
Insectes Sociaux, Paris 
1989, V o l u m e  36, n ~ 4, pp .  339-346 

�9 M a s s o n ,  Pa r i s ,  1989 

THE SELF-ORGANISING CLOCK PATTERN OF 

MESSOR PERGANDEI (FORMICIDAE, MYRMICINAE) 

S. GOSS and J.L. DENEUBOURG 

Unit of Theoretical Behavioural Ecology, C.P. 231 
Universitd Libre de Bruxelles, 1050 Bruxelles, Belgium 

Regu le 13 janvier  1989 Accept6 le 7 m a r s  1989 

S U M M A R Y  

A simple  model  is described where in  an t  foragers  choose a foraging sector  as a 
func t ion  of the  p h e r o m o n e  concent ra t ion  associa ted  wi th  each sector.  The choice is auto- 
catalytic, as foragers  tha t  f ind food in a sector  add  to its pheromone .  As a sector 's  food 
runs  out,  the  foragers  spontaneous ly  switch to the  ad jacent  sector. With increasing food 
abundance ,  the  mode l  passes  f r om r a n d o m  foraging to the  fo rmat ion  of a trail  tha t  
ro ta tes  abou t  the  nest .  The greater  the  abundance  the more  slowly the  trail  ro ta tes  until  
it finally becomes  fixed on one sector.  These resul ts  agree wi th  exper imenta l  observat ions  
m ade  on the  ha rves te r  an t  Messor pergandei by BERNSTEIN (1975) and RISSING and WHEELER 
(1976), and  reconcile an  apparen t  contradic t ion  between them.  

R E S U M E  

L'auto-organisation d'une piste rotative chez Messor pergandei 
On pr6sente  u n  module s imple  de choix du secteur  de fou r ragemen t  pa r  des fourmis .  

Ce choix se fait  en fonct ion de la quant i t6  de phe romone  associ6e /1 chaque  secteur,  et 
est au tocata ly t ique  puisque  les four rageuses  qui  t rouven t  de la nour r i tu re  'dans un  sec- 
t eur  y a jou ten t  de la ph6romone.  Quand  la nour r i tu re  d ' un  secteur  est 6puis6e, les four- 
rageuses  t ransf~ren t  spon tan6men t  leur  activit6 vers le sec teur  adjacent .  Si la r ichesse 
en nou r r i t u r e  augmente ,  le module passe  d 'un  fou r r a ge me n t  al6atoire h la fo rmat ion  d 'une  
piste qui  tourne  an tou r  du nid. Plus la r ichesse  est  61ev6e, p lus  la piste tourne  lentement ,  
j u s q u ' h  devenir  fig~e en un  secteur.  Ces r6sul ta ts  co r responden t  aux observat ions  faites 
su r  la fou rmi  Messor pergandei par  BERNSTEIN (1975), RISSING et WHEELER (1976) ~r 
reconcilient une  apparen te  contradic t ion  en t re  eux. 
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I N T R O D U C T I O N  

Oscillations, waves and spat ia l  pa t t e rns  are now classical p h e n o m e n a  
in the dom a i n  of popula t ion  dynamics  (e.g. MAY, 1973 ; OKUBO, 1980 ; DEANGELIS 
et  al., 1986), no t  to speak  of physico-chemical  sys tems (NIEOLIS and PRIGOGINE, 
1977; HAKEN, 1983). Recently,  however ,  the techniques and  logic re la ted  to 
the unde r s t and ing  of such non-linear p h e n o m e n a  have begun  to be  appl ied  
to the dynamic  in teract ions  in animal  societies or  group living o rgan i sms  
(e.g. KELLER and SEGEL, 1970 ; DENEUBOURG, 1977 ; OKUBO, 1980 ; FOCARDI et aI., 
1985; BELIC et al., 1986; PASTEELS et aI., 1987; DENEUBOURG et  al., 1987; 
review in MARTIEL and GOLDBETER, 1987; Goss and DENEUBOURG, 1988; 
DENEUBOORG et al., 1989a). 

