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Abstract

Frederik POFFEL

Biomechanics of the insect bite apparatus

In this thesis, I investigate the morphology and biomechanics of the insect bite apparatus using poly-
morphous leaf-cutter ants as study organism. I first quantify the key morphological determinants of
bite force and discuss the spatial constraints of muscle geometry imposed by the insect exoskeleton.
Across the substantial size-range of leaf-cutter ant workers, the bite force capacity increases with a
strong positive allometry, driven by a disproportional increase in the volume of the mandible closer
muscle combined with a muscle fibre arrangement that enables high volume-specific muscle forces.
Second, I derive and validate a biomechanical model that links the geometry of the musculoskeletal
bite apparatus to changes of the mandibular opening angle. I then deploy this model to extract the
force-length properties of the mandible closer muscle via in-vivo bite force measurements. Third,
based on these results and the previously extracted morphological parameters, I predict the scaling
relationship between maximum bite force and body mass, and compare this prediction to direct force
measurements. Leaf-cutter ants generate among the highest weight-specific bite forces ever reported
for any animal, displaying an exceptional level of morphological and physiological adaptation to the
high mechanical demands of herbivory. Fourth, I turn my attention to ontogenetic changes of the bite
apparatus, from freshly-eclosed adults to fully-matured foragers. In the week following eclosion, the
bite apparatus undergoes a considerable biomechanical development, driven by substantial muscle
growth and increasing head capsule rigidity. As a result, young leaf-cutter ants are likely incapable
of engaging in any colony tasks involving leaf-cutting. Fifth, although fully-matured foragers can
generate much larger bite forces than callows, their mandibles require significantly higher forces to
cut the same material. These mandibular cutting forces are largely size-independent, and for callows,
they approach a theoretical minimum for the tested material, suggesting geometric adaptations for
high mandible ‘sharpness’ The results of this work add important aspects to the discussion on age-
and size-related foraging behaviour in social insects, and more generally, underline the importance

of biomechanics in insect herbivory.
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1 Introduction

There are more than one million described insect species, constituting around two-thirds of all de-
scribed species in the animal kingdom (Z.-Q. Zhang, 2013a,b). This unmatched diversity is reflected
by an abundance of shape adaptations and mechanisms that enable insects to cope with the multi-
tudinous environmental demands imposed on them. To give but a small glimpse: Aquatic beetles
bind an air bubble around their body allowing them to respirate underwater (Stride, 1953). Wa-
ter striders posses long and thin legs enabling them to support their entire body weight based on
surface tension alone (Hu et al., 2003). Where there is little water, desert beetles keep hydrated by
extracting water from air via alternating ‘waxy’ and ‘non-waxy’ regions on their elytra (Parker and
Lawrence, 2001). To cover large distances in little time, some insects such as fleas, froghoppers and
planthoppers use their skeleton as springs to store muscle work as elastic energy; when released, this
energy drives powerful jumps within a single millisecond (Burrows, 2006; G. P. Sutton and Burrows,
2011; Burrows and G. Sutton, 2013; G. Sutton and Burrows, 2018). Speed and dexterity are often
key to success in predator-prey encounters (Gronenberg, 1996): snap-jaw and trap-jaw ants use their
mandibles to launch powerful strikes on prey, reaching peak velocities in as little as tens of microsec-
onds (Gronenberg, 1995; Patek et al., 2006; Larabee and Suarez, 2015; Larabee et al., 2018; Hao et al.,
2018); larvae of some mosquito species use hemostatic pressure to rapidly extend their necks and
capture prey in just a few milliseconds (Hancock et al., 2022); dragonflies deploy an intricate visual
guidance system in combination with precise flight control to capture airborne prey with relative
ease (Combes et al.,, 2013; Bomphrey et al., 2016; Fabian et al., 2019). In order to defend themselves,
some carabid beetles utilise an explosive chemical reaction in their abdomen to discharge harmful
organic compounds against aggressors (Moore and Wallbank, 1968; Di Giulio et al.,, 2015). Clearly,
predator-prey interactions have driven the evolution of fascinating phenotypes, but not all insects
live on a carnivorous diet. At least several hundred thousand insect species are herbivorous (Futuyma
and Agrawal, 2009; Wiens et al., 2015; Douglas, 2018), and plant-herbivore interactions are believed
to have substantially driven the unparalleled diversification of both insects and plants (Ehrlich and
Raven, 1964; Futuyma and Agrawal, 2009; Wiens et al., 2015).

1.1 Insect herbivory

Insect herbivores play a vital role in most terrestrial ecosystems: By transforming living plant biomass
into frass, they accelerate the cycling of carbon, nitrogen and phosphor (H. G. Fowler et al., 1989;
Weisser and Siemann, 2004; Yang and Gratton, 2014). Insect herbivory is so ubiquitous that virtually

all plant species are utilised by at least one insect species (Fiirstenberg-Higg et al., 2013; Douglas,
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2018), but plant-herbivore interactions are not a ‘one-way street: The evolutionary arms race be-
tween plants and insects began several hundred million years ago and is characterised by ingenious
chemical and physical plant-defence mechanisms and sophisticated ‘strategies’ to overcome them
(Furstenberg-Higg et al., 2013; Wiens et al., 2015, see Fig.1.1). In the following paragraphs, I will de-
scribe some of the involved mechanisms and eventually converge on a particular set of insect traits
critical to overcome the physical barrier of plant tissues: the insect bite apparatus, which is the main

subject of this thesis.

Plants vs insects

surface waxes attachment structures
thorns & trichomes elongated rostra
latices & resins cut trenches & block flow \
leaf toughness mandible & head adaptions

leaf abrasiveness hardened cutting edge ’\l
attraction of predators reduced processing times
tannins & other toxins neutralising enzymes

anti-nutritional enzymes injecting growth hormones

defensive proteins defence-suppressing
proteins

Figure 1.1: The evolutionary arms race between plants and insect herbivores has led to the emergence of
intricate physical and chemical plant-defence mechanisms, and insect-feeding adaptations to overcome them
(collated from E. Bernays, 1986; E. A. Bernays, 1991; Howe and Schaller, 2008; Reynolds et al., 2009; War et al.,
2012; Fiirstenberg-Higg et al., 2013; Giron et al., 2018; Beran and Petschenka, 2022). Plant-insect interactions
are fascinatingly complex (and not always antagonistic, see e. g. Hung et al., 2018; Magalhaes et al., 2018), and
I acknowledge that this simple schematic cannot do this complexity justice: e. g. microbial factors are entirely
neglected here (but see Giron et al,, 2018). In my thesis, I investigate insect traits that are particularly important
to overcome leaf toughness: the morphology and biomechanics of the bite apparatus (black font). To this end,
I use one of the most effective herbivores as study organism: leaf-cutter ants (middle). Other hazardous insect
pests include the red palm weevil (top) and the Colorado potato beetle (bottom) (Abraham et al., 1998; Oerke,
2006); insects are not shown to scale.

1.1.1 Plant-insect interactions

In order to plant-feed, insects first need to gain access to the sought-after plant tissues. Tissue access
can be rendered difficult via the application of epicuticular wax layers, which increase the slipperi-
ness of the plant surface (Federle et al., 1997; Howe and Schaller, 2008; Scholz et al., 2010), and thus
require insect-tarsal structures with strong attachment abilities (E. A. Bernays, 1991; Federle et al.,
2000). Another physical barrier are trichomes, small hair-like structures of varying shapes which ex-

tend from the plant epidermis; trichromes negatively affect insect mobility, oviposition success and
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feeding rates of insects (E. A. Bernays, 1991; Howe and Schaller, 2008; War et al., 2012; Fiirstenberg-
Higg et al.,, 2013). To bypass this barrier, some piercing-sucking froghopper and aphid species de-

velop elongated rostra, allowing them to access their preferred feeding sites (E. A. Bernays, 1991).

Some plants use latices and resins to fight off insect herbivores; when the lactifiers or resin ducts
get severed, they exude latex and resin, respectively, and so push out, entrap, or even poison the
attacking insect (Howe and Schaller, 2008; Agrawal and Konno, 2009; Fiirstenberg-Higg et al., 2013).
Some herbivores, in turn, block and redirect the flow of latices and resins before feeding (Carroll and
Hoffman, 1980; Furstenberg-Higg et al., 2013): For example, Epilachna tredecimnotata lady beetles
cut trenches in the leaf to prevent the exudation of latex onto the feeding site (Carroll and Hoffman,
1980).

The arms race between plants and insects is not only characterised by physical interactions; plant-
chemical defence mechanisms and corresponding insect adaptations also play a role (e. g. Howe and
Schaller, 2008; War et al., 2012; Fiirstenberg-Hagg et al., 2013; Simon et al., 2015; Giron et al,, 2018;
Douglas, 2018; L. K. Singh and A. Singh, 2021; A. C. Jones et al., 2022; Beran and Petschenka, 2022, see
Fig. 1.1). In fact, the chemical interactions are so complex, describing them in detail is a book-filling
exercise (literally, e. g. I. K. Singh and A. Singh, 2021), and far exceeds the scope of this introduction.
I will hence constrain myself to a few examples: Plants use secondary metabolites such as tannins
and proteins to deter and intoxicate insects, and so reducing herbivory and insect survival rates (War
etal, 2012; Douglas, 2018). Insects counter this by injecting their own set of chemicals into the plant
which can suppress plant-defences or even create new resource sinks via hormone-induced tissue
growth (Giron et al,, 2018). Some insects can neutralise or excrete ingested plant toxins (Giron et al.,
2018; Beran and Petschenka, 2022), or store them to later defend themselves against parasitoids and
predators (Simon et al,, 2015); predators, in turn, can be recruited via damage-induced plant volatiles

and extrafloral nectar (Fiirstenberg-Hégg et al., 2013).

1.1.2 Pest management

Evidently, insect herbivory is multifaceted and of great ecological and evolutionary importance.
But, it has also substantial effects on our agriculture: Global crop losses due to insect pests and
other arthropods may be around 20 % (Sharma et al., 2017), excluding the indirect losses to insect-
transmitted pathogens (see Oerke, 2006; Giron et al., 2018); as a result, insect pests cause hundreds
of billions of US dollars in economic damage, every year (Dhaliwal et al., 2010; Oliveira et al., 2014;
Sharma et al., 2017). The combined losses of wheat, rice and maize mount up to over 150 Mt per year
(Deutsch et al., 2018), and these figures are likely to increase in the future: Due to climate change, in-
sect pest populations are projected to grow substantially, migrate to previously inaccessible regions,
and operate at increased metabolic rates (Deutsch et al., 2018; Giron et al,, 2018). In combination
with an increasing human population (Tilmen et al., 2011), insect pests may seriously threaten global
food security in the upcoming decades (Battisti and Naylor, 2009; Rosenzweig et al., 2014; Deutsch

et al,, 2018). To make matters even worse, insecticides used for crop protection become increasingly
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ineffective due to the emergence of resistances (Oerke, 2006; Sparks, 2013; Borel, 2017), and the de-
velopment of new insecticides gets increasingly difficult and expensive (Sparks, 2013; Borel, 2017).
For these reasons, alternative strategies for pest management are urgently needed (see e.g. Borel,
2017; Douglas, 2018; Kamatham et al., 2021).

A desirable starting point for such strategies may be to increase the resistance of the host plant itself
(Sandhu and Kang, 2017; Douglas, 2018), so restrengthening the natural physical and chemical de-
fences against pests, which were partially lost during crop domestication (Olsen and Wendel, 2013;
Douglas, 2018). Increasing crop resistance by altering the plant-chemical profile may be a promis-
ing avenue, but it comes with challenges: The richness and diversity of plant secondary metabolites
(> 200,000 different molecules), in combination with the multitude of insect-specific adaptations to
them, renders general approaches difficult and limits the predictability of outcomes from such ma-
nipulations (Douglas, 2018). An alternative approach may thus be to enhance the physical resis-
tance of plants. From a mechanical perspective, the ability to feed on plants appears remarkably
predictable: if the insect cannot pierce, drill or bite into the plant tissue, it cannot feed on it. And
indeed, plant-mechanical properties can be a good predictor for herbivory success: ‘“Tough’ plant
tissues deter insect herbivores (J. M. Cherrett, 1972; Barrer and J. M. Cherrett, 1972; Waller, 1982;
P. D. Coley, 1983; Nichols-Orians and Schultz, 1989; Nichols-Orians and Schultz, 1990; P. Coley and
Barone, 1996; P. ]. Peeters et al., 2007, but see Howard, 1988; Folgarait et al., 1996), reduce feeding
and growth rates (Raupp, 1985; F. J. Clissold et al., 2009; R. M. Schofield et al., 2011), and induce
mandibular wear (Raupp, 1985; Roitberg et al., 2005; Depieri et al., 2010; R. M. Schofield et al., 2011).

1.1.3 Plant-mechanical properties

The key determinants of plant toughness and hardness are the composition, density and thickness
of cell walls (Choong, 1996; P. W. Lucas et al., 2000; War et al., 2012), and the local inclusion of
amorphous silica (P. W. Lucas et al., 2000; Reynolds et al., 2009). Silicon-augmented plants are more
abrasive and less digestible for insects (and for mammals, see Baker et al., 1959), and may even in-
duce the production of defensive plant-enzymes (Reynolds et al., 2009). Insect adaptations include
behavioural, morphological, and biomechanical aspects: Some caterpillar species mainly feed on the
leaf lamina, avoiding tougher regions such as midribs and veins (Choong, 1996); leaf-cutter ants in-
corporate heavy metals in their mandibular cutting edge, which may increase wear resistance (R. M.
Schofield et al., 2002; R. Schofield et al., 2021); the mandible and gut morphology of grasshoppers
may have adapted to fit dietary needs (E. A. Bernays, 1991), and grass-feeding caterpillars developed
larger mandible muscles compared those reared on softer tissues (E. Bernays, 1986). The underly-
ing biomechanical principles of insect herbivory have received some attention (e. g. Chapman, 1995;
Tautz et al., 1995; Wright and Vincent, 1996; P. W. Lucas et al., 2000; Read and A. Stokes, 2006; Sanson,
2006; F. Clissold, 2007; R. M. Schofield et al., 2011), but we still lack fundamental knowledge about
the musculoskeletal system that determines the ability of plant-chewing insects to process food: the

bite apparatus.
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1.2 The insect bite apparatus

In essence, the insect bite apparatus is composed of a pair of mandibles, controlled via antagonistic
opener and closer muscles (Chapman, 1995, see Fig. 1.2). In most insects, these mandibles rotate
about a single axis of rotation, defined by two mandibular condyles (Blanke et al.,, 2015; Blanke,
2019); dicondylic joints may provide more stable mandible movements compared to monocondylic
articulations, and perhaps increase the capacity for bite force (Staniczek, 2001; Blanke et al., 2012,
2015).

Opener muscle

Double condyles

~—Axis of rotation
\

Molar cusps
Mandible

Incisor cusps

Ficure 1.2: Basic anatomy of the insect bite apparatus, consisting of a pair of mandibles controlled via antago-
nistic opener and closer muscles (only the left head hemisphere is shown here; adapted from Chapman, 1995,
see Appendix F for permission to republish). Each mandible rotates about a single axis of rotation defined by
two condyles. In some insects, the mandible blade is divided into a molar region for mastication, and a more
distally located incisor region for cutting. In Chapter 3 of this thesis, investigate the relationship between bite
force and mandibular opening angle, based on changes to the morphology and physiology of the bite apparatus.

Bite forces are of critical importance to insect herbivores as they determine whether or not a plant
tissue can be cut (e. g. Wright and Vincent, 1996; F. Clissold, 2007). In addition to herbivory, bite
forces determine various other aspects of insect ecology such as access to feeding sites and mating
partners (Hall et al., 2010; Goyens et al., 2014b) and the escape chances from predation (Hao et al.,
2018). Despite this significance, studies on insect bite forces are extremely scarce: When I started
my PhD in 2018, there existed only nine studies reporting in-vivo bite forces of insects, covering a
total of 25 species (Wheater and Evans, 1989; Paul and Gronenberg, 2002; Hall et al., 2010; M. H.
Huang, 2012; Goyens et al., 2014b; Weihmann et al., 2015a; David et al., 2016b,a; Hao et al,, 2018). In
2022, a more comprehensive study with bite force measurements of 654 insect species was published
(Riihr et al., 2022), which I will discuss in more detail in Chapter 4. Still, only two of these ten studies
considered the effect of mandibular opening angle on bite forces (Goyens et al., 2014b; Weihmann et
al,, 2015a); the opening angle is relevant because it determines the functional range of the mandibles

and may relate to dietary needs; as I will mention later, this aspect of bite performance has received a
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lot more attention in vertebrates (e. g. Dumont and Herrel, 2003; S. H. Williams et al., 2009; Gidmark
et al,, 2013; Santana, 2016; Kaczmarek and Gidmark, 2020).

In this thesis, I explore biomechanical aspects of the insect bite apparatus in five experimental chap-
ters: In Chapter 2, I quantify the morphological determinants of bite force with a focus on the con-
straints of muscle size and geometry imposed by the insect head capsule. Space-constraints are par-
ticularly relevant for insects and other arthropods, because unlike vertebrates they cannot put on
muscle tissue outside their skeleton. Instead, they are confined by an exoskeleton, which leads to
an optimisation problem how to best use the limited available head volume. In Chapter 3, I extract
the morphological changes of the bite apparatus across a large range of mandibular opening angles.
Combined with a biomechanical model to predict these chances, I then extract the force-length prop-
erties of the mandible closer muscle from in-vivo bite force measurements, and provide a detailed
discussion on the various predictors of bite force. In Chapter 4, I use the results from the previous
two chapters to predict the variation of bite force from morphological data alone, which I then com-
pare against in-vivo force measurements. I discuss the difficulties of measuring bite forces of small
animals, and place my results in a comparative and ecological context with a focus on the ability to
plant-feed. In Chapter 5, I study ontogenetic changes of the musculoskeletal bite apparatus in con-
junction with associated changes in bite performance. The ability to generate bite forces depends
on both muscle-developmental and skeletal aspects, which I quantify and discuss in a biomechanical
framework. At last, I turn my attention to another critical force that determines a herbivore’s ability
to feed: the mandibular cutting force. In contrast to bite forces, cutting forces depend not only on
the biting animal, but also on the geometry and mechanical properties of the cutting substrate, which
makes a clear definition of mandible ‘sharpness’ difficult. I quantify mandibular cutting forces using
homogenous polymer sheets as ‘synthetic leaves’ in order to reduce mandible-independent variation,
and I contextualise the results in an ecological framework. I end my thesis with a brief general dis-
cussion to synthesise the key findings of my experimental chapters. For each of the experimental
chapters, [ added an introduction with details on the relevant literature pertaining to the respective
topics. To not repeat myself, I will thus keep this section short and instead move on to a subject |

have not yet touched upon: my study organism.

1.3 Leaf-cutter ants

Any suitable study organism should be an ecologically and economically relevant insect herbivore
with a bite apparatus, from which general conclusions on other insects can be drawn. Leaf-cutter
ants fulfil these criteria because (i) they are the principal herbivore in the Neotropics, cutting up to
15 % of the foliar biomass (see Fig. 1.3, Herz et al., 2007; Costa et al.,, 2008), which makes them key
players in their native ecosystems (H. G. Fowler et al., 1989); (ii), they are considered an important
pest, frequently attacking crops such as coffee, cocoa, citrus, cassava, maize, cotton, sugar cane and oil
palm (H. G. Fowler et al., 1989; Montoya-Lerma et al., 2012), which causes billions of US$ in annual

economic damages (Montoya-Lerma et al., 2012); and (iii), the internal head anatomy consists of the



1.3. Leaf-cutter ants 7

same basic elements typical for most insect species (see Fig. 1.2, Chapman, 1995; Gronenberg et al.,
1997; E. Clissold, 2007; Blanke, 2019), which enables a broader interpretation of the results. In the
next paragraphs, [ will give a broader introduction to the biology of leaf-cutter ants, in an attempt to

convey my fascination for an organism that captivated me for the last few years.

Ficure 1.3: (a) Leaf-cutter ants are a notorious pest species in the Neotropics, frequently attacking economi-
cally important crops such as oil palm, coffee, cocoa, maize and cotton (Montoya-Lerma et al,, 2012). They also
cause substantial damage to trees; an individual tree may loose almost half its leaves to leaf-cutter ant foragers
(Wirth et al.,, 2003; Montoya-Lerma et al., 2012), where young (tender) leaves are often preferred to old (tough)
leaves (e. g. Nichols-Orians and Schultz, 1990). (b) The characteristic foraging trails of leaf-cutter ants may be
as long as 80 m (Rockwood, 1976; Wirth et al., 2003), densely populated by leaf-carrying workers. (c) A single
colony may forage on leaves, petals and fruit from more than 100 different plant species (Shepherd, 1985), here
displayed in an artistic arrangement for a Atta columbica colony, collected during a one-year period; all three
photos were taken from Wirth et al. (2003), see Appendix F for permission to republish.

1.3.1 Natural history

Leaf-cutter ants are eusocial insects of the fungus-growing myrmicine tribe Attine; mature colonies
consist of up to several million workers with only one reproductive individual: the queen (Wirth
et al,, 2003; Holldobler and E. O. Wilson, 2010). The numerous tasks arising in the colony include
brood and fungus care, grooming, excavation, waste disposal, nest defence and the cutting and car-
rying of fresh vegetation to the nest (E. O. Wilson, 19804, see Fig. 1.4). The harvested vegetation may
consist of leaves, petals and fruits from up to 130 plant species in the colony surroundings (J. M.
Cherrett, 1968; Shepherd, 1985); this dietary breadth makes leaf-cutter ants ‘generalised” herbivores
as opposed to much more common ‘specialists’ who feed on a small set of plant species (E. A. Bernays,
1998; Futuyma and Agrawal, 2009; Forister et al.,, 2015). ‘Generalists’ can typically tolerate a wide
range of plant defences (Fiirstenberg-Héagg et al., 2013). In leaf-cutter ants, however, some of these
defences may be ‘sidestepped’ via a symbiotic fungus that pre-processes less palatable plant compo-

nents (Littledyke and J. M. Cherrett, 1976). The symbiosis between ants and fungus is mutualistic:
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The ants protect the fungus from microbial pathogens and parasites (Rodrigues et al., 2008; Holl-
dobler and E. O. Wilson, 2010, but see Currie et al., 1999; Currie, 2001), actively foster growth by
incorporating leaf fragments into the fungal comb (E. O. Wilson, 1980a; Garrett et al., 2016), and
help dispersing fungal spores (Mueller et al., 2001; Holldobler and E. O. Wilson, 2010). The fungus,
in turn, provides a rich and easily digestible diet (Martin et al., 1969; Martin and Weber, 1969), which
feeds the ants during larval growth; adult workers may often supplement their diet with sugary plant
sap (Littledyke and J. M. Cherrett, 1976; Quinlan and J. Cherrett, 1979).

Ficure 1.4: (a) Leaf-cutter ant colonies consist of up to several million workers with only one reproductive
individual: the queen. From the outside, only piles of excavated soil are visible; the majority of the nest lies
below the ground, and may consist of hundreds and thousands of fungus and waste chambers (Wirth et al,,
2003, photo credit: Flavio Roces). (b) To maintain the subterranean fungus as crop, polymorphic foragers
cut semi-circular fragments from fresh vegetation in the colony surroundings (Holldobler and E. O. Wilson,
2010). These fragments are carried back to the nest, ‘shredded’ to smaller pieces, and incorporated in the fungal
gardens (Garrett et al., 2016). (c) The symbiosis between ants and fungus is mutualistic: the fungus breaks down
nutrients otherwise inaccessible to the ants (Martin et al., 1969; Martin and Weber, 1969; Littledyke and ]. M.
Cherrett, 1976), while the ants protect the fungus from parasites and harmful bacteria (Holldobler and E. O.
Wilson, 2010). (d) In addition to food, the fungus also provides accommodation for the colony’s brood: eggs,
larvae and pupae are housed in the close-knit structure of the fungal garden. Photo credit (b-d): Samuel T.
Fabian.
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1.3.2 Division of labour

The ecology of leaf-cutter ants is characterised by an extensive division of labour based on both size
and age polyethism; e.g. smaller and freshly-eclosed workers are more likely to perform nursing
tasks inside the nest, whereas only workers exceeding a certain age and size engage in outside for-
aging tasks (E. O. Wilson, 1980a; Camargo et al., 2007). The size-differences between workers of the
same colony can be substantial: Between smallest minims and largest majors, the body mass may
vary by a factor of almost 300 (0.4-110 mg in Atta cephalotes, see Wetterer, 1994a); notably, majors
only exist in colonies exceeding a certain size and age, and even then, they are comparatively rare
(E. O. Wilson, 1983b, see Fig. 1.5). Size polymorphism and the associated behavioural differences are
hypothesised to increase colony fitness via ergonomic task allocation (E. O. Wilson, 1980a,b, 1983a,b;
Wetterer, 1999; Wirth et al., 2003; Clark, 2006; Holldobler and E. O. Wilson, 2010; R. M. Schofield
et al,, 2011). However, such hypotheses are difficult to test as they require the functional analysis of
size-related ability and efficiency to perform certain tasks. In order to assess the effects of worker size
and age on the ability to partake in leaf-cutting tasks, I conducted most of my experiments with in-
dividuals of different sizes and/or age post eclosion: In Chapter 5 and 6, I investigate the biomechan-
ical development and effects of mandibular wear, respectively, of differently-aged workers following
eclosion. In Chapter 2, 4 and 6, I study the morphology, bite forces and cutting forces, respectively,
across almost the entire size-range of workers in A. vollenweideri (= 1 — 50 mg). The results of these
chapters provide a biomechanical basis for the ability to leaf-cut, and so add quantitatively to our un-
derstanding of the intricate foraging behaviour of leaf-cutter ants — a biological phenomenon which
has captivated researchers across more than a century and has accumulated a large body of litera-
ture (e. g. W. M. Wheeler, 1907; Walter et al.,, 1938; J. M. Cherrett, 1968; Barrer and J. M. Cherrett,
1972; Jaffe and Howse, 1979; E. O. Wilson, 1980a,b, 1983a; Shepherd, 1985; Rudolph and Loudon,
1986; Howard, 1988; Waller, 1989; Nichols-Orians and Schultz, 1989; Nichols-Orians and Schultz,
1990; Roces, 1990; Wetterer, 1990; Wetterer, 1991a,b; Shutler and Mullie, 1991; Roces and Nuriez,
1993; Wetterer, 1994a,b; Roces and Holldobler, 1994; Wetterer, 1995a,b; Burd, 1995, 1996; Roces
and Holldobler, 1996; Burd, 2000a,b, 2001; Hart et al., 2002; Réschard and Roces, 2003b,a; Burd and
Howard, 2005; Clark, 2006; Evison and Ratnieks, 2007; Lewis et al., 2008; Dussutour et al., 2008;
Helanterd and Ratnieks, 2008; Moll et al., 2010; Roschard and Roces, 2011; Moll et al., 2013; Garrett
et al,, 2016; Arenas and Roces, 2018).

1.3.3 Effects of size and shape

The ability to leaf-cut across workers of vastly different sizes may be expected to vary based on dif-
ferences in size alone. In order to assess to what extent different polymorphs are ‘specialised’ to
leaf-cutting, I need to consider shape differences as well. To differentiate between effects based on
size or shape, I will make use of an important concept in biological sciences termed ‘relative growth’
or ‘allometry’ (see Gayon, 2000, for historical review). Allometry describes "changes in relative di-
mensions of parts of an organism that are correlated with changes in overall size" (Gayon, 2000).

Three different types of allometry are typically distinguished: ontogenetic, static and evolutionary
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Ficure 1.5: Worker-size distribution of a mature Atta cephalotes colony (adapted from Wetterer, 1999, see
Appendix F for permission to republish; original data from Stradling, 1978), spanning an order of magnitude
in head width, which corresponds to an approximately 250-fold difference in body mass (Wetterer, 1994a). The
size distribution of younger colonies with fewer workers have a shorter right tail, i. e. the largest workers are
only ‘produced’ in colonies that exceed a certain minimum size (E. O. Wilson, 1983b). Size-polymorphism in
leaf-cutter ants is associated with an extensive division of labour: The smallest workers attend to the queen,
brood and fungus; a range of medium-sized workers harvests fresh plant matter; and the largest workers, so-
called ‘soldiers, defend the colony against intruders (E. O. Wilson, 1980a).

allometry (Gould, 1966; Gayon, 2000; Pélabon et al.,, 2013). Ontogenetic allometry describes rela-
tive changes during an individual’s development, static allometry is defined across individuals from
the same population and equal developmental stage, and evolutionary allometry is measured across
species (Gould, 1966; Pélabon et al., 2013). Leaf-cutter ants do not grow externally after eclosion,
so that the observed size-range covers workers of the same developmental stage. The scaling re-
lationships across fully-matured workers in Chapter 2, 4 and 6 are hence ‘static. In contrast, most
available intraspecific studies on bite forces describe ‘ontogenetic’ allometries (see Chapter 4), which
may underlie different constraints (Pélabon et al., 2013); the various developmental and evolution-
ary constraints on allometry are highly complex and beyond the scope of this introduction (for the
interested reader, I recommend Gould, 1966; Egset et al., 2012; Pélabon et al., 2013; Voje et al., 2014;
Bolstad et al., 2015).

In contrast to this complexity, allometric relationships are typically described by a simple equation:
y = ax®, where trait y scales proportionally to trait 2 to the power of scaling coefficient b (Huxley,
1924). After logarithmic transformation, this power equation takes a linear form: logy = blog x +
log a (Huxley, 1924; Gould, 1966), which I use as the basis to characterise most scaling relationships
in this thesis. If traits  and y have the same dimension, b should equal one if geometric similarity
(isometry) is maintained; if x is a volumetric quantity (such as mass) and y is a length, b = 1/3 for
isometric growth (Gould, 1966). Allometry occurs when b deviates from its isometric prediction;
‘positive allometry’ is indicated for larger values of b and ‘negative allometry’ for smaller values.
To illustrate the effects of allometry, imagine a small leaf-cutter ant with body mass, m, and head

0.33

width, H,, (see Fig. 1.6). For isometric scaling, H,, o m"”°°, a large leaf-cutter ant with a body

mass of 100 times m would have a head 4.6 times wider, 100°-33

0.40

~ 4.6. For positive allometry,
H,, < m”*", the head width would be 6.3 times larger. The increase in head width due to shape

differences alone is thus about 40 %, 100040033 ~ 1.4, Naturally, a strong allometry across many
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orders of magnitude in body size can be biologically implausible, if not physically impossible (Gould,
1966). A hypothetical allometric worker of 10 g, far exceeding the maximum body mass measured
for leaf-cutter ants (=110 mg for A. cephalotes, Wetterer, 1994a, and about 50 mg for A. vollenweideri),
would have a head width similar to its body length (excluding the head, see Fig. 1.6).

In the following chapter, I will show how different parameters of the musculoskeletal bite apparatus
vary across more than two orders of magnitude in body mass, and discuss the relative contributions

of size and shape adaptations to the variation of bite force capacity in polymorphous leaf-cutter ants.

KK KRR

Isometric growth

Allometric growth

| | | | I
1 mg 10 mg 100.mg lg 10g

Body mass

FiGure 1.6: The difference between isometric and allometric growth of head size in Atta vollenweideri leaf-
cutter ants (see Chapter 2). The original ant was a 50.1 mg worker with a body length of 9.58 mm, digitised by
Fabian Plum (labelled with *, see Plum and Labonte, 2021). To illustrate isometric growth, the relative head
dimensions were scaled to a 1 mg worker using the allometric scaling coefficients from Chapter 2, and kept
constant across sizes. For allometric growth, relative head width and height were adjusted in accordance to the
observed allometry. Workers on the right side (red area) exceed the naturally occurring size-range, illustrating
the effects and limitations of allometric scaling across large scales. With increasing body mass, the head pro-
portions of allometric workers seem increasingly ‘absurd’; at its most extreme, the head width of a hypothetical
allometric worker of 10 g is similar to the length of its thorax and abdomen combined. All scale bars represent
5 mm and are based on the assumption that body length scales isometrically with body mass; for simplicity,
any body length changes due to head size allometry were neglected.
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2 Morphological determinants of bite

force capacity

I acknowledge the contributions of Thomas van de Kamp and Marcus Zuber, who conducted the uCT
scans, Xinyue Liu, who segmented a subset of the resulting scans, Anaya Pouget, who manually traced

muscle fibres for method validation, and Flavio Roces, who kindly provided the ant colony.

Summary

The extraordinary success of social insects is partially based on ‘division of labour’, i. e. individuals
exclusively or preferentially perform specific tasks. Task-preference may correlate with morpholog-
ical adaptations so implying task-specialisation, but the extent of such specialisation can be difficult
to determine. Here, | demonstrate how the physical foundation of some tasks can be leveraged to
quantitatively link morphology and performance. I study the allometry of bite force capacity in Atta
vollenweideri leaf-cutter ants, polymorphic insects in which the mechanical processing of plant ma-
terial is a key aspect of the behavioural portfolio. Through a morphometric analysis of tomographic
scans, | show that the bite force capacity of the heaviest colony workers is twice as large as predicted
by isometry. This disproportionate ‘boost’ is predominantly achieved through increased investment
in muscle volume; geometrical parameters such as mechanical advantage, fibre length or pennation
angle are likely constrained by the need to maintain a constant mandibular opening range. I anal-
yse this preference for an increase in size-specific muscle volume and the adaptations in internal
and external head anatomy required to accommodate it with simple geometric and physical mod-
els, so providing a quantitative understanding of the functional anatomy of the musculoskeletal bite

apparatus in insects.

2.1 Introduction

Colonies of social insects are stereotypically characterised by a ‘division of labour’, i.e. individu-
als favour some tasks over others (Oster and E. O. Wilson, 1978; Beshers and Fewell, 2001). Such
task-preferences may be the ‘plastic’ result of complex interactions between genetic predisposition,
neural and hormonal factors, and varying levels of experience (Beshers and Fewell, 2001; D. M. Gor-
don, 2016), but they may also correlate with more ‘rigid’ morphological differences in the colony
workforce (Holldobler and E. O. Wilson, 1990; Schmid-Hempel, 1992). A natural aim, then, is to

connect morphological variation with the task-specialisation it enables.
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A textbook example of polymorphic social insects are leaf-cutter ants, in which workers fall on a
more or less continuos size-spectrum covering more than two orders of magnitude in body mass
(see Fig. 2.1). Workers may not only differ in size, but also in shape, i. e. specific body parts may not
scale according to geometric similarity hypotheses (E. O. Wilson, 1953, 1980a; Feener et al., 1988;
Wetterer, 1991a; Wetterer, 1999; Helanterd and Ratnieks, 2008; Groh et al., 2014; Arganda et al.,
2020). Both size- and shape-variation may indicate task-specialisation and so help to increase colony
fitness through ergonomic task allocation (Weber, 1972; E. O. Wilson, 1980a,b, 1983a,b; Wetterer,
1999; Wirth et al., 2003; R. M. Schofield et al., 2011; Hélldobler and E. O. Wilson, 2010), but this link
is speculative where it is not rationalised through a quantitative functional analysis. For some tasks,
e.g. brood care or gardening, such an analysis may be difficult to conduct, but there exists a subset of
tasks where it can be made both explicit and quantitative: Where tasks have a physical foundation, it

is possible to derive exact relationships between morphology and performance from first principles.

A key mechanical task arising in leaf-cutter ants is to cut leaf- or fruit-fragments to supply and main-
tain a fungus used as crop (see Fig. 2.1; Evison and Ratnieks, 2007; Holldobler and E. O. Wilson, 2010;
Garrett et al., 2016). Leaf-cutting occurs on an almost industrial scale, and at significant metabolic
cost: Leaf-cutter ants are responsible for up to 15 % of the defoliation in the Neotropics (Wirth et al.,
2003; Herz et al., 2007; Costa et al., 2008), and the aerobic scope of leaf-cutting is comparable to that
of insect flight (Roces and Lighton, 1995). It thus appears both plausible and necessary that leaf-cutter

ants show morphological adaptations which render them particularly apt at cutting plants.

FiGure 2.1: (A) Atta vollenweideri leaf-cutter ants cut and carry fresh plant fragments using their mandibular

bite apparatus to supply a fungus used as crop (photo: Samuel T. Fabian). (B) This task is performed by workers

which may vary by approximately two orders of magnitude in body mass, as illustrated here with photographs
of head capsules representing this size-spectrum (dorsal view).

In all insects with chewing mouthparts, bite forces are generated by large muscles located in the head
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capsule, and transmitted to the cutting edge of the mandible via an apodeme and a mandibular joint
(Chapman, 1995; E. A. Bernays, 1998; F. Clissold, 2007). Because this musculoskeletal bite system is
both of behavioural, ecological and evolutionary relevance and can be analysed with first principles,
it has received increasing attention from biomechanists (Goyens et al., 2014b,a; Weihmann et al.,
2015a,b; Kundanati et al., 2020), evolutionary biologists (Spagna et al., 2008; D. Li et al., 2011; David et
al,, 2016b,a; Blanke et al., 2017; Booher et al., 2021), functional morphologists (Heethoff and Norton,
2009; Schmitt et al., 2014; Weihmann et al., 2015b; Wipfler et al., 2016; Khalife et al., 2018; Larabee et
al,, 2018; Lillico-Ouachour et al., 2018; A. Richter et al., 2019, 2020, 2021) and (behavioural) ecologists
alike (Wheater and Evans, 1989; Gronenberg et al., 1997; Paul and Gronenberg, 1999; Paul, 2001; F.
Clissold, 2007; Hall et al., 2010; Muscedere et al., 2011; Paul and Roces, 2019; Klunk et al., 2020).
Concretely, for an isometric contraction at zero fibre stretch, the force exerted at any point of the
mandible, Fj, may be written as the product between the ratio of muscle volume V/,, and the average
fibre length L s (the physiological cross-sectional area of the muscle, Appys = Vi, /L), the muscle
stress o, the cosine of the pennation angle ¢, and the mechanical advantage MA (Wheater and
Evans, 1989; Paul and Gronenberg, 1999; F. Clissold, 2007; Heethoff and Norton, 2009):

Acry
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Parametrising the bite force in this way has two distinct advantages. First, it illustrates that / may be
modulated by changing one of three distinct determinants: muscle physiology (represented by muscle
stress), total muscle investment (represented by muscle volume), and the geometry of the musculoskele-
tal apparatus, defined by the arrangement of muscle fibres and the lever system. The product between
the latter two terms may be interpreted as the effective cross-sectional area A, s of a muscle which

acts directly at the point of force application; A, is thus a suitable proxy for bite force capacity.

Second, because A, is defined entirely by morphological quantities, it is possible to quantitatively
link both size- and shape-variation across workers to a specialisation in terms of bite force capacity.

1/3 and

Concretely, the parsimonious assumption of geometric similarity implies V;;, oc m, Ly oc m
cos¢p o< MA o< mP, sothat A, ff X m?/3 (where m is body mass). Any deviation from this prediction
indicates shape-variation that correlates with a modulation of bite force capacity. Here, I use this
predictive model as a quantitative guideline for a morphometric analysis of the bite force apparatus
of Atta vollenweideri leaf-cutter ants across the entire size range. I (i) investigate if bite force capacity
is modulated solely by size or also by shape differences; (ii) analyse if and why such specialisation
may occur predominantly via changes in muscle investment vs geometry; and (iii) discuss how any
specialisation requires a variation of the external and internal head morphology, due to geometric

and mechanical constraints.
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2.2 Materials & methods

2.2.1 Study animals

Individual ants were sampled from a colony of Atta vollenweideri, founded and collected in Uruguay
in 2014. The colony was kept in a climate chamber at 25 °C, 60 % relative humidity, in a 12/12 h light
and dark cycle (FitoClima 12.000 PH, Aralab, Rio de Mouro, Portugal), and was fed with bramble and
honey water ad libitum. About 30 ants, across the size spectrum, were collected from the foraging
area and weighed (Explorer Analytical EX124, max. 120 g x 0.1 mg, OHAUS Corp., Parsippany, NJ,
USA). From these 30 ants, I then selected 16 individuals including the heaviest (43.3 mg) and lightest
(0.3 mg) specimen to achieve an approximately even spacing between log-transformed masses. The
sample size was limited by the time-intense segmentation process. However, the consistently high
R? values of my scaling regressions, and the narrow confidence intervals of the associated slopes

suggest that my conclusions are robust (see section 2.3).

Ants were sacrificed by freezing and decapitated using a razor blade. In order to facilitate fixa-
tive penetration, the antennae and labrum were removed with fine forceps (Dumont #5, Montignez,
Switzerland), and about five holes were pierced into the head capsule using ‘00’ insect pins for spec-
imens >1 mg. All heads were fixed in a paraformaldehyde solution (4 % in PBS, Thermo Fisher Sci-
entific, Waltham, MA, US) for 18 h and subsequently stored in 100 % ethanol.

2.2.2 Micro computed-tomography and tissue segmentation

Computed-tomography (CT) scans were performed at the Imaging Cluster at the KIT light source
(see Appendix A for details). Prior to segmentation, the tomographic image stacks were preprocessed
using ‘Fiji’ (Schindelin et al., 2012). Each stack was aligned such that the lateral, dorso-ventral and
antero-posterior axes coincided with the principal axes of Fiji’s coordinate system (see Fig. 2.2). The
lateral and dorso-ventral axes were defined based on the bilateral symmetry of the heads. The antero-
posterior axis was defined as the line connecting the distal end of the dorsal mandible with the centre
of the posterior head opening in lateral view. The oriented image stacks were imported in ITK-
SNAP’ (v 3.6, Yushkevich et al., 2006) for threshold-based segmentation. Head capsule, mandibles,
as well as mandible opener and closer apodemes and muscles were separated with the semi-automatic
‘active contour’ mode; directly- and filament-attached muscles were segmented as individual tissues.
The grayscale thresholds, set individually for each tissue, were kept constant within a sample, but
were manually adjusted between samples to account for variation in contrast and brightness. For
each individual, a second segmentation was performed to quantify characteristic linear dimensions
of the head capsule and its volume. Artificial segmentation boundaries were added where the head
capsule was open: At the anterior side, the segmentation was ‘cut-off’ at the mandible joints; the

posterior head opening was closed at the lateral edge of the postocciput (see A. Richter et al., 2020).
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FiGure 2.2: (A) Dorsal, (B) lateral and (C) ventral view of the internal head anatomy of a medium-sized Atta
vollenweideri worker (10.9 mg). Tissues as segmented from micro-computed tomography scans are shown in
green (closer muscle), yellow (opener muscle), turquoise (closer apodeme) and light brown (opener apodeme).
Muscle fibres as reconstructed with a custom fibre-tracking algorithm are coloured in blue (closer muscle) and
red (opener muscle); dashed lines indicate the lateral (left-right), antero-posterior and dorso-ventral axes. Head
width W, height Hp, and length L, are indicated. (D) The effective inlever |L,-,e ! f|, proximal and distal
outlevers, |Lo eff,p| and |Lo,cfy,d|, respectively, are defined as the perpendicular distances to the rotational
axis of the mandible joint R.
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2.2.3 Morphometric analysis

I extracted a series of parameters from the CT scans in order to characterise changes in the key

morphological determinants of bite force, and associated changes in head and apodeme morphology.

