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and Tracheal Systems
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ABSTRACT Like most spiders, members of the orb-weaving family Ulobori-
dae have a dual respiratory system. Book lungs oxygenate the hemolymph
and tracheae carry oxygen directly to tissues. Most members of the family are
characterized by an extensive tracheal system that extends into the prosoma,
where branches enter the legs. A comparison of both absolute and size-specific
indices of these two respiratory components in six uloborid species using the
independent contrast method shows that their development is inversely
related and indicates that these two systems are complementary. Species that
more actively monitor reduced webs have tracheae with greater cross sec-
tional areas and book lungs with smaller areas than do orb-weaving species
that less aggressively manipulate their webs. Thus, the acuteness of a spider’s
oxygen demands appears to influence the development of its respiratory
components. As the tracheae assume more responsibility for providing oxygen
the book lungs become less well developed and vice versa. J. Morphol.
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The respiratory system of primitive spi-
ders, such as tarantulas and trapdoor spi-
ders, consists of two pairs of opisthosomal
book lungs. Oxygen diffuses across the cu-
ticular leaves of the lungs into the hemo-
lymph, which carries it to the tissues (Levi,
’67; Moore, *76; Anderson and Prestwich, ‘80,
’82; Hexter, '82; Foelix, '96). However, in
most spiders (members of the Tracheospira
clade, sensu Platnick, *77) the second pair of
book lungs is replaced by a tracheal system
that allows oxygen to diffuse directly to the
tissues (Foelix, '96). Tracheae not only pro-
vide a more direct supply of oxygen, but, in
spiders whose tracheae extend into the pro-
soma, a supply that is not interrupted dur-
ing periods of activity when hemolymph ex-
change between the opisthosoma and
prosoma is interrupted (Wilson and Bullock,
"73; Anderson and Prestwich, ’75). The devel-
opment of the tracheal system differs greatly
among spiders (Forster, '70; Bromhall, '87)
and differences in tracheal development may
be observed even within the members of a
single family. For example, the plesiomor-
phic tracheal pattern in the orb-weaving
spider family Uloboridae consists of a well-
developed system whose tracheae extend into
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the legs (Fig. 1; Opell, '79). In members of
the genera that actively manipulate reduced
webs, the tracheal branches that enter the
legs are particularly large, presumably to
meet the greater oxygen demands imposed
by this prey capture strategy (Opell, '87a,b).
In more derived orb-weaving genera, the
tracheal system is confined to the opistho-
soma.

As a spider’s total respiratory needs are
met by its book lung and tracheal systems,
Opell ('90) has suggested that these are
complementary systems. That is, in spiders
where the more acute oxygen demands of
certain tissues are met by a well developed
tracheal system, the book lungs will be re-
quired to provide less oxygen and, therefore,
will be less well developed than in spiders
with less extensive tracheal systems. The
data provided by Opell ('87a, '90) support
this hypothesis, by showing that spiders with
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Fig. 1.
sus female, showing the book lungs in the anterior
region of the opisthosoma and a well developed tracheal
system extending into the legs.

The respiratory system of a Uloborus glomo-

well developed tracheal systems tend to have
book lungs with smaller surface areas and
those with simpler tracheal systems tend to
have book lungs with larger surface areas.
However, statistical tests have not been used
to test this hypothesis.

This study uses the comparative method
(Harvey and Pagel, ’91) to more rigorously
test in a phylogenetic context the hypothesis
of respiratory complementarily in the book
lung and tracheal systems of members of the
spider family Uloboridae. The family Ulobo-
ridae provides an appropriate test of this
hypothesis, as its members exhibit the full
range of respiratory diversity found in tra-
cheospira spiders (Opell, ’79, ’87a; Bromhall,
’87) and as the relationship among its gen-
era is known (Coddington, '90). Additionally,
as members of this family exhibit a small
range in body mass (6.8-14.5 mg for species
included in this study), the effect of interspe-
cific size difference is minimized. However,
to account for these differences indices of
both absolute and size-specific book lung
and tracheal development are analyzed.

