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The organization of soil disposal by ants

ELVA J. H. ROBINSON*, MIKE HOLCOMBE{ & FRANCIS L. W. RATNIEKS*
*Department of Animal and Plant Science, University of Sheffield
tDepartment of Computer Science, University of Sheffield

(Received 19 March 2007; initial acceptance 5 June 2007;
final acceptance 17 September 2007; published online 5 November 2007; MS. number: 9317R)

Colonies of Pheidole ambigua ants excavate soil and drop it outside the nest entrance. The deposition of
thousands of loads leads to the formation of regular ring-shaped piles. How is this pattern generated?
This study investigated soil pile formation on level and sloping surfaces, both empirically and using an
agent-based model. We found that ants drop soil preferentially in the direction in which the slope is least
steeply uphill from the nest entrance, both when adding to an existing pile and when starting a new pile.
Ants respond to cues from local slope to choose downhill directions. Ants walking on a slope increase the
frequency and magnitude of changes in direction, and more of these changes of direction take them down-
hill than uphill. Also, ants carrying soil on a slope wait longer before dropping their soil compared to ants
on a level plane. These mechanisms combine to focus soil dropping in the downhill direction, without the
necessity of a direct relationship between slope and probability of dropping soil. These empirically deter-
mined rules were used to simulate soil disposal. The slight preference for turning downhill measured em-
pirically was shown in the model to be sufficient to generate biologically realistic patterns of soil dumping
when combined with memory of the direction of previous trips. From simple rules governing individual
behaviour an overall pattern emerges, which is appropriate to the environment and allows a rapid

response to changes.

© 2007 The Association for the Study of Animal Behaviour. Published by Elsevier Ltd. All rights reserved.

Keywords: excavation; insect behaviour; organization of work; pattern formation; Pheidole; self-organization;

waste disposal

Dynamic unpredictable environments pose great chal-
lenges to the organisms inhabiting them. Behaviours
that are appropriate in one situation may become in-
appropriate when conditions change. Social insects pro-
vide many examples of behaviours that are modified to
meet environmental changes, from foraging patterns in
ants (Sendova-Franks & Franks 1993; Detrain et al. 2001)
to brood care in honeybees (Schmickl & Crailsheim
2002). Due to the self-organized behaviour of many social
insects, the colony’s response to the changing environ-
ment is often based on changes in the behaviour of
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individual workers in response to local cues and inter-
actions (Bonabeau et al. 1998; Théraulaz et al. 2002; John-
son et al. 2003). In particular, a single set of local
behavioural rules (followed by workers individually) can
lead to differing global results depending on environmen-
tal conditions (Bonabeau et al. 1998).

Ants are the dominant soil-dwelling insects in many
ecosystems (Holldobler & Wilson 1990). The construction
of underground nest chambers leads to the problem of
what to do with the displaced soil. This task may be far
from trivial: 20 g of harvester ants can excavate 20 kg of
sand in just 4—5 days (Tschinkel 2004). The excavated
soil is deposited on the surface in a wide variety of pat-
terns, circles, crescents or ramps, that can be steep-sided
or flat and symmetrical or asymmetrical. Theoretically,
in a completely stable environment, the ants could opti-
mize the disposal of a specific volume of soil by building
a pile to a predetermined ‘optimal’ blueprint. For many
species, however, the environment is unpredictable and
dynamic. Part of the soil pile may be crushed by a falling
twig or a passing animal. A sudden rain storm may wash
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previously excavated soil back into the entrance hole or
even change the incline of the slope on which the soil
pile is being built. Changes in humidity may affect the co-
hesiveness and therefore the angle of repose of the soil, so
the ideal angle of the soil pile slope may vary during pile
construction (Théraulaz et al. 2003). The strategy used by
the ants must be effective in these variable situations. The
Brazilian ant Pheidole ambigua nests in just such an unpre-
dictable environment, yet colonies create remarkably reg-
ular circular soil piles under a range of conditions.

Using biologically determined rules and parameters, we
modelled the organization of soil dumping. We used an
agent-based modelling approach to reflect the ‘bottom-up’
organization of ant colonies by modelling the ants and
their interactions at the individual rather than the group
level. This agent-based model investigates how simple
rules, followed by individual ants carrying soil excavated
from the nest, lead to the soil becoming organized in
particular patterns around the nest entrance. Using the
model we also investigated the effect of a hypothetical
parameter, memory of the direction of previous trips, on
the disposal of soil.

Empirical experiments were carried out to investigate
the rules used by the ants to determine their route from
the nest and the point at which soil is dropped. We tested
whether ants preferentially drop soil in the direction in
which the slope is least steeply uphill from the nest
entrance (Tofilski & Ratnieks 2005) and investigated the
mechanism by which the ants choose the less steeply up-
hill slope by testing the hypothesis that the ants are using
local cues. The ‘local-cues hypothesis’ is that ants carrying
soil alter their routes as they walk and specifically that
they have a tendency to turn in a downhill direction.
The alternative hypothesis is that on leaving the nest en-
trance the ants scan the horizon from the nest entrance
and choose the direction of the lowest horizon and are
not thereafter affected by cues from the local environ-
ment. We also investigated whether the ants preferentially
drop the soil at or over the top of the soil pile (Tofilski &
Ratnieks 2005) or whether probability of dropping soil is
based on distance from the nest via an internal template.
We incorporated what we learned from these experiments
into the agent-based model.