BERNSTErN (1975) and RlSSlN6 and WHEELER (1976) descr ibed a spat ia l  
osci l lat ion in Messor  pergande i  (ex-Veromessor) .  Briefly; a concen t ra ted  
trail  of foragers  develops to a sec tor  of the foraging area,  and  wi th  a per iod  
of several  days to three weeks or  so rotates ,  grosso modo,  like the hand  of a 
clock a round  the nest. When BERNSTEIN (1975) artificially increased the seed 
densi ty  nea r  the nest,  the hand seemed to widen and  then dis integrate  fol- 
lowed by  uncoord ina ted  r a n d o m  exploi tat ion of the foraging area.  RlSSlNG 
and WHEELER (1976), however ,  r epor ted  that  such r a n d o m  foraging, while  
some t imes  obse rved  when  food was  scarce,  was  very  ra re  in years  of  high 
seed density.  Both  repor ted  that  the co lumns  changed direct ion more  slowly 
in years  or  regions when  food was abundant .  

In  this art icle we will p resen t  a ma themat i ca l  model  showing how this 
p a t t e r n  m a y  be genera ted  f rom a s imple  trail-laying and trail-following 
behaviour ,  and  the fo rage r / food  interact ions,  wi thout  needing to invoke 
spat ia l  m em ory ,  compl ica ted  sys tems of coordinat ion or any  change of in- 
dividual behav iour  with food density. The model  reproduces  the different  
e x p e r i m e n t a l  observat ions,  and  reconciles the cont rad ic tory  observa t ions  wi th  
high food density.  

T H E  M O D E L  AND S I M U L A T I O N S  

The c i rcular  foraging area,  wi th  the nest  in the centre,  is divided into b 
sectors .  ~i seeds arr ive  pe r  t ime in each  sector,  each of which  contains  Si 
seeds. A fract ion,  r, d i sappear  pe r  uni t  t ime  by  compet i t ion ,  decay, etc. 

A trai l  leads to each sector,  charac te r i sed  by  C p h e r o m o n e  units ,  of which  
a fract ion,  e, evapora te  per  unit  t ime. N foragers  leave the nest  per  uni t  time. 
A fract ion,  fi, choose sector  i, according to a non-linear funct ion of the trail  
p h e r o m o n e  associa ted wi th  each sector,  as de te rmined  exper imenta l ly  for  
I r i d o m y r m e x  humi l i s  (DEREUBOURG et al., 1989b). Of this fract ion,  a small  
fract ion,  q, diffuse into each of the two ad jacent  sectors  (note tha t  the sec- 
tors  ad jacen t  to sector  b are sectors  1 and  b-l). 



CLOCK PATTERN OF MESSOR PERGANDEI 341 

The n u m b e r  of seeds found in a sector is given by the produc t  between 
a constant,  g, the number  of foragers, Fi, and a funct ion of the number  of 
seeds in that  sector, S'i / (a + Si), which increases monotonical ly f rom 0 to 1 
with Si, a being a constant.  At the end of each step, all the foragers re turn  to 
the nest. Those that  have found a seed add one pheromone  unit  to the trail 
leading to the corresponding sector. T h o s e  that find no seeds re turn  wi thout  
marking. The average equations for this process are thus : 

d S i / d t  = a r r i v a l s  - -  f i n d s  - -  d i s a p p e a r e n c e s  

= ~ i -  g F i S  i / (a + S i) --  rS i (i = 1 .. . .  , b) (1) 
dCi/dt = f i n d s -  evaporation 

- - - - g F i S  i ] (a  q- S i )  - -  e C  i (2) 

fl = (20 + Ci)2 / Z (20 + Ci)2 (Y-fi = 1) (3) 
F i = N ((1--2q) fi + qfi+l + qfi-1) (4) 

Figure i shows a typical Monte Carlo simulation with 4 sectors. At 
time 0, each sector  contains ePi/r seeds (the equilibrium value in the absence 
of ants), and there are no pheromone  marks.  Initially, the number  of fora- 
gers choosing each sector is more  or  less random. By chance one sector is 
more  chosen than the others, in this case sector 2. More food is therefore 
found in sector  2, and the trail leading to it becomes s t ronger  than that  
leading to the other  sectors. Even more  foragers thus choose it at the next 
step, and so on. This autocatalytic process rapidly leads to the foragers con- 
centrat ing on sector  2, and corresponds to the format ion  of a recrui tment  
trail in real space. The foragers may be said to have collectively selected 
sector 2. 

