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Introduction

In the well-known fairy tale ‘Hänsel and Gretel’, two children 
abandoned in the forest by their evil stepmother and wood-
cutter father find their way back by leaving a trail of pebbles 
as they walk through the woods. When their parents again 
plan to abandon Hänsel and Gretel in the woods when food 
has become scarce, they ensure that the children cannot col-
lect any pebbles before they set out. Hänsel then marks their 

trail using bread crumbs, but those are eaten by birds. In the 
absence of their external spatial memory, Hänsel and Gretel 
fail to find their way home and are instead captured by an evil 
witch.

The tale of Hänsel and Gretel nicely illustrates the impor-
tance of memory to successful navigation. While in their 
particular case their external memory was meant to allow 
them to return home, the need to navigate through a complex 
environ ment is not restricted to homing. Almost all organisms 
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Abstract
The ability to navigate through an environment is critical to most organisms’ ability to survive 
and reproduce. The presence of a memory system greatly enhances navigational success. 
Therefore, natural selection is likely to drive the creation of memory systems, even in non-
neuronal organisms, if having such a system is adaptive. Here we examine if the external 
spatial memory system present in the acellular slime mould, Physarum polycephalum, 
provides an adaptive advantage for resource acquisition. P. polycephalum lays tracks of 
extracellular slime as it moves through its environment. Previous work has shown that the 
presence of extracellular slime allows the organism to escape from a trap in laboratory 
experiments simply by avoiding areas previously explored. Here we further investigate the 
benefits of using extracellular slime as an external spatial memory by testing the organism’s 
ability to navigate through environments of differing complexity with and without the ability 
to use its external memory. Our results suggest that the external memory has an adaptive 
advantage in ‘open’ and simple bounded environments. However, in a complex bounded 
environment, the extracellular slime provides no advantage, and may even negatively affect 
the organism’s navigational abilities. Our results indicate that the exact experimental set up 
matters if one wants to fully understand how the presence of extracellular slime affects the 
slime mould’s search behaviour.
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need the means to locate food in their environment. Mobile 
organisms additionally need to keep track of where they have 
already been so as not to waste time exploring areas they 
have been before. Essentially, most organisms need some 
form of memory to store and retrieve information about their 
environment.

Organisms have evolved different forms of memory due 
to differences in environmental pressures and levels of organ-
ismal complexity. The complex memory of higher animals is 
well documented and can be described as ‘internal’ memory; it 
is stored and processed in the brain. Yet, an organism does not 
need a particularly large brain to have an internal memory: the 
nematode Caenorhabditis elegans has just 302 neurons and 
yet is capable of long-term memory and associative learning 
[1]. The ability to remember local cues can also be key to 
navigational success. Tinbergen’s [2] seminal work on soli-
tary sand wasps beautifully illustrates how relatively simple 
organisms use environmental markers around their nests, such 
as the shapes and locations of pine cones, to accurately return 
home and avoid provisioning another wasp’s offspring. When 
Tinbergen moved cones around, returning wasps searched in 
the area with the familiar cone pattern to locate the entrance 
to their nest. Many other insects use the position of the sun 
to navigate through their environment, as Von Frisch showed 
as part of his studies on honeybees [3] that ultimately led to 
his Nobel prize in Physiology or Medicine in 1973, which he 
shared with Tinbergen and Konrad Lorenz. Honeybees even 
use the sun to return to foraging patches at particular times 
of the day, when certain flowers are most rewarding [3]. For 
those of us with failing memories, perhaps the most impres-
sive is the ability of Clark’s nutcrackers (Nucifraga colum-
biana), which cache tens of thousands of seeds each summer 
for recovery in the winter [4]. Nutcrackers can remember 
locations of cache sites for up to 285 d after initial hiding [5].

