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The properties of acoustic interneurons in fiddler (Uca pugilator and U. minax) 
and ghost (Ocypode quadrata) crabs are described, as revealed bv tests with pure tones. 
Three types of interneurons were present in all species: tonic, which fired for the dura­
tion of the stimulus; phasic, which fired briefly at the onset of stimulation; and inhibit­
ed, in which ongoing spontaneous activity was suppressed during stimulation. Spectral 
sensitivities of the cells differed among the species and were “matched” to the energy 
composition of the sounds. The combined properties of the cells were suited to resolve 
the most likely temporal differences between the sounds of each species: pulse repeti­
tion rate, sound duration, and interval between successive sounds. None of the cells 
coded tone frequency. The responses of all cells were suppressed during locomotion 
(walking) by the preparations. Finally, all interneurons were “ nonhabituating” and 
in this respect resembled their functional analogues in cricket and grasshopper 
nervous systems.

I t  is now  w ell e s tab lish ed  th a t  aco u stic  
s ig n a ls  a re  p ro d u ce d  d u r in g  ag o n istic  
a n d  sexual b e h a v io r  b y  fid d le r (U ca) an d  
g h o s t (O cypode) c rab s. W e h av e  specified 
th e  m e ch a n ism s of sound  p ro d u c tio n , 
d esc rib ed  th e  sig n a ls , an d  c a lc u la ted  th e  
effec tive  ran g e  o v e r w hich  th e y  a re  
t r a n s m it te d  in sev era l species. T h e  c rab s  
also resp o n d  ac o u stica lly  to  one a n o th e r  
a n d  to  p la y b a c k s  of th e ir  ow n so u n d s 
(H o rch  an d  S alm on  1972; S a lm on  an d  
H o rc h  1972; H o rc h  1975).

T h e  ac o u stic  sy s te m  of th e se  c rab s  
resem b les  th o se  show n b y  m a n y  o rth o p - 
te ra n  in sec ts. F o r  exam ple , th e  c ra b  
so u n d s  co n sis t of sp ec ie s-ty p ica l p a t te rn s  
of p u lse s . A lso, “ sp o n ta n e o u s” sound  
p ro d u c tio n , w hen  it occu rs, is a  p re ro g a ­
tiv e  of th e  m a le . U n like  th e  insects, 
h o w ev er, s ig n ifican t signal energy  is 
confined to  th e  low er freq u en c ies , is
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t r a n s m itte d  p r im a rily  th ro u g h  th e  su b ­
s tr a te ,  an d  is d e te c te d  as  v ib ra tio n . T h e  
re c e p to r  ( B a r th ’s o rg an ) is lo c a te d  in th e  
m e ru s  of each  leg. W h ile  v ib ra tio n -b o rn e  
en e rg ies  a re  th e  a p p ro p r ia te  s tim u li, th e  
re c e p to r  ca n  a lso  resp o n d  to  a irb o rn e  
so u n d  (H o rch  1971, 1975; S alm on  a n d  
H o rc h , fo rth c o m in g ). T h e  o rg an  co n ­
ta in s  tw o  ty p e s  of cells (C la ra c  1968), 
a n d  reco rd in g s  from  th e  leg n e rv es of 
f id d le r c ra b s  rev e a le d  tw o  ty p e s  of 
n e u ro n s : slow ly a n d  rap id ly  a d a p tin g  
cells (S a lm on  an d  H o rc h  1973).

W e now  d escrib e  th re e  ty p e s  of in te r ­
n eu ro n s  fo u n d  in  b o th  g e n e ra  w hich  also  
p ro cess  aco u stic  in fo rm a tio n . T h e se  cells 
a re  d is t in c t in  th e ir  p ro p e r tie s  from  th e  
se n so ry  u n its  an d  su g g est w hich  aco u stic  
cues  can  b e  p o te n tia lly  im p o r ta n t  to  th e  
an im a ls  in species-specific d isc rim in a tio n  
a n d  d e tec tio n . Of p a r t ic u la r  in te re s t is 
th e  s im ila rity  b e tw een  th ese  cells in c rab s 
a n d  th e ir  fu n c tio n a l an a lo g u es  am ong  
th e  insects.

METHODS

T h e  ex p e rim en ts  w ere done d u r in g  th e  
sp rin g  a n d  su m m er a t  th e  D u k e  M a rin e
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L a b o ra to ry  in  B e a u fo r t, N o r th  Carolina* 
a n d  a t  th e  M o te  M a rin e  L a b o ra to ry  in 
S a ra so ta , F lo rid a . W e used  sexually  
m a tu re  re p re se n ta tiv e s  of th re e  species: 
O cypode quadrata , 2 .5 -4 .0  cm  in c a rap ac e  
w id th ; Uca m in a x ,  2 .0 -2 .5  cm ; a n d  U. 
pugila tor, 1 .5 -2 .0  cm .

Uca  w ere co llec ted  d u rin g  th e  d a y  from  
m asses  of c ra b s  m o v in g  in  “ h e rd s” a t 
low  tide . Ocypode w ere co llec ted  by  
d igg ing  an im a ls  o u t of th e ir  b u rro w s  
(d ay ) o r ca tc h in g  th e m  w ith  n e ts  a t  th e  
w a te r ’s edge (n ig h t) . Uca w ere ho u sed  
en m asse  in ta n k s  p ro v id e d  w ith  a  
sha llow  poo l of fresh , ru n n in g  se aw ate r. 
T h e y  w ere fed  raw  fish a n d  sh rim p  daily . 
T h e  c ra b s  w ere used  w ith in  a w eek of 
c a p tu re . O cypode w ere housed  s e p a ra te ly  
in sm all p la s tic  c o n ta in e rs  p ro v id ed  
w ith  a shallow  la y e r  of s e a w a te r  an d  
w ere used  w ith in  tw o  d ay s  of c a p tu re .