MATERIALS AND METHODS
Species studied

Six species are included in this study. The
orb-weaving species Waitkera waitakerensis
(Chamberlain, ’46) and Uloborus glomosus
(Walckenaer, 1841) exhibit the family’s ple-
siomorphic tracheal condition, consisting of
small tracheal trunks that extend from the
opisthosoma into the prosoma and enter the
legs. The triangle-web species Hyptiotes ca-
vatus (Hentz, 1847) and the simple-line spe-
cies Miagrammopes amimotus Chickering,
'68 have very large prosomal tracheae that
enter the legs. Tracheae of the orb-weaving
species Octonoba sinensis (Simon, 1880) and
Philoponella tingena (Chamberlin and Ivie,
'36) are restricted to the opisthosoma.

Respiratory indices

This study compares both absolute and
size-specific indices of book lung and tra-
cheal systems (Table 1). Total book lung sur-
face area was used as an index of book lung
development, as it quantifies the surface
over which oxygen can diffuse (Opell, '90).
Opell ('87a) provides three indices of tra-
cheal development: 1) the cross sectional
area of tracheae that enter a spider’s pro-
soma from its opisthosoma, 2) the cross sec-
tional areas of tracheae that enter each of a
spider’s legs, and 3) the cross sectional area
of the tracheae that enter each leg divided
by the square root of the distance from the
abdominal tracheal spiracle to the coxa of
that leg. As the latter index accounts for
both the distance over which oxygen must
diffuse and the rate of diffusion (Schmidt-
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Nielsen, "79; Anderson and Prestwich, ’80),
it is the best measure of the tracheal sys-
tem’s ability to supply oxygen to the active
leg muscles. Therefore, I use the sum of this
index for a spider’s four legs as an index of
the development of its tracheal system.

Opell (90) does not provide a size specific
index for tracheal development and the two
size-specific indices that are given for book
lung development (book lung area divided
by prosomal and leg mass and book lung
area divided by the product of carapace
length and carapace width) do not account
for the size of the spider’s opisthosoma. To
obtain a size-specific index of tracheal devel-
opment, I divided the total cross sectional
area of the tracheae entering each leg by the
volume of the leg’s femur and then divided
this value by the square root of the distance
from the spider’s spiracle to that leg’s coxa.
The sum of these indices for a specimen’s
four legs was used as a size-specific index of
a spider’s tracheal development. Femur vol-
ume was chosen because, for all legs, this
article has the greatest muscle mass and
contributes significantly to the force of leg
flexion. To determine femur volume, I mea-
sured a femur’s length and its maximum
and minimum dorsal-ventral width to the
nearest 40 pm under a dissecting micro-
scope and computed femur volume as the
volume of a cylinder with a diameter equal
to the femur’s average width. The mean
femur volumes of five specimens were used
to calculate the size-specific tracheal devel-
opment of each species (Table 2).

As a size-specific index of book lung devel-
opment, I divided each species’ book lung
area by its live mass raised to a power of
0.80 (Table 1). This function describes the
relationship between a spider’s mass and its
metabolic rate (Anderson and Prestwich, '82)
and is, therefore, an appropriate measure of
the book lung’s ability to meet a spider’s
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respiratory demand. Opell ("90) does not give
live masses for Waitkera waitakerensis and
Philoponella tingena. The former value was
added from Opell ("96) and the latter was
estimated from the known live masses of the
other three orb-weaving species and the pro-
somal and leg masses given by Opell (°90).
For the three orb-weaving species, the mean
ratio of live mass to prosomal and leg mass
is 4.33. When this ratio is multiplied by the
prosomal and leg mass of P tingena (2.84
mg), an estimated live mass of 12.30 mg is
obtained. Only orb-weaving species were
used to compute this ratio, as their body
shapes are very similar, whereas the shapes
of Hyptiotes and Miagrammopes are quite
different.