Hänsel and Gretel perhaps took inspiration from trail-
laying ants, as these ants are probably the best example of 
organisms that modify their environment to aid navigation. By 
depositing a pheromone as they walk between a food source 
and the nest, the ants create an external spatial memory the 
colony can use to successfully navigate through its environ-
ment [6]. Similarly, pheromone trails allow ants to connect 
nests to each other [7, 8] and to more permanent food sources, 
such as trees containing honey dew-producing insects [9]. But 
we too use external memory systems, and not just by dropping 
pebbles. Who still navigates without the aid of a GPS-based 
system? Using external memory systems requires a lot less 
processing power, as information is stored externally.

In the last decade or so it has become clear that even organ-
isms that lack a central nervous system have some sort of 
memory. Recent work on plants suggests they too have an 
internal memory system of some kind: Gagliano et  al [10] 
found that Mimosa pudica, also known as the ‘sensitive plant’, 
is capable of learning that a novel stimulus—in this case 
the sensation of falling—was nondetrimental. When being 
dropped, M. pudica curled its leaves, as it normally does in 
response to stress. However, after having been dropped 4–6 
times the plants no longer showed a stress response. The 
authors interpreted their results as habituation, a basic form 

of learning; because the falls did no harm to the plants, they 
learned that a defence response was unnecessary. Interestingly, 
when they exposed the habituated plants to a novel stimulus 
(shaking), they did curl their leaves, indicating that the habitu-
ation response was not due to fatigue. Furthermore, the plants 
continued to ignore the falls up to a month after the ‘training’. 
Taking it a step further, pea plants have been argued to be 
capable of associative learning. Pea seedlings can be taught 
to associate a cue, in this case wind, to the presence of light, 
by exposing them to the combination of wind and light in one 
arm of a y-maze. As expected, seedlings grow towards the 
light, but when the light is no longer associated with wind, 
they continued to grow towards the wind source, overriding 
their usual phototropic behaviour [11].

Further evidence for basic learning in the absence of a 
central nervous system comes from unicellular organisms. 
Paramecia appear to learn to avoid vibrations after being con-
ditioned to associate the vibrations with an electric shock [12]. 
Escherichia coli bacteria anticipate the occurrence of maltose 
after first having encountered lactose, as this is the normal 
sequence of nutrient presentation as they enter the mamma-
lian gut. However, over multiple generations, the bacteria can 
be reconditioned to no longer associate lactose with a forth-
coming source of maltose [13]. But probably the most fruitful 
model organism of unicellular memory and learning of the 
last decade or so is the slime mould Physarum polycephalum. 
This unicellular, multinucleate protist has been shown to 
anticipate periodic events [14], habituate to an unfavourable 
stimulus [15] and even transfer learned behaviour [16]. These 
behaviours hint at a form of internal memory, on top of the 
slime mould’s already impressive ability to construct efficient 
networks [17–19], make optimal foraging decisions [20–26] 
and to optimize nutrient intake [27].

When exploring their environment, P. polycephalum plas-
modia typically organize into an extending fan-like sheet at 
the front (search front), followed by a network of intercon-
nected strands or veins (or tubules) at the rear [28]. The inter-
connected network acts both as an information highway and 
supply chain for the slime mould, moving signals and nutri-
ents through the organism. Protoplasm is also transported 
through the network, thus allowing locomotion [29]. When 
the organism encounters food, the plasmodium partially or 
completely engulfs the food. When the food item is relatively 
small, the plasmodium can continue to explore its environ-
ment, while digesting the found food source. Similarly, when 
the environment contains multiple food sources, the plasmo-
dium can connect them all via its network [19]. Clearly, P. 
polycephalum plasmodia are highly adaptable.

