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Abstract

Burrowing is most energy costly behavior. Many vertebrates burrow head-first
into the sediment. Interestingly, head-first burial fishes differ in head shapes by
having either a flatten or conical head shape. Head shape determines the
penetration force magnitudes, but it is important for their neurocranium to avoid
overwhelming cranial stresses from those burial forces. There is minimal research
on the penetration force (N), rotational resistance (Nmm), and cranial stress (Pa)
for different head shapes. Here, we selected four members with different head
shapes: Tetraodon miurus (Bulky), Iniistius pavo (knife edge), Bunocephalus
coracoideus (shovel), and Cheilio inermis (knife point). We constructed 3D head
shape models and controlled the surface areas. We recorded penetration force
(N) and torque (Nmm) for each model. We also constructed the neurocranium
models and loaded them in Finite Element Analysis (FEA) to examine the stress
magnitudes and concentrations. Our results show that bulky penetrated with
highest penetration force, and knife point and shovel penetrated the minimum
force. Knife edge experienced the greatest sediment resistance. Knife point
succumbed to highest stress magnitude. The premaxillae and maxillae were the
bones constraining burial for shovel. The parasphenoid bone constrained knife
edge, knife point, and bulky during burial. From our results, having larger wide
head dimensions and larger volumes generated greater penetration forces. Those
with a flatten head succumbed to high sediment rotational resistance. Bone
arrangements influences stress magnitudes because those with different skull
shapes, yet same bone arrangements were constrained by the same bone. It
seems there is a tradeoff between penetration force and cranial stress
magnitudes. Fish use their parasphenoid for feeding and burial for those in our
study, so there may be relationship between burial and feeding.
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Chapter 1: Research background

1.1. Introduction

Burrowing occurs when animals push into the substrate to permit entry (Broek and Rice, 1975;
Dorgan, 2015; Herrel et al., 2011; Maladen et al., 2009). Burrowing animals reside within soils
and sediments that cover most aquatic sediment and terrestrial substrates (Dorgan, 2015).
Evidence of burrowing initially appeared in the fossil record at the end of the Precambrian. At
this time, the microbial mat covering the sediments was dominated by primitive sessile
invertebrate burrowers that resided within both microbial mats and the substrates beneath
(Meysman et al., 2006). Burrowing behavior has diversified across many animal phyla, and
there are diverse burrowing motivations, burial modes, and body shapes (Dorgan, 2015). Both
vertebrates and invertebrates burrow to avoid or aid predation (Bilecenoglu, 2013, Lewis,
1976), to rest and sleep (Tatom-Naecker & Westneat, 2018; Videler, 1986), to construct tunnels
(Able et al., 1982), to estivate (Carlson, 1968), and to regulate temperature (Benesch and
Withers, 2002). Animals burrow using head-first burrowing (Bergmann and Berry, 2021;
Gidmark et al., 2011, Herrel et al., 2011; Maladen et al., 2009; Tatom-Naecker and Westneat.
2018) tail-first burrowing (Herrel et al., 2011; De Schepper et al., 2005), vertebral torsional
burrowing (Young and Morain, 2003), and scratch-digging (Lin et al., 2019). There are
morphological distinctions between burrowers depending on their motivations and burial
modes. Terrestrial vertebrates with limbs evolved wider forelimb digit’s surface area and are
equipped with powerful muscles to facilitate pushing against the soil (Lin et al., 2019). In
contrast, limbless animals employing head-first burrowing are equip with a mechanically
suitable skull to withstand the penetration forces (Herrel et al., 2011; De Schepper et al., 2009).

Most burrowers share the common morphological trait of a smooth exterior. Mammals have
soft hair (Lin et al., 2019), fishes and reptiles can have smooth scales or even be scaleless
(Bizzaro et al., 2016; Gidmark et al., 2011; Maladen et al., 2009; Steendam et al., 2020), and
many burrowing invertebrates have smooth exoskeletons (Alexander et al., 1993; Sassa et al.,
2011; Trueman, 1966).The convergence of smooth integument found across burrowing taxa
may result from high magnitudes of frictional drag experienced when burrowing through
granular media (Alexander et al., 1993; Ding et al., 2012). Granular media is a complex
environment because it is a dilatant fluid where increasing the shear stresses and rates within
the substrate increases compaction that makes burrowing difficult (Frazini et al., 1997; Pradhan
et al., 2019). This unstable media requires burrowers to generate adequate mechanical power
to penetrate through the substrate and maneuver within it (Ding et al., 2012; Dorgan et al.,
2005; Dorgan, 2015). Frictional drag and therefore penetration forces are minimal at the
sediment superficial layer but increase with increasing substrate depth (Ding et al., 2012).
Sediment particle shape affects force dependence; angular particles, that are prone to high
compaction gradients, require greater forces to penetrate compared to spherical particles
(Bergmann and Berry, 2021). In addition, larger particle diameters require higher loads to