Comparative methodology

I used the independent contrast method of
Felsenstein ('85), as implemented by the Con-
trast routine of the Compare 1.1 program of
Martins (’95), to examine the relationship
between book lung and tracheal develop-
ment. Through a series of pair-wise con-
trasts between sister clades, this algorithm
transforms interspecific comparative data
into a set of normally distributed, indepen-
dent, and standardized contrast values that
meet the assumptions of parametric statisti-
cal tests (Harvey and Pagel, '91; Garland et
al., '92).

The phylogeny used in this analysis (Fig.
2) was taken from Coddington (’90) and was
pruned to include only the genera included
in this study. As Coddington’s phylogeny does
not provide branch lengths, I determined
these values using the trace all characters
option of the MacClade 3.02 program of Mad-
dison and Maddison ("92). For this, I used
the 42 characters from Coddington’s analy-
sis (characters 3, 5, 9, 10, 11, 12, 13, 14, 15,
18, 19, 20, 24, 25, 26, 27, 28, 29, 30, 31, 32,
36, 37, 38, 41, 43, 53, 54, 55, 56, 57, 60, 62,

TABLE 1. Absolute and size-specific indices of the book lung and tracheal development of six uloborid species

Waitkera Hyptiotes Miagrammopes Uloborus Octonoba Philoponella
waitakerensis cavatus animotus glomosus  sinensis tingena

€ tracheal area pm? (Opell, '87a) 890 1252 1811 855 0 0
€ tracheal area pm?/, distance pm

(Opell, '87a) 17.32 30.07 31.28 20.62 0 0
€ Area/Volume/, Distance of

femurs of Legs (from Table 2) 125.73 265.18 267.29 189.53 0 0
Book lung area mm? (Opell, '90) 2.53 2.08 2.98 3.77 7.47 6.97
Spider mass mg 7.70 6.76 6.39 9.93 14.52 12.30

(Opell, '96) (Opell, '90)  (Opell, '90)  (Opell, '90) (Opell, '90)

Book lung area/spider mass?&¢ 0.494 0.451 0.676 0.601 1.495 1.475
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TABLE 2. Values used to compute size specific indices of tracheal development for species
with tracheae that extend into the prosoma

Waitkera Hyptiotes Miagrammopes Uloborus
waitakerensis cavatus animotus glomosus

Leg1

Tracheal area (pnm?) 331 387 891 289

Femur volume (mm®} 0.339 + 0.051 0.149 = 0.017 0.451 = 0.075 0.318 = 0.092

Distance from spiracle (pm) 3072 2088 3772 2572

Areafvolume/, distance 17.62 56.83 32,18 17.93
Leg 2

Tracheal area (pm?) 133 159 21 157

Femur volume (mm?) 0.098 + 0.024 0.103 = 0.011 0.064 = 0.021 0.085 = 0.030

Distance from spiracle (pm) 2796 1800 3388 2312

Arealvolume/, distance 25.65 36.41 113.03 38.40
Leg 3

Tracheal area (pm?) 110 153 83 101

Femur volume (mm?) 0.0461 = 0.009 0.041 = 0.008 0.028 = 0.002 0.036 = 0.010

Distance from spiracle (um) 2536 1572 3096 2004

Arealvolume/, distance 47.45 94.24 53.31 62.62
Leg 4

Tracheal area (nm?) 312 506 416 383

Femur volume (mm?) 0.190 + 0.039 0.185 = 0.011 0.117 = 0.017 0.133 = 0.039

Distance from spiracle (pm) 2204 1240 2668 1664

Arealvolume/, distance 356.01 77.70 68.77 70.58

€ Area/volume/, distance of four legs 125.73 265.18 267.29 189.53

Values for tracheal area and the distance from the tracheal spiracle to the coxa of each leg are from Opell ('87a). Values for femur
volume are mean = 1 standard deviation and are based on a sample size of five mature females per species.

63, 64, 67, 69, 71, 83, 85, 86, and 87) that
were informative for the superfamily
Deinopoidea (Deinopoidea + Uloboridae). I
excluded Coddington’s character 35 (chelic-
eral denticles) because it was scored for only

one uloborid genus. The length of the result-
ing tree shown in Figure 2 is 42.