The slime mould alters the shape of its tubule network in 
reaction to environmental stimuli. When encountering a posi-
tive stimulus such as a food source, the slime mould redirects 
its protoplasmic streaming towards the food source, thereby 
reinforcing tubule pathways in the direction of the stimulus. 
Reinforcement is possible due to the oscillatory nature of the 
slime mould’s protoplasmic flow, and can thus be model led 
using oscillatory reaction diffusion type equations  [30]. 
Protoplasm is moved through peristalsis, resulting in contrac-
tion waves moving through the tubule network. The detection 
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of a positive stimulus leads to a local increase in contraction fre-
quency, which in turn results in an increased frequency of wave 
propagation. These waves modify the tubules, causing them to 
expand thus allowing a greater volume of protoplasm to flow 
through them. As the width of the tubules increases, so does 
the amount of protoplasm, resulting in a positive feedback loop 
allowing the slime mould to move more mass to the site of the 
stimulus [19]. The increase in flow at one end of the network 
is balanced by a decrease in contraction frequency at redundant 
or no longer useful nodes, effectively moving the slime toward 
a stimulus and away from patches it has already explored and 
potentially exploited. Ma et al [31] modelled the slime mould’s 
protoplasm as particles, and illustrated that the ability of the 
slime mould to rapidly connect food sources via the most effi-
cient network is an example of nonlinear current reinforcement.

As the slime mould moves through its environment it leaves 
behind a trail of nonliving extracellular slime (ECS). This 
clear goo is essentially the casing through which the proto-
plasm of the plasmodia once travelled. Reid et al [32] asked 
if ECS is used by the organism as a cue to avoid areas previ-
ously explored. By providing the slime mould with a choice 
between a blank path or a path covered in ECS, Reid et  al 
[32] showed that P. polycephalum almost always chooses the 
path not travelled. It will however go over extracellular tracks 
if there is no blank area available to traverse, and it will also 
cross over its own path if it detects food, suggesting that ECS 
is used as a cue and is not a repellent [25]. The use of ECS as 
a cue prevents the organism from getting stuck in a U-shaped 
trap [32]. Furthermore, P. polycephalum can discriminate 
between slime deposited by con- and hetero-specifics and 
uses this information to make ‘smart foraging decisions’ 
[25]. The combination of these behaviours strongly suggests 
that P. polycephalum uses the ECS as a navigational tool; an 
external memory to avoid retracing its steps and waste time 
in environ ments that have been previously explored. Clearly 
there is an analogy between the story of Hänsel and Gretel and 
P. polycephalum as both modify their environment as a means 
to store information. However there is one important differ-
ence. While Hänsel and Gretel used their external memory in 
a positive sense, as a way of tracking their path back home, 
the slime mould uses it negatively, marking out areas it should 
generally avoid.

Here we build on previous work to determine the exact con-
ditions under which the presence of ECS augments the organ-
ism’s ability to locate food. We challenged P. polycephalum 

with three different types of mazes that differed in their level 
of spatial restriction or ‘boundedness’. In the ‘bounded’ 
mazes the slime mould was faced with a sequence of deci-
sion points to get to the goal. The number of decision points 
was further varied so that in the ‘simple’ version, the maze 
had a minimum of two decision points while the ‘complex’ 
maze had a minimum of three. In the ‘unbounded’ maze, the 
slime mould had more space to search its environment while 
it had to negotiate a number of obstacles to reach the goal. 
Hence, in this set up the organism was not faced with a set of 
binary choices as in the bounded mazes. We then allowed the 
slime mould to navigate through the mazes in the presence 
and absence of ECS.

Materials and methods

Materials

Biological materials. We maintained P. polycephalum plas-
modia in the dark at 22 °C on 1% agar. The original culture 
was obtained from Southern Biological Supplies (Nunawad-
ing, Australia). We subcultured plasmodia onto new agar 
plates two to three times a week, at which time cultures were 
fed oat flakes (Coles homebrand) by placing a small number 
of flakes near the subcultured slime mould, which the slime 
then crawled over and consumed.

Mazes

To test the slime mould’s navigational ability, we used three 
different types of mazes, differing in their level of spatial 
restriction and number of decision points (table 1). In pilot 
studies, we tested a range of different maze set ups, varying 
in their number of decision points and possible routes. We 
decided on the final three mazes described here because of 
the key differences in the way they restrict the slime mould’s 
ability to navigate while still being similar enough for the 
results to be comparable. In our ‘bounded’ mazes, the slime 
mould’s search space was restricted (figures 1(a) and (b)), 
whereas this was not the case in our ‘open’ maze (figure 1(c)). 
Instead the slime mould had to negotiate a set of obstacles 
rather than make binary choices (figure 1(c)). We further 
divided our bounded mazes into ‘simple’ and ‘complex’ based 
on the number of key decision points between the start and the 
goal (figures 1(a) and (b)).