Thereafter,  the number  of seeds in sector 2 diminishes through the fora- 
gers'  activity, while they accumulate  in the other  unfrequented  sectors. 
Eventually, the foragers have difficulty in finding seeds in sector 2, and so 
the trail to it is no longer reinforced and diminishes by evaporation. At this 
point, the trails to its two neighbouring sectors 1 and 3 have a higher concen- 
trat ion than sector  4's trail, as they have been exploited at a Iow rate by 
foragers diffusing f rom sector 2. Thus rather  than collectively selecting at 
r andom between the three (b-l) remaining sectors, the foragers collectively 
choose between sectors 1 and 3, in this case sector 3. When sector  3 is nearly 
empty, again there are weak trails leading to the two adjacent  sectors 2 and 4. 
However, sector  2 is still more  or  less empty, not having had enough time 
to restock. The foragers collectively choose sector 4, by finding seeds more  
easily there and therefore reinforcing the trail leading to it. Thereafter,  
they continue to choose the next sector in the same direction as before, and 
the trail rotates around the nest. By the time it has gone a full circle, the 
sectors originally exploited have been restocked, and the rotat ion continues 
indefinitely. 

A prel iminary analysis of the model 's  s tat ionary states, conf i rmed by 
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Fig. I. - -  M o n t e  Car lo  s i m u l a t i o n  o f  t h e  m o d e l  w i t h  4 sec to r s ,  s h o w i n g  t he  p e r c e n t a g e  o f  
f o r a g e r s  in  e a c h  s e c t o r  as  a f u n c t i o n  o f  t ime .  T h e  f o r a g e r s  c lear ly  f o r m  a t ra i l  
t h a t  s t a r t s  in  s ec t o r  2 a n d  r o t a t e s  c l ockwi se  to s e c t o r s  3, 4, I, 2, 3, etc. ,  w i t h  a 
r e g u l a r  pe r iod .  

N = 1 0 0 ; e  = 0 . 0 3 ; g =  0 . 1 ; r = 0 . 0 0 1 ; q = 0 . 0 5 ;  r  (i -- 1 . . . . .  4 ) ;  a = 1000; 
S0 = q~/r. 

Fig. 1 - -  U n e  s i m u l a t i o n  M o n t e  Car lo  d u  modEIe  avec  4 s e c t e u r s ,  m o n t r a n t  ]e p o u r c e n t a g e  
de  f o u r r a g e u s e s  d a n s  c h a q u e  s e c t e u r  en  f o n c t i o n  d u  t e m p s .  Les  f o u r r a g e u s e s  for-  
m e n t  c l a i r e m e n t  u n e  p i s t e  qu i  c o m m e n c e  d a n s  le s e c t e u r  2 et  qu i  p a s s e  a u x  sec- 
t e u r s  3, 4, 1, 2, 3, etc.,  avec  u n e  pdr iod ic i td  rdgul ibre .  

N = l O O ; e = O . O 3 ; g = O . 1 ; r = O . 0 0 1 ; q = 0 . 0 5 ; r  (i -- 1 . . . . .  4) ;  a = 1000; 
So = ~ / r .  
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simulat ions,  shows tha t  it generates  three  different  pa t t e rns  depending on the 
p a r a m e t e r  values, notably  the food abundance  pe r  forager.  For  a given num- 
ber  of  foragers ,  when  the food abundance  is very  low no columns  develop 
and  foraging is r a n d o m  and stat is t ical ly equal  in each sector.  When  it is 
g rea te r  than  a threshold  value the co lumn develops and ro ta tes  (note tha t  the 
individual  ants  have  no threshold  value, but  collectively they do). As the 
abundance  increases,  the column ro ta tes  more  and m o r e  slowly, be- 
coming fixed on one sec tor  when  food arr ives  there  f a s t e r  than  the ants  
r emove  it. 