I computed independent contrast values
for both absolute and size-specific indices of
book lung and tracheal development using

Deinopidae
Uloboridae
4 . ” ;
e Waitkera waitakerensis
O, 1 .
0 ———— Hyptiotes cavatus
8 1.7
34
10.0 .
S Miagrammopes animotus
0 3.3
Ve 9 Uloborus glomosus
1.6
3
5.2 2 Octonoba sinensis
1 3.1
13 3 . .
58 Philoponella tingena

Fig. 2. Phylogeny of the six species included in this study. Minimum branch lengths appear
above and average branch lengths below lines. Circled numbers identify the contrast values
plotted in Figures 3-6.
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branch lengths determined by two methods
(Fig. 2) to confirm that the results of this
study were robust. I used the “unambiguous
changes only” and the “average over all re-
constructions” options for this purpose. The
first option determines minimum branch
length by excluding questionable charac-
ters. As some of these excluded characters
are probably valid, the true branch lengths
of these clades are probably greater than
those reported by this option. In contrast to
the “all possible changes” option that almost
certainly overestimates branch length, the
average changes option appears to be a more
reasonable estimator of true branch length.

RESULTS

Pearson correlation shows that indices of
absolute book lung and tracheal develop-
ment are inversely related (r = —0.92,
P = 0.009), as are those of size-specific book
lung and tracheal development (r = —0.87,
P = 0.024). Although these comparisons do
not account for the influence of phylogenetic
relationship (Harvey and Pagel, '91), inde-
pendent contrasts computed using both mini-
mum and average branch lengths show sig-
nificant (P < 0.05), negative relationships
between both absolute and size-specific indi-
ces of book lung and tracheal development
(Figs. 3-6). In all cases, the independent
contrast values used in these analyses were
truly independent, as confirmed by the ab-
sence of a significant correlation (r = —0.17—
—0.71, P = 0.18-0.78) between the standard
deviation and absolute values of indepen-
dent contrasts. The 95% confidence limits of
each regression (Figs. 3-6) encompass its
origin. Thus, those uloborids that have more
extensive tracheal systems have book lungs
with lower areas and species whose tracheae
are confined to the opisthosoma have book
lungs with the greatest surface areas.

DISCUSSION

The results of this study support the hy-
pothesis that spider book lung and tracheal
systems are complementary respiratory
structures. When the plesiomorphic tra-
cheal condition of the family Uloboridae, as
represented by Waitkera waitakerensis and
Uloborus glomosus, becomes more well devel-
oped, as in the case of Hyptiotes cavatus and
Miagrammopes animotus, book lung surface
area decreases. Conversely, when the tra-
cheal system becomes less extensive, as in
the case of Octonoba sinensis and Philoponella
tingena, book lung surface area increases.

These respiratory changes appear to be
driven by changes in the acuteness of oxygen
demand by certain tissues. The more active
web monitoring and manipulation tactics of
Hyptiotes cavatus and Miagrammopes ani-
motus (Lubin et al., ’78; Lubin, ’86; Opell,
"87b) suggest that their leg muscles (particu-
larly those of the first two pairs of legs) may
have a more acute demand for oxygen that
can be better supplied by direct diffusion of
oxygen through the tracheae than by oxygen
transported by the hemolymph. Thus, the
lungs of these spiders probably serve to pro-
vide oxygen principally to other tissues. The
absence of prosomal tracheae in the more
derived orb-weaving spiders such as Oc-
tonoba sinensis and Philoponella tingena
suggests that these spiders less actively
monitor and manipulate their orb-webs than
do other uloborids, such as Waitkera wait-
akerensis and Uloborus glomosus. Although
there are differences in the web-monitoring
postures of orb-weaving uloborids (Opell and
Eberhard, ’83), differences in their web ma-
nipulation have not been quantified. As all
uloborids lack poison glands and must, there-
fore, subdue prey by actively wrapping it
with silk (Opell, ’79; Lubin, ’86), there is
little reason to believe that differences in
this phase of prey capture have influenced
the development of the tracheal system.