Head dimensions: Head width and height were extracted from the ‘head volume’ segmentation,
using Fiji’s native 2D particle analysis on all slices perpendicular to the antero-posterior axis. Based
on the bilateral symmetry of the heads, head width and height were defined as the width or height
of the bounding box with maximum lateral or dorso-ventral expansion, respectively. Head length, in
turn, was defined as the antero-posterior distance between the first and last image slice containing

segmented head volume.

Volume occupancy: Segmentation volumes were directly exported from TTK-SNAP’. I measured
the functional volume’ occupied by muscle as the volume of a convex hull surrounding the segmented
muscle tissue, extracted with the ‘3D convex hull’ plugin in Fiji (Sheets et al., 2011). The functional
volume encapsulates all muscle fibres and the space between them including filaments and apodeme.

Volume occupancy was defined as the ratio between functional volume and head volume.

Apodeme dimensions and orientation: In order to functionally analyse the apodeme, I first needed
to identify its main axis. This task may seem trivial because apodemes in leaf-cutter ants are approxi-
mately linear structures (see Fig. 2.2). However, to enable an unbiased and quantitative analysis across
all scans, I standardised the procedure as follows: First, [ extracted the centres-of-area of the apodeme
cross-sections perpendicular to the antero-posterior axis. Second, I performed a principal compo-
nent analysis on the zyz coordinates of these centres-of-area, akin to a three-dimensional regression
analysis. The first principal component then represents the axis around which the apodeme is most
‘centred’ — the apodeme main axis. Next, the apodeme image stack was rotated such that it was per-
pendicular to the main axis using ‘Transform]” (Meijering et al., 2001). Apodeme length was defined
as the distance between first and last image slice containing segmented apodeme; cross-sectional ar-
eas and perimeters were extracted via 2D particle analysis for each slice. Apodeme centre-of-mass

and surface area were extracted with Fiji’s native 3D particle analysis routines.

Muscle fibre dimensions and orientation: Length and orientation of segmented muscle fibres
were extracted with a custom tracking algorithm written in Python 3.7.6 (Van Rossum and Drake,
2009). A detailed description of the algorithm is provided in Appendix A. In short, the origins of
individual muscle fibres were identified by dilating the head capsule, and extracting the intersections
with the muscle tissue. These intersections were used as ‘seed points’ to grow fibres in an iterative
process, designed to maximise fibre length and homogeneity. I extracted muscle fibre length and

pennation angle for a total of 62,380 fibres across all samples.

Fibre pennation angle was defined as the angle between the fibre and the main axis of the apodeme
(Paul and Gronenberg, 1999). Implicit in this definition is the assumption that muscle contraction
moves the apodeme along its main axis. This assumption is supported by the fact that the main

axis approximately coincides with the resulting net muscle force vector, which has been used as an
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alternative reference axis for the calculation of pennation angles in previous studies (Goyens et al.,
2014b; Weihmann et al., 2015b). Pennation angles, averaged for each muscle tissue, were about two
degrees smaller using this definition, but this difference was independent of worker size [Analysis
of covariance (ANCOVA): Fy 56 = 0.10, p = 0.75], within the accuracy of the angle estimation (see

section 2.2.4), and thus does not affect conclusions on the scaling of the average pennation angle.

The muscle physiological cross-sectional area A,,,; was defined as the ratio between segmentation
volume and average muscle fibre length. Note that all morphological muscle parameters are from
scans with closed mandibles and maximum muscle contraction. Thus, closer muscle fibre are shorter,
have higher pennation angles, and larger physiological cross-sectional areas than in the uncontracted

state (see Paul and Gronenberg, 1999).

Mandible dimensions: Mandible inlever was defined as the distance between (i) the insertion of the
apodeme ligament to the mandible and (ii) the mandible joint (see Fig. 2.2D). The apodeme ligament
is the segment between the anterior cranio-mandibular muscle apodeme (henceforth referred to as
closer apodeme) and the mandible base (see Gronenberg et al., 1998b; T. S. Silva and Feitosa, 2019);
the location of the mandible joint was defined as the centre of the ridge between the ventral mandibu-
lar articulation and the atalar acetabulum (see A. Richter et al., 2020). In contrast to the inlever, the
outlever is not solely defined by anatomy, but can be adjusted to serve behavioural needs. For ex-
ample, leaf-cutter ants may use only the distal end of their mandibles to anchor or cut through the
leaf lamina, or engage the entire blade when cutting thicker veins (Tautz et al., 1995; R. M. Schofield
etal.,, 2011). The minimum and maximum functional outlevers were defined as the distance between

point (ii) and the tip of the most proximal or distal mandibular tooth, respectively.

I then estimated the effective in- and outlevers, |L; cf¢|, and |L, o f|, respectively, defined as the
moment arms perpendicular to the axis of rotation (and the apodeme main axis for the inlever, see
Fig. 2.2D). This calculation required three assumptions on the kinematics of the mandibles: (i) the
mandible joint is a revolute joint (Gronenberg et al., 1998a; Paul, 2001; Paul and Gronenberg, 2002;
Patek et al,, 2006; Larabee et al.,, 2018; A. Richter et al., 2019, 2020), (ii), the joint rotational axis
has a constant relative orientation with respect to a head-fixed coordinate system (see W. Zhang et
al., 2020a), and (iii), the apodeme force vector lies in the plane of rotation (I account for this mis-
alignment in Chapter 3 and 4, but the resulting difference is minimal). The second assumption was
supported by preliminary kinematics analysis suggesting that the rotational axis is approximately
parallel to the sagittal plane, and forms an angle of about 25° to the dorso-ventral axis (see Fig. 2.2
and Chapter 3 and 4). In comparable studies on cockroaches, dragonflies and stag beetles, the axis
of rotation was deduced from morphology alone (Goyens et al., 2014b; Weihmann et al., 2015a,b;
David et al.,, 2016b,a). Ants, however, posses more complex joints, rendering morphological infer-
ence difficult (but see A. Richter et al., 2019, 2020, 2021). I observed no obvious changes in joint
morphology across sizes, so that any errors introduced by this estimation are unlikely to result in
a systematic effect on my scaling analysis. The mechanical advantage MA was defined as the ratio

between effective in- and outlevers.
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2.2.4 Error analysis

The accuracy of the fibre identification and tracking procedure is defined by four distinct sources
of error: (i) identification error, (ii) intrinsic error, (iii) segmentation error, and (iv) tracking error. 1
assessed these errors by comparing the result of the tracking algorithm with manual measurements of

length and orientation of a subset of 278 fibres across the ant size-range (see Appendix A for details).

Identification error: In order to track fibres, they first need to be correctly identified. My approach
based on head capsule dilation may identify too many fibres — by considering ‘noise’ as a seed point
— or too few, by assigning the origin of multiple fibres to one single seed point. As it was unfeasible
to manually count fibres, I quantified this error indirectly, by comparing the average physiological
cross-sectional areas per fibre, A f, calculated in two different ways. First, I rotated the image stacks of
manually tracked fibres to be perpendicular to the fibre’s long axis (see section 2.2.3 and Appendix A);
the cross-sectional area of these fibres was then measured by placing an ellipse around the fibre at
three locations along its length. Second, I estimated Ay as the ratio between the total physiological
cross-sectional area and the estimated numbers of fibres (this definition conflates identification and
length estimation errors). An ANCOVA on log;o-transformed data showed neither a significant dif-
ference between the two methods, nor an effect of size [method: Fy 33 = 1.11, p = 0.30, interaction:

F1,38 = 3.82, p = 0.06]. Thus, identification error is negligible.

Intrinsic error: Even a perfectly tracked fibre is limited in accuracy by an error intrinsic to the
tracking method: the fibre with the highest quality connects the centre of the fibre origin at the head
capsule with the edge of the fibre end - the longest line that contains only segmented tissue. As a
result, both the fibre orientation and the fibre length have an accuracy which depends on the aspect
ratio, p, of the fibres, defined as the fibre radius divided by fibre length. The fibre orientation will
deviate from its main axis by £, = arctan(p), whereas the fibre length will be overestimated by a
factor Ejength = \/,027—4—1 For typical muscle fibres, p /2 0.04, so that the angles have an accuracy

of approximately 2°, and the length is overestimated by less than one per mille.

Segmentation error: Because both angle and length are estimated from the segmented tissue, the
accuracy is defined with respect to it. In order to quantify segmentation error, fibre orientation and
length were measured manually from both segmented and unsegmented image stacks. On average,
segmented fibres were 4 + 6 % shorter than those measured directly from the CT-scans (One-sample
t-test: p < 0.05). This error decreased significantly with size, approached zero for the largest workers
[ANCOVA: F; 10 = 10.72, p < 0.01; Ordinary Least Squares (OLS) slope on semi-log data: -0.04, 95 %
CI:(-0.10 | 0.01)], and is small compared to the overall variation in fibre length (about sixfold). Pen-
nation angles did not differ significantly between unsegmented and segmented fibres (One-sample

t-test: p = 0.33).

Tracking error: I quantified tracking error by direct comparison of manual and automated mea-
surements. Fibres were matched between manual and automatic measurements by minimising the

distance between respective fibre origins. My custom-written algorithm overestimated the fibre
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length by 12 & 21 % independent of size [ANCOVA: Fy 19 = 1.23, p = 0.29]. Average pennation angles
were overestimated by 5+ 3° independent of size [ANCOVA: F; 19 = 0.46, p = 0.51]. These results
compare favourably to the performance of commercial alternatives (Sullivan et al., 2019; Katzke et
al, 2022).

2.2.5 Data analysis

All data analysis was performed in jupyter lab v 2.1.2 (Kluyver et al., 2016), using R v 3.6.1 (R Core
Team, 2020) and Python v 3.7.6 (Van Rossum and Drake, 2009). Unless stated otherwise, all values
are given as mean = standard deviation. There was no significant difference between tissues in the
left and right head hemispheres [ANCOVA: p > 0.05], so I used the average. Analyses involving mor-
phological traits, their derived quantities and body mass were performed on log;o-transformed data.
I used OLS and Standardised Major Axis (SMA) regressions models implemented in the R package
‘SMATR’ to describe scaling relationships (Warton et al., 2012). The suitability of these models is
subject to debate, as they involve assumptions on ‘observational’ and ‘biological’ errors (Warton et
al,, 2006; R. J. Smith, 2009; Egset et al., 2012). Fortunately, the main conclusions of this paper are
supported by either model. The text reports the results for OLS regressions for simplicity; SMA re-
gression results are provided in Appendix A.

Allometric scaling in polymorphic ants has sometimes been described with bi- or curvilinear mod-
els, i. e. a single log-log slope may not allow an adequate description of the observed allometry (E. O.
Wilson, 1953; Feener et al., 1988; Wetterer, 1991a; D. E. Wheeler, 1991; Seid et al,, 2011; Wills et al.,
2018; Arganda et al., 2020). Visual inspection of key morphological traits in my data suggested an ap-
proximately linear relationship on a log-log-scale, i. e. a constant differential growth factor (Huxley,
1924). However, the smallest workers (head width < 1 mm), appeared to depart from this linear re-
lationship: ‘Minims’ systematically ‘underperformed; i. e. they had significant negative residuals (see
e.g. Fig. 2.3D). Indeed, the assumptions of a linear model were only met when minims were excluded
(assessed via a global procedure following Pefia and Slate, 2006), which also increased the coefficient
of determination R? considerably for all regressions on opener and closer muscle volumes, inlever
and outlevers. On the basis of this statistical observation, as well as the biological argument that min-
ims preferentially engage in brood care and gardening, and only rarely partake in foraging activities

which involve cutting (E. O. Wilson, 1980a), I excluded them from all subsequent analyses.

2.3 Results and discussion

Cutting plant fragments is a central part of the behavioural repertoire of leaf-cutter ants. Bite force
capacity is thus a biologically relevant performance metric for the suitability of an individual worker
to partake in foraging. All morphological determinants of bite force capacity apart from fibre length
differ significantly from isometry (see Table 2.1 for detailed statistics). As a cumulative result of these
changes, the effective cross-sectional area, Ay scales as Aqpp o< mY-88 [959% CI: (0.81 | 0.95)], in

significant excess of the isometric prediction, A.fs o m0 67, This difference in scaling coefficients
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may appear small, but it results in a substantial enhancement of the absolute bite force capacity:
the largest workers have an effective cross-sectional area twice as large as predicted from changes
in body mass, (45/1)%-88-0-67 ~ 2 achieving this increase in bite force capacity through changes
in size alone would require workers of a maximum size approximately 23/2 ~ 3 times larger than
the largest workers in the colony. Two key questions emerge from this result. First, which of the
‘morphological dials’ are turned to achieve the departure from isometry? Second, what additional
adaptations of internal and external head morphology are required to implement those changes?
TaBLE 2.1: Results of Ordinary Least Squares regressions describing the relationship of logio-transformed

determinants of bite force capacity, Ac s, internal and external head dimensions with logio(body mass in mg).
95 % confidence intervals are provided in parentheses.

Quantity Unit Elevation Slope R?
Acry mm? -1.49 (-1.56, -1.42) 0.88 (0.81, 0.95) 0.99
Vin mm3 -1.43 (-1.52,-1.33) 1.15 (1.06, 1.25) 0.98
Ly pm 2.4 (2.36, 2.44) 0.3 (0.26, 0.34) 0.96
Aphys mm? -0.83 (-0.9, -0.76) 0.86 (0.79, 0.92) 0.99
cos¢ ) -0.1(-0.11, -0.08) -0.02 (-0.04, -0.01) 0.49
MA () -0.57 (-0.6, -0.54) 0.05 (0.02, 0.08) 0.54
ILi syl mm -0.75 (-0.79, -0.72) 0.38 (0.35, 0.42) 0.98
Lo.cspl mm -0.43 (-0.46, -0.4) 0.35 (0.32, 0.38) 0.99
| mm -0.19 (-0.21, -0.16) 0.34(0.31, 0.36) 0.99
Vi, mm?® -0.56 (-0.63, -0.49) 1.15(1.08, 1.21) 0.99
W, mm -0.02 (-0.04, 0) 0.4 (0.38,0.42) 0.99
Hy, mm -0.23 (-0.25,-0.21) 0.38 (0.36, 0.4) 0.99
Ly, mm -0.08 (-0.11, -0.04) 0.36 (0.33, 0.39) 0.98
Aupo mm? -2.71(-2.77, -2.65) 0.89 (0.83, 0.95) 0.99

2.3.1 Functional constraints on mechanical advantage and pennation angle favour
positive allometry of A,

The maximum bite force capacity is determined by the investment in muscle volume V,,,, and by the
average fibre length L r, pennation angle ¢ and the mechanical advantage MA of the force transmis-
sion system (see Eq. 2.1). About 70 % of the observed disproportionate increase in A,y is achieved by
a disproportionate increase in muscle volume V;,,. MA and L, in turn, make a contribution of about
40 %; the systematic decrease of ¢ seemingly reduces size-specific bite force capacity by about 10 %
(see Table 2.1 and Fig. 2.3A). Thus, bite force capacity is substantially enhanced through an increased
investment in muscle volume as opposed to adjustments in the geometry of the musculoskeletal ap-

paratus. What are the advantages and disadvantages of altering the relative force capacity through a
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systematic increase in volume investment over changes in geometry, and what constraints may limit

one strategy or favour another?

Mechanical advantage: Across worker sizes, MA shows limited but significant positive allometry;
MA increases by about 20%, irrespective of whether it is defined with respect to the distal or proximal
sections of the gnathal edge (sensu (S. Richter et al.,, 2002); see Table 2.1 and Fig. 2.3B). A systematic
change in MA may be achieved by an increase of the effective inlever (|L; o ¢f|), a decrease in the ef-
fective outlever (|L07e If |), or a combination of both. In A. vollenweideri, the positive allometry in MA
is solely driven by the first option (see Fig. 2.3C). Although halving |L, . ¢ s| would result in the same
numerical change of MA as doubling |L; 7 |, these two changes are not functionally equivalent: An
increase in |L; . s ¢| increases the force available at any point along the mandibular cutting edge. In
contrast, a shortening of |L, . s ¢| merely reduces the functional length of the mandible without pro-
viding a clear functional advantage — smaller outlevers can also be achieved by simply biting with a
more proximal part of the mandible. Because this behavioural flexibility is not afforded to |L; ¢ ¢| -
which is anatomically fixed - it is functionally sensible to drive systematic changes in MA through

changes in inlever length.

Notably, both the absolute value of the MA and its variation, 0.27 < MA < 0.32 for the distal out-
lever, are at the lower end of values reported across numerous insect taxa (typically 0.3 < M A <
0.8, see Blanke, 2019). Thus, the ants appear to utilise only a small fraction of the theoretically avail-

able scaling capacity — a change from 0.3 to 0.8 across worker sizes would result in MA oc m%-29,

a
factor of five in excess of the observed scaling. I argue that the scaling capacity of MA is constrained
for at least two reasons. First, systematic increases in |L; . ¢| are difficult to implement, because
inlevers are internal to the head-capsule. Second, the magnitude of the bite force is not the sole
functional determinant of bite performance. Instead, ant workers may have to maintain an approxi-
mately similar opening range across sizes, which results in a functional coupling of in- and outlever.
To retain an equivalent mandibular opening range, a strong positive allometry of MA would require
relatively longer muscle fibres, or an increase in characteristic muscle strain. Implementing either
option likely requires substantial changes to head anatomy or muscle physiology, and may there-
fore only be possible across more distantly related species, where developmental and phylogenetic
constraints are relaxed. Indeed, the MA of the mandibular system contains significant phylogenetic
signal (Blanke, 2019), and extreme variations in outlever such as between male and female stag bee-
tles are matched by corresponding changes in inlever (Goyens et al., 2014b), both consistent with this

interpretation.

Pennation angle: Across worker sizes, the cosine of the average pennation angle ¢ decreases sig-
nificantly by about 8%, i.e. ¢ increases from about 37° to 43° (see Table 2.1 and Fig. 2.3B). Thus,
the systematic change in ¢ seemingly decreases the bite force capacity of larger workers. However,
this conclusion is premature. Pennate muscle fibres require an attachment area which exceeds their
cross-sectional area by a factor csc(¢) (Pfuhl, 1937; Benninghoff and Rollhduser, 1952; Alexander,
1969; Wheater and Evans, 1989; Paul and Gronenberg, 1999; Paul, 2001). This dependency of the
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Ficure 2.3: Scaling of bite force capacity and its morphological determinants in A. vollenweideri leaf-cutter
ants. Solid lines show the results of Ordinary Least Squares regressions on logio-transformed data excluding
the minims (triangles), shadings show the 95% confidence intervals, and dashed lines show predictions from
isometry. (A) Bite force capacity is determined by investment in muscle volume V,,, and the geometry of the
musculoskeletal apparatus, and shows strong positive allometry. The shaded areas indicate the extent to which
the size-specific increase in bite force capacity is determined by the different morphological determinants. (B)
The mechanical advantage, MA and cosine of the average pennation angle, cos¢, both change systematically
but moderately with size. (C) The change in mechanical advantage is solely achieved by a positive allometry of
the inlever |L; ¢ ¢ |; both the distal and proximal effective outlevers, |Lo e ff,p| and |Lo,c s f,4|, respectively, are
isometric. Fibre length, L ¢, shows a weak but non-significant trend to negative allometry. (D) Muscle volume
grows with strong positive allometry, and because fibre length is isometric, this increase largely reflects an
increase in the physiological cross-sectional area of the muscle.
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physiological cross-sectional area on ¢ introduces a sin-term into Eq. 2.1, so that the maximum bite
force capacity occurs not for ¢ = 0°, as may be concluded from Eq.2.1. Instead, the maximum
occurs for d% [singcosp] = 0, i.e. for ¢ = 45°, remarkably close to the values measured for the
largest workers (also see Paul and Gronenberg, 1999). Concretely, although the fraction of the force

acting along the apodeme decreases as m ~9-02 0.03

, the potential for an increase in A, scales as m
so that the net result of the increase in ¢ may well be an increase in bite force capacity; I discuss how
the disproportionate increase in Ay, is implemented below. Because small workers already have
average pennation angles close to the theoretical optimum for force capacity, the net change in bite
force capacity arising from changes in ¢ is negligible. Indeed, the similarity of ¢ across sizes likely
reflects a functional limitation in analogy to the constraint imposed on |L; ¢ |: changes in ¢ at con-
stant size-specific muscle length would either alter the functional opening range of the mandible, or
require a systematic variation in characteristic muscle strain (see Benninghoff and Rollhiuser, 1952;

Brainerd and Azizi, 2005).

Muscle length and volume: The segmented volume of the closer muscles fibres scales with positive
allometry, V;,, oc m!' 12, In contrast, the length of the muscle fibres scales close to isometry, L X
m930 (see Table 2.1 for detailed statistics). Thus, the positive allometry of V;,, exclusively reflects a

strong positive allometry of A, o m0-86

, and hence bite force capacity. Leaf-cutter ants thus
deploy a ‘hybrid strategy’ of combining positive allometry of muscle volume with isometry of fibre
length, simultaneously satisfying two biological demands: the differential growth of L ; and \/m
systematically increases bite force capacity, and the isometric growth of L ; ensures that mandibular

opening range remains approximately size-invariant.

2.3.2 Positive allometry of bite force capacity requires substantial changes to ex-

ternal and internal head anatomy

I have demonstrated that larger A. vollenweideri leaf-cutter ants boost their bite force capacity via an
increase investment in muscle volume, while the geometric arrangement defined by muscle length,
pennation angle and the mechanical advantage only shows minor size-specific changes. This positive
allometric growth results in a substantial increase of bite force capacity (see Fig.2.3A), but poses
a significant challenge for external and internal head anatomy: Internal adaptations are required
to provide the attachment area for a relatively larger Apys; external adaptations are necessary to
combine the positive allometry of A, with isometry of Ly, and to provide sufficient space for

other functional tissues.

Internal anatomy: The disproportionate increase in A, s needs to be matched by an equivalent
increase of the internal attachment area. In order to model this increase, I approximate the shape
of each half of the head capsule as a cylinder with radius R and height h = f; R (with f;, > 0).
This cylinder is terminated with a spherical cap, also with radius R, at its posterior end. The internal
attachment area, in turn, is defined by a cylindrical part with equal height A, but radius r = f, R

for the cylindrical section and the spherical cap (with 0 < f,. < 1. The internal area is not equal to
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the apodeme surface area, because most muscle fibres attach via filaments, see Fig. 2.4). I estimate h
as the apodeme length, R as a quarter of the head width, and r = R — Lysin¢. This simple model
predicts the functional volume occupied by muscle to 3 % accuracy (Vyne = Vegt), and Appys to 19 %
accuracy (Apnys ~ sing A;p). Having demonstrated that my geometric approximation captures the
salient features of the internal and external head geometry pertaining to the arrangement of the

closer muscle, I turn my attention to two functional predictions it enables.

Small worker ~ 1 mg Medium worker ~ 20 mg Large worker ~ 40 mg

NN NN

f,=1.55;f, = 0.40 f, = 1.40; f, = 0.47 f,=1.30;f,=0.55

FiGURE 2.4: The volume of half a head capsule may be modelled as a cylinder of length h and radius R, termi-
nated by a spherical cap. The internal fibre attachment area surrounds an internal volume of identical geometry,
but with radius » < R; this volume contains both the apodeme, and muscle-filaments (see main text).

First, I note that, although Aphys can be increased by increasing either h or r, deviating from the
isometric prediction of Appys o V967 requires a systematic variation in /R = f,., which controls

the surface to volume ratio of the muscle (see Appendix A):

Aphys sing
Vo " R(_1) 22

Indeed, in A. vollenweideri, r grows more quickly than R, so that f, increases systematically with size
[ oc m©49.95 % CI:(0.45 ] 0.52); f, oc m%-09.95 % CI:(0.05 | 0.12), see Fig. 2.5A]. As a consequence of
this shift in internal anatomy, the positive allometry of muscle volume is disproportionally invested
into A,y instead of L. Additional support for the hypothesis that a disproportionate increase in
Aphys is the dominant objective is provided by the observation that 4 grows more slowly with mass
than 7 [h oc m%37. 95% CI: (0.34 | 0.39)].

Second, I seek to demonstrate that heads of A. vollenweideri workers occupy a morphological space
where a shift of volume from fibre length to area can be achieved without a significant variation of
the total muscle volume. The origin of the complex relationship between length, area and volume

is rooted in the space-constraint imposed by an exoskeleton: The area occupied by a cross-section
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through a muscle fibre is independent of its length, but the internal area available to attach it decreases
as the fibre gets longer (Paul and Gronenberg, 1999; Paul, 2001). For a given head volume, there thus
exists a trade-off between maximising fibre length or fibre cross-sectional area: At one extreme are
fibres of maximum length which have no internal area to attach to; at the other extreme are fibres
with a maximum A, equal to the internal surface area of the head capsule, but of miniscule length.
The volume of the muscle, then, is maximised at some compromise between investment in fibre length
vs area. In order to calculate the geometric arrangement which optimises muscle volume, I consider
the fraction of the available head volume occupied by the closer muscle, 1, which is a function of f,

and fj, (see Appendix A):

Vin o fq? (1 _fr)+fhfr (1 _fr)
Vour 1/3+ fu/2

(2.3)

The maximum for 7 falls between two extremes set by a high-aspect ratio cylinder (f, >> f,,
Nmaz = 0.5, fr(Mmaz) = 0.5) and a hemisphere (f, = 0, Mmaz = 0.44, fr(Mmaz) = 0.67; see Ap-
pendix A). Thus, the maximum volume that can be utilised is roughly half of the head capsule, which
requires f,. = 0.5. For Atta-workers, my data suggest 0.36 < f,. < 0.55 and 1.30 < f; < 1.53,
covering a functionally meaningful range (see Fig. 2.5): For f, << 0.5, muscle length is favoured
over area at the steep expense of muscle volume. For f, >> 0.5, in turn, volume is sacrificed to
maximise area. For f, = 0.5 as observed in A. vollenweideri, the partitioning of volume into fibre
length and cross-sectional area can be altered without a large variation in total muscle volume (see
Fig. 2.5B): The geometric changes in internal head morphology increase the size-specific App,s by

more than 50 %, but only alter 7 by about 12 %.

The internal attachment area surrounds an internal volume. In principle, this internal volume could
be filled entirely with apodeme, but in insects, individual muscle fibres may alternatively attach via a
single, thin, filament-like process of the apodeme (Gronenberg et al., 1997). The fraction of filament-
vs directly attached muscle fibres differs across species, and likely reflects functional specialisation
(Gronenberg et al., 1997; Paul and Gronenberg, 1999; Paul, 2001). In A. vollenweideri, 98 &= 2 % of
muscle fibres are filament-attached, independent of worker size [ANOVA: F; 11 = 1.98, p = 0.18].

What is the advantage of such a strong bias towards filament-attached fibres?

Hypotheses on the functional significance of filament-attached muscle fibres are scarce, but previ-
ous work has suggested that using filaments optimises area utilisation (Paul and Gronenberg, 1999;
Paul, 2001). Although filaments indeed result in an increase of the available attachment area, this
is only a sufficient, but not a necessary condition: the same increase could be achieved by increas-
ing the volume occupied by the apodeme instead. Indeed, filament-attached fibres appear to be an
alternative to secondary and tertiary branching of the apodeme (Paul and Gronenberg, 1999; Paul,
2001), suggesting that the optimisation of volume utilisation may not be the dominant driving factor
for filament-attachment. I demonstrate in Appendix A that the use of filaments in A. vollenweideri

substantially reduces the required cuticle volume by an amount approximately equal to the cuticle
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volume of the entire head capsule. Thus, filament-attachment has the advantage of significantly re-
ducing material investment; such ‘light-weight’ construction may be particularly important in insects

which operate close to maximum volume occupancy.

Filament-attachment may also alter how muscle shortening translates to apodeme motion. For ex-
ample, filament-attached fibres are shorter, and thus slower (Paul and Gronenberg, 1999; Paul, 2001).
In addition, the relationship between apodeme displacement and pennation angle change differs be-
tween filament- and directly-attached muscle fibres of equal resting length. The resulting complex
interaction between filament length, apodeme displacement, pennation angle, muscle contraction

and average force is beyond the scope of this chapter, but will be addressed in Chapter 3.

(A)

fh =h/R ~ m-().()3: CI[-0.05I-0.01]

(B)
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FiGure 2.5: (A) The ratio between cylinder length and external radius, h/R, is negatively allometric so that

heads of larger ants appear more ‘heart-shaped’ The ratio between internal and external radius, 7/ R, in turn,

is positively allometric, indicating a change in the surface to volume ratio of the attaching muscle (see main

text). (B) The internal head morphology of A. vollenweideri leaf-cutter ants achieves approximately optimal

volume utilisation (here shown for a mean value of /R = 1.4), and lies in a morphological region where fibre
length and area can be ‘exchanged’ without a significant variation in utilised volume.

Filament-attachment of muscle fibres constitutes a powerful strategy to reduce material investment,
but the apodeme itself cannot be arbitrarily small. Instead, apodeme size is bound by two con-
straints. First, the apodeme needs to have a surface area large enough to attach all muscle fibres.
Only about 6 + 4 % of the apodeme surface area is covered with either filaments or directly-attached
muscle fibres (see Appendix A). Consequently, the surface area is unlikely to be a limiting constraint
for apodeme size. Second, the apodeme needs to have a cross-sectional area sufficiently large to
withstand the muscle force without risking failure. This demand may be formally described as the

condition that the ratio between two characteristic forces is to remain constant:

TapoA
Apodeme safety factor = —22—2 _ 0

2.4
TmAphysCOSP @4
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Here, Aqpo is the cross-sectional area of the apodeme at the location of maximum stress, and 04, is
the yield strength of the apodeme. If both characteristic stresses are size-invariant, the above condi-
tion is satisfied if the scaling of A, is close to the scaling of A4, scos¢ m%84, Consistent with
this condition, I find that Agp,, oc Mm% [95% CI: (0.83 | 0.95), Fig. 2.6A; see Appendix A for how I
determined A,,). Hence, ants possess apodemes with cross-sectional areas just large enough to keep
the stress approximately constant, 0, o< M~ 2% [95 % CI: (-0.10 | -0.02)]. The simple expression for
the safety factor highlights a second important functional demand: the extent to which volume can be
saved through the use of filament-attached fibres is modulated by the ratio 040/ 0y,. For represen-
tative values of 0,, ~ 0.30 M Pa, similar to values for striated muscles in vertebrates (Alexander,
1985), and well within the range reported for arthropods (G. M. Taylor, 2000; Guschlbauer et al.,
2007; Siebert et al., 2010; Meijden et al.,, 2012; Goyens et al., 2014b; Weihmann et al., 2015a, but see
Chapter 3), and 04, ~ 100 — 600 MPa (Jensen and Weis-Fogh, 1962; Bennet-Clark, 1975; Labonte
et al, 2017, see Appendix A), this ratio is typically o4po/0m =~ 300 — 1800. The implemented area
ratio, in turn, is cos¢p Appys/Aapo = 55 £ 5, suggesting that the apodeme operates at a safety factor
of = 5 — 30.

External anatomy: The positive allometry of muscle volume poses a challenge, as larger ants need
to accommodate disproportionally larger closer muscles. This challenge can be addressed by (i) in-
creasing volume occupancy, and/or (ii), increasing the relative head volume. Volume occupancy
indeed increases from 70 to over 80 % (in accordance with previous studies on ant mandible muscles,
e.g. Gronenberg et al., 1997; Paul, 2001), x m99 [95 % CI: (0.03 | 0.06)]. This increase accounts
for about 20 % of the increase in the functional volume in excess of isometry Vi, mb19, as
(45/1)11971.00 ~ 2. The remaining 80 % are enabled by disproportionally larger head capsules,

115195 % CI: (1.08 | 1.21)]. Larger ants tend to have proportionally smaller brains (Gronen-

Vi, xm
berg, 2008; Seid et al.,, 2011; Groh et al,, 2014; Lillico-Ouachour et al., 2018; Arganda et al., 2020),
which may provide some flexibility for muscle occupancy. However, smaller ants already have the
majority of their heads filled by muscle, and larger ants likely need to provide space for other tissues
inside the head capsule, so that the strong allometry of V,,,. must be predominantly achieved by a

positive allometry of overall head volume.

The positive allometry of head volume can be modulated by scaling head length, width and height. I

find that head width displays the strongest positive allometry, W}, oc m%49 (

for Atta, see E. O. Wilson, 1980a; Wetterer, 1999; Helanterd and Ratnieks, 2008), followed by head
0.38

as previously reported
height, Hy, @« m~>°. Head length, in turn, only shows a weak tendency for positive allometry Lj, o
m936 [95% CI: (0.33 | 0.39)] (see Fig. 2.6B). What explains this seeming preference for increasing

some head dimensions more strongly than others?

One possible explanation might lie in the expansion of the internal attachment area: changing the
surface-to-volume ratio requires a strong positive allometry of the internal radius r o< m°4°. Cou-
pled with the isometric growth of fibre length, this allometric expansion affects the relative spatial

demand in width and height more strongly than it does in length, as a larger fraction of head width
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and height is occupied by r. In other words, the effect of the strong positive allometry of 7 on head
length is likely attenuated by the apodeme length, and the space occupied by the opener muscle (see
Fig. 2.2). Head width allometry, in comparison to head height, might be further driven by the need

to accommodate longer mandible inlevers, which are approximately aligned with the lateral axis.
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F1GURE 2.6: Scaling of allometric changes in internal and external head anatomy in A. vollenweideri leaf-cutter

ants. (A) The size-specific increase in bite force associated with the positive allometry of Appys is countered by

disproportionally larger apodemes; the apodeme cross-sectional area A,p, also scales with a strong positive

allometry, so maintaining an approximately equal apodeme stress. (B) The increase in size-specific muscle

volume is accommodated mainly by a positive allometry of head width W}, and height Hj; head length Ly, is
isometric.

2.3.3 Why vary shape to boost bite performance?

The bite force capacity in A. vollenweideri leaf-cutter ants shows strong positive allometry, mainly
achieved by a disproportionate increase in muscle investment. Bite force capacity is of particular
relevance for leaf-cutter ants, as it influences the diversity of plant materials that can be processed
by colony workers (J. M. Cherrett, 1972; E. O. Wilson, 1980a,b; Wetterer, 1994b). Hence, my results
add further support to the hypothesis that size-polymorphism in leaf-cutter ants, and the associated
adaptations in shape, may enable them to forage on a broader spectrum of food sources (E. O. Wilson,
1980a; Waller, 1989; Wetterer, 1999; Clark, 2006; Holldobler and E. O. Wilson, 2010). Why alter force

capacity not only via size- but also via shape-differences?

I propose three potential reasons. First, achieving the same bite force with isometry would require a
worker three times heavier than the largest worker in an allometric colony workforce. The positive
allometry thus increases the effective size range of the colony workforce by a factor of three, but at
reduced ‘production cost’ (which is proportional to mass). It is well established that larger workers
cut tougher leaves (J. M. Cherrett, 1972; E. O. Wilson, 1980a,b; Nichols-Orians and Schultz, 1989;
Wetterer, 1994a,b), and my results suggest that they may even cut relatively tougher leaves. Second,

a disproportionate increase in bite force may be required to compensate an increase in mandibular
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cutting force — the force required to cut a material with mandibles — which may scale in propor-
tion to a characteristic mandible length (J. G. Williams, 2015b; R. M. Schofield et al., 2016, but see
Chapter 6). Third, disproportionally large heads may enable an increase in size-specific bite force
capacity, but they may limit or reduce the ability of workers to perform other tasks, i. e. they render
them less generalist. For example, the increased head size may reduce mobility at the nest entrance
and within the nest where small heads may be beneficial to successfully manoeuvre through the close-
knit structure of the fungal garden (see Fig. 2.6B; Rodriguez-Planes and Farji-Brener, 2019). Indeed,
significant numbers of larger workers typically only exist in colonies which exceed a minimum size
(E. O. Wilson, 1983b), consistent with the hypothesis of specialised large workers but generalist small

workers.

Leaf-cutter ant workers show substantial, size-specific modifications to internal and external anatomy
which increase their bite force capacity. The extent to which this specialisation improves colony
performance requires to integrate the morphological findings of this study with quantitative mea-
surements of cutting performance to assess ‘efficiency, and with behavioural assays to assess how
differences in efficiency are reflected in task allocation. I hope that such work will provide a compre-
hensive and integrative picture of the interaction between worker polymorphism, task specialisation,

and foraging efliciency.
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3 Relationship between bite force and

mandibular opening angle

I acknowledge the contributions of Richard Johnston, who conducted the pCT scans.

Summary

Bite forces play a key role in animal ecology: they affect mating behaviour, fighting success, and
the ability to mechanically process food. Although feeding habits of arthropods have an enormous
ecological and economical impact, we lack fundamental knowledge on how the morphology and
physiology of their bite apparatus controls bite performance and its variation with mandible gape.
To address this gap, I derived a comprehensive biomechanical model that characterises the relation-
ship between bite force and mandibular opening angle from first principles. I validate the model
by comparing its geometric predictions with direct morphological measurements on CT-scans of
Atta cephalotes leaf-cutter ant majors. I then demonstrate its deductive and inductive power with
four exemplary use cases: First, I extract the physiological properties of the leaf-cutter ant mandible
closer muscle from in-vivo bite force measurements, and so add to the few studies on force-length
properties of arthropod muscle. Second, I show that leaf-cutter ants are extremely specialised for
biting: they generate maximum bite forces equivalent to about 2600 times their average body weight
— at least a factor of five in excess of the largest weight-specific forces reported in the literature for
any animal. Third, I discuss the relative importance of morphology and physiology in determining
the magnitude and variation of bite force, so providing guidance for comparative work. And last,
through rational analysis of the model, I suggest a hierarchy of model simplifications and assess the
performance of ‘minimum’ models which predict bite force from a reduced set of easily accessible pa-
rameters. [ hope that my work will facilitate future comparative studies on the insect bite apparatus,

and advance our knowledge of the behaviour, ecology and evolution of arthropods.

3.1 Introduction

Bite forces are a performance metric paramount to animal behaviour, ecology and evolution (R. A.
Anderson et al., 2008). They determine access to food sources (Verwaijen et al., 2002; Meij and Bout,
2004; Gidmark et al., 2013; Lappin et al., 2017; Herrel et al., 2018; Kaczmarek and Gidmark, 2020),
fighting ability and reproductive success (Husak et al., 2009; Hall et al., 2010; Goyens et al., 2014b;
McLain et al., 2015), and the ability to escape predators (Hao et al.,, 2018). Strikingly, the vast majority
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of bite force studies has been conducted on vertebrates and crustaceans (e. g. Pruim et al., 1980; Elner
and Campbell, 1981; Govind and Blundon, 1985; Blundon, 1988; Dessem and Druzinsky, 1992; Lev-
inton and Judge, 1993; L. D. Smith and Palmer, 1994; Block and Rebach, 1998; Yamada and Boulding,
1998; Herrel et al., 1999; G. M. Taylor, 2000; Aguirre et al., 2002; Meyers et al., 2002; Verwaijen et al.,
2002; Dumont and Herrel, 2003; G. M. Erickson et al., 2003; Meij and Bout, 2004; Herrel et al., 2005;
Huber et al,, 2005; Herrel and O’Reilly, 2006; Huber et al., 2006; R. S. Wilson et al., 2007; Bywater
et al,, 2008; Claussen et al., 2008; Freeman and Lemen, 2008; Husak et al., 2009; M. E. Jones and
Lappin, 2009; Lailvaux et al., 2009; S. H. Williams et al., 2009; Pfaller et al., 2010; Becerra et al., 2011;
Grubich et al,, 2012; Marshall et al,, 2012; Becerra et al.,, 2013; Gidmark et al,, 2013; Yap et al., 2013;
G. Erickson et al.,, 2014; McLain et al,, 2015; Senawi et al., 2015; Oka et al,, 2016; Santana, 2016;
Lappin et al, 2017; Penning, 2017; Herrel et al., 2018; Malavé et al.,, 2018; M. E. Jones et al., 2020;
Kaczmarek and Gidmark, 2020; South et al., 2020). In sharp contrast, comparatively few studies
exist for the hyperdiverse non-crustacean arthropods (but see Wheater and Evans, 1989; Paul and
Gronenberg, 2002; Spagna et al., 2008; Heethoff and Norton, 2009; Hall et al., 2010; Meijden et al.,
2010; M. H. Huang, 2012; Meijden et al., 2012; Goyens et al., 2014b; Weihmann et al., 2015a; David
et al,, 2016b,a; Hao et al., 2018; Riihr et al., 2022).

This disparity is as striking as it is surprising; arthropods rely on bite forces just as much as ver-
tebrates: to fight over access to food and mating partners (Hall et al., 2010; Goyens et al., 2014b),
and in other key behaviours such as nest building (Pielstrom and Roces, 2014). The arguably most
important role of bite forces in arthropods, however, is that they determine the ability to mechani-
cally process food (E. Bernays, 1986; Chapman, 1995; F. Clissold, 2007). Indeed, plant-eating insect
have an enormous impact on our lives — they destroy around 11-20 % of our crops, causing billions
of US dollars in economic damage, and may thus jeopardise global food security in a warming cli-
mate (Battisti and Naylor, 2009; Dhaliwal et al., 2010; Oliveira et al., 2014; Rosenzweig et al., 2014;
Sharma et al,, 2017; Deutsch et al., 2018) — and affect entire ecosystems (Crespo-Pérez et al., 2020).
To provide but two illustrative examples, leaf-cutter ants accelerate the cycling of nutrients in the
Neotropics through massive defoliation and decomposition of plant material (H. G. Fowler et al,,
1989), and seed-harvesting ants increase the dispersion rate and regeneration of myrmecochorous
plants (Magalhaes et al., 2018). The need to mechanically process plant-material to feed is likely one
of the driving factors in the evolutionary arms race between plants and insects, and thus constitutes

a significant aspect of insect diversity (E. A. Bernays, 1991; E. A. Bernays, 1998; Krenn, 2019).

