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Strong positive allometry of bite force in leaf-cutter ants increases
the range of cuttable plant tissues

Frederik Piiffel’*, Flavio Roces? and David Labonte®*

ABSTRACT

Atta leaf-cutter ants are the prime herbivore in the Neotropics:
differently sized foragers harvest plant material to grow a fungus as a
crop. Efficient foraging involves complex interactions between worker
size, task preferences and plant—fungus suitability; it is, however,
ultimately constrained by the ability of differently sized workers to
generate forces large enough to cut vegetation. In order to quantify
this ability, we measured bite forces of Atta vollenweideri leaf-
cutter ants spanning more than one order of magnitude in body
mass. Maximum bite force scaled almost in direct proportion to
mass; the largest workers generated peak bite forces 2.5 times
higher than expected from isometry. This remarkable positive
allometry can be explained via a biomechanical model that links
bite forces with substantial size-specific changes in the morphology
of the musculoskeletal bite apparatus. In addition to these
morphological changes, we show that bite forces of smaller ants
peak at larger mandibular opening angles, suggesting a size-
dependent physiological adaptation, probably reflecting the need to
cut leaves with a thickness that corresponds to a larger fraction of the
maximum possible gape. Via direct comparison of maximum bite
forces with leaf mechanical properties, we demonstrate (i) that bite
forces in leaf-cutter ants need to be exceptionally large compared
with body mass to enable them to cut leaves; and (ii), that the positive
allometry enables colonies to forage on a wider range of plant species
without the need for extreme investment in even larger workers. Our
results thus provide strong quantitative arguments for the adaptive
value of a positively allometric bite force.
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INTRODUCTION

Leaf-cutter ants are remarkable in many ways. They are the world’s
first farmers; their colonies collect plant material to grow a fungus as
a crop — a mutualism that originated around 50 million years ago
(Mueller et al., 2001; Holldobler and Wilson, 2010). They are
considered the principal herbivore in the Neotropics; Afta ants are
estimated to consume about 15% of the foliar biomass produced by
Neotropical trees (Fowler et al., 1989; Costa et al., 2008). And last,
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they display a level of polymorphism, linked to size-dependent task
preferences and a complex ecology, exceptional even within social
insects (e.g. Wilson, 1980a; Wirth et al., 2003).

Among the diverse tasks arising in a leaf-cutter ant colony are
brood care, fungus gardening, worker transport, soil excavation,
nest defence and foraging (Wilson, 1980a; Holldobler and Wilson,
2010; Pielstrom and Roces, 2013). In particular, foraging behaviour
has received considerable attention, as it is central to leaf-cutter ant
ecology (e.g. Wilson, 1980a,b, 1983a,b; Rudolph and Loudon,
1986; Wetterer, 1990; Roces, 1990; Roces and Nufiez, 1993; Roces
and Holldobler, 1994; Wetterer, 1994a,b, 1995a,b; Burd, 1995,
1996, 2000a,b, 2001; Roces and Hoélldobler, 1996; Farji-Brener,
2001; Roschard and Roces, 2002, 2003, 2011; Farji-Brener and
Sasal, 2003; Burd and Howard, 2005; Dussutour et al., 2008; Moll
et al., 2010, 2013). Key to foraging success is the cutting of small
fragments from vegetation — the energetically most demanding task
faced by the colony (Roces and Lighton, 1995). Although many
aspects of foraging involve complex biological interactions (e.g.
Roces, 2002), cutting plant fragments is, at its core, a mechanical
problem: the ability to cut a leaf or fruit is determined by the
maximum available bite force, the morphology of the mandible,
and the material and structural properties of the plant. Perhaps
surprisingly, this mechanical foundation of leaf-cutting has
received comparatively little quantitative attention (e.g. Tautz
et al., 1995; Schofield et al., 2011, 2016). Larger workers possess
larger mandible closer muscles and may thus be reasonably
expected to produce larger bite forces, which may in turn enable
them to cut a wider range of plant materials. Indeed, they tend to be
more likely to cut tougher and denser leaves (Cherrett, 1972;
Wilson, 1980a,b; Nichols-Orians and Schultz, 1989, 1990;
Wetterer, 1991). Understanding the exact relationship between
bite force and worker size is crucial for the analysis of leaf-cutter
ant foraging behaviour, because it holds the key to distinguish
between foraging assignments based on ability (which ants can
cut a given leaf) versus suitability (which ants should cut a given
leaf). This distinction is relevant for assessing the evolution and
possible adaptive advantage of worker polymorphism, and for
predictions on ‘optimal’ foraging strategies based on ergonomic
considerations (e.g. Wilson, 1980b; Wetterer, 1991; Burd and
Howard, 2005).

We previously predicted the scaling of bite force based on
the morphology of the bite apparatus in Atta vollenweideri leaf-
cutter ants (Piiffel et al., 2021). However, direct experimental
confirmation of this prediction is missing and difficult to obtain,
because ants are small. To make matters worse, bite forces in insects
generally depend on the mandibular opening angle (Goyens et al.,
2014; Weihmann et al., 2015a; Piiffel et al., 2023), which is
challenging to control experimentally. Here, we addressed both
difficulties with the help of a custom-built bite force set-up and first
principles biomechanical analysis. We report direct bite force
measurements for ant workers spanning more than one order of
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List of symbols and abbreviations

Aphys physiological cross-sectional area of the mandible closer
muscle

€4, €,, €3 local head coordinate system

Fy applied bite force

Fo.m measured bite force

Fo max maximum bite force at an equivalent mandibular opening
angle, Omax

Foo maximum bite force at opening angle 6

F* bite force—opening angle relationship, normalised with its
maximum

F; relative bite force at opening angle 6

L¢ average muscle fibre length

L eff effective mandible in-lever

Loc mandible out-lever at bite contact point

Lo off.c effective mandible out-lever at bite contact point

Lod most distal (largest) mandible out-lever

Lo eff.d most distal (largest) effective mandible out-lever

Lopt optimal muscle fibre length at which muscle stress is maximal

Ly lever arm length around the beam pivot during biting
experiment

Lo cal lever arm length around the beam pivot during sensor calibration

R rotational axis of the mandible joint

S vector connecting joint centre with left head spike

S vector connecting joint centre with right head spike

o misalignment angle between F, ,, and F,

B muscle force—length shape parameter

r correction term for differences in lever arm around the beam
pivot (correction 2)

0 mandibular opening angle

Omax mandibular opening angle at which bite force is maximal

Oopt mandibular opening angle at which muscle stress is maximal

c muscle stress

Gmax maximum muscle stress

[} average fibre pennation angle

magnitude in body mass, relate our results to the foraging behaviour
of leaf-cutter ant colonies, and discuss both the magnitude and
scaling of bite forces in a comparative framework.

MATERIALS AND METHODS

Study animals

Bite force experiments were conducted with Atta vollenweideri
Forel 1893 ants from three colonies, all founded and collected in
Uruguay in 2014 (see Fig. 1A). The colonies were kept at 25°C and
50% humidity in a climate chamber under a light:dark cycle of
12 h:12 h, and were fed with fresh bramble leaves, cornflakes and
honey water ad libitum. We collected around 80 workers from the
foraging areas of each colony (n=248), covering approximately the
entire size range (1-50 mg). We excluded minims (body mass
<1 mg), because their bite apparatus is morphologically distinct
(N. Imirzian, F.P., F.R. and D.L., unpublished), and they do not
generally partake in foraging (Wilson, 1980a).

Experimental set-up

Bite forces were measured with a custom-built set-up based on a
capacitive force sensor (SingleTact S8-1N, Pressure Profile
Systems, Inc., Los Angeles, CA, USA; data acquisition frequency
33 Hz, maximum force 1 N, resolution 2 mN). In order to distribute
the force equally across the sensor area, we used a lever mechanism
to convert point-like bite forces into an areal compression (see
Fig. 1B). Ants bit onto two thin bite plates (1 mm long, and
~0.15 mm thick; see Fig. 1D), protruding from two mechanically
uncoupled beams (6x6x40 mm and 6x12x6 mm, respectively).