For  a given food abundance,  wi th  very  few foragers  the colony is unable  
to create  a trail ,  and  foraging is random.  As the n u m b e r  of  foragers  increases,  
a co lumn appea r s  but  r emains  fixed on one sector  as there  are not  enough 
foragers  t o  deplete it. With  m o r e  foragers ,  the sec tor  is exhausted,  the ants  
switch to the neighbour ing sector,  and the co lumn s tar ts  to rotate ,  all the 
f a s t e r  as there  are  more  foragers .  For  very  large colonies, the food supply  is 
rapidly  exhaus ted  in all the sectors,  and foraging again becomes  r a n d o m  with  
the foragers  sp read  all over  the foraging area  collecting the food as it arrives.  

I f  the leakage (q) be tween  ad jacent  sectors  is very small,  the co lumn is 
f o rm ed  bu t  switches be tween  different  sectors  in a r a n d o m  sequence.  As q 
increases,  the co lumn rotates .  With high leakage, the trail  widens and  the 
foraging eventual ly  becomes  random.  

Finally, the �9 varies f rom sector  to sector  (as under  na tura l  condit ions,  
especial ly when  food is scarce),  the less regular  the rotat ion.  Shor t  per iods  
of r a n d o m  foraging while the foragers  collectively select a new direct ion are 
m o r e  f requent ,  for  example  when the co lumn ro ta tes  towards  an emp ty  
sector.  The columns may  " b a c k s t e p "  or  even change direct ions r andomly  
r a t he r  than  cont inue in the same clockwise (or anti-clock-wise) direction. 

D I S C U S S I O N  

The model  is ex t remely  simple,  and  ignores all p rob l ems  of explicit 
distance,  m e m o r y ,  special isat ion and r ec ru i tmen t  dynamics,  and  yet the 
sequence of pa t t e rns  r a n d o m  forag ing / ro ta t ing  co lums/ f ixed  columns  obta ined  
with  increasing food abundance  closely cor responds  to the field observat ions  
descr ibed in the introduct ion.  

Other  observat ions  fu r the r  suppor t  the model ' s  dynamics  of the collective 
select ion of one foraging direction. Riss inc  and  WHEELER (1976) observed  
tha t  double columns may  develop at  the t ime of a m a j o r  change of direction, 
one leading to the new direction, the o the r  leading to the old direct ion being 
progress ively  abandoned.  At o the r  t imes,  two columns may  develop together,  
bu t  wi th in  several  minutes ,  one " f a i l s "  (RIsSING, pers.  comm.) .  Also, RISSING 
and WHEELER (1976) only observed  inf requent  per iods  of r a n d o m  foraging 
when  food was  scarce, and there fore  when  spat ia l  he terogenei ty  was high. 
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The only appa ren t  d i sagreement  is wi th  BERNSTEIN'S (1975) observa t ion  
tha t  an  art if icial  increase in food abundance  leads to r a n d o m  foraging. How- 
ever, she d ispersed  seeds very  close to the nest  (within 3 m radius) ,  whereas  
a typical  co lumn can be 20 m long or  more .  This we in te rp re t  as sharp ly  
reducing the act ive foraging area,  and  thus great ly increasing the leakage 
be tween  the cor respondingly  srnaller ad jacent  segments ,  which as shown by  
the model  leads to the trai l  widening and  the foraging becoming  random.  We 
pred ic t  tha t  if she had  equivalently enr iched the foraging area  in a b a n d  say 
15 m f r o m  the nest ,  she would  have s lowed the co lumn ' s  rotat ion,  in accor- 
dance wi th  he r  o the r  observa t ions  and those Of RISSING and WHEELER (1976), 
and not  elicited r a n d o m  foraging (also suggested by  DAVIDSON, 1977). This 
is indirect ly  suppor t ed  by  RISSING'S (1981) s tudy  of seed preference ,  in which  
he added  and  replenished seeds accross  the pa th  of a foraging co lumn 12, 
24 and  36 m f r o m  the nest,  and  observed  tha t  the foraging direct ion and 
length r ema ined  cons tant  th roughout  the six consecut ive foraging per iods  of 
his study. Similarly,  BERNSTEIN (1975) r epor t ed  that  dur ing the week  or  so 
of m a x i m u m  seed product ion,  M. pergandei used r a n d o m  foraging, a l though 
RISSING and  WHEELER (1976) appea r  to cont rad ic t  this. Again if the seeds 
were  highly abundan t  very close to the nest  dur ing  this period,  then the 
model  would  show r a n d o m  foraging for  a shor t  per iod until  the seeds neares t  
the nest  were  all gathered,  and  no rma l  long-distance s t ruc tu red  foraging 
takes over. 