Despite this broad significance, fundamental knowledge about the bite performance across the arthro-
pod tree of life is scarce. A reasonable and indeed common starting point to characterise bite perfor-
mance within and between species may be the magnitude of the peak bite force (Alexander, 1985).
This peak force, however, can be difficult to measure, because arthropods are often small, and tricky
to predict, as it depends on the geometry of the bite apparatus and the physiology of muscle; both
vary substantially across arthropods (G. M. Taylor, 2000; Krenn, 2019). To make matters worse,
bite force typically varies with the mandibular opening angle or gape, adding further complexity
(S. W. Herring and S. E. Herring, 1974; Dumont and Herrel, 2003; Heethoff and Norton, 2009; S. H.
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Williams et al., 2009; Gidmark et al., 2013; Yap et al.,, 2013; Goyens et al., 2014b; Weihmann et al.,
2015a; Santana, 2016; Kaczmarek and Gidmark, 2020). This variation is not merely a complica-
tion, but is functionally relevant and may reflect species-specific demands. For example, masticating
bats produce largest bite forces at small opening angles (Dumont and Herrel, 2003; Santana, 2016),
whereas snail-eating carps produce maximum forces at comparatively larger angles (Gidmark et al.,
2013); predatory king salmons produce maximum bite force at a relatively larger mandible gape than
filter-feeding pink salmons (Kaczmarek and Gidmark, 2020); and stag beetles generate largest bite
forces at opening angles that are typical during combat (Goyens et al., 2014b). The ecological and
behavioural needs of each species hence likely drive the morphological and physiological properties
of the musculoskeletal bite apparatus which determine the variation of bite force with mandibular

opening angle.

Notwithstanding this considerable complexity and richness of factors which contribute to and in-
fluence bite forces, bite forces have a mechanical origin, which makes them amenable to exact anal-
ysis from first principles. A quantitative model which predicts the magnitude and variation of bite
force with opening angle from morphology and physiology of the bite apparatus would provide a
powerful tool to study comparative bite performance and head anatomy, and may thus increase our
understanding of arthropod behaviour, ecology and evolution. In the following paragraphs, I derive
such a model and then validate it using Atta cephalotes leaf-cutter ants as model organism. I demon-
strate the utility of the model by extracting the force-length properties of the mandible closer muscle
from in-vivo bite force measurements, discuss the morphology and exceptional performance of the
leaf-cutter ant bite apparatus in an ecological and comparative context, and discuss the possibility
and accuracy of ‘minimum’ bite force models which allow colleagues to predict the magnitude of the

bite force and its variation with opening angle from a reduced set of accessible parameters.

3.2 A biomechanical analysis of biting in arthropods

The magnitude of the bite force, |Fy|, is determined by the morphological architecture and the phys-
iological properties of the musculoskeletal bite apparatus. These two components are fully captured
by two simple terms: the net muscle force which pulls on the apodeme (later referred to as apodeme
force); and the mechanical advantage of the force-transmission system, MA, i.e. the ratio of two
characteristic moment arms (Wheater and Evans, 1989; Heethoft and Norton, 2009, and Chapter 2).
The net muscle force is the vector sum of the forces generated by individual fibres. Combined, all
fibres produce a force with a magnitude equal to the product between a characteristic muscle stress,
o, and a characteristic cross-sectional area, Aphys. However, unless the fibres are perfectly aligned,
only some fraction of the fibre force magnitude contributes to the magnitude of the net force. This
fraction is typically characterised by an average angle of pennation, ¢ (throughout this thesis, all

vectors are bold, and all unit vectors are indicated by a hat). We may thus write:

[E|(8) = 0(68) Ayiys cos[6(6)] MA() (1)
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Inote that only one of the four key parameters in this equation, A, is independent of the mandibu-
lar opening angle 6, defined here as the angle between the lateral head axis and the projection of the
outlever on the plane of rotation (see Fig.3.1A-C and Weihmann et al,, 2015b). In the following
paragraphs, I derive the critical functions o (), cos[¢(#)] and MA(#) from first principles. Under-
standing how the morphology and physiology of the bite force apparatus control the variation of bite
force with opening angle is not just an enjoyable exercise in mechanics, but has substantial biological
implications, for it determines the accessibility of food items of different size (e. g. Gidmark et al.,
2013), and potentially prey handling times (Yap et al., 2013). However, this problem has received rel-
atively little quantitative attention (e. g. S. W. Herring and S. E. Herring, 1974; Gidmark et al., 2013;
Yap et al.,, 2013; Goyens et al., 2014b; Weihmann et al., 2015b).

I derive bite force as a function of the opening angle because this relationship is biologically mean-
ingful and directly relates to the typical experimental procedure to measure bite forces (e.g. Herrel
et al,, 1999; Dumont and Herrel, 2003; Weihmann et al., 2015a). Physically, however, the bite force is
not a function of the opening angle, but of the muscle activation and the muscle fibre stretch ratio A.
The causal relationship |Fy| = f(\) is provided in Appendix B. Throughout the derivation, I use the
following assumptions: mandible kinematics are fully characterised by a single axis of rotation; the
tendon-like apodeme connects to the mandible base via a single attachment point and displaces along
its main morphological axis which coincides with the net muscle force vector; and the head capsule,
apodeme and mandible are rigid. Due to the abundance of dicondylic mandible joints across the in-
secta, which are putative hinge joints (Blanke et al., 2015; Blanke, 2019), and the comparatively high
elastic modulus of sclerotised cuticle (Young’s modulus > 1 GPa, Vincent and Wegst, 2004; Labonte
et al., 2017), these assumptions likely hold for the vast majority of all insect species with chewing-
biting mouthparts, as well as many other arthropods. The model thus has considerable generality, but
I stress that it may not be readily applicable to vertebrate biting, which may involve multiple muscle
insertion points, non-rigid tissue deformation, jaw articulations with multiple degrees of freedom,

and more complex muscle deformations (e. g. Azizi et al,, 2017).

Mechanical advantage: Musculoskeletal lever systems are often characterised in terms of their me-
chanical advantage; the ratio between two characteristic moment arms (e.g. see Wheater and Evans,
1989; F. Clissold, 2007; Goyens et al., 2014b). These moment arms are determined by the location of
two force transmission points, the joint centre, and the orientation of the relevant force vectors and

the joint rotational axis (see Fig. 3.1).

The points of force transmission are readily identified: internally, it is the attachment point of the
apodeme to the mandible base (in most insects, muscle force is transmitted to the mandible via a
single closer apodeme, see Blanke, 2019); externally, it is the bite contact point on the mandibular
blade. The rotational axis, R, is determined by joint morphology, and may often be inferred from
the axis connecting the two joint condyles (Blanke et al., 2012; Goyens et al., 2014b; Weihmann et
al,, 2015b; David et al., 2016b,a). I use the apodeme main axis A as proxy for the orientation of the

internal apodeme force vector, because it is easier to measure and closely aligned with the net muscle
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FiGure 3.1: (A-C) The bite force F; is a function of muscle stress o, physiological cross-sectional area Appys,
pennation angle ¢, apodeme angle vy, and the mechanical advantage determined by inlever L; and outlever L,
the axis of rotation R, and the apodeme main axis A. The mechanical advantage and muscle stress, as well as
the apodeme and pennation angle, vary with the mandibular opening angle 6, so affecting the magnitude of
the maximum bite force that can be generated at different opening angles. v and € are defined with respect to
the vector projections of A, L; and L, onto the rotational plane (rp). The position of this plane with respect to
the head coordinate system, defined by the horizontal (hp), transversal (tp) and sagittal (sp) plane, can often be
inferred from joint morphology (see Chapter 2). (D) Muscle fibres attach either directly or via thin filaments
to the apodeme. When muscle fibres shorten (L ¢ o to L), the pennation angles increase (¢ to ¢), and the
apodeme is displaced (A); the filament length remains approximately constant (see main text). (E) As a result of
the apodeme displacement, the inlever rotates about Rand ~ changes. Notably, the apodeme appears to move in
pure translation, i. e. its main axis has a constant orientation. The lateral displacement of the attachment point
which must accompany mandible rotation is likely accommodated by rotation of the putatively soft apodeme
ligament, which connects the apodeme to the mandible base.
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force vector (see Chapter 2). The external bite force vector Fy, in turn, is perpendicular to both the

rotational axis and the mandible outlever by definition (see Fig. 3.1C).

To calculate the mechanical advantage, I extract the shortest distance between R and the points of
force transmission. To this end, I first define a specific plane of rotation by choosing a point on the
rotational axis as the joint centre, in order to then find the planar (2D) components of the relevant 3D
position vectors (see Fig. 3.1A). In theory, the choice of this point is arbitrary as it does not affect the
moment arm calculation. In practice, however, it can be informed by joint morphology and may, in
fact, be used to define the physical location of R, e. g. by using the centre of a joint condyle. Second, I
define the in- and outlever, L; and L,, respectively, as the vectors connecting the joint centre with the
internal and external points of force transmission. I project these vectors onto the plane of rotation
and calculate the length of the projections, |[R x L;| and |R X L,|, respectively (see Fig. 3.1B); these
lengths are equal to the shortest distance between the axis of rotation and the two points of force

transmission.

The length of the projected in- and outlever represents the maximum possible moment arm. The
effective lever length, however, may be shorter, depending on its orientation relative to the relevant
force vector. Because the bite force is perpendicular to the outlever by definition, F;, rotates with L,,

as the mandible opens and closes; it follows that |L, . ¢| = |R x L,| for all opening angles.

For the inlever, in contrast, the geometric dependency is considerable more complex. The orientation
of the apodeme force remains approximately constant across mandibular opening angles, because the
apodeme does not rotate. However, because the joint converts apodeme translation into mandible
rotation, the angle between inlever and A changes with opening angle (see Fig. 3.1C & E). Calculating
the magnitude of the effective inlever |L; . | at different opening angles thus requires to define the
angle v between the vector projections of inlever and apodeme main axis onto the plane of rotation.
-y can be written as a direct function of opening angle, v(0) = 0y — 6 + o, where 7 is measured at
an arbitrary reference opening angle g (for a similar calculation, see S. W. Herring and S. E. Herring,
1974; Goyens et al., 2014b; Weihmann et al., 2015b). For v = 90°, the effective inlever takes a
maximum value of approximately |R X L;|, and a small change in opening angle will be associated
with a small change in effective inlever. If -y is acute or obtuse, however, the effective inlever is
small, and rapidly varies with opening angle. These results may be understood in analogy to the
effect of pennation angle on apodeme displacement: both angles control the amount of rotation
associated with a unit of translational displacement. The two characteristic angles ¢ and ~ thus
crucially determine the gearing of the muscle force across opening angles. However, the importance

of v in this context has received comparatively little attention (but see Weihmann et al., 2015a).

As alast step in the calculation of the mechanical advantage, I account for the fact that the apodeme
force vector may not lie in the plane of rotation. The orientation of A relative to R matters because
only the force components in the plane of rotation can be transmitted through the mandible joint; all

other components result in joint reaction forces instead. I calculate the fraction of the force acting
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in the plane of rotation as the cross-product between the two relevant unit vectors, |R x A|. The

magnitude of the effective inlever as a function of the opening angle then follows as:

‘Liﬁff(@)’ = sin(90 -0 + ”yo)|R X LZHR X A| (3.2)

Note that this definition of |L; . s ¢| differs from the one in Chapter 2 in two ways: First, [ acknowledge
that |L; o 77| is a function of the opening angle. Second, I remove the assumption that the apodeme
force vector lies in the plane of rotation. I define the mechanical advantage as the ratio between

effective in- and outlever, MA = |L; c¢f|/|Locfsl-

Apodeme displacement: Any rotation of the mandible is associated with a displacement of the
apodeme attachment point. This displacement has two components in the plane of rotation: one
longitudinal component along the projection of the apodeme main axis, and one lateral component
perpendicular to it. Previous work has noted that the lateral component is small for small changes
in opening angle, and can thus be neglected (Weihmann et al., 2015b). This simplifying assumption,
based on the small angle approximation, holds if the length of the inlever projection onto the plane
of rotation is small, and the apodeme angle remains close to 90° throughout the opening range.
However, for large variations in opening angle, it is inaccurate. As an illustrative example, if # changes
by 40°, the lateral displacement is about one-third of the longitudinal displacement, 1/3 ~ (1 —
sin 50°) / cos 50° (see Fig 3.1E). The longitudinal displacement is likely associated with an equivalent
displacement of the apodeme along its main axis; the lateral displacement, however, is likely not: If
the apodeme was to translate laterally or rotate significantly, a fraction of the closer muscle would
lengthen considerably while another fraction may be slack. Indeed, the apodeme would eventually
hit the head capsule. Lateral translation or rotation of the apodeme is thus biologically implausible,
and to the best of my knowledge, has never been reported. However, lateral displacements of the

attachment point must occur, because it moves along a circular path (see Fig. 3.1 E).

[ hypothesise that these lateral displacements are enabled by the rotation of the apodeme ligament, a
putatively flexible connective tissue which bridges the sclerotised apodeme and the mandible (Gro-
nenberg et al., 1998b,a; T. S. Silva and Feitosa, 2019, see Fig. 3.1E). It remains unclear how exactly the
apodeme, ligament, and mandible are mechanically linked. I conjecture that both longitudinal and
transversal forces can be transmitted from the apodeme through the ligament, so effectively shifting
the apodeme force vector to the point where the ligament attaches to the mandible. At this attach-

ment point, [ assume a hinge-like connection, which enables variation in +.

Based on the above hypothesis, the displacement of the apodeme along its main axis, A, is equal to the
longitudinal displacement of the apodeme attachment point corrected by the misalignment between
A and the plane of rotation; in analogy to the effective inlever, only apodeme displacement compo-
nents in the plane of rotation contribute to mandible rotation. The associated out-of-plane displace-
ments are likely also enabled by the ligament (and may typically be very small, see Appendix B). As a

consequence and in analogy to Eq. 3.2, the apodeme displacement follows as:
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R x L;
A(0) = [cos(yo) — cos(By — 0 + 7@]# (3.3)

IR x Al
I define A such that it increases as the mandible closes; it can however be defined with respect to any
reference opening angle 6y, for A(6y) = 0. Similar to the effective inlever, the change of A with 6
depends on the apodeme angle . If v = 90°, a small change in opening angle will be associated with

a large apodeme displacement; if -y is acute or obtuse, the opposite holds.

Pennation angle: All muscle fibres attach to the rigid head capsule on one side, and insert onto the
surface of the apodeme on the other. Consequently, muscle fibres that attach at a reference angle
¢o > 0° with respect to the apodeme main axis change their relative orientation when they shorten
to move the apodeme - they rotate. The associated change in pennation angle ¢, first derived by
(Pfuhl, 1937), depends on ¢ and the average distance between muscle fibre origins and insertion

points, L o (see Fig. 3.1D and Appendix B for derivation):

N sin gf)(_)
$(0) = arctan <cos - A(Q)/Lt,()) 3.4)

Muscle stress: Muscle stress is a function of fibre length, as the relative overlap and lattice spacing
between thick and thin myofilaments varies when fibres are stretched or contract (A. Gordon et al.,
1966; Josephson, 1975; C. D. Williams et al., 2013). I am not aware of a first-principle form of this
force-length relationship (but see Rockenfeller et al., 2022), and it has been modelled with a variety of
empirical functions. One simple choice is a Gaussian probability density function (e. g. Otten, 1987a;
Wakeling et al., 2021):

0(0) = Ounaze™ 21— L1 O Lo (:5)

This function has a maximum 0,4, at an optimal fibre length L = L,,; /3 is a shape parameter
which determines how quickly the stress decays as the fibre is stretched or contracts. In contrast to all
previous parameters, 0z, Lopt and 3 cannot be easily measured from Computed-tomography (CT)
scans; they are physiological parameters which vary with the microanatomy of the muscle, such as
the relative length of the myofilaments (Josephson, 1975; Otten, 1987b). Note that 0,44, Lop: and 3
may vary within the muscle between directly- and filament-attached fibres (Gronenberg et al., 1997),
but the form of Eq. 3.5 holds for both.

Fibre length: To predict muscle stress, the relationship between muscle fibre length and opening
angle needs to be known. In insects, this relationship has previously been modelled with a simple
linear function (Goyens et al., 2014b), which may be sufficiently accurate provided that the range of
opening angles is small. For a large range of opening angles, however, the small angle approximation

is inaccurate, and the functional relation is more complex. Consider a muscle fibre of total length
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L; which attaches directly to the apodeme. The variation of fibre length L with apodeme displace-
ment is determined by the reference fibre length Lg , the fibre pennation angle ¢, and A(#) (see
Benninghoff and Rollhduser, 1952, and Appendix B for derivation):

Lq(0) = \/[COS ¢oLag,0 — A(0)] + [sin ¢oLa]? (3.6)

However, in some insects, fibres may attach via thin cuticular filaments instead (Paul and Gronenberg,
1999, and Chapter 2). Filament-attachment increases volume occupancy and cross-sectional area of
the muscle while keeping the apodeme compact; it is a light-weight solution to strongly increase bite
force capacity in the limited space provided by the rigid head capsule (Paul, 2001, and Chapter 2). In
addition to these static effects, filament-attachment also has dynamic effects: Consider two muscle
fibres of equal length; one is directly- and one filament-attached. The same fibre shortening will
lead to a different apodeme displacement, because filaments reduce the amount of rotation per unit
fibre strain (see Fig. 3.1D). As a consequence, the change in pennation angle associated with fibre-

shortening is smaller in the filament-attached fibre.

In analogy to Eq. 3.6, the relation between the length of filament-attached fibres and apodeme dis-
placement depends on the initial fibre length L¢ o, pennation angle ¢, A(#) and filament length
L as (see Appendix B for derivation):

s o (L L) — A(9)]?
L,(0) = [COS?O( 7.0+ L) 2( )] » 5
+ [Sln ¢50(Lf’0 + Lfil)]

where [ assumed that filament length is independent of pennation angle (the strain in the filaments

across the opening range is less than 2%, see Appendix B).

The last parameter in Eq. 3.1 is the physiological cross-sectional area of the muscle, App,s. The
physical cross-sectional area of the muscle changes as fibres change length, because muscle is approx-
imately incompressible. Aphys, however, is a characteristic cross-sectional area, and thus invariant
to strain. In vertebrates, Aphys is often measured for a relaxed muscle (e. g. Sullivan et al., 2019), but
this definition is problematic in comparative work, because the relaxed fibre length may be a dif-
ferent fraction of L, in different muscle. In order to avoid a systematic under- or overestimation
of Opmaq, I thus define Ay, as the physiological cross-sectional area at an equivalent point of the
force-length curve, and the natural choice for this point is the cross-sectional area for fibres of length

Lopt at which stress is maximal.

Based on the derived geometric relations, I substitute the place-holding functions of ¢ in Eq. 3.1,
MA(0), $(8), and o (), with Eq. 3.2 (divided by |L, cf7|), Eq. 3.4, and Eq. 3.5, respectively. Muscle
stress is expressed as a function of fibre length, so that Eq. 3.6 (for directly-attached fibres) and Eq. 3.7
(for filament-attached fibres) need to be inserted into Eq. 3.5. Total muscle stress is equal to the sum of

the fractional contributions of directly- and filament-attached fibres. Last, fibre length and pennation
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angle are expressed as functions of the apodeme displacement, so that Eq. 3.3 needs to be inserted

into Eq. 3.4, Eq. 3.6 and Eq. 3.7. The resulting equation contains a total of 20 parameters, including
0.

The above model fully captures the determinants of bite force in arthropods and its variation with
opening angle. Practically, the bite force is rarely measured directly. Instead, its magnitude, |Fp|, is
inferred from measurements with 1D or 2D force sensors (e. g. see Wheater and Evans, 1989; Herrel
et al,, 1999; Weihmann et al., 2015a; Riihr and Blanke, 2022). As a consequence, at least one of the
vector components has to be inferred from geometry. For 1D sensors, the key geometric variable is
the angle o between the force sensitive axis, and the bite force, Fp; the measured force, F,,,, is equal

to the projection of F onto the sensitive axis:

_ |Fr| _ Lo X R|[Fy[?
cosa (L, xR)-Fy

|Fy|

(3.8

where the term L, X R represents the orientation of Fy, (see Fig. 3.2)B). The inner product between
L, x R and F,,, divided by their respective magnitudes, is equal to cos ov. The sensitive axis is de-
termined by the sensor design; the orientation of Fy, however, is subject to experimental variation,
for it depends on the orientation of the mandible outlever relative to the axis of rotation. The corre-

sponding relationship between |F;| and |F,,| for 2D sensors is provided in Appendix B.

3.3 Materials & methods

3.3.1 Study animals

In order to validate the derived geometric relations (Eqgs. 3.2-3.7), I extracted the morphological de-
terminants of bite force from insect heads of similar size, but with a wide variation in mandibular
opening angles. I then used the validated model to extract the force-length properties of mandible
closer muscles by conducting in-vivo bite force measurements. For both sets of experiments, I use
leaf-cutter ants (genus Atta). Leaf-cutter ants constitute an excellent model organism for at least three
reasons. First, biting is key to their ecology; they cut food sources of varying thickness and tough-
ness to feed a fungus grown as crop (J. M. Cherrett, 1972; Nichols-Orians and Schultz, 1989). Second,
the mandible closer muscle consists of both directly- and filament-attached muscle fibres (Paul and
Gronenberg, 1999), which enables me to verify the two separate geometric relations between fibre
length and apodeme displacement (Egs 3.6 and 3.7). Third, mandibular opening angles observed dur-
ing natural behaviour span a large range of around 70°, allowing me to validate the model across a

maximum range.

Ants were collected from an Atta cephalotes colony, kept in a climate chamber (FitoClima 12.000
PH, Aralab, Rio de Mouro, Portugal) at 25 °C' and 60 % relative humidity, with a 12/12 h light-dark

cycle. The colony was fed with bramble, laurel, cornflakes and honey water ad libitum. 1 selected
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only majors with a body mass between 50 and 60 mg in order to minimise variation due to size,
reduce the complexity of handling small individuals during the experiments, and to enable bite force
measurements across a maximal opening range. All individuals were weighed to the nearest 0.1 mg
after collection (Explorer Analytical EX124, max. 120g x 0.1 mg, OHAUS Corp., Parsippany, NJ,
USA).

3.3.2 Tomography and morphometric analysis for model validation
Sample preparation and scanning

To obtain information on the morphological determinants of bite force, I conducted tomographic
scans of five ant heads (body mass 55.0 £ 3.8 mg), prepared such that the mandibular opening an-
gles approximately spanned the naturally observed range. In order to experimentally control the
opening angle, live ants were clamped using a 3D printed device, and offered PLA rods of varying
thickness to bite onto. The rods were positioned asymmetrically between the mandibles, so that the
opening angles between left and right mandible differed (see Appendix B for details). This procedure
was followed for four of the five ants; one ant was prepared without PLA rod, which resulted in
mandibles that were maximally closed. I thus collected data for ten opening angles across the entire
opening range. Ants were then sacrificed by freezing, decapitated using micro scissors, and fixed
in paraformaldehyde solution (4% in PBS, Thermo Fisher Scientific, Waltham, MA, USA). After 90 -
95 h, the samples were transferred to 100 % ethanol via a series of dehydration steps in 70, 80 and
90 % ethanol solutions for an hour each. To prepare the heads for CT scanning, they were stained
with 1% iodine in ethanol for at least 4.5 days (see Metscher, 2009). The samples were analysed via
X-ray microscopy using a Zeiss Xradia Versa 520 X-ray microscope (Carl Zeiss XRM, Pleasanton,
CA, USA; for more details, see Appendix B).

The tomographic image stacks were reoriented such that the lateral, dorso-ventral and anterior-
posterior head axes aligned with the coordinate system internal to Fiji (Schindelin et al., 2012, for
more details, see Chapter 2). Tissue segmentation of head capsule, mandible closer muscle and closer
apodemes were performed in ITK-SNAP (v 3.6, Yushkevich et al., 2006).

Morphometry

From the segmented tomographic scans, a series of morphological parameters relevant to the gener-
ation of bite forces were extracted: mechanical advantage, mandibular opening angle and the corre-
sponding mandibular gape, the rotational axis of the mandible joint, apodeme orientation and dis-
placement, volume of the mandible closer muscle, as well as average muscle fibre length and average

pennation angle.

Mechanical advantage: The mechanical advantage was calculated as defined by Eq. 3.2. The rele-
vant lengths, L; and L,, and angles, 7 and 60y, were extracted separately for each head hemisphere.
The joint centre was placed at the ventral articulation of the joint (for an exact definition, see Chap-

ter 2). The outlever may be defined with respect to any point on the mandibular cutting edge; I used
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the most distal tooth tip to provide an upper bound, L, = L, 4. I calculated the mandible gape
as twice the shortest distance between the distal tooth tip and the sagittal plane. The gape is thus

negative when mandibles overlap.

Axis of rotation: In order to obtain the orientation of the rotational joint axis, R, I invoke a simple
result from rigid body kinematics: If the mandible rotates about a single axis, then the angle between
any vector which connects two points on the mandible and R remains constant throughout mandible
motion. R was thus determined by minimising the squared angular residuals between R and three
such vectors, L;, L, 4, and the outlever to the most proximal tooth tip, L, 5, using a numerical solver
in Python (v 3.9, Van Rossum and Drake, 2009, V Kang, F Piiffel and D Labonte, in preparation). In
order to integrate vector coordinates from different scans into the same coordinate system, the image
origins were first transposed to the respective joint centres. Second, the coordinates were normalised
with head length, defined as anterior-posterior distance between mandible joint and the rear of the
head capsule. Last, to combine data from the left and right head hemisphere, the coordinates of the

latter were mirrored across the sagittal plane.

Apodeme displacement: In order to obtain the apodeme displacement, I first extracted the apodeme
centres-of-masses via 3D particle analysis in Fiji (for more details, see Chapter 2). The centre-of-mass
coordinates were transposed and normalised as described for the rotational axis to integrate results
from different individuals into the same coordinate system. Next, | performed a principal compo-
nent analysis on the normalised coordinates; the first component explained the dominant part of the
variation of coordinates, B2 = 0.931, and was thus selected as the axis of displacement. I defined
the apodeme displacement as the distance between the normalised coordinates along this axis, mul-
tiplied with the average head length. In support of the model assumption, the axis of displacement is
close to the apodeme main axis A, defined as in Chapter 2; it differs only by 8 & 2° (mean = standard

deviation). In the following, both axes are hence treated as equivalent.

Muscle architecture: The muscle volume was directly measured via ITK-SNAP. I have previously
described an automated algorithm to extract fibre length and pennation angles from segmented to-
mography scans (Chapter 2). However, this tracing algorithm was developed for scans with a reso-
lution and contrast only achievable with synchrotron scanning, to which I did not have access for
this work. In addition, preliminary inspection of the scans revealed little ‘free volume’ between fi-
bres, on which the automated tracing algorithm relies. I thus developed an alternative method, based
on a simple sorting algorithm. This algorithm leverages the observation that all muscle fibres orig-
inate from the internal surface of the head capsule, and connect as approximately straight lines to
a central apodeme either directly, or via thin sclerotised filaments (Paul and Gronenberg, 1999, and
Chapter 2). Obtaining pennation angle and fibre length with this algorithm involves three simple
steps (see Fig. B.1 in Appendix B).

First, the 3D location of the fibre attachment points (seeds) on the head capsule are identified using
Fiji as described previously (see Chapter 2 for details). Second, each fibre seed is connected to its

insertion point on the apodeme surface. To identify the insertion point, [ assume that the density of
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fibre attachments on the apodeme is approximately constant along its length, and that muscle fibres
rarely cross. On the basis of these assumptions, the fibre insertion point can be found by sorting fibre
seeds and apodeme surface points by their anterior-posterior positions, to then match fibre seeds and
apodeme surface points with the same relative rank. As a result, fibre seeds originating at the rear of
the head are connected to posterior points on the apodeme, and seeds located closer to the mandible
are connected to anterior points (see Fig. B.1C in Appendix B). To prevent fibres from crossing the
apodeme, the apodeme surface point closest to the fibre seed was selected from all points with the
same anterior-posterior rank. The orientation of the lines connecting fibre seeds to apodeme surface
was then used to calculate fibre pennation angles with respect to the apodeme main axis. The length
of the connection lines, L, was used to extract muscle fibre length. For directly-attached fibres,
Lg = L. For filament-attached fibres, the fibre length was calculated as Ly = L; — L;;, where L ¢;

is the filament length, obtained in a last step.

Third, I extract filament length, L s;, for each fibre. To this end, filaments are grown from their
insertion points on the apodeme along the orientation of the respective fibre. After crossing at least
5 pixels of muscle tissue, approximately equal to the fibre diameter, the growth was terminated, and
the filament length extracted. Muscle fibres for which L;; < 5 pixels were classified as directly-

attached; fibres shorter than twice the fibre diameter were excluded from further analysis.

In order to quantify the quality of this ranking method, I manually extracted length and pennation
angle of 200 fibres. The results of these direct manual measurements were compared with the results
of the ranking method by matching the corresponding fibre seeds. On average, fibres from the rank-
ing method were 1 + 18 % shorter than those measured manually, independent of opening angle
[Linear Mixed Model (LMM) with random intercepts and opening angle as fixed effect: X3 = 0.51,
p = 0.48]; the error of the pennation angle was small, 0 £ 1°. Although this error changed signif-
icantly with opening angle — pennation angles were increasingly underestimated at larger opening
angles [LMM: x? = 8.53, p<0.01] - it remained small even for large opening angles, < 3°. The qual-
ity of my simple sorting algorithm thus compares favourably to that of state-of-the-art commercial

tracing software (Sullivan et al., 2019; Katzke et al., 2022).

3.3.3 Bite force measurements

In order to extract the force-length properties of the mandible closer muscle, I measured bite forces
of A. cephalotes majors using a custom-built setup, described in detail in Chapter 4. In brief, a capac-
itive force sensor (maximum load: 1N, resolution: 0.002 N) is compressed when a force is applied
to a bite plate connected to a pivoting lever (see Fig. 3.2A). The position of a second slidable lever
can be controlled by a stepper motor, so adjusting the distance between two bite plates. To extract
mandible and head position during biting, a camera recorded the experiment simultaneously from
top-down at 30 fps. A 45 °-angled mirror provides a side view for a 3D reconstruction of landmarks
(see section 3.3.3). Force sensor, motor and camera were controlled by a Raspberry Pi (v 3B+, Rasp-

berry Pi Foundation, Cambridge, UK), and operated via a graphical user interface. Details on the
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sensor calibration are provided in Appendix B.

(A) Camera module Capacitive

\ force sensor

Mirror

Pivoting lever

Stepper motor

Atta cephalotes

o Gear system
leaf-cutter ant Sliding lever

Magnetic rail

FiGure 3.2: (A) A custom-built force rig was used to measure bite forces of Atta cephalotes majors (photo by
Victor Kang). In short, a force-sensitive capacitor was attached to a rigid metal frame. A pivoting lever presses
onto it as a force is applied at the opposite end of the lever. A second sliding lever, controlled by a stepper
motor, provides control over the distance between the bite plates. (B) To measure bite forces at small opening
angles 0, ants were positioned off-centre using a 3D printed clamp attached to a magnetic rail. Bite force |Fy|
was extracted from the measured force |Fm| using the angle o, the outlever L, and the joint axis of rotation R,
as defined in Eq. 3.8. R was projected onto a head-fixed coordinate system (e, ez, e3), defined by the vectors
connecting the mandible joint with left (E;) and right eye centres (E,).

Experimental protocol

Ant majors were collected from the foraging area or the fungus garden as available, and held in front
of the bite plates of the force sensor using insect tweezers. Force recordings were terminated as

soon as at least five distinct bites occurred. Subsequently, the ant was marked (Edding 4000 paint
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marker, Edding AG, Ahrensburg, Germany), and placed into a separate container with fresh bramble
leaves and around 20 minors and medias to provide a resting period. After around two minutes, the
same ant was measured again, but with a different plate distance. This process was repeated once
more, so that bite forces of a single individual were measured three times in total at three different
plate distances. Plate distances were chosen at random from three equally-sized bins between 0.7
and 3.6 mm, approaching the maximum mandible gape range of the ants. In order to test if muscle
fatigue may confound the results (Larabee et al., 2022), an additional five ants were measured using
the same protocol, but at a constant plate distance of 1 mm. A LMM with random intercepts revealed
no significant effect of trial number on bite forces (X% = 3.75, p = 0.053; I note that this result is
almost significant, but in the opposite direction than expected: bite forces were around 15 % larger

at the last trial compared to the initial measurement).

To comprehensively characterise the relationship between bite force and mandibular opening angle,
it is necessary to measure bite forces across the largest possible range of opening angles. The upper
end of this range can be approached by simply increasing the distance between the bite plates; the
smallest angle, however, is structurally limited by bite plate thickness (approximately 150 pm each for
my set-up). To overcome this limit, I fixed the ant heads with a custom 3D printed clamp, magnetically
connected to a metal frame. The clamp allowed me to position the ant heads off-centre relative to
the bite plates, so enabling bites at lower opening angles (see Fig. 3.2B). Clamped ants did bite much
less frequently, and sometimes only after stimulation with polite air blows (also see Weihmann et
al,, 2015a). To test if clamping affected bite forces, five ants were clamped and positioned centrally
in front of the sensor. The plate distance was selected at random to fall between 1.7 and 2.5 mm,
and bite forces were measured. There was no significant difference in force between unclamped and

clamped bites of the same gap class (Two Sample t-test: tag = 1.19, p = 0.24).

Video analysis

I extracted the maximum force from each bite force trace (see Appendix B for raw data examples). To
avoid confounding effects due to variation in mandible outlever, only bites transmitted with the most
distal tooth were considered. The following 3D coordinates were extracted from the video frame
corresponding to the peak bite force: the bite contact point (most distal tooth tip), joint centre, and
the geometric centres of both eyes. The depth component of the 3D coordinates was measured from
the mirrored side view (see Chapter 4). The vectors connecting mandible joint with both eyes E; and
E, were used to define a local head-fixed coordinate system: e; = E;/|E;|, e3 = (E; X E;.)/|E; X E,|
and ey = e3 x ej. The rotational axis, R, extracted from the tomographic scans, was projected
onto this coordinate system using the same relative orientation to ey, e and e (see Fig. 3.2B). The
mandibular opening angle was calculated with respect to the lateral axis, here defined by the vector

connecting both eye centres.

The capacitive force sensor has only one sensitive axis, i. e. it is a 1D sensor. |Fp| was hence extracted

as defined by Eq. 3.8. Due to the design of the setup, an additional correction factor I" was introduced



48 Chapter 3. Relationship between bite force and mandibular opening angle

to account for differences in moment arms due to variation in contact point on the bite plate. This
correction factor reads I' = |L;, cq1|/|Lpl; [Lp cqil is the moment arm used for calibration, and |L,| is

the moment arm defined by the mandible contact point on the bite plate.

Electrical stimulation

To correctly interpret my bite force measurements, I tested (i) if voluntary bites involve maximum
muscle activation, and (ii), if activation is independent of mandibular opening angle. I conducted
these tests by eliciting maximum muscle activation through electrical stimulation of the mandible

closer muscle.

To this end, a microcontroller (Raspberry Pi Pico, Raspberry Pi Foundation, Cambridge, UK) was
programmed to output a square function of stimulation impulses at 100 Hz frequency with a duty
cycle of 10 % (parameters used to elicit muscle contraction in moths (Daly et al., 2009) and beetles
(Cao et al,, 2014; Choo et al,, 2016)). The output voltage was regulated using voltage dividers with
resistors between 70 and 2230 (). A custom-designed device, consisting of two insect pins (size ‘0,

power and ground) and a 3D printed pin holder, was connected to the circuit (see Fig. 3.3).

Micro-controller Biting ant

L .‘ L
@ Feseoery PiPico ©2020
- vt

Output signal

Pin holder

FIGURE 3.3: A custom-built device was used to stimulate the mandible closer muscle, so eliciting maximum

bite forces. A Raspberry Pi Pico was used to generate a square function as output signal with 100 Hz frequency

and a duty factor of 0.1. The voltage was regulated using a voltage divider with varying resistors (0.08 < R1

< 224k, R2 = 1k€). A 3D printed device was connected to the circuit. This device holds two insect pins,

1.5 mm apart and each protruding 2 mm. The pins were inserted into the head of live ants, positioned in front
of the bite plates, and the device was activated.

Unclamped bite force experiments were performed following the above protocol with a fixed bite
plate distance of 1 mm. This time, however, the measurement was not stopped after a sufficient num-
ber of bites. Instead, the pins were inserted into the head capsule of the biting ant. Subsequently, the

stimulation was turned on for 1s, and the resulting bite force was recorded. Due to the approximate
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positioning and size of the pins, I cannot exclude that the opener muscle was also stimulated. How-
ever, due to its small relative size in Atta ants (=5 % of the closer muscle in volume, see Chapter 2),

any co-contraction would only have minor effects on the net bite force.

Two maxima were extracted from the recorded force trace: the maximum force of distal bites during
natural and stimulated bites. Voltages between 1 and 3 V were used to find the minimum voltage at
which the muscles where stimulated maximally, similar to the range used for beetle leg muscles (Cao
et al,, 2014). At 1V, bites were not always elicited; the extracted second maximum may thus often
represent voluntary bites. At 1.5V the muscle may have been sub-maximally stimulated, causing
lower bite forces than from the voluntary bites (see Fig. 3.4A). A marked increase of stimulated bite
force was visible at 2 - 2.5V, and for voltages > 2V, the average ratio between maximum voluntary
and maximum elicited bite force remained constant [ANOVA: F'; g = 1.17,p = 0.31]. On the basis
of these results, I selected 2.75V as excitation voltage for further stimulated bite force measurements
at small (1 mm) and large (2.5 - 3 mm) plate distances. Occasionally, stimulated bites did not occur at
the distal end of the mandible blade. In these cases, the calculated maximum bite force was corrected
as |Fys| = [Fp||Locerfl/|Loders| to account for differences in effective outlever, where L, ¢ o7 f
and L, g .7 are the effective outlevers at the point of bite contact and the most distal tooth tip,
respectively. I excluded stimulated measurements for which the difference in opening angle between
unstimulated and stimulated bite exceeded 20 ° to reduce confounding effects, and one additional

measurement that exceeded the force range of sensor calibration.

Voluntary
ﬂ Stimulated
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FiGURE 3.4: (A) Stimulated bite forces (dark grey) were compared against the maximum voluntary forces (light
grey), recorded prior to stimulation for voltages between 1 and 3V (voluntary: ni1v = 3, n1.5v = 5, nay = 3,
no2.5v = 6, n3y = 4; stimulated: n1v =2, n1.5v =5, nav =2, n2.5v = 5, n3y = 4). For voltages >2V, stimulated
forces were approximately constant. For 1V (shaded area), bites did not always occur after activating the device;
the ‘stimulated’ forces hence likely include voluntary bites. (B) Maximum voluntary and stimulated bite forces
were of similar magnitude for both small and large opening angles (measured with a stimulation voltage of
2.75 V). Hence, ants bite with close to maximum available force independent of opening angle, and undeterred
by the rigid, metallic material of the levers and the clamping.
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Data analysis

The variation of morphological force determinants with mandibular opening angle can be directly
predicted from the derived geometric relations (see Eqgs. 3.2-3.7). As reference parameters for these
predictions, I selected the corresponding arithmetic average across all scans. To test for significant
effects of opening angle on a variety of morphological parameters of the bite apparatus, I deployed
LMMs: [ tested if adding opening angle as fixed parameter improves the model significantly com-
pared to a random intercept model (see Field et al., 2012). To extract the force-length properties of
the muscle (see Eq. 3.5), maximum muscle stress, optimum fibre length and shape parameter 5 were
estimated using a non-linear least squares fitting function in Python (SciPy, Virtanen et al., 2020),
invoking Eq. 3.1. To enforce physical and biological plausibility, boundaries were set such that the
maximum muscle stress and (3 are positive; the optimum fibre length was forced to remain within
the range of measured fibre lengths. The physiological properties of directly- and filament-attached
fibres likely differ (Gronenberg et al., 1997); however, due to the small fraction of directly-attached
fibres, 15 4+ 8 %, I lacked sensitivity to determine their physiological properties with sufficient con-
fidence. The physiological muscle parameters of these fibres were thus assumed to be equal to those
of the filament-attached fibres; L,,; was assumed to be at the equivalent stretch with respect to the
average fibre lengths of both fibre populations. I merged data from all bite force experiments, as nei-
ther clamping, nor measurement order affected bite force. I excluded the stimulated bites to avoid
pseudo-replication and four further data points: three measurements from one individual that pro-
duced outliers at low opening angles (55° < 6 < 65°; |Fy| < i — 30), and one measurement where
the second mandible interfered during the experiment. Overall, I analysed 138 force measurements
from 81 individuals (54.8 =+ 3.2 mg).

3.4 Results and discussion

Bite force influences animal behaviour and relates directly to muscle physiology and head morphol-
ogy. It has significant consequences for animal fitness, and is thus under selection. As a consequence,
bite forces may be considered a nonpareil performance metric for comparative studies at several
levels of organismal biology (R. A. Anderson et al., 2008). I derived a comprehensive first principles
model to describe the variation of bite force with mandibular opening angle across arthropods. In
order to validate the geometric derivations of my model, I measured the relevant parameters from
tomography scans of A. cephalotes majors across a large mandibular opening range. I then used my
model to extract the physiological properties of the mandible closer muscle from in-vivo bite force
measurements via Eq. 3.1. In the next paragraphs, I (i) demonstrate the accuracy and predictive power
of the model; (ii) discuss the magnitude and variation of leaf-cutter ant bite forces with opening angle
in an ecological and comparative context; and (iii) present a ‘minimal’ model to predict bite forces

from simple morphological measurements.
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3.4.1 Variation of morphological bite force determinants is in excellent agreement

with model predictions

Our model derivation involved four key assumptions: First, [ assumed that filament strain is negli-
gible. This conjecture is supported by the observation that filament length is independent of open-
ing angle (LMM: 3 = 0.32, p = 0.58, see Appendix B). Second, I assumed that the head capsule
is effectively rigid. This assumption is supported by the fact that head dimensions vary little with
opening angle (see Appendix B). Third, I conjectured the apodeme ligament rotates, and so enables
the lateral displacement imposed by mandible rotation. Indeed, I report evidence for such changes
in the lateral expansion of the ligament in Appendix B. Fourth, I modelled the mandible joint as a
one degree-of-freedom hinge. The mandible joint in some ants, including leaf-cutter ants, has an
unusual morphology (A. Richter et al., 2021), but mandible motion nevertheless approximates planar
rotation across the change in opening angle relevant to this study [V Kang, F Piiffel and D Labonte,

in preparation].

Having provided empirical support for the simplifying assumptions involved in the model derivation,
[ turn my attention to the predictions it enables. Mechanical advantage, apodeme displacement, fibre
pennation angle and fibre length are important morphological determinants of bite forces, which all
change with mandibular opening angle (see Egs. 3.2-3.7). Direct morphological measurements of
these parameters across a large range of opening angles are in excellent agreement with theoretical

predictions based on arithmetic means, without exception (see Fig. 3.5).

I measured opening angles between 35 and 105° for fully closed and maximally opened mandibles,
respectively. At the maximum opening angle, the gape is 3.6 mm, or approximately 75 % of the head
width. At the minimum gape, in turn, the most distal mandible teeth overlap by about 1.3 mm.
To move the mandible from maximally opened to fully closed, the apodeme displaces by around
0.7 mm corresponding to about one-fifth of the average head length (see Fig. 3.5A). This displace-
ment may appear small, but it constitutes more than 50 % of the average fibre length, and thus re-
quires large fibre strains. At small opening angles, the apodeme angle, y is close to 90°, and varies
approximately linearly with apodeme translation (this follows from the small angle approximation,
cos(df + 90°) = —sin(df) ~ —d#, see Eq.3.3). At large opening angles, this linearity no longer
holds, and the same change in opening angle is associated with a smaller longitudinal displacement

of the apodeme attachment point, and a larger lateral displacement (see Fig. 3.1E).