Table 1. Comparison of the complexity of mazes used in the experiment using different metrics. We defined dead ends as points that forced 
the slime mould to retrace its previous path. Possible routes to goal assumed that the slime mould could not revisit a previously explored 
dead end, and was calculated as [(n!  −  1)  ×n]  +  1, in which n is the number of dead ends. Observed routes were based on successful trials. 
Conceivable routes is a subjective metric based on likely ways the slime mould could solve the maze based on observations. Both numbers 
of possible and conceivable routes in the open maze approaches infinity because of the lack of defined channels that the slime mould is 
forced to move through, in contrast to the bounded mazes.

Maze type
Relative level  
of constraint Maze size

No. of ‘key’  
decision 
points

No. of 
dead 
ends

No. of  
possible routes 
to goal

No. of different  
observed routes

No. of  
conceivable 
routes

Open Low 14 cm diameter circle 0 2 →∞ 31 →∞
Simple Medium 8.3  ×  8.3 cm square 2 3 16 7 7
Complex High 8.3  ×  8.3 cm square 3 10 36 287 991 8 15

J. Phys. D: Appl. Phys. 50 (2017) 414003



J Smith-Ferguson et al

4

Experimental procedure

Largely following Reid et al [32] we filled rectangular plastic 
containers (dimensions 31  ×  23 cm) with 1% agar and set 
some aside for use as the blank agar treatment. We inoculated 
the remaining trays with sections of P. polycephalum search 
front taken from subculturing plates, and fed them oats. As 
these plasmodia explored the trays they deposited ECS, 
resulting in agar containing a layer of ECS to be used in our 
experiments. Because of the way the organism searches its 
environment, the agar was covered in a more or less uniform 
layer of ECS. While there can be slight differences in the time 
it takes the slime mould to cover the agar in ECS, previous 
work has shown that the slime mould shows no preference 
between freshly laid ECS and ECS that has been aged for 
up to 6 d [25]. Once the slime mould had covered the agar 
with ECS (normally after 48–72 h), we cut a 14 cm circle of 
agar coated in ECS (with no plasmodial biomass), and placed 
it into a 14 cm petri dish. We did the same using blank agar 

to create our control dishes. We then placed one of the three 
maze types on the centre of the dish, using one type of maze 
per trial run. We then added 13–17 mgs of plasmodial search 
front in the start zone (figures 1(a)–(c)). We cut out a 0.7 cm-
diameter well in the agar and filled it with 40 µl of 2% (wt/
vol) glucose solution just before adding the plasmodium. The 
glucose-filled well formed the slime mould’s goal. The glu-
cose solution diffuses through the agar, creating a gradient the 
slime mould could follow.

Once plates were set up, we placed them in custom built 
darkboxes with a Logitech C920 HD Pro webcam mounted 
30 cm above the plates. We monitored the slime moulds’ 
behaviour by taking photographs every 10 min for 72 h. An 
LED panel underneath the plates turned on for 10 s when 
photos were taken. At all other times the experiments were 
kept in darkness. We created videos by combining the photos 
taken over the trial period using iMovie v. 10.1.2. We ran 24 
replicates of each treatment (with and without ECS) using the 

Figure 1. (a) The ‘simple’ bounded maze is a 5  ×  5 orthogonal (square cell) maze placed in a 14 cm petri dish. The key decision points are 
marked 1 and 2. An incorrect choice at one of the decision points means the slime mould will have to retrace its path in order to reach the 
goal. (b) The ‘complex’ bounded maze is a 10  ×  10 orthogonal (square cell) maze placed in a 14 cm petri dish. The key decision points are 
marked 1, 2 and 3. An incorrect choice at one of the decision points means the slime mould will have to retrace its path in order to reach the 
goal. (c) The ‘open’ maze. The obstacles were made of acetate and placed on agar in a 14 cm petri dish. The maze was designed to prevent 
the slime mould from completely radiating out from the start point, following the wall, or forming a direct path along the concentration 
gradient of the agar well to the goal.

