   Schematic drawing of the pro- and opisthosoma of P. phalan-
gioides showing the lungs (lu) and a demonstration of the sampling 
methods for combined Cavalieri principle and the vertical section 
method. The horizontal plane (HP) is the frontal plane of the spider. 
The planes of section, vertical planes (VP) are in the vertical axis, 
perpendicular to HP. The lungs were cut into 10 pieces of equal thick-
ness, the planar walls of which are separated by distance D. The loca-
tion of the first (starting) section was chosen at random within an 
interval of D. In each group, animals were rotated sequentially about 
the axis of the vertical planes, according to the systematic random 
sampling method (Gundersen and Jensen 1987). We started at a ran-
domly chosen angle within 0–18° from the original orientation (the 
transverse axis is 0!) for the first animal and added 18° for each fur-
ther animal. Three examples are given at theoretical angles of 0, 45 
and 90° (D1, D3, D2)



639J Comp Physiol B (2015) 185:637–646	

1 3

surfaces (So) and the surfaces of the border between the 
cuticle and the epidermis (Sc–e) were determined from their 
respective surface-area-to-volume ratios (SV) multiplied 
by the volume of the lungs (tissue and lumen). The SV of 
each component was determined by point- and intersec-
tion counting at a final magnification of 1600× (Fig. 2a). 
SV was calculated as SV = 2I/L, where I is the number of 
intersections of the test line with the surface and L is the 
total length of test lines covering tissue and lumen of the 
lungs. Respiratory surface areas (SR) were evaluated dur-
ing measurements of barrier thickness (Fig. 2b). Data were 
pooled and evaluated for the 2 groups of animals (Howard 
and Reed 1998).

The barrier thickness of epidermal and cuticular lay-
ers was measured from transmission electron micrographs 
using the stereomicroscope and a half-logarithmic ruler 
in randomly chosen directions at the final magnification 
of 14,500× (Fig.  2b) (Perry 1981). The harmonic mean 
lengths (lh) of the measured distances (li) were calcu-
lated and were then converted to the harmonic mean bar-
rier thicknesses as τ =  (2/3)lh (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 the arithmetic mean. In the mathematical derivation 
for the determination from randomly oriented sections, the 
harmonic mean of measured lengths must be multiplied by 
the factor 2/3 to compensate for an overestimate due to the 
random orientation of the measured intercepts (Weibel and 
Knight 1964).

Anatomical diffusion factor and diffusing capacity

The anatomical diffusion factors (ADFs) (Perry 1978) were 
calculated as the respiratory surface area (SR) in relation to 
body mass (SR/MB) divided by the harmonic mean barrier 
thickness (τ) of the respective layers. For the inner surface 
(leading from the air to the hemolymph), we used the inner 
respiratory surface area for the ADF of the cuticle and the 
surface area of the border between the cuticle and epider-
mis for the ADF of the epidermis. For the outer surface 
(leading from the hemolymph to the air), we used the outer 
respiratory surface area for the ADF of the epidermis and 
the surface area of the border between the cuticle and the 
epidermis for the ADF of the cuticle.

The morphological oxygen diffusing capacities (DO2
) 

were calculated for each of the 2 layers as the product of the 
ADFs and Krogh’s diffusion coefficient (KO2

), corrected to 
20 °C (Bartels 1971; Krogh 1919). For epidermis, we used 
the corrected, published value for rat lung tissue (KO2

 = 2.
05 × 10−7 cm2 min−1 kPa−1) and for cuticle that for chitin 
(1.28 ×  10−7  cm2  min−1  kPa−1). Since Krogh’s diffusion 
coefficient for carbon dioxide (KCO2

) in chitin or in arthro-
pod epidermis is assumed to be about 35 times greater than 
KO2

 in the same tissue (Bartels 1971; Krogh 1919), we used 
this value to estimate the morphological carbon dioxide dif-
fusing capacity (DCO2

). For chitin, this value might be too 
high. But for comparison with other species (see “Discus-
sion”), it is necessary to use the same values as in the rele-
vant papers (Schmitz and Perry 2001, 2002). The total oxy-
gen and carbon dioxide diffusing capacity (D) of the walls 

