evidence exists from any insect other
than P. bicarinata for resetting of critical
sizes by JH during larval development.
However, the known role of JH during
embryogenesis in forming the program of
JH secretion, which includes the original
setting of critical size, makes JH a likely
physiological tool for revising critical
size during larval development.

Finally, in order to integrate this mod-
el of caste determination with the bio-
nomics of an ant colony, we propose that
nutritional state directly controls the en-
dogenous titer of JH. The fact that Phei-
dole soldiers are produced only when
larvae are fed a highly proteinaceous diet
is well documented (/3). The link be-
tween the larval endocrine system and
the nutritional environment is likely to
be a rate factor associated with diet. In
honey bees, artificial diets with high sug-
ar content enhance the feeding rate of
larvae and induce queen development. A
high feeding rate appears to produce
abdominal stretch, which triggers an in-
creased rate of JH synthesis and secre-
tion {(14).

The discovery of a JH-sensitive period
for soldier determination provides a
physiological basis for the decision
points (/5) along larval developmental
pathways. A decision point is a time in
development at which one or the other of
two sets of growth patterns is acquired
by the larva, after which the individual
proceeds in its development toward one
caste (or subcaste) or the other (15). In
ants, previous examples of decision
points have correlated a period of winter
dormancy with a change in the develop-
mental pathway (/6). The mechanism of
soldier determination in P. bicarinata is
independent of season and thus may
have wide applicability to the control of
polymorphism in ants.

DiaNa E. WHEELER
H. FREDERIK NUUHOUT
Department of Zoology,
Duke University,
Durham, North Carolina 27706
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Vibration Signal Transmission in Spider Orb Webs

Abstract. Vibration transmission from the prey-catching region to the hub of the
unloaded orb web of Nuctenea sclopetaria was measured by laser vibrometry.
Compared to transverse or lateral vibrations, longitudinal vibration shows less
attenuation and contains more directional information. It is transmitted well
throughout the entire frequency range measured (1 to 10,000 hertz).

A century ago, Boys (/) observed that
a spider will attack a vibrating tuning
fork touching its web. Since that time
interest in vibration signals in spiders’
webs has continued (2-8), and it has
become clear that the web is not only a
device for ensnaring prey but also a
medium for transmitting information on
the nature and position of the source of
mechanical disturbances. Therefore, an
understanding of vibration transmission
through the web is central to understand-
ing the use of vibration signals by web

Fig. 1. A reversed-image photograph of the
orb web from which the vibration measure-
ments shown in Fig. 2a were made. The hub is
the central area of dense meshwork surround-
ed by a spiral-free zone. Radial strands attach
at their distal ends to the frame threads form-
ing the web margin; these in turn are fixed
directly, or else via supporting stays, to the
wooden frame (not shown) in which the web
was built. The web was stimulated at point S
(or, in other webs, on any radius in the web’s
lower half) and the vibration measured at
points A to C.

spinners. Despite a number of investiga-
tions (4-8), there has been no satisfac-
tory means of measuring web vibrations
that does not load the web at the point of
measurement. The web’s light construc-
tion—one spanning 500 cm* may weigh
only 1 to 2 mg—requires a noncontact,
and therefore optical, measurement
technique, while the signal from entan-
gled prey—expected to extend over a
frequency range of about 1 to 10,000 Hz
at amplitudes ranging from nanometers
to millimeters—demands an instrument
with extended frequency and amplitude
response.

We now report on the differential
transmission of three types of vibration
signals through the unloaded web of
Nuctenea (= Araneus) sclopetaria de-
termined by laser Doppler vibrometry.
Our results represent the first step in a
program intended to describe the com-
plete system composed of the spider, its
web, and a vibration source (prey or
mate, for example). It has now become
possible to measure transmission over a
very broad range of frequency (probably
the whole range of interest to the spider),
and the results show that there are sever-
al types of web vibration, not previously
distinguished, each having different
transmission properties, with perhaps
different functions.

Normally, a spider sits either at the
hub of its web (Fig. 1), the convergence
point of all web radii, or hides nearby
and monitors web vibration via a signal
strand that runs to the hub. The radii
appear to be the most important vibra-
tion-conducting elements of the web,
since it is along them that the spider
orients when trying to locate a vibration
source (3, 4). We can distinguish several
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types of radius vibration. Transverse vi-
bration, as used here, occurs when each
part of the radius undergoes motion per-
pendicular to the radius and perpendicu-
lar to the plane of the web. Lateral
vibration is motion perpendicular to the
radius in the plane of the web. Longitudi-
nal vibration is motion along the axis of
the radius (and therefore also in the
plane of the web). In a normal situation,
of course; the vibration of the radius is a
combination of all three types of motion
9). ’

Vibration motion was measured with a
commercially available laser Doppler vi-
brometer that detects the Doppler shift
(proportional to target velocity) in the
frequency of a laser beam reflected from
the target (10). A lens focuses the laser
beam onto the moving object (the spider
web) and also collects the reflected light.
Since only light scattered directly back
from the object to the lens is captured by
the instrument, only the vectoral compo-
nent of the object’s motion along the axis
of the lens-laser system is measured—
motion in other directions merely in-
creases background noise. This direc-
tional selectivity permits independent
measurement of any one of the three
types of web vibration when the laser
beam is arranged to strike the web from
the appropriate direction (/7).