METHODS
Empirical Experiments

Study species

Ten colonies of P. ambigua (Wilson 2003) were found in
an area of bare sandy soil, 12 x 12 m, at the Fazenda
Aretuzina, a farm near Sao Simao, Sao Paulo State, Brazil,
January to February 2005 and 2006. Colonies nested un-
derground, with a single nest entrance surrounded by
aring of excavated soil 23—72 mm in diameter at the wid-
est point. These soil piles were approximately sinusoidal
in cross section (see Supplementary Fig. 1). For three nests,
we captured 10 successive ants exiting the nest hole carry-
ing soil. Their soil particles had a mean + SD diameter of
1.20 + 0.30 mm, N = 10, and the ants had a mean + SD

body length of 3.60 + 0.30 mm, N = 10, both measured
to the nearest 0.05 mm using micrometer callipers. These
were all minor workers. Pheidole ants have major workers
characterized by very large heads but these were seen
only rarely and were never observed to carry soil.

Experiment 1: adding soil to an existing pile

This experiment tested the ‘slope hypothesis’, that ants
choose direction based on slope, by experimentally alter-
ing the plane of incline of already established soil piles. If
this hypothesis is correct for P. ambigua, then when the
plane on which dumping occurred was tilted, more ants
should choose to drop their soil in the downhill direction.
This experiment also allowed us to observe the pattern of
soil dropping in relation to the local gradient. For six col-
onies chosen at random, we carefully removed the soil pile
and put the soil aside. We placed a wooden platform
16 x 22 cm with a hole (diameter 10 mm) in the centre
30 mm above the nest entrance (Supplementary Fig. 2).
The orientation of the platform was randomized. A 30-
mm length of vertical plastic tubing (external diameter
10 mm; internal diameter 8 mm) linked the nest entrance
and the platform. We then placed the soil that we had put
aside round the tube in a ring. A rectangular piece of card-
board with a cut away section was then rotated around the
nest entrance to give a pile with a uniform sinusoidal cross
section of dimensions height 5 mm and width 16 mm (see
Supplementary Fig. 1). After this manipulation, which
took approximately 2 min to perform, ants carrying soil
out of the nest entrance had to continue up the tube
and onto the platform to drop their soil. Ants started do-
ing this within seconds of the tube being in place. Soil
dumping was video recorded from 80 cm vertically above
the platform centre for 15 min as a control (Phase 1, Con-
trol A). We then dropped one side of the platform 30 mm
so that the platform was at an angle of 15° from horizon-
tal. The camera was moved 21 cm horizontally and angled
15° from vertical to maintain a perpendicular view of the
soil pile. Activity was filmed for 30 min in this position
(Phase 2, Tilt A). We then angled the platform 15° in the
opposite direction and moved the camera to film from
the other side for 30 min (Phase 2, Tilt B). Finally we re-
stored the platform to horizontal and the camera to verti-
cal for a further 15 min to control for effects of changing
the platform angle (Phase 4, Control B). The artificial piles
were stable at these angles, as no collapses or landslides
occurred. The workers did not disturb the piles as they
walked on them.

A scale bar was placed next to the soil piles to be visible
in the video images, for calibration during analysis.
Analysis was carried out using VideoPoint software (Video-
Point 2.5.0 PASCO Scientific, Roseville, CA, U.S.A.; 2001
Mark Luetzelschwab and Priscilla Laws) to record the
locations in which the ants dropped their loads during
the trials. For analysis, we used two pieces of data per soil
item: distance from the nest entrance at which it was
dropped and direction relative to the nest entrance in
which it was dropped. For the latter the environment was
split into two directions, Direction 1 was everything
uphill of the nest entrance in Tilt A and everything



downhill in Tilt B. Distance data were used to calculate the
local gradient from the known shape of the soil pile. Data
were taken from up to 50 soil-dumping ants per phase in
Phases 1 and 4 (level) and up to 100 ants per phase in
Phases 2 and 3 (tilted). The repeatability of such Video-
Point data was tested blind for four clips of video totalling
10 min. The two sets of data were significantly correlated
(Pearson correlation: distance from nest: R =0.93,
N=10, P<0.0001; angle from nest: R=0.93, N=10,
P < 0.0001).