The mechanical advantage takes a maximum value of 0.29 at an opening angle of 51°, where v &~ 90°.
As a consequence, at most 29 % of the apodeme force is transmitted at the distal end of the mandible
blade (see Fig.3.5B). The maximum MA is at the lower end of values reported for insects across
numerous taxa (0.3 < MA < 0.8, see Blanke, 2019). The MA decreases with increasing opening
angle in direct proportion to the effective inlever, and is reduced by a factor of 1.7 at the largest
opening angle, at which y has decreased to about 40°. The increasing steepness of this decline directly
reflects the change in slope of sin(y) (see Eq. 3.2). If the variation of MA was neglected, MA(0) =

MA 42, the capacity for bite forces at large opening angles would thus be overestimated by about
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Ficure 3.5: The variation of the relevant morphological parameters with mandibular opening angle, extracted
from tomographic scans of Atta cephalotes majors, is in excellent agreement with the theoretical predictions.
Points and error bars represent the extracted mean =+ standard deviation. The solid lines show the model pre-
dictions based on the sample means (see main text); they are not fitted lines. The mandible gape is shown on
the upper abscissa. (A) Mandible closure is associated with a displacement of the apodeme. Across the opening
range, this displacement amounts to around 0.7 mm, or about one-fifth of the average head length. Positive val-
ues represent displacements away from the average apodeme position in the posterior direction, and negative
values indicate anterior displacements relative to the average position. (B) The mechanical advantage is maxi-
mal at 51°, close to zero mandible gape, and decreases by a factor of almost two at the largest opening angle.
(C) The displacement of the apodeme is associated with a change in fibre length, which follows different rela-
tionships for directly- and filament-attached fibres (see Egs. 3.6 and 3.7 in the main text). The resulting absolute
length changes are similar between both fibre populations (= 0.6 mm). However, as directly-attached fibres
are much longer on average, their relative length change is much smaller. (D) As fibres shorten, they rotate and
thus change their orientation. Across the opening range, the associated decrease in average pennation angle is
around 13°.
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70 %. This variation is similar to the range of possible effective outlevers from the most distal to the
most proximal sections of the mandibular blade for my study organism and across various insect
taxa (Blanke, 2019). The fact that animals can control MA by changing the outlever has previously
been discussed in an evolutionary context (Blanke, 2019); that a similar effect, which alters bite force
just as much across the opening range, arises from variations in opening angle, however, has received
very little attention in both the vertebrate and invertebrate literature (but see S. W. Herring and S. E.
Herring, 1974; Weihmann et al., 2015b).

The displacement of the apodeme is associated with a change in fibre length. Both directly- and
filament-attached fibres shorten by around 0.60 mm across the opening range, starting from a similar
maximum fotal length of 2.11 and 2.07 mm, respectively (see Fig. 3.5C). The absolute changes in fibre
length are similar, but with an average filament length of 0.60 mm - equivalent to around 75 % of
the smallest fibre length — the relative changes in fibre length differ substantially. The ratio between
largest and smallest fibre length is 1.41 for directly-attached fibres, but 1.73 for filament-attached
fibres, considerably larger than ratios reported for other insects (1.35 and 1.55 for the mandible closer
muscle in stag beetles and cockroaches, respectively, (Goyens et al., 2014b; Weihmann et al., 2015b),
and 1.50 for the extensor tibiae muscle in stick insects (Guschlbauer et al., 2007)). Such large changes
in relative muscle length are associated with a substantial decrease in muscle stress (A. Gordon et al.,
1966; Josephson, 1975, and see section 3.4.3), which seemingly favours a direct muscle attachment
over filament-attachment. The abundance of directly-attached fibres, however, is likely limited by
space constraints in the head capsule; filament-attachment increases the effective internal muscle
attachment area to the apodeme, so that its net effect may still be an increase in muscle force (Paul
and Gronenberg, 1999, and Chapter 2).

In addition to changes in fibre length, the apodeme displacement is associated with changes in average
pennation angle (see Fig. 3.5D). ¢ is around 41° at low opening angles and decreases to 27° at large
angles. The notable standard deviation of the measured angles (and fibre lengths, see Fig. 3.5C) does
not reflect measurement error (see method validation), but the multi-pennate architecture of the
closer muscle in Atta ants (see Gronenberg et al., 1997, and Chapter 2). The decrease of ¢ is steepest
at small opening angles, and flattens towards larger angles (see Fig. 3.5D). This pattern is driven by
two effects: First, at large opening angles, the apodeme attachment point displaces mostly laterally,
due to the small apodeme angle. As a consequence, the longitudinal displacement, which controls
fibre rotation, is small. Second, the change in pennation angle per unit apodeme displacement is

determined by the magnitude of the pennation angle itself, and is largest for large pennation angles.

The decrease in ¢ increases the fraction of the muscle force aligned with the apodeme by about
20%, cos(27°)/ cos(41°) ~ 1.18, more than twice as much as reported for cockroaches (Weihmann
et al., 2015b). This increase is nevertheless small, and insufficient to balance the reduction in force
due to the decrease in MA (Fig. 3.5B). There exists a further notable difference between the two pa-

rameters: the pennation angle will always be maximal for small opening angles and then decrease
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monotonously to a minimum at large opening angles (see Fig. 3.1). In sharp contrast, the effective in-
lever is largest at v = 90°, which could be achieved at any opening angle by relatively small changes
in mandible shape, so resulting in non-monotonous variation across the opening angle range. These
observations suggest two different functional roles for the pennation and apodeme angle: The varia-
tion in pennation angle is likely irrelevant for the change in force magnitude across opening angles.
However, large pennation angles increase the maximum possible physiological cross-sectional area
in the limited volume of the rigid head capsule, and thus control the total magnitude of the bite force
(Wheater and Evans, 1989; Paul and Gronenberg, 1999, and Chapter 2). Pennation also results in ‘dis-
placement’ gearing (see Brainerd and Azizi, 2005; Azizi et al., 2008), which reduces the fibre strain
required to cover the same range of opening angles. This reduction is important, because muscle
stress may decay steeply with fibre length; it is, however, difficult to draw direct conclusions from
it, because the interactions between pennation angle, fibre strain, muscle stress, and the maximum
possible muscle size in a closed volume are subtle and require a more detailed parametric analysis
than is within the scope of this study. The apodeme angle, in turn, does not meaningfully alter the
maximum magnitude of the bite force. However, because it can increase or decrease with opening
angle, it can be used to counter or magnify any changes in bite force arising from force-length effects
— it is a more flexible gearing parameter across the opening range than the pennation angle. The
possible ‘design space’ spanned by these two parameters is thus large, and presents an interesting

area for comparative work.

[ have demonstrated that the variation of the key morphological design parameters of the insect bite
apparatus with opening angle can be accurately predicted from first principles. Next, I show that the
knowledge of these relationships can be used to extract the physiological properties of insect muscle,

which remain understudied (but see Gronenberg et al., 1997; Guschlbauer et al., 2007).

3.4.2 Leaf-cutter ants are extremely specialised for large bite forces, and bite
strongest at opening angles relevant for cutting

[ used the deductive power of my geometrically validated biomechanical model to extract the force-
length properties of the mandible closer muscle. To this end, I performed in-vivo bite force measure-
ments across a large range of opening angles, 50-105°, and extracted the magnitude of the maximum
bite force at each opening angle via Eq. 3.8. To test if the ants bit with maximum activation, I com-
pared voluntary and electrically stimulated bite forces. There was no significant difference between
the maximum voluntary and stimulated bite forces for neither small nor large bite plate distances
[Welch Two Sample t-test, 1 mm distance: t5 gg = -0.04, p = 0.97; 2.5 - 3 mm distance: tg g9 = -1.76,
p = 0.11, see Fig. 3.4B]. Consequently, ants appear to maximally activate their muscle during the bite
force measurements, independent of the mandibular opening angle, and undeterred by the rigid ma-
terial of the bite plates (but see Lappin and M. E. Jones, 2014).

In order to characterise the physiology of the mandible closer muscle, I extracted maximum muscle

stress, optimum fibre length, and the force-length shape parameter 3, via a non-linear least squares
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fit of Eq. 3.1. The resulting fit yielded optimum fibre lengths of L,; = 1.42mm [95 % CI(1.17; 1.66)]
for directly-attached fibres, and Ly = 0.92mm [95 % CI (0.79; 1.07)] for filament-attached fibres.
I used Ly to extract the physiological cross-sectional area of the muscle at a defined point on the
force-length curve (see 3.2), Apys = Vin/Lopt = 4.3 £ 0.4 mm?. The maximum muscle stress was
fitted as 1.16 MPa [95 % CI (1.06; 1.26)], at the upper end of values reported for arthropod muscle,
which are typically below 1 MPa (Wheater and Evans, 1989; Full and A. Ahn, 1995; Guschlbauer et
al, 2007; Goyens et al., 2014b; Weihmann et al., 2015a; David et al., 2016a, but see Blundon, 1988;
G. M. Taylor, 2000). I caution against strong conclusions on the basis of this comparison, because
most of the published muscle stress estimates do not represent the ‘true’ maximum muscle stress,
as they do not stem from direct or indirect measurements of force-length properties. Based on the
difference in average sarcomere length, it is likely that the true stress of some crab pincher muscles,
for example, exceeds my estimate for leaf-cutter ant closer muscle (see Gronenberg et al., 1997; G. M.
Taylor, 2000), which may suffer further from shrinkage effects arising from CT sample preparation
(Barbosa et al., 2015).

The shape parameter was fitted as § = 5.34 [95 % CI (0.09; 10.59)]. Data on the force-length prop-
erties of arthropod muscle are surprisingly scarce. In order to assess the plausibility of this result,
force-length data were extracted from published work, all forces were normalised with maximum
force, all lengths with optimum length, and Eq. 3.5 was fitted with a non-linear least-squares algo-
rithm. The shape parameter for Atta closer muscles is close to the shape parameter for fibres from
the extensor carpopoditi muscle of the European crayfish (3 = 6.27,95% CI (5.72; 6.84), Zachar and
Zacharova, 1966), the extensor tibiae muscle of Indian stick insects (8 = 3.95, 95% CI (3.29; 4.71),
Guschlbauer et al., 2007), fibres from the meropodite muscle of walking legs of Orconectes crayfish
(8 = 6.61,95% CI (5.87; 7.41), April and Brandt, 1973), and the abdominal ventral superficial muscle
of Hermit crabs (8 = 6.46, 95% CI (5.25; 7.87), Chapple, 1983). However, it is substantially smaller
than values for extensor muscles in the coxa of discoid cockroaches (3 = 12.18, 95% CI (11.10;
13.30), A. N. Ahn et al., 2006), the respiratory muscle in green crabs (8 = 26.66 , 95% CI (13.07;
56.23), Josephson and D. R. Stokes, 1987), and the (synchronous) mesothoracic dorso-longitudinal
muscle of Manduca sexta moths (8 = 58.65, 95% CI (52.89; 64.59), Tu and Daniel, 2004). In light
of the considerable variation in both sarcomere lengths and the ratio between thick and thin fila-
ments in arthropod muscle (G. M. Taylor, 2000; Shimomura et al., 2016), this large range may not be

surprising, and suggests exciting opportunities for comparative muscle physiology.

My biomechanical model captures the general shape of the variation of bite force with opening angle
both quantitatively and qualitatively. The agreement between prediction and observation, however,
is arguably less convincing than for the geometric relations alone in at least two aspects (see Fig. 3.6A).
First, at the largest opening angles, the fit systematically underestimates the measured bite forces,
which remain approximately constant for § > 90°. This disagreement partially reflects passive joint
forces, which may contribute about 50 mN (see Appendix B, and Weihmann et al., 2015a), as well as
passive muscle forces, which can reach 20 % of the maximum isometric force at large fibre strains

(Azizi, 2014). Second, close to the fitted maximum, the spread of measured bite forces is large. At
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small opening angles, the misalignment angle between measurable and bite force vector is most ex-
treme (see Eq. 3.8). The increased variation may thus represent a combination of biological variation
and small errors in landmark placement, amplified by larger correction factors. For measurements
at small opening angles (< 65°), the average correction was 28 + 25 %, compared to only 5 + 4 %

for measurements at larger angles.

I measured maximum bite forces of 1.4 N, equivalent to about 2600 times of the mean body weight of
the ant workers. Maximum bite forces were measured at small opening angles (< 65°, see Fig. 3.6A),
and bite force decreased steeply with opening angle to a minimum of 0.3 N at 100° - a total variation
of a factor of five. Considering the comparatively small size of the ants (50-60 mg), these forces are
rather remarkable indeed: Alexander conducted a literature review of the maximum forces exerted
during various activities, including biting, by animals spanning ten orders of magnitude in mass
(Alexander, 1985). He reported an upper bound for weight-specific forces of Fqp = 20m~1/3,
where m is the body mass in kg. The expected value for a 55 mg leaf-cutter ant is

Fraz = 20 (55 10_6)_1/ 3 & 500. Leaf-cutter ants thus bite with a force around five times larger
than expected for an animal of their size; these values even surpass those from other unusually strong
animals such as crabs (G. M. Taylor, 2000). The specialisation of leaf-cutter ants to produce large
bite forces is even more startling in the context of muscle force: Leaf-cutter ants exert maximum
muscle forces of 0, Appys = 5N —around 9000 times their body weight. A typical upper bound for
maximum weight-specific muscle force is 50 m—1/3 (Alexander, 1985), or ~ 1300 for leaf-cutter ant
majors — almost an order of magnitude smaller than the observed value. Clearly, leaf-cutter ants are

extremely specialised to produce large bite forces.

Having fully characterised peak bite forces, and the key physiological and morphological parameters
of the mandible closer muscle in Atta majors, I can asses the relative importance of physiology or
morphology for the bite force-gape relationship (see Eq. 3.1). The majority of this variation is driven
by changes in muscle stress, which varies by a factor of 5.7 (see Fig. 3.6B); the mechanical advantage
decreases by a factor of 1.7. These effects are slightly attenuated by the decrease in pennation angle,
which effectively increases the bite force for large opening angles by 18 %. Remarkably, if all param-
eters were optimum at the same opening angle, the maximum bite force would increase by only ~
15 %. Compared to the significant variation in muscle stress and mechanical advantage, this ‘lost’
potential appears rather small, and it is mainly driven by the pennation angle, which is anatomically
constrained. The bite apparatus in leaf-cutter ants thus seems to have an architecture close to a the-
oretical optimum; the muscle volume density approaches its theoretical maximum (see Chapter 2),
and pennation angle, apodeme angle and optimum fibre length are all ‘synchronised” such that bite
force peaks in a narrow range of opening angles (centred around 47°). The opening angle range
where bite forces are maximal corresponds to small mandible gapes (< 0.5 mm). This range is most
critical in the context of the typical behaviour displayed during leaf-cutting, because fresh cuts are
often initiated with ‘scissor-like” cuts through the leaf lamina, and the average lamina thickness of
tropical leaves is around 0.25 mm (Onoda et al., 2011). When propagating cuts through the lamina,

ants often use a large range of opening angles (Tautz et al., 1995); however when encountering thick
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veins that require high bite forces, mandibles open only very little (see SI in R. M. Schofield et al.,
2011). Leaf-cutter ants may thus adjust their cutting behaviour in accordance with the steep decrease
of bite force for opening angles > 75°. These results represent a key step towards understanding
the intricate relationship between cutting behaviour, maximum bite force and mandibular opening

angle in Atta foraging (also see Chapter 4).
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FIGURE 3.6: (A) Bite forces of Atta cephalotes majors were measured across mandibular opening angles between
50 and 105°. Bite forces peak at small opening angles, and decreased to around one-fifth of that maximum at
100°. The solid line is a least-squares fit of Eq 3.1 which accounts for the variation of both morphological and
physiological determinants of bite force. For the largest opening angles, the model underestimates the mea-
sured forces, which may be partially attributed to passive joint forces (see Appendix B). The peak muscle force
associated with peak bite forces is 9,000 times larger than the mean body weight of the ants — a factor of seven
larger than expected for animals of this size (see main text). (B) The variation in bite force is driven by changes
in muscle stress and mechanical advantage. The pennation angle, on the other hand, mainly modulates the
maximum bite force magnitude. The black line represent the fitted relationship between bite force magnitude
and opening angle, |Fp|(0), normalised with its maximum. The grey lines show the theoretical relationships
between bite force and opening angle, if muscle stress, the cosine of the pennation angle, and the mechanical
advantage were progressively fixed at constant values equal to their respective maxima. If these parameters
were all maximal at the same opening angle, the maximum bite force would increase by a mere 15 %. Because
muscle volume occupancy is also close to its maximal theoretical value (see Chapter 2), leaf-cutter ant heads
are close to a morphological optimum for maximum bite forces.

3.4.3 Minimal models for the magnitude of bite force and its variation with gape

I have demonstrated that both the magnitude of bite force and its variation with gape can be ac-
curately predicted from first principles. Many individual components of my biomechanical model
have been discussed by colleagues previously (e. g. S. W. Herring and S. E. Herring, 1974; Wheater and
Evans, 1989; Heethoff and Norton, 2009; Freeman and Lemen, 2010; Habegger et al., 2012; Goyens
et al., 2014b; Weihmann et al., 2015a; Lowie et al., 2022, and Chapter 2). However, a comprehensive

analysis which combines all elements into one single model has to my knowledge been absent from
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the literature. The advantage of a complete first principle model is that it is as accurate as the esti-
mates of the relevant parameters which define it. The problem is that many of these parameters are
time-consuming and costly to measure. Accordingly, there has been considerable interest in ‘mini-
mal’ bite force models, where some parameters are either replaced with first order approximations,
scaling relationships, or proxies identified via statistical analysis (G. M. Erickson et al., 1996; Dumont
and Herrel, 2003; Meij and Bout, 2004; Herrel et al., 2005; R. A. Anderson et al., 2008; Heethoff and
Norton, 2009; Freeman and Lemen, 2010; Santana et al., 2010; Sakamoto et al,, 2019; Lowie et al.,
2022). As an illustrative example, head width has repeatedly been shown to correlate tightly with
bite force in vertebrates, which seemingly makes bite force predictions rather straight forward (e. g.
Herrel et al.,, 2005, 2018; Lowie et al., 2022). Due the extraordinary attractiveness of a minimal bite
force model for ecologists, palacontologists, evolutionary biologists and biomechanists alike, I next
discuss the implications of my analysis for such models in insects; first with respect to the magnitude
of the absolute bite force, and then for its variation with gape. In probing the accuracy with which
the magnitude of the maximum bite force can be predicted without full knowledge of all parameters,
I am assessing an upper bound, corresponding to the assumption that all relevant parameters take
their maximum value at the same opening angle (see Fig. 3.6B). By separating the question of bite
force variation with gape from its absolute value, I am then considering only relative changes of bite

force with gape.

The maximum distal mechanical advantage of the mandible bite apparatus in insects varies between
0.3 - 0.8 across a broad range of insect orders (Blanke, 2019). Using a value in the middle range of
MA =~ 0.55 is thus associated with an uncertainty of less than a factor of two. A more accurate
proxy may be obtained by measuring the ratio between mandible width and length (see e. g. Wheater
and Evans, 1989). The mandible length is likely a relatively accurate proxy for the outlever, because
the uncertainty associated with the location of the joint centre will be small compared to its length.
The mandible width, however, may be a poor proxy for the inlever, which is typically shorter than

the outlever, but subject to the same absolute uncertainty.

Average pennation angles of mandible closer muscles in insects are smaller than 45° (data exists
for ants, beetles, and cockroaches, Paul and Gronenberg, 1999; D. Li et al,, 2011; Weihmann et al.,
2015b, and Chapter 2). The direct influence of pennation on bite force magnitude is thus negligible,

cos ¢ ~= 1.

An accurate measure of A, s is perhaps most challenging to obtain: it requires knowledge of muscle
volume, and crucially, the optimal fibre length. L is typically unknown, and can only be estimated
from transmission electron microscopy images of muscle tissue (to measure thick and thin filament
length and lattice spacing), or via knowledge of all other parameters and bite force measurements
(this study). Using the physical cross-sectional area of muscle at an arbitrary but naturally occurring
muscle length is associated with an error directly related to the strain range of the muscle: because

muscle is incompressible, any change in its length is associated with a change in its cross-sectional
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area such that volume is conserved, A = V//L. If L,, was overestimated by 70 %, correspond-
ing to the maximum fibre length ratio extracted in this study, A,,s would be underestimated by
1—1/1.7 = 40 %. However, even this proxy requires knowledge of muscle volume and fibre length,
and thus CT data and advanced fibre tracing algorithms (see Chapter 2). Due to these difficulties, a
large number of proxies have been used in the literature, including head size, the surface area of the
apodeme (Elner and Campbell, 1981), or the muscle attachment area to the head capsule (Goyens et
al., 2014b). Head size is arguably the most attractive proxy for Ay, for it represent the best com-
promise between accuracy and ease of measure; head volume can be readily estimated from head
length, width and height, V}, =~ H,, Hy H;, with simple light microscopy. In insects, both mandible
closer muscles typically occupy between 10 and 50 % of the total head volume V}, (D. Li et al,, 2011;
Weihmann et al., 2015b; Lillico-Ouachour et al., 2018 and Chapter 2, but see Paul, 2001). The vol-
ume of a single closer muscle can thus be estimated as V,,, = 0.3/2 H,, H, H;. Loy, in turn, is some
fraction of a linear head dimension. The most suitable dimension may be head height, as the region
where it takes its maximum value is mainly occupied by closer muscle (see D. Li et al., 2011; Weih-
mann et al,, 2015b; Lillico-Ouachour et al,, 2018, and Chapter 2). It follows that L,; ~ 0.5H},, and
Aphys = Vi /Lopt = 0.3H,,H,. This estimate has an error similar to the suggested approximation
for the mechanical advantage, and is as good as the implicit yet untested assumption of isometry

across animals of wildly different sizes.

The maximum muscle stress is the parameter most prone to variation; estimates for arthropods vary
by almost two orders of magnitude (0.04 - 2.2 MPa, see Blundon, 1988; Full and A. Ahn, 1995; G. M.
Taylor, 2000; Guschlbauer et al., 2007; Weihmann et al., 2015a). This large range limits the accuracy
of a mean stress to one order of magnitude at best (Weihmann et al., 2015a), and is likely at least par-
tially owed to the experimental methods with which stress has been estimated. Force measurements
with isolated insect muscle let alone single fibres are rare (e. g. Full and A. Ahn, 1995; A. N. Ahn et
al,, 2006; Guschlbauer et al., 2007). Most often, stress is estimated from more integrated bite/pinch
force measurements instead (e. g. Wheater and Evans, 1989; G. M. Taylor, 2000; Weihmann et al.,
20154, and this study). Any such estimation of muscle stress, however, is subject to the uncertainties
in determining MA and Ay, s discussed above. A more accurate peak muscle stress estimate may be
obtained from the average fibre sarcomere length, S; (G. M. Taylor, 2000, but see Oka et al., 2016).
To this end, all non-vertebrate data were extracted from the classic work of Taylor, and a standard-
ised major axis regression was conducted, o ~ 5}, in log-log space. For sacromere lengths between
3 - 17pum, this relationship reads 0,4, = 50.S;, where \S; is in pm and 4, is in kPa, which ex-
plains about 75% of the variation in stress with sarcomere length. The remaining variation is likely
attributed to variations of the relative fibre length at which forces were measured and generic mea-
surement error. The scaling coefficient of unity is robust (and has a theoretical foundation), but the

proportionality constant of 50 kPa yzm ™!

is again subject to uncertainty in A, required to convert
the measured force to a stress (for example, my measurements in Atta are a noteworthy outlier). Tay-
lor estimated A, as the surface area of the apodeme multiplied with sin(¢) (G. M. Taylor, 2000,

also see Govind and Blundon, 1985; Wheater and Evans, 1989). The error in measuring apodeme
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surface area is likely small, but the error in assuming that it is equal to the muscle attachment area is
> 10% (the maximum packing density of a lattice of circles). The total uncertainty associated with
this approximation for stress is thus at least 35%. Although measuring sarcomere length is techni-
cally involved, the significant reduction in uncertainty for the maximum stress associated with it may

make these measurements well worthwhile.

I conclude the discussion for maximum bite force by summarising that the simplest reasonable esti-
mate for the maximum bite force requires only knowledge of head width and length. However, this
estimate may at worst only be accurate to less than an order of magnitude. The next best estimation

replaces the maximum stress with a proxy based on sarcomere length, and reads:

Fraz = MA cosé Apnys Omax(S)) = 8.25kPaum™' H,, H,S) (3.9)

N N N —
0.55 1 0.3HyH; 505;

If we use an intermediate sarcomere length of 10 um (G. M. Taylor, 2000), Eq. 3.9 simplifies to

Fraz ~ 83kPa H, H). The effort required to measure sarcomere length is rewarded with a re-

duction in the worst-case error by at least a factor of about five.

Next, I address the variation of bite force with gape, which has received even less attention than
maximum bite force, but is of similar ecological significance (e. g. S. W. Herring and S. E. Herring,
1974; Dumont and Herrel, 2003). The cosine of the average pennation angle will typically vary at
most between unity and 0.7 between maximally open and fully closed mandibles, respectively (cos 0°
and cos 45°, see section 3.4.1); this variation is small enough that it can be neglected, cos[¢(0)] ~
constant. Instead, the variation of bite force with opening angle is likely dominated by changes in
muscle stress due to changes in muscle length; such effects are particularly pronounced when fibre
strain and shape parameter 3 are large, and L, occurs at fully open or closed mandibles (this study).
[ appears to cluster around & 6, but may be twice as large in some muscle (see section 3.4.2). The
variation of the mechanical advantage can be significant, but much of this variation is governed by
the apodeme angle «y, which can be measured relatively easily. Perhaps the most important and most
often neglected source of variation comes from the joint rotational axis. R affects virtually all bite
force determinants, apart from Ay, and also influences the accuracy of bite force measurements
themselves (see Eq. 3.8). In order to gain some intuition for both the error and the variation of force-
gape curves which can be associated with variations in R, I calculated the relationship between |Fy|
and opening angle using a set of 50 alternative rotational axes, located at the same joint centre, but
oriented at an angle between 5 and 25° relative to the original R (all other parameters were kept
constant). The resulting variation, normalised with the original relationship |F|(#), is substantial,
and includes a large range of different force-gape relationships (see Fig. 3.7). As illustrative exam-
ples, an axis deviating by only 10° alters the force prediction by up to 20% compared to the original
relationship |Fy|(0); an axis deviating by 25° causes changes of up to 50%. Misidentifying the joint

centre would lead to additional significant variation affecting both levers, the predicted apodeme
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displacement, and all associated parameters. For species with two well-developed condyles, the lo-
cation and orientation of R may be identified with reasonable accuracy from joint morphology alone,
as previously done for beetles (D. Li et al., 2011; Goyens et al., 2014b), cockroaches (Weihmann et al.,
2015b) and dragonflies (David et al., 2016b). Other insects such as some hymenopterans, however,
have more complex mandible joints (A. Richter et al.,, 2019, 2020), which may also have more than
one degree of freedom (Gronenberg et al., 1998b; W. Zhang et al., 2020b; Kamp et al., 2022), ren-
dering such deductions difficult (but see A. Richter et al.,, 2021, V Kang, F Piiffel and D Labonte, in
preparation). Given the sensitivity of bite forces to the joint axis, it is surprising how little attention
has been paid to rigorously determine joint kinematics across the insect tree of life using the tools of
rigid body mechanics (but see W. Zhang et al., 2020b, and V Kang, F Piiffel and D Labonte, in prepa-
ration). Any attempt to predict or measure the bite force-gape relationship needs to take due note of
the importance of R in order to avoid significant errors.

Mandibular gape in mm
-1 0 P 2 3 4
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1.1
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FiGure 3.7: The variation of bite force with opening angle strongly depends on the mandible joint axis of

rotation. A seemingly small variation in this axis of only 15°, changes the relative bite force prediction by up

to 30 %. The coloured lines represent the theoretical relationships between bite force and opening angle for 50

randomly generated axes of varying angles to the actual axis (black), normalised with the fitted relationship,

|Fp|(6). Clearly, the axis of rotation is an absolutely crucial parameter if the variation of bite force with opening
angle is to be predicted accurately.

3.5 Conclusion and outlook

I presented a validated model which predicts the bite force-gape relationship in arthropods from first
principles, based on a minimum set of assumptions. I hope that my work will be useful for future
studies on the bite performance in arthropods in at least three aspects. First, it enables in-vivo extrac-
tion of force-length properties from bite force measurements, which remain scarcely reported in the

literature. The significant variation of the physiological make-up of insect muscle suggests exciting
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avenues for comparative muscle physiologists, and my model allows colleagues to side-step challeng-
ing measurements with tiny isolated muscle fibres. Second, my model identifies the key determinants
of maximal bite forces, including a ‘minimal’ bite force model, and so facilitates comparative analyses
of the functional morphology of the insect bite apparatus, including rare, small or extinct species, for
which bite force measurements may be impossible. Third, it provides clear guidance on how muscle
morphology and physiology translate into a variation of bite force with gape, which is of significant
ecological and behavioural relevance, for example in the analysis of feeding guilds or niche forma-
tion. Indeed, the increasing number of high-resolution CT scans of insect heads offers tantalising
opportunities to study the bite force-gape relationship across the insect tree of life without the need
for direct bite force measurements. Notably, systems that operate close to the maximum possible bite
force, such as in leaf-cutter ants, will suffer from a steeper decrease in bite force at opening angles
departing from the optimum, suggesting that the functional morphology of the bite apparatus is sub-
ject to a trade-off. All three points will contribute to our general understanding of the performance,

behaviour, ecology and evolution of arthropods.
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4 Scaling of maximum bite forces

I acknowledge the contributions of Flavio Roces, who kindly provided the ant colonies.

Summary

Atta leaf-cutter ants are the prime herbivore in the Neotropics: polymorphic foragers harvest plant
material from the nest surroundings to grow a fungus as crop. Efficient foraging involves com-
plex interactions between worker-polymorphism, 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, I measured bite forces of A. vol-
lenweideri 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 viaa
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, I show that bite
forces of smaller ants peak at larger mandibular opening angles, suggesting a size-dependent phys-
iological adaptation, likely 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, I demonstrate (i) that bite forces in leaf-cutter ants need to be exception-
ally large compared to 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
into larger workers. My results thus provide strong quantitative arguments for the adaptive value of

a positively allometric bite force.

4.1 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 crop — a mutualism that originated around 50 million
years ago (Mueller et al., 2001; Holldobler and E. O. Wilson, 2010). They are considered the principal
herbivore in the Neotropics; Atta ants are estimated to consume about 15 % of the foliar biomass
produced by Neotropical trees (H. G. Fowler et al., 1989; Costa et al., 2008). And last, they display a
level of polymorphism, linked to size-dependent task-preferences and a complex ecology, exceptional
even within social insects (e. g. E. O. Wilson, 1980a; Wirth et al., 2003).
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Among the diverse tasks arising in a leaf-cutter ant colony are brood care, fungus gardening, worker
transport, soil excavation, nest defence and foraging (E. O. Wilson, 1980a; Holldobler and E. O. Wil-
son, 2010; Pielstrom and Roces, 2013). In particular foraging behaviour has received considerable
attention, as it is central to leaf-cutter ant ecology (e. g. E. O. Wilson, 1980a,b, 1983a,b; Rudolph and
Loudon, 1986; Wetterer, 1990; Roces, 1990; Roces and Nurfiez, 1993; Roces and Holldobler, 1994;
Wetterer, 1994a,b, 1995a,b; Burd, 1995; Roces and Holldobler, 1996; Burd, 1996, 2000a,b, 2001;
Farji-Brener, 2001; Roschard and Roces, 2002; Farji-Brener and Sasal, 2003; Roschard and Roces,
2003b; Burd and Howard, 2005; Dussutour et al., 2008; Moll et al., 2010; R6schard and Roces, 2011;
Moll et al.,, 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 frag-
ments is, to first order, 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; R. M. Schofield et al., 2011, 2016).
Larger workers may be reasonably expected to produce larger bite forces, and may thus be able to cut
a wider range of plant materials. Indeed, they tend to be more likely to cut tougher and denser leaves
(J. M. Cherrett, 1972; E. O. Wilson, 1980a,b; Nichols-Orians and Schultz, 1989; Nichols-Orians and
Schultz, 1990; Wetterer, 1991a). Understanding the exact relation 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) vs. 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 considera-
tions (e. g. E. O. Wilson, 1980b; Wetterer, 1991a; Burd and Howard, 2005).

I previously predicted the scaling of bite force based on the morphology of the bite apparatus in Atta
vollenweideri leaf-cutter ants (see Chapter 2). However, direct experimental confirmation of this pre-
diction is missing and is 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., 2014b; Weihmann et al.,
2015a, and Chapter 3), which is challenging to control experimentally. Here, I address both difficul-
ties with the help of a custom-built bite force set-up and first principles biomechanical analysis. |
report direct bite force measurements for ant workers spanning more than one order of magnitude
in body mass, relate my results to the foraging behaviour of leaf-cutter ant colonies, and discuss both

the magnitude and scaling of bite forces in a comparative framework.



4.2. Materials €4 methods 65

4.2 Materials & methods

4.2.1 Study animals

Bite force experiments were conducted with A. vollenweideri ants from three colonies, all founded
and collected in Uruguay in 2014 (see Fig. 4.1A). 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. I collected around 80 workers from the foraging areas of each
colony (n = 248), covering approximately the entire size range (1 - 50 mg). I excluded minims (body
mass < 1 mg), because their bite apparatus is morphologically distinct, and they do not generally

partake in foraging (see Chapter 2, and N Imirzian, F Piiffel and D Labonte, in preparation).

4.2.2 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., California, USA, data acquisition frequency 33 Hz, maximum
force 1 N, resolution 2 mN). In order to distribute the force equally across the sensor area, I used a
lever mechanism to convert point-like bite forces into an areal compression (see Fig. 4.1B). Ants bit
onto two thin bite plates (1 mm long, and ~ 0.15 mm thick, see Fig. 4.1C), protruding from two me-
chanically uncoupled beams (6 x 6 x 40 mm and 6 x 12 x 6 mm, respectively). Both beams and the
terminating bite plates were manufactured in one single piece from stainless steel to minimise com-
pliance, using electrical discharge machining. The beam that transmits the bite force to the sensor
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 1N, the sensor only deforms approximately 10 ym [manufacturer datal.
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 Appendix C), I measured approximately isometric bite forces. The second beam,
in turn, was connected to a lubricated rail, so that its position relative to the pivoting beam can be
altered via a stepper motor (28BYJ-48, 5V), connected to a gearing system 3D printed from PLA.
This design allowed me 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 section 4.2.5), a top-down camera was synchro-
nised to the sensor recording, and recorded the bite experiments at 30 fps, (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° with respect to the camera plane, provided depth in-
formation. 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, Cambridge,
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UK). The system was operated via a custom software written in Python (v 3.5, see Van Rossum and

Drake, 2009, and Appendix C for details on the user interface and circuit).
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FIGURE 4.1: (A) | 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, I built a custom-designed force setup 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 can 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° mirror. (C) From the video recordings,
I extracted the coordinates of the mandible joint centre, head spikes S; and S,, outlever length L, , and the
most distal and proximal tooth tips. The rotational axis of the mandible R was projected onto the local head
coordinate system (e1, e2, €3). The mandibular opening angle 6 was defined as the angle between the lateral
head axis, span by the head spikes, and the projection of the largest outlever onto the plane of rotation. The
magnitude of the bite force |Fy| was extracted from the measured force |F,| and the misalignment angle «,
measured from the video recordings, as defined by Eq.4.1. (D) From each force trace, the maximum force
(cross) was extracted for further analysis. Maximum measured forces exceeded the sensor noise (shaded area)
by at least a factor of eight.

4.2.3 Sensor calibration, accuracy and precision

The sensor was calibrated using a series of calibration weights (Kern & Sohn GmbH, Balingen, Ger-

many), suspended from the pivoting lever via a thin cotton thread (the weight of the cotton thread
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was small, = 0.015g, 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
|Lp cat] = 20.25 mm. The set-up was rotated such that the measurable force vector aligned with
gravity (see Fig. 4.2A). T used 20 weights between 5 and 100 g; a weight of 1.4 g was required to estab-
lish 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 five times in random order, and the steady-state sensor reading
averaged across =~ 2s was used for sensor calibration. The relationship between weight and sen-
sor 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-squared of the

regression line indicates robust calibration (R? = 0.993, see Fig. 4.2A).

To quantify calibration accuracy and precision, five additional weights (7 - 87 g) were measured three
times each, and the relative error was calculated as € = 1 — |F,,|/|F;|, where F,, is the predicted and
F,, is the measured force, respectively (see Fig. 4.2B). 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: x? = 0.38, p = 0.53; the average magnitude of the measurement error

was 5 + 4 %]; the standard deviation indicates the precision of the measurements.
; p

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 eight times smaller than the smallest measured bite force (see Fig. 4.1D).
Sensor drift was significant [Spearman’s correlation coefficient: r 2567 = -0.26, p < 0.001; see manu-
facture data sheet], but small enough to be inconsequential across the time scale of my measurements
(cf. 1 mN/min vs ~30-60s).

In a last validation step, I directly compared measurements from my set-up with those of an estab-
lished 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 and specimen as random effect showed no significant influence of nei-
ther set-up nor operator on bite forces [LMM versus random intercept model: x3 = 3.83, p = 0.15;

set-up: tg; = 1.68, p = 0.10; operator: t3; = 0.95, p = 0.35].

The camera was calibrated assuming an inverse size-distance relationship, L2Sy = L1571, where
S1 and Sy are the apparent sizes of an object at distances Lj and L9 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 L1 ~ 32 mm to the camera, was measured from ten images, and the pixel-
to-mm conversion factor C; was extracted. This conversion factor changes approximately in direct

proportion to the camera distance as Cy = C'1 Ly /L1, where Ly is the distance between the camera
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and the imaged object. In contrast to Ly, Lo 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, ex-
tracted from five trials, and its physical size was calculated from the calibration. The relative error
was 142 %. This error changed significantly with grid paper-lens distance — the physical dimen-
sions 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.
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Ficure 4.2: (A) For sensor calibration, I suspended weights between 5 and 100 g from the bite plate of the

pivoting lever. A linear regression on logo-transformed data characterised the relationship between measured

output and force with high accuracy (R? = 0.993). (B) A subsequent error analysis using intermediate weights

between 7 - 87 g yielded relative errors between measured and expected forces of 2 % (accuracy, black line) with
a standard deviation of 6 % (precision, shaded area), independent of weight (see main text).

4.2.4 Experimental protocol

To measure bite forces, individual ants were held in front of the bite plates using insect tweezers.
Ants were pleasantly eager to bite, typically executing numerous bite cycles in quick succession (see
Fig. 4.1D). After completing at least five bite cycles, or exceeding a total bite duration of 10s, the
measurement was terminated, each ant was weighed (AX304 Microbalance, 310 g x 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, I
measured each ant only once at a single bite plate distance. In practice, I gradually increased the bite
plate distance from 0.5 to 3.0 mm; for each distance, [ 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 specimen were able to bite. I assume that ants bit with maximum muscle activation at all
opening angles, as indicated by measurements involving direct muscle stimulation in closely related

Atta cephalotes (see Chapter 3).
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4.2.5 Extraction of landmarks

In order to obtain the opening angle, the orientation of the bite force vector, and the length of the
mandible outlever, I extracted the coordinates of a series of landmarks from the video frame cor-
responding to the time of maximum bite: (i) the contact point between mandible and bite plate; (ii)
the tip of the most distal and proximal mandibular teeth; (iii) the mandible joint centre (defined as in
Chapter 2); and (iv) a pair of distinct head spikes (see Fig. 4.1C). In addition, I extracted the orienta-
tion of the mandible joint axis R via kinematics analysis of the mandible motion (see Chapter 3, and
V Kang, F Piiffel and D Labonte, in preparation). In order to position R on the biting ant, I introduced
a local head coordinate system (e1, €2, e3) based on the vectors connecting the joint centre with the
tips of both head spikes, S; and S, respectively. The coordinate axes were defined as e; = S;/|S;|,
es = (S, X S8,)/|S; X S,|, and ey = e3 X e;. The estimated rotational axis was then projected
onto this local head coordinate system (for more details, see Appendix C). In line with previous work
(Weihmann et al.,, 2015b), I define the opening angle as the angle between the lateral head axis and
the largest effective outlever L, .t f 4. The lateral head axis was defined as the vector connecting both
head spikes (see Fig. 4.1C).

4.2.6 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. I
addressed this challenge by selecting a force sensor capable of measuring small and large bite forces
with sufficiently high resolution (see section 4.2.2). 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 1 mm apart. This bite plate distance is approximately
equal to the distance between both mandible joints; a bite with the distal-most teeth would thus
involve a mandibular opening angle of about 90°. For a bite with the most proximal teeth, in turn,
the opening angle is larger, around 110° (see Fig. 4.1A), and the effective outlever 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°.
Notably, the ant’s ability to bite proximally is limited because the length of the mandible blade exceeds
the length of the bite plate by about 20 % (see Fig. 4.1C). Evidently, for a given configuration of the
experimental setup, 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 Eq. 4.2 and Chapter 3), 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 (see Fig. 4.3).
First, I correct for the misalignment between measurable force vector and applied bite force vector.
Second, I correct for differences in moment arms around the lever pivot, arising from variation of

the bite contact point. Third, I account for variation in bite position along the mandible blade, which



70 Chapter 4. Scaling of maximum bite forces

alters the mechanical advantage of the force transmission system. Fourth, I account for differences

in mandibular opening angle during exertion of the maximum bite force.

3

U

Maximum
bite force

F1GURE 4.3: In order to extract the maximum bite force from the measured data, I account for four confounding
effects: First, I account for the misalignment between bite force orientation and the force-sensitive axis. Second,
I account for variation in bite contact point on the bite plate, which results in different moment arms. Third, I
account for differences in bite position along the mandible blade, which determines the mechanical advantage
of the musculoskeletal force transmission system. Fourth, I account for variation in mandibular opening angle,
which is associated with variation in mechanical advantage, fibre length and pennation angle, all of which
influence bite forces. 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 is not ‘real’ data, but merely
serves for illustration. The ‘actual’ relative change in force caused by each correction, averaged for all ants, is
shown in percent.