ANIMAL PREPARATION

C ra b s  w ere induced  to  a u to to m iz e  
b o th  che la , th e n  a n e s th e tiz e d  b y  b rie f 
cooling  in a re frig e ra to r . T h e y  w ere 
p laced  in a spec ia lly  co n to u re d  c lam p 
w hich  held  th e  c a rap ac e  firm ly  an d  
a llow ed  th e  legs to  m ove freely  below  
th e  body . A sm a ll hole w as m a d e  in th e  
exoskele ton  ju s t  v e n tra l  to  th e  ro s tru m  
exposing  th e  b ra in  ( =  su p rae so p h ag e a l 
g an g lio n ). A sm all s ilv e r w ire hook  
p laced  a ro u n d  one co n n ec tiv e  w as used  
to  p u ll th e  co n n e c tiv e  a n d  b ra in  fo rw ard  
a n d  aw a y  from  th e  esophagus. T h is  
e lim in a te d  m o v e m e n t of th e  n erv o u s  
sy s tem  caused  by  p e r is ta ls is  of th e  
eso p h ag u s  an d  ex p e d ite d  lo c a tin g  cells 
in  th e  b ra in . N o  a t te m p t  w as m a d e  to  
open  o r rem ove th e  co n n ec tiv e  tissu e  
en sh e a th in g  th e  n e rv o u s  sy s tem . Soon 
a f te r  th e  o p e ra tio n  w as co m p le ted , th e  
a n im a ls  w ere fu lly  recovered  from  th e  
co ld -induced  a n e s th e s ia . O nly  d a ta  co l­
lec ted  from  an im a ls  w hich  rem a in ed

v igo rous th ro u g h o u t th e  d u ra tio n  of th e  
ex p e rim en t h a v e  been  inc luded .

In  som e p ilo t te s ts ,  th e  clam ped  
p re p a ra tio n s  w ere ro ta te d  u p sid e  dow n, 
a n d  a  sm all ho le w as m ad e  in th e  s te r ­
num . T h is  p e rm itte d  a sea rch  fo r aco u s­
tic  cells in th e  th o ra c ic  gang lion  a n d  th e  
c ircu m eso p h ag eal con n ectiv es . N o n e  of 
th ese  cells, how ever, w as used  for m ore  
d e ta ile d  te s ts  o r  fo r th re sh o ld  d e te r ­
m in a tio n s .

ACOl'STIC STIMULATION

T h e  s inuso ida l signa l from  a  H e a th  
au d io  o sc illa to r w as used to  d riv e  a 
G en e ra l R a d io  Co. (G .R .C .)  1369-B 
to n e -b u rs t g e n e ra to r . T h e  o u tp u t  from  
th e  g e n e ra to r  w as led d ire c tly  to  a 
s te reo  am p lifie r w hich  d ro v e  one of tw o 
v e r tic a lly  m o u n te d  W ilcoxon  R esearch  
(F I)  sh ak ers . M o u n te d  ab o v e  each  sh a k ­
e r w as an  ac ce le ro m e te r to p p e d  w ith  a 
sm all a lu m in u m  p la tfo rm . E a c h  sh ak er- 
a c c e le ro m e te r-p la tfo rm  sy s te m  w as shock  
m o u n te d  an d  p o sitio n ed  u n d e r  one side 
of th e  a n im a l, so th a t  th e  c ra b ’s legs 
re s te d  on th e  p la tfo rm  in a  p o sitio n  
resem bling  n o rm a l p o s tu re . I t  cou ld  also 
be p o sitio n ed  so as  to  c o n ta c t on ly  
single legs. T h e  o u tp u t  of th e  acce le ro m ­
e te rs  w as m o n ito re d  b y  a  G .R .C . sound - 
level m e te r  a n d  a G .R .C . 1556-B im p a c t-  
noise a n a ly z e r , w h ich  p ro v id ed  a  m easu re  
of th e  a m p litu d e  of v ib ra tio n a l s tim u li 
in dB  re : 10-3 c m /s 2. T h e  sy s tem  h ad  a 
u n ifo rm  response of 0 .0 2 -9 .5  k H z .

A irb o rn e  sounds w ere p re se n te d  in a 
s im ila r fash ion  th ro u g h  a N a g ra  I )H  
sp eak e r-am p lifie r p laced  a b o u t 1 m  aw ay  
from  th e  an im als . S ound  p ressu re  levels 
w ere m e asu red  w ith  th e  sound-leve l 
m e te r  (S L M ) e ith e r  n ex t to  th e  an im a l 
o r s u b s t i tu te d  for it a t  th e  en d  of th e  
ex p e rim en t. A p p ro p ria te  co n tro ls  w ere 
m a d e  for b o th  s u b s tra te  an d  a irb o rn e  
aco u stic  s tim u la tio n  to  in su re  th a t  al-
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te rn a te  p a th s  o r  sou rces of ex c ita tio n  
w ere n o t p re se n t (see H o rc h  1971).

NEURAL RECORDING

G lass m ic ro p ip e tte s  (1 -3  M o h m  im ­
p ed an ce ) filled w ith  3M  N a C l s a tu ra te d  
w ith  fas t g reen  d y e  w ere used  to  record  
s in g le -u n it a c t iv i ty  in th e  b ra in . T h e  
dye w as used  on ly  to  m a rk  th e  lo ca tio n s 
of reco rd in g  s ites, a n d  no a t te m p ts  w ere 
m a d e  to  tra c e  n eu ra l co n n ectio n s. M o st 
of th e  reco rd in g s w ere m ad e  from  th e  
v e n tra l p a r t  of th e  gan g lio n , ju s t  m ed ia l 
to  th e  e n try  of th e  co n n ec tiv es , since 
th is  w as found  to  be th e  locus in w hich 
a c o u s tica lly  a c tiv e  cells w ere m o st a b u n ­
d a n t.  T h e  p re p a ra tio n  w as g ro u n d ed  
w ith  a  ch lo rid ized  silver w ire in se rted  in 
th e  s tu m p  of one of th e  a u to to m iz e d  
claw s.

C o n v e n tio n a l am p lifica tio n  a n d  osc il­
loscope d isp lay  te ch n iq u e s  w ere used. 
A nalogue  ta p e  reco rd in g s w ere m a d e  for 
la te r  a n a ly s is  of b o th  th e  s tim u lu s , as 
m o n ito re d  b y  th e  S L M ; an d  th e  n eu ra l 
response.