Experiment 2: building a new soil pile

This experiment tested the slope hypothesis as for
experiment 1 but in the context of the formation of
a new soil pile. This experiment also tested the ‘local-cues
hypothesis’. We studied three colonies which had not been
used previously. The method was the same as for experi-
ment 1, except that we did not replace the soil pile on the
wooden platform, so that ants began dumping on a flat
surface. Each trial consisted of one control period with
a level platform and two periods with the platform tilted
15°. We placed a circle of paper (diameter 90 mm) on the
platform, marked with divisions by angle (every 15°) and
distance (every 5 mm) to aid video analysis. Each period
was video recorded until 50 ants had dropped soil. We
then swept the platform clean before the next period of re-
cording to prevent the previously dropped soil affecting
later dumping. We analysed the trials using VideoPoint as
in experiment 1. In addition, we quantified the straight-
ness of each ant’s path by counting the number of segment
lines crossed in each direction for every 5 mm the ant
moved away from the nest tube until it dropped its soil.
To do this, the video was observed in iMovie (iMovie HD
v5.0.2(111) 1999—-2005 Apple Computer Inc., Cupertino,
CA, US.A)). General linear mixed models (GLMM) and
Rayleigh tests (Fisher 1995) were performed using R (R

2. Leave nest

1. Pick up soil

Nest ant

6. Find nest
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version 2.3.1. Language and Environment 2006 The R De-
velopment Core Team, Vienna, Austria); general linear
models (GLM) were performed using Minitab (Minitab
Statistical Software, 2000 Minitab Inc., State College,
Pennsylvania, U.S.A.). Estimates given under Results are
mean =+ SD.

Model

In the model, simulated ants (agents) carrying a piece of
excavated soil must leave the nest, walk for some distance
in some direction, drop their soil load and return to the
nest. This agent-based model is based on the X-machine
system (Eilenberg 1974; Holcombe 1988) in which agents
have an individual memory. Each agent has five memory
variables: a unique identifier for each agent, whether the
agent is carrying soil, the position of the agent within
the environment (,0), the direction in which the agent
is heading (8+ any change in heading) and a memory of
the direction (0) in which the agent most recently drop-
ped soil. All agents are assumed to walk at the same speed
and never return to the nest still carrying their soil.

In the model time and 3D space are discretized. The
environment is specified using polar coordinates divided
into cells (r=1:100, 6 = 1:100) with the nest entrance
(radius 3 mm) at the origin. Each cell also has a height di-
mension, h, which allows the surface to grow upwards
when soil is dropped. It also allows initial environments
in which the surface is not level to be specified. Time is
split into time steps, defined as the time taken for an agent
to travel from its current cell to the next cell. Soil dropping
is considered to be so quick as to be instantaneous. In the
course of a time step, each agent in turn responds to its en-
vironment and undergoes one of the six processes out-
lined in Fig. 1. Initially agents have no soil and are in
the nest: 7o = 0, 6o = 0. Their initial direction of heading

~%\3. Move
Ant
carrying soil
4. Drop soil
Ant
without soil

“=~-._ 5. Search

b ; for nest

Figure 1. The three general behavioural states are indicated in the boxes. Each state has an action associated with it (---») and these states are
connected by transition actions (—»). (1) Pick up soil: agents pick up soil within the nest at the rate determined by the traffic flow, ¢. (2) Leave
nest: agents that have picked up soil leave the nest in the direction that they are heading. (3) Move: all agents carrying soil outside the nest
follow the ‘move’ rules. (4) Drop soil: the soil dropped by an agent adds to the height of the cell that is the agent’s current position, and the
agent remembers the angle at which the soil was dropped. (5) Search for nest: all agents outside the nest with no soil return towards the nest,
one cell per time step by a direct route until they find it. (6) Find nest: agents without soil that find the nest enter it and remain ‘nest ants’ until

they pick up soil again and leave.
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is determined randomly or by memory of previous loca-
tion. When the agents move, they initially use their posi-
tion and direction of heading to detect the local slopes
from their own position to the cell ahead and to ahead
right and ahead left. Ants have been shown to be able to
detect slopes and respond accordingly (Wohlgemuth
et al. 2001). The agents may change their direction of
heading depending on a function of the slope ahead
(asiopeancad)- If @ change in direction is made, the direction
and magnitude (c) of the change depends on the slopes
ahead (straight, right and left). The agent then moves
one cell in the direction it is now heading and tests
whether to drop soil, depending on a function of distance
from the nest, n,. If the function determines that the agent
drops the soil, the soil dropped by an agent is added to the
height of the cell which is the agent’s current position. As
the grid of cells is defined using polar coordinates, the area
of the cells increases with the radius. The effect of a piece
of soil is averaged over the whole cell; that is, the increase
in height is approximated by the diameter of a piece of soil
(w) divided by the area of the cell. Ants return directly to
the nest, as has been observed for Messor barbarus (Chré-
tien 1996) and P. ambigua (E. J. H. Robinson, personal ob-
servation). In this model agents interact not directly with

other agents but indirectly by affecting the environment.
The soil dropped during a time step is stored in a tempo-
rary matrix and at the end of the time step the height of
all the cells is updated simultaneously. This gives concur-
rency to the events within a time step which is appropri-
ate, as in a biological situation several ants could drop soil
at the same time. The constants and parameters used in
the model are listed in Table 1.

Modelling Experiments

For the simulation experiments, the model was applied
to soil dumping as seen in P. ambigua. The model was im-
plemented in MatLab (MatLab Version 6.1.0.450 Release
12.1, 1984—2001 The MathWorks, Inc., Natick, MA,
U.S.A.). Statistical tests were carried out using R and
Minitab.

