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Fig. 10. X-ray system for nest visualization. (A) Schematic diagram of
the X-ray CT system. (B) Single X-ray projection of the sample.
(C) Reconstructions of growing tunnels after 5, 10 and 20 h.

was removed and the containers with substrate were connected to an
enclosure housing 100+10 fire ants. The floor of the enclosure had a single
entry point, ~0.5 cm in diameter, forcing the ants to begin excavation away
from the container walls. After 20 h, a sample of substrate was taken from
every container and the moisture content of the substrate was determined by
drying the sample. Because the containers were sealed during the
experiment, the measured change of the moisture content was not
significant.

To characterize substrate cohesive properties, the insert was removed
from the container and the substrate was sieved directly into the bottom
container until it reached 7 cm in height under the conditions described
above. Excess substrate was removed with an aluminium slider, leaving the
surface flat. Summarizing, this technique allowed the creation of substrate
states of different gravimetric moisture content W (defined as the ratio of
total water weight to total solid weight) in the range of 0.01 to 0.2.

Cohesion and force measurements

The macroscopic cohesive properties of the substrate were measured by
insertion and drag of a small stainless steel cylinder (diameter 1.6 cm and
length 3.81 cm) in the substrate (Fig. 9B; Liet al., 2013; Sharpe et al., 2015).
The cylinder was attached via a support rod (diameter 0.63 cm) to a force—
torque sensor (ATI Industrial, USA) mounted on a robotic arm (CRS
Robotics, Canada). The rod was attached such that its long axis was normal
to the supporting rod and the drag direction. In each experiment, the rod was
pushed 3.2 cm deep in the substrate (as measured from its long axis) and
after a 2 s pause it was dragged 12.7 cm through the substrate. The drag
speed was set to 1 cm s~ . For simplicity, the first peak of the drag force, F
(material yield point denoted Fy) (Fig. 9C), was used as a measure of
substrate cohesiveness.

X-ray imaging

A custom-made X-ray CT system was used to study the time evolution and
structure of 3D networks of tunnels excavated in 20 h long experiments
(Fig. 10). The aluminium cylinder with ants was mounted on the rotary stage
(Lin Engineering, Morgan Hill, CA, USA) and 400 projections of excavated
networks were acquired per rotation using a cone-beam CT X-ray system

(Philips, USA; 110 kVp, 3 mA) and a high-speed camera (Phantom v210,
Vision Research Inc., USA).

The tunnel cross-sections were reconstructed using an open source
reconstruction tool (OSCaR, Nargol Rezvani) based on the Feldkamp—
Davis—Kress algorithm, and visualized and analyzed with Avizo 8.0
software (FEI Visualization Sciences Group). The software was used to
measure D and 7 and to extract morphological and topological properties of
the nest networks. Visualization of reference shapes of known volume
revealed that volume measurements were accurate to within 5%. X-ray CT
scans were performed to characterize nest morphology after 5, 10 and 20 h
of excavation. Nine experiments were performed at each substrate particle
size—substrate moisture combination. JMP software (SAS Institute Inc.,
USA) was used for statistical analysis.

Imaging ant activity in quasi 2D setups

Groups of 15 large and 15 small workers (with head width #=1.2 and
0.7 mm, respectively) were isolated in a transparent plastic cylindrical
container filled with wet granular media. The ants were sampled from nine
S. invicta colonies; at least three groups of ants from three different colonies
were subjected to each experimental condition. In the digging arena, the ants
were placed on top of a thin plastic insert to separate them from the substrate.
An entry hole corresponding to the ant tunnel’s natural diameter (5 mm)
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Fig. 11. Laboratory experiments to visualize substrate excavation by fire
ants in crowded tunnels. (A) Schematic diagram of the experimental setup.
(B) Digital image of the digging arena. (C) Camera snapshot: large and small
ants excavating a tunnel. The arrow shows the direction of gravity (g).
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(Markin et al., 1973; Markin et al., 1975; Cassill et al., 2002) was placed on
the edge of the plastic insert to direct the ants’ excavation near the
transparent wall of the digging arena (Fig. 11B,C). A 0.5 cm deep precursor
indentation was created to facilitate tunnel construction. The ants did not
branch the tunnel within the time of the experiment.

To track ant behaviors and excavation progression over time, the digging
arena was mounted on a motorized stage (Fig. 11A) operated by two linear
actuators (Firgelli Technologies, Canada), controlled through LabView-
based software. Image sequences (~30s duration) were recorded at
50 frames s~! with 5's intervals between the image sequences over 10 h
by a camera (Point Grey Research, Canada) focused on the tunnel
excavation face. The position of the container was adjusted automatically
so that ~1.5 cm of tunnel above the excavation face was always visible.
These image sequences were analyzed to establish specific excavation
strategies for different W and d. JMP software was used for statistical
analysis, as described above.

