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Extended Eden model reproduces growth of an acellular slime mold
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~Received 22 February 1999!

A stochastic growth model was used to simulate the growth of the acellular slime moldPhysarum polyceph-
alum on substrates where the nutrients were confined in separate drops. Growth ofPhysarumon such sub-
strates was previously studied experimentally and found to produce a range of different growth patterns@Phys.
Rev. E57, 941 ~1998!#. The model represented the aging of cluster sites and differed from the original Eden
model in that the occupation probability of perimeter sites depended on the time of occupation of adjacent
cluster sites. This feature led to a bias in the selection of growth directions. A moderate degree of persistence
was found to be crucial to reproduce the biological growth patterns under various conditions. Persistence in
growth combined quick propagation in heterogeneous environments with a high probability of locating sources
of nutrients.@S1063-651X~99!16210-X#

PACS number~s!: 87.18.Bb
el
ve
is

er
p
l
ou
l
a

te
cc
fin

o
la
th
c

p
to

ca
or
h

a-

a
ul

bo-
nd

s or
,
ear-
s
ry

ded
f an
m.
the

is
ont
er

d in
0.5

e
nal
wo-
mo-
and
e

ent-
ts
ed.
hen
and
uc-
ain

opi-
u-

o
er
I. INTRODUCTION

Simple algorithmic models have proved to be extrem
useful to illustrate fundamental aspects of growth and de
opment of biological systems. The main challenge in dev
ing such a model is to identify the critical factors that det
mine the complex patterns exhibited by even the most sim
biological systems. For instance, Eden@1# presented a mode
for the spreading of bacterial colonies on a homogene
substrate. The Eden model is a stochastic growth mode
which the substrate is represented by a lattice of sites,
the colony is represented by a cluster of labeled sites~occu-
pied sites!. In each growth step, one of the unoccupied si
at the perimeter of the cluster is chosen at random and o
pied. The resulting cluster is compact and has a self-af
front, or active zone@2,3#.

Since the pioneering work of Eden, a wide variety
related models have been developed in order to simu
more realistically both biological and nonbiological grow
processes. The first of these was a model for skin can
introduced by Williams and Bjerknes@4#. In this model, un-
occupied perimeter sites can be occupied and occupied
rimeter sites can be emptied, with different probabilities
represent the biased competition between the growth of
cerous cells and the growth of normal cells. Recently, m
sophisticated models have been developed for the growt
bacterial colonies@5–9#, fungal mycelia@10,11#, and a vari-
ety of other cellular activities and biological pattern form
tion processes@12–21#.

Modeling studies of pattern formation, cell communic
tion, and aggregation have been reported for the cell
slime moldDictyostelium discoideum@22–24#. In the present
paper, we focus on the plasmodial growth in theacellular
slime moldPhysarum polycephalum. To our knowledge, no
computer models for growth and pattern formation inPhys-
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arum have been described in the scientific literature.Phys-
arumhas some features that make it very attractive for la
ratory experimental studies: The stages of proliferation a
differentiation are easily distinguishable@25#, and it can be
cultured throughout its entire life cycle.

In its plasmodial stage, the multinucleatedPhysarum
forms a single giant cell that can measure several inche
more in diameter@26#. Given an ample supply of nutrients
the plasmodium is completely sedentary and has the app
ance shown in Fig. 1~a!. Under these conditions it grow
steadily and approximately isotropically, interrupted eve
10–14 hours by synchronous nuclear division@27,28#. The
plasmodium is composed of interconnected veins embed
in a continuous plasmodial sheet, each vein consisting o
ectoplasmic tube surrounding a core of fluid endoplas
Regular contractions generated by contractile activities in
ectoplasm results in a reversible endoplasmic streaming@29#.
In environments providing poor nutrition, the plasmodium
capable of migration and organizes into a fan-shaped fr
with a propagation velocity of up to a few centimeters p
hour @30,31#. Figure 1~b! shows a migratingPhysarum.