The first correction is necessary, because the sensor measures 1D compression, F,,, but the applied
bite force vector, F, may deviate from this line of action by a misalignment angle « (see Fig. 4.1C).
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 mandible outlever L,, . and the rotational
axis, where L, .. is the vector connecting joint centre and the bite contact point (for more details, see
Chapter 3). This correction was typically larger for larger animals, which more frequently bit at

opening angles below 90° (see section 4.3), 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
part of the bite plates, so changing the lever arm around the pivot, L,,. To account for variation in
lever arm, I introduce the correction term I' = |L,, .q/|/|Lp|. I' was always close to 1, as the length
of the bite plate is small in comparison to the total length of the lever arm (= 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
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the proximal end of its mandible, because the mechanical advantage of the force transmission system
differs (see e. g. Lappin and M. E. Jones, 2014). To correct for this variation, I 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, two effective mandible outlevers, each defined as the projection of the outlever onto
the plane of rotation, were calculated for the contact point and the most distal tooth tip, respectively,
asLocfr =L, — (R . LO)R (for more details, see Chapter 3).

After implementation of corrections (i-iii), the magnitude of the bite force |Fp| follows as:

_p[Fnl Loessel

Fy| = 4.1)
‘ | COSO[‘LO’eff’d|

The fourth and last correction is necessary, because changes in opening angle are associated with
changes in both muscle length and mechanical advantage. The resulting variation in bite force mag-
nitude can be substantial; in A. cephalotes majors, bite forces at small opening angles are around five

times larger than those at large opening angles (see Chapter 3 and Fig. 4.3).

In order to implement this correction, I first recognise that bite force is a function of both morpho-
logical and physiological parameters; it is determined by muscle stress o, the physiological cross-
sectional area of the mandible closer muscle Ay, the average fibre pennation angle ¢, and the
mechanical advantage of the mandible lever system, defined as the ratio between effective in- and
outlever |L; cr|/|Lo cf 4| (see Chapters 2 and 3 for details):

] |Licss(6)] 4.2)

4/(6) = 0(0) Apuys cosl(0)) 45

I analysed 13 tomographic scans of A. vollenweideri leaf-cutter ants across the size range but excluding
minims in order to extract muscle volume, average muscle fibre length, pennation angle, and the ef-
fective mandible levers (for details, see Chapter 2). Fibre length, pennation angle and effective inlever
are functions of the mandibular opening angle. I previously demonstrated that these functions can be
accurately predicted from first principles, using a small set of assumptions, geometry and reference
measurements at a single opening angle (see Chapter 3). For this study, [ assume that all fibres of the
closer muscle attach to the tendon-like apodeme via thin filaments (which holds for 98 % of fibres in
A. vollenweideri,, see Chapter 2); the length of these filaments determines the change of fibre length
with opening angle, and was extracted from the scans (for more details, see Appendix C). I define the
physiological cross-sectional area as the muscle volume divided by the optimal fibre length at which
the muscle stress is maximum, L, (see Chapter 3). Muscle fibres which are stretched or shorten
deviate from this optimum length, and as a result the muscle stress decreases due to characteristic
force-length effects (A. Gordon et al., 1966; Josephson, 1975; Otten, 1987b). The magnitude of the de-
crease may be characterised by an empirical shape parameter 3 via 0() = oypqpe (1=Ly (0)/Lopt)®
(see Chapter 3). The maximum muscle stress 0y = 1.16 MPa and 8 = 5.34 were taken from

Chapter 3, where they were determined experimentally for closely related A. cephalotes majors. 1
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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

section 4.3).

The mandibular opening angle at which the muscle stress is maximum, L s (Bopt) = Lopt, was then
estimated via a non-linear least squares numerical fitting routine of Eq.4.2 in Python (v3.9, Van
Rossum and Drake, 2009). Notably, 6,,; may be reasonably expected to vary with body size, as it is
sensitive to head capsule geometry which changes with size in A. vollenweideri (see Chapter 2, and
N Imirzian, F Piiffel and D Labonte, in preparation). In order to investigate the size-dependence of
Oopt, I selected bite force measurements from individuals with a body mass that differed by no more
than ~ 25 % from the individuals for which I obtained morphological data from pCT 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, I first characterised the size-
dependent relationship between bite force and opening angle as outlined above. Next, [ calculated a
database containing the relationship between predicted bite force, normalised with its maximum, F,
opening angle and size. I rescaled the measured forces, corrected via Eq. 4.1, to the force expected at
an equivalent mandibular opening angle; the angle 6,4, at which bite forces are maximal, |Fp ;45| =
|Fy0l/ |I:“9 |. The magnitude of this correction thus depends on both the size and the mandibular
opening angle of the biting ant; the corrected value used for the final analysis is the maximum force

the animal can transmit at the distal mandibular tooth (see Fig. 4.1C).

4.2.7 Data curation and statistical analysis

I 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 logjo-transformed data, before correction: Fa 249 = 1.26,
p = 0.28; after correction: F 249 = 0.85, p = 0.43]. Out of 248 bite force measurements, three
slightly exceeded the range of calibration forces; two were lower and one higher, but all within 15 %
to the nearest calibration force. These measurements neither appeared to be outliers, nor altered the
scaling relationship (see section 4.3), and were hence kept for the analysis. Scaling relationships were
characterised with Ordinary Least Squares (OLS) and Reduced Major Axis (RMA) regression models
on logjg-transformed data in R (v 4.1, R Core Team, 2021). For simplicity, I only report the results
of the OLS regressions in the text; the RMA regression results are provided in Appendix C. Scaling
coefficients tend to be higher for RMA regressions (also see LaBarbera, 1989); however, the main

conclusions of this study are supported by both.
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4.3 Results

4.3.1 Leaf-cutter ant bite forces increase with strong positive allometry

I measured bite forces of A. vollenweideri leaf-cutter ants spanning more than one order of magnitude
in body mass, m. Measured bite forces |F,,| ranged from a minimum of 31 mN to a maximum of
1029 mN, and were proportional to m% 7™ [OLS 95 % CI: (0.74 | 0.85), R? = 0.75), suggesting positive
allometry (isometry predicts m?-67). After correcting for force orientation, and bite position along
the bite plate and mandible blade, respectively, bite forces, ‘Fbyg‘, ranged between 19 and 901 mN
(see Fig. 4.3 and Eq. 4.1), and were proportional to m85 [OLS 95 % CI: (0.79 | 0.92), R2 = 0.74], in
substantial excess of the scaling coefficient of |F,, | (see Fig. 4.4B). However, this scaling relationship
is still influenced by systematic differences in mandibular opening angle, which, as expected, were
systematically smaller for larger animals [Analysis of variance (ANOVA) on log1o-transformed data:
F1,246 = 15.24, p < 0.001].

In order to correct for the systematic differences in opening angle, I first assessed the size-dependence
of the opening angle, 6, at which muscle stress is maximum (see section 4.2 and Chapter 3). No-
tably, 0,y decreased significantly with body mass [OLS: slope = -0.09, 95 % CI: (-0.15 | -0.04), p <
0.01, R? = 0.56]: Oopt ~ 70° for a 1.5 mg ant, but 6,,; ~ 50° for a 45 mg ant. Next, I calculated the
opening angle at which the bite force is maximum, 0,4z. 0ima, may differ from 6, because bites
with larger or smaller opening angles may involve a higher mechanical advantage, so counteracting
any loss of force associated with isometric contractions at non-optimal fibre length (see Chapter 3).
Omaz 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. 4.4A]; the bite forces of a 1.5 mg and 45 mg ant are maximal
ataround 65° and 50°, respectively. Thus, the difference between 6,,,4, and 0, is small, supporting
my earlier conclusion that the musculoskeletal bite apparatus of leaf-cutter ants has a morphology

which maximises the magnitude of the peak bite force (see Chapter 3).

Equivalent bite forces at 0,4, and the most distal bite point scale with an even stronger positive al-
lometry, |Fp ymqz| o m%90 [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 overesti-
mated. However, this argument neglects the significant decrease of 0,,,4,, which reverts the effect:
because 0,4, 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: y3 = 118, p <
0.001], and in an increase of the 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°-%° ~ 22 compared to 30°7 ~ 15 - a drop by about
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F1GURE 4.4: (A) Maximum bite force is determined by the morphology of the bite apparatus and the physiology
of the mandible closer muscle. The morphological force determinants were extracted from 13 tomographic
scans of Atta vollenweideri scans across all sizes excluding minims. The physiological determinants were de-
termined experimentally for closely related Atta cephalotes majors (see Chapter 3), except for the mandibular
opening angle at which the muscle stress is maximum. This ‘optimum’ angle was fitted numerically using bite
forces measured for ants similar in size to those for which tomographic scans were available (circles). The solid
lines represent the predicted bites forces from morphology and physiology across mandibular opening angles,
calculated via a first-principle biomechanical model derived in Chapter 3. The maxima of these predictions
(crosses) shift to significantly larger opening angles for smaller ants [Ordinary Least Squares (OLS) regression:
slope = -0.09, p < 0.01]. (B) Bite forces, corrected to an equivalent mandibular opening angle and bite points
on the mandible (crosses), scale with strong positive allometry [mass®-?°, OLS 95 % CI: (0.86 | 0.95), R? = 0.86),
far surpassing the parsimonious prediction from isometry (mass’ ®7); bite forces are almost directly propor-
tional to body mass. The scaling coefficient exceeds the estimate from angle-uncorrected data [mass’-3%, OLS
95% CI: (0.79 | 0.92), R? = 0.74], represented by the green line and circles. (C) The residuals of the regression
on corrected maximum bite forces are independent of mandibular opening angle [ANOVA: F1 246 = 2.43,p =
0.12], supporting the validity of the angle-correction. (D) The corrected measured bite forces are in excellent
agreement with a quantitative prediction from morphology and physiology, as demonstrated by the identity
function (solid line). The predicted forces are the result of an OLS regression on logio-transformed data be-
tween force maxima (crosses in figure part A) and body mass of the scanned ants. I 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, and the correction factor, applied to the measured forces, was determined
via the normalised predictions.
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30 %. Clearly, a careful analysis of bite force measurements is required in order to draw meaningful

conclusions on scaling relationships.

4.4 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 (J. M. 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 (F. Clissold, 2007). How does this ability vary with
worker size? In order to address this question, I measured the maximum bite forces of A. vollenweideri
leaf-cutter ants spanning more than one order of magnitude in body mass. In the following discus-
sion, I (i) connect 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 my findings in an evolutionary and comparative context.

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

Maximum bite forces of A. vollenweideri workers show strong positive allometry, [Fj ;02| ¢ m0-90,

Due to 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)%997067 ~ 2 5. Can this extreme positive allometry be

understood from the morphology and physiology of the Atta bite apparatus?

I have previously extracted the relevant morphological bite force determinants in A. vollenweideri
workers from tomographic scans (see Chapter 2). On the basis of these data, [ predicted that bite force

should scale as m?-88

, a positive allometry largely driven by a disproportional increase in physiolog-
ical cross-sectional area of the mandible closer muscle (see Chapter 2). This prediction is in rather
close agreement with my bite force measurements. The small difference stems from the fact that
I previously extracted the morphological bite force determinants from scans, where the mandibles
were maximally closed, whereas 0, varies across sizes (see Fig. 4.4A). In order to account for this
variation in my morphological prediction, and to estimate the intercept of the scaling relationship, I
use the stress and force-length shape parameter measured for closely related A. cephalotes (see Chap-
ter 3), the change in 0,,; as observed in this work, and a biomechanical model which links mor-
phology, opening angle and bite force to directly predict maximum bite forces (see Chapter 3, and

Fig. 4.4A).

This calculation predicts a scaling of m% 91 [OLS 95 % CI: (0.82 | 1.01), R? = 0.98], and 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), 1.46 (intercept) [units: mN, mg; OLS

95% CI: (1.41 | 1.51)]. In other words, the ratio between maximum measured and predicted bite
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forces is close to unity (1.11 & 0.30), and independent of body mass [ANOVA on log;g-transformed
data: Fq 46 = 0.23, p = 0.63, see Fig. 4.4D]. I 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,
palaeontologists 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 de-
veloped and deployed for numerous taxa (e. g. G. M. Erickson et al., 1996; Huber et al., 2006; Heethoff
and Norton, 2009; Habegger et al., 2012, and Chapter 3). In arthropods, the two key obstacles facing
such theoretical efforts are the extraordinary variation in reported muscle stresses (e. g. G. M. 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 (see Chapter 3). The fact that I was able
to accurately predict both the magnitude and scaling of bite forces in A. vollenweideri using physi-
ological parameters measured in closely related A. cephalotes suggests that muscle stress and shape
parameter (3 are conserved across sizes and within Atta, cautiously indicating that the intraspecific

and intrageneric variation of bite forces may be predictable based on morphological data alone.

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

Bite forces are a non-pareil performance measure which influences access to food sources and high-
quality mating partners (R. A. 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., 2014b; 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’ (J. M. 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 (J. M. Cherrett, 1972; Shepherd, 1985). Foraging is not completely indiscrim-
inate, however: for example, foragers seem to prefer young (tender) over old (tough) leaves from the
same plant (J. M. 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; Nichols-Orians and Schultz, 1990), suggesting that foraging decisions are not
solely driven by plant chemistry, but also by mechanical considerations. Because larger ants typi-
cally cut tougher and denser leaves than smaller ants (J. M. Cherrett, 1972; E. O. Wilson, 1980a,b;
Nichols-Orians and Schultz, 1989; Wetterer, 1994a,b), I surmise that these mechanical considera-
tions 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, I estimate 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, [ F'dz, supplies the energy required to create the new
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surface arising from the cut, Gtdz, 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; J. G. Williams and Patel, 2016; B. Zhang et al., 2019). Onoda et al. (2011) 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 (Darvell et al., 1996; Onoda et al., 2011, I note that although A.
vollenweideri is often referred to as a grass-cutting ant, workers also cut dicotyledonous leaves, see H.
Fowler et al., 1986). On the basis of the simple mechanical model and these extensive experimental
results, I estimate that the forces required to cut tropical leaves vary between 7 - 828 mN. The median
required cutting force of 82 mN can be generated by a worker of about 5 mg (see Fig. 4.5), and [ submit
that this finding strongly suggests that the remarkable magnitude of bite forces in A. vollenweideri

arises from the ecological need to cut leaves.

In order to contextualise the positive allometry of bite force, I next calculate the fraction of cuttable
leaves as a function of worker size, both for allometric and hypothetically isometric workers (see
Fig.4.5). A direct comparison between two populations of workers which follow different scaling
laws requires to specify the body mass at which the two scaling lines intersect. Do large workers bite
relatively more strongly, or small workers relatively more weakly? This question cannot be answered
a priori, and I 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
is relatively small (E. O. Wilson, 1953, 1980a, 1983b; Wetterer, 1999). Second, large workers are
only produced in larger numbers once colonies exceed a critical size (E. O. Wilson, 1983b; Wetterer,
1999). Third, larger workers are more ‘costly’ than smaller workers. On the basis of these arguments,
increasing the bite force capacity disproportionally 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 have no obvious biological benefit. Thus, small workers may represent a
reasonable generalist ‘starting point, and I choose a weight of 1 mg, at the transition between minims

and medias (E. O. Wilson, 1980a, and Chapter 2), as intersection mass.

Viewed in this light, the positive allometry of bite force has substantial benefits for the colony for
at least two reasons. First, the maximum bite force of an allometric worker with a body mass of
27 mg, at the upper end of forager sizes typically reported in Atta (Wetterer, 1990; Wetterer, 1994a,b;
Réschard and Roces, 2003b; Evison and Ratnieks, 2007), exceeds that of an equally-sized isometric
worker by a factor of two (see Fig. 4.5A). 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. 4.5B). This difference may seem small, but this perception is erroneous: A large isometric
forager would need to be three 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. 4.5B). 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 5mg can cut up to 70 % of leaves, a whopping 20 % more than its isometric
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FiGure 4.5: (A) I consider possible benefits of the positive allometry of bite force by calculating the minimum
worker size which can generate a given force, both for measured positively allometric and hypothetical iso-
metric workers. An isometric worker needs to be about three times larger to produce the same bite force as the
largest allometric forager; typical Atta vollenweideri foragers range between 2.5 to 26.9 mg (Roschard and Roces,
2003b). (B) An allometric workforce increases the total fraction of cuttable leaves, estimated from measure-
ments 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 only 50 %. The positive allometry of bite
forces thus likely increases harvesting speed, and provides flexibility in task allocation, so enhancing colony
fitness. (C) Positive allometry of bite force has been reported in intraspecific studies for several taxa (dashed
lines, see G. M. Erickson et al., 2003; Becerra et al,, 2011; Marshall et al.,, 2012, 2014; Lappin et al., 2017, and
Table 4.1). Across distantly related species and a large size range, however, bite forces scale with isometry [black
line, mass” %8, OLS 95 % CI: (0.65 | 0.72), R? = 0.86]; each circle represents the average maximum bite force
for a single species (extracted from Goyens et al., 2014b; Weihmann et al., 2015a; Sakamoto et al., 2019). A.
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 Riihr et al., 2022), 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®-%® [OLS 95 %
CI: (0.66 | 0.70), R? = 0.87]. Within A. vollenweideri, however, bite force o< head volume® ™ [OLS 95 % CI: (0.75
| 0.83), R? = 0.86], in excess of isometric predictions, due to a disproportionate increase in volume-specific
physiological cross-sectional area of the mandible closer muscle (see Chapter 2).
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counterpart. This substantial increase in the size range which 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, my results revealed a significant decrease
in opening angle at which fibres take their optimum length, 6,,;. I 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 relations and thus have high predictive accuracy, it involves assumptions on
muscle physiology, and neglects passive force-length effects due to muscle or connective tissue elas-
ticity (see Chapter 3). In support of the validity of my angle correction and the resulting conclusion,
three independent lines of evidence may be offered. First, the angle-corrected regression analysis
explains a substantially larger share of the variation of bite force with mass (86 % vs 74 % for |Fy, g|,
see Fig. 4.4B). Second, the regression residuals are independent of opening angle [ANOVA: F 246 =
2.43, p = 0.12, see Fig. 4.4C], which does not hold without angle-correction [ANOVA: Fy 246 = 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 section 4.2), and are thus
associated with higher uncertainty [OLS: slope = -0.08, 95 % CI: (-0.15 | -0.01), p < 0.05, R2 = 0.44].
My result therefore appears statistically robust, and I 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 mandibles together like scissors, ants need to produce suffi-
ciently 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, as the largest colony work-
ers, the force at 0.2 mm would be 10 % less. I 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.

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

I discussed the mechanistic origin and ecological significance of the positive allometry of bite forces
in A. vollenweideri. As a last step, I place my findings in a broader comparative and evolutionary

context.

To this end, I compare 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). Regression analysis on log;o-transformed bite force data for
203 amniote and two insect species against body mass (Goyens et al., 2014b; Weihmann et al., 2015a;

Sakamoto et al,, 2019), and for 139 amniote and 653 insect species against head volume (Sakamoto
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TaBLE 4.1: Scaling of maximum bite forces for intraspecific (or intrageneric #) scaling studies across various taxa.
The statistical models used to characterise the scaling relationships include Ordinary Least Squares (OLS) and
Reduced Major Axis (RMA) regressions performed on logio-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, I selected body mass
as key variable to facilitate comparison with this study. A range of scaling coefficients is given when more than
one species (or genus ), intraspecific morphotypes or sexual dimorphism were studied. Significant deviations
from isometric scaling, i (m®-%7, L.?) are indicated with a p for positive allometry or n for negative allometry.
I calculated a logio-transformed bite force quotient (BFQ) based on the reported mass range and regression
coefficients (see Heethoff and Norton, 2009; 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 coeflicients
for body mass were missing, I calculated the range of BFQ based on the reported mass and bite force ranges
(labelled with ). 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 labelled with a ¥; these data are biased and thus need to be compared
with care (see main text).

Taxon Statistical model ~ Scaling Allometry  log10(BFQ) Source

Ants OLS m?-9° p 2.50 - 2.85 this study

Ants RMA  m®%7 P 2.44 - 2.90 this study

Birds * RMA m0-76-0-88 7 0.62-1.22 % Sustaita and Hertel, 2010
Crabs not specified ~ m®-32 P 2,66 -2.94 F Okaetal, 2016

Crabs # OLS  ML'* n no mass reported Palmer et al., 1999
Crocodylians OLS m® 7 P 1.92-2361 G. M. Erickson et al., 2003
Crocodylians RMA  m%77-0.78 P 1.98-2.40 7 G. Erickson et al,, 2014
Frogs RMA m®%! P 1.59-1.88 Lappin et al,, 2017

Eels not specified ~ BLZ-7972:94 P no mass reported ¥ De Meyer et al., 2018
Lizards # RMA Sy3-83-4.60 P 127 -234 % 1 Meyers et al., 2002
Lizards RMA  SVL%65-337 2.10-2.67 1 Herrel and O’Reilly, 2006
Lizards OLS m?-57-0.73 n,p 2.02 - 2.36 M. E. Jones et al., 2020
Piranhas OLS  BL%30 P 2.37 - 247 % Grubich et al,, 2012
Ratfish OLS BL2-34 7 2.07 % Huber et al., 2008
Rodents RMA  m®89-099 P 1.83-2.04 Becerra et al,, 2011
Rodents RMA mb1! P 1.91 - 2.06 % Becerra et al., 2013
Rodents non-linear RMA m?-93-101 p 1.78 - 2.07 Vassallo et al.,, 2016
Rodents OLS m?-83 p 1.78 - 2.06 * Ginot et al,, 2020

Snakes OLS m%%® n 0.71-1.14+ Penning, 2017

Turtles RMA  CLMT372328 n,i 1.52-2.53 %t Herrel and O’Reilly, 2006
Turtles RMA m%% P 1.90 - 2.48 F Pfaller et al,, 2010
Turtles non-linear RMA  m?-3° p 1.40 - 1.85 Marshall et al.,, 2012
Turtles non-linear RMA m?-64 i 1.33 Marshall et al., 2014
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et al,, 2019; Riihr et al.,, 2022) suggests isometry of bite forces [mass®8 OLS 95 % CI: (0.65 | 0.72),
R2 = 0.86; head volume?-% OLS 95% CI: (0.66 | 0.70), R2 = 0.87, see Fig. 4.5]. 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 -0.08 [mass across species: OLS 95 % CI: (-0.17 | 0.01)], 1.17
[mass within A. vollenweideri: OLS 95 % CI: (1.07 | 1.26), see Fig. 4.5C], -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 that for the average
amniote and insect, respectively (also see Chapter 3); the largest ants produce maximum bite forces
comparable to that of amniote species at least 20 times heavier (see Fig. 4.5C), and [ 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. 4.5D]. 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 Chapter 2), 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 to 209 & 134 mm3/g for amniotes (see
Fig. 4.5 and Sakamoto et al., 2019).

In the above argument, I 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 if the static positive allometry of bite forces in leaf-cutter ants is in-
deed exceptional, and to facilitate a more appropriate comparison of the magnitude of bite forces,
I collated results from 22 intraspecific and intrageneric scaling studies on bite force across twelve
taxonomic groups (including this study, see Table 4.1. I note that the majority of intraspecific scaling
studies report ontogenetic instead of static scaling coeflicients). For each study, I then calculated a
logo-transformed ‘bite force quotient, log;,(BFQ) = log;(bite force/body mass>/3) in N/kg?/3
(Heethoff and Norton, 2009; 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 were
measured at a favourable mechanical advantage (Oka et al,, 2016, in contrast, I report bite forces
for the maximum outlever and thus smallest mechanical advantage for a given mandibular opening

angle).

I conclude that leaf-cutter ants are highly specialised to produce large bite forces: (i) they have large
heads relative to their body mass compared to vertebrates; (ii) the volume occupation of mandible
closer muscle in these heads and (iii) the geometry of the bite apparatus are close to putative theo-
retical optima (see Chapters 2 and 3; and (iv), the estimated maximum stress of the mandible closer

muscle is among the highest ever measured (see Chapter 3).

In sharp contrast to the magnitude of bite force, the positive static allometry appears to be less re-

markable: around 70 % of available intraspecific studies reported significant positive allometry of
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bite forces, if often less pronounced (including one study that also reported negative allometry for
other phenotypes of the same species, M. E. Jones et al., 2020)). Remarkably, and with the notable
exception of bats and finches (Aguirre et al., 2002; Meij and Bout, 2004; Herrel et al., 2005; Senawi et
al,, 2015; Sakamoto et al., 2019), bite force studies involving different genera typically report isomet-
ric 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 Daele 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, |
superimpose a small selection of scaling relationships on the overall evolutionary slope (dashed lines
in Fig.4.5C). The ontogenetic, static and evolutionary allometry of bite forces appears as a weak
instance of Simpson’s paradox, where the slope of a regression line across many data points is sub-
stantially different from the slope obtained for subsets of the data — 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 likely associated with direct ecological advan-
tages, related for example to the quantity and quality of accessible food sources (e. g. G. M. 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 which may be reasonably expected to face strong
ecological or behavioural demands on their bite forces, so increasing the probability of departures
from isometry (also see 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
biases in bite force measurements (see section 4.2), and may thus report under- 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; R. J. Smith, 1984; LaBarbera, 1989; Bonduriansky, 2007;
Egset et al,, 2012; Pélabon et al., 2013; Voje and Hansen, 2013; Pélabon et al., 2014; Voje et al., 2014;
Bolstad et al., 2015). Untangling the influence of these different factors constitutes an exciting avenue

for comparative and evolutionary work across disparate taxa, and a large range of body sizes.



4.5. Conclusion and outlook 83

4.5 Conclusion and outlook

Bite forces in leaf-cutter ants scale with strong positive allometry, driven and accurately predicted
by morphological and physiological adaptations of the bite apparatus. The positive allometry en-
ables the colony to access an increased number of plant species, and is thus ecologically meaningful.
My study adds strong quantitative evidence in support of the hypothesis that size-polymorphism
and the associated variation in shape broadens a colony’s access to food plants (E. O. Wilson, 1980a;
Waller, 1989; Wetterer, 1999; Clark, 2006; Holldobler and E. O. Wilson, 2010). However, I acknowl-
edge that the exact relationship between worker size, food plants and cutting behaviour is complex,
and is influenced by nest distance (Roces, 1990), mandibular wear (R. M. 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
measurements of cutting forces with differently-sized mandibles as well as behavioural assays with
materials of varying mechanical properties are needed (see Chapter 6). I hope that such work will
increase our understanding of the complex interactions between polymorphism, bite force allometry

and foraging ecology in leaf-cutter ants.






85

5 Biomechanical development of the bite

apparatus

I acknowledge the contributions of Richard Johnston, who conducted the (CT scans, Lara Meyer, who
conducted the nanoindentation experiments including sample preparation, provided the manual thickness
measurements for validation and helped with cuticle brightness measurements and tissue segmentation,

Natalie Imirzian, who also helped with tissue segmentation, and Flavio Roces, who provided the ant colony.

Summary

Many social insects display age polyethism, where young adults stay inside the nest, and older adults
forage. The mechanisms of this behavioural change involve genetic and physiological aspects, but
the importance of biomechanical factors remains unclear. To investigate whether the mechanical
demands of foraging effectively prevent young workers from partaking in foraging, I studied the
biomechanical development of the bite apparatus in Atta vollenweideri leaf-cutter ants in the days
after eclosion. Fully-matured foragers generate peak in-vivo bite forces of around 100 mIN, more
than one order of magnitude in excess of those measured for freshly-eclosed callows. This change in
bite force was accompanied by a sixfold increase in the volume of the mandible closer muscle, and
by a substantial increase of the flexural rigidity of the head capsule, driven by a significant increase
in both average thickness and modulus of the head capsule cuticle. Callows are likely incapable of
cutting most tropical leaves, because their muscles do not yet generate sufficiently large bite forces,
and their head capsule is so compliant that large muscle forces may cause critical damage. I suggest
that continued biomechanical development post eclosion may be a key factor in age polyethism in
social insects where foraging is associated with high mechanical demands on the musculoskeletal

system.

5.1 Introduction

Division of labour is thought to be a key innovation in social insects, as it may increase the ergonomic
efficiency and thus fitness of the colony (Oster and E. O. Wilson, 1978). Numerous theories suggest
possible explanations for the emergence and mechanisms of a division of labour beyond reproduc-
tion, with a particular focus on size- and age-related task preferences (e. g. E. O. Wilson, 1980b; Tofts,
1993; Robinson et al., 1994; Beshers and Fewell, 2001).
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Across distantly related insect taxa, age-related task preferences, or age polyethism, has evolved in
bees (Seeley, 1982; Robinson et al., 1989; Calderone, 1995; Z.-Y. Huang and Robinson, 1996), wasps
(O’Donnell and Jeanne, 1993; Shorter and Tibbetts, 2009), ants (E. O. Wilson, 1976; E. O. Wilson,
1980a; Beshers and Traniello, 1996; Julian and Fewell, 2004; Thomas and Elgar, 2003; Seid and
Traniello, 2006; Camargo et al., 2007; Muscedere et al., 2009; Vieira et al., 2010), and termites (Hinze
and Leuthold, 1999): freshly-eclosed colony workers tend to stay inside the nest and attend to queen
and brood, and only older workers engage in foraging tasks outside the nest (see Fig. 5.1). This be-
havioural transition typically occurs within the first weeks after eclosion (e. g. Seeley, 1982; Hinze
and Leuthold, 1999; Seid and Traniello, 2006; Camargo et al., 2007), although the exact timeline is
subject to variation based on genotype (Julian and Fewell, 2004) and colony size (Thomas and Elgar,
2003; Jeanson, 2019).

Because of its frequent emergence and ecological impact, age polyethism in social insects has re-
ceived considerable attention from behavioural biologists (Z.-Y. Huang and Robinson, 1996; Thomas
and Elgar, 2003; Julian and Fewell, 2004; Shorter and Tibbetts, 2009; Jeanson, 2019), ecologists
(O’Donnell and Jeanne, 1993; Tofilski, 2002; Yanagihara et al., 2018), geneticists (C. Lucas et al., 2010;
Ingram et al,, 2016), neuroethologists (Seid and Traniello, 2006; Muscedere et al., 2011; Muscedere
and Traniello, 2012), and physicists alike (R. M. Schofield et al., 2002, 2011), and numerous asso-
ciated genetic and physiological processes have been identified. For example, the transition from
within-nest to outside foraging tasks is linked to substantial changes in gene expression (Ben-Shahar
et al,, 2002; C. Lucas et al., 2010; Ingram et al., 2016), hormone levels (O’'Donnell and Jeanne, 1993;
Shorter and Tibbetts, 2009; Jeanson, 2019), the exocrine system (Z.-Y. Huang and Robinson, 1996),
muscle chemistry (Roberts and Elekonich, 2005; Schippers et al., 2010; Skandalis et al., 2011), and
brain physiology and size (Robinson, 1998; Muscedere and Traniello, 2012).

In fact, the physiological development following eclosion is hypothesised to be key in determining
the ability of workers to partake in certain colony tasks (Robinson et al., 1994; Calderone, 1995; Seid
and Traniello, 2006; Muscedere et al., 2009, 2011), suggesting an emergence of age polyethism based
on the development and retention of behavioural capabilities (Seid and Traniello, 2006, but see Tofts,
1993; Beshers and Fewell, 2001).

However, another aspect that may also affect such capabilities has received considerably less atten-
tion: the biomechanical development of young colony workers after eclosion (R. M. Schofield et al.,
2002, 2003, 2011; Muscedere et al., 2011). Biomechanical factors are likely relevant, because outside
foraging tasks are associated with substantial mechanical demands: the cutting, masticating, pierc-
ing, sucking and transportation of substrates all require sufficiently large muscle forces and a robust
skeleton to transmit these forces without taking damage. Here, I conduct a study of the biomechani-
cal development of a musculoskeletal apparatus that is of particular importance in foraging, in an ant
species where the mechanical demands on it are particularly strong: the head capsule of leaf-cutter

ants.

Leaf-cutter ant foraging involves the cutting and carrying of leaf fragments from fresh vegetation
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surrounding the nest (Wirth et al., 2003; Holldobler and E. O. Wilson, 2010). To overcome the high
mechanical demands of cutting, leaf-cutter ants generate excessively large weight-specific bite forces
(see Chapter 4) at a metabolic scope close to that measured for insect flight (Roces and Lighton, 1995).
The ability to partake in foraging depends on the worker’s bite performance and the mechanical ro-
bustness of the head capsule. Previous work suggests that the musculoskeletal bite apparatus has not
yet fully matured at the time of eclosion: tooth hardness of leaf-cutter ant mandibles increases nearly
threefold in the days after eclosion, a development correlated with corresponding changes in zinc-
concentration (R. M. Schofield et al., 2002); the cephalic muscles of Pheidole ants grow substantially
post eclosion, suggesting age-related constraints on foraging ability based on muscle development
(Muscedere et al.,, 2011).

This study builds up on this work by quantifying the biomechanical development of the muscu-
loskeletal bite apparatus of Atta vollenweideri leaf-cutter ants; I investigated to what extent mechan-
ical ability varies in the days following eclosion by (i) measuring peak bite forces with a custom-
built force setup, (ii) quantifying the volume of the mandible closer muscle and the thickness of the
head capsule using CT imaging, and (iii), extracting the indentation modulus of the cuticle from
nanoindentation experiments. By establishing a biomechanical paradigm to investigate age-related
foraging, I hope to increase our understanding of the physical constraints that may contribute to age

polyethism in insects.

FIGURE 5.1: (A) Leaf-cutter ants harvest plant tissues from the nest surroundings to grow a subterranean fungus

as crop. (B) Foraging tasks are only performed by workers exceeding a minimum age after eclosion, raising the

question to what extent the mechanical demands of leaf-cutting drive this change in behaviour. (C) To address

this question, I studied the biomechanical development of the musculoskeletal bite apparatus from freshly-
eclosed callows to fully-matured foragers. Photo credit: Samuel T. Fabian.

5.2 Materials & methods

5.2.1 Study animals

I used workers from three Atta vollenweideri leaf-cutter ant colonies (‘E’, ‘D’ and ‘F"), all founded and
collected in Uruguay in 2014. The colonies were fed with bramble, cornflakes and honey water ad

libitum, and kept under a 12 h:12 h light:dark cycle at 25°C and 50 % humidity in a climate chamber.
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In order to minimise confounding effects due to worker size differences (see Chapter 2 and 4), I
only collected small workers with a body mass between 3 and 7 mg, representing the lower end of
observed forager sizes in A. vollenweideri (2.5-26.9 mg, see Rgschard and Roces, 2003b). I collected
49 ants: 14 fully-darkened workers from the foraging area (np = 14), and 35 callows of varying
cuticle brightness from the fungal gardens (np = 7, ng = §, np = 20). Callows were extracted by
scooping fresh fungus from boxes that appeared to contain a lot of brood into a separate container,
from which those ants with visibly brighter cuticle were taken. There was no significant difference
in mean body mass between callows (4.5 &= 1.2 mg) and foragers (4.8 &= 1.2 mg; Wilcoxon rank sum
test: W = 214.5, p = 0.51); I combined data from all three colonies as previous work demonstrated

that bite forces do not differ across them (see Chapter 4).

5.2.2 Bite force measurements

In order to quantify bite performance, I measured the maximum bite force using a custom-built setup
described in detail in Chapter 4. In brief, individual ants were held in front of two bite plates using
insect tweezers (see Fig 5.2B). The ants then readily bit onto the two bite plates, both protruding
from mechanically uncoupled beams. The first beam can rotate about a pivot and then pushes onto
a capacitive force sensor, which is thus compressed when a force is applied to the bite plate. The
second beam remains stationary, such that the distance between the two outer surfaces of both bite
plates — the mandibular gape required to bite — is constant at 0.5 mm, or roughly a third of the average
head width. Each measurement was terminated after at least five complete bite cycles or a total bite
duration of more than 10s. For the youngest and supposedly weakest callows, this condition was
difficult to verify from the force trace alone as the peak bite forces were below 10 mN, equivalent
to about twice the sensor noise (see section 5.3). For these ants (n = 11), I identified bites based on
direct observations via a top-down camera, which filmed the ants during the experiment with 30 fps.
After the measurement, all ants were weighed (AX304 Microbalance, 310 g x 0.1 mg, Mettler Toledo,

Greifensee, Switzerland), and sacrificed by freezing.

From the recorded bite force traces, the maximum measured forces were extracted. However, these
force maxima were still influenced by head orientation and bite location both on the mandible and
bite plate. In order to remove the influence of these factors, I calculated the maximum bite force at an
equivalent mandible outlever, the most distal end of the mandible, using the steps described in detail
in Chapter 4. I did not correct for differences in mandibular opening angle as this requires assump-
tions on muscle physiology (see Chapter 4). However, the opening angles of callow and forager bites
were almost identical, 78 £ 6° versus 77 £ 5° (Two sample t-test: ty7 = 0.63, p = 0.53), so that any
confounding effects are likely unsystematic. Bite forces of mature A. vollenweideri ants are maximal
at an opening angle of about 60°; the forces measured here are about 15 % lower than this peak (see
Chapter 4).
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FIGURE 5.2: In order to study the biomechanical development of the musculoskeletal bite apparatus post eclo-
sion, I extracted adult Atta vollenweideri leaf-cutter ants at different time points after eclosion from the foraging
area and fungal gardens of the colony. I quantified cuticle brightness, maximum bite force, indentation modulus,
muscle volume and cuticle volume & thickness (also see Fig. 5.3). (A) As proxy for age post eclosion, | measured the
brightness of the mandible cuticle from standardised photographs, both for randomly selected ants, and for a
smaller subset of ants of known age after eclosion. (B) I quantified bite performance with a custom-built force
sensor (described in detail in Chapter 4; 3D model of biting ant created by Fabian Plum with the open-source
photogrammetry platform ‘scAnt, see Plum and Labonte, 2021).

5.2.3 Cuticle brightness

In order to approximate the age of the ants post eclosion, I measured cuticle brightness (see e. g. E. O.
Wilson, 1976; R. M. Schofield et al., 2002; Seid and Traniello, 2006), which typically decreases after
eclosion, in concert with cuticle sclerotisation (Politi et al., 2019). To make this link quantitative,
I also extracted the cuticle brightness from a set of nine callows of known age post eclosion (also

see Muscedere et al., 2011). To this end, late-stage pupae were taken from the fungal gardens and
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placed in a separate container (=15 x 8 x 5 cm) with a small amount of fungus and dozens of minims
to maintain them. The pupae were checked daily, and as soon as the legs had unfolded, they were
marked with paint (Edding 4000 paint marker, Edding AG, Ahrensburg, Germany), and sacrificed
after one (n = 3, 4.1 £ 0.9 mg), three (n = 3, 4.1 £ 0.8 mg) or five further days in the container (n = 3,
4.5 + 1.0 mg; the difference in body mass between these subsets was not significant, ANOVA: Fq ¢ =
0.22,p = 0.81).

To quantify cuticle brightness, I photographed worker head capsules in the horizontal plane using a
high-resolution light microscope equipped with an apochromatic lens (camera: DMC5400, micro-
scope: Z6 Apo controlled via LAS X; Leica Microsystems GmbH, Wetzlar, Germany; see Fig. 5.2A).
Heads were placed on white paper next to a printed RGB colour stripe, which served as a base-
line to enable comparison between relative colour differences across photographs (see Fig. 5.2A). To
minimise such differences, I used the same exposure time and colour profile in LAS X, and kept light-
ing conditions approximately constant, using the microscope-internal light source and two external
LED lamps. From each image, the RGB values for a defined set of ‘regions of interest’ (ROIs) were ex-
tracted using the ‘Color histogram’ function in Fiji (Schindelin et al., 2012). Three rectangular ROIs
were taken from the colour stripe — one of each colour, approximately spanning 200 x 150 pixels —
and one circular ROI from a ‘tooth-free’ region of the mandible blade with a diameter of 30 pixels (see
Fig 5.2A). The perceived colour of the mandible is likely affected by both pigmentation and variations
in translucency of the cuticle due to local variations in thickness. To minimise confounding effects,
always measured cuticle brightness at locations where the left and right mandible did not overlap. I
then calculated cuticle brightness from the RGB valuesas brap = (R+G+ B)/(3-255), equivalent
to an unweighted greyscale conversion native to Fiji. Neither body mass nor the brightness of the
colour stripe differed significantly between these monitored callows (n = 9) and all other workers (n
= 49; body mass: Wilcoxon rank sum test: W = 197.5, p = 0.63; brightness: Wilcoxon rank sum test:
W =374, p = 0.18). However, I found a significant correlation between body mass and cuticle bright-
ness across the ants used for bite experiments (Spearman’s rank correlation: p47 = -0.38, p < 0.01),
such that dark ants (brgp < 0.20) weighed 5.2 & 1.2 mg, and bright ants (brgp > 0.35) weighed
4.2 £ 1.2 mg, approximately 20 % less. This effect may be attributed to size-dependent differences
in mandible thickness, which resulted in age-independent differences in cuticle translucency and
brightness. I, however, argue that any confounding effects of body mass are small in comparison to

the effects of ageing and the associated development of the bite apparatus (see section 5.3).

5.2.4 Nanoindentation

To investigate if the material properties of the head capsule change, nanoindentation experiments
were conducted. To this end, a subset of twelve ants was used (from the 49 biting ants), covering the
range of observed cuticle brightness: eight callows (4.3 & 1.2 mg) and four foragers (4.3 + 1.2 mg;
the difference in body mass was not significant, Two sample t-test: t1g = 0.03, p = 0.97). The samples
were embedded in two-part epoxy (EPO-Set, MetPrep Ltd., Coventry, UK), so that the horizon-

tal head plane faced upwards (see Fig. 5.3A). To facilitate head capsule alignment, an insect pin was
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pierced into each head capsule prior to embedding. After curing for at least 6 h, the samples were
ground (Saphir 250 A2-ECO, QATM, Mammelzen, Germany) using abrasive silicon-carbide paper
of increasing grit numbers (400, 800, 1200, 2500, 4000) in single pressure mode at 25 N for 30, 90,
120, 180 and 180, respectively. All samples were then polished with 0.3 pm alumina and 0.06 ym
colloidal silica suspensions, respectively (MetPrep Ltd., Coventry, UK), at 15 N for 120 each.

Indentations were performed with a Hysitron Tribolndenter (Ti 950, Bruker Corporation, Billerica,
MA, USA) and a Berkovich probe. Each sample was indented numerous times (19 + 9) at three dif-
ferent regions of the head capsule where the closer muscle attaches (see red areas in Fig. 5.3A). The
minimum distance between indents was approximately 20 um, and from indents to cuticle edge ~
2 pm. A trapezoidal loading profile in closed-loop displacement control was used with a load time
of 55, a peak displacement of 300 nm, a hold time of 20s, and an unloading time of 5s. The in-
dentation modulus was extracted from the unloading curve using the native control software and
Oliver-Pharr analysis (see Oliver and Pharr, 1992); the tip-area function of the Berkovich tip was
calibrated with 100 indents on fused quartz, and confirmed on polycarbonate standards supplied by

the manufacturer. All measurements were conducted at ambient conditions.