Both beams and the terminating bite plates were manufactured in
one single piece from stainless steel to minimise compliance, using
electrical discharge machining. The beam that transmits the bite
force to the sensor (the pivoting beam) was connected to a metal
base plate, made from a single aluminium block using CNC milling,
via a small hinge placed in the beam centre. As an ant bites onto the
bite plates, the opposite end of this pivoting beam is pressed onto the
sensor, which is glued to a vertical wall protruding from the base. At
the maximum load of 1 N, the sensor only deforms approximately
10 um (manufacturer’s data). Because the gear ratio of the pivoting
beam is unity, the magnitude of this deformation is equivalent to the
maximum displacement of the bite plate arising from beam rotation.
As bite plate bending is also negligible (see Supplementary
Materials and Methods), we measured approximately isometric
bite forces. The second beam (the sliding beam), in turn, was
connected to a lubricated rail, so that its position relative to the
pivoting beam could be altered via a stepper motor (28BYJ-48,5 V)
connected to a gearing system 3D printed from PLA. This design
allowed us to vary the distance between the two bite plates by less
than 100 um per motor step. The minimum required gape to bite
both bite plates, equivalent to the shortest distance between their
outer surfaces, was 0.5 mm, and the largest gape used during
experiments was 3.0 mm. This range is similar to the range of head
widths of the ants used in this experiment (1.1-4.5 mm).

In order to extract coordinates of key landmarks (see below), a
top-down camera was synchronised to the sensor recording, and
recorded the bite experiments at 30 frames s~! (camera module
v. 2.1, 8 MP, Raspberry Pi Foundation, Cambridge, UK; with a
Black Eye HD macro lens, Eye Caramba Ltd, Helsinki, Finland).
A mirror, tilted 45 deg with respect to the camera plane,
provided depth information. A force sensor, motor, camera and a
touchscreen (7 inch HDMI-LCD Display, Elecrow, Shenzhen,
China) were connected to a Raspberry Pi (v. 3B+, Raspberry Pi
Foundation). The system was operated via custom software written
in Python v. 3.5 (see Supplementary Materials and Methods for
details on the user interface and circuit; see also Van Rossum and
Drake, 2009).

Sensor calibration, accuracy and precision

The sensor was calibrated using a series of calibration weights
(Kern & Sohn GmbH, Balingen, Germany), suspended from the
pivoting lever via a thin cotton thread (the mass of the cotton
thread was small, ~0.015 g, and hence neglected). The thread was
placed at around one-quarter of the length of the bite plate
measured from its base, resulting in a moment arm around the pivot
of Ly ca220.25 mm. The set-up was rotated such that the measurable
force vector aligned with gravity (see Fig. 1E). We used 20 masses
between 5 and 100 g; a mass of 1.4 g was required to establish
equilibrium around the pivot, and was consequently subtracted
from all readings. The range of effective weight forces was hence
35-970 mN, approximately spanning the range of measured
bite forces. Each weight was suspended 5 times in random order,
and the steady-state sensor reading averaged across ~2 s was used
for sensor calibration. The relationship between weight and sensor
output was characterised via an ordinary least squares regression on
log;o-transformed data in order to prioritise minimisation of relative
error over absolute error; the high R? of the regression line indicates
robust calibration (R?=0.993; see Fig. 1E).

To quantify calibration accuracy and precision, five additional
masses (7-87 g) were measured 3 times each, and the relative
error was calculated as e=1—|F|/|F|, where F, is the predicted
and F,, is the measured force, respectively (see Fig. 1F). Throughout
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Fig. 1. Experimental set-up. (A) We measured bite forces of polymorphic Atta vollenweideri leaf-cutter ants ranging between 1.5 and 46.8 mg in body mass.
(B) To measure bite forces, we built a custom-designed force set-up based on a capacitive force sensor and a lever mechanism. The ants bit onto two bite
plates, one protruding from a pivoting beam connected to the force sensor, the other protruding from a sliding beam. The distance between the two bite
plates could be varied by moving the sliding beam via a geared stepper motor. Bite experiments were filmed with a top-down camera, which also recorded a
side view from a 45 deg mirror. (C) When placed in front of the bite plates, ants readily bit. The measured forces exceeded the sensor noise (shaded area)
by at least a factor of eight. From each force trace, the maximum force (cross) was extracted for further analysis. (D) From the video recordings, we further
extracted the coordinates of the mandible joint centre, head spikes §, and S, bite contact point with a distance L, to the beam pivot, mandible out-lever length
L,.c, and the most distal and proximal tooth tips (for more details, see Supplementary Materials and Methods). The rotational axis of the mandible R was
projected onto the local head coordinate system (é4, €,, €3). The mandibular opening angle 6 was defined as the angle between the lateral head axis,
spanned by the head spikes, and the projection of the largest out-lever onto the plane of rotation. The magnitude of the bite force |F,| was extracted from the
measured force |Fy, | and the misalignment angle o, extracted from the video recordings, as defined by Eqn 1. For simplicity, the depicted ant bites with its
largest out-lever, i.e. with the tip of the most distal tooth L, .=L, 4, and all vectors are shown in the plane of rotation, i.e. they indicate the effective out-lever,
Lo eff,c (for more details, see Supplementary Materials and Methods). The head orientation during experiments, however, may be different; angles 6 and o
were thus not measured directly from the recordings, but were inferred indirectly via their vector-algebraic basis, using R and the local coordinate system

(e4, ey, e3; see Materials and Methods). (E) For sensor calibration, masses between 5 and 100 g were suspended from the bite plate of the pivoting lever at a
distance L ¢4 to the pivot. A linear regression on logqe-transformed data characterised the relationship between measured output and force with high
accuracy (R?=0.993). (F) A subsequent error analysis using intermediate masses between 7 and 87 g yielded a mean relative error of 2% (accuracy, black
line) with a standard deviation of 6% (precision, shaded area), independent of weight (see Materials and Methods).

this text, we write vectors as bold; unit vectors are labelled with a
hat (as in R). The average measurement error, the sensor
accuracy, was 2+6% independent of weight [linear mixed model
(LMM) with weight as fixed and repetition as random effect:
x7=0.38, P=0.53; the average magnitude of the measurement
error was 5+4% J; the standard deviation indicates the precision of
the measurements.

To quantify sensor noise, the output of the unloaded sensor was
recorded for 100 s. Discrete Fourier transformation suggested a
constant power spectral density, indicating white noise (Haykin,
2001, p. 61). This noise had a standard deviation of 1 mN and a
range of —5 to 4 mN. The maximum positive value of this range was

about 8 times smaller than the smallest measured bite force (see
Fig. 1C). Sensor drift was significant (Spearman’s correlation
coefficient: 75 »567=—0.26, P<0.001; see manufacturer’s data sheet),
but small enough to be inconsequential across the time scale of our
measurements (cf. 1 mN min~! versus ~30-60 s).

In a last validation step, we directly compared measurements
with our set-up with those of an established set-up based on a
substantially more expensive piezoelectric sensor (Herrel et al.,
1999; Riihr and Blanke, 2022). To this end, maximum bite forces of
three house crickets (Acheta domesticus) were measured with
three repetitions on both set-ups, by two independent operators
each. A LMM with set-up and operator as fixed effect and specimen
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as random effect showed no significant influence of either set-up or
operator on bite force (LMM versus random intercept model:
X§=3.83 P=0.15; set-up: £3;=1.68, P=0.10; operator: #3;=0.95,
P=0.35).