Recently, we studied the growth ofPhysarumexperimen-
tally using substrates on which the nutrients were confine
separated agar medium drops with diameters between
and about 1 cm@32,33#. Although the drops in the substrat
had a height of 2–3 mm we have ignored any gravitatio
effects and considered the system as being purely t
dimensional. On these nonuniform substrates the plas
dium develops near the borderline between the sedentary
the migratory regime. A ‘‘searching phase’’ in which th
plasmodium explored the empty space between nutri
containing drops, and a ‘‘feeding phase’’ in which nutrien
from a fresh drop were absorbed, could be distinguish
Isotropic expansion in the nutrient-free regions ceased w
the searching structure made contact with a fresh drop,
the drop was covered quickly with dense plasmodial str
ture. After a drop had been covered, the plasmodium ag
formed searching structures that expanded almost isotr
cally from the covered drops, which continued to supply n
trients.
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FIG. 1. ~a! Physarumgrowing on a uniform substrate of agar measuring approximately 12 cm in diameter.~b! A starved plasmodium
~diameter approximately 5 cm! develops a polarized structure and migrates over the substrate by amoeboid motion.~c! and ~d! Physarum
~dark structure! growing on a substrate of separate drops of agar medium, at early stages of the experiments. The most recently inva
are shown darkest. Inactive parts of the plasmodium are transparent. The inoculation drops are marked by a cross.
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A transition in thePhysarumgrowth morphology could
be observed on nonuniform substrates@33#. The drops cov-
ered by the slime mold formed a compact roundish clus
when about 2/3 of the substrate area were covered by n
ents. However, the plasmodium did not attain the nea
regular, circular shape characterizing a sedentary slime m
growing on a uniform substrate of agar. If the nutrient dr
coverage was reduced to about 1/4, the plasmodium
panded quite asymmetrically, and a branched, ramified c
ter of invaded drops was formed. The drop size is a cru
parameter that modifies the characteristic plasmodial m
phologies. Figure 1~c! shows a plasmodium growing on
drop substrate with large drops, providing a high coverag
nutrients, and Fig. 1~d! shows a plasmodium growing on
substrate with small drops. The key observations reporte
Ref. @33# are

~i! The plasmodium expands steadily and almost isotro
cally on a uniform substrate with sufficient nutrients.

~ii ! On a drop substrate, the plasmodium alternates
tween ‘‘feeding phases’’ in which a fresh drop is cover
rapidly, and ‘‘searching phases’’ in which fresh drops a
located by plasmodial expansion in nutrient-free regions.

~iii ! If the nutrient-containing drops are arranged to fo
a line of equally separated drops, one drop after anothe
invaded, and the plasmodium grows along the line if
separation between the drops is not too large. Fresh drop
invaded at fairly regular intervals after a transient stage.

~iv! If the nutrient-containing drops are arranged to form
square lattice, branched or compact growth morphologies
velop, depending on the drop size. If drops of intermedi
sizes are used, cross-overs from branched to compact gr
may occur.

Many essential biochemical aspects of growth ofPhys-
arum have been well elucidated in early literature~see Ref.
@34# for a review!. However, the interplay between micro
scopic processes at the subcellular level and growth and
velopment of the plasmodium on a macroscopic scale ne
to be clarified. The observations mentioned above may
helpful in this respect, since they are amenable to comp
son with numerical growth models. Comparisons of r
plasmodia and simulated plasmodia can be carried out in
context of growth patterns, defined by the number of cove
drops and their spatial distribution, rather than in terms
absolute time and length. This implies that it is not necess
to calibrate the numerical model in terms of physical un
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In this paper, we are concerned with a model for the grow
of Physarumthat was designed with comparisons of this s
in mind. In Sec. II we present a modified Eden growth mo
that was developed for this purpose, and compare the m
with experimental observations of individual plasmodia
Sec. III. In Sec. IV we explore some selected properties
the model, and in Sec. V we discuss our results.

II. SIMULATION MODEL

A square lattice of sites was used to represent the en
substrate~both nutrient-containing and nutrient-free region!.
Each site initially carried an amountn0 of nutrients when the
model was used to simulate growth on a uniform substrat
nutrients. In the simulations of growth on a drop substrate
drop was represented by a cluster of 75 or more nutrie
carrying sites with a perimeter that approximated a circ
whereas the space between the drops was represente
nutrient-free sites.

