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SUMMARY 

A study of global recruitment in Tetramorium impurum has sho~ua its main 
characteristics. 

The growth of population in the neighbourhood of the food source is a logistic 
curve. Damped oscillations are observed. These oscillations are the resul t  of time 
delay in recruitment and crowding around the food source. 

A mathematical model is able to reproduce these different effects and it aIlc~vs 
one to identify and give quantitative values to pertinent parameters. 

R E S U M E  

Etude exl~rimentale du recmtement global chez Tetrarnorium impumm 
(Hym, Form.} 

Une ~tude du recrutement global, men~e chez Tetramorium impurum, a mis en 
6vidence ses principales caract~ristiques. 

La croissar~ce de la population participant au recrutement est de typb logistique. 
De plus, des oscillations amorties sont observ6es. Celles-ci ont deux origines : les d6tais 
temporels dans les recrutements et l'effet de l'encombrement h la source. 

Un modbte math6mafique perraettant de reproduire ces diff6rents effets et de 
quantifier les parambtres pertinents est pr~.sent6. 

I N T R O D U C T I O N  

The  m e c h a n i s m s  b y  wh ich  the  a n t  socie t ies  m a n a g e  to  a s s e m b l e  g rea t  
q u a n t i t i e s  of a n t s  a r o u n d  food sources  c o n s t i t u t e  the  food r e c r u i t m e n t .  
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I t  is n e c e s s a r y  h e r e  to  d i s t i n g u i s h  b e t w e e n  i n d i v i d u a l  a n d  g loba l  
r e c r u i t m e n t .  I n d i v i d u a l  r e c r u i t m e n t  is t h e  b e h a v i o u r a l  s e q u e n c e  w h i c h  
a l lows the  r e c r u i t e r  to b r i n g  a g iven  n u m b e r  of an t s  t a w a r d s  the  food  source .  
The success ion  of  these  i n d i v i d u a l  r e c r u i t m e n t s  c o n s t i t u t e s  the  g loba l  
r e c r u i t m e n t .  Severa l  k i n d s  of i n d i v i d u a l  food r e c r u i t m e n t  a r e  k n o w n  today  
(HfLtaOBLSR, 1978 ; MASCaWIrZ, 1975). 

Tetramorium impurum u s e s  m a i n l y  the  g r oup  r e c r u i t m e n t  s t ra tegy ,  
w h i c h  h o w e v e r  ev_olves t o w a r d  m a s s  r e c r u i t m e n t  a t  the  e n d  of  the  r e c r u i t i n g  
p rocess  (VERHAEGHE, 1982). 

H o w e v e r ,  g loba l  r e c r u i t m e n t  is n o t  a s imple  a c c u m u l a t i o n  of i n d i v i d u a l  
r e c r u i t m e n t s  because  i n d i v i d u a l  i n t e r a c t i o n s  a n d  p e r i p h e r i c a l  p h e n o m e n a  
(i.e. c r o w d i n g  a t  the  food  source ,  t r o p h a l l a c t i c  f lows . . . .  ) a re  i n v o l v e d  w h i c h  
f u r t h e r  i nc r ea se  the  c o m p l e x i t y  of  the  p r o c e s s .  M a t h e m a t i c a l  m o d e l s  are  
good ways  to  s t udy  s u c h  p h e n o m e n a .  The  mode l s  p r e s e n t e d  h e r e  a re  ba se d  
o n  i n d i v i d u a l  beh.aviours  a n d  a l low u s  to b r idge  the  i n d i v i d u a l  a n d  the  
col lec t ive  level. These  m o d e l s  a re  f ree  f r o m  any  op t inaa l i sa t ion  c o n c e p t  b u t  
the  " c o s t / b e n e f i t "  m a y  be  c o m p u t e d  s u b s e q u e n t l y  f r o m  the  m o d e l s '  
d y n a m i c s .  

This  a r t ic le  is d i v i d e d  i n t o  t w o  p a r t s :  a n  e x p e r i m e n t a l  s t u d y  of  the  
g loba l  r e c r u i t m e n t ,  a n d  the  d e v e l o p m e n t  of a m a t h e m a t i c a l  m o d e l  d e s c r i b i n g  
th i s  r e c r u i t m e n t  a n d  i ts  c o n f r o n t a t i o n  w i t h  the  e x p e r i m e n t a l  da ta .  