FIELD RECORDING OF ACOUSTIC SIGNALS

I 'ie ld  reco rd in g s of e i th e r  induced  or 
sp o n ta n e o u s ly  p ro d u ce d  so u n d s of each  
species w ere an a ly z ed  in  o rd e r  to  gu ide 
in th e  se lec tion  of a p p ro p r ia te  p a t te r n s  
of to n a l s tim u li. T h e  so u n d s w ere m o n i­
to red  w ith  E n d e v c o  acce le ro m e te rs  
p laced  on th e  s u b s tra te  n e a r  th e  an im als  
o r  th e ir  bu rro w s. S ignal a m p litu d e s  w ere 
m e a su re d  w ith  a  S L M , an d  th e  signa ls 
w ere reco rded  on a U h er 4000L  ta p e  
reco rder. S p ec tra l an a ly s is  w as done w ith  
a G .R .C . 1558 o c tav e  b a n d  a n a ly z e r  
an d  th e  im p act-n o ise  an a ly z er. T e m p o ra l 
p a t te rn in g  of th e  calls w as m easu red  
from  osc illographs.

DATA ANALYSIS

V isual o b se rv a tio n  of th e  m ic roelec­
tro d e  reco rd in g s on a s to rag e  oscilloscope

w as u sed  to  confirm  th a t  on ly  single u n its  
w ere ac tiv e . T h re sh o ld  cu rv es  w ere o b ­
ta in e d  b y  au d io  m o n ito rin g  of th e  re ­
sponse. T h re sh o ld  w as defined  as th a t  
a m p litu d e  w hich  p ro d u ce d  a  d iscern ib le  
response to  a t  le a s t 5 0 %  of th e  to n e  
b u rs ts  p re se n te d . T h re sh o ld  v a lu es  ex ­
ceed ing  80-dB  ac ce le ra tio n  w ere scored  
as “ no re sp o n se ,” since levels th is  h igh  
a re  n o t found  in  th e  field record ings. 
D a ta  from  sing le u n its  w ith  a d e q u a te  
s ig n a l : no ise ra tio s  an d  for w hich  a 
co m p le te  se t of s tim u li h a d  been  p re ­
se n ted  w ere d ig itized  on a  l i n c  8 co m ­
p u te r . F re q u e n c y -tim e  h is to g ra m s m ad e  
from  th e  d ig itized  d a ta  w ere u sed  to  p lo t 
th e  a d a p ta tio n  c h a ra c te r is tic s  of th e  
u n its .

RESULTS

A. ACOUSTIC BEHAVIOR AND 
SOUND CHARACTERISTICS

Uca pug ila tor .— T h e  aco u stic  d isp lay  
of th is  species h as  been  w ell d o cu m en te d  
(S a lm on  1965). B riefly , so u n d s a re  p ro ­
d u ced  by  m a les  w hen th e  m a jo r  che liped  
is v ib ra te d  a g a in s t th e  s u b s tra te  (“ ra p ­
p in g ” ). E a c h  c o n ta c t b e tw een  claw  an d  
g ro u n d  re su lts  in a  p u lse , an d  th e re  a re  
ty p ic a lly  5 -8  p u lses  p e r  sound . D a y tim e  
ra p p in g  occu rs ju s t  o u ts id e  o r w ith in  th e  
b u rro w  a f te r  a  fem ale  h a s  been  a t t r a c t ­
ed  b y  w av ing . A t n ig h t, m ales p o sitio n  
th e m se lv es  ju s t  o u ts id e  th e  b u rrow  
e n tra n c e  a n d  rap  “ sp o n ta n e o u s ly .” 
S ounds w ere reco rded  u n d e r b o th  c irc u m ­
s ta n ce s , u sing  th e  ac ce le ro m e te r p laced  
w ith in  2.0 cm  of th e  b u rrow .

Uca m in a x .—-T h is  species p ro d u ce s  its  
so u n d s b y  v ib ra tin g  its  w alk ing  legs. 
T h e  “ h o n k in g ” no ises w hich  re su lt u su a l­
ly consis t of 2 -5  p u lses  p e r  sound . 
D iu rn a l sonic a c tiv i ty  occu rs  on ly  w hen 
fem ales com e n e a r  a m a le ’s bu rrow . 
“ S p o n ta n e o u s”  sonic a c tiv i ty  d u rin g  noc­
tu rn a l  p e rio d s  h as  n o t been  ob se rv ed  
(S a lm on  a n d  H o rch  1973). A ll o u r  re-
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cordings were obtained by forcing fe­
males into the burrows of males previous­
ly engaged in vigorous bouts of waving.

Ocypode quadrata .—This species makes 
its sounds deep within the burrow. It 
has thus far proven impossible to locate 
the specific, burrow beforehand or to 
observe the animals when they are 
acoustically active. Recordings are ob­
tained by placing accelerometers in areas 
where burrows are closely spaced.

The sounds closely resemble those of 
U. pugilator in structure (Horch and 
Salmon 1969), and on tha t  basis we will 
refer to them as “ rapping.” Rapping 
occurs spontaneously at dawn, but only 
briefly (20-40 min). This period cor­
responds to the time when the majority

of the population, which feeds at the 
water’s edge during the night, moves up 
the beach to take over old burrows or 
dig new ones for daytime shelters. I t  is 
likely, but not proven, tha t  the sounds 
are emitted by males which do not leave 
their burrows a t night. Typically, each 
sound contains 4-6 pulses.

The pulse duration and repetition rate 
for the sounds of all species are shown 
in figure 1. The pulse durations are 
roughly constant throughout the sound 
in 0 .  quadrata and U. pugilator but 
shorten significantly during the sound in 
U . minax.  The duration of the pulses in 
the latter species is also roughly of an 
order of magnitude longer than in the 
former two. Similarly, U. minax  exhibits
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Fig. 1. -Pulse durations (.1, C, E) and repetition rates (B, I), /•') in the sounds of each species. Pulse 
durations were measured for the first (open liars) and last (shaded liars) pulses in a series of sounds. Pulse 
repetition rates were measured as the reciprocal of the interval (onset Vo onset) between all pulses within a 
sound. For I '. pugilator, repetition rate at night (shaded) is distinguished from the daytime rate (open). 
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th e  slow est b u t  m o s t re g u la r  pu lse  re p e ­
t it io n  ra te . Uca pugila tor  show s a  v a r i­
ab le  p u lse  re p e tit io n  ra te  a n d  h ig h e s t 
m e an  ra te . N o te  th e  s ig n ifican t decrease  
in re p e titio n  ra te  a t  n ig h t. T h e  p u lse  
d u ra tio n s  show  no such  s ig n ifican t a n d  
c o n s is te n t ch an g es from  d a y  to  n ig h t. 
P u lse  re p e titio n  ra te s  in 0 .  quadrata  a re  
in te rm e d ia te  b e tw een  th e  tw o  species 
of Uca.