penetrate through than smaller particle diameters resulting in some fishes being able to bury
themselves rapidly in fine and medium grains but not in coarse particles (Mckee et al., 2016;
Steendam et al., 2020; Stoner and Ottamar, 2003).

In a study that examined the relationship between respiration rate and work performance,
burrowing requires 350 times more energy than surface locomotion (Wu et al., 2015). Because
of the energy required to bury, animals have developed different behavioral tactics to minimize
the force required to burrow. One tactic is substrate fluidization, and this occurs when animals
push a fluid (water or air) into the substrate to reduce compaction or suspend particles into the
fluid column that then settle over the animal aiding the burial process (Dorgan, 2005; Lewis,
1978, MacDonald, 2005). Experiments that looked at performance metrics in lizards moving
through sediment in differing compaction gradients, found that animals moved more slowly
and used less force in compacted substrate compared to when they moved through a fluidized
bed of non-compacted substrate (Ding et al., 2012; Maladen et al., 2011). In the wild, sandfish
(Trachinus trachinus), burrow by rotating their pectoral fins to scoop sand in conjunction with a
ventilatory pump which expels water from their gills into the sediment near the pectoral fins,
potentially reducing granular compaction (Lewis, 1978). Researchers speculate that burrowing
bivalves also fluidize the substrate which reduces the amount of force required to bury and
allows them to maintain a consistent force output as they descent into the substrate (Sassa et
al., 2011). Another behavioral tactic is adjusting sediment entry angles. Both burrowing lizards
and elongated bivalves burrow at smaller entry angles in compacted media and at larger angles
in less compacted media, suggesting animals are altering their behavior to minimize forces
required to enter the sediment (Maladen, 2009; Maladen et al., 2011; Sassa et al., 2011).

Because of the mechanical constraints involved with burial, we would expect that animals
occupying the same environment, performing the same behavior, and having a similar burial
mode would have similar morphologies. Within head-first burrowing fishes, this appears not to
be the case. There are two head-first burial modes in fishes; 1) forceful plunging mode where
animals quickly drive themselves into the substrate, which consists of high tail-beat frequency
and low tail amplitude, and 2) slow wiggling mode, which consists of low tail-beat frequency,
and high tail amplitude (Gidmark et al., 2011; Tatom-Naecker and Westneat. 2018). Both
modes can be used at different times in the same burial event (Bileciglou et al., 2013; Gidmark
et al., 2011; Herrel et al., 2011; Tatom-Naecker and Westneat. 2018); however, distinct
morphologies are associated with fish that prefer one mode over the other. Fish that employ
forceful plunging generally possessed an oval body shape (Tatom-Naecker and Westneat.
2018), and those who employ slow wiggling have elongated bodies (Herrel et al., 2011). It was
hypothesized that forceful plunging requires stiffer bodies whereas slow wiggling requires
flexible bodies (Herrel et al., 2011; Tatom-Naecker and Westneat. 2018). In addition to
differences between body shape, there are differences in head shape among the head-first
burrowers. How head shape is associated with burial mode and impacts burial performance is
the focus of this thesis. Four different head shapes were selected in this study (Fig. 1.1, 1.2); the
knife point (Cheilio inermis), which is a conical shape, tapered at the snout; knife edge (Iniistius
pavo), which is a laterally compressed shape, tapered along the forehead and snout; bulky



(Tetraodon miurus), which is a larger head shape that tapers quickly towards the snout; the
shovel (Bunocephalus coracoideus), which is a broad posteriorly and dorso-ventrally flattened
head shape (Fig. 1.2). Using physical models of the four head shapes and a Universal Testing
Machine, this thesis examines how head shape influences torque and axial force loading during
burial (Chapter 2). In addition, Finite Element Analysis of compressive and tensile force loading
elucidates what areas on the skull are most susceptible to force loading between different skull
shapes (Chapter 3).