J. Phys. D: Appl. Phys. 50 (2017) 414003
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open maze and 20 replicates of each treatment for the complex 
maze. For the simple maze, we ran 19 replicates for the blank 
treatment and 21 replicates for the ECS treatment.

Data collection

We used the following metrics to compare the slime mould’s 
navigational success with and without the ability to use ECS 
as an external spatial memory: (i) Whether or not the slime 
mould found the goal within 72 h, (ii) time taken to reach the 
goal when successful and (iii) whether or not the slime mould 
made the correct choice at each decision point. We also mea-
sured the proportion of incorrect decisions at each decision 
point made by plasmodia which ultimately failed to find the 
goal.

As our data were not normally distributed, we used non-
parametric statistical tests. We used a chi-squared test to com-
pare the proportion of slime moulds which found the goal 
between the two treatments for all three maze types, as well 
as for the proportion of plasmodia which made the correct 
choice at each decision point between treatments. We used a 
Wilcoxon rank sum test to compare the time it took successful 
plasmodia to find the goal in each treatment for each maze 
type. Statistical analyses were performed using R v3.2.2.

Results

Thirteen plasmodia ‘escaped’ the simple maze (4 blank, 9 
ECS), while 10 plasmodia ‘escaped’ the complex maze (3 
blank, 7 ECS). A slime mould ‘escaped’ if it moved under or 
over any of the internal or external maze walls before it found 
the food source. Slime mould which escaped were excluded 
from the analysis below, resulting in 15 blank and 12 ECS 

samples being analysed in the simple bounded maze, and 17 
blank and 13 ECS samples for the complex bounded maze. If 
a plasmodium split into two search fronts at a decision point, 
the ‘choice’ was attributed to the search front which became 
dominant, i.e., the one which either did not retract or managed 
to reach the goal.

In the open maze, 100% of plasmodia run on blank agar 
found the goal (n  =  24), while only 9 out of 24 (37.5%) plas-
modia found the goal on plates coated with ECS (X2

1  =  19.006, 
P � 0.001; figure  2). Similarly, a significantly higher pro-
portion of plasmodia found the goal in the absence of ECS  
(12 out of 15; 80%) compared with the ECS treatment when 
the slime moulds were subjected to the simple bounded maze 
(4 out of 12; 33%) (X2

1  =  4.236, P  =  0.0396; figure 2). There 
was, however, no significant effect of the presence of ECS in 
the complex bounded maze, where 11 of 17 (65%) plasmodia 
found the goal on blank agar, and 11 of 13 (85%) in the ECS 
treatment (X2

1  =  0.649, P  =  0.421; figure 2).
Including only plasmodia that found the goal, there was no 

significant difference in the time it took plasmodia to reach 
the goal between the blank and ECS treatments (open maze: 
W  =  133.5, P  =  0.311; simple maze: W  =  23, P  =  0.951; 
complex maze: W  =  49, P  =  0.469; figure 3).

In contrast to the open maze, in the bounded mazes the 
slime moulds had to make binary choices (2 in the simple 
maze and 3 in the complex maze). Making the incorrect 
choice at key decision points results in the organism getting 
stuck in dead ends, forcing it to return to the original deci-
sion point. Hence, whether or not a correct decision is made 
affects the likelihood the goal is found within the set exper-
imental time. Interestingly, more slime moulds on the blank 
agar in the simple maze made the correct choice at both deci-
sion points compared to those on ECS (figure 4), most likely 

Figure 2. The proportion of plasmodia which reached the goal on blank or extracellular slime (ECS) coated agar, for each maze type. 
Asterisks indicate significant the difference between treatments (Chi-squared test α  <  0.05).
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contributing to the difference in success rate between blank 
and ECS treatments in the simple maze. Specifically, there 
was a significant difference between the blank and ECS treat-
ments at decision point 1 (X2