T h e  sp e c tra l-e n e rg y  d is t r ib u t io n  w ith ­
in th e  p u lses  (figs. 2 a n d  3) is s im ila r for
O. quadrata  a n d  U . pugilator. T h e  calls 
of U . m in a x  te n d  to  be a b o u t tw o  o c tav e s  
low er.

B. CLASSES OF INTERNEURONS

T h re e  ty p e s  of in te rn e u ro n s  w ere 
fo u n d  in all species. T h e y  a re  illu s tra te d

b y  th e  o sc illo g rap h s in figure 4. T hese  
w ere  m a d e  from  U . m in a x  b u t  a re  ty p ic a l 
of a ll th e  crabs.

T o n ic  u n its  a re  ch a ra c te riz e d  b y  an  
e x c ita to ry  response la s tin g  for th e  d u ra ­
tio n  of th e  s tim u lu s . T h ese  responses are  
su p e rim p o sed  u pon  a v a ry in g  a m o u n t of 
sp o n ta n e o u s  a c tiv i ty , d ep e n d in g  upon  
th e  cell. I n  m o s t cases, th e re  w as a lag 
b e tw een  th e  en d  of th e  s tim u lu s  an d  th e  
re su m p tio n  of sp o n ta n eo u s  a c tiv i ty , if it 
w as p re se n t.

P h a s ic  u n its  ty p ic a lly  resp o n d ed  w ith  
a  b rie f b u rs t  of im pu lses a t  th e  o n se t of 
each  s tim u lu s . T h ese  cells n ev e r show ed 
sp o n ta n e o u s  a c tiv ity .

In h ib ite d  u n its  a lw ay s show ed sp o n ­
ta n e o u s  firing  w hich  w as red u ced  or 
c o m p le te ly  a b s e n t d u rin g  s tim u la tio n .

FREQUENCY, kHz
Fig. 2.—Spectral-energy distributions (shaded) of the sounds of U. minax (A) and U. pugilator (B), 

plotted relative to background levels in the field (right scale), and plots of thresholds (mean ± SE) for 
interneurons in dB re: 10~3 cm/s2 (left scale). Values in parentheses indicate number of cells in the sample. 
# ,  tonic neurons; A, inhibited neurons; H , phasic neurons; O, tonic neurons when stimuli are presented 
to a single leg (normally, 2-3 ipsilateral legs are stimulated simultaneously). Background levels: 44 dB 
(C weighted) and 47 dB (20 KC weighted) for U. minax and U. pugilator, respectively.
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F ig .  3.—Spectral-energy distributions of sound and mean thresholds of interneurons for 0. quadrata. 

Format as in fig. 2, except O = responses of tonic units to airborne sounds in dli re: 20 /iN/m2. Background 
levels: 44 dB vibration and 47 dli air (B weighted).

40

1
'H-■x

Fig. 4.—Oscillographs illustrating the three classes of acoustically active interneurons found in Ocypode 
and Uca. T, tonic cells ranging from those with little or no (left) to a relatively high (right) amount of 
resting or “spontaneous” activity. Tonic interneurons lire for the duration of the stimulus. P, phasic units 
which only fire a brief burst of impulses at the onset of the tone. I , inhibited interneurons in which ongoing 
activity is inhibited bv an acoustic stimulus. Recordings were made from U. minax. Stimulus frequency 
and sweep duration: T (left), 300 Hz, 2 s; T (right), 600 Hz, 1 s; P, 300 Hz, 1 s; I, 600 Hz, 5 s.
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A s in th e  to n ic  fibers, th e re  w as a  la te n t  
perio d  b e tw een  th e  te rm in a tio n  of th e  
s tim u lu s  an d  th e  re su m p tio n  of sp o n ­
ta n e o u s  a c tiv ity .

T h e  cells w ere fou n d  th ro u g h o u t th e  
c e n tra l nerv o u s sy s te m  (C N S ), t h a t  is, 
in th e  th o rac ic  g ang lion , c ircu m eso p h a- 
geal co n n ec tiv es , a n d  th e  b ra in . T h e  
b ra in  w as th e  b e s t reco rd in g  s ite , as  all 
th e  cell ty p e s  w ere m o s t easily  located  
in a  c ircu m scrib ed  reg io n : th e  v e n tra l 
a rea  of th e  tr ito c e re b ru m , be tw een  th e  
m id lin e  an d  th e  ju n c tu re  of th e  b ra in  
an d  c ircu m eso p h ag ea l co n n ectiv es . N o n e  
of th e  cells w as found  d o rsa l to  th e  
tr i to c e re b ru m .

T h e  n u m b e r  of cells fo u n d , th e ir  
la te n c y , an d  th e ir  im pu lse  a m p litu d e s  
a re  g iv en  in ta b le  1. T o n ic  n eu ro n s w ere 
m o s t com m only  e n c o u n te re d  a n d , w ith  
th e  excep tion  of 0 .  quadrata, show ed th e  
s h o r te s t la tenc ies . S p ike a m p litu d e s  v a r ­
ied co n s id erab ly , d ep e n d in g  in  p a r t  upo n  
p ro x im ity  of th e  e lec tro d e  to  th e  neu ron .