Of course  in na tura l  condit ions,  he terogenei ty  is the rule, and  the 
ro ta t ions  are  not  as neat ly  per iodic  as in fig. 1. For  example,  the res tocking 
of sectors  can be somewha t  irregular,  especial ly in deser t  conditions,  contri-  
but ing  to i r regular i t ies  in the foraging co lumn ' s  rotat ion.  This, however ,  is 
compensa t ed  for  by the fact  tha t  M. pergandei (RIssING and WHEELER, 1976) 
switches to less p re fe rab le  seeds and vegetable  m a t t e r  when top-quali ty 
grains are  scarce,  and by the fact  that  the ro ta t ion  is " d r i v e n "  by the relat ive 
abundance  of neighbour ing sectors,  r a the r  than  by  the abso lu t e . abundance .  
Also, the worke r s  are not necessar i ly  as s imple  and  identical  as in the model .  
For  example ,  RISSING (1988) suggests tha t  there  is some degree of w o r k e r  
specialisation,  those m a r k e d  a t  the head  of foraging colums often being 
found at  the head  of subsequent  columns.  Some individual id iosyncrasy is 
not, however ,  incompat ib le  wi th  the model ' s  min imal i s t  tenets.  

I t  should be s t ressed that  the collective foraging pa t t e rn  is seen here  as 
an au toma t i c  consequence or  even a side-effect of  jus t  two rules of individual 
forager  b e h a v i o u r :  firstly, a fo rager  lays trail  when  re tu rn ing  to the nest ,  
secondly foragers  leaving the nest  tend to choose the more  highly m a r k e d  
direction. While collective foraging trails have obvious  and wel l -documented  
advantages  that  easily jus t i fy  the p h e r o m o n a l  " e x p e n s e "  incurred,  the fact  
tha t  the M. pergandei's co lumn ro ta tes  need not  per se have any funct ional  
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value, a l though it p robab ly  cont r ibutes  to the species '  te r r i tor ia l i ty  (RlSSlNG, 
1987, 1988). 

Similarly,  the same s imple  individual  behav iour  generates  d i f ferent  
collective pa t t e rns  unde r  di f ferent  conditions,  these di f ferent  "s ide-effects '"  
resul t ing f r o m  the combined  in teract ions  be tween  foragers  and  be tween  
foragers  and  envi ronment .  In  this light, while the ant  colonies cer ta in ly  
benefi t  f r o m  the collective pa t te rns ,  it would pe rhaps  be a mis t ake  to th ink  
tha t  these collective behaviours  initially developed as the resul t  of some sor t  
of selective pressure .  

Consider  a theoret ical  case. Two sympat r i c  ant  species have exact ly the 
same individual  behav iour  as decr ibed in the model.  The only difference 
be tween  them is that  one harves ts  a seed tha t  is evenly sca t te red  w i th  a 
lowish densi ty  and  the o the r  harves t s  a seed that  is found in pa tches  of  high 
densiy. The model  shows that ,  as a result ,  the f irst  would  exhibit  a ro ta t ing  
column, while the second would  exhibit  a t runk  trail. I f  you didn ' t  know 
that  the individual  ants  behaved  the same,  it would be easy to fall into the 
op t imal  foraging t rap  of thinking that  the two species had  evolved dif ferent  
foraging behav iour  closely adap ted  to thei r  p re fe r red  seed's  dis t r ibut ion.  

I t  is, however ,  p robab le  that,  s ta r t ing  f rom the same individual  trail  
lying/fol lowing behaviour ,  di f ferent  species would add cer ta in  re f inements  
that  r ender  one of the possible  collective pa t t e rns  p redominan t ,  and there- 
fore genuinely species specific, ins tead of only apparen t ly  so. Possible means  
would include a quant i ta t ive  a d j u s t m e n t  of  the individual foragers '  trail  
following (pa ramete r s  fi and  q) a n d / o r  trail  laying (amount  of p h e r o m o n e  
laid per  forager ,  ra te  of evapora t ion /decay) .  For  example  increasing the 
trail  following capabili ty,  the amoun t  of phe romone  laid, or  using a phe- 
romona l  mix ture  that  evapora tes  less (or foraging more  when the t e m p e r a t u r e  
is lower  or  even at night) would change ro ta t ing  columns to more  s table  
t runk  trails. 