1  =  0.802, P  =  0.004), but not at 
decision point 2 (X2

1  =  0.802, P  =  0.371) for the simple maze. 
There was no such bias towards the correct (or incorrect) deci-
sion in the complex maze at any of the three decision points 
(DP1:X2

1  =  0.293, P  =  0.588; DP2: X2
1 � 0.005, P  =  1; 

DP3: X2
1  =  0.710, P  =  0.399; figure 5). The vast majority of 

plasmodia which found the goal in the bounded mazes made 
one or less incorrect choices at key decision points (supp. 
table 1 (stacks.iop.org/JPhysD/50/414003/mmedia)).

The importance of decisions made at the key points in the 
bounded mazes becomes even more clear when we look at 
the instances where the slime moulds failed to find the goal. 
When plasmodia failed to find the goal in the bounded mazes, 
it was largely due to making the incorrect choice at key deci-
sion points. The majority of slime moulds which failed to 

Figure 3. Time taken for plasmodia to complete the maze on blank or extracellular slime (ECS) coated agar, for each maze type. Only 
plasmodia that successfully completed the maze were counted in this analysis. Dots indicate data outliers. There was no statistical 
difference in the time taken to reach the goal for any maze type (Wilcoxon rank sum test).

Figure 4. Proportion of plasmodia on the simple bounded maze which chose the correct path toward the goal at each decision point 
between the blank and ECS treatments. Asterisks indicate the significance difference between treatments (Chi-squared test α  <  0.05).

J. Phys. D: Appl. Phys. 50 (2017) 414003
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solve the simple maze made the incorrect choice at decision 
point 1: 66% on blank (n  =  3) and 86% on ECS (n  =  7), and 
there was no significant difference between treatments for 
each decision point (DP1: X2

1 � 0.002, P  =  1; DP2, X2
1 � 

0.007, P  =  1; figure 6). In the complex bounded maze, 100% 
of plasmodia which failed to find the goal made the incorrect 
choice at decision point 3 (blank n  =  6, ECS n  =  2; figure 7). 
There was no significant difference between treatments 
groups choosing incorrectly at decision point 1 (X2

1  =  0, 
P  =  1; figure 7).

Discussion

Our results nicely illustrate how the slime mould makes use of 
the presence of ECS to decide which areas to explore. Whether 
or not the organism benefits from the use of an external spa-
tial memory, however, depends on the details of the environ-
ment. While in our open and simple bounded mazes the slime 
mould benefitted from the ability to use the presence of ECS it 
had deposited as it explored its environment, this was not the 
case in our complex bounded maze. Our open maze design is 

Figure 5. Proportion of plasmodia on the complex bounded maze which chose the correct path toward the goal at each decision point 
between the blank and ECS treatments. There was no statistical difference in the proportion that made the correct choice (Chi-squared test).

Figure 6. Proportion of plasmodia in the simple bounded maze that failed to reach the goal and chose the incorrect path at decision points 
1 and 2. There was no statistical difference between the blank and ECS treatments (Chi-squared test).

J. Phys. D: Appl. Phys. 50 (2017) 414003
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probably the most similar to the set up used by Reid et al [32]. 
By simply avoiding going over areas that contain ECS, the 
organism is capable of moving around obstacles as it follows 
the glucose gradient towards the goal. Without the external 
memory system there are simply too many potential paths to 
follow and no ability to keep track of which direction leads to 
obstacles or dead ends.