1.2 Figures

(Knife edge)
(Knife point) Iniistius pavo

Cheilio inermis

(Bulky)

Tetraodon miurus

Labridae

Tetraodontidae Labriformes
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Bunocephalus coracoideus

I* Tetraodontiformes

Aspredinidae
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Figure 1.1: Phylogenetic relationship between head-first burrowing fishes used to
produce models in this paper. Both l.pavo (knife edge) and C.inermis (knife point)
images were obtained from FishBase. Images of B.coracoideus (shovel) and
T.miurus (bulky) were obtained from (planetcatfish.com) and (Aquaterra-
diffusion.fr), respectively.



Shovel Knife point Bulky Knife Edge

Figure 1.2: The four views of each head shape from Autodesk Fusion 360. Models
after successfully sculpting them with the anterior (ANT), lateral (LAT), and dorsal
(DOR) from Fusion 360 with B.coracoideus (shovel), C.inermis (knife point),
T.miurus (bulky), and I.pavo (knife edge).



Chapter 2: Effect of head shape on head-first burial force production in fishes.

2.1 Introduction

To understand how head shape influences burial performance, it is important to understand
the forces that different shapes elicit when pushed through sediment. Conical shapes exert less
force than spheres and disks when pushed into the substrate (Brzinski et al., 2013; Clark and
Behringer, 2013). This may explain why many head-first burrowing lizards and fishes have
evolved conical head shapes (Bergmann and Berry, 2021). Physical models have been used to
imitate various head slopes, pointiness, and diameters, and have found that diameter has the
greatest impact on penetration force production whereas head slopes and pointiness have little
to no effect (Bergmann and Berry, 2021). As would be expected, shapes with wider diameters
have higher force production during penetration (Bergman and Berry, 2021). Unexpectedly, no
matter the head shape, penetration forces are not correlated with the rate of entry (Albert et
al., 1999; Katsugari and Durian, 2013; Stone et al., 2004). To date, models have been highly
effective in determining important physical principles associated with burial. Some of the most
detailed studies, however, use models that are tetra-radially symmetric which may not apply to
the bilaterally symmetric shapes of biological animals who bury. This chapter aims to use
bilaterally symmetric models of actual fish head shapes to understand how biologically relevant
head shape influences force production during burial.

Fish are a remarkably diverse group of vertebrates and across their phylogenetic tree many
different groups burrow in many ways. For the purposes of this study, we have chosen four
different species that represent head-first burrowers, distributed across the fish phylogenetic
tree, to compare functional performance across four different head shapes: shovel, bulky, knife
point, and knife edge. Except for knife point and knife edge which are both from the Labridae
family, these examples come from diverse orders of fish with varying burrowing life history
patterns (Fig 1.1). Very little work has been done on fish burrowing behavior for each of the
model species we have chosen for this work.

Shovel shaped head (Bunocephalus coracoideus)

The shovel shaped head is dorso-ventrally flattened head that tapers to the snout (Fig. 1.2). Our
shovel shaped head is represented by Bunocephalus coracoideus, a member of the
Aspredinidae family of the order Siluriformes. Fish in the Aspredinidae family that burrow head-
first do so to evade predators, and they are equipped with stiff bodies that are rigid in the
caudal region compared to non-burrowing members of the family (Roberts, 2015). In the water
column, they swim by undulating their body while simultaneously ejecting water through their
opercles to propel themselves forward (Le Bail et al., 2000). This specimen was selected
because it has a depressed head shape that resembles a shovel-like head shape. There is
limited research on how many Aspredinidae members head-first burrow.



Bulky shaped head (Tetraodon miurus)

Bulky head shapes are generally large in all three dimensions (Fig. 1.1; 1.2). This shape of head
is found in the Tetraodontidae family of the order Tetraodontiformes (Fig. 1.1). Only a few
species in the Tetraodontidae burrow, and there are limited studies on how many species head-
first burrow (Bilecigelou, 2013). Most burrowing Tetraodontidae are ambush predators. They
head-first burrow to position themselves just under the substrate surface to have their mouths
exposed for ambushing prey (Bilecigelou, 2013). Tetraodontidae generally have stiff bodies with
a thick dermis and rigid skeleton (Brainerd, 1994), and they usually swim by undulating and
oscillating their median paired fins for propulsion (Webb, 1984). A few Tetraodontidae
members head-first burrow (Bilecigelou et al., 2013), but they generally are equipped with the
same overall head shape.