Role of memory

Simulations of soil dumping were carried out over
a range of environments: level flat ground, sloping flat
ground, adding to a ring-shaped pile and adding to a ring
on a slope (Supplementary Table 1). Each trial

Table 1. Values and derivation of the constants and parameters used in the simulation experiments

Symbol Summary Notes Value used Source and comments
w Soil particle size The diameter of a piece of 1 mm Empirically determined
soil carried by an ant
Y Slope detection The number of cells over 1 cell Mean length of ant=3.6 mm (empirically
range which an ant detects slope determined). At low r the diagonal distance
to the next cell to the right/left is less than
the mean length; at high r it is greater than
the mean length. One cell is assumed to avoid
problems with choosing between net slope
and total slope if the ground is uneven
T Time step duration Time taken for an ant 0.25s Mean ant speed=4 mm s~ (empirically
to traverse a cell determined; experiment 2). Radial length
of a cell is set to the diameter of a soil particle
(w). A time step is the time taken for an ant
to traverse a cell, i.e. 1 mm/4 mm s~
0] Traffic flow rate The number of ants which 1 ant per 4 s Empirically determined; experiment 1
leave the nest in each (1 ant per 16 1)
time step
¢ Ant number Total population of ants 50 Estimate: preliminary experiments show no
involved in soil dumping significant effects on pattern formed over
the range ¢(=25-100
g Minimum detectable The gradient above which  0.08 This corresponds to a slope of 15°, to which
gradient ants behave as on a slope it is empirically shown that ants respond
C Magnitude of The number of cells to the  0—12 cells From empirical experiment 2; details in
change in heading right/left that an ant moves Supplementary information
o Probability of making This is affected by 0o=0.27 ... 0 cells is the minimum change in heading
change in heading local slope o-12=0 (level) per step forward; 12 cells is the maximum.
of given magnitude 00=0.21 ... Probabilities determined from empirical
o-12=0 (slope) experiment 2; intermediate probabilities
and details are in Supplementary information
bdirec Probability of change Right/left, up/downhill bright=0.5 From empirical experiment 2; details in
being in particular bier=0.5 (level)  Supplementary information. Investigated in
direction bgown=0.58 simulation experiments
b,p=0.42 (slope)
nr Probability of dropping A function of the distance  Logistic function Determined from fit to empirical data. See
soil at a given distance, r from the nest Supplementary information for details and
parameters of equation




corresponded to 6 h of soil dumping (86400 time steps)
and trials were replicated 10 times. Memory was investi-
gated at two extremes. In no-memory simulations, subse-
quent behaviour was independent of previous behaviour.
In simulations with memory, agents always started out
from the nest heading in the direction in which they pre-
viously dropped their soil. The agent’s memory was up-
dated to the new direction in which soil was dropped
each time a drop was made. This memory was assumed
to remain constant between drops. We also ran the simu-
lation to match the procedure in empirical experiment 1
with 15 min of empirical data represented by 3600 time
steps and analysed the data using the same GLMM that
we had applied to the empirical data.

Response to gradient

Preference for turning downhill was investigated at
three levels: no preference for the downhill direction
(baownnin = 0.5), empirically observed probability of
choosing downhill (bgownnin = 0.58) and deterministic

ROBINSON ET AL.: ORGANIZATION OF SOIL DISPOSAL BY ANTS

investigated with and without memory. These simulations
were carried out on a flat sloping environment and were
run for a longer period of time, corresponding to 12
days assuming that soil is excavated for 12h per day
(2073 600 time steps). Due to the length of time that these
longer simulations took to run, each was replicated just
five times.

RESULTS
Empirical Experiments

Experiment 1: adding soil to an existing pile

The results supported the slope hypothesis for the first
tilted phase because significantly more ants dropped their
soil in the downhill direction: Tilt A (t;363 = 3.6,
P < 0.001; Fig. 2a) (GLMM with colony and phase as fixed
effects, colony as a random effect and a binomial error
structure). A difference between the proportions dropping
soil in each direction was also seen in the first control

choice of the downhill direction (bgownnin = 1). This was period: Control A (GLMM: ty343 =4.6, P <0.001).
80 80
@) (b) [l Direction 1
70 701 [] Direction 2
60+ 60}
hill
S0r Uppill SOr Level Downhill
NS Downbhill
40 FLevel 40+
NSUphill
30 B *kk 30 r
— Level Level
3 20 NS 20}
oo
g
2. 10 10H
[eW
e
T 0 - 0
=
3]
iy (©) (d)
@ 200 200+
=
= NS
g NS
U
= 150+ 150+
100 100+
NS NS NS *
50 50
Control 1 Tilt 1 Tilt 2 Control 2 Control 1  Tilt1 Tilt 2  Control 2

Figure 2. Number of ants dropping soil in each of two directions (mean + SD). (a) Experiment 1. N = 6. Total number of ants for each phase:
Control 1 =239, Tilt 1 =489, Tilt 2 =457, Control 2 = 190. Tilt periods were twice as long as the control periods. (b) Experiment 2. N = 3.
Total number of ants was 150 per phase. (c&d) Model data without (c) and with (d) memory. N =10. ***P < 0.001; **P < 0.01; *P < 0.05; NS

indicates P > 0.05.
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However, Tilt A was significant in the direction opposite to
that of Control A, showing that a switch in preferred di-
rection of dumping had occurred (GLMM post hoc com-
parison: P < 0.05; Fig. 2a). When the substrate was tilted
in the opposite direction (Tilt B) again a significant change
in the proportions dumping in each direction occurred
(GLMM post hoc comparison: P < 0.05), although there
was no significant difference between the numbers dump-
ing in each of the two directions. When the platform was
returned to level (Control B), no significant change oc-
curred, and there was no significant difference between
the numbers dumping in each of the two directions. Col-
ony also had a significant effect on numbers dropping soil
in each direction (GLMM: t, = 3.2, P < 0.05).