Fig. 2   Electron micrographs of the lungs to show the principles of 
sampling methods for surface-to-volume ratio measurements SV 
(a) and barrier thickness measurements (b). The corresponding test 
arrays are superimposed. For SV, the intersections of the test lines 
(cycloid arcs) with the surface are counted. For the measurements of 
the barrier thickness, the starting points were selected in an unbiased 
way using the intersections of the test lines with the surface (b). Res-

piratory surfaces (SR) are defined as those surfaces exposed to respir-
atory medium that are not connected by a measuring line to another 
such surface. In b line 1 (SR) gives an example for measurement 
lines that connect the inner with the outer surface of the lungs, line 2 
connects 2 points at the inner surface and line 3 connects 2 points at 
the outer surface. c cuticle, e epidermis, hl hemolymph, lu air-filled 
lumen. Scale bar is 2 µm in (a) and 1 µm in (b)
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of the lungs was calculated as the reciprocal of the sum of 
the reciprocal values of the diffusing capacities of cuticle 
(Dc) and epidermis (De), respectively (Weibel 1970/1971): 
D = 1/(1/Dc + 1/De).

Respirometry

An open-flow system was used to measure rates of CO2 
release during rest and activity. A 20-ml plexiglas container 
with a rough bottom was used as an animal chamber. The 
temperature in the chamber and in the air stream was held 
constant at 20 °C by a water bath. Outside air was pumped 
into the chamber with a flow rate of 80 ml min−1, adjusted 
by an Aalborg flow meter. The air initially passed through 
a soda lime scrubbing column and a series of containers 
filled with NaOH to remove both CO2 and water. The air 
was then rehydrated by a saturated NaCl solution to 30.5 % 
relative humidity passed through the reference chamber of 
the gas analyzer and the animal chamber and was finally 
drawn into the CO2 analyzer (URAS 14, ABB). The CO2 
analyzer interfaced with a PC for data acquisition. VCO2

/t 
was calculated from fractional concentrations of CO2 enter-
ing (FI) and leaving (FE) the animal chamber using the 
equation: VCO2

/t =
(

FECO2
− FICO2

)

× flow rate (With-
ers 1977), where flow rate is 80 ml min−1 and FI is zero. 
The rate of CO2 release was converted to volume of CO2 
per unit time and gram tissue (nmol s−1 g−1) at STPD. A 
CCD video camera was placed above the animal chamber 
and animal behaviour was recorded during measuring peri-
ods using a PC video capture card. Animals were weighed 
before and after each set of experiments, with the actual 
mass during a single experiment assuming a linear mass 
decrease over time.

Experiments were carried out in which we measured 
metabolic rates during rest, during alertness between activ-
ity periods, during spontaneous activity and during forced 
activity. In the first set of experiments, animals were 
allowed to habituate to the experimental chamber for 2 h. 
Afterwards, metabolic rates were measured under artifi-
cial light and under video tracking for different time peri-
ods during which resting phases and spontaneous activity 
phases occurred. Overnight, animals were habituated to 
darkness. During the following measuring period, only 
infrared illumination supported the function of the video 
camera.

Phases of rest and activity occurred. Animals were 
defined to be in rest phase when they were motionless for 
at least 30 min.

In a second set of experiments, animals were forced to 
the greatest possible metabolic rates; this was done under 
visible light and video tracking. Animals were motivated 
by shaking of the experimental chamber with the sup-
port of small bouncing plastic beads. Spiders struggled 

with the beads or tried to escape, thus activity was not a 
constant running at maximum speed. This activity, how-
ever, should cause maximum metabolic rates as the high-
est metabolic rates may occur when spiders are engaged 
in less than maximum activities that require low prosomal 
hemolymph pressures and thus permit constant circulation 
and gas exchange (Prestwich 1983b). An individual spider 
was stimulated for 120  s. None of the animals could be 
stimulated for longer than this time period and some ani-
mals stopped moving before the end of 120  s. The speed 
of the activity could not be quantified in these experiments, 
but was assumed to be 8 cm s−1 for the figures. This value 
was chosen arbitrarily to make the results clearly visible in 
the figures. Males were more aggressive and thus easier to 
stimulate locomotion than females. Only those experiments 
in which animals were highly active for the entire 120  s 
(±5  s) were evaluated. Factorial scopes were calculated 
from the individual resting rate of a spider and the individ-
ual maximum CO2 release. Differences among sexes were 
evaluated using ANOVA statistics. To examine the influ-
ence of body mass, differences in intraspecific resting rates 
were additionally tested using ANCOVA statistics (Packard 
and Boardman 1988).