Figures 2~a!–2~c! illustrate the growth model on a uni
form substrate, and Figs. 2~d!–2~f! illustrate the growth on a
non-uniform substrate. To begin a simulation, all but o
sites were considered to be unoccupied. One of the nutri
carrying sites was chosen as the seed site~the first site to be
filled! of a cluster. Plasmodial growth was represented
successive growth steps. In each step an unoccupied la
site adjacent to an occupied site was selected randomly
occupied to form a growing cluster. The probabilityPj that a
given unoccupied perimeter sitej was selected and occupie
depended on the ‘‘age’’e of the cluster sitesi j that were
nearest neighbors toj . To find Pj , the sum

pj5(
i j

e i j

2a ~e i j
,emax!, ~1!

was evaluated, wherea>0 was a model parameter. The su
run over all cluster sitesi j that were nearest neighbors of th
unoccupied perimeter sitej , and whose agee i j

was lower

than an upper limitemax. The normalized occupation prob
ability 0<Pj<1 was then given by

Pj5pj Y (
k51

Na

pk , ~2!
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where the indexk labels all theNa unoccupied perimete
sites. (pk50 for unoccupied perimeter sites that are near
neighbors of only occupied sites with ages equal toemax).
This model is closely related to the Eden model@1–3#, and
for a50, it is equivalent to ‘‘Eden model C’’@3,35# in
which unoccupied perimeter sites are randomly selected
occupied with probabilities proportional to the number
their occupied nearest neighbors.

A time scale was incorporated into the model to repres
aging of the plasmodium. A time interval

Dt51/s ~3!

elapsed during each step in a simulation, wheres denotes the
number of possible growth steps at each stage. On a unif
substrate covered with nutrients, this time scale implies
the cluster sizeS ~the number of occupied sites! increases
quadratically in time in the early stages of growth. In t
asymptotic limit,S(t);t2. In experiments, the area of a se
entary slime mold was found to increase approximately q
dratically in time @36#, consistent with the time scale use
here.~In contrast,Dt5const would correspond to a consta
growth rate and an increase of cluster size linear in time!.

In each simulation step, an amountDn of nutrients was
‘‘absorbed’’ at all the nutrient-carrying cluster sites. Th
amount of absorbed nutrients was proportional to the t

FIG. 2. Illustration of simulated plasmodial growth during th
first three steps, on a uniform substrate@~a!–~c!#, and on a nonuni-
form substrate on which nutrients are present and can be abso
only at the seed site@~d!–~f!#. The agee of the occupied sites is
indicated. In~a! and~d!, the plasmodium is shown in the first ste
with one occupied site of agee51.0. Each of the four unoccupie
perimeter sites~dots! can be invaded with equal probabilityp
51/4 in the next step.~b! and ~e! show the plasmodium in the
second step. Each of the six unoccupied perimeter sites ca
invaded with an equal probability ofp51/6. ~c! shows the plasmo-
dium in the third step on the uniform substrate. Six of the se
unoccupied perimeter sites can be occupied, each with the prob
ity p51/8. The seventh site~two dots! is adjacent to two covered
sites and can be invaded in two ways. The total occupation p
ability for that site isp51/4. On the non-uniform substrate@~f!#,
sites on which nutrient absorption is not possible~shaded! begin to
age. The invasion probabilities for perimeter sites with single d
and squares arep51/P and 1.172a/P, respectively, withP56
12•1.172a. The site marked with two dots can be invaded in tw
ways, and the total probability isp52/P.
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interval, Dn5ADt, representing a constant absorption ra
At each stage, the remaining amount of nutrients at thei th
occupied site was given by

ni~ t !5H n0, t<t i
A,

n02A~ t2t i
A!, t i

A,t,t i
B,

0, t i
B,t,

~4!

wheret i
A , t i

B , andt i
C denote the time of invasion of thei th

site, the time at which the stock of nutrients at the site w
exhausted, and the time at which the maximum ageemax was
reached, respectively. This behavior is illustrated in Fig.
For simplicity the constantA was set to a value of unity.

