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Abstract

The shape of snail shells is a complex and important factor contributing to their
�tness, and needs to be adapted to di�erent selection pressures in di�erent en-
vironments. However, the link between form and function, and the evolutionary
processes that create the wide diversity seen in the shell shape of gastropods, is
still not fully understood. In order to connect the environmental adaptations of
snail shells to phenotypic plasticity and genetics it is crucial to have quanti�cation
methods which relate to biologically relevant components. I therefore developed
a high-throughput snail shell quanti�cation method building on the classic ideas
of Raup, which is able to describe the variability in shape and growth within two
ecotypes of the intertidal snail species Littorina saxatilis. This method was also
used to gain new insights into the genetic architecture involved in di�erent aspects
of shell shape in L. saxatilis, including detecting and describing allometric growth.
As the quanti�cation method directly describes how to construct computer gener-
ated shell models, I investigated whether and how shape a�ects the hydrodynamic
properties of the shells. I performed 
ume experiments with both real shells and
3D printed shell models in water 
ow as well as computational 
uid dynamics
simulations. The results from the 
uid dynamics analysis gave some new insight
into how shape a�ects the optimal orientation against a steady current, but also
suggests that foot size has a larger in
uence on attachment ability, and that the
hydrodynamic e�ciency of the shell is likely secondary to having a shape which
can accommodate a large enough foot. In conclusion, a better quanti�cation of
shape and growth can lead to an improved understanding of how and why snail
shells have the shape that they do, and how the shape relates to evolutionary
processes such as local adaptation and speciation.
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Chapter 1

Introduction

1.1 General Introduction

Humans have long had a fascination for snail shells with their often self-similar shapes and
intricate structure and patterns (�gure 1.1). Despite their apparent complexity, it is possible
to generate realistic-looking shell models displaying much of the diversity of shapes found in
nature by taking advantage of relatively simple mathematical formulas which approximate
the biological construction process. Gastropod shells have an accretionary growth method,
meaning that the shell is constructed by the snail depositing shell material at the current
aperture as it grows, which incrementally increases the protected living space within the
shell. This is typically done in a roughly self-similar spiral growth pattern, making it possible
for the snail to keep growing inside a shell which increases in size but stays roughly the
same shape, while taking advantage of the previously constructed parts and minimising the
material needed for further construction. Not only does the �nal shape contain information
about the ontogenetic growth process, shells also preserve well as fossils, making them a
unique resource for studying developmental processes and how they vary over evolutionary
time scales (Hammer and Bucher, 2005; Giokas et al., 2014).

Investigations of the functionality of shell shape in relation to ecology require a biologically
relevant quanti�cation (L�vtrup and L�vtrup, 1988; Hammer and Bucher, 2005), which needs
to be accessible to a wide range of conchologists without requiring a strong mathematical
background (Liew and Schilthuizen, 2016). A good quanti�cation of morphology should be
able to distinguish between di�erent components of shape and growth in a biologically rele-
vant way, and thus improve the understanding of trade-o�s between adaptations to di�erent
ecological features, since there tend to be multiple di�erent natural selection processes acting
at any one time (DeWitt et al., 2000; Tendler et al., 2015).

1.2 Modelling shells

Describing gastropod shell growth by a logarithmic helico-spiral with a generating curve has
a long history, and can be traced back to Moseley in the mid 1800's (Moseley, 1838), where
some formulas for area and volume of the shells were derived. The spiral growth of shells
is also described in D'Arcy Thompson's famous book 'On Growth and Form' (�gure 1.2a)
(Thompson, 1917), in which he also suggested that the same accretionary growth pattern can

1



CHAPTER 1. INTRODUCTION 2

Figure 1.1: A cross-section of aNeptunea antiqua(red whelk) shell, showing its internal
structure. The size of each consecutive whorl increases by a constant factor throughout
its growth, giving the shell its characteristic self-similar spiral shape.

be found in e.g. animal horns. In the same book Thompson also introduced the shape trans-
formation grids which were the precursor to what is now known as geometric morphometrics
(�gure 1.2b).

With the emergence of computers, the ability to construct and visualise a wide variety of
shell forms using the logarithmic helico-spiral growth became possible. Raup made good use
of this early on, with his famous parametric description and quanti�cation during the 1960's,
which led to the introduction and investigation of the morphospace (�gure 1.3) (Raup, 1966).
The morphospace, or shape space, is not just useful for quantifying and comparing the shapes
found in nature, it is also helpful in �nding which combinations of parameters give shapes
that are not present in the wild, which helps in understanding the limiting factors for these
types of shape.

Further additions to Raup's growth parameter models were developed, and were able to
describe and visualise a larger range of shell types (Savazzi, 1985). An important addition
to the shell models was to use apertures that are not perpendicular to the vertical axis,
but instead to use the Frenet frame to de�ne the apertural plane perpendicular to the growth
direction (�gure 1.4a) (Illert, 1989). The true orientation of the apertures is often constructed
by the snails to be parallel to the substrate and not de�ned by the growth direction (Linsley,
1977), but using the Frenet frame gives a more realistic representation for most shells than the
previously used orientation with the apertures parallel with the coiling axis. A large extension
to Raup's description is the 16 parameter model of Cortie, which also allows shell sculptures,
di�erent aperture tilts and elliptical apertures of varying eccentricity and orientation, or
even freely de�ned aperture shapes (Cortie, 1989). In addition to modelling the general
shape and growth, realistic colour and ornamental patters, such as those found inConus
shells (�gure 1.4b), can be simulated by including a reaction-di�usion system (Meinhardt and
Klingler, 1987; Fowler et al., 1992). Models with many parameters, such as Cortie's can be
used to generate an impressive range of shapes, but that also means that they are less practical
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(a) (b)

Figure 1.2: Images from Thompson's 1917 book (Thompson, 1917). (a) A representation
of growth along a logarithmic spiral trajectory. (b) Transformation grids showing the
variation in carapace shape between di�erent species of crabs. (Public domain images,
copyright expired.)