Knife point and knife edge shaped heads, Cheilio inermis and Iniistius pavo, respectively.

The knife point is a conical head shape that comes to a single point at the snout while the knife
edge is a laterally compressed head shape that comes to a thin edge from forehead to snout.
These two head shapes are found in the more derived Labridae family in the order Labriformes
(Fig. 1.1). The family Labridae contains roughly 500 species of fish, which propel themselves by
oscillating their pectoral fins at slower speeds and switch to body undulatory movements to
swim rapidly (Sfakiotakis et al., 1999; Webb, 1984). Nearly half of all Labridae fishes are
burrowers, all of which use the head-first burrowing mode and do so to sleep or evade
predators beneath the substrate (Videler, 1986). Although they are morphologically diverse,
Labridae fishes that burrow tend to have two different head shapes, the knife point, and the
knife edge (Videler, 1986). The knife point appears to be the ancestral head shape with more
derived species acquiring the knife edge shape; however, some Labridae members which are
not burrowers possess knife edge head shapes as well (Tatom-Naecker and Westneat. 2018).
Although many head-first burrowing Labridae members are equipped with a knife edge head
shape, I.pavo had the steepest frontal head profile angle amongst its’ knife edge relatives
(Tatom-Naecker and Westneat. 2018) which is the reasoning for I.pavo being selected for this
study. The knife point, C.inermis, was selected because it has a slender, elongated, and conical
head shape that has a low frontal profile head angle.

No matter the head shape, head-first burrowers employ a compressive force to penetrate
through the substrate which represents an axial force on the skull and body of the fish (Dorgan
et al., 2015). In addition, burrowing can require torque or twisting forces. It is known that some
burrowing snakes employ a long-axis vertebral torsion along their bodies to burrow vertically
into the substrate (Young and Morain, 2003). Because fish lack cervical vertebrae, head-first
burrowing fishes may rely on long-axis vertebral even more so as they have limited lateral side
to side head motion (sandlance - Gidmark et al., 2011). How axial and torque forces differ
between biologically relevant head shapes is not known. Here we constructed bilaterally



symmetrical physical models to test how axial and torque force production changes between
different biologically relevant head shapes seen in burrowing fishes.

We hypothesize that different head shapes with same surface area will have different axial and
torque forces. Based on profile, we predict that bulky heads will produce the largest axial forces
followed by the shovel shaped, knife edge, and knife point each producing less force
respectively. Specifically, we predict that all head shapes will have similar low force production
at the snout (10%) with differences in force production across head shapes increasing with
burial depth due to increases in the bulk of the head shape. We also predict that torque forces
will be highest in the shapes that have greatest surface area to volume ratio (knife edge and
shovel head shapes) followed by the shapes with lower surface area to volume ratios (bulky and
knife point head shapes). We predict too that there is an interaction between axial and torque
forces such that twisting will aid in the reduction of forces during axial descent into the
substrate.

2.2 Material and Methods:

2.2.1 Specimens

All species that were selected use a head-first burrowing style. Species came from three orders
of fish each with a different cranial morphology: Labriformes - Inistiius pavo and Chelio inermis
of the Labridae family, Tetraodontiformes - Tetraodon miurus of the Tetraodontidae family, and
Siluriformes - Bunocephalus coracoideus of the Aspredinidae family where all belong to Teleosts
class (Fig 1.1 and 1.2).

2.2.2 Head shape modeling and printing

l.pavo, C. inermis, B. coracoideus, and T. miurus were modeled using the Autodesk Fusion 360
student version 2.0.12670 (www.autodesk.com). Before modeling, we uploaded dorsal, lateral,
and anterior views of each head. Intact or fleshed head images were optimal, and intact head
lateral views of all species were available through fishbase. Fleshed out anterior and dorsal
images were difficult to find for most of these species, so we compensated by using CT scans to
model each head shape. This was completed by downloading CT scans of all specimens from
MorphoSource, loading them to 3DSlicer and taking anterior and dorsal screen shots of each
scan (Buser et al., 2018). All fleshed and CT images were loaded into Fusion 360 scaled with
each other and oriented to appropriate axes for subsequent modeling (Fig. 2.1). After each
head was modeled a spectro or UTM attachment was fitted to the point of cervical attachment
(Fig. 2.2). Each head shape was scaled to 750mm? surface area excluding the spectro piece.
After the spectro was added, we exported each head shape models as a STL file for 3D printing.