E X P E R I M E N T A L  S T U D Y  :OF T H E  G L O B A L  R E C R U I T M E N T  

Material and methods  

All the experiments ,were performed on societies gathered in the neighbourhood 
of Treignes (Belgium). The societies were held in a large nest (VF.RH~rt~. t982) connected 
by a tube (T) to a foraging arena (A I) (fig. 1). A I is connected by a narrow bridge 
to a second arena (AI I )  in 'which the food (F) is offered (0.I ml of 1 M sucrose) on a 
glass cover slide. 

This experimental design allows measurement of the incoming and  outgoing flux 
of ants in arena tI. These t~o measures allow us to determine the number of ants 
present in arena II at each moment of the experiment. A c,'trnera connected to a time 
lapse device (functionning every 4 minutes) alk~ws an estimation of the number of ants 
around the food source and of its exhaustion. Among the numerous parameters ~vhich 
may rule the global recruitment, ,we have chosen to study the influence of the size 
of the nest and the fact that the substratum in ,which the recruitment occurs is or 
is not familiar to the ants. Consequently, societies of two sizes (nest A: 750 workers, 
nest B: 1 500 ~r were each studied in two experimental conditions: un2<nown 
substratum (arena II and the bridge ~vere unknc~wn to the ants) and iknown substratum 
(arena II and the bridge mere connected to the arena I 4 days before the experiments). 
These two societies are the result of the division of one colony, using aleatory sampling. 
Each combination (large/small colonies, ,knovcn/unknown substratum) was the subject 
of 2 or 3 experiments (table I). 
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Fig. 1. ~ Experimental device used to study the global recruitment. 
A I arena connects to the nest by the tube T, B bridge, A I I  arena 
with the food source F. 

Fig. I. ~ Dispositif exp6rimental pour l'4tude du recrutement global. 
Le nid est connect6 t~ une aire (A I) par  un tube (T). Le pont 
(B) la connecte ~ t'aire (AII )  oft la source de nourriture (F) est 
ddposde. 

Resul ts  

T h r e e  t y p e s  o f  r e c r u i t m e n t  c u r v e s  w e r e  o b s e r v e d  ( s u m m a r y  in  table I) : 
1) s low,  n o n  o s c i l l a t o r y ,  w i t h  a p l a t e a u  (fig. 2); 
2) f a s t ,  o s c i l l a t o r y ,  w i t h  a p l a t e a u  (fig. 3); 
3) exp los ive  r e c r u i t m e n t ,  w i t h o u t  a p l a t e a u  (fig. 4). 

The  r e s u l t s  c a n  b e  s u m m a r i z e d  as  f o l l o w s  : 

T h e  n e s t  s ize  i n f luences  t he  g r o w t h  p h a s e  o f  t h e  r e c r u i t m e n t  cu rve ,  t h e  
h e i g h t  o f  t he  p l a t e a u  a n d  the  p r e s e n c e  of  o s c i l l a t i o n s  in  it .  The  s low 
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Table I. - -  (1) A :  750 ~vor.kers, B :  1 500 ,worl~ers, - -  u n k n c m m  s u b s t r a t u m ,  + k n o w n  
substratum; (2) n u m b e r  o f  ~ o r k e r s  en t e r i ng  the  a r e n a  A I [  pe r  rain, a n d  p e r  
~ o r k e r  a l ready  p r e s e n t  in  t h e  a r e n a  m e a s u r e d  fo r  t h e  f i r s t  10 rain. ; (3) n u m b e r  
o f  ~rorkers  leaving the  a r e n a  A Ill p e r  min .  a n d  p e r  ~,orI~er p r e s e n t  in the  a rena ,  
m e a s u r e d  fo r  t h e  f i r s t  10 rain.  ; (4) m e a s u r e d  on  t h e  f i r s t  l0 rain. ; (5) m a x i m u m  
n u m b e r  o f  a n t s  in  h I I ;  (6) t ime  ,when t h e  m a x i m u m  is r e ached  (mln.)  ; (7) I : logist ic  
g r ow th ,  I I :  logist ic  g r o w t h  ,with osc i l la t ions ,  I I I :  explosive  r e c r u i t m e n t .  