The camera was calibrated assuming an inverse size—distance
relationship, L,S,=L;S;, where S and S, are the apparent sizes of an
object at distances L; and L, to the camera aperture. The apparent
size of a calibration target (5 units on 1 mm-grid paper), placed on
the top surface of the metal base at a distance L;~32 mm to the
camera, was measured from 10 images, and the pixel-to-mm
conversion factor C; was extracted. This conversion factor changes
approximately in direct proportion to the camera distance as
C,=C,L,/L,, where L, is the distance between the camera and the
imaged object. In contrast to L;, L, is not constant, but varies with
the vertical position of the object coordinate, which was extracted
using the mirrored side view.

For validation, the grid paper was photographed at 25 different
positions along the bite plate, extracted from five trials, and its
physical size was calculated from the calibration. The relative
error was 14£2% . This error changed significantly with grid
paper—lens distance — the physical dimensions were increasingly
underestimated at smaller distances (LMM with lens distance as
fixed effect and trial as random effect: X%=6.94, P<0.01). This
effect, however, was miniscule (1.5% across the entire bite plate
length, 6 mm), corresponding to only ~60 um, or about 10% of the
smallest measured mandible length; it is thus considered negligible.

Experimental protocol

To measure bite forces, individual ants were held in front of the bite
plates using insect tweezers. Ants were eager to bite, typically
executing numerous bite cycles in quick succession (see Fig. 1C).
After completing at least five bite cycles, or exceeding a total bite
duration of 10 s, the measurement was terminated, each ant was
weighed (AX304 Microbalance, maximum capacity 310 g,
readability 0.1 mg, Mettler Toledo, Greifensee, Switzerland) and
isolated, and the maximum force was extracted. To obtain bite
forces from a maximum range of sizes and varying opening angles
without pseudoreplication, we measured each ant only once at a
single bite plate distance. In practice, we gradually increased the bite
plate distance from 0.5 to 3.0 mm; for each distance, we used ants of
all sizes capable of biting onto the plates. For small plate distances,
this included almost all ants; for the largest plate distance, however,
only larger specimens were able to bite. We assume that ants bit with
maximum muscle activation at all opening angles, as indicated by
measurements involving direct muscle stimulation in the closely
related Atta cephalotes (Piiffel et al., 2023).

Extraction of landmarks

In order to obtain the opening angle, the orientation of the bite force
vector and the length of the mandible out-lever (see below), we
extracted the coordinates of a series of landmarks from the video
frame corresponding to the time of maximum bite: (i) the contact
point between the mandible and bite plate; (ii) the tip of the most
distal and proximal mandibular teeth; (iii) the mandible joint centre
(defined as in Piiffel et al., 2021); and (iv) a pair of distinct head
spikes (see Fig. 1D; Fig. S1). In addition, we extracted the
orientation of the mandible joint axis R via kinematics analysis of
the mandible motion (Piiffel et al., 2023; V. Kang, F.P. and D.L.,
unpublished). In order to position R on the biting ant, we introduced
a local head coordinate system (€;, €,, €3) based on the vectors
connecting the joint centre with the tips of both head spikes, §; and
S,, respectively. The coordinate axes were defined as €,=S/|S,

€3=(SxS,)/|S xS and e,=e;xe,;. The estimated rotational axis was
then projected onto this local head coordinate system (for more
details, see Supplementary Materials and Methods). In line with
previous work (Weihmann et al., 2015b), we define the opening
angle as the angle between the lateral head axis and the largest
effective out-lever. The lateral head axis was defined as the vector
connecting both head spikes (S,—S;; see Fig. 1D); the largest
effective out-lever was defined as the length of the vector which
connects the tip of the most distal mandible tooth and the joint
rotational axis in the plane of rotation, Lo,eff,d=L0,d—(li~Lo,d)lAl,
where L, 4 is any vector which connects the most distal tooth tip and
the rotational axis (see Supplementary Materials and Methods for
more details). The opening angle then follows from basic vector

algebra as 6=arccos[L efr.a (S—S)/(|Lo err.al|S—SiD]-

Confounding effects due to size differences

Measuring bite forces across a large size range poses at least two
challenges. First, the signal-to-noise ratio typically decreases with
animal size, as smaller animals generally bite with less force. We
addressed this challenge by selecting a force sensor capable of
measuring small and large bite forces with sufficiently high
resolution (see above). Second, the characteristic dimensions of
the set-up are relatively larger for small animals. The implications of
this size effect are perhaps less obvious and, unfortunately, more
complex. To appreciate the problem, consider a small ant of 3 mg
body mass biting onto bite plates that are | mm apart. This bite plate
distance is approximately equal to the distance between the two
mandible joints; a bite with the distal-most teeth would thus involve
amandibular opening angle of about 90 deg. For a bite with the most
proximal teeth, in turn, the opening angle is larger, around 110 deg
(see Fig. 1A), and the effective out-lever is smaller. Consider next a
large ant of 45 mg biting onto the same bite plates. For a distal bite,
the bite plate distance corresponds to only 40% of the joint distance,
and thus a much lower opening angle of about 70 deg. Notably, the
ant’s ability to bite with proximal parts of her mandible is limited
because the length of the mandible blade exceeds the length of the
bite plate by about 20% (see Fig. 1D). Evidently, for a given
configuration of the experimental set-up, both the range of possible
mandibular opening angles and bite positions along the mandible
blade vary systematically with size. Because both directly affect the
magnitude of bite force (see Eqn 3, below; Piiffel et al., 2023), an
unbiased comparison of bite force magnitude across animal sizes
requires four corrective steps, implemented here with the ultimate
aim to extract the maximum bite force an ant worker can produce
when biting with an equivalent point of her mandible (the tip of the
most distal mandible tooth; see Fig. 2). First, we correct for the
misalignment between measurable force vector, F, ,, and applied
bite force vector, F,. Second, we correct for differences in moment
arms around the bite lever pivot, arising from variation of the
mandible contact point along the bite plate. Third, we account for
variation in bite position along the mandible blade, which alters the
mechanical advantage of the force transmission system. Fourth, we
account for differences in mandibular opening angle.

The first correction is necessary because the sensor measures 1D
compression, K, ,, but the applied bite force vector, F,, may deviate
from this line of action by a misalignment angle o (see Fig. 1D).
The orientation of F,,, is approximately equal to the plane
normal of the bite plate; the orientation of the bite force vector is
defined by the cross-product between the mandible out-lever L
and the rotational axis, where L. is any vector connecting the
joint axis of rotation and the bite contact point (for more details,
see Piiffel et al., 2023). The resulting correction factor reads
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Fig. 2. Applied corrections to measured forces. In order to extract the
maximum bite force from the measured data, we account for four confounding
effects: (1) the misalignment between bite force orientation and the force-
sensitive axis; (2) variation in bite contact point on the bite plate, which results
in different moment arms; (3) differences in bite position along the mandible
blade, which determines the mechanical advantage of the musculoskeletal
force transmission system; and (4) variation in mandibular opening angle,
which is associated with variation in mechanical advantage, fibre length and
pennation angle, all of which influence bite force. Implementation of these
corrections reduces the size-dependent variation introduced by the
experimental design and animal behaviour, and thus enables an unbiased
comparison of maximum bite force capacity across animals of different sizes.
The data depicted in this schematic diagram are not ‘real’ data, but merely
serve for illustration. The ‘actual’ relative change in force caused by each
correction, averaged for all ants, is shown as a percentage.

1/c080=(| Lo o <R ||Fy m|)/(Lo o X R)-Fy 1) (for more details, see Piiffel
et al., 2023). This correction was typically larger for larger animals,
which more frequently bit at opening angles below 90 deg (see
Results), leading to larger misalignment angles.