During the level (control) periods, more ants dropped
their soil on the outer slope of the pile (23.3 &+ 14.6%)
than on the inner uphill slope (4.9 £ 4.6%), although
this difference was not statistically significant (Wilcoxon
signed-ranks test: W =15, N=6, P =0.06). The majority
(70.7 £ 19.5%) of the ants dropped their soil beyond the
artificial soil pile on the level surface (Supplementary
Fig. 4). Similar assessments were not carried out on the
tilted phases due to the confounding effect of the overall
slope on the routes of the ants. Ants left the nest carrying
soil at a rate of 0.27 £+ 0.1 ants/s.

Experiment 2: building a new soil pile

When ants are building a new soil pile, the results
support the slope hypothesis. Although the GLMM gives
no significant difference in the proportions dumping in
each direction in the control and the first tilted phase
(Fig. 2b) (GLMM post hoc comparison, Bretz et al. 2001:
parameter estimate = —3.5, 95%CI lower = —5.51;
upper = —1.54) because the control was already biased in
the direction that became downhill (Rayleigh test of uni-
formity: R = 20, P < 0.001), on the slope (Tilt 1) signifi-
cantly more ants drop their soil downhill than uphill
(GLMM: t443 = 2.6, P < 0.01; Fig. 2b), which is not the
case for the control (GLMM: fty43=0.73, P <0.01).
When the substrate is tilted in the opposite direction, a sig-
nificant switch occurs (GLMM post hoc comparison:
P <0.05) with the final distribution of soil dumping

biased in the direction that is now downhill (Rayleigh
test of uniformity: R = 19, P < 0.001).

When dumping soil on a level platform, the number of
segments through which the ants travel to the right or left
while they travel one ring outwards follow a Poisson
distribution of mean 0.35 (x3 = 0.41, P = 0.81). This indi-
cates that an ant’s probability of turning a certain number
of segments is independent of the number of segments
that it has previously turned; 38% of ants changed their
course by at least one segment and 99% of turns observed
were less than 45°. Using the net direction of turns by
each ant over its whole outward journey, there was no sig-
nificant difference between the number that made a net
turn to the right versus the left (chi-square test: x3 = 3.3,
N =289, P=0.07).

In contrast, on a 15° slope the distribution of turns does
not follow a Poisson distribution (X% =214.0, N= 1355,
P < 0.001). The difference is due to fewer than expected
ants making no turn and more ants than expected making
at least one turn. On the slope significantly more ants
make a net downhill turn (58.6%) than a net uphill turn
(41.4%) (x? = 5.0, N=169, P < 0.05).

The first 12 ants to drop soil on the new paper from
each trial were analysed to determine whether the angle
from the nest at which an ant dropped its soil was
correlated with the corresponding angle from the nest of
the previous ant. No correlations were found (Pearson
correlation, N=11: Trial 1: R=-0.31, P = 0.35; Trial 2:
R=0.32, P=0.35; Trial 3: R=-0.01, P=0.99).

Colony had no effect on the mean distance at which
soil was dropped (GLM with colony and phase as fixed
effects, colony as a random effect: F 447 = 2.3, P=0.1) so
for analysis of the probability distributions the data were
pooled across colonies. The probability of soil dropping
on the level is related to distance from the nest by a logistic
function (12 = 0.99; Fig. 3a). The distances at which soil
was dropped during the tilted phases does not fit this
logistic function (chi-square test: x%, =72, P < 0.001)
because, during the two tilted phases, the mean distance
at which soil was dropped is significantly greater (Tilt A:
30.48 +£ 15.51 mm; Tilt B: 29.46 + 13.79 mm) than that
when on the level (26.55+ 15.43 mm) (ANOVA:
F5 447 =7.38, P<0.001). The mean distance at which
soil was dropped did not differ between the three
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Figure 3. Empirical data on probabilities of soil having been dropped by a given distance from the nest and logistic fits for level (a) and sloping

(b) environments.



directions uphill, downhill and level (Supplementary
Fig. 3) either when flat or during either tilted phase (AN-
OVA: F4 445 = 0.98, P =0.41). The distances at which soil
was dropped on a slope fits a logistic function (* = 0.99)
but with different parameters (Fig. 3b). The distribution
of distances at which soil is dropped during the control
phases of experiment 1 fits the same logistic function
that was fitted to the tilted phases of experiment 2 (chi-
square test: 3, = 20, P=0.58). These distributions were
used in the parameter n, in the model.

For each trial the mean speed of the first 20 outward-
bound soil-carryings ants was calculated over their jour-
ney from the central tube to where they dropped their
soil. No differences in mean speed were seen between
trials (ANOVA: F3 5, =0.58, P=0.63), giving an overall
walking speed of 3.8 = 2.1 mm s~ !, N = 60.