Tableau I .  - -  (1) A :  750 ouvr ibres ,  B : 1 500 ouvri~res ,  - -  subs tmL inconnu ,  + s u b s t r a t  
cormu ; (2) f t ombre  d 'ouvr ib res  e n t r a n t  darts A I I  p a r  rain.  et  p a r  ouvr ib re  pre-  
s c a r e  darts A I I  mesur6  s u r  les 10 p r e m i e r e s  rain. ; (3) h o m b r e  d 'ouvr i6 res  q u i t t a n t  
A I I  p a r  rain.  et  p a r  ouvr ic re  p r~sen t e  s u r  l 'a i re  m e s u r ~  s u r  les I0 p r e m i e r e s  rain.  ; 
(4) m e su r~  s u r  les 10 p r e m i b r e s  rain.  ; (5) h o m b r e  m a x i m u m  de  fou rmi s  s u r  A I I  ; 
(6) t e m p s  o~  il es t  a t t e i n t  ( ra in . ) ;  (7) I :  c ro i s s ance  logis t ique,  l I :  e r o i s s a n c e  
log is t ique  avec osciUat ions,  I I I :  r e c r u t e m e n t  explosif .  

N e s t  E n t r y  Ex i t  S lope  Max. T max.  Type  
ra te  ra~e a t  the  of  cu rve  

or ig in  
(1) (2) (3) (4) (5) (6) (7) 

A - -  1,6 10 - z  5,9 10 4 3,3 186 50 I (iig. 2) 
A ~  No r e c r u i t m e n t  - -  ~ ~ ~ _ 

A +  No r e c r u i t m e n t  . . . . .  

A +  2,1 10 -~ 2,3 10-~ 4 244 46 I 

B - -  2,1 10 -1  3,7 10 -~ 7,4 303 49 I[ (fig. 3) 
B - -  1,7 10 -1  5 10 -~ 18,1 270 36 I [ 

B +  2,5 tO -~ 2.3 I0 ~ 16,5 598 44 i l l  (fig. 4) 
B +  3,4 10 - I  4,6 10 -~  26,7 420 34 I I I  

B4- 3,8 10 -1  3,9 10 "~ 20,7 394 18 I I I  
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Fig. 2. - -  S law,  n o n  osc i l l a to ry  r e c r u i t m e n t  ,with p la teau .  Food  s o u r c e :  0.1 ml  of  I M 
suc rose ,  n e s t  A, umknown s u b s t r a t u m .  Popu la t i on  of  an t s  in A I I :  heavy  line. 
F l u x  o f  i n c o m i n g :  d a s h e d  line. Flux o f  o u t c o m i n g :  l ight line. 

Fig. 2. - -  R e c r u t e m e u t  lent ,  sans  osc i l la t ion  avec p la teau .  Source  de nou r r i t u r e  : O;1 ml  
de  suc r o se  1 M, h id  A, s u b s t r a t  inconnu .  Popu la t ion  en  A II~ t ra i t  6pals eon t inu .  
Flux d ' e n t r ~ e :  t ra i t  d i scon t inu .  Flux de  s o r t i e :  t ra i t  f in  cont inu .  
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Fig. 3, ~ Fast, oscillatory recru~tmertt, ,~vitla l~lateau. Food source : 0.1 ml of 1 M sucrose, 
nest  B, unlknown subs t ra tum.  Same symbols as in 2. 

Fig. 3. ~ Recrutement  rapide avec oscillations et plateau. Source de nourr i ture  : 0,1 ml 
d e  sucrose 1 M, hid B, subs t ra t  ir~cormu, M6mes syrnbotes qu'er~ 2. 
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Fig. 4. ~ Explosive recrui tment ,  Food source :  0.1 ml of 1 M sucrose, nes t  B, kno~vn 
substratum. Same symbols  as  in 2, 

Fig. 4. - -  Recrutement  de type  explosif. Source de nour r i tu re :  0,1 ml de sucrose 1 M. 
hid B, substra t  connu. M6mes symboles qu'en 2. 
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r ec ru i tmen t  obse rved  wi th  nest  A (low popula t ion)  is due to the  smal l  worker -  
force. Moreove r  these curve  shows no oscil lat ions.  

The r ec ru i tmen t  is s lower  when  i t  is p e r f o r m e d  on  an u n k n o w n  s u b s t r a t u m  
than  on a fami l i a r  one because  L-x the  f i r s t  case,  e i ther  the ants  were  lost  in 
a rena  I I  o r  they  were  more  involved  in exp lora tory  activities.  
w I n  the explosive r ec ru i tmen t  (type I I I ) ,  the food  source  i s  exhaus ted  
b e f o r e  the r ec ru i tmen t  reaches the p la teau  as c o n f i r m e d  b y  ou r  di rect  
observa t ions  on  the  food source itself. 