We individually 3D printed the head shapes at the uOttawa Makerspace. The STL files were
loaded on Ultimaker Cura version 4.7 (https://ultimaker.com/software/ultimaker-cura), and the
3D print settings were 50% fill, 3 mm walls, and printed with a 0.4 mm nozzle. The print
material was PLA, Poly Lactic Acid. After the 3D prints were done, we smoothed the surfaces
with a light sanding because the natural specimens have smooth skin by nature.

2.2.3 Sand box modeling and printing

The cylinder used to contain the sand into which the heads were driven was made of two parts;
a rectangular prism base that sat on the UTM plate and a cylindrical container which was glued
to the prism base. The rectangular prism base had dimensions of 15 x 15 x 1.5 cm (L x W x H).
The cylindrical sand container had an inner diameter of 19 cm, height of 12 cm, and a wall
thickness of 0.25 cm (Fig. 2.4). Both pieces were individually 3D printed with PLA, 50% fill, and
0.8 mm nozzle then subsequently glued together. The rectangular prism indentation was
present to fit the UTM plate inside it. The appropriate cylinder inner diameter (19 cm) was
calculated to be ten times larger than the largest head dimension which is proven to reduce
edge effect during testing (Bergman and Berry, 2021). The depth of the sand was set to 8 cm,
which based on data collected on similarly scaled tetrahedral shapes resulted in negligible
bottom effects (Bergman and Berry, 2021).

2.2.4 UTM Trials

The sand container was filled to a height of 8 cm with a heterogenous mixture of dry medium
sized particles of 0.25-1 mm diameter (median of 0.53 mm), and particle shapes were angular
and spherical. The Zwick Roell’s universal testing machine (UTM) static applications model was
used to measure axial and torque forces. The UTM measures axial forces (N) by driving the
head models vertically downward into the sediment. Torque (Nmm) is measured by the head
models’ turning resistance at and beneath the sediment surface. The vertical rate of entry was
set at 150 mm(min)* and heads were rotated 50 deg at 250°(min)”", clockwise and then
counterclockwise repeatedly. Head descent paused at 10% BL (body length) increments until
the full 50° rotation was complete. This allowed us to measure rotation with and without axial
loading.

Both axial and torque force measurements were terminated when the head reached 100%
penetration into the substrate. The models were slightly above the sediment and positioned
above the center of the sand box. We recorded five trials for each head shape. Between trials of
the same model, we stirred and leveled the sand to avoid substrate compaction (Albert et al.,
2000). Between models, we emptied and refilled the sand. We analyzed axial forces with
torque, and torque forces during descent and no descent, for all head shapes (Fig. 2.3).In a
separate trial, we also measured axial forces that were the result of descent without any



rotation (Fig. 2.3). We examined the axial and torque forces of each head at 10, 30, 50, and 80
percent of head length.

2.2.5 Statistics

Differences in maximum axial force production (independent of rotational motion) during an
entire penetration event for different head shapes was tested using a one-way ANOVA. A
second one-way ANOVA was used to test differences in maximal torque force production
(independent of axial motion) due to head shape. We used four, two-way ANOVAs to analyze
(1) how head shape and rotational mode (no twist / twist) affected axial force production, (2)
how head shape and descent mode (descent / no descent) affected torque force production (3)
how burial depth (in percentage head length) and head shape affected axial force production
independent of rotational motion and (4) how burial depth and head shape affected torque
forces independent of axial motion. Multiple comparisons were made using Tukey

tests. Significance was determined using P-values of 0.05. All statistical tests and plots were
done in RStudio version 1.4.1103.

2.3 Results

2.3.1 Axial and torque production in isolation

When head shapes were pushed into the substrate without rotation, maximal axial force
production was lowest in shovel and knifepoint head shapes and highest in the bulky head
shape (Fig. 2.5; Table 2.1 One-way ANOVA). When torque forces were measured in isolation
from axial forces, maximum torque forces were highest in the knife edge head shape followed
by knife point, bulky and shovel head shapes (Fig. 2.5; Table 2.1; One-way ANOVA).