While in the open maze there were many possible routes 
that led to the goal, this was not the case in our bounded maze, 
where there was only one correct path. If the slime mould took 
a wrong turn it found itself in a dead end (supp. 1). In the 
simple bounded maze, a wrong turn would lead to a single 
dead end, and the organism would have no choice but to return 
from where it came, thus traversing ECS, after which it would 
often make the correct decision. However, in the complex 
maze a wrong decision led to multiple dead ends (figure 8). 
Now when the slime mould retraced its path, it would enter 
another wrong turn because of its tendency to avoid ECS. This 
prevented the organism from quickly returning to the decision 
point where it took the wrong turn in the first place (supp. 2). 
Instead, it would first continue exploring areas without ECS, 
thus entering dead ends until it had no choice other than to 
move over ECS-coated agar. In this scenario, the slime mould 
was not likely to reach the goal within 72 h. In the ECS trials, 
all agar was covered by ECS, so the slime moulds were less 
likely to get trapped in dead ends due to their tendency to avoid 
ECS. Clearly, most slime moulds that did reach the goal did so 
because they made the correct set of choices, thus explaining 
why there is no statistical difference in the time it took the 
slime moulds to reach the goal in the presence and absence of 
ECS both in the simple and complex bounded mazes (figure 
3). It seems any positive feedback due to the perception of 
food cues that results in the plasmodium allocating more 

protoplasm to tubules that received the food cue, is stronger 
than negative feedback due to encountering ECS.

The presence of ECS has a significant effect on the way 
the organism searches its environment. The normal search 
strategy of P. polycephalum is to fan out and cover as much 
space as possible, thus maximising its chances of picking 
up on attractive or repellent stimuli. Not so in the presence 
of ECS; the organism often seemed to occupy the smallest 
area possible in an attempt to reduce contact with ECS. Even 
when plasmodia on ECS did spread out in the maze, they did 
not produce a clearly defined search front. Instead we almost 
always saw a fragmented search (supp. 3).

It is interesting that even in the presence of ECS equal 
numbers of slime moulds made the correct decision at deci-
sion points 1 and 2 in the complex bounded maze (figure 5). A 
possible explanation could be that the glucose diffuses so fast 
through the agar that at those points the slime mould simply 
follows food cues and ignores the presence of ECS, as we 
know it does [25]. Because at decision point 3 either deci-
sion takes the slime mould away from the glucose gradient, 
food cues cannot bias the organism’s decision at that point, 
explaining why we no longer see a high number of correct 
decisions at that point in the maze. However, this explanation 
may be insufficient due to the relatively low diffusion rate of 
glucose. Glucose diffuses through 1.5% agar at ~3.6 cm/24 h 
[33], which, when adjusted for the lower agar concentration 
used in our study, suggests it would be reasonable to assume 
the slime mould comes into contact with the glucose gradient 
in 24–48 h. Yet, decisions made at decision points 1 and 2 
were often made earlier, before the glucose gradient reached 
those points in the maze. Hence, we hypothesise that the slime 
mould has a tendency to move in a straight line when possible, 
which would take it into the correct direction at the first two 

Figure 7. Proportion of plasmodia in the complex bounded maze that failed to reach the goal and chose the incorrect path at key decision 
points. There was no statistical difference between the blank and ECS treatments (Chi-squared test).
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decision points in the complex bounded maze. Such a bias 
towards continuing one’s direction of movement would also 
explain why so few slime moulds made the correct decision in 
the simple bounded mazes in the presence of ECS (figure 4):  
at both decision points moving downwards in the maze would 
lead to dead ends, from which the organism needed to escape 
in order to find the goal. Such escape is clearly hindered 
without having the ability to use the presence of ECS as an 
external spatial memory.

The tendency to continue to move in the same direction 
is known as a correlated random walk. Random walk theory 
is commonly applied to the study of movement and dis-
persal in animals and microorganisms [34]. It appears that in 
the absence of any cues, the slime mould’s movements are 
best described by a correlated random walk. Once the slime 
comes into contact with the glucose gradient, the organism 
most likely changes to a biased and correlated random walk 
as it now moves towards the source of glucose. The bounded 
mazes prevent a truly biased random walk, as the slime mould 
is often required to change direction due to corners and dead 
ends.