The agee of a newly occupied site was set to 1.0. The a
started to increased only after the nutrients at that site w
exhausted (t.t i

B in Fig. 3!. The i th cluster site aged accord
ing to a local time scale or ‘‘biological clock,’’ by the
amount

ed

be

n
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FIG. 3. Temporal development of the agee i(t) and the nutrient
stockni(t) for a nutrient-carrying cluster site~top! and a nutrient-
free cluster site~bottom!, respectively. After occupation at timet i

A

the agee i remains equal to unity while nutrients are absorbed a
constant rate. After depletion of the nutrients the age increases u
the maximum valueemax, when the site becomes inactivate
Nutrient-free sites begin to age immediately after invasion.
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FIG. 4. ~a! shows one stage during growth of a cluster on a uniform substrate of nutrients, and~b! a cluster growing along a line o
nutrient-containing drops~circles! with a kink. Light, medium, and dark shades represent inactivated, active but nutrient-free, and
nutrient-containing cluster sites, respectively. The seed site is indicated by a cross. The model parameters weren053.0, emax56.0, and
a53.0. The drops in~b! had a diameter of 10 lattice units and were separated by 2 units.
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De i5diDt, ~5!

where di is the distance from thei th site to the neares
nutrient-absorbing cluster site~occupied site at which the
nutrients are not yet exhausted!. Distances were defined a
the number of lattice steps necessary to walk the sho
path consisting of steps between nearest-neighbor site
the cluster. Equation~5! implies that well-nourished plasmo
dial regions age slowly, whereas regions far from nutri
sources age rapidly.

Recently occupied sites (e,emax) were denoted ‘‘active
sites’’ in the model. An occupied site became ‘‘inactivated
after reaching the maximum ageemax. Inactivation of a site
disabled local growth into unoccupied perimeter sites, si
only unoccupied perimeter sites adjacent to an active clu
site could be invaded. The entire cluster became inactiv
nutrient absorption was not possible at any of the clus
sites, and growth was stalled.

The coupling of local growth probabilities to the age
plasmodial regions, and thus to the spatial distribution
nutrients, leads to persistence in the growth process. Ind
the cluster front is most likely to propagate in the vicinity
newly occupied sites with smalle @Eq. ~1!#. The coupling of
aging to nutrient supply@Eq. ~5!# provides a feedback
st
on

t

e
er
if
r

f
d,

mechanism that favors propagation of the plasmodium i
nutrient-rich regions of the substrate, and disfavors exp
sion into nutrient-free regions. This feedback leads to co
lations in the spatial distribution of successive growth ste

III. SIMULATIONS OF PHYSARUM GROWTH

Figures 4 and 5 show that this model reproduces the
perimental observations~i!–~iv! listed in Sec. I. Figure 4~a!
shows a cluster grown on a uniform substrate of nutrien
The cluster expands isotropically and consists of a core
inactivated sites (e.emax). The core is surrounded by a
inner halo of sites that are still active but have exhausted
local nutrient supply (1.0,e,emax), and an outer halo of
newly occupied sites at which nutrients can be absorbede
51.0). The resulting cluster is roughly circular and the ma
of the halos increases approximately linearly in time. A re
Physarumgrowing on a uniform agar substrate looks qua
tatively similar@see Fig. 1~a!#, but the halos are wider at th
expense of the core of ‘‘inactivated’’ plasmodial region
This is due to the slow diffusion of fresh nutrients from th
interior of the nutrient-containing drops to their upper su
faces, where the nutrients become accessible to thePhys-
arum. The diffusion of nutrients prolongs the duration
4.
f
d
s

FIG. 5. Clusters grown on a
square array of nutrient-
containing drops~circles! with the
parameters used to obtain Fig.
The center-to-center distance o
the drops was 12 lattice units, an
the drop diameters were 10 unit
in ~a! and 8 units in~b!. The seed
site is indicated by a cross.
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active behavior and can even lead to the reactivation of
active regions. These effects were not taken into accoun
the simulations.

The parametersn053.0, emax56.0, and a53.0 were
used in the simulations discussed in this section. These
ues were chosen to achieve qualitative agreement with
experimental observations. However, on a uniform nutrie
containing substrate, all cluster sites in the outer halo
nutrient-containing sites and thus have the age ofe51.0.
The value ofa is irrelevant in this case since all growth ste
are equally probable; see Eq.~1!.