To avoid mistakes in VCO2
/t due to the location of the 

spider relative to the output opening, connection tubes 
were kept as short as possible. Additionally, the experi-
mental chamber was cube shaped and a high flow rate 
(80  ml  min−1) was chosen. The movement of the plastic 
beads in the stimulation experiments was assumed to stir 
the air in the chamber. Time lags of 10–14 s between the 
experimental chamber and the CO2 analyzer were calcu-
lated and all times given in the results and in the figures 
were corrected for these values. This was possible as the 
activity of the animals was continuous for the 2 min and, 
therefore, a steady state trace resulted.

Statistics

To evaluate the estimator variance, we calculated the stand-
ard deviation (SD) and coefficient of error (CE) of our bar-
rier thickness measurements. Because τ is calculated from 
the harmonic mean of the intercept lengths and SD for the 
harmonic mean is not defined, we calculated SD and CE of 
the arithmetic mean of the intercept lengths (measured line 
lengths) (Table 2). As SV was evaluated on single fields, we 
calculated the estimator variance of SV as the SD and CE of 
the values for each field (Table 2).

For the Cavalieri principle, the precision of the estimate 
(total variance of the counted points, or var P) depends on 
the noise (inaccuracy of the test array) and the variance of 
the sum of the areas 

(

var
∑

area

)

: varP = noise+ var
∑

area
 

(Gundersen and Jensen 1987; Howard and Reed 
1998). The coefficient of error is calculated from varP 
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and the sum of all counted points according to: CE 
(
∑

P
)

=
√
varP/

∑

P (Cruz-Orive 1993; Howard and 
Reed 1998). To test the biological variance (interindividual 
variation) in our test groups, we used the volumes of the 
lungs per body mass, as these measurements are independ-
ent of the cutting angle. We calculated CV according to: 
CV2 = obsCV2 − CE2, where obsCV is the observed coef-
ficient of variation and CE is the coefficient of error of the 
measurements (Howard and Reed 1998).

For comparison between the test groups, we carried out 
ANOVA statistics.

Results

Volumetry and barrier‑thickness

The lung volume per body mass in males is slightly higher 
in females (Table 1). The inter-individual variation of vol-
umes (biological variance) is about 9  % in both sexes. 
Barrier thickness (τ) is less than 0.1 µm for both cuticular 
and epidermal layers in males and females (Table 2). This 
gives a total diffusion barrier of 0.165  µm for males and 
0.167 µm for females.

Surface‑area‑to‑volume ratios, surface areas, the 
anatomical diffusing factors and the diffusing capacities

Surface-area-to-volume ratios (SV) are given in Table 2. All 
values are slightly smaller in males but without any differ-
ence using ANOVA.

Surface areas, respiratory surface areas and respira-
tory surfaces/MB together with the statistics are given in 
Table 3. Because of the mass of the animals, lung surfaces 

show differences between the sexes. But looking at the 
surfaces/MB, differences no longer exist. The outer and 
inner respiratory surface areas are smaller than the total 
outer and inner surface areas. This is because of the enlarge-
ment of the surface area by the epidermis, the taenidia and 
the cuticular struts (Fig.  2). ADFs for the outer and inner 
respiratory surfaces per body mass, separated from epider-
mis and cuticle, are given in Table 3. They show the differ-
ences between sexes (P < 0.05). Calculated diffusing capac-
ities for oxygen were 9.3  nmol  s−1  g−1  kPa−1 for males 
and 8.2 nmol s−1 g−1 kPa−1 for females. For carbon diox-
ide, values were 349.7  nmol  s−1  g−1  kPa−1for males and 
283.2 nmol s−1 g−1 kPa−1 for females. This value might be 
too high for CO2 passing through chitin, but unfortunately 
for this procedure no published values exist. Males thus 
have slightly higher diffusing capacities for both gases.