Differences in 2D and 3D nests

There were differences between 3D and 2D nests; in particular, the CT
reconstructions revealed a structural feature of nest networks that is observed
in natural nests (Tschinkel, 2006) but that we did not observe in our previous
experiments in quasi 2-D containers. In seven out of 189 trials, the ants built
barrel-like 3D chambers (see supplementary material Fig. S1), 3-5 times
wider than typical network tunnels. These chambers occurred in all tested
substrates and appeared within the first 30% (~2.5 cm to the substrate
surface) of the tunnel length and comprised 30+10% of the total network
volume. The chambers were constructed by widening the tunnel intersection
near the high degree node.

Pellet size estimates

The agglomerate size was defined as the area, A4, of an ellipse that
completely enclosed the largest projection of the load (supplementary
material Fig. S2A). Measurements reported were obtained as ants exited the
field of view (3—4 body lengths away from the tunnel face), as the pellet size
was adjusted upon transport. Supplementary material Fig. S2B shows an
example of the distribution of pellet sizes creates by fire ants in a single
experiment.

In clay and fine substrates (¢=0.025 and 0.24 mm), the mass of the pellet
was estimated as m=pV,C(1+W), where p=2.5 g cm > is the density of soda
lime glass, V), is the mean pellet volume, C=0.66 is the assumed substrate
compaction, and W=0.1 is the substrate moisture. The pellet volume was

4_ -
calculated as the volume of an ellipsoid V}, = §AP Ay, [/, where 4, is a

mean pellet area for a given d and W (supplementary material Table S3). In
coarse substrates (¢=0.7 mm), where the ants most frequently excavated and
transported one particle at a time, pellet mass was defined as the mass of the
average particle.

Ant strength estimates

As noted in Sudd (1965) for Myrmica rubra L. and Formica lugubris
Zett., ants are capable of producing pulling forces 30—40 times their
own weight. The average mass of an S. invicta worker is 3.2 mg
(Tschinkel, 2006) and the corresponding pulling force is about 1256 uN
(supplementary material Table S3). An estimate of the capillary attraction
force acting between two spherical particles in contact is given by
F~2nRo (Herminghaus, 2005), where R is the particle radius and
6=0.072 N m~" is the water surface tension. The calculated capillary
forces in the substrate are expected to be lower than the pulling force
(including mandible grasp strength and musculature pulling force)
produced by the ant (supplementary material Table S3). The lifting
ability of the animal is also unlikely to be a limiting factor contributing to
the observed prevalence of mean-sized pellets during excavation. The
observed masses of the mean-sized pellets were m=0.47 mg (clay-like
substrate), m=0.37 mg (fine substrate) in fine particles and m=0.45 mg
(coarse substrate), several times less than the average mass (~2 mg;
Markin et al., 1973) of one S. invicta worker. Fire ants are capable of
lifting and carrying objects at least 3—4 times heavier than their own mass
(Sudd, 1965; Tschinkel, 2006), indicating that the mass of the average
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observed pellet size is well below the animals’ maximum strength
limitations (supplementary material Table S3).

Furthermore, the weight of a single particle in the pellet is much smaller
than the magnitude of the capillary cohesion forces (supplementary material
Table S3). In fact, as we occasionally observed pellets with an area
significantly larger than the mean pellet size area in all substrates
(supplementary material Fig. S2, Table S2), capillary cohesion should not
be the main factor constraining pellet size.

Effect of tunnel size on pellet size

An additional experiment was conducted to study the effect of tunnel size
on pellet sizes created by worker ants. In this experiment, 30 ants
were introduced to the clay-like substrate (¢=0.025 mm) at #=0.1 where
the diameter of the initial indent was doubled using a rod penetrating into the
substrate (to d=1 cm). In response to the larger indentation, most of the ants
immediately relocated below the substrate surface, crowding around the
excavation face and commencing excavation of a tunnel of the normal
diameter (d<5 mm). Within the first 2-3 h of the experiment, tunnel
construction continued in the crowded conditions, after which the size of the
tunnel was adjusted to the size observed in all other experiments. As a result,
the average size of the pellets carried by the ants 3—4 body lengths away
from the tunnel face was equal to lzlp (d=0.025 mm) of 0.43+0.03 mm? and
was not affected (one-way ANOVA, F 400=0.48, P=0.48) by the size of the
incipient tunnel (supplementary material Fig. S3).
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Table S1. The effect of substrate particle size (d) and moisture (W) on the mean tunnel depth