Figure 4~b! shows one stage in the growth of a clus
along an array of drops. To confirm the ability of the sim
lated plasmodium to locate new sources of nutrients,
drops formed a line with a kink. The cluster extended alo
the array of drops with a tail of inactivated sites. In t
vicinity of the covered drops populated with active site
‘‘searching structures’’ were formed. These structures gr
approximately isotropically around the most recently co
ered drop until fresh sites on a neighboring drop were
countered and occupied. Since these new cluster sites
tained nutrients, they did not age initially (e51.0), and sites
adjacent to this branch of the searching structure were v
likely to be occupied. Consequently, drops were covered
idly after they were first contacted.

A quite different growth pattern is obtained if all clust
sites age at the same rate@replacing Eq.~5! by De i5Dt],
independent of the distance to the nearest occupied site
which the nutrients have not been completely consumed.
a linear array of drops, the resulting cluster is wedge-sha
since the searching structures protruding from the first dr
grow without limits. This result is inconsistent with the e
perimental findings, where growth patterns very similar
the one shown in Fig. 4~b! were observed@33#.

Figure 5 shows that various growth patterns can be
served on a regular array of nutrient-containing drops. T
morphology of the growth patterns depended on the d
size. Large drops mediated compact but anisotropic clu
growth @Fig. 5~a!#. The clusters contained small holes or
lands consisting of drops that were ‘‘missed’’ in the grow
process. Connected regions of active, recently occupied
extended over a considerable fraction of the entire clu
perimeter. With small drops@Fig. 5~b!#, the active cluster
sites were located at one or two centers that were isol
from each other and propagated on the substrate in the m
ner of random walkers. Several propagating branches w
formed at some of the drops that had been covered by clu
sites. A branch whose propagation was stalled by rand
fluctuations~a branch that was missed in the random s
selection process! was soon abandoned, since further grow
became less and less probable. All but one branch co
become inactivated, until a new bifurcation occurred. T
cluster could not support a large number of active sites
cause of the long distances between nutrient-absorbing
and remaining active zone sites. Most of the active sites a
rapidly. Under these conditions, the pattern formed by
covered drops was sparse.

The qualitative agreement between experiments and s
lations is demonstrated by Figs. 6 and 7. These figures s
plots of the number of covered drops as a function of
normalized growth timet during a single experiment o
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simulation. Drop substrates with large drops and small dro
respectively, were used. The normalized growth time w
given byt5t/TN , wheret is the time that had passed sinc
the growth process started andTN is the average time inter
val that elapsed in an experiment or a simulation betw
successive drop coverage events. The experimental data

FIG. 6. Plots of the number of covered dropsN(t) as a function
of the normalized timet, observed in a single experiment~circles!
and a single simulation~triangles! using drop substrates with larg
drops. The dotted line and shaded envelope indicate the mean
standard deviation observed in 20 simulations. The nutrie
containing drop coverage was 67% in the experiment and 55%
the simulation. The gray shades in the insets indicate the orde
occupation, with dark shades representing the most recently o
pied drops. The drop containing the seed site is marked by a c

FIG. 7. Plots of the number of covered dropsN(t) as a function
of the normalized timet, observed in a single experiment~circles!
and a single simulation~triangles! using drop substrates with sma
drops. The dotted line and shaded envelope indicate the mean
standard deviation observed in 20 simulations. The nutrie
containing drop coverage was 23% in the experiment and 35%
the simulation. The insets indicate the order of occupation, w
dark shades representing the most recently occupied drops.
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FIG. 8. Cluster growth sequences on drop substrates. Each nutrient-containing drop was represented by one lattice site and wa
by its nearest neighbor drops by two sites. To increase readability, only the covered drops are plotted, and they are enlarged by
2. The gray shades indicate the order of occupation, with darker shades representing the later invasions and bright shades represe
that were occupied at early stages or not occupied at all. The cluster started to grow at a horizontal line of sites at the bottom bou
propagated upward. Parts~a! and~b! show the patterns formed during growth usinga51.0 anda53.0, respectively. The remaining mode
parameters weren052.0 andemax54.0.
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in Figs. 6 and 7 was taken from Ref.@33#. Except for the
drop sizes, the simulation parameter used to obtain Fig
and 7 were the same as those used in Figs. 4 and 5. Grap
illustrations of the sequence of drop invasion events
shown in the insets of Figs. 6 and 7. Experimental and sim
lated curves and invasion patterns share similar features
cluding anisotropic but compact growth at an increasin
faster coverage rate on large drops, and branched grow
an essentially constant drop coverage rate on small drop