S imi lar  resul ts  have  been observed  b y  WILSON (1962) and  StlDD (1960) 
in expe r imen t s  wi th  o the r  species. We in tend to r e p r o d u c e  o u r  resu l t s  with 
t h e  aid of  the ma thema t i ca l  models  which  are  developed in the next  section. 

L O G I S T I C  T Y P E  M O D E L S  OF G L O B A L  R E C R U I T M E N T  

B a s i c  m o d e l  

The s igmoidal  growth of the popula t ion  a round  the food source  suggests 
that  the r ec ru i tmen t  is ruled by a logistic-type equat ion.  This  equa t ion  is 
one of  the m o r e  s imples t  examples  of  an autocaty l ic  process .  Excep t  for  
the very  beginning,  in any recru i tment ,  the arr ival  of  an  an t  at  the  food 
source  is obviously de te rmined  by  the fact  tha t  it has  been  recrui ted ,  thus  
finally by  the presence  in the near  pas t  of  o the r  worke r s  nea r  the  food  source. 

We a s s u m e  tha t  s t a rva t ion  i s  cons tan t  dur ing the exper iments .  The 
quan t i ty  of  food involved reasonably  allows such an  assumpt ion .  

Accordingly,  the general  equat ion can b e  descr ibed  a s :  
x = a X  ( N - - X ) - - b  X (I) 

where  X is the  popula t ion  a t  the food source,  N the  to ta l  popula t ion  able to 
par t i c ipa te  to the recru i tment ,  a the r ec ru i tmen t  r a t e  and b the depar tu re  
rate.  When the food source is d iscovered by  chance,  we  are in the s i tuat ion 
where  X begins  to be  different  f rom zero bu t  still small .  Af te rwards .  the 
popula t ion  a round  the food source  increases.  This g rowth  is on ly 'poss ib le  if : 

a N - -  b > 0.  (2) 

This relat ion shows tha t  the r ec ru i tmen t  can only be  poss ib le  if the size 
of colony N and the rec ru i tment  ra te  a are suff icient  (2 is no t  every t ime 
ver i f ied fo r  the smal l  colony A, see table I). The t e m p o r a l  evolut ion of  X is 
descr ibed b y  : 

(N - -  b / a )  (3) 
- 1. + C.exp ( - -  ( a  N - - ' b )  t )  

N - -  b / a - -  X (0) 
wi th  C = X (()) X (0) : initial  popu la t ion  in A I I  

Figures 5 and 6 show the fi t t ing of the exper imen t s  i l lus t ra ted  in figures 
2 and 3. These  curves have  been  f i t ted  b y  eye as  well  as the following. 
H o w e v e r  the  f i rs t  es t imat ion  of the values of  the  p a r a m e t e r s  have  been 
c o m p u t e d  f r o m  table L 
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Fig. 5, - -  F i t t i n g  o (  ~ x p e r i m e n t  (~ig, 2) w i t h  e q u a t i o n  1. Va lue  o f  p a r a m e t e r s  : N = 270, 
a = 8 10 -4 ,  b = 72 I0--3: E x p e r L m e n z :  h e a v y  line,  F i t t i n g :  d a s h e d  l ine.  

Fig. 5, - -  A j u s t e m e n t  de  l ' exp6r ience  (~ig. 2) avec  l ' dqua t i on  1. Va l eu r  des  p a r a m ~ t r e s  : 
N = 270, a = 8 10-% b -- 72 10 -3 .  E x p e r i e n c e :  t r a i t  c o n f i n u .  A j u s t e m e n t  : t r a i t  
c t i scont inu,  
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Fig. 6 .  - -  F i t t i ng  o f  e x p e r i m e n t  (fig. 3) ~with e q u a t i o n  1. 6 a )  P o p u l a t i o n  a r o u n d  t h e  
food  sou rce .  5 b )  I n c o m i n g  f lux.  Va lue  o f  p a r a m e t e r s :  N - 370, a = 5.5 10 -4  , 
b = 65 10 -3. E x p e r i m e n t :  h e a v y  line.  F i t t i n g :  d a s h e d  l ine.  