2.3.2 Changes in torque and axial forces with burial depth

Torque forces were measured in isolation from axial forces at 10, 30, 50 and 80% burial depths.
Torque force production remains constant with increasing burial depth for all head shapes
except for knife edge head shape where it increases with depth into the substrate (Fig. 2.7;
Table 2.2). For all head shapes axial force production increased with burial depth (Fig. 2.6; Table
2.3). At the start of burial (10% burial depth) there were no differences in axial force
production between head shapes (Tukey, p > 0.05). At 30% burial depth into the substrate, the
bulky head shape experienced greater axial force than knife edge head shape (Fig. 2.6; Table
2.3; Tukey, p < 0.05). At 50% and 80% burial depths bulky head shape experienced greater axial
force than all other head shapes (Fig. 2.6; Table 2.4).

2.3.3 Axial and torque force production combined

When heads were rotated during axial force loading, axial forces decreased dramatically for
bulky, shovel, and knife edge head shapes but not for knife point head shape (Tukey, p < 0.05;
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Fig.2.8; Table 2.4). For all models, the torque force output did not change with axial loading
(Fig. 2.9; Table 2.4), however knife point head shape showed a decreasing trend (Fig. 2.9).

2.4 Discussion

The purpose of this study was to understand how torque (Nmm) and axial (N) force productions
during burial differs between different head shapes. Four different head shapes that are found
in head-first burrowing fishes were used in this study. We also examined how torque loading
affects axial forces, and how axial loading affects torque force production. We assume there to
be an evolutionary advantage to minimizing forces experienced by burrowing fishes as it would
reduce potential energy expenditure and minimize tissue failure during burial.

2.4.1 Isolated axial and torque forces and the substrate displacement hypothesis

Although it may be rare that an animal burrows with completely isolated axial or torque forces,
it is interesting to understand how these forces change independently from each other to
understand the mechanical principles acting on the system. In all cases, movement through a
substrate is dictated by two types of drag forces, frictional drag that involves forces that are
parallel to the surface of the animal and increase with surface area, and profile or form drag
that involves forces that are perpendicular to the object surface and are dictated by shape
(Biewener and Patek, 2018; Zhang and Goldman, 2014). Axial and torque forces are the result
of both friction and form drag in different ratios. Given these physical principles, the surface
area, volume, and shape of an object will determine how axial and torque forces develop
against the substrate, and also within the skull (Covey and Greaves, 1994; Cuff and Rayfield,
2013).

Our data, unsurprisingly, shows that axial loading increases with burial depth across all head
shapes (Fig. 2.6). This can be explained by both an increase in the surface area of the object in
contact with the substrate (increased frictional forces) as well as the amount of substrate that
needs to be displaced by the object as it dives into the soil (increased displacement or form
induced forces) (Zhang and Goldman, 2014). Earlier work that looked at several shape and size
parameters in rods pushed into substrate showed that rod diameter was the most important
factor that influenced force magnitudes (Bergmann and Berry 2021). Because point slope and
point sharpness in this past study had little effect on the force magnitudes experienced by the
rods driven into the substrate, one might surmise that the aspect of diameter that was most
influential was the volume the rod displaced rather than its shape. In our data, we attempt to
test this ‘substrate displacement hypothesis’ which suggests that burial force loading is
determined by the amount of substrate being displaced rather than the surface area of the
object entering the substrate. In our experiment we controlled for surface area, all head models
had a 750 mm? surface area but, because of shape differences, they differed in head volume
(Table 2.5). Our data supports the ‘substrate displacement hypothesis’ as we see bulky and
knife edge head shapes which have the highest head volume experiencing the largest axial
forces during penetration (Fig. 2.5).

The ‘substrate displacement hypothesis’ is also supported by our isolated torque loading data.
In our data, the knife edge head shape experiences the highest torque loads but is not the
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shape with the highest volume (Fig. 2.5; Table 2.5). Although our results may appear contrary to
our predictions, with maximum head volume not aligning with maximum torque force
production, this can be explained quite easily with the concept of ‘added volume’. In twisting,
given two objects with different shapes but with the same volume, a flat plate will displace
more substrate than a rod, as it twists (in fluids problems this is called ‘added mass’ and can be
roughly estimated by calculating the volume of a sphere that has the same projected surface of
the object accelerating in each direction (Brennan C.E., 1982). Essentially, the plate, in motion,
gains dynamic volume as it accelerates the substrate it must move, and so requires more force
to spin. Our data shows that the knife edge shape, although not the shape with the largest
volume, experiences the largest forces in torque. Also, the bulky shape, although containing the
highest volume, is round enough to minimize ‘added volume’ reducing the amount of torque
force required to spin (Fig. 2.5).