(D + s.d.) and mean tunnel volume (V * s.d.).

w d, mm D + s.d.,cm V+ s.d,cm
0.01 0.025 3.2%20.9 0503
0.03 0.025 3.6+35 06x04
0.05 0.025 6.9+5 11+£0.3
0.1 0.025 9+39 16+£0.6
0.15 0.025 9.4+39 14+0.7
0.18 0.025 99+25 181
0.2 0.025 7.8%2.5 14+£05
w d, mm D + s.d.,cm V+ s.d,cm
0.01 0.24 4424 04x03
0.03 0.24 8.1£3.6 09x0.7
0.05 0.24 11618 19+0.6
0.1 0.24 10.1+3.1 1.3+£0.8
0.15 0.24 125+15 19+£0.7
0.18 0.24 9.3x+25 1+0.7
0.2 0.24 122+1.7 1.7+£09
W d, mm D + s.d.,cm V+s.d,cm
0.01 0.7 51+42 1.1+£05
0.03 0.7 7.2x+4.2 1.1+£0.7
0.05 0.7 74+49 1.3+1
0.1 0.7 9.6%3 15+£0.6
0.15 0.7 8.4+29 14+£05
0.18 0.7 58+3.7 1.3+£0.7
0.2 0.7 4331 11+£05
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Fig. S1. Example of 3D chambers. A) Time lapse of construction of the tunnel with 3D

chamber. Arrows show the height at which the chamber cross-section B) was taken.

Table S2. The effect of substrate particle size (d) and moisture (W) on the mean pellet size
(Ap + s.d.) and maximum pellet size (Amax) created by small and large ants of head-size (h).

d (mm) W h (mm) Ap *s.d. (mm?) Amax * 5.d. (mm?)
0.025 0.01 0.7 0.38 +£0.21 1.65
1.2 0.49 +0.29 1.32
0.1 0.7 0.49 +£0.34 1.66
1.2 0.49 +0.35 2.86
0.24 0.01 0.7 0.27 +£0.17 1.1
1.2 0.48 +0.31 1.74
0.1 0.7 0.28 £0.15 1
1.2 0.56 £0.3 1.64
0.7 0.01 0.7 0.38 £0.19 1.85
1.2 0.38 £0.15 1.1
0.1 0.7 0.42 £0.18 1.32
1.2 0.42+0.21 1.21
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Ap, mm?

Fig. S2. Distribution of pellet sizes excavated in experiment. A) Examples of pellets
created by S. invicta in d = 0.025 mm substrate, B). Labels i,ii,iii show snapshots of ants
carrying representative pellets from the indicated points in the distribution B). The red
ellipses enclose the pellet and are drawn to guide the eye.

Table S3. Estimates of capillary forces, ant strength and particle weight.

d (mm) Capillary force (UN) Single particle weight (UN)
0.025 5.65 0.0002
0.24 54.26 0.18
0.7 158.26 4.4
Ant pulling force (UN) 1256
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Fig. S3. Pellet size distribution in d = 0.025 mm substrate directly after pellet formation (A)
and 3-4 B.L. away from the tunnel face (referred to as 'Exit size') (C). Probability distribution
of pellet area carried by S. invicta in case of narrow (B) (< 0.5 cm) and wide (~1 cm) (d)
incipient tunnels in 0.025 mm substrate, W = 0.1. Insert: Tunnel narrowing by ants with time.
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Movie 1. “Pulling mode”: Typical excavation behavior of S. invicta worker
(recorded at 50 fps, playing at 30 fps).
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http://www.biologists.com/movies/JEB_Movies/JEB113795/Movie1.mov
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B 2.mov

Movie 2. “Formation mode”: Typical excavation behavior of S. invicta worker
(recorded at 50 fps, playing at 20 fps).
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http://www.biologists.com/movies/JEB_Movies/JEB113795/Movie2.mov
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00:06

Movie 3. Example of pellet breakage due to the ants contact in the tunnel
(recorded at 50 fps, playing at 30 fps).
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http://www.biologists.com/movies/JEB_Movies/JEB113795/Movie3.mov
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Movie 4. Unsteady locomotion of the S. invicta worker, carrying relatively large
pellet (recorded at 50 fps, playing at 15 fps).
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http://www.biologists.com/movies/JEB_Movies/JEB113795/Movie4.mov