Fig. 6. - -  A j u s t e m e n t  de  l ' e x l ~ r i e n c e  (fig. 3) avec  l ' ~qua t i on  1. 6 a) P o p u l a t i o n  h la 
sou rce .  6 b )  F lux  d ' en t r~e .  Va l eu r  des  p a r a m ~ t r e s  : N = 370, a = 5,5 10-% b = 65 10-3. 
Exp6r i ence  : t r a i t  c o n t i n u .  A j u s t e m e n t  : t r a i t  d i s c o n t i n u .  
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T h e s e  e x a m p l e s  s h o w  t h a t  i t  is  p o s s i b l e  to  d e t e r m i n e  t h e  r a n g e  v a l u e  
o f  t he  p a r t  o f  t he  co lony  i n v o l v e d  in  t h e  r e c r u i t m e n t  N a n d  a l s o  t h e  a p p r o x i -  
m a t e  v a l u e s  f o r  a a n d  b.  

M o d e l  w i t h  f o o d  e x h a u s t i o n  

The  m o d e l  p r e v i o u s l y  d e s c r i b e d  is c o r r e c t  u p  to  t h e  p o i n t  w h e n  t h e  f o o d  
i s  e x h a u s t e d .  A f t e r w a r d s  t he  e v o l u t i o n  o f  t h e  s y s t e m  is  o n l y  d e s c r i b e d  b y  
t h e  f l o w  o f  d e p a r t i n g  a n i m a l s  : - -  b X. S u c h  a n  a s s u m p t i o n  is  o n l y  c o r r e c t  
f o r  t a n d e m  a n d  g r o u p  r e c r u i t m e n t .  F o r  m a s s  r e c r u i t m e n t ,  t h e  m e m o r y  
e f f e c t  o f  t h e  t r a i l  a l l ows  t h e  r e c r u i t m e n t  to  p e r s i s t  a f t e r  t h e  e x h a u s t i o n  o f  
t h e  food .  T a k i n g  these  e f fec t s  i n t o  a c c o u n t ,  t h e  s y s t e m  b e c o m e s  : 

J~ = a X (N - -  X) m b X F o o d  s o u r c e  > 0, (4.a.) 

~2 = - -  b X F o o d  s o u r c e  = 0. (4.b.) 

So  t h e  s y s t e m  fo l lows ,  the  e q u a t i o n  (3) a s  a s o l u t i o n  b e t w e e n  t h e  d i s c o v e r y  
o f  t h e  f o o d  source"  a n d  i t s  e x h a u s t i o n  Tf  w h i c h  is g iven  b y  : 

Ln (exp (a D / z  b ) ( 1  + C) - -  C) 
Tf  = (5) 

�9 a ( N  - -  b / a )  

w h e r e  C i s  t h e  s a m e  as  in  (3), z is  t he  a m o u n t  of  f o o d  t r a n s p o r t e d  b y  a n  a n t  
a n d  D is  t h e  i n i t i a l  d i m e n s i o n  of  t h e  f o o d  sou rce .  
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Fig. 7. w Fitting of experiment (fig. 4) vcith equations (10). Value of  parameters :  
N = 650, D = 0.1ml, a = 3.2 10 --4 , z  = 0.39mm ~,b = 16 10-~. Experiment:  heavy 
line. Fitting : dashed line. 

Fig. 7. - -  Ajustement de Fexp6rience (fig. 4) avec les 6quations (10). Vateur des para- 
metres : N = 650, D = 0,1 ml, a = 3,2 10 -4, z = 0,39 mm ~, b = 16 10 -3. Exp6rience : 
trait eontinu, Ajustement : trait discontinu. 
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Afterwards the system follows an exponential decay. Figure 7 shows the 
fitting of the experiment illustrated in figure 4, in vchich the food is rapidly 
exhausted: The model assumes the disappearance of the input flow. The 
experimental curve does not show this phenomenum (cf. fig. 4, dashed tine): 
in Tetramorium, group recruitment is followed by mass recruitment when 
the trail is strong enough. 

The comparison of the fitting illustrated in the figures 6 and 7 shows 
that the value of N, for the same colony, is m u c h  more large on a known 
area than on an unknown. 

Analysing experimental da t a  with the help of this model allows one to 
quantify the influence of the experimental conditions (i.e. quantity, size, 
location of the food source...) as far as the more significant parameters are 
concerned (i.e. recruitment rate, number of possible recruits). Such studies 
should give quantitative bases for the comprehension of how each species 
modulates its individual and global behaviour according to the circumstances, 
and for the comparison of strategies in different species. 