2.4.2 Combined axial and torque forces and the substrate compaction hypothesis

One anomaly does present itself in our data. If we were to look at the characteristics of the
knife point shape within the context of the ‘substrate displacement hypothesis’ it has both the
lowest absolute volume of all the shapes tested and the lowest ‘added volume’ in terms of its
height to width ratio (it is almost a perfect circular rod). With these characteristics and our
above reasoning, we would expect that the knife point shape would have the lowest axial and
torque force production when driven into the substrate, however, this is not the case (Fig. 2.5).
This lack of congruency leads us to a second ‘substrate compaction hypothesis based on the
geophysical principle that as you go deeper into the sediment, sediment becomes more
compacted (Ducey et al., 1993; Sharpe et al., 2013). We would then predict that head shapes of
similar size, but longer in the axial direction would drive deeper into the substrate and thus
experience higher axial and torque burial forces due to compaction of the substrate (Sassa et
al., 2011; Sharpe et al., 2013). This prediction would explain the unexpectedly high forces
experienced by the knife point head shape.

The ‘substrate compaction hypothesis’ also helps to explain the behavior of our data when axial
and torque forces are examined in combination. Interestingly, if head shapes are turned while
they are pushed into the soil (simultaneous rotational and axial motion) axial forces decrease
significantly for most head shapes (Fig. 2.8). This suggests that the increase in motion and
associated torque forces disrupts the substrate facilitating penetration as the head descends.
Many fish use fluidization of substrate to facilitate burial which acts on a similar principle
(Dorgan, 2015; Lewis, 1976). By disrupting the sediment, compaction is reduced, and it
becomes easier to drive into the ground. Twisting contributes torque forces, possibly loosening
sediment, reducing compaction, and reducing the forces required to penetrate axially into the
soil (Young and Morain, 2003). Our data also shows that torque forces are not changed with the
addition of downward axial motion (Fig. 2.9). Because the transfer of force reduction is
unidirectional (i.e. rotational motion can decrease axial force loading but axial motion does not
reduce torque forces) and because we know that soil compaction increases with substrate
depth, our data further supports the idea that rotational motion is facilitating substrate de-
compaction. Further evidence of this physical process is supported by the fact that the knife
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point shape did not experience a reduction in axial loading when rotational motion was added.
Based on its almost perfectly round cross-section, the knife point shape has a very small ‘added
volume’ component to its twisting motion, this means that very little substrate motion will
occur limiting the substrate de-compaction and providing no reduction in axial loading upon
descent (Fig. 2.9).

2.4.3 How burial relates to life history in fishes

The bulky head shape experienced the highest axial forces when entering the substrate at 90°
to the surface. This could be detrimental to the integrity of the fish skull. The fish, T.miurus, that
supports the bulky head shape burrows to ambush prey, so they lie slightly beneath the
substrate surface exposing their mouth and eyes. It was observed that these and related fish in
in the Tetraodontidae family generally burrow at low sediment entry angles. By reducing
sediment entry angles, fish may minimize forces experienced upon the skull. This could be a
universal tactic to lower forces experienced during burial as the terrestrial sand lizard, S. scinus,
is also equipped with a knife point head shape (like the Labridae fish, C. inermis) that generally
burrows in low sediment entry angles (< 45°) (Sharpe et al., 2013).

The head shape and size of the animal and with speed which it moves affects their burial
strategy (Bergmann and Berry, 2021; Hosoi and Goldman, 2015). Head shape may evolve with
body stiffness. In our study, head shapes that experienced the highest burrowing forces (bulky
and knife edge head shapes) were found in fish that also had the greatest body stiffness.
Perhaps when a head shape requires higher axial forces to penetrate through the substrate,
body anatomy must accommodate by stiffening to allow axial swimming forces to more
effectively be passed to the head.

2.4.4 Influence of axial and torque forces on animal burial

Our data shows that adding torque loading during burial is advantageous as it reduces axial
forces. Bulky, knife edge, and shovel head shapes dramatically reduced their penetration forces
when adding torque (Fig 2.8). The only shape that did not benefit from reduced axial loading
when twisted was the knife point head shape (Fig. 2.8). Although knife edge head shape
reduced axial forces when twisting, they experienced very high torque loads in the rotation.
Interestingly, the shovel head shape, that has a similar medio-lateral shape to the knife edge
dorso-ventral dimension does not experience the increase in torque forces. The difference
could be explained because the knife edge head shape reaches a greater dorso-ventral
dimension sooner than that of shovel head shape, so at full penetration, the knife edge head
shape is interacting with more compacted sediment and causing an increase in the torque load.
The increase in torque loading of the knife edge head shape may be problematic and so fish
with this shaped skull may use other behavioral tactics to reduce their force dependence such
as fluidization (Dorgan, 2015; Sharpe et al., 2013; Sassa et al., 2011) and adjusting their
sediment entry angles (Sharpe et al., 2013; Sassa et al., 2011).