(A)

Indentation modulus 3D piezo scanner

Force/displacement

transducer
Epoxy
1 mm
I Berkovich probe

Muscle volume

Cuticle volume
. . & thickness

1 mm

FIGURE 5.3: (A) In order to assess the change in structural rigidity of the head capsule, its indentation modulus

was measured via nanoindentation experiments at several locations in the horizontal head plane (red areas),

and the average head capsule thickness, T}, was extracted from pCT images (B). From these images, I further
extracted the volumes of the mandible closer muscle and head cuticle, V;,, and V},., respectively.
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5.2.5 Tomography and morphometric analysis

In order to quantify muscle volume and the thickness of the head capsule, an additional subset of ten
ants was prepared for uCT imaging: seven callows (4.2 £ 1.3 mg) and three foragers (4.7 £+ 1.5 mg);
the difference in body mass was not significant (Two sample t-test: tg = -0.60, p = 0.56). For mature
workers, the labrum and antennae were removed with forceps, and about five additional holes were
pierced into the head capsule using insect pins to facilitate the fixative penetration. For the callows,
only the antennae were removed, and the head capsule was otherwise left intact; this precaution was
necessary to minimise deformation of the head capsule during manual manipulation (see section 5.3).
All heads were fixed in paraformaldehyde solution (4 % in PBS, Thermo Fisher Scientific, Waltham,
MA, USA) for 18 h, and subsequently dehydrated via storage in 70 %, 80 %, 90 % and 100 % ethanol

for one hour each.

Prior to scanning, the samples were stained with 1 % iodine in ethanol for 48-168 hours (see Metscher,
2009), rinsed, and transferred to a pipette tip with 95 % ethanol. The samples were imaged via X-ray
microscopy (XRM), using a lab-based Xradia Versa 520 (Carl Zeiss XRM Inc., Dublin, CA, USA; with
a tube voltage of 70 kV, current of 85 A, and exposure time of 500 ms), a CCD detector system with
scintillator-coupled visible light optics, and a tungsten transmission target. A low energy filter was
placed in the beam path (LE1, proprietary Carl Zeiss microscopy filter), and a total of 2401 projec-
tions were captured at a 4x lens magnification with 2x binning over a ‘180 degrees plus fan angle’
range. The tomograms were reconstructed from 2D projections using a commercial software pack-
age (XMReconstructor, Carl Zeiss XRM Inc., Dublin, CA, USA), with a cone-beam reconstruction
algorithm based on filtered back-projection, resulting in 8-bit greyscale image stacks with isotropic

voxel sizes between 2.6 to 3.4 ym.

From the tomographic scans, the mandible closer muscle and head capsule were segmented in ITK-
SNAP (v 3.6, Yushkevich et al., 2006), to then extract the respective tissue volumes (see Fig. 5.3B). The
average cuticle thickness was obtained via the LocalThickness’ function (boneJ plugin in Fiji, Do-
mander et al,, 2021), performed on the image stack of the head capsule segmentation. To quantify the
error of the thickness measurement, I created an artificial 3D image of a hollow cylinder in Python
(v 3.9.7, Van Rossum and Drake, 2009), with a uniform shell thickness of 10 px, within the range of
average values extracted in this study (5-12 px). The estimated shell thickness was virtually uniform
across the cylinder, and within /1 % of its true value. However, there may be a second source of
error due to partial volume effects of the tomographic images; partial volume effects occur at the
interfaces between two materials when a voxel is partially filled by both, resulting in an intermediate
greyscale value (Withers et al.,, 2021). Such effects may be particularly problematic because the lowest
measured cuticle thickness was only 5 px. During segmentation, I tried to avoid the ‘smearing out’ of
tissue by excluding the voxels that had greyscale values closer to those of the tissue surroundings (also
see Souza et al., 2005). However, this assessment is subjective and difficult to quantify. I hence offer
a second argument in support of the accuracy of my measurements and the conclusions I draw from

them: The head cross-sections used for nanoindentation were photographed with the microscope



5.3. Results and discussion 93

and camera system internal to the Hysitron Tribolndenter. Cuticle thickness was then measured at
30 different locations across the sample (see red areas in Fig. 5.3A), as the length of the shortest line
connecting both tissue boundaries. The extracted cuticle thickness of dark foragers exceeded that of
the brightest callows (brgp > 0.35) by a factor of 2.3 (14.3 £ 2.9 ym vs 6.2 + 1.9 um), close to the

ratio obtained from the segmented tomography scans (factor of 1.9, see section 5.3).

5.2.6 Statistical analysis

To test for significant correlation between cuticle brightness and the other experimental quantities,
I performed Spearman’s rank correlation tests to account for non-normality of brightness values
(Shapiro-Wilk normality test: Wyg = 0.92, p < 0.01). Due to methodological limitations, data for
indentation modulus and cuticle thickness were unpaired and only available for a small subset of
ants. To estimate both for all ants used in bite experiments, | characterised the relationship between
indentation modulus, head capsule thickness and cuticle brightness via Ordinary Least Squares (OLS)

regressions on logjg-transformed data.

5.3 Results and discussion

In the days following eclosion, social insects often abstain from foraging tasks outside the nest, and
instead exclusively engage in in-nest activities such as brood care (e. g. E. O. Wilson, 1980a; Seeley,
1982; Seid and Traniello, 2006). Although this ‘age polyethism’ is well established, it remains un-
clear why it occurs. From a biomechanical perspective, foraging requires the ability to generate and
withstand substantial forces, be it for object grasping, carrying or mechanical processing. However,
biomechanical traits are rarely studied in the context of age polyethism (but see R. M. Schofield et
al., 2002; Muscedere et al., 2011; R. M. Schofield et al.,, 2011). To test if the mechanical demands
of foraging limit the ability of young workers to partake in it, [ quantified a set of key performance
parameters of the musculoskeletal bite apparatus of A. vollenweideri leaf-cutter ants. Bite forces of
fully-matured foragers exceeded those of freshly-eclosed callows by more than one order of magni-
tude. This variation may arise because the mandible closer muscle is not yet fully developed early
after eclosion, or because the mechanical stability of the head capsule limits the maximum force that
can be applied to it without collapsing. In the following paragraphs, I discuss the evidence of both

hypotheses, and embed my findings in the context of age-related foraging in leaf-cutter ants.

5.3.1 Co-development of bite force and muscle post eclosion

One of the key performance metrics of the musculoskeletal apparatus is the maximum available bite
force. Across workers with different cuticle brightness, maximum bite force varied by a factor of
13 from 102 & 46 mN for dark foragers (brgp = 0.17 £ 0.03) to only 8 & 6 mN for the brightest
callows (brgp > 0.35, see Fig. 5.4A), barely exceeding the sensor noise. The cuticle brightness,
extracted for these ants, ranged from a minimum of 0.13 to a maximum of 0.52. For comparison,

the cuticle brightness of the monitored ants decreased significantly from 0.37 £ 0.04 at one day to
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FIGURE 5.4: Atta vollenweideri leaf-cutter ant workers with varying cuticle brightness were extracted from the
colony; workers with bright cuticle were extracted from the fungal gardens (callows), and those with dark
cuticle from the foraging area (foragers). To link brightness to age, a set of nine late-stage pupae were pho-
tographed one, three or five days post eclosion (triangles). (A) Maximum bite force negatively correlates with
cuticle brightness, and decreases steeply from a maximum of 200 mN for workers with dark cuticle to a min-
imum of less than 10 mN for bright callows, just in excess of sensor noise (shaded area, n = 49). The poor bite
performance of callows likely constrains their ability to partake in foraging activities such as leaf-cutting; the
force required to cut the median tropical leaf is about 80 mN, a factor of 10 larger than bite forces of callows
(leaf data extracted from Onoda et al., 2011). (B) In order to investigate the origin of the variation in bite force,
the total volume of the mandible closer muscle (circles), and of the head capsule cuticle (crosses) were extracted
from segmented tomography scans. Muscle volume decreases significantly by a factor of six, and cuticle vol-
ume by a factor of two between fully-matured foragers and the brightest callows (n = 10). (C) To determine
the flexural rigidity of the head capsule, both indentation modulus and thickness of the cuticle were measured.
The indentation modulus, E', decreases significantly with cuticle brightness, brc , by a factor of 1.5 (n = 12;
Ordinary Least Squares (OLS) regression on logyo-transformed data, slope: -0.50, 95% CI: [-0.90 | -0.10], R? =
0.43). (D) The average head capsule thickness, T}, decreases from ~ 30 um for foragers to &~ 15 pm for the
brightest callows (n = 10; OLS regression on log;o-transformed data, slope: -0.62, 95% CI: [-0.81 \ -0.43],R? =
0.87), suggesting that almost all variation in cuticle volume stems from changes in cuticle thickness.

Cuticle brightness (-) Cuticle brightness (-)
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0.24 £ 0.04 at five days post eclosion (ANOVA: F1 g = 6.84, p < 0.05, see Fig. 5.4). These results suggest
that the youngest biting callows were presumably younger than 24 h, and fully-darkened foragers
were older than 5 days, which may be a conservative estimate given that closely-related A. sexdens

rubipilosa ants spend 3-4 weeks in the callow phase (see R. M. Schofield et al., 2002).

The change in bite force is associated with a substantial increase in the volume of the mandible closer
muscle; from bright callows (brgp > 0.35) to foragers, muscle volume increases by a factor of six
from 0.08 +0.02 mm? to 0.51 4 0.21 mm? (see Table 5.1 and Fig. 5.4B; volume data were combined
for both head hemispheres). To put this change into perspective, the muscle volume of callows is
about equal to that of fully-matured workers which are four times lighter (1.1 mg, see Chapter 2, and

Fig. 5.5); a size that would typically not engage in leaf-cutting (Réschard and Roces, 2003b).
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Ficure 5.5: From callows to fully-darkened foragers of the same size, the maximum bite force increased with

muscle volume as F} o< V,, %% (OLS regression on logio-transformed data, 95% CI slope: [1.07 | 2.22], R? =

0.85). This positive allometry suggests that both muscle volume and volume-specific bite force increase sub-

stantially post eclosion. For comparison, a fully-matured worker of 1.5 mg with the same muscle volume and

a third of the body weight produces four times higher bite forces (¥}, was extracted for the same opening angle
as this study, see Chapter 2 and 4).

The substantial increase in muscle volume raises the question to what extent body mass, too, may
change during adult development. To test for such effects, I extracted a second size-metric from the
tomographic scans, the distance between the mandibular joint centres (as defined in Chapter 2) — a
metric that I considered unlikely to change with age. For callows, the joint distance was 1.13 £ 0.12 mm,
not significantly different to that of foragers (1.20 4= 0.17 mm, Two sample t-test: tg = -0.78, p = 0.46).

I hence assume that any change of body mass during maturation is negligible.

In order to assess to what extent the variation of bite force can be explained by changes in muscle
volume, we first need a theoretical prediction for the scaling relationship between both. The basis for
such a prediction is not obvious, because although the force of a muscle is typically proportional to

its cross-sectional area (Josephson, 1975), it is unclear where exactly additional volume accumulates
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TaBLE 5.1: Results of Spearman’s rank correlation on a set of biomechanical parameters paired with cuticle

brightness, brap. The degrees of freedom (Df = n-2), correlation coefficients (p) and p-values are provided

for each test. All parameters apart from A were significantly negatively correlated with cuticle brightness; &

represents a proxy for cuticle strain based on maximum bite force, and the flexural rigidity and thickness of
the head capsule.

Parameter Symbol Df P P-value
Maximum bite force F, 47 -0.89 <0.001
Muscle volume Vin 8 -0.92 <0.001
Cuticle volume Ve 8 -0.71 <0.05
Cuticle thickness The 8 -0.94 <0.001
Indentation modulus E; 10 -0.62 <0.05
Cuticle ‘deformation’ K 47 -0.37 <0.01
Cuticle ‘strain’ K 47 0.02 =0.89

during muscle development. Based on geometric similarity, the cross-sectional area grows propor-
tional to V,2-57 which may provide a reasonable lower bound for the expected scaling relationship.
For the upper bound, we may assume that muscle fibre length remains constant, so that all volume
accumulates in the cross-section, and muscle force scales in direct proportion to volume; this may be
a ‘generous’ upper bound as myofibrils typically grow both in width and in length during muscle mat-
uration (Lemke and Schnorrer, 2017). Based on these assumptions, the expected scaling coeflicient
of bite force lies between two-thirds and one. I observed F;, oc V14 in substantial excess of both
theoretical predictions (OLS regression on log;-transformed data, slope: 1.64, 95% CI: [1.07 | 2.22],
R? = 0.85; see Fig. 5.5), suggesting that volume changes alone are insufficient to explain the increase

of bite forces.

The mandible closer muscle in callow leaf-cutter ants is thus not only considerably smaller, but
also has a reduced force capacity. Strikingly, this ‘underperformance’ was previously predicted by
Muscedere et al. (2011), who studied the development of cephalic muscles in Pheidole ants post eclo-
sion; they found that freshly-eclosed callows had muscle fibres that were substantially thinner (by
a factor of up to three), had a non-uniform diameter, and lacked characteristic striation compared
to mature ants (Muscedere et al., 2011). Although I was unable to identify the ultrastructure of the
muscle from the tomographic scans, I also noticed further developmental differences in addition
to changes in volume: Muscle fibres of callows were less distinctly separated and often detached
from the head capsule (for more details, see Appendix D). The detachment of muscle is surprising
because muscle attachment typically matures in the early steps of muscle morphogenesis, as shown
in Drosophila (e. g. Lemke and Schnorrer, 2017; Luis and Schnorrer, 2021). To test if this effect arose
as an artefact of freeze-thawing and sample preparation, another two callows were scanned (=1 and
3 days old) that underwent the same protocol, but were not used in bite experiments (see Fig. D.1 in

Appendix D). Muscle detachment was less severe in these ants, cautiously suggesting that (i) the bite
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experiment may have caused some muscle fibre to detach, and (ii) muscle formation may have only

just begun at the point of eclosion.

In fact, substantial muscle development after eclosion is common in insects: The cross-sectional area
of beetle flight muscle (De Kort, 1990) and locust abdominal muscle (Rose et al., 2001) increases sub-
stantially. Flight muscles in bees display a sharp increase of enzyme activity in the first days after
eclosion, suggesting biochemical adjustments (Roberts and Elekonich, 2005; Schippers et al., 2010;
Skandalis et al., 2011). During metamorphosis in Drosophila flies and Manduca moths, the developing
adult flight muscles initially lack fully-matured motor neurons required for muscle activation (e. g.
Fernandes and Keshishian, 1998; Hughes and Salinas, 1999; Bayline et al., 2001). The ‘underperfor-
mance’ of muscle observed in this study, may hence be a result of the combined effects of anatomical,
physiological, biochemical and neurological deficiencies. The exact magnitude of this performance
gap is difficult to quantify as discussed above; a comparison to a smaller but fully-matured worker
may be indicative nonetheless: A mature worker of 1.5 mg with the same muscle volume as a callow

produces four times higher bite forces at a third of its body mass (see Fig. 5.5 and Chapter 2 and 4).

5.3.2 Flexural rigidity and the mechanical demands of the head capsule during
biting
I have demonstrated that bite forces in callow leaf-cutter ants are strongly reduced, most likely due to
incomplete muscle development. Next, I turn my attention to another biomechanical parameter that
determines the ability to safely apply large bite forces: the mechanical stability of the head capsule.
The ant head capsule is remarkably thin: even for mature ants, it has a thickness comparable to that
of human hair (see Fig 5.4D). This thin head capsule has to resist substantial size-specific bite and
muscle forces. A single muscle fibre with a diameter of 25-30 um generates forces up to 0.70 mN,
and ants of the considered weight have close to 1000 closer muscle fibres, resulting in a total force
of =650 mN, more than ten thousand times their body weight (see Chapter 2 and 4). To estimate the
structural stability of the head capsule, I consider the flexural rigidity, D, the relevant metric for thin

plates deformed in bending (Young and Budynas, 2002):

D o E[T?, (5.1)

Here, It is the indentation modulus of the head capsule cuticle, and T, is its thickness.

E’1 increased significantly with decreasing cuticle brightness (p < 0.05, see Table 5.1 and Fig. 5.4C;
OLS regression slope: -0.50, 95% CI: [-0.90 | -0.10], R? = 0.43). For foragers, the indentation modu-
lus was 7.2 + 2.1 GPa, 1.5 times higher than for bright callows (brgp > 0.35), 4.9 & 1.5 GPa; both
values are well within the range of moduli reported for insect cuticle (0.4-30 GPa, see Vincent and
Wegst, 2004; Labonte et al., 2017). The relative increase in modulus is consistent with previous work
on insects: the bending modulus of locust tibiae increases approximately threefold during the growth

phase following the final moult (Parle and D. Taylor, 2017), and the tooth hardness of leaf-cutter ant
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mandibles increases by a factor of nearly three (R. M. Schofield et al., 2002), a development associ-
ated with increased zinc-concentration and possibly resistance to mandibular wear (also see R. M.
Schofield et al,, 2003). In some leaf-cutter ant species, a biomineral layer forms on the epicuticle a
week after eclosion, resulting an a twofold increase in hardness (H. Li et al., 2020). The biomechanical
development of insect cuticle is often linked to tanning and sclerotisation, a process associated with
water loss and cross-linking of cuticle proteins with chitin (Wappner and Quesada-Allué, 1996; Vin-
cent and Wegst, 2004; Politi et al., 2019). Indeed, cuticle hydration affects both indentation modulus
and hardness (Vincent and Wegst, 2004; Klocke and Schmitz, 2011), and because the experiments in
this study were conducted with small samples in ambient conditions, I likely overestimate the mod-
ulus, and underestimate its increase during post-eclosion development (see Fig. 3 in Labonte et al.,
2017).

The head capsule thickness, T}, in turn increased significantly by a factor of two from 16.4 £ 0.4 ym
for bright callows to 31.0 = 5.7 um for foragers (p < 0.001, see Table 5.1 and Fig. 5.4D; OLS regression
slope: -0.62, 95% CI: [-0.81| -0.43], R2 = 0.87); this variation is comparable to the cuticle thickness
range measured from the pronotum of other Myrmicine workers of similar head width (1.7 mm, see
Fig. 2 in C. Peeters et al., 2017). Notably, the increase in cuticle thickness appears to be non-uniform,
indicated by the increasing standard deviation with decreasing cuticle brightness (see Fig. 5.4D): For
bright callows (brgp > 0.35), the standard deviation is 7.8 &£ 0.3 um, significantly smaller than that
of foragers, 18.9 & 3.6 um (Spearman’s rank correlation: pg = -0.94, p < 0.001; this also holds for
the coefficient of variation: pg = -0.70, p < 0.05). This result suggests a ‘targeted’ growth of cuticle
during post-eclosion development, perhaps in regions most prone to deformation. Cuticle volume
increases significantly, too, in almost direct proportion to cuticle thickness (p < 0.05, see Table 5.1
and Fig. 5.4B): Foragers have an average cuticle volume of 0.22 4 0.09 mm?, exceeding that of bright
callows by a factor of 2.3 (brgp > 0.35, 0.09 £0.02 mm?). Cuticle growth post eclosion has been
reported for other insects such as e. g. locusts (Hepburn and Joffe, 1974; Parle and D. Taylor, 2017),
grasshoppers (Neville, 1963), and moths (Hopkins and Kramer, 1992), and it is associated with the
internal deposition of additional layers of endocuticle (Neville, 1963; Parle and D. Taylor, 2017). In
the initial growth phase following the final moult, locusts deposit about 1.8 xm of endocuticle per day
(Parle and D. Taylor, 2017). Assuming that the age difference between foragers and bright callows is

one week, the cuticle growth rate for leaf-cutter ants is about the same, 14.6 ym / 7 d &~ 2 um/d.

The combined effects of the changes in indentation modulus and cuticle thickness result in a drastic
increase of the flexural rigidity with cuticle brightness (see Fig. 5.6A; to obtain a numerical value for
D from Eq. 5.1, T used the proportionality factor 1/(12(1 — 0.32)), see Young and Budynas, 2002).
From the lightest to the darkest workers, the flexural rigidity increases by a staggering factor of 27,
from 1.3 to 35.7 mN mm; I note that this result is based on interpolation via regression, and is hence
affected by the associated uncertainties of the slope (see Cls in Fig. 5.4). The majority of this increase
is driven by the change in cuticle thickness (factor of 13.4), which is cubed in Eq. 5.1, whereas the
indentation modulus contributes linearly and thus has a much smaller effect (factor of 2.0). In order

to demonstrate the effect of this difference in flexural rigidity, I calculated the expected deflection
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for two plates of the same area, but of different thickness and moduli, approximated by 7}, and E7y,
respectively, for a forager with a cuticle brightness of bpgp = 0.15 and a callow with brgp = 0.5.
Under the same load, equal to half of the maximum muscle stress extracted for closely-related A.
cephalotes majors (Chapter 3), the resulting deflection of callow cuticle is 17 times higher than for

dark cuticle; absolute values of deflection are estimated in Appendix D.
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FIGURE 5.6: (A) The muscle development is accompanied by changes in cuticle thickness and indentation mod-
ulus, leading to an increase of the flexural rigidity of the head capsule, D, by a factor 27. The majority of this
increase stems from an increase in cuticle thickness, Th. (factor 13.4), due to the cubic dependency of D (see
Eq.5.1), whereas the indentation modulus, E7, contributes only linearly (factor 2.0). The cuticle brightness of
freshly-eclosed ants of known age is shown at the top and bottom abscissa for reference (triangles). (B) The
ratio between maximum bite force and flexural rigidity normalised with cuticle thickness, &, serves as a proxy
for cuticle strain. & does not correlate significantly with cuticle brightness (p = 0.89, see Table 5.1), indicating
an approximately constant mechanical demand on the head capsule during biting across the post eclosion de-
velopment.

These results invite another hypothesis, why callows ‘underperform’ when biting, in addition to con-
tinued muscle growth and physiological development (see Fig. 5.5). Callows may ‘choose’ to bite with
sub-maximal muscle force in order to avoid large deformations of the head capsule. I consider two
possible constraints that may lead to permanent damages: (i) absolute deformation, relevant if the
elastic deformation is sufficiently large to cause damage inside the head, e.g. by compressing soft
tissues; and (ii), relative deformation, relevant if the stress in the cuticle exceeds its elastic limit,
causing fissures or permanent deformation. First, I approximate the absolute cuticle deformation
resulting from biting, &, as ratio between maximum bite force and flexural rigidity. For foragers,
k = 5.09 £ 1.74mm™!, 1.5 times higher than for bright callows £ = 3.36 4- 1.89 mm . This dif-
ference, although significant (p < 0.01, see Table 5.1), is remarkably small in comparison to the large
variation in both bite force and flexural rigidity. Second, I estimate relative cuticle deformation or
‘strain’ as & = K /T Strikingly, 4 is not significantly correlated with cuticle brightness (p = 0.89,
see Table 5.1 and Fig. 5.6B); it takes an average value of 170 4 85 mm~2. I stress that the numeri-
cal values of k and & do not translate to actual cuticle deformation and strain, respectively, but are

approximately proportional to them; the counter-intuitive units arise from the square of a missing
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length scale that causes the bending moment in the cuticle, which is likely proportional to the con-

stant external head dimensions (also see Eq. D.1 in Appendix D).

Bite forces, muscle ultrastructure and volume, and head capsule rigidity all develop in the days fol-
lowing eclosion. Indeed, the increase of all extracted parameters with decreasing cuticle brightness
follow a similar pattern, with a rapid increase in a narrow range of brightness values (see Fig. 5.4).
This co-development results in an approximately constant mechanical strain on the head capsule cu-
ticle associated with maximum bite force throughout the callow phase of the workers. Future work
will need to address to what extent these changes are causally linked, as is observed in vertebrates
(see e.g. Nowlan et al., 2008, 2012; Boselli et al., 2015).

5.3.3 Biomechanical limitations of foraging ability in leaf-cutter ants

I set out to investigate if the behavioural transition from within-nest to outside-foraging tasks may
arise from variation in biomechanical performance. I have reported evidence for strong changes in
bite force in the days following eclosion. Now, I address if these changes may explain why young
callows do not forage. In leaf-cutter ants, foraging involves the cutting and carrying of leaf frag-
ments from fresh vegetation surrounding the nest (Wirth et al,, 2003). The ability of a forager to
cut leaves depends on the ratio of two key forces: the maximum bite force, and the minimum force
required to initiate and propagate a cut through leaf lamina and veins (F. Clissold, 2007). Based on
published mechanical data for around 1000 tropical leaves, the expected cutting forces range between
7-828 mN, with a median of 82 mN (Onoda et al., 2011, and Chapter 4). Thus, the foragers used in
this study would be able to cut approximately half of the measured tropical leaves, whereas bright
callows could cut virtually none of them. But, foraging also involves the carrying of leaf fragments:
A forager of 5 mg may carry fragments of around 15 mg, or three times its body weight (Rudolph
and Loudon, 1986; Roschard and Roces, 2003b). This load may sound heavy, but the gravitational
force that needs to be countered is only 0.15 mN, small even compared to the poor bite performance
of callows. However, fragments cut from grasses may be as long as 30 mm (Roschard and Roces,
2003Db), five times longer than the ants themselves (Moll et al., 2010), or 20 times their head length
(see Chapter 2); carrying fragments of this length poses a difficult mechanical challenge, which re-
quires continuous adjustments of the neck angle to maintain stability during walking, and likely
involves large moments around the neck joint (Moll et al., 2010, 2013). Assuming that neck muscles
are similarly underdeveloped early after eclosion, the ability to carry large fragments may be limited

in young callows.

Our results suggest that the foraging ability of young workers is largely constrained by a poor bite
performance based on underdeveloped muscles and a low mechanical stability of the head capsule.
But, the mechanical constraints of age polyethism may continue beyond the time frame considered
here: Foragers with worn mandibles may require more than twice the force to cut the same material

than those with pristine mandibles (R. M. Schofield et al., 2011, and Chapter 6), and they are more
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likely to carry leaves instead of cutting (R. M. Schofield et al., 2011); eventually, the oldest workers
often switch to tasks related to waste disposal (Hart and Ratnieks, 2001; Camargo et al., 2007).

5.4 Conclusion and outlook

In the days following eclosion, the musculoskeletal bite apparatus of young leaf-cutter ants under-
goes substantial biomechanical development: the maximum bite force, muscle volume, head capsule
thickness and the cuticle-mechanical properties all increase substantially, from a point where bite
forces would be too low to cut, and the head capsule too mechanically unstable to resist large muscle
forces, to full biomechanical ability; leaf-cutter ant callows are not yet able to engage in foraging
tasks involving cutting. My findings add further support to the hypothesis that age polyethism is
largely dictated by developmental factors (e. g. Seid and Traniello, 2006; Muscedere et al., 2009), and
suggests exciting avenues for future research on the co-dependency of muscle and cuticle develop-
ment, which hints at an important role of mechanical stimuli, an area of research that has received
considerable interest in vertebrates (e. g. Nowlan et al., 2008, 2012; Boselli et al., 2015), but less so
in invertebrates (see e. g. Parle et al.,, 2017; Lemke and Schnorrer, 2017). Many tasks in colonies of
social insects impose mechanical demands, and I thus hope that biomechanical analyses will help to

increase our general understanding of age polyethism more broadly.
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6 Scaling of mandibular cutting forces

I acknowledge the contributions of Liv Walthaus, who synthesised the polymer sheets, characterised their

mechanical properties, and helped with the cutting force experiments.

Summary

Regardless of body size, many herbivores need to mechanically process plant tissue with their bite
apparatus. The ability to do so is determined by two forces: the maximum available bite force, and the
minimum required force for cutting. It remains unclear how the ratio of these forces varies across
body sizes. The size-dependent ability to cut leaves is of particular importance to the ecology of
leaf-cutter ants, which can vary vastly in body size. In combination with previously measured bite
force data, I assessed the cutting ability of Atta vollenweideri ants. To this end, I measured the forces
required to cut synthetic PDMS sheets with differently-sized mandibles, using a custom-built force
setup. Cutting forces were independent of mandible size, but increased by a factor of two between
callows with pristine mandibles and foragers with varying degrees of mandibular wear. Adverse
effects of mandibular wear are thus likely more important than size-differences, suggesting that the
ability to cut a given leaf is mainly determined by mandibular wear, the size-dependent capacity for
bite force generation, and plant-mechanical properties. I argue that the main findings of this study
can be extrapolated to plant materials, and speculate that mandibular wear may substantially limit

the range of accessible plant tissues, not only for leaf-cutter ants, but for insect herbivores in general.

6.1 Introduction

Plant-feeding occurs at vastly different scales ranging from large bulk-feeding mammals to tiny cell-
ingesting leaf miners (Sanson, 2006). Despite these differences in scale, all herbivores share the same
basic task: they need to mechanically access the plant tissue; i. e. if they cannot tear, masticate, cut,
pierce or drill the plant, they cannot feed on it. From a mechanical perspective, a necessary con-
dition for plant-feeding is then given by the ratio of two key forces: the maximum available force,
determined by the musculoskeletal apparatus, and the minimum required force to fracture the tissue
(Sanson, 2006; F. Clissold, 2007).

It is difficult to assess a priori how this force ratio changes across animals of different sizes: Based on
a simple scaling argument, the maximum available force may increase in proportion to body mass
to the power of two-thirds (Alexander, 1985), which seemingly suggests that larger animals require

a smaller fraction of their force capacity for plant-feeding. However, this conclusion is premature
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as it neglects the second relevant force: the minimum force required for fracture. The scaling and
magnitude of this force is more difficult to predict because it depends both on plant-mechanical
properties (Vincent, 1990; P. W. Lucas et al., 2000; Sanson et al.,, 2001; Onoda et al., 2011; Hua et al.,
2020), and on the geometry of the cutting, chewing or piercing ‘tool’ in question (P. W. Lucas, 2004;
T. Atkins, 2009; R. M. Schofield et al., 2016; P. S. Anderson, 2018; Crofts et al., 2019; Gundiah and
Jaddivada, 2020).

An organism where body size is a key parameter of the behavioural portfolio, in particular relating to
herbivory, are leaf-cutter ants (E. O. Wilson, 1980a; Wirth et al., 2003; Holldobler and E. O. Wilson,
2010). Leaf-cutter ant colonies consist of up to several million workers, which cover a large range of
body sizes from less than a milligram to over 100 mg in some species (Weber, 1972; Wetterer, 1994a,
1995a; Wetterer, 1999); colony workers that typically partake in foraging tasks range between 1-
30 mg (Wetterer, 1994b, 1995a; Réschard and Roces, 2003b).

Leaf-cutter ant foraging involves the cutting and transporting of leaf fragments from various plants in
the colony surroundings (J. M. Cherrett, 1968, 1972; E. O. Wilson, 1980a; Wirth et al., 2003). Some
aspects of foraging are known to be affected by worker size: e.g. larger ants cut and carry larger
fragments (Roces, 1990; Wetterer, 1991a, 1994a; Burd, 1996), cut and carry at higher speeds (Rudolph
and Loudon, 1986; Howard, 1988; Nichols-Orians and Schultz, 1989; Roces and Holldobler, 1994;
Burd, 1996; Réschard and Roces, 2002; R. M. Schofield et al,, 2011), and forage on ‘tougher’ plants
than smaller ants (J. M. Cherrett, 1972; E. O. Wilson, 1980a,b; Rudolph and Loudon, 1986; Nichols-
Orians and Schultz, 1989; Nichols-Orians and Schultz, 1990; Wetterer, 1991a, 1994b).

In contrast to this strong observational evidence for size-effects in foraging, the biomechanical rea-
sons for it remain poorly understood (but see Wetterer, 1991a; Paul and Gronenberg, 1999; R. M.
Schofield et al.,, 2011). In order to assess the size-effects on the ability to leaf-cut, I previously mea-
sured the maximum available bite forces of Atta vollenweideri leaf-cutter ants (see Chapter 4). Peak

0-90 in substantial excess of the isometric

forces increased with a strong positive allometry, F, o< m
prediction, F, o« m%67. A large forager of 30 mg generates peak bite forces of about 600 mN, 12
times more than a small forager of 2 mg, £}, =~ 50 mN (see Chapter 4). As a result, large foragers are
presumably able to cut a considerably larger fraction of tropical leaves (see Chapter 4 and Onodaetal.,
2011). This conclusion, however, remains speculative without also quantifying the scaling of forces
required for cutting. Based on geometric similarity, we may naively expect the cutting forces to vary
approximately as F,. oc L. oc m®33
1998; R. M. Schofield et al.,, 2016; Schuldt et al., 2016). However, leaf-cutter ant mandibles vary not

only in size across polymorphs, but also in shape (L. C. Silva et al., 2016, and N Imirzian, F Piiffel and

, increasing linearly with a characteristic length (Kamyab et al.,

D Labonte, in preparation). It is thus prudent to directly measure mandibular cutting forces across
sizes in order to establish a scaling relationship empirically. For this reason, I extracted differently-
sized ant workers from the colony, isolated their mandibles, and measured mandibular cutting forces
with a custom-built setup. Based on these measurements, I then assess the size-dependence of cutting

ability in leaf-cutter ants based on bite force capacity and mandible ‘sharpness’, and discuss avenues



6.2. Materials €4 methods 105

for future research emerging from these findings.

6.2 Materials & methods

6.2.1 Study animals

I extracted A. vollenweidei leaf-cutter ants from two colonies, founded and collected in Uruguay in
2014. The colonies were kept in a climate chamber (FitoClima 12.000 PH, Aralab, Rio de Mouro,
Portugal) at 25 °C' and 50 - 60 % relative humidity, with a 12/12 h light-dark cycle; they were fed
with bramble, laurel, cornflakes and honey water ad libitum in a foraging arena that was connected
to the main colony via PVC tubes (= 30 cm to the closest fungus box with an inner tube diameter of
25 mm).

To quantify the effects of worker-size on cutting forces, I collected two sets of ants across the entire
size-range, excluding the smallest workers, which typically do not cut leaves (body mass <1 mgE. O.
Wilson, 1980a; Roschard and Roces, 2003b): First, I extracted a set of workers from the fungal garden
that had either freshly eclosed, identified by their bright cuticle, or were still in the pupal stage (see
R. M. Schofield et al.,, 2003, 2011). In the weeks following eclosion, callows remain inside the nest
and abstain from foraging activities (E. O. Wilson, 1980a; Camargo et al., 2007). During this time,
the bite apparatus undergoes a substantial biomechanical development; only after this development
are workers fully capable of partaking in foraging tasks (see Chapter 5 and R. M. Schofield et al.,
2002). The mandibles of these workers were thus expected to be ‘pristine;, which allowed us to test
for the effects of mandible size on cutting force without confounding effects due to mandibular wear
(see R. M. Schofield et al., 2011). To ensure the incorporation of zinc into the mandibular teeth was
completed, I kept the callows alive until at least 72 h post eclosion (see R. M. Schofield et al., 2003,
2011); eclosion was defined as time point at which the legs had completely unfolded (also see R. M.
Schofield et al., 2003). To monitor pupae and callows, I placed them in centrifuge tubes, which in turn
were placed inside the foraging arena of the colony. The tubes contained small amounts of fungus,
and had a 3D-printed PLA lid with holes too small for the collected workers to pass through, but large
enough for minims to enter for pupal maintenance (see R. M. Schofield et al., 2011). This method was
unsuitable for smaller ants, which would often manage to leave the tubes. Most smaller ants (<10 mg)
were hence collected by transferring late-stage pupae into a completely separated container with
sufficient amounts of fungus and numerous minims. As soon as an ant hatched, it was marked with a
unique colour code (Edding 4000 paint marker, Edding AG, Ahrensburg, Germany) for identification

(also see Pielstrom and Roces, 2013).

I next collected a set of differently-sized and fully-matured workers from the foraging arena. These
workers had acquired the biomechanical ability to forage (see Chapter 5 and R. M. Schofield et al.,
2002), and were thus likely to show signs of mandibular wear from cutting leaves (R. M. Schofield
et al,, 2011). Quantifying the mandibular cutting forces for these ants in addition to callows allowed

us to investigate the effects of mandibular wear on cutting ability as a function of worker size.
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6.2.2 Mandible preparation and wear determination

All ants were sacrificed by freezing, weighed to the nearest 0.1 mg (Explorer Analytical EX124, max.
120 g x 0.1 mg, OHAUS Corp., Parsippany, NJ, USA; body mass ranged between 1.8 to 46.4 mg), and
decapitated using micro-scissors. The head capsules were split in half along the sagittal plane using
a scalpel, and only the left head hemisphere was retained (see Fig.6.1). Leaf-cutter ants show no
preference between left and right mandible when cutting (Tautz et al., 1995), and their bite apparatus
is bilaterally symmetric (see Chapter 2) I hence conjecture that there are no systematic differences
between both sides. To facilitate sample mounting, I inserted insect pins into the head halves (size 2’
for ants < 10 mg, size ‘4’ for ants of 10 - 20 mg, and size ‘6’ for ants > 20 mg). I then immobilised the
interfaces between insect pin, head capsule and mandible base around the joint with two-component
epoxy (Araldite Rapid, Huntsman Corp., The Woodlands, TX, USA) to minimise compliance of the
mandible-head-pin complex (see Fig. 6.1).

2.4 mg 6.1 mg 9.9 mg 19.9 mg 38.3 mg

42.1 mg 20.9 mg . 6.2 mg 2.1 mg

2 mm

FIGURE 6.1: In order to measure mandibular cutting forces, Atta vollenweideri leaf-cutter ants across the size-
range were extracted from the foraging arena and fungal garden of two colonies, and their mandibles were
prepared for cutting experiments. Both foragers (with worn mandibles) and callows (with pristine mandibles)
were used for the experiments to quantify the effects of both worker size and mandibular wear on cutting force.

In order to determine a proxy for the degree of mandibular wear, I photographed the mandibles
with a camera mounted onto a light microscope (DMC5400 on Z6 Apo, Leica Microsystems GmbH,
Wetzlar, Germany); the mandibles were aligned such that their dorsal surface was in focus. Numerous
metrics for mandibular wear have been proposed in literature, including mandible length changes
(Raupp, 1985; Dockter, 1993), shape changes of the mandibular cutting edge (Roitberg et al., 2005;
M. Smith et al., 2007; Kvedaras et al., 2009), number of lost mandibular teeth (Oettler and Johnson,
2009), reduction in profile area of distal mandibular teeth (Kokko et al., 1993), and length changes of
the mandibular teeth most relevant for cutting (R. M. Schofield et al., 2011; Kufavova et al., 2014).
All of these metrics are proxies with no direct established mechanistic link to cutting force. As such,
their predictive value can only be assessed in correlation to direct cutting force measurements, and
selecting any one of them is difficult to justify a priori. I chose a metric that has been demonstrated to

be significantly correlated with cutting force in closely-related A. cephalotes ants, so enabling a direct
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comparison (R. M. Schofield et al., 2011); however, I do not intend to imply that this metric is more
or less suitable than any of the others. In accordance with R. M. Schofield et al. (2011), mandibular

wear, W, was defined as:

W = (AT, + aATy) /2 6.1)

ATy and ATy are the length differences between the most distal and second most distal tooth, respec-
tively, and their expected pristine length. Pristine tooth length was obtained via regression analysis
on measurements of callow mandibles (see Appendix E); « is a weighting factor, defined as ratio be-
tween the average length differences, a = m/m (for more details, see R. M. Schofield et al.,
2011).

I measured the length of the mandible blade and the two most distal teeth from each photograph (for
exact methodology, see Appendix E), and calculated wear as in Eq. 6.1. 17 out of 76 mandible length
and ten teeth length measurements were impossible, because relevant parts of the mandible were

obstructed by the head capsule.

6.2.3 Polymer synthesis and mechanical testing

In previous studies on mandibular cutting forces, leaf lamina and floral petals were used as cutting
substrates (Tautz et al., 1995; R. M. Schofield et al., 2011). However, plant tissues are typically hetero-
geneous, of uneven thickness, and have mechanical properties that vary with hydration and tissue
age (e. g. Choong, 1996; Spatz et al.,, 1999; Hayot et al.,, 2012; Hua et al., 2020; Cordoba-Barco et al.,
2020). In order to minimise variation due to material inhomogeneities, I hence used well-defined
PDMS sheets as cutting substrate. Such ‘synthetic leaves’ can be rendered attractive to leaf-cutter
ants by adding food odours (e. g. Roces, 1990; Roces and Lighton, 1995; Arenas and Roces, 2018,
and own observations); the quantitative predictions resulting from this study may hence be tested in

future experiments on live ants (see 6.4).

The PDMS sheets were synthesised based on a 4:1 (silicon base: curing agent) mixing ratio (SYLGARD
184, Dow Inc., Midland, MI, USA). The mixed but uncured PDMS was sandwiched between two
salinised glass plates, separated by feeler gauges (200 & 6 pm, Precision Brand, Downers Grove, IL,
USA; see Fig. 6.2B), and pre-cured at 100°C for two hours. The PDMS ‘sandwich’ was then cooled
to room temperature, slowly peeled from the glass plates, placed on aluminium foil, and fully cured
at 165°C for 48 hours (Seghir and Arscott, 2015).

To mechanically characterise the PDMS sheets, pure shear tearing and uniaxial tension tests were
conducted with a universal tension and compression system (Multitest5-xt, Mecmesin Ltd., Slinfold,
UK; using a 10 N load cell and Mec277 double-action vice grips with diamond jaws). Two rectan-
gular samples from each of eight individual sheets were prepared for pure shear tearing; in one of
the two samples, a notch of 3 mm length was introduced at the centre of the short side (see Fig. 6.2

for dimensions). Both samples were tested at a strain rate of 0.0067 s~ ! to approximate quasi-static
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FIGURE 6.2: (A) To quantify the effects of worker size and mandibular wear on cutting force, I measured cut-
ting forces using a custom-built setup based on a fibre-optic displacement sensor and a bending beam, both
connected to a piezo motor stage. The cutting substrate was mounted at the free end of the beam, and the
mandible was positioned above the substrate. The setup was moved vertically against the mandible, causing
the substrate to be cut and the beam to deflect (see Appendix E for calibration details). (B) As cutting substrate,
I used PDMS sheets of ~ 200 pm thickness, mechanically characterised via pure shear and tensile tests follow-
ing established protocols (see section 6.2.3). (C) After an initial loading phase, the forces peaked at cut initiation
and then dropped to an approximately constant value. After this ‘steady-state’ phase, the forces dropped again
when the motor stopped and became negative as the setup was moved back to its original position. A second
run through the cut was performed to extract the friction between mandible blade and the cut PDMS. I ex-
tracted the drift-corrected average cutting force and the corresponding friction across 2 mm cutting distance
(shaded areas) for further analysis.

Chapter 6. Scaling of mandibular cutting forces
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loading conditions. From the notched sample, the critical displacement at rupture was identified; the
force-distance curve of the unnotched sample was then integrated from zero to this critical displace-
ment to obtain the work done by the applied load. Fracture toughness was calculated as this work
divided by sample width and thickness (for more details, see J.-Y. Sun et al.,, 2012; B. Zhang et al,,
2019); on average, the fracture toughness was G = 98 + 7J/m?