Some harves te r  ant  species develop t runk  trails (e.g. Pheido le  mi l i t i c ida  - 
H/SLLDOBLER and M6GLICH, 1980 ; P o g o n o m y r m e x  rugosus ,  P. barba tus .  
H6LLDOBLER, 1974), while others  forage r andomly  ( P o g o n o m y r m e x  m a r i c o p a  - 
HOLLDOBLER, 1974; P. ca l i forn icus ,  even though these can fo rm trails  - 
RlSSlN~, pers.  comm.)  and M. pergande i  develops rota t ing columns.  The bes t  
way to demons t r a t e  to wha t  extent  these differences are based  on the same  
individual behav iour  and to wha t  extent  on species specific differences would  
be to p e r f o r m  r igourously control led exper iments  on each species wi th  dif- 
ferent  and even unna tura l  seed distr ibut ions,  abundance  and  colony sizes, 
and to see whe the r  they s t ick to the i r  p a t t e r n  or  not. 

Meanwhile,  cer ta in field observa t ions  suggest tha t  there  is pe rhaps  a 
c o m m o n  basis,  while others  suggest  tha t  there is a cer tain degree of species 
specificity (RlSSlN~ pers.  comm.) .  For  example,  there  is a cor re la t ion  be tween  
colony size and foraging pa t t e rn  in ha rves te r  ants  as pred ic ted  by  the model .  
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M. p e r g a n d e i  has  l a rger  colonies  t h a n  P. rugosus  w hi c h  has  l a rge r  co lonies  
t h a n  P. ca l i forn icus .  On the  o t he r  h a n d  P. rugosus  a n d  M. pergande i  exhib i t  
t r u n k - t r a i l s  a n d  r o t a t i n g  c o l u m n s  repec t ive ly  in  exact ly  the  s a m e  t e r r i to ry .  
Young,  sma l l  M. pergande i  colonies  f o r m  ro t a t i ng  c o l u m n s .  E v e n  t h o u g h  all 
M. p e r g a n d e i ' s  c o l u m n s  ro t a t e  m u c h  s lower  in  yea rs  of h i g h e r  a b u n d a n c e ,  
they  st i l l  ro ta te .  However ,  al l  these  p o i n t s  could  be exp la ined  by  the  m o d e l  
ill t e r m s  of co lony  size o r  food p re fe rence ,  b u t  u n t i l  c o n t r o l l e d  e x p e r i m e n t s  
u n t a n g l e  the  d i f f e r en t  fac tors  involved,  such  ev idence  r e m a i n s  inconc lus ive .  

F ina l ly ,  the  logic b e h i n d  the mode l  is no t  necessa r i ly  r e s t r i c t e d  to trai l-  
l ay ing  social  insec ts .  Any group- l iv ing  cen t ra l -p laced  foragers  t ha t  have a 
m e c h a n i s m  to s y n c h r o n i s e  the  d i r ec t i on  of t he i r  fo rag ing  t r ips  cou ld  i n t e r a c t  
w i t h  the  food  s u p p l y  to gene ra t e  a r o t a t i n g  col lect ive fo rag ing  d i rec t ion .  
H o n e y b e e  foragers ,  for  example ,  select  b e t w e e n  the d i f f e r en t  d i r ec t i ons  
" o f f e r e d "  in  r e c r u i t e r s '  danses .  C o m m u n a l  n e s t i n g  b i r d s  are  a lso t h o u g h t  
to be  capab l e  of r ecogn i s ing  w h e n  o t he r  m e m b e r s  of the  co lony  r e t u r n  f r o m  
a success fu l  f o r ag ing  f l ight  a n d  to choose  the i r  nex t  f l ight  d i r e c t i on  accor-  
d ing ly  (see w o r k  on  i n f o r m a t i o n  cen t res ,  e.g. WARD a n d  ZAHAVI, 1973). 
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