The 3D constructed head shapes were modeled using one set of physical and CT scan images,
so each head shape had one 3D model representation with a single set of head dimensions.
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Although, it would be optimal to obtain many physical specimens and photograph different
head views to add biological variation to 3D models, this study provides critical information
about the general impact of head shape on burial by comparing between representative head
shapes across a biologically relevant range. The method we used to gather force and torque
information from our head shapes was limited by the capacity of our UTM machine. Although it
is unlikely or rare these specimens burrow in 90° sediment entry angles, we could not alter the
sediment entry angle < 90°. In addition it would be interesting to quantify the difference in
forces produced in dry compared with wet substrate but we did not have an appropriate
containment device to protect the UTM machine from the potential effects of water.

2.4.5 Conclusion

The fact that surface area, volume and shape are intricately linked by geometrical laws suggests
that there is a natural tradeoff between them. Additionally, the fact that shape has different
impacts on axial vs torque forces creates a very wide and diverse selective landscape for head
shape and burrowing behavior and helps to explain why we see such variation in head shape
morphology across head-first burrowing fishes. Axial forces decreased substantially for most
head shapes with torque loading, but the same cannot be said for axial loading upon torque
recordings.
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2.5 Figures

Figure 2.1: Model development train for I.pavo (knife edge). A) fleshed lateral
image obtained from Fishbase has a simple form overlaid in AutoDesk Fusion 360
B) anterior view of head scaled to the geometric model form in Slicer3D, C) dorsal
view and image of model superimposed from Slicer3D and D) includes all three
views overlain into a 3D model.
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Figure 2.2: Physical models after 3D printing with their spectro attachment. This
was their lateral side after 3D printing with the UTM spectro attachment (red
rectangular outline). The orange line above the red rectangle is how deep the
models went into the substrates. From left to right, shovel, knife edge, knife

point, and bulky.
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Figure 2.3: Example plot showing the axial loading and torque loading methods of

the knife edge head shape. The head length percentage (%) on the y-axis
represents the respective head length percentage embedded in the sediment.

The secondary y-axis is rotational degrees (°) that fluctuates between 0° and 50°.
The x-axis is time (s). The lateral side knife edge head shape from Fusion 360 with

the downward arrow between the two purple vertical dash lines represents the
model descending during that time. The flatten lines on the head length
percentage line represents the models not descending. The head model above
the black vertical dash lines are the model rotating from 0° to 50°, respectively,
with the corresponding orange arrow showing the 50° rotation.

17



Figure 2.4: Experimental set up with the 3D printed models mounted to the UTM.
A) schematic of the UTM machine with the sand box and head model mounted
along with the physical set-up. The black solid line (19 cm) represents the inner
diameter of the sand box, the dash vertical grey line was the substrate height 8
cm, and white dashed line just below was the square indentation of 9 cm whereas
B) is the physical model with the head model and sand box mounted as the
schematic version. The orange line was this head models’ maximum substrate
depth in both A and B.
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Figure 2.5: Total maximum isolated axial and torque forces for each head shape.
Maximum isolated axial force is taken over the entire purely axial penetration
cycle. Maximum isolated torque force is taken as the maximum force measured in
purely torque motion at discrete 10% increments from 10% to 100% of burial
depth. Anterior view (ANT) and the dorsal (DOR) view of head models color coded
with bulky, knife edge, knife point, and shovel. (LEFT) maximum axial force and
RIGHT) maximum torque force color coded with the head shapes. The letters in A)
and B) represent Tukey multiple comparisons of the one-way ANOVA results.
Similar letters are not significantly different (Tukey, p < 0.05). Each boxplot
contains five recordings.
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Figure 2.6: Axial force production at different burial depths within and across
head shapes. The burial depth in percentage (10%, 30%, 50%, and 80%) for the
corresponding boxplots and position on dorsal view of each head shape. Within
each head model different black letters above each boxplot rep