IV. SELECTED PROPERTIES

The simulation model is based on the idea that~i! growth
occurs preferentially in young, recently formed regions
the plasmodium, and~ii ! aging depends on the supply o
nutrients. The growth strategy incorporated in the mode
suitable for survival in an heterogeneous environment si
propagation into nutritious regions persists and invasion
nutrient-poor regions is suppressed.

The degree of growth persistence is determined by
parametera. For a50 and a sufficiently high maximum ag
emax, the cluster growth is like that of an Eden model clu
ter, while fora.0, growth becomes increasingly persiste
On drop substrates, fresh drops are always found and
vaded for Eden-like growth, and this leads to a continuo
front of concentric searching structures. The searching st
tures become more sparse and thus more efficient in pe
tent growth, but fresh adjacent drops are more likely to
missed. In both cases, cluster growth can become termin
prematurely ifn0 or emax are low.

Figure 8 illustrates the sequence of drop invasion eve
obtained from simulations in which each drop was rep
sented by only a single lattice site. Each drop was separ
from its nearest-neighbor drops by a spacing of two latt
units, and the substrate contained 1643164 drops. The clus-
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ter could not grow across the boundaries of the subst
~nonperiodic boundary conditions!. Cluster growth was initi-
ated by simultaneously occupying one row of sites~includ-
ing both nutrient-containing drop sites and nutrient-free s
strate sites! at the bottom boundary of the substrate. Figu
8~a! and 8~b! correspond to weak persistence (a51.0) and
intermediate persistence (a53.0), respectively. Weak per
sistence led to regular propagation of the cluster front, a
only small patches of drops were left uncovered behind
front. All clusters eventually extended across the entire
tice in repeated simulations.

Intermediate or high persistence (a>3.0) leads to irregu-
lar clusters containing numerous holes or islands of dr
that remain uncovered during the growth process. Growt
concentrated onto a few well separated regions so that
eral propagating ‘‘fingers’’ are formed. Fingers can beco
trapped among inactivated cluster sites so that propaga
comes to a halt, as may be seen in the lower central pa
Fig. 8~b!. Nevertheless, fora53.0, clusters always extende
across the lattice.

For high persistence (a.3.0), cluster growth was
quickly reduced to the random propagation of a single fing
The probabilityP(L,a) that the cluster will extend acros
the lattice was found to decrease steeply with increasingL,
so that one may speculate thatP(L→`,a.3)50. On the
substrate of sizeL51643164 one-site drops, the spannin
probability is quite small (P50.27 andP50.03 for a54.0
anda55.0, respectively!.

Figure 9 shows a plot of the number of active sitesNa
counted during cluster growth across a drop substrate w
one-site drops. The simulations started like those shown
Fig. 8, by occupying a line of sites along the bottom edge
the substrate. The nutrient supply of a fresh drop wasn0
52.0 and the lifetime of a cluster site wasemax54.0. Na
reached a maximum shortly after start of the simulation~see
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the inset of Fig. 9!. At later times the average, taken ov
individual runs, appeared to approach a time-independ
value.

Initially, propagation occurred along the entire front wi
equal probability, since all seed sites were of the same
This led to an Eden-like growth process, and bothNa ands
initially increased as the cluster front roughened. Propa
tion of the front occurred preferentially in regions whe
growth had recently occurred. The occupation probabilit
of the unoccupied perimeter sites were nonuniformly distr
uted along the advancing front, after the initial transient
havior had decayed.