OSCILLATIONS DURING THE RECRUITMENT 

Two kinds of oscillations were observed in the recruitment:  
1) High frequency oscillations (a few min. between two peaks) in the incoming 
and outcoming flux which appear essentially during the growth phase of the 
recruitment (fig. 2, 3, 4), 
2) Low frequency oscillations (30-40 min. between two peaks) which are only 
observed during the recruitments in which a high number of ants are involved 
(compare the figures 2 and 3). 

Oscillations of high frequency 

We assume that these oscillations are induced by the time-delay ~ between 
the moment a recruiter drank and the moment when a group of recruits 
reached the food source. To take this time-delay into account, the equation 
for the flow of arriving ants (see 1) becames a X (t - -  ~) (N - -  X) and the 
evolution time of X becomes : 

R aX(t--~) ( N - - X ) - - b X  (6) 
The, properties of equation 46) , .which is more realistic than (1), are very 

s i t a r ,  except for the presence o f  damped oscillations (AGoR and DEREU- 
BOURn, i n  preparation). 

The fitting of the experimental data to this model gives good agreement 
for the evolution in time of X but not for the flows between the nest and the 
food source. The fitting coutd be improved if we replace ~ by a distribution 
of the time delay. 
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Oscillations of low-frequency 

WILSON (1962) in  recru i tment  experiments on Solenopsis invicta (= s~evis. 
sima) has postula ted  the impor tance  of the interaction between crowding 
around the food source and the recrui tment .  He showed that  the c rowding 
induces a gap in the recru i tment  because an ant  which does not  test  the food 
does not recrui t  [this s ta tement  verified by WILSON f o r  Solenopsis, and by 
JAF~E and HowsE (1979) for  Atta is also true for Tetramorium, V E m ~ G r m  
(1982)]. We assume that  the low-frequency oscillations observed in Tetramo. 
rium are the result  of the interact ion between crowding around the food source 
and recru i tment  in the nest. 

I n  the model,  we have made  the following simple assumpt ions  : 
- - T h e  evolution of the recru i tment  follaws equation (1), bu t  now a is 
replaced by  a funct ion of S which  is the par t  of the border  of  the food  source 
occupied by the ants. 

S is cont ro l led-by  two terms, namely  the flow towards the food source 
(u X) and the depar ture  of ants  f rom the food source (g S). g is defined 
as an ant 's  dr inking time. 

(1) is now replaced by  a sys tem of two equations, one for  the ants,  and 
one for S :  

= a x ( N - - X ) - - b  x (7,a) 
1 + ( S / P )  n 

g = u X - -  g S (7,b) 

P is a measure  of the number  of ants a b l e  to drink a the food source at 
the same time. The dependence of the rate of recru i tment  on crowding 
increases with n. A small n means that  the ants spend a shor t  t ime seeking 
a free place at the food source. 

The non-trivial s tat ionary state is given b y :  

u X  
S = (8,a) 

g 

where X is the real positive root  of the equa t ion :  

b b u n  
q X n - - X  + ( N - - - - )  = 0 , w h e r e q -  - -  (8,b) 

a agnxn 

I f  a N - -  b > 0, there is one and only one real positive root  of  X. We see 
f rom (8,b) tha t  when P is large, crowding does not  affect  the s ta t ionary  
state which is then the same as that  of  equa t ion  (1). Linear stabil i ty ana!ysis 
shows that  this state is always stable (NICOLIS and PRI~OGINE, 1977). 

I f  the following condit ion is verified : 

a X 4 g b n (S)n 
W = (g ) 2 - -  < 0 (9) 

1 4- (S/P)n (1 + (S/P)n)pn 
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the  s t a te  is a s t ab le  focus  a n d  thus  is  r e a c h e d  w i t h  d a m p e d  osc i l l a t ions .  The  
r a t e  of d a m p i n g  a n d  the  f r e q u e n c y  of  th i s  osc i l l a t ion  a re  r e s p e c t i v e l y :  

a X  
0.5 (g + .) (10~) 

I + (S /P )n  

03 ( - -  w)o.s (t0,b) 

I f  (9) is n o t  verif ied,  the  s t a t i o n n a r y  s t a t e  is a s t ab le  n o d e  a n d  i t  is 
r e ached  m o n o t o n i c a l l y  (no osc i l la t ions) .  