Next, uniaxial tension tests at 0.5 mm/s motor speed were conducted with two ‘dog-bone’ samples cut
from each sheet according to ISO standards (ISO37 and ISO5893, see Fig. 6.2). The Young’s modulus
was extracted from the loading region of the stress-strain curve via linear regression between 0-10 %
strain (see Palchesko et al., 2012; Creton and Ciccotti, 2016); on average, the Young’s modulus was
E = 4.1 £+ 0.3 MPa. Sheet thickness was measured at six random locations across the sheet with
a digital micrometer (max. 25 mm x 0.001 mm, Mitutoyo Corp., Kawasaki, Japan); on average, sheet

thickness was 215 + 8 um.

6.2.4 Cutting force setup

To measure mandibular cutting forces, a custom-built setup was designed based on a fibre-optic dis-
placement sensor (uDMS-RC32 controlled via DMS Control v 3.015, Philtec Inc. Annapolis, MD,
USA; linear range of 2.5 mm, recording at 81.4 Hz at 30° and 50 % transmitted optical power). The
sensor was held in place by a custom-built holder, mounted on two micromanipulators to con-
trol its orientation, and attached to a piezo motor stage (M-404.6PD controlled via PIMikroMove
v 2.33.3.0, Physik Instrumente GmbH & Co. KG, Karlsruhe, Germany; see Fig. 6.2A). The sensor was
placed above a bending beam made from stainless steel and clamped on one side, with a thickness
of 0.35 mm, a width of 10.4 mm, and a free length of 28.7 mm, such that the sensor tip was about
400 pm above the beam surface (see Labonte and Federle, 2015, for a similar setup). At the free end
of the beam, a 3D printed mount was attached; this mount held the PDMS sheets during the experi-
ments, clamped in place by two metal clips on either side (Supaclip 40, Rapesco Office Products PLC,
Sevenoaks, UK). At the centre of the mount, there was a ‘free’ cutting region (1.5 mm wide and 8 mm

long), over which the mandibles and razorblades were positioned (see Fig. 6.2A).

I calibrated the sensor with a series of ten calibration weights ranging between 10-245 mN (Kern &
Sohn GmbH, Balingen, Germany), covering the range of observed mandibular cutting forces (19 -
172 mN). Weights were suspended from the mount in increasing order, and at the lever arm at which
cutting forces were applied. For each calibration weight, I averaged the sensor output across 5 s after
initial force fluctuations had faded (see Fig. E.2 in Appendix E). To account for sensor drift, the sensor
output was extracted for the unloaded beam at the beginning and end of the measurement, and a lin-
ear drift correction was implemented; sensor drift, however, was generally small, ~ 0.01 mN/s, or
6 mN and thus less than 5 % of the smallest cutting force over the duration of a typical measurement of
60 s. From simple beam theory, the relationship between applied force and beam deflection should be

linear for small deflections. I indeed observed linearity for calibration forces < 150 mN; for forces
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exceeding 150 mN, however, the sensor distance was systematically ‘sub-linear, suggesting deflec-
tions sufficiently large to invalidate the use of the small angle approximation. I thus used a quadratic
regression model to characterise the relationship between force and distance, which accounted for
more than 99 % of the variation, and yielded a lower Akaike Information Criterion compared to a
linear or cubic model (AICjineqr = 91.7, AlCyyadratic = 59.6, AlIC ypic = 61.6; see Fig.E.2 in
Appendix E).

6.2.5 Experimental protocol

I mounted the mandibles individually onto a pin holder, which was connected to a 3D micromanipu-
lator. The mandibles were positioned using a top-down microscope such that the dorso-ventral head
axis was approximately horizontal, the mandibular teeth were roughly perpendicular to the PDMS
sheet, and the most distal tooth tip just about extended over the sheet (see R. M. Schofield et al., 2011,
and Fig. 6.2A).

I cut a small wedge into all PDMS sheets (= 30° and 1.5 mm deep) to facilitate the cut initiation by
reducing effects of sheet bending and buckling (see Lake and Yeoh, 1978; R. M. Schofield et al., 2011;
B. Zhang et al., 2019). The unstretched sheets were placed individually between the two components
of the polymer mount, and metal clips were slid onto the mount using the clip dispenser provided by
the manufacturer, such that both clamps were approximately parallel and 6 mm away from the mount
centre (see Fig. 6.2A); this procedure ensured that the clamping conditions were kept approximately

constant across measurements.

I then moved the sheet toward the mandible by incrementally moving the motor stage upwards until
the tip of the pre-cut wedge was about to contact the mandibular cutting edge. The sensor record-
ing was started, and the PDMS sheet was moved vertically against the mandible blade, akin to the
‘blade-like’ cutting behaviour observed in ‘freely cutting’ leaf-cutter ants (see Tautz et al., 1995; R. M.
Schofield et al., 2011). The motor moved at a constant speed of 0.3 mm/s, at the upper end of cutting
speeds observed during foraging (<0.02 - 0.30 mm/s, see J. M. Cherrett, 1972; Nichols-Orians and
Schultz, 1989; Roces and Holldobler, 1994; Roces and Lighton, 1995; Tautz et al., 1995; Burd, 1996;
R. M. Schofield et al., 2011), and over a total distance of 5 mm; the beam deflected by around 100 ym
for a medium cutting force of 65 mN, so that the corresponding displacement of the sheet-holding
mount was about 4.9 mm (see Appendix E figure on sensor calibration). The sheet was subsequently
retracted to its original position, and a second run was initiated in order to extract the force due to
friction and elastic deformation of the thin sheet (henceforth referred to as friction force, see e.g.
A. G. Atkins and Mai, 1979; McCarthy et al., 2007; T. Atkins, 2009; Schuldt et al., 2016). After a force
peak at cut initiation, the cutting forces remained approximately constant until the motor stopped,
and forces decreased (see Fig. 6.2C). I extracted the drift-corrected steady-state cutting force aver-
aged across 2 mm following the initial peak; the corresponding friction forces were extracted from

the second run at the same motor positions, and averaged across the same distance (see Fig. 6.2C).
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The cutting speeds observed for leaf-cutter ants typically vary with forager size; larger ants cut more
quickly than smaller ants (Nichols-Orians and Schultz, 1989; Roces and Holldobler, 1994; R. M.
Schofield et al,, 2011). To quantify the effects of speed on cutting force, I performed a series of mea-
surements with a single individual (forager with a body mass of 19.9 mg) at 0.1 mm/s, 0.2 mm/s and
0.3 mm/s. Three repetitions were done per speed without remounting the mandible between mea-
surements to reduce confounding effects due to small variations in mandible blade orientation. Vari-
ation due to remounting was quantified by measuring cutting forces of one small (5.4 mg) and one
large forager (38.4 mg) at a constant cutting speed of 0.3 mm/s. Both samples were mounted three

times onto the pin holder, and cutting experiments were performed three times per mount.

Mounting had no significant effect on cutting force (Analysis of Variance (ANOVA), small worker:
F6 = 443, p = 0.07; ANOVA, large worker: F5 g = 0.26, p = 0.71); I hence pooled the nine mea-
surements per mandible and calculated the coefficient of variation, C'V, for each: C'Vyp = 0.10
and C'Vigrge = 0.03 (see Fig. 6.3B). The relative force variation was thus three times larger for the
smaller mandible, suggesting that consistent mandible alignment was easier for larger mandibles.
However, even for the smaller mandible, the force variation was small in comparison to the inter-
individual variation across all foragers, C'Viyragers = 0.52 (see section 6.3). I thus performed only a

single measurement, from one individual mount per specimen, unless otherwise indicated.

To contextualise our results based on biological ant mandibles and synthetic PDMS sheets, I performed
two additional experiments. First, | measured cutting forces of pristine razor blades (10050-00, Fine
Science Tools, Foster City, CA, USA; 0.1 mm thickness), broken into small fragments (=1 mm wide
and 5 mm long) with a clamping tool to reduce the contact area between blade and the PDMS sheet
(n = 6). Second, I performed cutting experiments with mandibles on a biological substrate, the leaf
lamina of Japanese laurel, Aucuba japonica; the colonies were regularly fed with these leaves, and the
lamina appeared comparatively homogeneous. Laurel leaves were cut from the plant on the day of
the experiment, and kept hydrated with a wet tissue wrapped around the stem between collection
and measurement. To reduce variation due to material inhomogeneities, I cut all laurel samples from
the same leaf, from a region close to the mid-vein; leaf samples were then mounted such that the
cut ran perpendicular to the mid-vein. I used mandibles of six ants, three foragers (body mass 6.8 -

38.8 mg) and three callows (body mass 6.2 - 42.1 mg).

Measurements were considered invalid and thus repeated when at least one of the following criteria
was met: (i) the head capsule was visibly in contact with the clamp or the cutting substrates; this
occurred when the head capsule was positioned very close to the clamp and the PDMS sheet buck-
led; (ii), the mandible slipped out of the cut; (iii), the steady-state phase was too short to extract a
meaningful cutting force (< 2 mm); (iv), the epoxy fixation of the joint failed, leading to mandible
rotation; in these cases, the samples were re-glued and used again; or (v), the sample slipped out of
the pin holder as observed occasionally for measurements involving high cutting force as on laurel

(see section 6.3).
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6.2.6 Data curation and statistical analysis

I excluded a total of four (out of 46) callows and five (out of 39) foragers, because optical inspection
of the mandible suggested that small amounts of epoxy contaminated the mandibular teeth, and
cleaning attempts failed or caused visible damage. Additionally, I excluded three (out of six) razor

blade measurements, because the cutting forces exceeded the calibration range (> 245 mN).

Extraction of the average cutting and friction force from the raw data was done in python (v3.9.7,
Van Rossum and Drake, 2009), and all statistical analyses were conducted in R (v 4.1.1, R Core Team,
2022). To characterise the relationship between the extracted forces, body mass, and the two exper-
imental groups (foragers vs callows), I used Analysis of Covariance (ANCOVA) with Type III sums
of squares (see Field et al., 2012). In addition, I performed Ordinary Least Squares (OLS) regressions
to characterise the scaling relationships within the experimental groups. If not stated otherwise, |
performed these analyses on logjo-transformed data, and report other results as mean =+ standard

deviation.

6.3 Results

6.3.1 Effects of cutting speed

The cutting speeds observed during natural foraging typically depend on both worker size and leaf-
mechanical properties; larger ants cut faster than smaller ants, and ‘tougher’ leaves are cut more
slowly than ‘tender’ leaves (Nichols-Orians and Schultz, 1989; Roces and Holldobler, 1994; R. M.
Schofield et al., 2011). I quantified the interaction between speed and cutting force on synthetic
PDMS sheets: Cutting forces increased significantly with speed (ANOVA: F7 7 = 33.0, p < 0.001)
from 29 +2 mN at 0.1 mm/s to 36 &= 1 mN at 0.3 mm/s (Two Sample t-tests: 0.1 vs 0.2 mm/s, t4 =
-2.08,p=0.11;0.2vs 0.3 mm/s, ty = -2.94, p<0.050.1vs0.3 mm/s, t4 = -6.66, p<0.01; see Fig. 6.3A).

Cutting forces thus increased by 20 % for a threefold increase in speed.

6.3.2 Cutting forces are independent of mandible size

Across differently-sized callows and foragers, cutting forces, F;, were independent of body mass
(ANCOVA: Fq 72 = 0.97, p = 0.33), but depended significantly on the experimental group (F} 72 =
21.2, p < 0.001; see Fig. 6.4A). However, these main effects must be interpreted with caution as the
interaction term was significant (F1 72 = 4.42, p < 0.05, see Field et al., 2012), suggesting that the re-
lationship between cutting force and body mass differs between the experimental groups. Indeed,
within callows, cutting forces tended to increase with body mass, but slightly decreased within for-

agers; although both regression results are not significant (p > 0.11, see Table 6.1).

On average, cutting forces of foragers exceeded those of callows by a factor of two, 64 33 mN
vs 31 &7 mN, respectively. Notably, the coefficient of variation was considerably larger for for-

agers compared to callows, C'Vioragers = 0.52 and C'Vigiiows = 0.23, suggesting that both relative



113

6.3. Results
(A) B)
50 60 Body mass: 5.4 mg Body mass: 38.3 mg
p <001 p=0.07 p=0.71
40 p <0.05 *
p=0.11
—_— —— *

Z 4
z 1 Z 40 o ——
£ 30] — k=
g g
L L
1) on
£ 20 £
& &2

10

0 0
0.1 0.2 0.3 1 2 3 1 2 3
Cutting speed in mm/s Mount number

FiGure 6.3: (A) To quantify the effects of cutting speed on mandibular cutting forces, a single forager (body
mass 19.9 mg) was tested at 0.1, 0.2 and 0.3 mm/s for three repetitions each. The forces increased significantly
with speed from a mean of 29 to 36 mN (or about 20 %; see main text for statistics). Although significant, this
increase is small compared to the overall variation across callow and forager mandibles (19 - 172 mN), and thus
perhaps of limited biological significance. (B) Similarly, the variation from mounting was small in comparison
to inter-individual variation, as indicated by the coefficient of variation, C'V: C'Vinai = 0.10, C'Vigree = 0.03,
CVioragers = 0.52. Notably, the relative cutting force variation was larger for the smaller ant, C'V'small >
C'Vlarge, suggesting that consistent mandible alignment was easier for larger mandibles.

and absolute force variation was larger among foragers. Despite these differences, the magnitude

of cutting force extracted for both groups was small in comparison to that of pristine razor blades,

124 4 46 mN, with a minimum measured cutting force of 72 mN (see Fig. 6.4A; Wilcoxon rank sum

test, forager mandibles vs razor blades: W = 12, p < 0.05; callow mandibles vs razor blades:

W =0, p<0.001).

TaBLE 6.1: Results of Ordinary Least Squares regressions describing the relationship between cutting force,

Ft, friction force, F'y, ‘frictionless’ net cutting force, I, and mandibular wear, W, with body mass in mg.

All regressions were performed on logio-transformed values, apart from mandibular wear which contained

negative values; this regression was done on semi-logio-transformed data instead. 95 % confidence intervals
are provided in parentheses.

Quantity  Unit Group Elevation Slope R?

F, mN Foragers 1.90 (1.69, 2.11) -0.15 (-0.35, 0.06) 0.06
F, mN Callows 1.41 (1.33, 1.50) 0.07 (-0.02, 0.15) 0.06
Fy mN Foragers 0.74(0.51,0.98) -0.14 (-0.37,0.08) 0.05
Fy mN Callows 0.65(0.42,0.88) -0.05 (-0.27,0.16) 0.01
Foe mN Foragers 1.85 (1.62, 2.07) -0.13 (-0.35, 0.08) 0.05
Foc mN Callows 1.32(1.23, 1.41) 0.09 (0.01, 0.17) 0.11
w pum Foragers 13.43(1.75, 25.10) -6.02 (-17.19, 5.16) 0.05
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FIGURE 6.4: (A) Leaf-cutting is performed by workers spanning an order of magnitude in body mass. To assess
how cutting ability is affected by mandible size, I measured mandibular cutting forces across almost the entire
size-range (body mass, m, 1.8 to 46.4 mg), and for two experimental groups: callows with pristine mandibles,
and workers from the foraging arena with mandibles of varying degrees of mandibular wear. Cutting forces,
F., were independent of body mass for both experimental groups (see main text for statistics), but twice as
high for foragers compared to callows. On average, cutting forces of both groups were smaller than those
from pristine razor blades, 124 4= 46 mN, with a minimum force of 72 mN (black dashed lines). (B) Friction
forces, F's, were about 5=+ 3 mN for both groups independent of body mass, and significantly smaller than
for razor blades. The relative frictional component of the total cutting force was about 10 % for mandibles.
(C) Net cutting forces, F,¢, were not significantly affected by body mass in foragers. For callows, however,
F,.. increased significantly in proportion to m?:°?, from values close to a theoretical minimum based on pure
shear tearing tests to values closer to those obtained from foragers. (D) To test if the difference in cutting
force between callows and foragers is also present when using a biological substrate, cutting experiments on
Aucuba japonica leaf lamina were performed using mandibles from a selection of six representative ants (three
forager and three callows across the size-range). The absolute difference in cutting force between callows and
foragers was 30 mN, similar to the results obtained for PDMS sheets (38 mN); this difference, however, was not

significant.
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Across all ant mandibles, friction forces, Iy, were 5+ 3 mN with neither significant differences be-
tween experimental groups, nor significant size-effects (ANCOVA, experimental group: Fy 72 = 0.34,
p = 0.56; body mass: Fy 72 = 0.25, p = 0.62; see Fig. 6.4B and Table 6.1). Because callow mandibles
required less cutting force, the relative frictional component was significantly higher for callows:
friction accounted for about 15+ 8 %, as opposed to 8 = 6 %, of the total cutting force (ANCOVA:
F1,72 = 5.98, p < 0.05). Frictional forces of razor blades were 27 &= 8 mN, or 24 =7 % of the cutting
forces, significantly larger both in relative and absolute terms than for callow and forager mandibles
(see Fig. 6.4B; Wilcoxon rank sum test, forager mandibles vs razor blades, absolute: W = 0, p < 0.001;
relative: W = 3, p < 0.01; callow mandibles vs razor blades, absolute: W = 0, p < 0.001, relative: W =
19, p < 0.05).

Due to constant friction forces for ant mandibles, the scaling relationship of ‘frictionless’ net cutting
force, Iy, = F, — I, essentially mirrors the results obtained for total cutting force (see Fig. 6.4C).
Net cutting forces were independent of body mass (ANCOVA: Fq 72 = 1.64, p = 0.20), but depended
significantly on experimental group (£ 72 = 22.6, p < 0.001), with a significant interaction (F; 72 =
4.46, p < 0.05). Within foragers, F},. tended to decrease with size, but not significantly (p = 0.22,
see Table 6.1); on average, F),. was 59 + 32 mN, similar to the minimum force obtained for razor
blades (50 mN). Within callows, however, F},. increased significantly with worker size (p < 0.05, see
Table 6.1), at the lower end approaching the minimum cutting forces predicted from tearing experi-

ments (see Fig. 6.4C and section 6.4).

To test if the observed difference in mandibular cutting force between callows and foragers is also
present when using biological substrates, I measured cutting forces for a small subset of both age
groups with laurel leaf lamina as cutting substrate. The mandibular cutting forces of foragers were
113 & 28 mN, exceeding those of callows (83 £ 14 mN) by approximately 30 mN (see Fig. 6.4D); how-
ever, this difference was not significant (Two Sample t-test: ty = -1.62, p = 0.18). The average frictional
component was 13 + 8 %, pooled for all ants. For the same set of ants, the difference in cutting force
on PDMS was significant, and similar in magnitude (foragers: 71 & 6 mN, callows: 33 £ 2 mN; Two
Sample t-test: ty = -10.37, p < 0.001).

6.3.3 Cutting forces increase significantly with mandibular wear

Frequent plant-cutting or chewing can cause substantial wear (Raupp, 1985; Roitberg et al., 2005;
Depieri et al.,, 2010; R. M. Schofield et al,, 2011). To test to what extent mandibular wear can ex-
plain variations in cutting force, I calculated a wear index based on changes in distal tooth length
(see Eq. 6.1, R. M. Schofield et al., 2011). Mandibular wear of foragers was 8 + 10 um, independent
of body mass (ANOVA on semi-logio-transformed data: Fy 29 = 1.25, p = 0.28; see Table 6.1 and
Fig. 6.5A). This size-independence suggests that smaller ants lost a larger proportion of their teeth
to wear. Indeed, the mandibular wear index, normalised with the pristine length of the most distal
tooth, decreased significantly with size (ANOVA on semi-logjo-transformed data: Fy 29 = 5.41, p <

0.05). The wear index explained about one third of the variation of cutting force, which increased
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significantly with wear at a rate of 2.09 mN/pm OLS regression on untransformed data: 95 % CI of
slope (0.76 | 3.43), p < 0.01, R2 = 0.33; see Fig. 6.5B).

(A) (B)
4 Foragers: W ~ -6.0 log;o(m); p=0.28 a4 A Foragers: A
30 allows 0 a F. =2.1 W mN/um + 49.3 mN
R?=0.33, p<0.01
1504
A
€ 207 A
=
5 %
=] * )
= 5 100
z 10 %
= £
= £
2 =
S Q
=
<
= 504
01
A
A A
A
-10 04

3 10 20 40 -10 0 10 20 30
Mass in mg Mandibular wear in pm

o4

FIGURE 6.5: (A) I calculated a mandibular wear index based on length changes of the two most distal teeth

(see R. M. Schofield et al., 2011, and Eq. 6.1 in the main text). In foragers, mandibular wear was 8 + 10 yum,

independent of worker size, and by definition, centred around zero for callows (0 &= 5 gm). (B) Mandibular

cutting forces increased significantly with this metric of wear (Ordinary Least Squares regression on forager

data: slope = 2.09, 95 % CI (0.76 | 3.43)). This wear metric is easily obtained, but it has small predictive power
on this dataset, explaining less than 50 % of the observed variation in cutting force.

6.4 Discussion

Leaf-cutter ant foragers vary both in size and shape (E. O. Wilson, 1953; Feener et al., 1988; Wet-
terer, 1991a; L. C. Silva et al,, 2016, and see Chapter 2), rendering simple scaling arguments on size-
dependent cutting ability difficult. I have previously shown that larger foragers can generate dispro-
portionally large bite forces due to distinct morphological adaptations to the musculoskeletal bite

apparatus (see Chapter 2 and 4), but how do cutting forces scale across sizes?

Based on experiments using synthetic PDMS sheets as cutting substrate, the cutting forces of both
callows and foragers were size-invariant. After removing effects of friction, the net cutting forces

009 whereas the scaling coefficient

of callows showed a small but significant size-effect, F},. o< m
obtained for foragers remained not significantly different from zero. In the following paragraphs,
I will (i) discuss the mechanical foundation of these results, (i) discuss their implications on size-
related cutting ability, and (iii), provide an outlook for future studies on the mechanics of cutting in

leaf-cutter ants.

6.4.1 Cutting mechanics and mandible ‘sharpness’

In essence, cutting is a process resulting in the formation of new surfaces (T. Atkins, 2009; J. G.

Williams and Patel, 2016). In order to advance a cut by a length dz, the external work supplied via
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the cutting tool, F, dx, needs to be at least as large as the energy required to create the new surface

area resulting from the cut (Wang, 1996; J. G. Williams and Patel, 2016):

F.dx > G .tdx (6.2)

where G is the fracture toughness of the material, and ¢ is its thickness. A lower bound for cutting
force is thus F i, = Gt (Kamyab et al, 1998; J. G. Williams and Patel, 2016). The minimum
required cutting force for PDMS is F,. ,in =~ 21 mN, based on the fracture toughness extracted
from pure shear tearing tests and the sheet thickness measurements (see section 6.2 and red lines in
Fig. 6.4). Based on this energy-based criterion, the ‘naive’ expectation would be that cutting forces
are independent of mandible size. And indeed, cutting forces within both experimental groups are
size-invariant, and for callows, they are remarkably close to this minimum, /230 mN (see section
6.3). However, cutting forces of forager mandibles were 3.5 times higher than F, ,;,, suggesting
that the fracture criterion, defined by Eq. 6.2, cannot fully explain the magnitude of cutting force
(Griffith, 1921; T. Atkins, 2009; J. G. Williams, 2015a; J. G. Williams and Patel, 2016). Friction forces
make up only a small fraction of the total cutting force in both groups, and thus cannot explain this
discrepancy either (see Fig. 6.4); the observed difference in mandibular wear between callows and
foragers may thus affect mandible ‘sharpness’ and thus cause an increase in cutting force. But what

exactly is mandible ‘sharpness’ and how does it relate to cutting forces?

There is no universally agreed definition of ‘sharpness’ (see Reilly et al., 2004; McCarthy et al., 2007,
2010; Schuldt et al.,, 2013, 2016; P. S. Anderson, 2018; Crofts and P. Anderson, 2018; Crofts et al,,
2019; B. Zhang and P. S. Anderson, 2022), but it is often associated with a characteristic length scale
such as the blade tip radius of the cutting tool (e. g. Reilly et al., 2004; T. Atkins, 2009; B. Zhang et
al,, 2019). A more general definition may be given by the ratio between cutting force and minimum
required force, F./Fi pn (see Eq.6.2). A tool is then ‘sharp, when F./Fi iy ~ 1, and ‘blunt’
when cutting forces far exceed the minimum possible force, Fi./ Fy. ;in > 1. Tool ‘sharpness’ then
depends both on the geometry of the cutting tool and on the fracture properties of material, which
are typically associated with a characteristic length scale (Kountanya and Endres, 2004; T. Atkins,
2009; Creton and Ciccotti, 2016; B. Zhang et al., 2019; B. Zhang and Hutchens, 2021).

For fracture in soft materials, an important length scale is determined by the ratio between fracture
toughness and Young’s modulus, G./E (Creton and Ciccotti, 2016). For the cutting substrate used
in this study, G./FE ~ 24 um, of the same order of magnitude as values reported for PDMS with
different mixing ratios (== 100 pm, see B. Zhang et al., 2019). This length appears large in comparison
to the tip radius of pristine and worn mandibles, ~ 50 nm and ~ 10 pm, respectively, measured for
A. cephalotes ant workers (R. M. Schofield et al., 2011), suggesting that processes at other length scales
may determine fracture in PDMS (also see B. Zhang et al., 2019; B. Zhang and Hutchens, 2021).

The governing mechanisms for fracture in soft solids are not yet fully understood, even for mate-

rials that are comparatively well characterised such as PDMS (B. Zhang et al,, 2019; B. Zhang and
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Hutchens, 2021). For heterogeneous plant materials with species-, tissue-, age-, hydration- and time-
dependent material properties (e. g. Choong, 1996; Spatz et al., 1999; Onoda et al., 2011; Hayot et al.,
2012; Hua et al., 2020; Cordoba-Barco et al., 2020), any quantitative predictions on the relevant
length scale and ‘sharpness’ threshold appear even further out of reach, if not practically impossible.
Direct cutting force measurements appear attractive in order to characterise the ‘sharpness’ of insect
mandibles as they provide a clear, and biologically meaningful metric. Pristine mandibles of callow
workers are exceedingly ‘sharp, and even mandibles with moderate levels of mandibular wear require
similar forces to the ‘sharpest’ pristine razor blade (see section 6.3); these results likely represents a
morphological adaptation to the high mechanical demands of leaf-cutting (also see R. M. Schofield
et al, 2002, 2011; Onoda et al., 2011).

6.4.2 Mandibular wear and size-related cutting ability

I have discussed the mechanical basis for mandibular cutting forces, now I turn my attention to the
biological implications resulting from them. It is not possible to directly extrapolate the results ob-
tained for PDMS to all plant materials. For example, it is conceivable that some plant tissues have
fracture properties, which render even the most worn forager mandibles ‘sharp’, because the relevant
length scale of the material exceeds that of the mandibular cutting blade (see Kountanya and Endres,
2004; B. Zhang et al., 2019). However, [ argue that it is unlikely that all or even most plant tissues are
‘insensitive’ to variation in mandibular wear, because of the following three reasons: First, the average
cutting force required for forager mandibles to cut laurel leaf lamina was 30 mN higher than for cal-
low mandibles (see Fig. 6.4D; although this difference was not significant); similarly, R. M. Schofield et
al. (2011) measured cutting forces twice as high for worn mandibles compared to pristine mandibles
of A. cephalotes worker on Prunus lusitanica leaves. Second, leaf-cutter ants with worn mandibles cut
at significantly lower speeds, suggesting adverse effects on cutting ability (R. M. Schofield et al., 2011);
a similar observation was made for leaf beetles which not only consumed leaves more slowly, but also
produced fewer eggs (Raupp, 1985). Third, leaf-cutter ants with worn mandibles are more likely to
carry than to cut leaves (R. M. Schofield et al.,, 2011), and the oldest colony workers may switch to
mechanically less demanding tasks such as waste disposal (Hart and Ratnieks, 2001; Camargo et al.,
2007). I hence conjecture that mandibular wear plays an important role for the ability to cut leaves

not only for leaf-cutter ants, but likely for other insect herbivores as well.

My results suggest that cutting forces are independent of mandible size. This finding appears remark-
able given the large range of tested worker sizes (factor of ~ 30 in body mass), and the associated
changes in mandible dimensions; the mandible blade length varies by a factor of about 30%3! ~ 3
across the size-range (see regression results in Table E.1 in Appendix E). The size-independence of
cutting forces for callow mandibles suggests that the important length scale for cutting either varies
only little across sizes (and perhaps scales with negative allometry) or was generally below a relevant
threshold for PDMS. Although the scaling coefficients for both callows and foragers were not signif-
icantly different from zero (see Fig. 6.4A and Table 6.1), they were significantly different from each
other (p < 0.05, see ANCOVA results). Smaller ants may thus be more affected by mandibular wear
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(also see R. M. Schofield et al.,, 2016). Indeed, the wear index normalised with tooth length decreased
significantly with size (p < 0.05, see section 6.3). Similarly, R. M. Schofield et al. (2011) found that the

second most distal tooth was more worn in smaller ants.

The relationship between cutting force and wear index was significant (p < 0.01, see section 6.3), with
a similar slope than observed for A. cephalotes, 2.1 vs 3.7 mN/um, respectively (R. M. Schofield et al.,
2011). However, only one-third of the force variation was explained by the index (see Fig. 6.5B). Some
of the remaining variation may be attributed to methodology, but these effects were likely minor (see
Fig. 6.3B and 6.2). A more predictive index may be the blade tip radius, measured in the mandible
cross-section (see R. M. Schofield et al., 2011, 2016); obtaining this index, however, involves electron

microscopy, and may thus be less applicable to large sample sizes (see R. M. Schofield et al., 2011).

The ability to cut leaves depends on both wear-dependent cutting forces and size-dependent bite
forces. Next, I assess the relative importance of bite force and mandibular wear on the ability to cut.
Across the size-range of leaf-cutting workers the maximum bite force varies by a factor of about 12,
(30/2)%90 ~ 12. Across small workers with a body mass of 4-6 mg, cutting forces ranged between
19-126 mN (n = 14), a factor of almost 7. To compensate for this increase in cutting force with an
equivalent increase in bite force, a small worker needed to be about 8 times heavier, 71/0.90 ~ 8
Notably, across large workers (body mass > 30 mg), cutting forces varied by a factor of only three,
23-68 mN (n = 10), which still requires a threefold increase in body mass; the difference between size

groups is in line with the notion that smaller ants may be more affected by mandibular wear.

I have demonstrated that for the same level of wear, the ability to cut a given substrate is mainly
determined by bite force, which strongly favours larger workers. The common observation that
larger foragers cut at higher speeds may thus result from the fact that they use a smaller fraction
of their available muscle force capacity, which may allow them to contract muscle at higher speeds,
in addition to expected changes from fibre length differences (Hill, 1938; A. Gordon et al,, 1966;
Josephson, 1975). The effects of speed on cutting forces are difficult to predict quantitatively as they
depend on the tissue-specific viscoelastic properties of the plant (e.g. see Spatz et al., 1999; Hayot
et al, 2012; Cordoba-Barco et al., 2020). Our results, however, suggest that they may be small: A
threefold increase in cutting speed resulted in a comparatively small increase in cutting force of only
20 % (also see B. Zhang et al,, 2019, and Fig. 6.3A).

I acknowledge that the cutting behaviour of leaf-cutter ants is far more complex than what I repli-
cated in the experiment: For example, the mandibles rotate instead of translating linearly; neck mus-
cles may be used to change head and mandible orientation during cutting, and perhaps even directly
contribute to cut propagation; and the section of the mandible blade used for cutting may be adjusted
to account for local differences in mandible ‘sharpness’, or to dynamically alter the effective mechan-
ical advantage of the mandible lever system. Despite these differences, two arguments suggest that
my experiments are informative: Cutting forces of pristine mandibles were close to a theoretical
minimum for PDMS; and although more complex mandible motion may decrease cutting forces in

some cases (Reyssat et al,, 2012; Y. Liu et al., 2021), out-of-plane forces applied to thin sheets likely
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result in sheet bending instead of concentrating tensile stresses, leading instead to an increase in
cutting forces. Because leaf-cutter ants already need to show exceptional morphological and physi-
ological adaptations to be able to produce bite forces sufficient to cut leaves (see Chapters 3 and 4), it
is biologically implausible and physically impossible that forces during ‘free cutting’ are substantially
amplified over the minimum force dictated by leaf toughness. I thus argue that the basic mechanical
interaction between mandible and substrate remains the same, and that the general conclusions from
this study are applicable to ‘real world’ foraging scenarios (also see Tautz et al., 1995; R. M. Schofield
etal., 2011).

6.5 Conclusions and outlook

The ability to cut leaves involves complex interactions between worker size, bite force capacity, wear-
dependent cutting forces, plant-material properties and adaptive cutting behaviour. I tried to untan-
gle this complexity, by removing the confounding effects of material heterogeneity and non-linear
mandible motion, and studied the effects of worker size across two experimental groups with vary-
ing levels of mandibular wear. Although smaller ants may experience a larger increase in cutting
force from pristine to worn mandibles, cutting forces were still largely size-independent. The abil-
ity to cut leaves is thus mostly affected by size-dependent bite forces, plant-material properties, and
mandibular wear (see Chapter 4); the effects of wear can be substantial, and may often limit the range

of accessible plant tissues, which likely applies to other insect herbivores as well.

A natural extension to this work would be to use other materials as cutting substrate: Using a range
of relevant plant materials could serve as a basis to assess the biological importance of mandible
geometry more broadly; using other synthetic materials with well-defined properties could help to
characterise mandibles as cutting tools more generally. A careful inspection of the mandibular cut-
ting blade, in combination with mandible abrasion experiments, could yield important insights into
the mechanisms of wear resistance in insects (see R. M. Schofield et al., 2002; Reynolds et al., 2009).
I hope that the findings of this study, and the future work they may inform, will help to increase our
understanding of size-specific foraging preferences in leaf-cutter ants, and more generally, highlight

the importance of biomechanical factors in the herbivory of insects.
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7 Concluding remarks

Insects use their bite apparatus to retrieve and process food, dig tunnels, fight over mating part-
ners, and even to escape predators. In some cases, these ecological factors have driven the evolution
of rather extreme mandible and head shapes, and ingenious biomechanical mechanisms: Male stag
beetles use their elongated mandibles to throw and chase away mating rivals (Goyens et al., 2015);
antlion larvae create cone-shaped pits as traps by skilfully flicking sand grains from the bottom of
the digging groove (J. R. Lucas, 1982); trap-jaw ants store elastic potential energy in cuticle to launch

powerful strikes against prey and to flick themselves off the ground (Patek et al., 2006).

In this thesis, I investigated the bite apparatus of leaf-cutter ants, a true master of herbivory, and a
notorious pest species in the Neotropics that occupies another niche of extreme shapes: leaf-cutter
ants possess razor-sharp mandibles driven by enormous closer muscles, which enable them to cut
most tropical leaves. In the following paragraphs, I will describe the biomechanical mechanisms
driving this ability and how it varies with size and age of the ants, synthesised from all experimental

chapters, and provide a broad outlook for future research in this field.

The ability to cut leaves depends on the ratio of two key forces: the maximum available bite force
and the minimum required cutting force. Bite forces are determined by the size, arrangement and
maximum stress of the mandible closer muscle, and the mechanical advantage of the force transmis-
sion system. Leaf-cutter ant workers vary by more than one order of magnitude in body mass, and
maximum bite forces increase with strong positive allometry: Large ants produce peak bite forces
two times larger than predicted from isometry; to generate the same maximum bite force, isomet-
ric workers needed to be three times larger than the largest workers in the colony. This positive

allometry thus likely saves the colony ‘production’ costs associated with excessively large workers.

The positive allometry of bite force is mainly achieved by a disproportionate increase in muscle vol-
ume in combination with an isometric growth of muscle fibre length. As a result, the physiological
cross-sectional area of the mandible closer muscle, which defines muscle force capacity, increases
with strong positive allometry. The resulting increase in apodeme force is only slightly attenuated
by changes to the fibre pennation angle. This seeming decrease of bite force capacity, however, re-
verses when changes to the internal muscle attachment area are taken into account, so that the effects
of pennation angle changes may still lead to an overall increase in bite force capacity. The mechan-
ical advantage of the mandible lever system increases by about 20 % across the size-range, achieved
by a disproportionate increase in effective inlever. An even stronger allometry of inlever length is
likely constrained by muscle fibre strain; to maintain an approximately constant mandibular open-

ing range, the scaling coefficients of fibre length and effective inlever need to be similar for a given
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maximum strain. Maximum muscle stress appears to be approximately size-invariant, so that the

scaling of bite forces can be accurately predicted from the morphology of the bite apparatus alone.

Most bite force determinants vary with mandibular opening angle, so that bite forces, too, are a
function of opening angle. For leaf-cutter ant majors, bite forces peak at comparatively small open-
ing angles, at a mandible gape most relevant for leaf-cutting, and decrease to only one-fifth of the
maximum at large angles. For smaller ants, this force peak occurs at significantly larger opening an-
gles, which may reflect a size-dependent physiological adaptation driven by the need to cut leaves
with a thickness that takes up a larger fraction of the maximum possible mandible gape. The vari-
ation of bite force with opening angle is mainly driven by changes in muscle stress and mechanical
advantage, whereas fibre pennation angle has only minor effects. The opening angle-dependent vari-
ation of mechanical advantage is determined by the alignment between apodeme force vector and
mandible inlever. This alignment, defined by the apodeme angle, is optimum at small opening an-
gles and deviates from this optimum at larger opening angles. Compared to the pennation angle,
the apodeme angle is a much more versatile ‘design’ parameter to modulate the opening angle at
which bite forces peak: Minor changes to the mandible shape would suffice to change the apodeme
angle and thus shift the opening angle at which the effective inlever takes its maximum. In contrast,
the pennation angle is always maximum for small opening angles and decreases monotonously with

increase opening angle.

Although the immediate effects of the pennation angle on bite force seem small and strongly con-
strained, fibre pennation enables ‘displacement’ gearing, which reduces the fibre strain required to
cover the same range of opening angles. This reduction is of particular importance because mus-
cle stress can decay steeply with fibre strain. In fact, the majority of the decrease in bite force with
opening angle is attributed to changes in muscle stress, which drops substantially at large opening
angles. This adverse effect of fibre strain is less pronounced in directly-attached muscle fibres com-
pared to those that attach to the apodeme via thin filaments; directly-attached fibres are generally
longer, so shorten relatively less across the opening range. However, the number of directly-attached
fibres is likely limited by the need to provide sufficient muscle attachment area to the apodeme. In
fact, filament-attachment and the associated increase of internal attachment radius enable leaf-cutter
ants to fill the confined space of their head capsules almost optimally with mandible closer muscle.
For a given external geometry and the approximately radial arrangement of muscle fibres around
the apodeme, there exists a trade-off between muscle fibre length, which determines maximum dis-
placement, and cross-sectional area, which determines maximum force. Workers of all sizes have a
muscle fibre arrangement that is close to maximising volume occupancy (based on the product be-
tween both) and thus work capacity of the muscle. However, larger ants display a shift in muscle
investment towards a force-optimised arrangement; the size-specific physiological cross-sectional
area increases by more than 50 % with only minor changes to relative muscle volume. The remain-
ing disproportionate increase in physiological cross-sectional area is enabled by an increased muscle

volume, accommodated by disproportionally larger head capsules.
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I assessed the effects of these morphological adaptations and the associated allometry of bite force
on the ability to cut leaves: Based on published leaf-mechanical data (Onoda et al., 2011), the largest
foragers can cut almost all measured tropical leaves, and a comparatively small forager of 5 mg can
still cut 70 % of leaves, 20 % more than a same-sized isometric worker could do. The allometry of bite
force thus substantially increases the worker size-range that can forage on a large number of plant
species, which likely facilitates flexible task assignment during foraging. However, this analysis ne-
glects the effects of mandible ‘sharpness’ on the force required to propagate a cut through leaf tissue,
which may increase with size, too. Based on cutting experiments on homogenous, ‘synthetic leaves)
the cutting forces of pristine mandibles from recently-eclosed callows were size-invariant, suggest-
ing that geometric differences of the cutting edge do not affect the cutting forces for some substrates.
The same experiment on fully-matured foragers confirmed this size-independency; however, aver-
age cutting forces were about twice as high compared to callows, indicating adverse effects on cutting
ability due to mandibular wear. This result seemingly suggests that freshly-eclosed workers would
be most suitable to perform leaf-cutting tasks. However, this conclusion is premature as it neglects
other biomechanical factors relevant for cutting such as the musculoskeletal development of the bite

apparatus and associated changes in bite performance.

Bite forces increase by an order of magnitude between freshly-eclosed callows and fully-matured
foragers. This development is associated with substantial changes to the size and structure of the
mandible closer muscle, as well as with a considerable increase of the mechanical stability of the head
capsule. As a consequence, young callows have insufficiently developed closer muscles to produce
the bite forces required for cutting most leaves, and a head capsule that lacks the rigidity required
to withstand the hypothetical forces of a fully-developed muscle. In contrast, fully-matured foragers
have acquired full biomechanical ability for leaf-cutting, capable of generating among the highest
weight-specific bite forces ever reported for any animal, and exceeding a theoretically predicted up-
per limit of bite force by a staggering factor of five (Alexander, 1985). The specialisation to produce
excessively large weight-specific bite forces is likely driven by the need to cut leaves; leaf-cutter ants
may cut the same leaves lowland tapirs feed on, but they weigh up to 100 million times less (200 kg
vs 2mg). The results of this thesis suggest five key mechanisms that enable this specialisation for
cutting: First, the weight-specific head volume exceeds those of the average amniote by a factor of
almost four. Second, most of these heads are filled by mandible closer muscle (about 80 %). Third,
the geometry of the musculoskeletal bite apparatus is almost optimum for generating largest possible
forces across a relevant range of opening angles. Fourth, the maximum muscle stress of the mandible
closer muscle is among the highest ever reported for arthropod muscle. And fifth, the mandibular
cutting forces of most workers (even those from the foraging area) are smaller than those of unused

razor blades, suggesting geometric adaptations of the mandibular cutting blade.
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In this thesis, I provided an analysis of the leaf-cutter ant bite apparatus, and I demonstrated that
the rare ability to feed on a broad spectrum of plant materials necessitates an extraordinary special-
isation of the bite apparatus. Assessing the degree of specialisation to perform any task is difficult
as it requires clear boundary conditions and the comparison to theoretical optima. The boundary
conditions of herbivory in insects are defined by the general anatomy of the bite apparatus, and the
basic physical interactions during plant-feeding. Combining both allowed me to derive theoretical
optima for musculoskeletal geometry from first principles. I developed and deployed a set of novel
approaches, models, and experimental designs to isolate key parameters of morphological, physi-
ological and biomechanical specialisation separately, and so established a biomechanical paradigm
for plant-feeding in insects. I hope that the quantitative assessment of insect biting and cutting abil-
ity, enabled by this work, will inform future research on insect functional morphology, ecology and

evolution.