To determine the vibration-transmit-
ting characteristics of the web (12), we
stimulated a radius (13) transversely, lat-
erally, or longitudinally at known ampli-
tudes at a point about in the middle of the
prey-catching region (Fig. 1, point S).
The vibration transmitted to several
points in the hub, where the spider
would normally be located, was com-
pared with the input vibration over the
frequency range 1 to 10,000 Hz (/4). The
resulting transmission curve, normalized
to input vibration, is the transfer func-
tion connecting the point of stimulation
with the point of measurement.

Transmission curves for longitudinal,
transverse, and lateral vibrations (top to
bottom) in one web are shown in Fig. 2a.
In all three cases the response was mea-
sured on the stimulated radius where it
attached to the hub (Fig. 1, point A)—
about where the spider’s tarsus would
normally grasp the web. Distinct differ-
ences can be seen in the transmission
curves. Longitudinal vibration ordinarily
shows almost no attenuation over the
range | t0.3000 Hz (only 1 to 2 dB), and
some amplification (sometimes up to 10
dB) above ~ 3 kHz. In contrast, over
this same frequency range, transverse
and lateral vibrations are attenuated at
least 10 to 30 dB. The vibration transmis-
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sion to the middle of the hub (Fig. 1,
point C), near where the spider’s signal
thread would be attached, is generally
similar in form to the curves shown in
Fig. 2, but with more attenuation, partic-
ularly above ~ 1 kHz,

Although transmission may be altered
by the presence of a spider or prey in the
web (15), our results show that differ-
ences exist in the transmissibility of the
three types of vibration. Since longitudi-
nal vibration is the least attenuated, it
could be the type of most importance to
the spider, a proposition supported by
Liesenfeld’s (4) finding that a spider re-
sponds more readily to longitudinal than
transverse vibrations of its signal thread.
Unfortunately other studies of spiders’

Transmission (dB)

1 10 100 1k 10k
Freguency (Hz)

Fig. 2. (a) Longitudinal (solid), transverse
(dotted), and lateral (dashed) vibration trans-
mission between points S and A for the web
shown in Fig. 1. (b) Transverse, (¢) lateral,
and (d) longitudinal vibration transmission for
three different webs measured at the edge of
the hub on the stimulated radius (solid) and an
adjacent radius (dashed), corresponding to
points A and B in Fig. 1. Longitudinal vibra-
tion [(a) upper curve; (d) solid curve] is charac-
terized by good transmission to the hub at all
frequencies. Transverse vibration {(a) middle
curve; (b) solid curve] typically tends to drop
gradually, although not always uniformly,
with increasing frequency and often has sharp
resonance peaks above about 1 kHz. Lateral
vibration [(a) bottom curve; (¢) solid curve]
appears always to have a plateau region ex-
tending out to about 300 Hz, with increasing
attenuation above the plateau and often, as
illustrated, a well-defined resonance peak in
the 3- to 4-kHz range.

responses to web vibration have not dis-
tinguished among or considered sepa-
rately the various vibration types.

Directionality of the signal transmitted
by the web is important since vibration
cues help the spider locate the prey in
the web. When the spider is in the web,
its legs [on which the principal vibration
receptors are located (/6)) normally con-
tact the web in a nearly symmetrical
pattern around the periphery of the hub.
Therefore, by measuring the signal at
different points on the edge of the hub,
we can determine how strongly the leg
nearest the vibrated strand will be stimu-
lated compared to one further away,
and, assuming the spider makes a similar
comparison, determine how easily it can
locate the vibrated radius. Two points on
the edge of the hub were measured (Fig.
1, points A and B), the first on the
stimulated radius and the second on an
adjacent one. For transverse and lateral
vibrations (Fig. 2, b and cJ, the curves
overlap extensively indicating little sig-
nal directionality, but for longitudinal
vibration (Fig. 2d) there is clear separa-
tion at all frequencies, with transmission
measured on the adjacent radius attenu-
ated by 5 to 15 dB relative to the stimu-
lated radius. This means that longitudi-
nal vibration provides a much better cue
to the direction of the source of vibration
than do the other two types (17).