A ll classes of cells w ere b es t d riv en  b y  
s tim u la tio n  of legs on th e  ip s ila te ra l side 
of th e  b o d y  a n d  w eak ly , if a t  a ll, by  
c o n tra la te ra l  s tim u la tio n . S tim u la tio n  
w as also  affec ted  b y  m uscle to n u s  of th e  
legs. T h re sh o ld s  v a rie d  b y  as  m u ch  as
6 d B , d ep e n d in g  upo n  th e  force w ith

w hich  th e  su b je c ts  p ressed  th e ir  legs 
a g a in s t th e  p la tfo rm . W h en  te s te d  in ­
d iv id u a lly , each  leg could  effec tive ly  
d riv e  th e  in te rn e u ro n s , b u t  m a x im u m  
se n s itiv i ty , espec ia lly  a t  th e  h ig h e r fre ­
q uenc ies , d ep e n d ed  u p o n  s im u lta n eo u s  
s tim u la tio n  of se v e ra l ip s ila te ra l legs 
(fig. 2 5 ) .

R esponses of a ll cell ty p e s  to  aco u stic  
s tim u la tio n  a n d  th e ir  sp o n ta n e o u s  a c ­
t iv i ty  (if p re se n t)  w ere su p p ressed  by 
v o lu n ta ry  m o v em en t. A ty p ic a l ex am p le  
is show n in figure 5, in w hich  a to n ic  cell 
from  V . m in a x  w as s tu d ie d .

C. SPECTRAL SENSITIVITIES

T h re sh o ld s  from  all in te rn e u ro n s  te s t ­
ed  a re  show n in figures 2 an d  3. T h ese  
p lo ts  sh o u ld  be co m p ared  to  th e  sp e c tra l 
energy  p re se n t in th e  c ra b  so u n d s  a t  th e  
sam e frequencies.

T h e re  w ere d is t in c t  d iffe rences b e ­
tw een  th e  tw o  species of Uca  (fig. 2). All 
U . m in a x  n eu ro n s  w ere 10-20 dB  m ore 
se n s itiv e  to  100-700  H z  to n e s  th a n  w ere 
th o se  of U . pugilator. H o w ev er, th e  
la t te r  resp o n d ed  to  1.5 k H z  tones, w hile 
U . m in a x  d id  no t. T h e  ran g e  of sp e c tra l 
s e n s itiv i ty  in U . m in a x  covers th e  d is t r i ­
b u tio n  of th e  s ig n ifican t energy  p re se n t 
in its  sounds, b u t  U. pugila tor  is ap -

TABLE 1
Number, latency, and impulse amplitudes of

THE UNITS FOUND IN PREPARATIONS

T y pe  o f  U n it

Sp e c ie s  Tonic Phasic Inhibited

Uca minax (N = 18):
Number...........................................  16 6 7
Latency (ms)...................................  10-20 20-60 14-40
Amplitude (mv)..............................  100-600 200-400 200-250

Uca pugilator (A’= 10):
Number...........................................  12 5 3
Latency (ms)...................................  10-20 15-25 25-30
Amplitude (mv)..............................  50-400 200-250 200-600

Ocypode quadrata (N = 10):
N um ber.................................................  9 2 3
Latency (ms)...................................  20-30 15-25 15-35
Amplitude (mV).............................. 200-500 500-750 150-500



ACOUSTIC INTERNEURONS OF CRABS 221

p a re n tly  in cap ab le  of d e te c tin g  f re q u e n ­
cies of 2.0 k H z  an d  above . Y e t th e  la t t e r ’s 
so u n d s  co n ta in  sp e c tra l energ ies b e tw een  
10-30  dB  above  b ac k g ro u n d , u p  to
8 .0  k H z .

Ocypode quadrata  w as se n sitiv e  to  a 
h ig h e r ran g e  of frequenc ies  (fig. 3). N one 
of its  n eu ro n s  resp o n d ed  to  100-H z 
to n es, a n d  a ll w ere se n s itiv e  to  s tim u li 
u p  to  4 .0  k H z . G re a te s t se n s itiv ity  w as 
show n a t  frequenc ies  b e tw een  0.7 an d
3.0 kH z. T o n ic  u n its , te s te d  w ith  b o th  
a ir-  an d  su b s tra te -b o rn e  so u n d , y ie ld ed  
p a ra lle l a n d  n ea rly  e q u iv a le n t se n s itiv i­
tie s . F in a lly , th is  species (like U . pu g ila ­
tor) w as u n a b le  to  d e te c t th e  h igher- 
freq u en cy  co m p o n en ts  of its  ow n sou n d s, 
w h ich  in o u r  reco rd in g s ex ten d e d  u p  to
11.0 kH z.

W hile  to n ic  a n d  in h ib ite d  n eu ro n s  
w ere e q u a lly  se n sitiv e  in  a ll species, 
p h as ic  u n its  te n d e d  to  show  th e  h ig h es t 
th re sh o ld s , espec ia lly  a t  th e  low er fre ­

quencies. H o w ev er, all d e te rm in a tio n s  
w ere  m ad e  w ith  to n e  b u rs ts  c o n ta in in g  
g ra d u a l on- an d  offse ts, an d  p h as ic  u n its  
w ere  m o st se n s itiv e  to  s tim u li w ith  
in s ta n ta n e o u s  onse ts.

D. adaptation properties

T h e  tim e  course of a d a p ta tio n  of 
in d iv id u a l to n ic  u n its  from  each  of th e  
th re e  species is show n in figure 6. T h e  
av e rag e  fre q u en c y  w as d e te rm in e d  by  
d iv id in g  th e  response  perio d  in to  tim e  
b in s  an d  c o u n tin g  th e  n u m b e r of im pulses 
o cc u rrin g  in  each  b in  for se v era l re p e ti­
tio n s  of th e  s tim u lu s. T h e  m ean  fre q u e n ­
cy  eq u a ls  th e  n u m b e r  of im p u lses  
p e r  b in  p e r  re p e titio n  d iv id ed  b y  th e  b in  
w id th . T h e  b a rs  show  th e  to n e  d u ra tio n . 
T h e  to n ic  in te rn e u ro n s  a re  ca p ab le  of 
m a in ta in in g  a response  to  to n es  w ith  
d u ra tio n s  of an  o rd e r  of m a g n itu d e  a t  
le a s t longer th a n  th e  d u ra tio n  of th e  
pu lse s  in th e  so u n d s of th e  an im a ls  (see

I'lG. 5.—Effect of movement on responses of a tonic interneuron in U. minax. Stimulus (bottom trace): 
500 Hz, presented at 500-ms intervals. A, stimulus off, animal motionless with legs resting on platform. 
B, stimulus on and animal moving, 20 s later. C, record 5 s after movement ceased with the stimulus present. 
D, stimulus on, but. platform moved so that it no longer contacts the legs of the motionless crab.
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fig. 1). F ig u re s  6A  an d  B ,  in  w hich  th e  
levels of sp o n ta n e o u s  a c tiv i ty  a re  p lo tte d , 
i l lu s tra te  th e  in h ib itio n  of sp o n ta n e o u s  
a c tiv i ty  w hich  o ften  follow s th e  te rm in a ­
tio n  of th e  s tim ulus.