I have argued that key ideas of my thesis likely transcend to other insect herbivores, which are typ-
ically equipped with similar head structures and which face the same basic task to mechanically
process plants. This thesis may thus also be informative for future research on crop protection, with
the ultimate aim to grow plants with a strong natural resistance against insect pests. Increased leaf
toughness and abrasiveness appear to be promising traits to select for, as they can restrict the fraction
of insects which can feed on them to only the strongest. Leaf-cutter ants appear to be particularly
specialised for herbivory, but even they likely operate close to maximum muscle activation when en-
countering tough leaves. In combination with an increase in cutting force due to mandibular wear,

the ability of insect herbivores to plant-feed may be drastically reduced.

Future studies based on this work may involve the biomechanical characterisation of other key insect
pests, quantifying the relative effort and degree of specialisation for plant-feeding. Some of the most
hazardous insect pests such as the Colorado potato beetle, European corn borer, and brown plant
hopper, are specialised to feed on a small set of plants. If such pests operated close to maximum
effort, small changes in toughness may suffice to render the plants inedible. If, additionally, the insects
already possess a bite apparatus which generates close to maximum size-specific bite forces, more
substantial changes to the musculoskeletal system may be required to meet the increased demands

for feeding, but with larger evolutionary constraints.

I synthesised and discussed the key findings of my thesis and outlined general directions of future
research which may be of larger societal and economic interest. Next, I will turn my attention to
some of the limitations of my work, and present other exciting avenues that lie beyond the scope of

this thesis.

I explored some aspects of the spatial constraints imposed by the insect exoskeleton. However, this
analysis was largely limited to a given outer geometry. A more general investigation of the ‘design
space’ span by the various external and internal parameters of the insect head capsule may yield
further insights into the functional morphology of the insect bite apparatus. Particularly interest-

ing for further investigation may be the filament-attachment of muscle fibres, which determines the
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maximum ‘packing density’ of muscle and controls the relationship between apodeme displacement,

pennation angle, muscle contraction and average apodeme force.

There is remarkably little known about insect bite performance in general, and especially with regard
to variation based on the mandibular opening angle (Goyens et al., 2014b; Weihmann et al., 2015a).
I demonstrated that bite force measurements in combination with the biomechanical analysis of the
musculoskeletal apparatus allows researchers to extract the force-length properties of insect muscle,
and to assess the degree of specialisation to generate maximum forces across a relevant mandibular
opening range. More studies across the insect tree of life including species with different dietary
demands would enable a comparative analysis of the morphology and physiology of the insect bite

apparatus.

In order to assess the cutting ability of differently-sized leaf-cutter ant workers, I measured mandibu-
lar cutting forces using a polymer with well-defined material properties. A natural extension to this
work would be to change the structural and mechanical properties of the polymer and explore the
applicability of fracture-mechanical theory when using insect mandibles as cutting tools. Such anal-
yses would also benefit from a more detailed characterisation of the mandibular cutting edge with a
particular focus on the mandible cross-section. The existing literature on mandibular wear contains
little quantitative data on the abrasiveness of natural substrates on insect cuticle (but see Raupp, 1985;
Roitberg et al., 2005; Depieri et al.,, 2010). Cutting experiments using silicon-enriched plant leaves
may provide a quantitative link between cutting substrate and the mandible abrasion per unit cut
length. The results of such experiments, again, may inform breeding criteria to ultimately enhance

crop protection.

In my PhD, I mainly focussed on forces and the parameters that determine them. However, insect her-
bivory is also constrained by the energetics of cutting. Leaf-cutting belongs to the energetically most
demanding activities performed by insects, but only one study has actually quantified its metabolic
costs (Roces and Lighton, 1995). A detailed study of the metabolic rates associated with cutting sub-
strates of varying mechanical properties could yield insights into the relationship between worker
size, cutting speed, and muscle limitations due to power or force output. Such work is necessary to

assess the ergonomic efficiency of foraging in leaf-cutter ants.

Lastly, I performed all my experiments on singular individuals that I extracted from the colony; this
procedure allowed me to quantify worker size- and age-dependent differences of the musculoskeletal
bite apparatus. Future studies can add on to this work by performing experiments at the whole colony
level; the predictions on cutting ability resulting from this thesis could be tested in foraging assays

using ‘synthetic leaves’ with known material properties.
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I hope that the results presented in this thesis will help to explain some of the multitudinous factors
that have driven the evolution of the insect bite apparatus, will serve as a guide for future comparative
studies on insect bite and cutting forces and their dependency on body size, will ultimately help to
select suitable breeding criteria for enhanced crop protection against insect pests, and will increase
our understanding of the complex ecology of leaf-cutter ant colonies. And here, I finish my thesis
with a quote from Edward Osbourne Wilson, whose contributions to the field of myrmecology have
inspired this work and set the stage for many insightful ecological studies on leaf-cutter ants; I hope

it was an interesting read.

If all mankind were to disappear, the world would regenerate back to the rich state of equilibrium that

existed ten thousand years ago. If insects were to vanish, the environment would collapse into chaos.
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A Morphological determinants of bite

force capacity

A.1 Tomography

All scans were conducted with a parallel polychromatic X-ray beam produced by a 1.5 T bending
magnet. The beam was spectrally filtered by 0.7 mm aluminum. A fast indirect detector system was
employed, consisting of a 12 pm LSO:Tb scintillator (Cecilia et al., 2011) and a diffraction limited
optical microscope (Optique Peter) (Douissard et al., 2012), coupled with a 12 bit pco.dimax high
speed camera with 2016 x 2016 pixels. Scans were done by taking 3,000 projections at 70 fps over
an angular range of 180°. Depending on their sizes, the heads were scanned with optical magnifi-
cations of either 5x or 10x, resulting in effective pixel sizes of 2.44 um and 1.22 pm, respectively.
The control system ‘concert’ (Vogelgesang et al., 2016) was employed for automated data acquisition
and online reconstruction of tomographic slices for data quality assurance during the measurement
campaign. Data processing included flat field correction and phase retrieval of the projections based
on the transport of intensity equation (Paganin et al., 2002). The execution of the pipelines, including

tomographic reconstruction, was performed by the UFO framework (Vogelgesang et al., 2012).

A.2 Fibre-tracking algorithm

A custom-written algorithm was used to determine the number of muscle fibres, their length and
orientation. Inspired by commercial software such as ‘Amira XTracing’ or ‘Avizo XFiber’ (Thermo
Fisher Scientific Inc., Waltham, Massachusetts, USA), individual fibres were grown from ‘seed points’
(see Sullivan et al., 2019; Sartori and Stark, 2021), placed at the origin of individual muscle fibres on

the head capsule. Fibre origins were identified through a series of three steps in ‘Fiji’ (see Fig. A.1):

First, the segmented head capsule was dilated by a factor proportional to the average muscle fibre
thickness (Fig. A.1 D). The number of dilation iterations ng; was defined as a constant proportion
of the fibre diameter extracted from manual measurements, and was interpolated across the size
range using a linear regression on log;o-transformed data. Visual inspection suggested that a dilation
equal to two-thirds of the diameter in pixels resulted in intersections sufficiently large to be clearly

identified as individual muscle fibres, and small enough to prevent fibre merging (see Fig. A.1 B).

Second, the intersections between dilated head capsule and muscle tissue were extracted (see Fig. A.1 B
& E).
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Third, the number of distinct intersections, exceeding a minimum volume, and their centres-of-mass
were calculated via a 3D particle analysis. The xyz coordinates of the centres-of-mass were used as
the origins of these fibres (Fig. A.1 F).

Starting from these seed points, I estimated both the length and orientation of the muscle fibres via an
iterative ‘fibre-tracking’ process. This process takes advantage of the fact that muscle fibres in insects
are approximately straight lines. Each fibre seed point was assigned an initial orientation, equivalent
to the shortest line between the seed point and the centre-of-mass of the apodeme (Fig. A.1 F). Each
seed was then grown along this orientation pixel by pixel, until unsegmented tissue was reached. To
account for irregularities in fibre morphology and segmentation, a small number of unsegmented
pixels was allowed to be crossed. This number was calculated as Ncqneer = (Smin — Ndir) /2, where
Smin Tepresents the average minimum pixel distance between individual seed points. This cancel
criterion accounts for variation in both fibre diameter and density, and usually equalled about four
pixels. Occasionally, the seed point itself was unsegmented, leading to ‘zero-length’ fibres. In these
cases, a new seed point was selected at random from within the bounding box of the same particle. If

a fibre could be grown to a length at least two times ng4;;, the seed point was considered acceptable.

As the concluding step of each algorithmic iteration, the quality of the grown fibre was assessed
by dividing its length with the variation in greyscale value along its length, calculated from unseg-
mented CT data. If the fibre was long, located within a single muscle fibre and crossed few small
unsegmented gaps, the variation in greyscale was small and the quality metric large. If, in contrast, it
was short, crossed numerous unsegmented gaps and included tissue from several muscle fibres, the
greyscale variation was large and the quality metric small. Hence, the algorithm favoured long and

homogenous segments.

This process was conducted once for the initial orientation, and was then repeated 2000 times for
orientations chosen at random from a ‘search cone’ defined with respect to the fibre which has the
highest quality metric. This search cone was created by rotating the cone’s centre line around all
three coordinate axes by angles taken from a population of angles normally-distributed around zero
degrees. The standard deviation of this normal distribution was set to 10 ° for the first iteration and
was subsequently linearly decreased with increasing number of iterations to a minimum of 0.1 ° (see
Fig. A.1). If the quality metric of the current iteration had increased compared to the previous ‘best
guess’, the orientation of the search cone was updated. Otherwise, the next iteration was conducted

along an orientation chosen at random from the previous search cone.

The number of iterations per fibre was determined by preliminary measurements using a subset of
ten fibres from one closer muscle tissue. Each fibre was tracked for a number of iterations rang-
ing between 20 and 20,000, and fibre length and pennation angle were extracted (fibre length was
measured as the number of segmented pixels along the fibre orientation multiplied with the scan
resolution). This process was repeated 50 times for each fibre in order to quantify the repeatability
of the outcome. After 2000 iterations the average fibre length was less than 1% shorter compared

to the maximum extracted at 20,000 iterations, and the average standard deviation of the pennation
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angles dropped to 3.6 °, less than twice the minimum error set by the intrinsic limit of the method
(see Fig. A.1). Hence, a number of 2000 iterations was regarded sufficiently large to yield reliable

results while keeping the computational effort manageable.

Fibres with aspect ratios below two were removed from the dataset as such short fibres were not
observed in the CT-scans, and hence likely reflect incorrectly identified seed points (see Chapter 2).
Fibre length was measured as the total number of segmented pixels between the fibre seed point and
point of fibre termination. This calculation does not account for a small part of the fibre between
seed point and head capsule, approximately equal to half the number of dilation steps. To correct for
this systematic error, another fibre was grown from the seed point in the opposite direction but along
the final fibre orientation, until unsegmented tissue was reached. The length of this fibre segment

was then added to the fibre length.

In order to validate the fibre-tracking algorithm, a subset of 40 opener and closer muscle fibres were
manually analysed for seven ants across the entire size spectrum (278 in total — the opener muscle
tissue of the smallest ant had only 18 suitable fibres). Individual fibres were identified using the
results of preliminary 3D particle analysis on the muscle intersections in Fiji. Fibres were selected
for tracking when distinctly visible in both CT-scan and segmentation image. The locations of the
fibre centres at origin and insertion to the apodeme were extracted, and fibre length and orientation

were calculated (see Chapter 2).

A.3 Cuticle saving via filament-attachment

I estimated the material volume saved by filament-attachment as follows: The total volume of fila-
ment is Vi = nyApiLyy, where ny is the number of filament-attached fibres, L y; the average
filament length (estimated from internal head dimensions), and A il their cross-sectional area (cal-
culated assuming that the cross-section approximates a circle of diameter d). Filaments were too
thin to be reliably segmented, but visual inspection of the CT scans suggested that d ~ 4 yum with
little variation within and across specimens (also see Gronenberg et al., 1997). As almost all mus-
cle fibres in A. vollenweideri were attached via filaments, the amount of internal cuticle required for
filament-attached fibres then equals the sum of V;; and the apodeme volume V. In contrast, the
amount of internal cuticle required for direct attachment is equal to the entire internal volume V.
The difference between these volumes, the volume saved through filament-attachment for both head
halves is Vsgped = 2(Vint — (Vi + Vapo) ), which was approximately equal to the cuticle volume of
the entire head capsule. Hence, filament-attachment substantially reduces the required cuticle tissue,

and might be a light-weight strategy to satisfy the excessive demand of fibre attachment area.

A.4 Area coverage of apodeme

Because the majority of muscle fibre attach to the apodeme via filaments, the required surface area is

dominated by the relatively small cross-section of the filaments. I estimated the area fraction covered
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as (npAyrii+nqAy)/(sin(¢)Aapo,s), where Agpo s is the apodeme surface area, and ng corresponds
to the number of directly-attached fibres.

A.5 Estimation of A,,, and 0,

The maximum force is experienced by the anterior parts of the apodeme cross-section. Accordingly,
the cross-sectional area of the apodeme is largest close to mandible insertion and decreases towards
its posterior end (see Paul, 2001). In order to identify the location of maximum stress, an assump-
tion on the increase of force with apodeme length is required. The simplest plausible assumption is
that the number of fibres increases along the length of the apodeme in proportion to the apodeme
perimeter. The predicted increase in force is larger than the increase in cross-sectional area, so that
the highest stresses is expected at the anterior end of the apodeme, where the cross-sectional area
is maximal. Maximum cross-sectional area scales with strong positive allometry Ag,, o< m-89
[95 % CI: (0.83 | 0.95), see Fig. 2.6A], similar to the increase of maximum load along the apodeme,
which scales proportional to A,p,yscos(¢) o m984, A similar conclusion holds if the average cross-

sectional area is used instead, Aapo x m%91 [95% CI: (0.85 | 0.97)].

In order to estimate the approximate tensile strength of the apodeme, I note that its density ap-
pears similar to that of the head capsule, which has a modulus of the order of 6 GPa (see Chapter 5).
The strength may then be estimated as approximately 1/60 of the modulus (Labonte et al., 2017),
i.e. 04po = 100 MPa. Alternatively, I may consider available estimates on the longitudinal tensile
strength of insect cuticle which is approximately 94 MPa (Jensen and Weis-Fogh, 1962), or the ten-
sile strength of the leg extensor apodeme in locusts, which is 600 MPa (Bennet-Clark, 1975). These
estimates change the conclusion on the numerical value of the safety factor, but do not affect the

conclusion that the apodeme strength is at least a hundred times larger than the muscle stress.

A.6 A simple geometric model of the ant head capsule

I model the shape of each half of the head capsule as a cylinder with radius R and height h = fp R
(with fp > 0). This cylinder is terminated with a spherical cap, also with radius R, at its posterior
end. The internal attachment area, in turn, is defined by a cylindrical part with equal height A, but
radius r = f, R for the cylindrical section and the spherical cap (with 0 < f, < 1. The external
volume is V,z; = mR2h + 2/37R3, the internal attachment area is A;,; = 277 (h 4 7), and the
volume available for muscle fibres is V;;, = At (R — 7). It is crucial to note that this volume is not
equal to the difference between external and internal volume, because the internal and external areas
are not equal. Ay, can be estimated as App,ys ~ sing A;y,;. The maximum surface-to-volume ratio

of the muscle is then:

Aphys  singAyyy  sing  sing

Vo  Am(BR-7r) R(1-%) R(1-/f)

(A1)
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which is Eq. 2.2 in the main manuscript. The fraction of the available volume occupied by muscle is:

Vin 2nr(h+71)(R—71)

p— pu— A.Z
Vet | 7RZh + 2/37R3 (A2

Introducing /R = f, and h/R = f}, yields Eq. 2.3 in the main manuscript:

Vo _ PO )+ fud (1= )
V:zmt 7 1/3+fh/2

(A.3)

In the domain 0 < f,, < 1 A f; > 0, this function takes a maximum value:

frzé(\/f%fwulffh) (A4)

The value for f, which maximise 7 is thus at most 2/3 (for fj, = 0), and then monotonously decays
towards an asymptotic minimum value of f, = 0.5 as f;, — o0o. These two limiting cases set an
lower and upper bound for 0.44 < 1z < 0.5, which can be shown formally be inserting Eq.A.4 in
Eq. A.3; the derivative of this function with respect to fj, is positive for all f; > 0. The two bounds
for 17 may be understood by recognising that these limits correspond to two ‘extreme’ shapes of a

high-aspect ratio cylinder (h >> r) and a hemisphere (h = 0).
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TasLE A.1: Results of standardised major axis regressions describing the relationship of logio-transformed
determinants of bite force capacity A. sy, internal and external head dimensions with logio(body mass in mg).
95 % confidence intervals are provided in parentheses.

Quantity Unit Elevation Slope R?
Acsr mm? -1.5(-1.57,-1.43) 0.89 (0.82, 0.96) 0.99
Vin mm?> -1.43 (-1.53,-1.34) 1.16 (1.07, 1.26) 0.98
Ly pm 2.39(2.35,2.44) 0.3 (0.26, 0.35) 0.96
Aphys mm? -0.83 (-0.9, -0.76) 0.86 (0.8, 0.93) 0.99
cos¢g ) -0.09 (-0.1, -0.07) -0.03 (-0.05, -0.02) 0.49
MA ) -0.58 (-0.61, -0.55) 0.06 (0.04, 0.1) 0.54
Licyyl mm -0.76 (-0.79, -0.72) 0.39 (0.36, 0.42) 0.98
Locrfpl mm -0.43 (-0.46, -0.4) 0.36 (0.33, 0.38) 0.99
Loerr.dl mm -0.19 (-0.21, -0.16) 0.34 (0.32, 0.36) 0.99
Vi mm? -0.57 (-0.63, -0.5) 1.15(1.09, 1.22) 0.99
Wi, mm -0.02 (-0.04, 0) 0.4 (0.38,0.43) 0.99
Hj, mm -0.23 (-0.25,-0.21) 0.38 (0.36, 0.4) 0.99
Ly, mm -0.08 (-0.11, -0.05) 0.37 (0.34, 0.4) 0.98
Aapo mm? -2.71(-2.78, -2.65) 0.9 (0.84, 0.96) 0.99
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FiGUure A.1: [ extracted the length and pennation angle of every fibre of the closer muscle with a custom-written
tracking algorithm. The head capsule segmentation (D) was dilated, and the intersection (B) between dilated
head capsule (E) and closer muscle (A) was calculated, resulting in spatially distinct fibre seeds. The apodeme
centre-of-mass (COM) was calculated (C), and the lines connecting fibre seeds and apodeme COM were selected
as initial fibre orientations (F). This ‘initial guess’ was then refined through an iterative optimisation process (I),
favouring long and homogenous fibre segments. For error estimation, fibre length and pennation angle were
extracted for a subset of fibres, revealing that fibre length increases only little (G), and pennation angle showed
small variation for repeated measurements (H), after 2000 iterations of the optimisation algorithm.






135

B Relationship between bite force and

mandibular opening angle

B.1 Model derivations

As the mandible opens and closes, the apodeme displaces along its main axis by an amount A with
respect to a reference position. I assume the muscle expansion perpendicular to the apodeme main
axis to remain constant (i.e. the head capsule to be rigid), so that the muscle fibres rotate around
their origins at the head capsule (see Benninghoff and Rollhduser, 1952, and Fig. 3.1D in Chapter 3).
As a consequence, a fibre with a total length L; o at a pennation angle ¢q shortens to alength L; at an
angle ¢, where the expansion of the fibre along the lateral axis remains constant as sin ¢o L. The
fibre expansion along the apodeme main axis, however, decreases from cos ¢ L¢ o to cos ¢g Lt o—A.

As a result, the pennation angle ¢ changes as:

o sin ¢0
¢(0) = arctan (cos o A(Q)/Lto) (B.1)

equivalent to Eq. 3.4 in Chapter 3. For directly-attached fibres, the fibre length is equal to the total
length, Ly = L, and follows directly from the Pythagorean theorem:

Lq(0) = \/[COS $oLap — A(0)]* + [sin doLa,]? (B.2)

equivalent to Eq. 3.6 in Chapter 3. For filament-attached fibres, the fibre length is equal to the total
length minus filament length, Ly = L; — L;; the relationship between fibre length and apodeme

displacement is hence modified, as:

L L) — A(9)]?
L,(0) = [COS?O( £.0+ L) 2( )] L (.3)
+ [Sln (f)o(Lf,o + Lﬁl)]

equivalent to Eq. 3.7 in Chapter 3. Key here is that the fraction of the total length occupied by the
filament is of a constant length. As a result, the fibre strain for a given A is larger for filament-attached

fibres compared to directly-attached fibres of the same total length.
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The magnitude of bite force |F;| was derived as a function of mandibular opening angle (see Eq. 3.1),
because this relationship is biologically relevant, and it allows me to compare my results to existing
literature (e. g. Dumont and Herrel, 2003; Goyens et al.,, 2014b; Weihmann et al., 2015a). |F;| can,

however, also be expressed as a function of fibre stretch, in accordance with the causal relationship:

By (M) = 0(A) Apiys cos[ (V] MA(N) (B.4

The change of muscle stress follows directly as:

U(/\) = amaxeiﬁ(liA)Q (B.5)

The fibre length is equal to the product between A and the optimum fibre length ;. Consider two
fibres, one directly- and one filament-attached, of the same total length. If the apodeme displaces
to the same A, their pennation angles change both as defined in Eq. 3.4 in Chapter 3. If both fibres
shorten to the same stretch ratio, however, their change in pennation angle differs. For directly-
attached fibres, ¢4 is determined by a reference pennation angle ¢ at a fibre length Lg o = AgLopt
and \. In analogy to the previous derivation of ¢(6), the lateral expansion of the fibre is assumed to

be constant, sin ¢4\ Lops = sin ¢gAgLept, resulting in:

in ppAoL
¢4q(A\) = arcsin (Sm%owt> (B.6)
AL opt
Correspondingly, the pennation angle for filament-attached fibres changes as:
. (sin ¢o(AoLopt + Lfil))
A) = arcsin (B.7)
¢f( ) < >\Lopt + Lfil

For simplicity, the relationship between apodeme displacement and effective inlever with A will be
derived for directly-attached fibre only. The corresponding relationship for filament-attached fibres,

however, follows the same geometric relations.

The apodeme displacement A increases with a decrease of fibre expansion along the apodeme main

axis as:

A(X) = cos ¢poAoLopt — cos[d(A)]ALopt (B.8)

The effective inlever is determined by the length of the inlever projection onto the plane of ro-
tation, [R x L;]|, the fraction of the apodeme main axis that lies in this plane |R x A|, and the
starting configuration between inlever and apodeme, characterised by the apodeme angle g mea-

sured at a reference stretch ratio \g (see Fig. 3.1E in Chapter 3). At ), the effective inlever is equal
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to sin(p)|R x Lg||R x A|, equivalent to Eq.3.2 in Chapter 3. Following the Pythagorean theo-

rem, this length can also be expressed as \/]R x Li|2 — [cos(70)|R x Lg|]2|R x A|, where the term
cos(70)|R x L;| captures the expansion of the inlever along the apodeme main axis in the plane of
rotation. This expansion decreases as A increases, attenuated by the misalignment between apodeme

main axis and rotational plane. As a result, the effective inlever varies with A as:

|Lierr(N)| = \/|R x Li|2 — [cos(70)|R x L] — A(A)|R x A|]2|R x A| (B.9)

B.2 Filament strain, head deformation and ligament rotation

I made three assumptions on the mechanical properties of the bite apparatus. First, I assumed that
filament strain during muscle contraction is negligible. In order to estimate filament strain, I in-
voke Hooke’s law, € = oy / E;;, where oy is equal to the maximum muscle stress times the ra-
tio between the cross-sectional areas of fibre and filament. The fibre cross-sectional area was ex-
tracted from the scans described in this study, the filament cross-sectional area was estimated from
synchrotron-based scans with a higher resolution performed on Atta vollenweideri majors, described
in detail in Chapter 2. The Young’s modulus of the filaments E'r;; was assumed to be equal to that of
the head capsule (= 6 GPa, see Chapter 5), because their density appeared to be similar in the tomo-
graphic scans. Based on these assumptions, € = 1.5 %. I hence predict any filament length changes
across mandibular opening angles to be negligible. This prediction is supported by the observation
that filament length, extracted from the tomographic scans, is independent of opening angle [LMM

with random intercepts and opening angle as fixed effect: x? = 0.32, p = 0.58].

Second, I assumed that the head capsule is rigid, so that the expansion of the muscle perpendicular to
the apodeme main axis remains constant. In support of this assumption, head width approximated
as twice the distance of the eye to the sagittal plane was independent of opening angle [LMM with
random intercepts and opening angle as fixed effect: x? = 0.35, p = 0.56]. In contrast, head length
decreased significantly with opening angle, but by less than 14m per degree [LMM: x7 = 4.88, p <
0.05], amounting to a total change of only ~ 2 % across the opening range. I consider these effects

small enough to be negligible.

Third, I hypothesised that the apodeme displaces only along its main axis, and that the lateral dis-
placement, imposed by the rotation of the mandible, is bridged by the apodeme ligament. This hy-
pothesis is supported by two observations. First, the apodeme indeed displaces only slightly along the
lateral axis; the lateral projection distances of the apodeme centres-of-masses to the axis of apodeme
motion never exceed 20 % of the expected lateral displacement from mandible rotation. Second, the
lateral expansion of the ligament changes significantly with the sine of the apodeme angle [LMM
with random intercepts and sin v as fixed effect: x? = 7.05, p < 0.01], accounting for around two-
thirds of the expected lateral displacement. The missing third may be attributed to the biological

variation between samples. I also hypothesised that any displacement of the apodeme outside the
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plane of rotation would be enabled by the ligament. Since the apodeme main axis and the rotational
axis are basically perpendicular to each other, |R X A] ~ 1, the associated out-of-plane displacement

is indeed small.

B.3 Bite force extraction for 2D sensors

Bite forces are typically measured with 1D or 2D sensors. The force components that are not mea-
sured need to be inferred from geometry. For 1D sensors, the key geometric parameter to extract
the magnitude of the bite force |Fy| is the angle between bite force vector and the sensitive axis (see
Eq. 3.8 in Chapter 3). For 2D sensors, |Fy| is determined by the angle « between the bite force vec-
tor and the insensitive axis (F,;, 1 X F;, 2). The orientation of the bite force vector depends on the
orientations of the mandible outlever L, and the joint rotational axis R, as described in Chapter 3.
The magnitude of the measured forces is equal to the components of F, that are perpendicular to the
insensitive axis; this relationship is characterised by the sine of q, i. e. the cross product between F;,

and F,;, 1 X Fpp, 9, as:

+ Fma| _ ([Fmal + [Fmn2)|Lo X R|[Fym,1 X Frm2|
sin o (Lo X R) X (Fyp1 X Frp2)|

F
_ [Fma (B.10)

|Fy|

B.4 Ant preparation for tomography

In order to characterise the morphological determinants of bite force, tomographic scans of ant heads
were conducted across a maximum range of opening angles. To control mandibular opening, I built
a 3D-printed device to restrain the ants after collection (see Fig. B.1A). PLA rods of varying diameter
were placed asymmetrically between the mandibles of the clamped ant to achieve different opening
angles between left and right head hemisphere. The rods were inserted into a cylindrical cavity in the
device to ensure they remain in place. Subsequently, the ants were sacrificed by freezing, and their
soft tissues were fixated and stained. To avoid posthumous mandible closure, the rods remained

between the mandibles, but were truncated prior to scanning.

The samples were imaged with an X-ray microscope using a CCD detector system with scintillator-
coupled visible light optics, and tungsten transmission target. An X-ray tube voltage of 70 kV was
used, and a tube current of 85 pA, with an exposure of between 1000 - 2000 ms, and a total of 1601
projections captured over a ‘180 degrees plus fan angle’ range . An objective lens giving an optical
magnification of 0.4 x was selected with binning set to 2, producing isotropic voxels of 6.5-7.1 ym.
A low energy filter was placed in the beam path (LE1 — proprietary Carl Zeiss microscopy filter).
The tomograms were reconstructed as 16-bit from 2D projections using a Zeiss commercial soft-
ware package (XMReconstructor, Carl Zeiss), a cone-beam reconstruction algorithm based on fil-
tered back-projection. XMReconstructor was also used to produce 2D greyscale slices for subsequent

analysis.
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FiGure B.1: (A) To link the measured bite forces to the morphology of the bite apparatus, tomographic scans
of the heads were performed. Prior to scanning, the ants were clamped using a custom-built device; they
were given PLA rods of varying thickness to bite onto. The rods prevented the mandibles from closing after
death. (B) To extract muscle fibre length and orientation from the segmented scans, a three-step analysis was
conducted. First, the fibre attachments to the head capsule were identified. (C) Second, according to their
anterior-posterior position, these fibre attachments (N in total) were connected to the apodeme surface. (D)
Third, from the apodeme surface, filaments were grown towards the fibre attachments until reaching muscle
tissue. Fibre length was calculated as the difference between the projected total length and filament length.
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B.5 Sensor calibration and bite force measurement

The sensor was calibrated by suspending calibration weights from the bite plate of the pivoting lever
(see Chapter 4 for more details). Twelve weights between 10 and 150 g were used for calibration,
exceeding the range of measured bite forces (109 - 1172 mN). Each weight was suspended five times,
and the average sensor output over ~ 2s was extracted. A third degree polynomial was used to
characterise the relationship between sensor output and force (B2 = 0.995, see Fig. B.2A). Once cal-
ibrated, the sensor was used to measure ant bite forces (see Fig. B.2B). From each force, the maximum

bite force was extracted for further analysis, as described in Chapter 3.
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Ficure B.2: (A) A force sensor was calibrated to measure bite forces of leaf-cutter ants at varying mandibular

opening angles. To this end, calibration weights exceeding the range of measured forces were suspended from

the sensitive bite plate of the force sensor. The relationship between calibration forces and digital output was

characterised using a third-degree polynomial. (B) Bite forces were recorded until at least five bite cycles were

completed. To compare bite force across different opening angles, the maximum measured force was extracted
from each force trace.

B.6 Passive joint forces enabled by the opener muscle

Bite forces were measured across a large range of mandibular opening angles and the maximum
stress, the shape parameter § and the optimum fibre length were extracted (see Fig 3.6A in Chap-
ter 3). The general shape of the decrease in bite force with opening angle described by the model
matches well with the measurements. For large opening angles > 95°, however, the model appears
to underestimate the measured forces by ~ 50 to 150 mN. This difference might be attributed to
passive joint forces (see Weihmann et al., 2015a); elastic elements in and around the joint can act as a
spring loaded by the mandible opener muscle. In order to estimate the magnitude of such joint forces,
I calculated the maximum mandible opening force in analogy to Eq. 3.1 in Chapter 3. The maximum
stress was assumed to be the same as for the closer muscle, the physiological cross-sectional area

and pennation angles were estimated using results extracted from scans of A. vollenweideri majors
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(see Chapter 2); the effective inlever was extracted from the scans used in this study. I estimate the
maximum mandibular opening force to be around 50 mN, partially bridging the mismatch between

model and measurement; the opener muscle may thus indirectly contribute to an increase in bite

force at large opening angles.
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C Scaling of maximum bite forces

C.1 Effects of bite plate deflection during biting

During bite force measurements, maximum forces of around ' = 1 N were applied onto the bite
plates. I estimate the magnitude of plate deflection caused by these forces, 4, by invoking a result
from simple beam theory: 6,0, = F L3/ EHT3, where L is the protruding length of the bite plate
(1 mm), H its height (6 mm), and 7 its thickness (= 0.15 mm). Using a typical Young’s modulus for
stainless steel (F = 200 GPa), the deflection is at most d,,4; = 0.0002 mm. I hence neglected any
effects of plate deflection.

C.2 Force sensor circuit and user interface

A custom-built force set-up was developed to measure bite forces of ants and other small insects. The
bite forces were measured using a capacitive force sensor, connected to a raspberry pi via I2C board
(see Fig. C.1A). The pi is also connected to a stepper motor via driver board, to adjust the distance
between two bite plates, a camera module to record the bite experiments simultaneously to the sensor
readings, and a LCD touchscreen (see Fig. C.1B). A user interface, written in Python (v 3.5) enables the
operator to calibrate the force sensor, start and stop the force and video recordings, set the current
sensor reading to zero, display live outputs of force sensor and camera, save the measurements, and

to adjust the plate distance.

C.3 Projection of the mandibular joint rotational axis

I determined the mandibular joint axis of rotation R via kinematics analysis of the mandible motion
[V Kang, F Piiffel and D Labonte, in preparation]. I assumed that the relative orientation of R to the
head coordinate system of the scans, defined in Chapter 2, is size-invariant. However, the relative
position of R with respect to the head coordinate system defined for biting ants, may differ, because
it is difficult to find the same key locations for all bite force recordings. I thus defined a second
coordinate system based on the coordinates of the mandible joint and the two distinct head spikes
(see Chapter 4). To quantify the variation of R due to difference in spike location across sizes, R
was projected from the scan coordinate system to the spike-based coordinate systems of all scans.
The angular difference between the projections of R and their mean was small, 4 + 1° with no
significant size effect (Pearson’s correlation coeflicient: r1; = 0.46, P = 0.12). I hence selected the

mean orientation of R with respect to the head spikes for all sizes for the bite video analysis.
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Ficure C.1: (A) I developed a force set-up to accurately measure bite forces of small insect. Bite forces were

measured by compressing a capacitive force sensor, sampled at 33 Hz (for more details, see Chapter 4). The

sensor is connected to a raspberry pi via an I°C board. The pi, powered at 5V DC, is also connected to a stepper

motor via driver board, a camera module, and a LCD touchscreen. (B) A user interface, written in Python

(v 3.5), enables the experimenter to calibrate the force sensor, start and stop the force and video recordings, set

current force readings to zero, show live readings of forces and camera output, save measurements, and move
the stepper motor.

C.4 Filament length

The length of the filaments L f; connecting muscle fibres and apodeme determines the relationship
between muscle fibre length and mandibular opening angle, as detailed in Chapter 3. I estimated L ¢;;
as the difference between the internal radius and apodeme radius, L;; = 7; — Tqpo. The internal
radius represents the effective radius of attachment; the apodeme radius was defined as the equivalent
radius of the apodeme cross-sectional area, assuming a circular shape, (see Chapter 2 for an exact

definition).
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TasLE C.1: Results of reduced major axis regressions describing the relationship of bite force with body mass
and head volume (labelled with *), respectively, on logio-transformed data. 95 % confidence intervals are pro-
vided in parentheses.

Description Units Elevation Slope R?
Morphological prediction mN, mg 1.41(1.31, 1.51) 0.93 (0.84,0.1.03) 0.98
Fully-corrected measurement mN, mg 1.38 (1.34, 1.43) 0.97 (0.93, 1.02) 0.86
Angle-uncorrected measurement mN, mg 1.12 (1.05, 1.19) 0.99 (0.93, 1.06) 0.74
Raw measurement mN, mg 1.33(1.27, 1.39) 0.91 (0.86, 0.97) 0.75
Fully-corrected measurement * N, mm? -1.34(-1.38, -1.30) 0.85(0.81,0.89) 0.86
Meta-analysis N, g -0.18 (-0.27, -0.09) 0.74(0.70,0.77) 0.86
Meta-analysis * N, mm? -1.59 (-1.63, -1.54) 0.91 (0.86, 0.97) 0.87

TasLE C.2: Results of reduced major axis regressions describing the relationship of mandibular opening angle
in degrees, (i) at which muscle fibre length is optimum, 6.y, and (ii) at which bite forces are maximum, 6,4,
with body mass in mg on log;o-transformed data. 95 % confidence intervals are provided in parentheses.

Quantity Elevation Slope R?
Oopt 1.89 (1.83, 1.95) -0.13 (-0.19, -0.08) 0.56
Omaz 1.83(1.79, 1.87) -0.08 (-0.12, -0.05) 0.59
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D Biomechanical development of the bite

apparatus

D.1 Further notable differences between callows and foragers

In addition to the quantitative differences detailed in the main text, [ noticed a number of qualitative
differences between callows and foragers: The mandibles of callow ants sometimes remained par-
tially open after sacrificing them by freezing, whereas foragers always had their mandibles maximally
closed; this difference presumably reflects differences in muscle development. During dissection, cal-
low head capsules were noticeably ‘squishy’, and considerable amounts of watery liquid were expelled
upon deformation (also see Chapter 5). When examined under the microscope, the mandible closer
muscle of matured foragers appeared to fill the majority of the head capsule, whereas callows had

much smaller muscles; consistent with pCT data (see Fig. D.1).

D.2 Plate model

We estimate the deformation of the head capsule caused by muscle contraction using a simple me-
chanical model. I model the head capsule as a plate of area, A = H,,/4 - Hj, /2, where head width,
H,, and head height, H}, were extracted for a 4.2 mg Atta vollenweideri ant (see Fig. D.2 and Chap-
ter 2). The thickness of the plate is set equal to the average local thickness of the head capsule, T},
and the modulus is approximated as E (both measured in this study, see Chapter 5). For simplicity,
I assume a quadratic shape of the plate with a side length of @ = /A, clamped along all sides. In
fully-matured leaf-cutter ants, the closer muscle attaches to the internal side of the head capsule with
a maximum theoretical density of 50 % (assuming a cylindrical shape, see Chapter 2). At full muscle
activation, the area load on the plate is thus equal to half of the maximum muscle stress, 0 = o, /2
(0 = 1.16 MPa, extracted for A. cephalotes majors in Chapter 3). From plate theory, the associated
maximum deflection then follows as:

CL4

D.1
EITY (D-1)

w= Qo
where the geometry factor is &« = 0.0138 for square plates (Young and Budynas, 2002). For a forager
with a cuticle brightness of 0.15, £y = 7.3 GPa and T}, = 34 um, so that the maximum deflection
is 1.4 pm or 4 % of the cuticle thickness. For a callow with a cuticle brightness of 0.50, £y = 4.0 GPa
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I
200 pm brge = 0.23

Ficure D.1: Prior to uCT imaging, Atta vollenweideri leaf-cutter ants of varying cuticle brightness, brca g, were

used for bite experiments, sacrificed by freezing, photographed and prepared for scanning. (A) I observed

that the closer muscle tissue of callows that were used in bite experiments was often detached from the inner

surface of the head capsule. (B) To test if this observation was an artefact of repeated freeze-thawing, another

two callows were scanned that underwent the same treatment before tomography, but were not used in bite

experiments; muscle fibres of these ants showed less detachment from the head capsule. (C) In fully-matured
foragers that bit, muscle detachment was not observed.

and Ty, = 16 um, the deflection is 24.0 um, equivalent to 150 % of the cuticle thickness. I hence
argue that the deflection of the head capsule during muscle contraction is likely within the elastic
limit for matured foragers, whereas it may cause critical damage for callows exposed to the same
hypothetical muscle force. Assuming a much smaller area load of ¢ = 0,,/26, equivalent to the
observed difference in bite force between foragers and bright callows, the deflection is only 1.8 ym

for callows, or 12 % of the cuticle thickness.
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0 =0,/2

FiGure D.2: (A) In order to illustrate the effects of cuticle maturation on head capsule deformation, I modelled
the head capsule as a square plate with an area, A = H,, /4 - Hp /2, where head width and height, H.,, and Hp,
respectively, were extracted for a 4.2 mg A. vollenweideri ant (see Chapter 2), a side length a = /A, a thickness,
The, and a modulus, E7. (B) The plate was clamped at all sides, and a uniform area load, equal to half of the
maximum muscle stress, 0., extracted for closely-related A. cephalotes majors (see Chapter 3), was applied. For
the same load case, the resulting maximum deflection for a bright callow would be 24.0 um or 1.5 times the
cuticle thickness, 17 times higher than for a mature forager. In other words, if callows generated bite forces as
large as those of fully-matured foragers, their head capsule would deform considerably, potentially resulting in
permanent damage.
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E Scaling of mandibular cutting forces

E.1 Tooth length measurements and wear determination

In order to estimate mandibular wear, I extracted the lengths of the most distal tooth, 77, and second
most distal tooth, 75, of the mandible blade from photographic images, following Schofield et al.
(see Fig.E.1 and R. M. Schofield et al, 2011). Tooth length was measured perpendicular to the line
connecting the most distal tooth gap, also called ‘V-blade’, and the most proximal tooth gap; the
length of this line determined the mandible blade length, L,,,;. To establish the relationship between
Ly, 11, and T with body mass, I performed OLS regressions on logig-transformed values (see
Table E.1 and Fig. E.1C). Based on the regression results obtained for the pristine teeth of callows, I
calculated tooth length differences and mandibular wear (see Eq. 6.1 in Chapter 6). Notably, all length

parameters were close to isometric scaling, m?-33

0.12 (

, apart from 75 for pristine callow mandibles, which

was proportional to m see Table E.1); this result suggests changes in mandible blade curvature

across sizes (see L. C. Silva et al,, 2016, and N Imirzian, F Piiffel and D Labonte, in preparation).
TaBLE E.1: Results of Ordinary Least Squares regressions describing the relationship between various mandible

dimensions in pgm and body mass in mg. All regressions were performed on logio-transformed data; 95 %
confidence intervals are shown in parentheses.

Quantity Group Elevation Slope R?

Lo Foragers 2.63(2.62, 2.65) 0.31(0.30, 0.33) 0.99
Ly Callows 2.66 (2.64, 2.68) 0.29 (0.27,0.31) 0.96
Ty Foragers 1.95(1.76, 2.14) 0.38 (0.20, 0.56) 0.47
T Callows 2.12(2.08, 2.15) 0.32(0.29, 0.35) 0.92
T Foragers 1.50 (1.32, 1.68) 0.25 (0.08, 0.42) 0.30
Ty Callows 1.70 (1.64, 1.77) 0.12 (0.06, 0.18) 0.28
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FiGure E.1: (A - B) From both callows and foragers, | measured the length of the mandibular blade, L., as the

length of the line across the blade that passes through the most distal and most proximal tooth ‘valleys’; tooth

length was measured perpendicular to that line (see R. M. Schofield et al., 2011). I calculated mandibular wear

based on the length of the two most distal teeth, 7 and 7%, relative to their expected pristine length extracted

via regression analysis on the callows (see R. M. Schofield et al., 2011, and results). (C) The pristine length of

the most distal tooth increased as expected from isometry; the pristine length of the second most distal tooth
increased with negative allometry (see Table E.1)
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Ficure E.2: (A) To calibrate the force sensor, | suspended a series of calibration weights from the free end

of the bending beam (see Chapter 6). From the distance-time curve, I extracted the average distance across

55 for each weight, and implemented a linear drift correction (red line). (B) I tested two regression models

to characterise the relationship between distance and calibration force; the quadratic model yielded a lower
Akaike Information Criterion and was hence preferred over the linear model.
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