The second correction is necessary because the point of force
application on the bite plate itself may vary across ants — smaller
ants have shorter mandibles and are thus more likely to bite at the
distal end part of the bite plates (see Fig. 1D). For each bite, we thus
measured the lever arm around the bite lever pivot, L, defined as
the distance between the bite contact point and the pivot in the
plane of rotation. To remove variation due to L, we introduce
the correction term I'=L;, .,i//L,, where L, ., is the distance between
the pivot and the point of application of weights during sensor
calibration. I" was always close to 1, as the length of the bite plate is
small in comparison to L, ¢, (~5%); the effect of this correction was
thus miniscule.

The third correction is necessary because the bite force may
be transferred onto the bite plate at an arbitrary position along
the mandible; an ant biting with the distal end of its mandible
may use the same muscle effort but nevertheless produce a
smaller measured bite force than an ant biting with the proximal end
of its mandible, because the mechanical advantage of the
force transmission system differs (e.g. Lappin and Jones, 2014).
To correct for this variation, we converted the measured bite
force into an equivalent bite force at a fixed point on the mandible
blade (the most distal tooth tip). To this end, we extracted the length
ofthe vector which connects the contact point between the mandible
and bite plate with the joint rotational axis in the plane of rotation,
L efrc — the effective out-lever of the bite force measurement. We
then calculated the bite force for a hypothetical bite exerted via the
tip of the most distal tooth, characterised by an effective out-lever
Lo cira (see above and Piiffel et al., 2023, for more details).

After implementation of corrections i—iii, the magnitude of the
bite force |F, g follows as:

|Fb7m| |L0,eff,c|

| b«,9| COS ‘Lo,eff,d‘

(1)
A fourth and last correction is then necessary, because bite forces
vary systematically with mandibular opening angle (Dumont and
Herrel, 2003; Gidmark et al., 2013; Goyens et al., 2015; Weihmann
etal., 2015a; Kaczmarek and Gidmark, 2020; Piiffel et al., 2023). In
general, the bite force at any opening angle may be written as the
product between muscle stress o, the physiological cross-sectional
area of the mandible closer muscle Apyys, the average pennation
angle ¢ of the muscle fibres, and the mechanical advantage of the
mandible lever system, defined as the ratio between the effective in-
lever and out-lever |L; o¢d/|L, ord (see Piiffel et al., 2021, 2023, for
details):

L cfy |
Lo et

Here, the effective in-lever is the length of the shortest vector which
connects the line of action of the net muscle force vector with the
axis of rotation, and the effective out-lever is the length of the vector
which connects the rotational axis with the bite contact point on the
mandible blade, all defined in the plane of rotation. Eqn 2 is in
widespread use to model the biomechanics of musculoskeletal lever
systems, but a major complexity is only implied: the muscle stress,
the pennation angle and the mechanical advantage all depend on the
mandibular opening angle (Herring and Herring, 1974; Heethoff
and Norton, 2009; Goyens et al., 2015; Weihmann et al., 2015a;
Piiffel et al., 2023). The resulting variation in bite force with
opening angle can be substantial: in A. cephalotes majors, bite
forces at small opening angles are around 5 times larger than those at
large opening angles (see Piiffel et al., 2023; and Fig. 2). In order to
estimate maximum bite forces from bite forces measured at different
opening angles, it is thus necessary to determine how muscle stress,
pennation angle and mechanical advantage vary with opening
angle:

)

[Fy| = 0Aphys cOs b

|Li s (0)]
‘Lo,eff| '

The muscle stress depends on opening angle, because contractions
at different opening angles involve different fibre lengths, and
muscle has a characteristic force—length dependence (Gordon et al.,
1966; Josephson, 1975; Otten, 1987). The variation of stress with
fibre length can be characterised by an empirical function
6(0)=Cmaxe P L Ll \where B is a shape parameter, L¢
is the average muscle fibre length and L,y is the fibre length at
which muscle stress is maximum (Otten, 1987). We recently
demonstrated that the functions cos[¢(8)], L #(6) and L(6) can be
accurately predicted from first principles, using morphological
reference measurements for the muscle volume, average muscle
fibre length, pennation angle and the effective mandible levers from a
single opening angle (see Piiffel et al., 2023, for a detailed derivation;
see Supplementary Materials and Methods for exact mathematical
expressions). In order to obtain these reference measurements, we
analysed 13 tomographic scans of A. vollenweideri leaf-cutter ants
across the size range (for details, see Piiffel et al., 2021).

We assume that all fibres of the closer muscle attach to the
tendon-like apodeme via thin filaments (which holds for 98% of
fibres in A4. vollenweideri; Piiffel et al., 2021), and define the
physiological cross-sectional area as the muscle volume divided by

[Fy|(0) = U(O)Aphys cos [ (6)] 3)
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the fibre length at which the muscle stress is maximum, L, (Piiffel
et al., 2023). The maximum muscle stress G,x=1.16 MPa and
B=5.34 were taken from Piiffel et al. (2023), where they were
determined experimentally for closely related A. cephalotes majors.
We make the simplifying assumption that these parameters are size
independent, and this assumption is supported by the resulting
agreement between theoretical prediction and measured bite force
(see below).

The mandibular opening angle 0, at which the muscle stress is
maximum, L{0,,)=Lop, Was then estimated via a non-linear least
squares numerical fitting routine of Eqn 3 in Python (v. 3.9; Van
Rossum and Drake, 2009). 8, may be reasonably expected to vary
with body size, as it is sensitive to head capsule geometry, which
changes with size in 4. vollenweideri (see Piiffel et al., 2021,
N. Imirzian, F.P., F.R. and D.L., unpublished). In order to
investigate the size dependence of 0,,, we only fitted bite force
measurements from individuals with a body mass that differed by no
more than ~25% from that of the individuals for which we obtained
morphological data from microcomputed tomography (uCT) scans.
Each size class bin contained at least eight bite force measurements,
except for the largest and smallest ant, which contained two and
three bites, respectively.

In order to implement the opening angle correction across worker
sizes, we first characterised the size-dependent relationship between
bite force and opening angle as outlined above. Next, we generated a
database containing the relationship between predicted bite force,
normalised with its maximum, |F*|, opening angle and size. We
rescaled the measured forces, corrected via Eqn 1, [F, g/, to the force
expected at an equivalent mandibular opening angle — the angle
Omax at which bite forces are maximal — K, max|=|Fy ol/|Fg|, where
|Fy| represents the fraction of the maximum bite force produced at
Omax- The magnitude of this correction thus depends on both the
body mass and the mandibular opening angle of the biting ant; the
corrected value used for the final analysis is the maximum bite force
the animal can transmit at the distal mandibular tooth (see Fig. 1D).

Data curation and statistical analysis

We pooled bite force data from all three colonies, because the
relationship between bite force and body mass was independent of
colony both before and after correcting for differences in opening
angle [analysis of covariance (ANCOVA) on log;-transformed
data, before correction: F5,4,=1.26, P=0.28; after correction:
F>54,=0.85, P=0.43]. Out of 248 bite force measurements (see
Table S3), three slightly exceeded the range of calibration forces;
two were lower and one higher, but all within 15% of the nearest
calibration force. These measurements neither appeared to be
outliers nor altered the scaling relationship (see Results), and were
hence kept for the analysis. Scaling relationships were characterised
with ordinary least squares (OLS) and reduced major axis (RMA)
regression models on log;(-transformed data in R (v. 4.1; http:/
www.R-project.org/). For simplicity, we only report the results of
the OLS regressions in the text; the RMA regression results are
provided in Tables S1 and S2. Scaling coefficients — the slopes of
the regression lines — tend to be higher for RMA regressions (see
also LaBarbera, 1989); however, the main conclusions of this study
are supported by both.

RESULTS

Leaf-cutter ant bite forces increase with strong positive
allometry

We measured bite forces of A. vollenweideri leaf-cutter ants
spanning more than one order of magnitude in body mass, m.

