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Of the many activities (such as hunt- 
ing, escaping, resting, and burrowing), 
sediment feeding in benthonic inverte- 
brates produces the most regular pat- 
terns. Feeding patterns are best devel- 
oped in deep-sea deposits (both Recent 
and ancient) because of the even dis- 
tribution of food particles in most 
deep-sea sediments as opposed to the 
patchy distribution of food typical of 
shallow water environments (1). Uni- 
form distribution of food favors com- 
pact grazing patterns that provide max- 
imum coverage of a given area and 
minimum crossing of existing tracks. 
A compact pattern appears to be fa- 
v,ored also because it reduces the 
chance of interference between indi- 
viduals of a population of sediment 
feeders. These requirements have been 
met by a multitude of two- and three- 
dimensional trail and burrow patterns. 
However, meander systems are used 
most commonly-just as they are in 
human contour plowing and other agri- 
cultural activities. 

Meanders forming in modern sedi- 
ments are difficult to observe. The few 
examples known are either hidden with- 
in the sediment or restricted to deep-sea 
floors, beyond the reach of continued 
observation. The bulk of our knowledge 
thus comes from rocks of deep-sea 
origin, where the patterns are readily 
observed on bedding planes, particu- 
larly on the soles of turbidite beds. 

Principles for the interpretation of 
fossil foraging behavior were developed 
by Richter (1). He pointed out that the 
animal that made the trace fossil 
known as Helminthoidea labyrinthica 
had its movements during feeding con- 
trolled by a set of basic reactions: 
(i) strophotaxis, that made the animal 
turn around 180? at intervals; (ii) 
phobotaxis, that kept it from crossing 
other tracks, including its own; and 
(iii) thigmotaxis, that made it keep close 
contact with former tracks. Richter's 
model was supplemented by Seilacher 
(2) who also suggested behavioral mod- 
els for other types of meandering trace 
fossils, and pointed out t hat the 
phylogeny of certain behavioral pat- 
terns can be traced on this basis. 

With these considerations, we have 
developed a digital computer program 
to simulate the foraging behavior. The 
program assumes that a hypothetical 
animal can sense its immediate sur- 
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cal two-dimensional space-each point 
being defined by a pair of coordinates 
in an x-y system. Each point repre- 
sents a "step" taken by the animal. As 
the program is executed (that is, as 
new steps are generated) the points are 
plotted on an x-y plotter, and, because 
the plotter pen is held in the down 
position, a continuous line is produced. 

The "animal" used for the simula- 
tion is assumed to be capable of four 
types of movement. It can move 
straight ahead, turn toward or away 
from a preexisting track, or make a full 
180? turn. The choice of movements 
is determined by a search procedure 
simulating the presumed sensory sys- 
tem of the animal. Before each new 
x-y point is added to the track, the 
region of the x-y space in front of and 
to the side of the leading end of the 
track is searched for previously com- 
puted points. The information provided 
by this search is used to determine the 
direction of the step. 

Examination 'of fossil meander pat- 
terns indicates that the 180? turns are 
made not only to avoid obstructions 
(such as a preexisting track), but also 
to confine foraging to a relatively small 
area. There is considerable variation 
in the frequency of such turns, which 
leads to variation in meander length; 
the variation in meander length is sim- 
ulated in the program with the use of 
random number generation to deter- 
mine the lengths of those meanders 
not terminated by obstructions. 

The program provides for a starting 
configuration consisting of a straight 
track (of arbitrary length) ending in a 
180? turn. The search procedure de- 
scribed above starts only after the ini- 
tial turn is executed. If the length of 
the initial straight track is made very 
small, the simulation starts in effect 
with a turn. If no other turns are spe- 
cified (or if meander length is made 
very long), the result will be an Archi- 
medes spiral-a common pattern in 
trace fossils. 

Several behavioral characteristics 
were varied from one simulation to the 
next. Principal among these are: (i) the 
turning radius for 180? turns; (ii) the 
mean distance between a developing 
track and preexisting tracks; (iii) the 
allowable deviation from this mean 
distance; (iv) the relative intensities of 
thigmotaxis and phobotaxis (expressed 
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obstructions; and (vi) the variability in 
the length of such meanders. 

Running the program several times 
without changing the behavioral con- 
trols produced different output patterns 
(caused by the random selection of 
meander length). This variation is strik- 
ingly similar to differences between in- 
dividual patterns within a single spe- 

cies of trace fossils. Changing behav- 
ioral controls from run to run causes 
more marked differences in pattern, 
these being comparable to differences 
actually observed between species and 
genera. 

Figures 1, 2, and 3 show typical ex- 
amples of computer output (right) and 
actual foraging patterns (left). The ex- 

ample in Fig. 2 calls for special con- 
sideration. This is a case where the 
animal's thigmotaxis is so weak that, 
after a 180? turn, close contact with 
the earlier track is restored only after 
about half the length of the meander. 
Beyond this point, the earlier track is 
followed closely until a new 180? turn 
is signaled. This pattern is presumably 
not as efficient as more compact 
meander patterns because large areas 
are left untouched. It suggests that 
thigmotaxis and phobotaxis may rea- 
sonably be considered as genetically 
distinct behavioral reactions. 

The simulations demonstrate that it 
is possible to look upon a considerable 
variety of two-dimensional foraging 
patterns as resulting from one behav- 
ioral model. The examples differ only 
in elements controlled by chance and 
by the input controls (primarily the six 
listed above). What actually corre- 
sponds to our program in a given ani- 
mal is not known, but it is clear that 
the genetic controls need not be more 
complicated than our model. The wide 
applicability of a single computer pro- 
gram suggests that the biological ana- 
log may not be very different. 

Many more species patterns could 
be simulated by computer with little 
or no elaboration of the program. This 
would lead to a better understanding 
of the change of parameters necessary 
to transform one species or variant into 
another and would also have some ef- 
fect on the classification of these trace 
fossils. But simulation becomes increas- 
ingly difficult as more complex be- 
havioral patterns are tackled, and is 
probably impossible in many cases. 
The primary value of the simulation 
studies is not to be found on the level 
of factual results. The mere presence 
of the computer method encourages 
rigorous analysis of meander patterns 
in trace fossils. Each tentative model 
can be tested at will. In a sense, there- 
fore, the simulation process has most 
value before it is successful. 

DAVID M. RAUP 
Department of Geological Sciences, 
University of Rochester, 
Rochester, New York 14627 

ADOLF SEILACHER 
Department of Geology, 
University of Tiibingen, Germany 

References and Notes 

Fig. 1. (a) Loose meanders of Dictyodora (Ordovician flysch; Barrancos, Portugal; 
Tiibingen catalog No. 1368/2; x 0.5) and (b) comparable computer output. Fig. 
2. (a) A complex meander (Cretaceous flysch of Italy; X 0.3) and (b) its simulation 
(see text). Fig. 3. (a) Burrows of living beach worm Paraonis fulgens (natural 
size; photograph by H. Roeder) and (b) its simulation. 
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