Differences in the cribellar prey capture
threads produced by uloborids may also in-
fluence the tracheal systems of uloborids.
Cribellar threads are composite threads
formed of an outer mantel of thousands of
fine, coiled cribellar fibrils that surrounds a
pair of larger, supporting axial fibers (Pe-
ters, '83, ’84, ’86; Eberhard and Periera, '93;
Opell, '94a, ’95). These cribellar fibrils are
polymerized as they are pulled from spigots
on an oval abdominal spinning plate, termed
the cribellum, with the aid of a setal comb on
the spider’s fourth leg (Eberhard, '88). The
web reduction that leads to the triangle-
webs of Hyptiotes and the simple-webs of
Miagrammopes is associated with increased
capture thread stickiness (Opell, '94b, 96).
This, in turn, is associated with a large in-
crease in the number of cribellar fibrils that
form a thread and is achieved by an increase
in the number of cribellum spinning spigots
(Opell, "94a). The greater force required to
polymerize the increased number of cribel-
lar fibrils produced by Hyptiotes and Mia-
grammopes species may be another factor
that favored greater development of the tra-



62 B.D. OPELL

1.09
w051
£
E= 4
00
8%
- B
53 0s
S
o
‘&E -1.01
-§m
=5 151
¢ E
<c
E‘E 20
3 ¥ =-0.140 X - 0.285
251
R2=0.86, P =0.024
3.0 - . . . " s
-10 5 0 5 10 15 20
Tracheal Index Independent Contrast
3 (Minimum Branch Length)
5 02
]
E 014
I3
£z 00
o
SE
g
2 01
25
55 o2
@ .
Em
E
23 03
3
L= 04
§_ ¥ =-0.004 X - 0.064
8 059
8 R2=0.87, P=0.022
3
»n 086 - T - T Ay
00 -50 0 50 100 150 200

Size-Specific Tracheal Index Independent Contrast
(Minimum Branch Length)

w

Figs. 3-6. Regressions of independent contrast val-
ues for absolute and size specific indices of tracheal and
book lung development. Fig. 3. Values for absolute indi-
ces computed with minimum branch lengths. Fig. 4.
Values for absolute indices computed with average
branch lengths. Fig. 5. Values for size-specific indices
computed with minimum branch lengths. Fig. 6: Values
for size-specific indices computed with average branch
lengths. Absolute tracheal development is given as X

cheae that serve the third and fourth legs,
which are responsible for the manipulation
of cribellar fibrils (Eberhard, ’88).

The arguments presented above attribute
differences in uloborid book lung and tra-
cheal systems to differences in spider activ-
ity patterns. Tracheal development increases
in response to the more acute oxygen de-
mand associated with greater activity and
decreases with reduced activity. Develop-
ment of the book lungs compensates for these
changes: as more oxygen is supplied by
the tracheae, book lung area diminishes and
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cross sectional area in mum? of tracheae entering leg
coxa/, distance from spiracle to coxa in pm. Absolute
book lung development is given as lung area in mm?
Size-specific tracheal development is given as X cross
sectional area in pm? of tracheae entering leg coxa/
volume of femur in mm?, distance from spiracle to coxa
in pm. Size-specific book lung development is given as
lung area in pm?%spider mass in mg®59,

as less oxygen is provided, book lung area
increases. Some authors suggest that, par-
ticularly in small spiders, more extensive
tracheal development serves to reduce respi-
ratory water loss by permitting a lower book
lung surface area or reducing the flow of air
over the lung surfaces (Davis and Edney, '52;
Cloudsley-Thompson, ’57; Levi, '67; Levi and
Kirber, '76). Although this adaptation may
explain the well-developed tracheal systems
of some spiders, it does not appear to ac-
count for differences in the tracheal develop-
ment of uloborids (Opell, ’90). The most ex-
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tensive tracheal systems of the uloborids
studied are found in Hyptiotes cavatus and
Miagrammopes animotus, which are found
in moist temperate and tropical forests, re-
spectively (Opell, personal observations).
Members of the genera Octonoba and Philo-
ponella have the least well developed tra-
cheal systems in the family. Philoponella
tingena is found in moist tropical forests, but
P. oweni and P arizonica occupy arid habi-
tats in Arizona (Opell, personal observa-
tions). Consequently, differences in activity
pattern provide the only consistent explana-
tion for differences in tracheal development
in the family Uloboridae.