When encountering extracellular slime, we expect the 
slime mould to change to a reinforced random walk [34]; now 
the presence of ECS biases the organism’s movement towards 
areas that do not contain ECS. Usually reinforced random 
walks are associated with positive cues: the organism modifies 
its environment (usually chemically) and movement is biased 

towards the marked area or along a marked path, thus leading 
to further reinforcement of the cue. It is not surprising then 
that reinforced random walks are well known from organisms 
that have a social life stage such as the cellular slime mould 
Dictyostelium discoideum. When food becomes scarce, the 
normally solitary amoebae start secreting signalling chemi-
cals (cyclic AMP) to attract other amoebae to form aggrega-
tions [35]. The aggregated amoebae then form a multicellular 
slug, that can move away from the area in search of food. In 
contrast P. polycephalum appears to use a reinforced random 
walk to avoid areas it has previously marked. Hence, when 
a reinforced random walk is impossible because the whole 
area contains the negative cue (as in our ECS treatments), the 
organism is likely to employ a correlated random walk in the 
absence of any food cues, changing to a biased and correlated 
walk once it can perceive the glucose gradient.

An external spatial memory seems a cheap and easy way to 
remember where you have been. While the slime mould uses 
its external spatial memory to avoid areas it has visited before, 
another class of organisms that relies heavily on an external 
spatial memory, trail-laying ants, use the presence of a phero-
mone to return to sites that contain profitable food sources. 
Here the spatial memory aids individual ants in locating food 
sources found by their nest mates, allowing the colony to 
focus its foraging force on the best sources available. In effect, 
trail-laying ants are another example of organisms that use a 
reinforced random walk, as each ant will add to the existing 

Figure 8. Illustration of how the avoidance of extracellular slime (ECS) can be more of a hindrance than a help in the complex bounded 
maze. If a plasmodium (dotted yellow line) makes the wrong choice at decision point 3, it will reach another decision point (4). In this 
example the slime mould moves down, and gets stuck in either or both of the dead ends, A and B. Escaping the dead end will lead it back to 
4 (dashed orange line), where it must retrace its steps over ECS to decision point 3 in order to find the goal. However, by avoiding the ECS 
it will instead move toward C. Upon reaching point C all blank agar has been explored, and the plasmodium is forced to travel back over its 
ECS.
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pheromone trail while its own behaviour is affected by the 
presence, and in many instances strength, of the trail. Many 
species of ants adjust the amount of pheromone deposited 
depending on the quality of the source found, and individual 
ants are also more likely to deposit pheromone when foraging 
at a high-quality food source [36]. As an individual ant is more 
likely to follow a trail that is higher in pheromone, strong trails 
attract more ants [37].

As with the slime mould’s external spatial memory, the 
efficacy of the ants’ spatial memory also depends on the spa-
tial configuration of the foraging environment. When the ants’ 
foraging environment is constrained so that trails to different 
quality food sources are in direct competition, the colony will 
not always be able to focus on the highest quality food source. 
This is especially the case when the food source of higher 
quality is discovered after a trail has already been established 
to a lesser food source. An individual ant uses a very simple 
rule of thumb: ‘when given a choice, select the path with the 
highest level of pheromone’. While this rule is sufficient most 
of the time, under specific circumstances it can result in sub-
optimal decisions. We have shown here that the slime mould’s 
simple rule of thumb is, ‘when given a choice between an area 
with and without ECS, and in the absence of any other infor-
mation, choose the area without ECS’. Put simply, ‘follow the 
road less-travelled’. This rule works under normal foraging 
conditions, but not necessarily under very artificial conditions. 
However, as long as such heuristics work most of the time, 
and particularly in situations in which the organism is most 
likely to find itself, there is no reason for natural selection to 
tinker with a simple rule to which even a brainless organism 
can adhere.

Conclusion

This study explored the usefulness of the external memory of 
the acellular slime mould, P. polycephalum, using a range of 
mazes that differed in the level of spatial restriction. We found 
that the extracellular slime which the slime mould deposits as 
it moves through its environment is particularly advantageous 
when there are multiple different routes to explore, as it maps 
out previously travelled paths and guides the slime mould 
into unexplored areas in the search for food. Our study high-
lights the advantages of having an external memory system 
in a brainless organism, but also illustrates the disadvantages 
when the organism is forced into an artificial environment.
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