Modelling Experiments

Role of memory

When the agents did not use memory of previous trips,
on a level flat surface, soil was dropped symmetrically
(Rayleigh test of uniformity: R = —77, P=0.99). When
the initial environment was sloped by 15°, there was no
bias towards more soil dumping in the downhill direction
(Rayleigh test of uniformity: R = —155, P=0.99). This
contrasts with the empirical results, where there was a sig-
nificant bias downhill. Adding soil to an existing symmet-
ric ring-shaped pile was simulated across conditions based
on empirical experiment 1. The pattern of soil dropping
(Fig. 2¢) did not match the experimental results (see
Fig. 2a) when the model was run with no memory. There
were no significant differences between the proportions of
agents dumping soil in each direction at any phase of
the experiment (GLMM Cl: fo457;=1.1, P=0.27; T1:
togs57 = 073, P= 047, T2: toss7 = 036, P= 072, C2:
t9457 = 0078, P = 094)

When memory was used by the agents in choosing
direction to leave the nest, soil was not dropped symmet-
rically, even on a level flat surface (Rayleigh test of
uniformity: R = 48, P < 0.001). This also was seen in ex-
periment 2, but differs from the results when no memory
was used. The distribution across the radial segments was
significantly more variable than that in the equivalent
simulation without memory (no-memory: 6.0 &+ 0.48 mm;
with memory: 10.2 £ 1.7 mm; two-tailed ¢ test: t1g=
7.43, P < 0.001), showing that the soil was dropped in
a more clumped distribution when memory was used.
When this flat surface was sloped, there was a bias for
soil dumping in the downhill direction (Rayleigh test of
uniformity: R = 42, P < 0.001).

When the simulation of agents adding soil to an
existing pile was repeated with memory (Fig. 2d), the re-
sults were qualitatively similar to the empirical biological
results (Fig. 2a). When the environment was tilted, signif-
icantly more agents dropped soil in the downhill direction
than uphill (GLMM T1: tg4s, = 2.85, P < 0.01), which was
also the case in the empirical results. However, in the
model, when the environment was tilted in the opposite
direction, the agents were able to switch to dropping
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more in the new downhill direction (GLMM T2:
fogs50 = 4.39, P < 0.001), whereas in the experiment the
switch was not significant. In the biological data, there
was a significant difference between the numbers dump-
ing in the two directions in the first control phase, though
not in the second phase. In the model with memory,
there was also a significant difference in one of the con-
trols (GLMM Cl1: togs7 = 131, P= 019, C2: togs7 = 223,
P < 0.05). The model results included more agents for
the same period of time than the experimental results;
during the biological experiment no more than 50 ants
were recorded during a control phase and no more than
100 ants during a tilted phase, and the colonies were vari-
able in their flow.

Response to gradient

The experimentally observed proportion of turns that
were in the downhill direction was just 58%. Although this
was statistically greater than the random expectation, it
was only a slight preference. This simulation experiment
aimed to investigate whether this preference (b = 0.58) is
great enough to have an effect on the pattern of soil dump-
ing, with and without memory, compared to b = 0.5 (ran-
dom choice) and b =1 (always choose downhill) (Fig. 4).
A general linear model was used to compare the heights
added to the segments perpendicularly uphill and per-
pendicularly downhill over the different levels of memory
and preference for turning downhill, and a highly signifi-
cant effect was found for memory (GLM: F; sg = 1947,
P <0.001), b (GLM: F5 57 = 2331, P < 0.001) and the inter-
action between memory and preference for downhill
(GLM: F, 57 = 2081, P < 0.001).

With no memory of previous direction, at the experi-
mentally observed probability of turning downbhill
(b =0.58; Fig. 4c) there was no significant difference in
the heights added to the most uphill segment and to the
most downhill segment (Tukey HSD: t=0.74, P = 0.99),
showing that the agents were not dropping significantly
more soil downhill. This pattern of soil dropping with
b=0.58 does not differ significantly from the pattern
formed when no preference for turning downhill is used
(Fig. 4a), either for the height added uphill (Tukey HSD:
t=0.18, P=0.99) or for that added downhill (Tukey
HSD: t=0.35, P =0.99). However, when b =1 (Fig. 4e),
significantly more soil is dropped in the downhill direc-
tion than in the uphill direction (Tukey HSD: t=4.73,
P <0.01).

When the agents act on the memory of the previous
direction in which they dropped soil the results are
dramatically different. In the case of the experimentally
observed probability of turning downhill (b=0.58;
Fig. 4d) significantly more soil is added in the downhill
than in the uphill direction (Tukey HSD: t=30.5,
P <0.001). As can been seen from Fig. 4d, the agents
have filled up the downhill direction until it is level
with the nest entrance. This is significantly different
from the pattern seen when there is no preference for
downhill (b =0.5; Fig. 4b), both for uphill (Tukey HSD:
t=10.3, P<0.001) and for downhill (Tukey HSD:
t=23.3, P <0.001). When b =1, an unexpected pattern
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Figure 4. Total height of each radial segment of the environment initially and with soil added. Comparing no memory and with memory
against preferences for turning downhill: random (b = 0.5); experimentally observed probability (b = 0.58); deterministic (b = 1). Negative
heights are downhill relative to the nest entrance; positive heights are uphill. Heights after days are mean &+ SD, N = 5.

emerges (Fig. 4f). Not only do the agents drop more soil
downhill than uphill (Tukey HSD: t=176.4, P < 0.001)
but they continue dropping soil in that direction, even
though the downbhill pile is more than twice as high as
the uphill pile.