The arguments presented above assume
that intergeneric differences in uloborid re-
spiratory anatomy are genetically deter-
mined and are not induced by differences in
web-monitoring behavior. However, this has
not been confirmed in this or any other group
of spiders. Differences in acute oxygen de-
mand may stimulate the tracheal develop-
ment in certain tissues and this may explain
some of the differences in the number and
diameters of tracheae that enter the legs of
uloborids. However, this provides a less plau-
sible explanation of the major differences in
tracheal patterns that distinguish uloborid
genera.

ACKNOWLEDGMENTS

National Science Foundation grants BSR-
8407979 and IBN-9417803 supported this
study.

LITERATURE CITED

Anderson, J.F., and K.N. Prestwich (1975) The fluid
pressure pump of spiders (Chelicerae, Araneae). Z.
Morphol. Tiere 81:257-277.

Anderson, J.F., and K.N. Prestwich (1980) Scaling of
subunit structures in book lungs of spiders (Araneae).
J. Morphol. 165:167-174.

Anderson, J.F., and K.N. Prestwich (1982) Respiratory
gas exchange in spiders. Physiol. Zool. 55:72-90.

Brombhall, C. (1987) Spider tracheal systems. Tissue Cell
19:793-807.

Chamberlain, G. (1946) Revision of the Araneae of New
Zealand. 11. Rec. Auckland Inst. Mus. 3:85-97.

Chamberlin, R.V,, and W. Ivie (1936) New spiders from
Mexico and Panama. Bull. Univ. Utah 27:1-103.

Chickering, A.M. (1968) The genus Miagrammopes (Ara-
neae, Uloboridae) in Panama and the West Indies.
Mus. Comp. Zool. Breviora 289:1-28.

Cloudsley-Thompson, J. (1957) Nocturnal ecology and
water regulation of British cribellate spiders of the
genus Ciniflo. J. Linn. Soc. Lond. 43:133-152.

Coddington, J.A. (1990) Ontogeny and homology in the
male palpus of orb-weaving spiders and their rela-
tives, with comments on Phylogeny (Araneoclada: Ara-
neoidea, Deinopoidea). Smith. Cont. Zool. 496:1-52.

Davis, M.E., and E.B. Edney (1952) The evaporation of
water from spiders. J. Exp. Biol. 29:571-582.

Eberhard, W.G. (1988) Combing and sticky silk attach-
ment behaviour by cribellate spiders and its taxo-
nomic implications. Bull. Br. Arachnol. Soc. 7:247-251.

Eberhard, W.B., and F. Pereira (1993) Ultrastructure of
cribellate silk of nine species in eight families and
possible taxonomic implications. (Araneae: Amaurobi-
idae, Deinopidae, Desidae, Dictynidae, Filistatidae,
Hypochilidae, Stiphidiidae, Tengellidae). J. Arachnol.
21:161-174.

Felsenstein, J. (1985) Phylogenies and the comparative
method. Am. Nat. 125:1-15.

Foelix, R. (1996) The Biology of Spiders, 2nd ed. New
York: Oxford University Press.

Forster, R.R. (1970) The spiders of New Zealand, part
III. Otago Mus. Bull. 3:1-184.

Garland, T. Jr., PH. Harvey, and A.R. Ives (1992) Proce-
dures for the analysis of comparative data using phy-
logenetically independent contrasts. Syst. Biol. 41:
18-32.

Harvey, P.H., and M.D. Pagel (1991} The Comparative
Method in Evolutionary Biology. New York: Oxford
University Press.

Hexter, S.H. (1982) Lungbook microstructure in Tege-
naria sp. Bull. Br. Arachnol. Soc. 7:323-326.

Hentz, N.M. (1847) Descriptions and figures of the Ara-
neides of the United States. Boston J. Nat. Hist.
5:443-478.

Levi, H.W. (1967) Adaptations of respiratory systems of
spiders. Evolution 21:571-583.