Measured bite forces |Fy, | ranged from a minimum of 31 mN to a
maximum of 1029 mN, and were proportional to m°%7° [OLS 95%
confidence interval (CI): (0.74, 0.85), R?>=0.75; see Fig. S1],
suggesting positive allometry (i.e. a scaling relationship steeper than
predicted by isometry, m°°7). After correcting for force orientation,
and bite position along the bite plate and mandible blade,
respectively, bite forces, |Fy, |, ranged between 19 and 901 mN
(see Fig. 2 and Eqn 1), and were proportional to m®3° [OLS 95% CI:
(0.79, 0.92), R?>=0.74], in substantial excess of the scaling
coefficient of |[F,,| (see Fig. 3B). However, this scaling
relationship was still influenced by systematic differences in
mandibular opening angle, which, as expected, were
systematically smaller for larger animals [analysis of variance
(ANOVA) on log,¢-transformed data: F'y 46=15.24, P<0.001].

In order to correct for systematic differences in opening angle,
we first assessed the size dependence of the opening angle, 0, at
which muscle stress is maximum (see Materials and Methods;
Piiffel et al., 2023). Notably, 6, decreased significantly with body
mass [OLS: slope=—0.09, 95% CI. (-=0.15, —0.04), P<0.01,
R?*=0.56]: B,,~70 deg for a 1.5 mg ant, but 6,,~50 deg for a
45 mg ant. Next, we calculated the opening angle at which the bite
force is maximum, Oy,,y. Omax may differ from 0, because it is the
opening angle at which the product of the mechanical advantage,
the pennation angle and the muscle stress is maximal, as opposed to
just muscle stress (see Eqn 3; Piiffel et al., 2023). 6,,,, decreased
significantly with size [OLS: slope=—0.06, 95% CI: (=0.10,
—0.03), P<0.01, R?=0.59; represented by the crosses in Fig. 3A];
the bite forces of a 1.5 and 45 mg ant were maximal at around 65 and
50 deg, respectively. Thus, the difference between 0, and O,y is
small, supporting our earlier conclusion that the musculoskeletal
bite apparatus of leaf-cutter ants has a morphology which
maximises the magnitude of the peak bite force (see Piiffel et al.,
2023).

Equivalent bite forces at 0,,,, and the most distal bite point scale
with an even stronger positive allometry, |Fb,max|o<m0'9° [OLS 95%
CI: (0.86, 0.95), R?=0.86]. The increase in scaling coefficient is
surprising, because larger ants bit at significantly smaller opening
angles; the intuitive expectation is thus that the bite forces of small
ants were underestimated, and the scaling coefficient overestimated.
However, this argument neglects the significant decrease of 0y,
which reverts the effect: because 6,,,,, decreases more quickly than
the opening angle increases, larger ants were measured at less
favourable opening angles, and the scaling coefficient was
underestimated.

Together, the four corrections result in a significant increase of
the scaling coefficient by 0.11, or about 15% (LMM with correction
as fixed and sample number as random effect: x3=118, P<0.001),
and in an increase of R? from 0.75 to 0.86. The difference in scaling
coefficient may appear small, but this impression is misleading: the
difference in maximum bite force between ants varying in body
mass by a factor of 30 is 30°9°x22 compared with 30°7°~15 — a
drop by about 30%. Clearly, a careful analysis of bite force
measurements is required in order to draw robust conclusions about
scaling relationships.

DISCUSSION

Leaf-cutter ants are an ecologically and economically important
herbivore (Wirth et al., 2003; Costa et al., 2008), foraging on a wide
variety of plants with different mechanical properties (Cherrett,
1972; Nichols-Orians and Schultz, 1989). Key to foraging success
is the ability of workers to produce bite forces sufficiently large to
cut plant tissues (Clissold, 2007). How does this ability vary with
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Fig. 3. Relationship between bite force, mandibular opening angle and body mass. (A) Bite forces of A. vollenweideri workers vary with both mandibular
opening angle and body mass. Because ants bite onto two bite plates of finite thickness during bite force measurements (see Fig. 1B,D), bites from smaller
ants were measured with larger average opening angles (see also Fig. 2 and Materials and Methods). In order to correct for this systematic difference prior to
assessing the scaling of bite force with body mass, the relationship between bite force and opening angle for workers of different body masses was predicted
via biomechanical modelling (solid lines; see Eqn 3), and the maximum bite force was extracted for subsequent scaling analyses (crosses; for details on the
correction, see Materials and Methods). Note that the maximum bite force occurs at systematically larger opening angles for small workers [ordinary least
squares (OLS) regression: slope=—0.09, 95% confidence interval (Cl): (—0.15, —0.04), P<0.01]. (B) Bite forces grew in almost direct proportion to body mass
(m; upper dashed line), in substantial excess of the prediction from isometry (lower dashed line). The effect of the correction for differences in opening angle
is a significant increase of the slope and intercept of the regression line, and of the variation explained by body mass (circles represent uncorrected data;
crosses represent opening angle-corrected data). (C) The residuals of the regression of the opening angle-corrected bite forces against mass (black line and
crosses in B) are independent of mandibular opening angle (ANOVA: F; 546=2.43, P=0.12), supporting the validity of the biomechanical modelling. (D)
Experimentally measured and corrected bite forces are in excellent agreement with theoretical predictions based on biomechanical modelling and regression
analysis (bite force ~ body mass; see crosses in A; Eqn 3), as demonstrated by the identity function (solid line). We note that predicted and corrected forces
are not strictly independent; the optimum opening angle, affecting the force prediction, was fitted using the measured bite forces (for further details, see
Materials and Methods).

worker size? In order to address this question, we measured the
maximum bite forces of 4. vollenweideri leaf-cutter ants spanning
more than one order of magnitude in body mass. In the following
discussion, we (i) link the bite force allometry with its
morphological and physiological determinants; (ii) discuss the
magnitude and scaling of maximum bite forces in the context of
foraging ecology; and (iii) place our findings in an evolutionary and
comparative context.

Bite force allometry can be accurately predicted from
muscle architecture and head morphology

Maximum bite forces of A. vollenweideri workers show strong
positive allometry, [F, max|ocm®%. Because of the large variation in
worker size, the effect of this positive allometry is rather extreme:
the largest ant workers generate maximum bite forces about 2.5
times higher than a theoretical isometric worker with the same body
mass, (45/1)%99-0-67%2 5. Can this extreme positive allometry be
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understood from the morphology and physiology of the Arta bite
apparatus?

We have previously extracted the relevant morphological bite
force determinants in A. vollenweideri workers from tomographic
scans (see Piiffel et al., 2021). Using these data in conjunction with
Eqn 2 led to the prediction that bite forces should scale as m?88
(95% CI: 0.81, 0.95), a positive allometry largely driven by a
disproportionate increase in physiological cross-sectional area of
the mandible closer muscle (Piiffel et al., 2021). This prediction is in
rather close agreement with our bite force measurements. The small
difference stems from the fact that we previously extracted the
morphological bite force determinants from scans, where the
mandibles were maximally closed, whereas 6,,,,, varies across sizes
(see Fig. 3A). In order to account for this variation in our
morphological prediction, and to estimate the intercept of the
scaling relationship, we used the stress and force—length shape
parameter measured for closely related 4. cephalotes (Piiffel et al.,
2023), the change in 6,y as observed in this work, and a
biomechanical model which links morphology, opening angle and
bite force to directly predict maximum bite forces (see Eqn 3 and
Fig. 3A; see also Piiffel et al., 2023).

The maximum bite forces predicted by this calculation are
proportional to m %! [OLS 95% CI: (0.82, 1.01), R?=0.98], with an
intercept of 1.42 [units: mN, mg; OLS 95% CI: (1.32, 1.52)]. Both
estimates are almost identical to the results obtained from direct
measurements: m%°® (scaling coefficient) [OLS 95% CI: (0.86,
0.95), R>=0.86], 1.46 (intercept) [units: mN, mg; OLS 95% CI:
(1.41, 1.51)]. In other words, the ratio between maximum measured
and predicted bite forces is close to unity (1.11£0.30), and
independent of body mass (ANOVA on logo-transformed data:
F246=0.23, P=0.63; see Fig. 3D). We thus conclude that the
scaling of bite forces can be predicted to reasonable accuracy from
morphological measurements.