For a>3.0, the occupation probabilities were so u
evenly distributed that only a fraction of the sites on t
unoccupied perimeter participated in the growth proc
while entire sections of the front became inactivated. B
the number of active sitesNa and the number of possibl
growth stepss dropped rapidly. The cluster’s clock then o
erated at a faster speed@Eq. ~3!# so that aging of fresh site
was accelerated. The collapse ofNa was counteracted by th
fact that growth was likely to occur in the vicinity of most o
the few surviving active sites, since the number of remain
possible steps was small. The new occupations suppo
further growth steps so that the front length increased and
cluster’s clock speed slowed down. These mechanisms le
large fluctuations in both the number of active sitesNa and
the number of possible growth stepss. Growth was often
terminated prematurely because the fluctuations ofNa be-
came large enough, relative to the mean value, for the n
ber of active sites to reach zero. Asa was increased, the
arrival time increased significantly for the fraction of cluste
that reached across the entire substrate.

For a<2.0, Na ands fluctuated much less and a belt
active sites formed that extended across the entire subs

FIG. 9. Plots of the number of active sitesNa as a function of
time t during cluster growth, averaged over several dozens of r
The persistence parametera was varied. The drop geometry an
other model parameters were the same as those used to obtai
8. The initial configuration consisted of 164 occupied one-site dr
and 328 occupied nutrient-free sites that formed a straight lin
the boundary of the 1643164 one-site drop substrate. The ins
showsNa(t) during the initial stages.
nt
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The mass of the belt was approximately constant in each
after a transient period.

In an environment where nutrients are scarce, such as
regular drop substrate used in the experiments@33#, propa-
gation velocity is an important factor. Fast propagation sho
ens the period of starvation, until fresh regions with abu
dance of nutrients are located. Figure 10 shows a plot of
coordinateYmax of the invaded drop that is most distant fro
the starting line, at each staget. The slopedYmax(t)/dt is a
measure of the net propagation velocity of the clusters.@It is,
however, not a measure of thelocal front propagation veloc-
ity with which fingers of a discontinuous front may gro
along tortuous paths. That local velocity is much larger th
dYmax(t)/dt, because the growth probability distribution
concentrated onto a few points.#

At low and intermediate degrees of persistencea
<3.0), the net propagation velocity was approximately co
stant, until the cluster reached the lattice boundary. At hig
a, the average propagation velocity decreased rapidly w
time, due to trapping of propagating fingers and the tortu
paths taken by the active fragments of the growth front at
tips of the propagating fingers. However, during the init
stages, a high degree of persistence led to fast propaga
This is shown in more detail in the inset of Fig. 10. The st
of intermediate persistence appeared to combine fairly ra
propagation with a high probability to extend across the lo
nutrient content environment.

V. DISCUSSION

The starting point of this work was an experimental stu
of the growth behavior ofPhysarumin environments with a
nonuniform distribution of nutrients. Growth in such an e
vironment cannot be represented by a simple Eden mo

s.

Fig.
s
at

FIG. 10. Plot of the coordinateYmax of the most advanced re
gion occupied in the growth process as a function of timet during
cluster growth from a line of occupied sites atY50 with blocking
boundaries in theX-direction. The results from several dozen ru
were averaged, and the persistence parametera was varied. The
drop geometry and other model parameters were the same as
used to obtain Fig. 8. The inset showsYmax(t) during the initial
stages.



ju
nu
-

an
a
n
il

si
th
te
o
is

ou
nt
en
s

iu
a

og
e
es
xi
a
a

tw

n

rly
ig
e
is

or
s
re
nd
cl

m
b

-

s
e

that

if-
th

nts
a-

,
on
be-

ex-

ng
-
hat
rop

th,
eri-

ela-
ga-
f
e

of
red
of a

in
n

imu-
pa-

or
ly,
ap-
ha-
en-
to

e
p-

and

gh a

5886 PRE 60GERI WAGNER, RAGNHILD HALVORSRUD, AND PAUL MEAKIN
because the Eden model cannot be used to simulate ad
ment to varying conditions, such as the concentration of
trients. Moreover, the concepts of ‘‘aging’’ and ‘‘inactiva
tion’’ are not inherent in the Eden model.