Levi, HW.,, and W.M. Kirber (1976) On the evolution of
tracheae in arachnids. Bull. Br. Arachnol. Soc. 3:187-
188.

Lubin, Y.D. (1986) Web building and prey capture in
Uloboridae. In W.A. Shear (ed.): Spiders: Webs, Behav-
ior, and Evolution. Stanford: Stanford University
Press, pp. 132-171.

Lubin, Y.D., W.G. Eberhard, and G.G. Montgomery (1978)
Webs of Miagrammopes (Araneae: Uloboridae) in the
Neotropics. Psyche 85:1-23.

Maddison, W.P,, and D.R. Maddison (1992) MacClade:
Analysis of Phylogeny and Character Evolution, Ver-
sion 3. Sunderland: Sinauer Associates, Inc.

Martins, E.P. (1995) Compare 1.1. Copyright by the
University of Oregon and E.P. Martins. Available at:
http:/evolution.uoregon.edu/~COMPARE/

Moore, S.J. (1976) Some spider organs as seen by the
scanning electron microscope, with special reference
to the book-lung. Bull. Br. Arachnol. Soc. 3:177-187.

Opell, B.D. (1979) Revision of the genera and tropical
American species of the spider family Uloboridae.
Bull. Mus. Comp. Zool. 148:433-549.

Opell, B.D. (1987a) The influence of web monitoring
tactics on the tracheal systems of spiders in the family
Uloboridae (Arachnida, Araneida). Zoomorphology 107:
255-259.

Opell, B.D. (1987b) Changes in web-monitoring forces
associated with web reduction in the spider family
Uloboridae. Can. J. Zool. 65:1028-1034.

Opell, B.D. (1990) The relationship of book lung and
tracheal systems in the spider family Uloboridae
(Arachnida, Araneida). J. Morphol. 206:211-216.

Opell, B.D. (1994a) Factors governing the stickiness of
cribellar prey capture threads in the spider family
Uloboridae. J. Morphol. 227:111-119.

Opell, B.D. (1994b) Increased stickiness of prey capture
threads accompanying web reduction in the spider
family Uloboridae. Funct. Ecol. 8:85-90.

Opell, B.D. (1995) Ontogenetic changes in cribellum
spigot number and cribellar prey capture thread sticki-
ness in the spider family Uloboridae. J. Morphol.
224:47-56.



64 B.D. OPELL

Opell, B.D. (1996) Functional similarities of spider webs
with diverse architectures. Am. Nat. 148:630-648.

Opell, B.D., and W.G. Eberhard (1983) Resting postures
of orb-weaving uloborid spiders. J. Arachnol. 11:369-
376.

Peters, H.M. (1983) Struktur und Herstellung der Fang-
faden cribellater Spinnen (Arachnida: Araneae). Verh.
Naturwissen. Ver., Hamburg 26:241-253.

Peters, H.M. (1984) The spinning apparatus of Ulobori-
dae in relation to the structure and construction of
capture threads (Arachnida, Araneida). Zoomorphol-
ogy 104:96-104.

Peters, H.M. (1986) Fine structure and function of cap-
ture threads. In W. Nentwig (ed.): Ecophysiology of
Spiders. New York: Springer Verlag, pp. 187-202.

Platnick, N.I. (1977) The hypochiloid spiders: A cladistic
analysis with notes on the Atypoidea (Arachnida, Ara-
neae). Am. Mus. Novitates 2627:1-23.

Simon, E. (1880) Arachnides des environment de Pekin.
Ann. Soc, Ent. France 10:97-128.

Schmidt-Nielsen, K. (1979) Animal Physiology: Adapta-
tion and Environment, 2nd ed. London: Cambridge
University Press.

Walckenaer, C.A. (1841) Histoire Naturelle des Insects.
Apteres, vol 2. Paris.

Wilson, R.S., and J. Bullock (1973) The hydraulic inter-
action between prosoma and opisthosoma in Amauro-
bius ferox (Chelicerata, Araneae). Z. Morphol. Tiere
74:221-230.