Respirometry

Both males and females showed no clear diurnal rhythm 
regarding activity and respiration. In addition, resting val-
ues did not differ in complete darkness and under infrared 
light. Therefore, mean values were calculated from both 
conditions. The room, in which experiments were carried 
out, was not completely silent because of gas-transport-
ing pumps and the air-conditioning system. Even if these 
machines were extremely silent, it cannot be excluded that 
they caused some disturbances. Therefore, the real basal 
metabolic rates could be even lower than the measured val-
ues. But as the natural environment of the animals is also 
not completely silent, the acoustic disturbance was consid-
ered tolerable. Females had a lower mass-specific resting 
rate than males (Table 4). This was confirmed by ANCOVA 
(F = 6.7; P = 0.012). Females with one spiracle glued had 

Table 2   Diffusion barrier τ and for surface-area-to-volume ratios (SV)

Descriptive statistics for measured line lengths li and SV are given

Test group τ (µm) Arithmetic mean of li (µm) ± SD CE (%) Number of measurements ANOVA P

Cuticle Males 0.08 0.21 ± 0.22 3.5 1037

Females 0.085 0.19 ± 0.16 2.6 1091 0.16

Epidermis Males 0.08 0.27 ± 0.38 4.3 1037

Females 0.087 0.30 ± 0.39 3.9 1091 0.10

Test group Arithmetic mean (cm−1) ± SD Number of fields evaluated

Inner surface (cuticle) Males 4014 ± 1815 2.5 327

Females 4200 ± 2175 2.9 306 0.58

Outer surface (epidermis) Males 3867 ± 1800 2.6 327

Females 4080 ± 2195 3.1 306 0.57

Surface between cuticle and epidermis Males 3378 ± 1578 3.0 327

Females 3599 ± 1643 2.7 306 0.5
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not a different resting rate compared with intact females 
(Table 4).

Above resting rates, CO2 release included phases of 
motionless alertness and spontaneous activities. As spi-
ders have long legs and the experimental chamber is small 
for these legs, animals were not able to walk, but tried to 
do so. If the experimenter entered the experimental room, 
all animals responded by a slight increase in CO2 release. 
This alertness increased the metabolic rate only slightly 
(2.6–3.0 times resting rate). Spontaneous movements, how-
ever, caused a factorial scope of up to 3.6 (males) or 3.9 
(females). While the metabolic rate during these phases 
was not different between males and females, females with 
one glued spiracle had a significant lower value for the 
highest spontaneous activity (Table 4).

Stimulation to maximal activity resulted in individ-
ual variations and, therefore, a high standard deviation 
(Table  4). CO2 release was burst like and the maximum 
CO2 value lasted only a few seconds (Fig. 3). The start of 
stimulation always caused a short decrease in CO2 release 
in females, while this was unusual in males (Fig.  3). The 
maximum CO2 release was slightly higher in males than 
in females and about twice as much between intact and 
restricted females. Animals were active after the 120-s 
stimulation or alert, but normally did not reduce their met-
abolic rates to resting rates (Fig.  3). Therefore, the time 
between maximum CO2 release and resting rate is not only 
a function of metabolism alone but also a function of stress 
caused by attention. Thus, the recovery time was calculated 
as half-time recovery. This was defined as the time between 
end of stimulation and return to half of the maximum CO2 
release (Table 4). Restricted females had the longest half-
time recovery while male had the shortest. After stimula-
tion, restricted females had the greatest surplus amount 
of CO2 per time (Table 4). Time between end of stimula-
tion and maximum CO2 release was smallest in restricted 
females and biggest in males. In females, the maximum 
CO2 release was often reached during stimulation time 
(Fig. 3b, c).