P h a s ic  in te rn e u ro n s , w h ich  fire only a 
few  im p u lses  a t  th e  b eg in n in g  of a  to n a l 
s tim u lu s , a d a p t  v e ry  rap id ly .

T h e  in h ib ite d  in te rn e u ro n s  a re  m uch  
like  th e  to n ic  u n its  in th e ir  a d a p ta tio n  
p ro p e r tie s  (fig. 7). (Q u a n ti ta t iv e  s tu d y

of th ese  in te rn e u ro n s  w as n o t d o n e  w ith
0 .  quadrata, b u t  q u a l ita tiv e ly  th e y  w ere 
th e  sam e a s  th o se  in  U ca.) N o te  t h a t  
som e p erio d  of tim e  m u s t p ass  a f te r  th e  
te rm in a tio n  of th e  s tim u lu s  b efo re  s p o n ­
ta n e o u s  a c tiv i ty  re tu rn s  to  th e  p re s tim u ­
lus level.

E. AMPLITUDE, DURATION, AND RATE CODING

I t  ca n  be  seen  in  figures 6 a n d  7 t h a t  
th e  la rg e r  th e  s tim u lu s , th e  g re a te r  th e

LlJ

TIME, MSEC
Fig. 6.—Adaptation properties of tonic interneurons. Mean frequency was determined by counting the 

number of impulses in each bin for several repetitions of the stimulus. Bars show the duration of the vibra­
tional stimulus. Increasing stimulus strength shown by the sequence of symbols: O, (----- ) = spon­
taneous activity during sweeps with no stimulus present. A, U. minax. Each curve is the average of 4-6 
repetitions at 39-, SO-, and 56-dB stimulus amplitudes, using 600-Hz tones. B, a different U. minax; average 
of 8-10 repetitions at 52, 57, and 66 dB, 400 Hz. C, 0. quadrala; average of 15 at 68, 71, and 74 dB, 1 kHz. 
D, U. pugilator; average of 10-11 at 68, 74, and 80 dB, 500 Hz.
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T I M E ,  MSEC
F ig .  7.—Adaptation properties of inhibited in­

terneurons. Format as in fig. 6, except (----- ) is the
weakest stimulus given, not spontaneous activity. 
Upper graph: U. minax, average of 5-7 at 48, 53, 58, 
and 63 dB, 300 Hz. Lower graph: U. pugilator, aver­
age of 9-11 at 65, 70, 74, and 80 dB, 1 kHz.

response. A sim ila r effect w as seen w ith  
th e  p h as ic  u n its , a l th o u g h  in th e  la t te r  
case s tim u lu s-o n se t ra te ,  as  w ell as 
s tim u lu s  a m p litu d e , w as im p o r ta n t  in 
d e te rm in in g  th e  v igo r of th e  response . 
T h e  level of sp o n ta n e o u s  a c tiv i ty  could  
m a rk e d ly  affect th e  response  to  a  g iven  
s tim u lu s , espec ia lly  in th e  in h ib ited  in ­
te rn e u ro n s . I n  th e  u p p e r  g ra p h  of figure 
7, fo r in s tan c e , a p p a re n tly  less in h ib i­
tio n  w as cau sed  by  a  63-dB  s tim u lu s  ( o )  
th a n  b y  a 58 dB  s tim u lu s  ( • ) .  H ow ever, 
th e  level of res tin g  a c tiv i ty  w as 49 
im p u lse s /s  a t  th e  tim e  th e  63-dB  s tim u ­
lu s  w as g iv en , b u t  o n ly  42 im p u lse s /s  
w hen  th e  58-dB  to n e  w as used . In  
te rm s  of th e  d ep ressio n  of sp o n ta n e o u s  
a c tiv i ty , th e n , th e  63-dB  to n e  w as

a c tu a lly  m o re  effec tive  th a n  th e  58-dB  
s tim u lu s . T h is  im plies t h a t  s tim u lu s- 
a m p litu d e  coding  in  th e se  in te rn e u ro n s  
m a y  be  b ased  on  a  re la tiv e  ch an g e  in 
fre q u en c y , n o t on  th e  a b so lu te  firing  
ra te .

S tim u lu s  d u ra tio n  is w ell coded  by  th e  
to n ic  in te rn eu ro n s . F o r a  g iv en  s tim u lu s  
s tre n g th , th e  n u m b e r  of im pu lses evoked  
d u rin g  a s tim u lu s  is n ea rly  lin early  
re la te d  to  th e  s tim u lu s  d u ra tio n  in th ese  
u n its  fo r to n es co m p arab le  to  th e  p u lse  
d u ra tio n s  in th e  calls (fig. 8). F o r th e  
in h ib ite d  in te rn e u ro n s , th e  slow  reco v ery  
of sp o n ta n eo u s  a c tiv i ty  m ask s  te rm in a ­
tio n  of th e  response  to  longer tones.

All c ra b s  show ed e ssen tia lly  sim ila r, 
n o n h a b itu a tin g  responses to  ra p id  pu lse  
tra in s . In  th e se  te s ts , p u lses  v a r ie d  from  
5 -3 0  m s in d u ra tio n  a n d  w ere p re se n te d  
a t  r a te s  of 10 -30  H z . T o n ic  u n its  of all 
species coded  th e se  fa ith fu lly . P h as ic  
u n its , how ever, fa iled  to  follow  p u lses  
d e liv ered  a t  r a te s  ab o v e  5 H z. S ince th e  
la t te r  resp o n d ed  m o st v igo rously  to  
p u lses  w ith  ra p id  o n se ts  a n d  since th ese  
te s ts  w ere done u sing  so u n d s w hich  took  
1-3 m s to  reach  fu ll a m p litu d e , i t  is 
u n c lea r  w h e th e r  th e se  find ings reflect 
th e ir  full p o te n tia l  fo r ra te  coding.