The  r e su l t s  o b t a i n e d  w i t h  this  m o d e l  a re  i n  sa t i s f ac to ry  a g r e e m e n t  w i t h  
the  e x p e r i m e n t s  s h o w n  in  figure 3 (see fig. 8 for  the  s i m u l a t i o n )  b u t  n e w  
e x p e r i m e n t s  are  n e e d e d  to m a k e  m o r e  p rec i se  a s s e s s m e n t s  of the  va lues  of  
n a n d  P in  this  p a r t i c u l a r  e x p e r i m e n t a l  s i t ua t ion .  

NUMBE~ OF ANTS 

/#OC 

3OO 

2oo 

100 

I 1 I I I ) 
0 20 ~0 60 80 100 120 

TIME { rain ) 

Fig. 8. - -  Recruitment .r162 damped oscillations (equations 8). Value of parameters: 
N = 500, a = 4 I0 -4 , b  = 60 I0 - ~ , u  = 5 10 - z , g  = 7 10 -2 , P  = 2(]0, n = 20. 

Fig. 8. - -  Recrutement avec oscillations amorties (equations 8). Valeur des param~tres: 
N = 506, a -- 4 10 - ~ , b  = 60 10 - q , u  = 5 10 -~ ,g  = 7 10- z, P = 200, n = 20. 

The  r e l a t i o n  (9) shows tha t  w h e n  P b e c o m e s  large in  c o m p a r i s o n  wi th  N, 
the  osc i l l a t ions  d i sappears .  The p e r i o d  inc reases  w h e n  N decreases ,  a n d  
fo r  low va lues  of  N, there  are  no  osc i l l a t ions .  These  two  effects  a re  ve r i f i ed  
i n  the  e x p e r i m e n t  i l l u s t r a t ed  in  figure 2. Simi la r ly ,  w h e n  the m a x i m u m  ra t e  
of r e c r u i t m e n t  a is low, the  osc i l l a t ions  do n o t  appea r .  F r o m  th is  resu l t ,  
i t  is c l ea r  t ha t  low- f requency  osc i l l a t ions  s h o u l d  n o t  oc c u r  in  co lon ies  
c h a r a c t e r i z e d  b y  e i the r  be ing  of smal l  size or  hav ing  a tow r a t e  of r e c r u i t m e n t  
as w i t h  the  species  which  use  t a n d e m  r e c r u i t m e n t .  
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This mode l  conf i rms  bas ic ' s  h y p o t h e s i s :  the low f requency  osci l la t ions 
a re  induced  b y  the in te rp lay  be tween  c r o w d i n g  and  rec ru i tment .  Moreover  
the mode l  clarifies the re la t ions  be t we en  the di f ferent  p a r a m e t e r s  ( ra te  of  
r ec ru i tmen t ,  colony size, food source  dimension,  behav iour  of  ants  a t  the 
food source) and  the c h a r a c t e r i s t i c s  of  the oscillations. These  osci l lat ions 
themselves  a re  of  lesser  in teres t  b u t  as they  are  a consequence  of  homeos t a t i c  
mechan i sms  which  al low the  society to  adap t  its recrui t - force  to the charac-  
ter is t ics  of  food sources,  we th ink  they  deserve a special  s t u d y .  The eff ic iency 
of the  h o m e o s t a t i c  mechan i sms  could  b e  test  wi th  the help  of  this model .  

D I S C U S S I O N  AND P E R S P E C T I V E S  

De BRuYr~ (1977) and  BARO~I-UI~ANI (1979) publ i shed  equa t ion  (1) as a 
model  for  food r ec ru i tmen t  bu t  w i thou t  compar i son  wi th  exper imen ta l  data.  
MA~BELIS (1979) assessed the existence of a r ec ru i tmen t  process  in the 
emigra:tion of  Formica polyctena by using a s imi lar  model  to s imula te  field 
observat ions .  

~AFFE (1980) uses c o m p u t e r  s imula t ion  in his work  on r e c r u i t m e n t  in 
Atta cephalotes which is based  on a p re l imina ry  exper imenta l  w o r k  b y  JAFFE 
and H0wsE (1979), One of their  resul ts ,  in s t r iking cont ras t  to ou r  w o r k  and 
the o the r  au thors ,  is tha t  the  n u m b e r  of  ants  recru i ted  to the food  source  
is not  dependent  on the n u m b e r  of  ants  which leave the food source  and  
re tu rn  to the  nest  to rec ru i t  nes tma tes ,  Fo r  3AF~ and  HowsE the  m a s s  
r ec ru i tmen t  m e c h a n i s m  p robab l y  includes the following c o m p o n e n t s  : an  
abil i ty of ants  to detect  the concen t ra t ion  of phe romone  on the t ra i l  and to 
relate it to the a t t rac t iveness  of  the f o o d ;  feed backs  of the  food quali ty,  
of the degree  of s tarvat ion,  of  the  trai l  concent ra t ion  and  of the  densi ty  
of  zmts on  the trail  on the  individual  t rai l  laying activity.  