Predicting bite performance from morphology is of considerable
interest to evolutionary biologists, palacontologists and
biomechanists alike, as in vivo force measurements are often
challenging if not impossible to obtain. Consequently, theoretical
models to predict maximum bite force have been developed and
deployed for numerous taxa (e.g. Piiffel et al., 2023; Erickson et al.,
1996; Huber et al., 2006; Heethoff and Norton, 2009; Habegger
et al.,, 2012). In arthropods, the two key obstacles facing such
theoretical efforts are the extraordinary variation in reported muscle
stresses (e.g. Taylor, 2000; Guschlbauer et al., 2007) and the
uncertainty in estimates of the physiological cross-sectional area,
which requires knowledge of the optimal fibre length (Piiffel et al.,
2023). The fact that we were able to accurately predict both the
magnitude and scaling of bite forces in A. vollenweideri using
physiological parameters measured in closely related A. cephalotes
suggests that muscle stress and shape parameter B are conserved
across sizes and within Atfa; this finding cautiously indicates that
the intraspecific and intrageneric variation of bite forces may be
predictable based on morphological data alone.

Positive allometry of bite force has substantial benefits at
the colony level

Bite force is a non-pareil performance measure which influences
access to food sources and high-quality mating partners (Anderson
et al., 2008). As a result, the variation in morphology and physiology
of the bite apparatus across species often reflects species-specific
needs (Dumont and Herrel, 2003; Gidmark et al., 2013; Goyens et al.,
2014; Santana, 2016; Kaczmarek and Gidmark, 2020). What needs
have shaped the evolution of bite performance in Atta?

Atta ants are known for their ‘catholicity of taste” (Cherrett, 1968;
Rockwood, 1976); a single colony may forage on more than 100
plant species at once, spanning a large range of chemical and
mechanical properties (Cherrett, 1972; Shepherd, 1985). Foraging
is not completely indiscriminate, however: for example, foragers
seem to prefer young (tender) over old (tough) leaves from the same
plant (Cherrett, 1972; Waller, 1982; Shepherd, 1985; Nichols-
Orians and Schultz, 1990). Notably, this preference disappears
when pre-cut leaf fragments are offered instead (Nichols-Orians and
Schultz, 1989, 1990), suggesting that foraging decisions are not
solely driven by plant chemistry but also by mechanical
considerations. Because larger ants typically cut tougher and
denser leaves than smaller ants (Cherrett, 1972; Wilson, 1980a,b;
Nichols-Orians and Schultz, 1989; Wetterer, 1994a,b), we surmise
that these mechanical considerations are further confounded by size.
From these simple observations emerge two key demands on bite
forces in Atta: its magnitude must be large enough to cut a
representative leaf, and its scaling determines the range of plant
leaves that can be cut by workers of different size.

In order to contextualise the magnitude of the bite force, we
estimated the forces required to cut leaves. Consider a blade-like tool
which exerts a force of magnitude F to make a cut of length dx
through a thin sheet of thickness ¢. The work done, fF dx, supplies
the energy required to create the new surface arising from the cut,
Gtdx, where G is the energy associated with a unit area of surface;
the cutting force then follows as F.~Gt. This calculation provides a
lower bound on the required force, because it neglects the influence
of friction, tool geometry and sheet bending (e.g. Kamyab et al.,
1998; Williams and Patel, 2016; Zhang et al., 2019). Onoda et al.
used cutting tests to quantify a proxy for G, the work per unit
fracture length to cut leaf lamina of known thickness, for about 1000
tropical plant species (Onoda et al., 2011; also see Darvell et al.,
1996); we note that although A. vollenweideri is often referred to as
a grass-cutting ant, workers also cut dicotyledonous leaves (Fowler
etal., 1986). On the basis of the simple mechanical model and these
extensive experimental results, we estimate that the forces required
to cut tropical leaves vary between 7 and 828 mN. The median
required cutting force of 82 mN can be generated by a worker
of about 3 mg (see Fig. 4B), and we submit that this finding
strongly suggests that the remarkable magnitude of bite forces in
A. vollenweideri (see below) arises from the ecological need to cut
leaves.

In order to contextualise the positive allometry of bite force,
we next calculated the fraction of cuttable leaves as a
function of worker size, both for allometric — as experimentally
observed (|F,maxJom®?®) — and for hypothetically isometric
workers (|F, max|om®¢7; see Fig. 4). A direct comparison between
two populations of workers that follow different scaling laws
requires us to specify the body mass at which the two scaling lines
intersect. Do large workers bite relatively more strongly, or do small
workers bite relatively more weakly? This question cannot be
answered a priori, and we thus refer to three biological arguments
instead. First, the worker size distribution in leaf-cutter ant colonies
typically has a long right tail, i.e. the vast majority of foraging
workers are relatively small (Wilson, 1953, 1980a, 1983b; Wetterer,
1999). Second, large workers are only produced in larger numbers
once colonies exceed a critical size (Wilson, 1983b; Wetterer,
1999). Third, larger workers are more ‘costly’ than smaller workers.
On the basis of these arguments, increasing the bite force capacity
disproportionately may represent a strategy to minimise the cost
associated with a unit increase in maximum bite force. A
disproportionate decrease of bite forces, in contrast, appears to
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Fig. 4. Adaptive value of a positively allometric bite force. (A) We consider possible benefits of the positive allometry of bite force by calculating the
minimum worker size that can generate a given force, both for measured positively allometric and hypothetical isometric workers. An isometric worker needs
to be about 3 times larger to produce the same bite force as the largest allometric forager; typical A. vollenweideri foragers range between 2.5 to 26.9 mg
(Réschard and Roces, 2003). (B) An allometric workforce increases the total fraction of cuttable leaves, estimated from measurements on 1000 tropical plant
species (Onoda et al., 2011), from around 94% to almost 100% . A medium-sized forager of about 5 mg can cut 70% of leaves; its isometric counterpart can
cut only 50%. The positive allometry of bite forces thus probably increases harvesting speed, and provides flexibility in task allocation, so enhancing colony
fitness. (C) Positive allometry of bite force (F, max) has been reported in intraspecific studies for several taxa (dashed lines; see Erickson et al., 2003; Becerra
et al., 2011; Marshall et al., 2012; Marshall et al., 2014; Lappin et al., 2017; see Table 1). Across distantly related species and a large size range, however,
bite forces scale with isometry [black line, mass m®®8, OLS 95% ClI: (0.65, 0.72), R?=0.86]; each circle represents the average maximum bite force for a
single species (extracted from Goyens et al., 2014; Weihmann et al., 2015a; Sakamoto et al., 2019). Atta vollenweideri ants generate exceptionally large
weight-specific bite forces, comparable to those of amniotes 20 times heavier. (D) Relative to their head volume, however, their bite forces are comparable to
those of other insects (extracted from Ruhr et al., 2022 preprint) and amniotes (Sakamoto et al., 2019), suggesting that leaf-cutter ants have a large weight-
specific head volume. Across species, bite forces are isometric [head volume V°¢8 OLS 95% Cl: (0.66, 0.70), R?=0.87]. Within A. vollenweideri, however,
bite force is proportional to V°-7° [OLS 95% ClI: (0.75, 0.83), R?=0.86], in excess of isometric predictions, as a result of a disproportionate increase in volume-
specific physiological cross-sectional area of the mandible closer muscle (Piffel et al., 2021).