Discussion

Between species, life-styles and life spans, body masses 
and behaviour could result in differing metabolic rates 
(Foelix 1992). Also temperature has an influence on the 
metabolic rate (Schmalhofer 2011) but this is not relevant 
for the present study as the spiders were measured all at 
the same temperature. In other spider species, factorial 
scopes during locomotory activity are between 2 and 12, 
in Lycosidae sometimes even up to 22 for short periods 
(Anderson 1970; Culik and McQueen 1985; Ford 1977a, 
b; Humphreys 1977; Kotiaho 1998; McQueen 1980, 1981; Ta
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Miyashita 1969; Seymour and Vinegar 1973; Shillington 
and Peterson 2002; Watson and Lighton 1994). Feeding, 
starvation and spontaneous activity resulted in factorial 
scopes of 4–7 in wolf spiders, tarantulas and in Nephila 
(Jensen et  al. 2010; Kasumovic and Seebacher 2013; 
Nespolo et al. 2011; Tanaka and Itô 1982).

As we measured our spiders without any influence 
of other spiders or prey, the resting metabolic rates will 
be real resting values. In the Australian redback spider 

(Latrodectus hasselti, Theridiidae), resting metabolic rate 
was stated to be lowest if animals were not influenced by 
conspecifics (Stoltz et al. 2012). Moreover, the resting rate 
in spiders can be influenced by the life-style, e.g., the cri-
bellum can increase the resting rate, as it was shown for 
the cribellate spider Metazygia rogenhoferi (Araneidae) 
and the ecribellate Zosis geniculata (Uloboridae) (Kawa-
moto et  al. 2011). For crab spiders (Thomisidae), resting 
rates of 1.75–2.3 nmol  s−1 g−1 O2 release were measured 

Table 4   CO2 release during rest, spontaneous and forced activity and data for half-time recovery after forced activity

Values are mean ± SD. Differences were tested with ANOVA and ANCOVA

Significant differences by ANCOVA are marked by a plus +   and by ANOVA by asterisks (* P < 0.01, ** P < 0.001) for comparisons between 
males and females and by hatch marks (# P < 0.01, ## P < 0.001) for comparison of intact females and females with one lung spiracle sealed

P. phalangioides P. phalangioides P. phalangioides

 Males Females Females 1 spiracle glued

Body mass (mg) 11.3 ± 0.6, range 
10.6–12.9  N = 12

27.6 ± 0.8, range 26.5–29.4  
N = 27

28.3 ± 0.7, range 27.3–29.6  
N = 14

Rest (nmol s−1 g−1) 1.72 ± 0.19 n = 33 1.48 ± 0.32+ n = 59 1.6 ± 0.3 n = 30

Alertness and spontaneous activity (nmol s−1 g−1) 4.45–6.17 n = 30 3.98–5.76 n = 45 3.88–4.2# n = 14

Factorial scope 2.6–3.6 2.7–3.9 2.4–2.8

Maximum CO2 release during forced activity (120 s) 
(nmol s−1 g−1)

19.81 ± 3.7 n = 36 17.71 ± 3.7* n = 46 9.0 ± 2.8# n = 26

Factorial scope 11.52 11.97 5.2

Time of activity: 120 s

 Time to half-recovery (s) 102.5 ± 40.9 n = 36 138.7 ± 76.3 n = 46 398 ± 224.4## n = 26

 CO2 at half-recovery (nmol g−1) 1385.1 ± 226.4 1748.7 ± 654.2* 2322.9 ± 781.0#

 CO2 at half-recovery (nmol s−1 g−1) 14.58 ± 3.1 13.83 ± 3.83 6.64 ± 2.1##

 Time between end of stimulation and CO2max (s) 14.0 ± 29.5 6.43 ± 24.7** 3.5 ± 32.23##

Fig. 3   Maximum CO2 release of an intact female (a, b), a female 
with one lung spiracle sealed (c) and an intact male (d). Examples for 
120-s stimulations are shown. The line corresponds to the left scale 
of the figures, while the gray bars, showing time and activity, cor-
respond to the right scale (speed). The forced activity during stimula-
tion was artificially set to 8 cm s−1 (first bar) and the other activity 

periods were set to 5 or 3 cm s−1. In b the female had its maximum 
CO2 release during activity but was active during the half-time recov-
ery phase. The female with the sealed spiracle (c) had a reduced 
maximum CO2 release and the male (d) had a higher maximum CO2 
release than the females
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(Schmalhofer 2011). As these animals were starved, the 
lower metabolic rates compared with P. phalangioides 
result presumably from starvation.