TAYLOr~ (1977, 1978) p roposes  a model  of foraging behav iou r  in  wh ich  
the society tends to maximise  its ne t  energy in take  as a func t ion  of  the 
charac ter i s t ics  of the t rophic  area.  

The models  discussed above as well  as  those p resen ted  in this p a p e r  deal 
wi th  s imple  situations.  However ,  they can be the p r i m e r  for  m o r e  complex  
and real is t ic  developments .  

A mult ip le  food-source s i tuat ion is f requent  in the field. In  this case 
the  equa t ion  (1) is replaced by  a sys tem of  n equa t ions :  one equa t ion  pe r  
popula t ion  of an ts  exploit ing each food  source.  The exploi ta t ion  of each  
food source  is charac te r i sed  by  one ai and one b~, which have  the  same  
meaning  as tha t  of  a and b in (1). I f  the  dis tance be tween  food  and  nes t  
d iminishes  or  the food source  is r icher ,  the ra t io  a : b will be  higher,  F r o m  
the p roper t i e s  of  the  logistic equat ion the source  which possesses  the bes t  
a : b ra t io  wilt be  selected. So b y  this s imple  m e c h a n i s m  of communica t ion-  
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c o m p e t i t i o n  the  co lony  wil l  be  ab le  to  explo i t  the  " b e s t "  source .  Th i s  has  
been  ver i f i ed  e x p e r i m e n t a l y  b y  PAP, I~O (1981). 

The  o p t i m a l  exp lo i t a t ion  of t he  whole  t r o p h i c  f ield is a c o m p r o m i s e  
b e t w e e n  two an tagon i s t i c  r eques i t e s .  The  f i r s t  is the  necess i ty  to  p e r f o r m  
a n  ef f ic ien t  r e c r u i t m e n t .  The  b e t t e r  m e c h a n i s m  is the  m o r e  d e t e r m i n i s t i c .  
I f  a w o r k e r  loses i ts  way  on  the  t ra i l  i t  c a n n o t  p a r t i c i p a t e  i n  the  e x p l o i t a t i o n  
of the  food  source .  The second  is the  ab i l i ty  to d i scover  a n e w  food  source .  
I n  this  case,  the m o r e  no ise  in  the  r e c r u i t m e n t  process ,  the  be t t e r .  A w o r k e r ,  
h a v i n g  los t  i ts  way, is now able  to  d i s cove r  a n e w  food source  a n d  h e n c e  
to  e x t e n d  the  r e s sou rces  of  the  society.  A m o d e l  dea l ing  w i t h  these  two 
r equ i s i t e s  is p u b l i s h e d  in  s epa ra t e  p a p e r s  (PAsTEELS et aL, 1982; DEI~-EUBOtlR~ 
et al., 1983). 

A n o t h e r  p rob lem,  exempl i f i ed  b y  s o m e  a u t h o r s  (De VRoEY, 1979 ; BAROIqI, 
URBAr~I a n d  KANNOWSKI, 1974), hes  in  the  s t u d y  of  the  c o m p e t i t i o n  fo r  a 
t r oph i c  field by  colonies  b e l o n g i n g  to d i f f e r en t  s p e c i e s .  The  c o n t i n u o u s  o r  
a l t e rna t i ve  o c c u p a t i o n  of food sources  o b s e r v e d  b y  these  a u t h o r s  cou ld  
poss ib ly  be exp la ined  in t e r m s  of c o m p e t i t i o n  of d i f f e r e n t  adap t ive  
r e c r u i t m e n t  s t ra teg ies  and  cou ld  b e  d e s c r i b e d  b y  sys tems  of  e q u a t i o n s  
of type  (1). 

A C K I ~ O ~ T S .  ~ We x~ould li~ke to  thank Professors NIcoLIs, PASTEELS and PRICa3GINE, 
Dr. D. KA~  and Dr. Goss for their suggestions and constant interest, and Mr. KINwr 
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