have no obvious biological benefit. Thus, small workers may Viewed in this light, the positive allometry of bite force has
represent a reasonable generalist ‘starting point’, and we chose a  substantial benefits for the colony for at least two reasons. First, the
body mass of 1 mg as an intersection mass. maximum bite force of an allometric worker with a body mass of
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27 mg, at the upper end of forager sizes typically reported in Atta
(Wetterer, 1990, 1994a.,b; Roschard and Roces, 2003; Evison and
Ratnieks, 2007), exceeds that of an equally sized isometric worker
by a factor of two (see Fig. 4A). Provided that the data reported by
Onoda et al. (2011) are representative, this difference increases the
fraction of cuttable leaves from 94% to almost 100% (see Fig. 4B).
This difference may seem small, but this perception is erroneous: a
large isometric forager would need to be 3 times heavier to cut the
same fraction of leaves. Second, the smallest worker that can cut the
median leaf almost halves in mass between isometric and allometric
workers (5 to 3 mg; see Fig. 4B). As the majority of workers are
typically small (Wetterer, 1999), the positive allometry thus
significantly increases the fraction of the colony that can partake in
leaf cutting: an allometric forager of 5 mg can cut up to 70% of leaves,
a whopping 20% more than its isometric counterpart. This substantial
increase in the size range of ants that can forage on a large number of
plant species facilitates flexible task assignment, likely increases
harvesting speed and overall influx of nutrients to the nest, and may
thus be reasonably expected to enhance colony fitness.

In addition to the positive allometry of maximum bite force, our
results revealed a significant decrease in the opening angle at which
fibres take their optimum length, 6,,. We note that the last
correction step, which led to this conclusion, is complex. In contrast
to the first three corrections steps, which are based on geometrical
relationships and thus have high predictive accuracy, it involves
assumptions on muscle physiology, and neglects passive force—
length effects due to muscle or connective tissue elasticity (Piiffel
et al., 2023). In support of the validity of our opening angle
correction and the resulting conclusion, three independent lines of
evidence may be offered. First, the fully corrected regression
analysis explains a substantially larger share of the variation of bite
force with mass (86% versus 74% for |F, o|; see Fig. 3B). Second,
the regression residuals are independent of opening angle [ANOVA:
F1246=2.43, P=0.12; see Fig. 3C], which does not hold without
opening angle correction [ANOVA: F 546=148, P<0.001]. Third,
the relationship between 6, and body mass remains significant
even after removing the smallest and largest size classes, which
contain fewer data points (see Materials and Methods), and are thus
associated with higher uncertainty [OLS: slope=—0.08, 95% CI:
(=0.15, —0.01), P<0.05, R?>=0.44]. Our result therefore appears
statistically robust, and we next offer a cautious functional
interpretation. Ant workers large or small may often forage on the
same plant leaf. Although their size differs, the characteristic
dimension of the leaf lamina — its thickness — is the same. Because
cuts are typically initiated at the leaf edge by drawing the mandibles
together like scissors, ants need to produce sufficiently large bite
force at a gape width comparable to the leaf lamina thickness. For an
ant of 3 mg, the strongest bites occur at a mandible gape of 0.1 mm,
approximately half the median leaf thickness (Onoda et al., 2011).
At 0.2 mm gape, the opening angle is only a few degrees larger and
the force is almost identical (~99%). If, however, this small ant had
the same 6,,,,x as the largest colony workers, the force at 0.2 mm
would be 10% less. We thus suggest that shifts in the optimal length
such that the maximum bite force occurs at larger opening angles in
small workers may represent an adaptive strategy to counter size-
specific disadvantages when workers of different size forage on
leaves with a similar thickness.

Positive allometry of bite force is common within but rare
across species

We have discussed the mechanistic origin and ecological significance
of the positive allometry of bite forces in A. vollenweideri. As a last

step, we aimed to place our findings in a broader comparative and
evolutionary context.

To this end, we compared both the scaling and magnitude of bite
forces with two extensive datasets including close to 900 species,
covering eight orders of magnitude in body mass and head volume
(Sakamoto et al., 2019; Riihr et al., 2022 preprint). Regression
analysis on log;o-transformed bite force data for 203 amniote and
four insect species against body mass m (Goyens et al., 2014;
Lailvaux et al., 2011; Kelly, 2014; Weihmann et al., 2015a;
Sakamoto et al., 2019), and for 139 amniote and 653 insect species
against head volume V" (Sakamoto et al., 2019; Riihr et al., 2022
preprint) suggests isometry of bite forces [m%®%, OLS 95% CI:
(0.64, 0.72), R?>=0.86; °°8, OLS 95% CI: (0.66, 0.70), R*=0.87;
see Fig. 4]. The intercepts of the regression, which reflect mass- and
head volume-specific bite forces (with mass in g, volume in mm?
and force in N), in turn are —0.06 [mass across species: OLS 95%
CIL: (—0.15, 0.03)], 1.17 [mass within A. vollenweideri: OLS 95%
CL: (1.07, 1.26); see Fig. 4C], —1.49 [volume across species:
OLS 95% CI: (-1.53, —1.44)] and —1.29 [volume within
A. vollenweideri: OLS 95% CI: (—1.33, —1.25)]. Leaf-cutter ants
thus appear exceptional in at least two aspects: Their bite forces
grow with strong positive allometry, and their weight-specific bite
forces are in substantial excess of those for the average amniote and
insect, respectively (see also Piiffel et al., 2023); the largest ants
produce maximum bite forces comparable to those of amniote
species at least 20 times heavier (see Fig. 4C), and we have
argued above that such a remarkable magnitude of bite forces
probably arises from the ecological need to cut tough plant matter.
Notably, both the magnitude and the scaling of the bite force of leaf-
cutter ants are less remarkable relative to head volume [V'*7°, OLS
95% CI: (0.75, 0.83), R>=0.86; see Fig. 4D]. This discrepancy
reflects the fact that a large share of the positive allometry
of bite forces in leaf-cutter ants is achieved by a positive
allometry of head volume (see Piiffel et al., 2021), and that leaf-
cutter ants, and perhaps insects in general, have relatively larger
heads than vertebrates; indeed, the weight-specific head volume
for A. vollenweideri is 671+74 mm> g~! compared with 209
£134 mm?> g~! for amniotes (see Fig. 4; Sakamoto et al., 2019).

In the above argument, we have conflated evolutionary allometry
involving different species with static allometry involving
individuals of the same species at identical ontogenetic stage
(Pélabon et al., 2013). In order to analyse whether the static positive
allometry of bite forces in leaf-cutter ants is indeed exceptional, and
to facilitate a more appropriate comparison of the magnitude of bite
forces, we collated results from 22 intraspecific and intrageneric
scaling studies on bite force across 12 taxonomic groups (including
this study, see Table 1). We note that the majority of intraspecific
scaling studies report ontogenetic instead of static scaling
coefficients. For each study, we then calculated a logo-
transformed ‘bite force quotient’, log;(BFQ=log;(bite force/body
mass??) in N/kg®? (Heethoff and Norton, 2009; van der Meijden
et al.,, 2012) as a measure for weight-specific bite performance.
Leaf-cutter ants have the highest log;(BFQ apart from coconut
crabs, for which bite force was measured at a favourable mechanical
advantage (Oka Si et al., 2016); in contrast, we report bite forces for
the maximum out-lever and thus small mechanical advantage.