DISCUSSION
Empirical Experiments

The empirical data support the slope hypothesis of
Tofilski & Ratnieks (2005) that ants choose the less uphill
slope. In both experiment 1 and experiment 2 when the
substrate is tilted, more of the ants walk down the slope
to drop their soil, as opposed to up the slope. This is ben-
eficial for the colony because the soil is less likely to roll
back towards the nest if carried downhill. There may
also be advantages in terms of energy efficiency in walking
down rather than up a slope while carrying a load. How-
ever, in experiment 1 when the substrate was tilted in

the opposite direction, the ants did not make a complete
switch to the new downhill direction in the 30 min that
they were given. Ants may be showing route fidelity to
the previous direction of dumping (Wehner 1970) if rela-
tively few ants are involved in dumping and they do not
immediately respond to changes in the environment. If
so, the data suggest that ants may have more route fidelity
to previously downhill directions than to previously flat
directions. Alternatively, the successive changes in the
plane of incline of the dumping platform may have
affected dumping. Colony also had a significant effect
on direction of soil dumping, suggesting that some colo-
nies have a bias in a particular direction. Our experiments
were performed in the context of natural nest entrances,
so cues from the sun and landmarks such as trees were
available to the ants and may be responsible for this bias
or there could be an effect from the angle of the subterra-
nean tunnels before the ants entered the vertical tube.
The analysis of the routes taken by loaded ants during
a trip from the nest entrance to where they finally drop



their soil supported the local-cues hypothesis that the ants
respond to local differences in slope and adjust their
direction accordingly. In experiment 2 there was no
significant bias to the left or right while ants carried soil
out from the nest on the level, and the final angles at
which soil was dropped followed a uniform distribution. It
is therefore reasonable to assume that the initial angles at
which the ants leave the nest are also randomly distrib-
uted at the colony level, although individuals may have
fidelity to a particular angle. Almost all turns made by ants
are small deviations from their path (<45°). Avoiding large
turns would reduce the total distance covered by the ants
and prevent them returning to the nest with their load.
The data indicate that each turn is independent of the last
and that there is a constant probability of turning by
a certain amount. In contrast the results on a sloping
substrate show that on a slope more turns occur and that
these turns are significantly more often downhill than
uphill. The final distribution of soil dumped on a slope is
biased in the downhill direction. We did not find any
effect of the route of the previous ant on the subsequent
ant, suggesting that ants were neither following phero-
mone trails nor visually following the ant in front. The
data on the route of the ants suggest a mechanism for the
preference for the downhill direction. Ants are responding
to the local environment and changing their routes as
they walk away from the nest either by directly detecting
local slope (Wohlgemuth et al. 2001) or by assessing a nar-
row range of horizon ahead of them. The data do not sup-
port the alternative hypothesis that ants scan the horizon
on leaving the nest and make an initial choice of direction
which they then maintain. However, ants may still make
some initial choice based either on the horizon or previ-
ous memory and then make further course corrections
during the trip.

Previous work on ant soil disposal suggests that ants
should drop soil at or over the top of the soil pile (Tofilski
& Ratnieks 2005). We found no conclusive evidence that
P. ambigua follow this rule. Whereas many ants did drop
soil on or just over the summit in experiment 1, others
dropped their soil on before the summit or on the flat
area beyond the pile. When on a slope (uphill or down-
hill) in experiment 2, ants tended to walk further before
dropping their soil than when on level ground. Interest-
ingly, the ants from experiment 1 (dumping soil on an ex-
isting soil pile) followed the same pattern of soil dropping
with distance as did the ants in the tilted phase of exper-
iment 2. This suggests that walking on a slope, whether
caused by an existing soil pile or by the underlying sub-
strate, causes the ants to wait longer before dropping their
soil. This fits in with the observations of Tofilski &
Ratnieks (2005) that Dorymyrmex ants dropped their soil
closer to the nest on the flattened half of a soil pile than
on the half that was left intact. This distance-dependant
probability distribution of soil dropping m, used in the
model could be an internal template for the basic form
of the soil pile, which is then modified by other rules in
response to the local environment. Alternatively, this
distribution could itself be an emergent property based
on environmental cues that were not detected in this
study.
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Model