In this work we studied a modified Eden model with
ad hoc time scale. The rate of aging of cluster sites w
influenced by the distance to the nearest source of nutrie
The probability that a given unoccupied perimeter site w
be occupied depended on the age of the adjacent cluster
By construction, this approach leads to a cluster growth
favors growth in the most nutritious parts of the substra
and that grows persistently in the sense that growth is m
likely to occur close to recently occupied regions. Pers
tence in the selection of growth directions, due to the c
pling between the influences of age and of local nutrie
supply on the selection of growth sites, is a crucial elem
of the growth model. The model successfully reproduces
lient features associated with the growth ofPhysarum, in-
cluding the isotropic expansion of a sedentary plasmod
on a uniform, nutritious substrate, and the selective cover
of nutrient-containing drops on a non-uniform substrate.

Persistence alone cannot secure survival in an inhom
neous environment, such as the drop substrates consid
here. It must be balanced by a tendency to explore fr
regions systematically and in all directions, in order to ma
mize the amount of nutrients that can be taken up at e
stage. In our model, the balance is described by the par
etera. Indeed, we found that the value ofa53.0, leading to
an intermediate degree of persistence, is significant in
respects. First, a value of about 3.0 fora led to the best
agreement with the experimental growth patterns on a ra
of substrate types. Lower values ofa failed to reproduce
branched patterns such as the one shown in Fig. 1~d! and in
the inset of Fig. 7, whereas growth along a line of drops@Fig.
4~b!# could not be achieved using high values ofa. Second,
a53.0 led to a high propagation velocity during the ea
stages of growth on large lattices, while maintaining a h
probability to reach across the entire lattice at later stag
From this point of view, an intermediate degree of pers
tence may be best suited in such an environment.

The model considered in this paper exhibits growth c
relations over a length scalej. The mean separation of site
that are occupied in successive growth steps is a measu
j. For low values ofa, the degree of persistence is low, a
sites occupied in subsequent steps are not necessarily
to each other. Indeed, in the case ofa50, the agee of cluster
sites is irrelevant and the correlation lengthj is of the order
of the diameter of the cluster of occupied sites. The sa
applies to the case of growth on a uniform, nutritious su
strate, as shown in Fig. 4~a!, in which all cluster sites adja
cent to the cluster front are of agee51.0. In contrast, at high
a, growth on nonuniform substrates is highly persistent,
that j is of the order of only a few lattice units. In that cas
o
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the cluster front fragments into several active segments
propagate independently, as shown in Fig. 8~b!.

Naturally emerging correlation lengths that adjust to d
ferent environments must be part of any model of the grow
and functioning ofPhysarum. It is, for instance, well known
that the ectoplasmic contractions inPhysarumare synchro-
nized under stable conditions, not only in excised fragme
@37# but also within intact, sedentary plasmodia which me
sure several centimeters across@38,39#. On a drop substrate
however, the contractions in plasmodial regions residing
adjacent drops are poorly synchronized, and the phase
tween the rhythms displays large deviations, occasionally
ceeding 90°@32#. The variability of synchronization indi-
cates that it is useful to think about cellular activities~such as
ectoplasmic contractions! in terms of a correlation lengthj8
~not necessarily related to the growth correlation lengthj in
the model!. One strategy to study the growth and functioni
of giant cells such asPhysarummay thus be to identify spa
tially or temporally correlated events, and then to ask w
mechanisms control the correlations. It is possible that d
substrates are suitable tools to this end.

In summary, a stochastic model of plasmodial grow
based on the Eden growth model, and supported by exp
mental studies, is presented. This model is very simple r
tive to the complexity of processes that control the propa
tion of Physarum. An extension of the model might focus o
the continuous diffusion of nutrients from the interior to th
surface of the drops, possibly leading to ‘‘reactivation’’
inactivated sections of the plasmodium. In fact, it appea
in some of the experiments that seemingly inactive parts
plasmodium could become revitalized. For instance,
growth on a circular array of drops, the growth directio
changed spontaneously in some cases. In contrast, in s
lations such as the one shown in Fig. 8, trapping of pro
gating ‘‘fingers’’ occurred with increasing frequency asa
was increased and fingers became more pronounced. Fa
>4.0, one or only few fingers propagated simultaneous
and the entire cluster could become inactivated upon tr
ping. A second extension of the model may involve mec
nisms that relate growth directions to stimuli such as conc
tration gradients of water or poison, a response known
occur in experiments@40#.
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