In the present study, the same methods as in former stud-
ies by the same authors were used (Schmitz 2004; Schmitz 
and Perry 2000, 2001, 2002). Therefore, all data can be well 
compared. This is necessary to test some hypotheses for the 
cellar spider: (1) P. phalangioides has a lower aerobic capac-
ity than wolf and jumping spiders, (2) the lungs have about 
the same diffusing capacity as in wolf and jumping spiders, 
(3) resting metabolic rates do not differ between species of 
different spider families, (4) resting rates and activity rates 
do differ between sexes (intraspecific comparison), (5) elimi-
nation of one spiracle does not influence the resting rates but 
halves the maximum activity rates.

Looking at hypothesis one and two, it became clear that 
aerobic capacities are lower than in wolf and jumping spi-
ders. This might be due to the additional equipment with 
tracheae and a slightly higher diffusing capacity of the 
lungs (Table 5) in wolf and jumping spiders. The differing 
diffusing capacity is mainly due to a bigger surface area, as 
the barrier thickness might be even slightly higher in wolf 
and jumping spiders (Table  5). Looking at the metabolic 
rates (Table  5), jumping spiders have maximum rates of 
CO2 release that are 30–150  % higher than in P. phalan-
gioides. This is higher, then the lungs could manage as the 
diffusing capacity for O2 of the lungs is only up to 30 % 
higher than in P. phalangioides (Table 5). Even if one con-
siders the different body masses of jumping spiders (27–
39 mg), wolf spiders (22 mg) and cellar spiders (Table 4), 
jumping spiders with a well-developed tracheal system 
have the highest metabolic rates. But tracheae might deliver 
oxygen not especially to the muscles responsible for move-
ments; however, they might be responsible for higher meta-
bolic rates caused by the eyes during movements (Schmitz 
2005).

Prestwich compared a wolf spider, Lycosa lenta, and 
a jumping spider, Phidippus audax, and in addition a fil-
istatid spider (Filistata hibernalis), which has only rudi-
mentary tracheae (Prestwich 1983b). Animals were stimu-
lated to activity for 120  s by shaking the experimental 
chamber in combination with glass beads. Aerobic scopes, 
maximum respiratory rates and also the increase during 
exercise were greatest in P. audax and least in F. hiberna-
lis. In addition, recovery periods were shortest in P. audax. 
Prestwich calculated that P. audax derives 55  %, L. lenta 
65 % and F. hibernalis 90 % of its power from lactate pro-
duction (Prestwich 1983a, b, 1988). The jumping spider 
with the well-developed tracheal system is, therefore, also 
the most aerobic spider.

According to hypothesis three, resting rates are about 
the same in all species, but spontaneous activity rates 
are lower in P. phalangioides. This might be the result of 
higher activity of wolf and jumping spiders (more actively 
foraging compared with a more sit-and-wait strategy in 
P. phalangioides) and not the result of the morphology of 
the respiratory organs. Moreover, looking at hypothesis 
four, no clear pattern in male–female comparison of rest-
ing metabolic rates has been demonstrated in other spiders 
(Humphreys 1977; Kotiaho 1998; Watson and Lighton 
1994). In Pardosa astrigera and in P. milvina (Lycosidae), 
species without sexual dimorphism, males had higher rest-
ing rates than females (Tanaka and Itô 1982; Walker and 
Irwin 2006). This difference was eliminated by starvation 
(Tanaka and Itô 1982). In other lycosid species, with a 
strong sexual dimorphism, mass-specific resting rates did 
not differ between sexes (Walker and Irwin 2006). In many 
species, females maintain a larger body size over a longer 
life span than do males and also have higher energetic costs 
associated with gamete production (Foelix 1992). Moreo-
ver, in the tarantula Aphonopelma anax (Theraphosidae) 
males have higher resting metabolic rates than females 

Table 5   Comparison of some 
features of the morphology 
of lungs and the CO2 release 
between P. phalangioides and 
representatives of wolf and 
jumping spiders