Memory of directions of previous soil dumping has
been shown in the field in Cataglyphis bicolor (Wehner
1970) and probably occurs in Dorymyrmex sp. (Tofilski &
Ratnieks 2005), although Messor barbarus shows no direc-
tional fidelity in soil dumping (Théraulaz et al. 2003). In-
dividual memory is a component also of the foraging
systems of many ant species (Harkness & Maroudas
1985; Traniello 1988; Narendra et al. 2007), so it is quite
possible that P. ambigua is able to remember the direction
from which it returns to the nest and use that direction
again, as our model suggests. When memory was used
by the agents in choosing the direction to leave the
nest, soil dumping in a level environment was symmetri-
cal overall but variable around the circle because the ran-
dom initial distribution of heading angles is not uniform,
leading to clumps of soil. When the environment was
sloped, the agents were able to adapt to the changed envi-
ronment by preferentially dumping downhill, as is seen in
natural situations. However, in the short simulations
(Fig. 2d), while the agents did dump more soil in the
downhill direction, one of the level controls also showed
a significant difference between the two directions. This
suggests that over short time periods (15 min in this ex-
periment) the clumping of soil dumping by ants with
memory can lead to asymmetries. However, the preference
for dumping in the downhill direction would tend to even
out these clumps over time, because once the concentra-
tion of soil dumping in some areas has caused a significant
slope to form, ants would tend to turn down the slopes
away from these higher areas, thus filling in the gaps.
Over time this would produce a level surface, as seen in
the results of the longer simulation (Fig. 4d).

This model shows that there is no necessity for ants to
assess the quality of a particular direction or to remember
the slope associated with an angle; simply returning to the
direction in which the soil was dropped is sufficient,
provided that course improvements are made during the
outward journey. In this model memory is reliable and
does not decay with time. It is likely that, in real ant
systems, there will be error in returning to the same
direction and that this will increase if the delay between
trips is high. Some error in self-organized systems can be
very important in helping the ants respond to changes in
the environment (Deneubourg et al. 1983). In addition
the number of ants involved in soil disposal is likely to af-
fect the strength and duration of memory. Although no
significant effects in preliminary tests were found across
the range 25—100 agents, in a much larger population of
soil dumpers where each ant makes fewer trips, the indi-
vidual memories would be updated to changes in the en-
vironment only slowly. In very small populations each
individual would make a relatively larger contribution to
the overall pattern, so this model would predict an ini-
tially clumped pattern of soil dumping, as the initial direc-
tions taken by the few ants would be favoured over other
directions. However, in a small population, the memories
would be rapidly updated as each ant would make many
trips, so as the soil pile built up the ants would change
their directions and even out the pile.
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The modelling results clearly show that the experimen-
tally observed preference for turning downhill (58%) is
enough to have a significant impact on the soil-dumping
pattern, provided that the ants remember their previous
direction of dumping. If they remember this direction,
then with a probability of turning downhill of 0.58, they
drop more soil downhill than uphill, bringing the down-
hill pile up to the level of the nest entrance. Without
memory, however, this pattern is not seen, and a prefer-
ence of 0.58 does not differ in effect from random choice.
When the ants are forced to choose the downhill direction
whenever it is above their threshold of detection (b =1)
then, in the case without memory, they are able to drop
more soil downhill. If they use memory, however, they
get locked into a suboptimal situation. These ants quickly
become concentrated on the downhill direction because
all their turns take them downhill and they remember
their previous direction, so eventually they build up the
pile in the downhill direction above the height of the up-
hill direction. Because very little soil is dropped in the area
immediately around the nest, this area continues to be
downhill relative to the nest entrance. This means that
the ants continue to choose these directions, even though
a global view would show them that they would have to
climb less if they set out along the level instead of
downhill.

In some of the simulations (Fig. 4b, d, e) ‘shoulders’
formed on the sides of the hill. These are in the directions
that are effectively on the level relative to the nest en-
trance. Soil accumulates here because the slope is below
the threshold to trigger slope behaviours (higher turning
rates) so more agents stay on their original path, and
agents that are uphill of these regions tend to turn down-
hill and join the agents already in this area. These effects
are compounded if memory is used.

CONCLUSIONS

Overall, the results suggest that a simple system of
organization is used by P. ambigua to dispose of excavated
soil, both on the level and on a slope. Pheidole ambigua
drop their soil as a function of the distance that they
walk from the nest. This basic template is modified in re-
sponse to the environment because soil-carrying P. ambigua
respond to a slope in three ways: increasing the frequency
and magnitude of turns, tending to turn downhill and
waiting longer before dropping their soil. The combination
of these three factors makes them more likely to drop their
soil downhill when on a slope. A further dimension could
be provided by memory. If the ants are more likely to start
a second dumping trip in the direction from which they re-
turned after dropping their soil on a previous trip, this
would lead over time to a concentration of the ants dump-
ing soil in the downhill directions. The model does not
fully explain sand disposal behaviour but does strongly
support the idea that these observed rules are sufficient to
produce an appropriate pattern of soil dumping in a range
of environments, even if the preference for turning down-
hill is slight, provided that the rules are combined with
memory of the direction in which the ant has previously

dumped soil and a preference for returning to this direction
with later loads. Further work studying individually
marked ants is required to test this memory hypothesis.
The rules that we suggest do not require the ants to have
global knowledge of the slopes in the environment or
even to scan the horizon for the lowest point (Franks
et al. 2004; Tofilski & Ratnieks 2005). From these simple
rules governing individual behaviour an overall pattern
emerges, which is appropriate to the environment and
quickly adapted to changes.
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