We conclude that leaf-cutter ants are highly specialised to
produce large bite forces: (i) they have large heads relative to their
body mass compared with vertebrates; (ii) the volume occupancy of
mandible closer muscle in these heads and (iii) the geometry of the
bite apparatus are close to putative theoretical optima (Piiffel et al.,
2021, 2023); and (iv) the estimated maximum stress of the mandible
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Table 1. Scaling of maximum bite forces for intraspecific (or intrageneric) studies across various taxa

Taxon Statistical model Scaling Allometry log1oBFQ Source

Ants oLS mo-80 p 2.50-2.85 This study

Ants RMA mo97 p 2.44-2.90 This study

Birds* RMA m076-0:88 i 0.62-1.22* Sustaita and Hertel, 2010
Crabs Not specified mo-82 p 2.66-2.948 Oka Si et al., 2016
Crabs? oLS ML14° n No mass reported Palmer et al., 1999
Crocodylians oLS mo-79 p 1.92-2.36% Erickson et al., 2003
Crocodylians RMA mO0-77-0.78 p 1.98-2.408 Erickson et al., 2014
Frogs RMA mo91 p 1.59-1.88 Lappin et al., 2017

Eels Not specified BL279-2.94 p No mass reportedS De Meyer et al., 2018
Lizards* RMA Sy 383460 p 1.27-2.34*8 Meyers et al., 2002
Lizards RMA SV|2:65-3.37 p 2.10-2.67*8 Herrel and O'Reilly, 2006
Lizards oLS m©-57-0.73 n,p 2.02-2.36* Jones et al., 2020
Piranhas oLSs BL230 p 2.37-2.47* Grubich et al., 2012
Ratfish oLS BL234 i 2.07* Huber et al., 2008
Rodents RMA m0-89-0-99 p 1.83-2.04 Becerra et al., 2011
Rodents RMA m'1 p 1.91-2.06* Becerra et al., 2013
Rodents Non-linear RMA m?©-93-1.01 p 1.78-2.07 Vassallo et al., 2016
Rodents oLs mo83 p 1.78-2.06* Ginot et al., 2020
Snakes oLS mo-28 n 0.71-1.148 Penning, 2017

Turtles RMA CL"73-223 n,i 1.52-2.53%$§ Herrel and O’Reilly, 2006
Turtles RMA mo-98 p 1.90-2.48% Pfaller et al., 2010
Turtles Non-linear RMA mo-80 p 1.40-1.85 Marshall et al., 2012
Turtles Non-linear RMA mo-64 i 1.33 Marshall et al., 2014

The statistical models used to characterise the scaling relationships include ordinary least squares (OLS) and reduced major axis (RMA) regressions performed
on log4o-transformed data; in three studies, a non-linear RMA regression on untransformed data was used instead (Marshall et al., 2012, 2014; Vassallo et al.,
2016). The relevant morphological variables are body mass (m), or one of several characteristic lengths (L): manus length (ML), snout vent length (SVL), carapace
length (CL) and body length (BL). Where possible, we selected body mass as a key variable to facilitate comparison with this study. A range of scaling coefficients
is given when more than one species (or genus, 1), intraspecific morphotypes or sexual dimorphism was studied. Significant deviations from isometric scaling,
‘i" (m®87, L2) are indicated with a ‘p’ for positive allometry or ‘n’ for negative allometry. We calculated a log,o-transformed bite force quotient (BFQ) based on the
reported mass range and regression coefficients (see Heethoff and Norton, 2009; van der Meijden et al., 2012). Because the BFQ is based on isometry, studies
that reported allometric scaling are characterised by a range of BFQs. Where regression coefficients for body mass were missing, we calculated the range of BFQ
based on the reported mass and bite force ranges (*). Bite forces that were not measured at the most distal tip of the jaws, or for which the bite position was not
explicitly reported, are indicated (§); these data are biased and thus need to be compared with care (see Results and Discussion).

closer muscle is among the highest ever measured (Piiffel et al.,
2023).

In sharp contrast to the magnitude of bite force, the positive static
allometry appears to be less remarkable: around 70% of available
intraspecific studies reported significant positive allometry of bite
forces, if often less pronounced (including one study that also
reported negative allometry for other phenotypes of the same
species; Jones et al., 2020). Remarkably, and with the notable
exception of bats and finches (Aguirre et al., 2002; van der Meij and
Bout, 2004; Herrel et al., 2005; Senawi et al., 2015; Sakamoto et al.,
2019), bite force studies involving different genera typically report
isometric scaling (Huber et al., 2005; Sakamoto et al., 2019;
Deeming, 2022; and see meta-analysis above), or even modest
negative allometry (Claussen et al., 2008; Huber et al., 2009; Van
Dacle et al., 2009; Becerra et al., 2011, 2013; Hite et al., 2019).
There thus appears to be a systematic difference between
ontogenetic, static and evolutionary scaling of bite forces. To
visualise this contrasting tendency, we superimposed a small
selection of scaling relationships on the overall evolutionary slope
(dashed lines in Fig. 4C). The difference between ontogenetic, static
and evolutionary allometry of bite forces is reminiscent of
‘transpositional allometry’ (Meunier, 1959a,b; Gould, 1971),
where group means fall onto one regression line, but within-group
variation is governed by a different growth law — a result which
appears to be common in biomechanical scaling studies (Schmidt-
Nielsen and Knut, 1984; Peattie and Full, 2007; Labonte et al.,
2016). Positive allometry of bite forces is probably associated with
direct ecological advantages, related, for example, to the quantity
and quality of accessible food sources (e.g. Erickson et al., 2003;

Herrel and O’Reilly, 2006; this study). However, increased
evolutionary rates of adaptive change in bite forces, required to
drive departures from isometry, appear to be the exception rather
than the norm, at least across amniotes (Sakamoto et al., 2019).
Four factors may contribute to this seeming discrepancy. First,
intraspecific and intrageneric studies on bite performance may be
biased toward taxa that may reasonably be expected to face strong
ecological or behavioural demands on their bite forces, so
increasing the probability of departures from isometry (see also
Bonduriansky, 2007). Second, strong positive allometry across
many decades of mass is challenging if not impossible to achieve
without fundamental ‘re-design’ (Gould, 1966); as an illustrative
example, a hypothetical leaf-cutter ant with a body mass of 3 g
would have a closer muscle with a volume that exceeds that of its
head capsule. Third, in particular, ‘static’ scaling studies may often
be limited by comparatively narrow size ranges (e.g. Herrel et al.,
2001; Hite et al., 2019), which increases the influence of biological
variation and thus decreases the accuracy of the estimated
allometric slope. Fourth, few of the available scaling studies
accounted for potential size-specific bias in bite force measurements
(see Materials and Methods), and may thus report underestimates or
overestimates of the allometric slope. Ultimately, the differences
between ontogenetic, static and evolutionary allometry of bite
forces reflect species-specific needs, coupled with complex
developmental, evolutionary and ecological constraints (e.g.
Gould, 1966; Smith, 1984; LaBarbera, 1989; Bonduriansky,
2007; Egset et al., 2012; Pélabon et al., 2013, 2014; Voje and
Hansen, 2013; Voje et al., 2014; Bolstad et al., 2015). Untangling
the influence of these different factors constitutes an exciting avenue
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for comparative and evolutionary work across disparate taxa and a
large range of body sizes.

Conclusions and outlook

Bite forces in leaf-cutter ants scale with strong positive allometry,
driven by and accurately predicted from morphological and
physiological adaptations of the bite apparatus. Our study adds
strong quantitative evidence in support of the hypothesis that size
polymorphism and the associated variation in shape broaden a
colony’s access to plant matter (Wilson, 1980a; Waller, 1989;
Wetterer, 1999; Clark, 2006; Holldobler and Wilson, 2010).
However, we acknowledge that the exact relationship between
worker size, food plants and cutting performance is complex, and is
influenced by nest distance (Roces, 1990), mandibular wear
(Schofield et al., 2011) and stridulation of the ant gaster, which
can reduce force fluctuations during cutting (Tautz et al., 1995;
Roces, 2022). To fully integrate the mechanical results of this study
with foraging behaviour, direct measurement of cutting forces with
differently sized mandibles as well as behavioural assays with
materials of varying mechanical properties are needed; both are
currently underway in our laboratory. We hope that such work will
increase our understanding of the complex interactions between
polymorphism, bite force allometry and foraging ecology in leaf-
cutter ants.
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