Data from (Schmitz 2004; Schmitz and Perry 2001, 2002)

P. phalangioides Pardosa 
lugubris 
(Lycosiade)

Salticus scenicus and 
Marpissa muscosa 
(Salticiade)

Morphology of the lungs

 Barrier thickness (τ), cuticle and epidermis (µm) 0.165 0.17 0.19

 Surface areas × body mass−1 (cm2g−1) 8 10 9–11

 Lung volume × body mass−1 (×10−6 cm3 mg−1) 2.1–2.5 2.3–2.9 2.6–3.6

 Diffusing capacity DO2 (nmol s−1 g−1 kPa−1) 9 10 9-12

Physiology (CO2 release and half-time recovery)

 Resting rate (nmol s−1 g−1) 1.5–1.7 1.7–1.8 1.4–1.5

 Maximum spontaneous activity rate (nmol s−1 g−1) 6 9 11

 Maximum rate after stimulation (nmol s−1 g−1) 17–20 27 29–51

 Time to half-recovery (s) 103–140 160-175 95–180
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because of their higher needs for their locomotory search 
for females during the mating season (Shillington 2005). 
In P. phalangioides, males have a slightly higher meta-
bolic rate during rest and after the 120-s stimulation. Rest-
ing rates are presumably higher because of the lower body 
mass (sexual dimorphism) and, therefore, a higher relation 
of lungs to body mass in males. As females of P. phalan-
gioides did not produce eggs during the experiments, the 
difference in metabolism during activity might be mainly 
due to a higher activity of the males, but could be the result 
of the lower average body mass of the males only.

Looking at hypothesis 5, elimination of 1 lung reduces 
the aerobic metabolism to about the half of an intact ani-
mal and, in addition, there was a threefold magnification of 
the time to half-recovery (Table 4). Even if both lungs send 
vessels into the opisthosomal heart, elimination of one lung 
will decrease the oxygen uptake capacity by half. In addi-
tion, the maximum CO2 release in P. phalangioides often 
started already during the stimulation time. This decreased 
the time to half-recovery in these spiders in comparison 
with other spider families in which this feature was not 
observed. Great individual variability in maximum CO2 
release is quite normal and was also shown for other spi-
der species (Anderson and Prestwich 1985; McQueen et al. 
1979; Paul and Fincke 1989; Schmitz 2004; Shillington 
and Peterson 2002).

The oxygen-diffusing capacity (DO2
) has been used as 

an indicator of the efficiency of respiratory organs. Assum-
ing a respiratory quotient of 0.7, a ∆PO2

 of 3 kPa in both 
sexes would be necessary to support the maximum meta-
bolic rate in P. phalangioides. In Grammostola rosea, the 
∆PO2

 was determined to be 0.12–0.16 kPa, which is mainly 
due to a very high oxygen diffusing capacity of the lungs 
because of a thin lung epithelium of 0.14 µm (Canals et al. 
2007). The physiologically measured ∆PO2

 across the 
lungs of P. phalangioides is not known, but for the taran-
tula Eurypelma californicum, a ∆PO2

 of 7 kPa was meas-
ured after activity (Angersbach 1978). With 3.0 kPa, lungs 
would, therefore, be not at the limit of their efficiency. As 
in P. lugubris (3.9 kPa) and in M. muscosa (4.7–8.1 kPa) 
(Schmitz 2004), higher values were calculated; these spe-
cies seem to be more at their limit using the lungs alone as 
P. phalangioides. This is another hint that tracheae in spi-
ders support higher metabolic rates, even if this is the case 
only in special living situations (Schmitz 2005).

Conclusions

The results of the present study support the hypothesis 
that tracheae in spiders serve to support higher metabolic 
rates. Even if this is only for special organ-specific meta-
bolic demands, e.g., visual capabilities in jumping spiders 

(Foelix 1992; Schmitz 2005; Schmitz and Perry 2001) or 
net constructing in Uloboridae (Opell 1987), tracheae 
increase the DO2

 of the entire respiratory system. The func-
tion of the circulatory system was not considered in the 
present study, but could also play an important role in aero-
bic capabilities of spiders.
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