In h ib ite d  cells re sp o n d e d  to  sh o r t (15- 
m s d u ra tio n )  to n e s , b u t  th e ir  slow  re ­
co v e ry  of sp o n ta n e o u s  firing  p rec lu d ed  
d isc re te  responses to  b u rs ts  d e liv ered  
fa s te r  th a n  10 p e r  s.

DISCUSSION

W e id e n tify  th e  th re e  ty p e s  of cells 
d escrib ed  here  as  in te rn e u ro n s  for th e  
follow ing reasons. F irs t ,  th e ir  responses 
a re  c lea rly  d iffe ren t from  th o se  reco rded  
in th e  p r im a ry  a ffe ren ts  (S a lm on  a n d  
H o rc h  1973). S econd , th e  cells receive 
c o n v e rg en t in p u t from  a ll th e  ip s ila te ra l 
w alk ing  legs. H o w ev er, we c a n n o t say  
on th e  b as is  of o u r  ex p e rim en ts  here
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SOUND DURATION, MSEC

Fig. 8.—Num ber of impulses evoked in tonic interneurons by vibratory stimuli of different durations. 
# ,  0 . quadrata, average of 20-23 repetitions per point, 700 Hz, 84 dB. □ ,  U. minax, average of 15-16, 
300 Hz, 55 dB. O , U. pugilator, average of 9-13, 500 Hz, 85 dB.

w h e th e r  th e se  cells re p re se n t ascend ing  
o r d escend ing  system s.

T h e  p re se n t e x p e rim en ts  h av e  y ie lded  
th re sh o ld  v a lu es  for a ll species w hich  a re  
low er th a n  o u r p rev io u s  re p o r ts  (H o rch  
1971; S alm on a n d  H o rc h  1972). W e 
a t t r ib u te  th is  p r im a rily  to  b e t te r  co u ­
p lin g  be tw een  th e  w alk ing  legs a n d  th e  
p la tfo rm . T h e  c ra b s  ty p ic a lly  ex ten d e d  
th e ir  legs to  th e  p la tfo rm  an d  p ressed  
dow n, o ften  w ith  enough  force to  d am p en  
s tim u lu s  levels. A n o th e r  fa c to r  w as th e  
use of liv ing  p re p a ra tio n s  (in  reco rd ings 
fro m  th e  se n so ry  nerv es, th e  c rab s w ere 
ev isce ra te d , a n d  a ll C N S  a c tiv i ty  soon 
ceased ). Id e a lly , one w ould  p re fe r  to  
reco rd  from  th e  e n tire  sy s tem  (sensory  
cells an d  in te rn eu ro n s)  using  free -m o v ­
ing crabs. S uch  a  p re p a ra tio n  w ould  
p ro b a b ly  show  even  g re a te r  se n s itiv ity , 
b u t  th is  “ id ea l” is n o t y e t  te ch n ic a lly  
feasib le .

T h e  su p p ress io n  of in te rn e u ro n a l re ­
sponse to  e x te rn a l s tim u li d u r in g  v o lu n ­
ta ry  m o v e m en t is p a r tic u la r ly  in te re s t­
ing. A s im ila r effect h as  b een  re p o rte d , 
by  T a y lo r  (1968) for a n te n n a l  m echano - 
rec e p to rs  in th e  cray fish , an d  for o th e r  
se n so ry  sy stem s (C o lle tt 1974). In  o u r  
c ra b s , su p p ress io n  m a y  serve  as “ o v e r­

load  p ro te c tio n ,” since, d u rin g  n o rm al 
locom otion , B a r th ’s o rgan  w ould  be 
su b je c ted  to  m ech an ica l fo rces of severa l 
o rd ers  of m a g n itu d e  above  n o rm a l v ib ra ­
tio n a l levels. T h e  su p p ress io n  m a y  occur 
a t  th e  re c e p to r  level (see H o rc h  1971), 
o r it m a y  invo lve  c e n tra l in h ib itio n . W e 
fav o r th e  la t te r  as  a w o rk in g  h y p o th e s is , 
since m o v e m en t a ffec ted  n o t on ly  th e  
response to  e x te rn a l s tim u la tio n  b u t also 
sp o n ta n e o u s  firing  b y  th e  in te rn e u ro n s  
(fig. 5). W h a te v e r  th e  m e ch an ism , th e  
re su lt suggests th a t ,  w hen  th e  c rabs 
w alk , th e y  a re  u n ab le  to  d e te c t  th e  
so u n d s of conspecifics. T h u s  aco u stic  
d isc rim in a tio n  an d  lo c a liza tio n , if th e y  
occur, m u s t  ta k e  p lace d u rin g  p au ses 
b e tw een  p erio d s of locom otion .