The results presented here reveal the
dependence of the web’s conductive
properties on the type of signal it is
transmitting. They also raise the ques-
tion of whether the spider might be rela-
tively ‘‘deaf’’ to certain vibration types,
whether it can ‘‘listen’’ selectively to
longitudinal vibration, or whether it can
distinguish different frequencies or mere-
ly different intensities.

Our findings may account in part for
the following conflicting reports: (i) The
signal transmitted by an insect trapped in
an orb web does not exhibit energy
above ~ 500 Hz (6, 7, 18); but (ii) the
distal metatarsal lyriforin organ (the
most likely receptor of small web vibra-
tions) is most sensitive above 1 kHz (19).
Given that insects can produce high fre-
quency vibrations (20) and that the web
has now been shown to be capable of
transmitting such frequencies, it seems
likely that the signal produced by a
snared insect can contain high frequency
energy and therefore that the spider is
not, maladaptively, best equipped to re-
ceive vibrations that its prey does not
excite and that its web cannot transmit.
While not previously observed, this does
not mean that high frequencies are ab-
sent in prey-generated signals (27). It
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may even be, considering the spider’s
differential sensitivity, that higher fre-
quency vibrations, despite their smaller
amplitudes, are a more intense stimulus
than lower frequency vibrations.

W. MITCHELL MASTERS

HUBERT MARKL

Fachbereich Biologie,
Universitdt Konstanz,
D-7750 Konstanz,
Federal Republic of Germany
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Age at Menarche: A Misunderstanding

Abstract. Through a misinterpretation of historical data, the age of menarche in
the 19th century is erroneously taken to have been 17 years. This error has resulted in
unwarranted beliefs about change in female sexual maturation in the United States.

Until recently, historical data about
the age of menarche were probably of
interest only to a few specialists. Much
of the current publicity about the histori-
cal age of menarche has to do with the
belief that in American girls menarcheal
age has dropped from 17 years in the
19th century to 12.5 years today. This
supposed trend has been regarded as the
most significant factor in increasing teen-
age sexuality and the ‘‘growing problem
of teenage pregnancy’’ (I). Stories about
it have appeared in almost every kind of
popular journal from Newsweek to The
Nation, and in scholarly literature of
anthropology, psychology, child devel-
opment, nursing, and other fields. It ap-
parently has even entered into predic-
tions of demographic trends. Notions
about the magnitude of the change in
menarcheal age are based upon misinfor-
mation. There has been some change,
but very much less than has been as-
sumed.

In the United States in the present day
the mean age at normal menarche is
estimated to be 12.3 years (some would
say 12.5 or 12.6) and the range from 9 to
17 years. Individual differences are at-
tributed to differences in general health
and nutrition, heredity, psychosocial de-
velopment, and a number of other fac-
tors. Pediatricians would normally do a
diagnostic work-up for girls who have
not begun menstruating by 16 (2). It is
important to emphasize the broad range
of menarcheal age, because in the past
each clinician contributing to the sub-
ject did so, with a few exceptions, on
the basis of a very small sample, and
historical data can be skewed because of
this.

The informed guesses and best esti-
mates of the past can be tested against
age at first pregnancy, age at marriage,
and other factors traditionally dependent
upon menarche. Roman law, for exam-
ple, assumed that females were mature
at the age of 12, and classical writers
described menarche as taking place
sometime between the ages of 12 and 14
(3). Medieval authorities tended to
agree. Much of our information comes
from the later Middle Ages. One of the
best indicators of medieval assumptions
is in the gynecological text De passioni-
bus mulierum, attributed to Dame Tro-
tula, extant copies of which date from
the 13th century. There are numerous
copies of the English provenance, 18 at
Oxford alone. In 12 of the English manu-
scripts there are tables on menarche, and
the ages appear to vary according to the
scribe’s personal knowledge. Most of the
Oxford copies put menarche at age 14,
the most common other age given is 13
(4). Other medieval writers set it within
the same range, 13 or 14 (5). In Islamic
countries it was a criminal act to have
sexual relations with 2 woman before she
had menstruated. Before a marriage
could be consummated women were to
examine the girl to see that she was
physically prepared, and Arabic law set
a range of ages for this examination
between 12 and 13 (6).

Some of the 19th- and early 20th-
century data put menarche slightly later
than classical or medieval authorities do.
J. Whitehead, writing in the 1840’s, put
the average for Manchester working-
women at 15 years 7 months and for
“‘educated ladies’’ at 14 years 6 months
(7). E. W. Murphy reported that obstet-

0036-8075/81/0717-0365300.50/0 Copyright © 1981 AAAS 365