T h e  to n a l  s tim u li u sed  w ere designed  
to  d e te rm in e  if in te rn e u ro n s  could  re ­
spond  to  te m p o ra l p a t te r n s  co m p arab le  
to  th o se  p re se n t in th e  c ra b ’s sounds. 
T h e  re su lts  in d ic a te  th a t  th e  m o s t o b ­
v io u s of th e se — p u lse  re p e titio n  ra te , 
p u lse  d u ra tio n , sound  d u ra tio n , an d  
in te rso u n d  in te rv a l— can  be reso lved . 
T o n ic  u n its , w h ich  w ere th e  m o s t fre ­
q u e n tly  fo und , encode all th e se  p a ra m ­
e te rs  fa ith fu lly . P h as ic  u n its  shou ld  re ­
spond  to  th e  p resence of tra n s ie n ts  in
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th e  sounds, such  as th e  leg -strik in g  
c o m p o n en ts  of “ h o n k in g ” noises w hose 
tim in g  v a rie s  c h a ra c te r is tic a lly  w ith  each  
species (S a lm on  a n d  A tsa id es  1968). O ur 
ra te -co d in g  tr ia ls  in d ic a ted  p h as ic  u n its  
w ere in c ap a b le  of reso lv ing  in d iv id u a l, 
b rief to n e  b u rs ts  w ith  sm o o th  o n se ts  
p re se n ted  a t  r a te s  co m p arab le  to  those  
occu rring  in  th e  ra p p in g  so u n d s of Uca 
pugilator. H o w ev er, w hen  “ c licks” w ere 
su b s t itu te d  for th e  to n es , th e  n eu ro n s  
follow ed th ese  ra te s . F in a lly , in h ib ited  
in te rn e u ro n s , because  of th e ir  slow  re ­
co v ery  a f te r  s tim u la tio n , a re  n o t likely  
to  resolve in d iv id u a l pu lses. H o w ev er, 
th ey  could  encode so u n d  d u ra tio n  an d  
in te rso u n d  in te rv a l. S ince b o th  in h ib ited  
an d  to n ic  in te rn e u ro n s  y ie ld  g rad e d  and  
co m p lem en ta ry  responses, th e  tw o  u n its  
to g e th e r  could  p ro v id e  som e in fo rm a tio n  
on th e  so u n d -in te n s ity  changes w hich 
occu r w hen  a c rab  m oves to w a rd  o r  aw ay  
from  an  aco u stica lly  a c tiv e  conspecific.

H ow ever, all th ese  p red ic tio n s  m u s t be 
confirm ed b y  ex p e rim en ts  in  w hich  n a t ­
u ra l so u n d s serve as  th e  s tim u li. T h ese  
te s ts  a re  in progress.

T h e  sp e c tra l-se n s itiv ity  cu rv es  of th e  
th re e  species differ, espec ia lly  w hen  U . 
minax  is co m p ared  w ith  th e  rap p in g  
species. In  th e  fo rm er, se n s itiv i ty  is m o st 
o bv iously  re la te d  to  th e  so u n d  sp e c tru m  
received  n ea r  th e  m ale. In  th e  rap p in g  
species, w hich  em it th e ir  no ises sp o n ­
ta n eo u sly , th e  a n im a ls  m a y  be m a tc h in g  
th e ir  se n s itiv itie s  to  th e  freq u en cy  com ­
p o sitio n  of w eaker, m ore  d is ta n t  sounds. 
M e a su re m e n ts  of so u n d  tran sm iss io n  in 
these  species (H o rch  a n d  S alm on  1972; 
S alm on an d  H o rc h  1972; H o rc h  1975) 
show  th a t  th e  h igher frequenc ies a t te n ­
u a te  rap id ly  w ith  d is tan c e  from  th e  c rab  
source. I t  is ju s t  th e se  frequenc ies w hich  
th e  c ra b s  c a n n o t d e te c t. In  a n y  ev e n t, it 
w ould  c lea rly  be of in te re s t to  know  how  
d iffe rences in sp e c tra l tu n in g , su ch  as

th o se  o ccu rrin g  in o u r c rab s, a re  b u ilt 
in to  th e  d e te c tio n  sy stem .

W e sh o u ld  em p h asize  th a t  o u r  ca ta lo g  
of aco u stic  in te rn e u ro n s  m ay  n o t be 
com plete . T h e re  m a y  be p re se n t cells 
w hich  resp o n d  on ly  to  c rab  sounds 
g en e ra lly  o r to  th e  so u n d s of conspecifics. 
T h ese  n eu ro n s w ould  n o t, of course , 
h av e  been  lo c a te d  by  th e  sea rch  s tim u lu s  
u sed  in th e  p re se n t ex p e rim en ts .

S tu d ie s  of v ib ra tio n  rec ep tio n  in o th e r  
c ru s ta c e a n s  h av e  ce n te re d  on b eh a v io ra l 
co rre la te s  an d  on  te m p o ra l an a ly se s  of 
th e  sig n a ls  (A ltev o g t 1964; von H ag en  
1967; K laassen  1973). W e know  of no 
o th e r  re p o r ts  in w hich  in te rn e u ro n s  sensi­
tiv e  to  s u b s tra te  v ib ra tio n  w ere ex am ­
ined . W hile  m a n y  o th e r  a r th ro p o d s  re ­
spond  to  v ib ra tio n  (M a rk l 1973), lit tle  
is know n a b o u t fu r th e r  p ro cessin g  of 
sen so ry  in p u t. D a m b a c h  (1972a, 19726) 
found  to n ic  fibers in th e  c ircu m eso p h a- 
geal co n n ec tiv es  of c rick e ts  (G ryllus  
cam pestris  a n d  G. b im acula tus) w hich 
re sp o n d ed  m o st s tro n g ly  to  s tim u lu s  
o n se t a n d  show ed  g re a te r  tu n in g  to  
ce r ta in  frequenc ies th a n  th e  senso ry  
cells. A n im p o r ta n t  p ro p e r ty  of these 
cells w as th e ir  “ h a b i tu a t io n ” upon  re ­
p e a te d  s tim u la tio n . T h ese  p ro p e r tie s  are  
ideal w hen  th e  p r im a ry  ro le of th e  sy s tem  
is th a t  of w arn in g , as he suggests. W hile  
fidd ler a n d  g h o st c rab s also  use v ib ra ­
tio n a l cues to  d e te c t p o te n tia l p re d a to rs , 
it  is c lea r th a t  th e  tra n s fo rm a tio n s  m ad e  
by  th e  th re e  classes of in te rn e u ro n s  
s tu d ie d  h ere  exceed th e  d e m an d s  of a 
s im p le  w arn in g  sy s tem . R a th e r ,  th e y  
show  m a n y  s im ila rit ie s  to  th e  n o n h a b i t­
u a tin g  in te rn e u ro n s  p rocessing  senso ry  
in p u t d u rin g  aco u stic  co u rtsh ip  of c rick ­
e ts  (Z a re tsk y  1971; S to u t an d  H u b e r  
1972) a n d  g ra ssh o p p e rs  (R h e in lae n d e r 
1975), in w hich  d isc rim in a tio n  of species- 
ty p ic a l sounds is k n o w n  to  occur.
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