(a) (b)

Figure 1.3: Raup made the �rst systematic quanti�cation of shell shape in terms of
growth (Raup, 1966). (a) A visual description of the shape parameters. (b) Visualisations
of various shell shapes, and their position in the morphospace. Images reproduced with
permission from publisher.
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(a) (b)

Figure 1.4: Additions to computer visualisations of shells. (a) Illert suggested using
the Frenet frame for more realistic aperture orientations perpendicular to the direction
of growth. Image from Illert (1989) reproduced with permission from publisher. (b) A
set of photos of Conus shells showcasing their variability in colour patterns and spire
pro�les. Examples of concave, straight, and convex growth patterns from left to right in
both rows. Reaction-di�usion systems can be used to model pattern formation on the
shell surfaces, see examples in Fowler et al. (1992). Photos obtained from the WoRMS
open access database (WoRMS Editorial Board, 2021), reproduced under CC-BY-NC-SA
licence.

to use for shape quanti�cation, as inferring the values of a larger number of convoluted
parameters increases the risk of over-�tting and decreases the accuracy and replicability of
the inferred parameter values.

Developmental allometry is the study of how shape, or other biological traits, vary with
size as an organism grows, and is of great interest in developmental biology in general, and in
modelling the growth of shells in particular (Urdy et al., 2010b; Schindel, 1990; Urdy et al.,
2010a). Not all shells conform to a true logarithmic helicospiral growth, and already in his
1917 book Thompson noted that some grew in a convex or concave fashion (Thompson, 1917).
To be able to capture di�erent types of shape variation during growth, several possible options
to extend the abilities of Raup's original models have been introduced. A common idea �rst
presented by Raup himself (Raup, 1961), is to let the growth parameter vary in di�erent
ways during the construction, while another method is to introduce more growth parameters
describing di�erent components of growth, i.e. vertical and radial growth, but keep their
values constant (Ashline et al., 2009; Fowler et al., 1992; Van Osselaer and Grosjean, 2000),
or combining the two approaches and both including more parameters as well as letting them
vary throughout growth (Schindel, 1990; Stone, 1995). Depending on the study species, and
the properties of interest, di�erent models could be used in di�erent cases, but it is clear that
to understand variation in shell shape, an investigation into allometric changes needs to be
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included.
Most of the growth based modelling of snail shells can be described as one of two di�erent

types: The �xed reference frame models with a global growth quanti�cation and coordinate
system, and the moving reference frame models with local growth quanti�cation and coordi-
nate system at the current aperture (Urdy et al., 2010a). The modelling methods build on
Raup's models described above are examples of using a �xed reference frame, which assumes
a prede�ned coiling axis and logarithmic spiral growth relative to this axis. In contrast, a
local quanti�cation does not describe growth relative to an external structure, but is de�ned
by the local growth trajectories relative to the current aperture, and this reference frame
therefore moves as the shell construction progresses. Despite the coiling axis being an arti�-
cial construction not representing an actual biological structure (Okamoto, 1996), it can still
emerge together with the logarithmic growth patterns as features under certain conditions of
the local growth modelling (Moulton and Goriely, 2014; Savazzi, 1990).

Di�erent versions of local growth models include the growing tube model, which uses a
theoretical internal reference point for the aperture growth (Okamoto, 1988b; Savazzi, 1990),
and the growth vector model which describes the growth locally at each point of the aperture
(Hammer and Bucher, 2005; Urdy et al., 2010b). Local growth can be quanti�ed by transla-
tion, dilation, and rotation of the aperture (Ackerly, 1989; Moulton and Goriely, 2014), and
has been suggested to be more biologically representative than the �xed reference frame since
this better describes the construction process from the viewpoint of the animal inside (Urdy
et al., 2010a; Rice, 1998). It has also been shown to have greater 
exibility in the types of
shells it can describe, including e.g. the complex growth patterns of heteromorph ammonites
(Okamoto, 1988a; Savazzi, 1990), since it does not rely on a �xed reference frame. These
models can also be used to model the emergence of spines through mechanical interactions
between shell and snail (Chirat et al., 2013) and they allow for allometric variations such as
convex and concave growth patterns (Rice, 1998; Urdy et al., 2010a).

There are of course other examples of shell modelling methods, often speci�c to a certain
type of visualisation or for investigating a speci�c aspect of shell growth, and comparisons
of many of the existing models can be found in the reviews (Stone, 1996; Dera et al., 2008;
Urdy et al., 2010a). An interesting example of a di�erent shell modelling procedure is the
road-holding model which is built on the idea that the shape of the previous whorl determines
the growth of the next whorl (Hutchinson, 1989). The road-holding method has some support
from experimental results showing that the snail reacts to the shape or patterns of the previous
whorl when constructing its shell (Checa et al., 1998; Boettiger et al., 2009).

1.2.1 Shape quanti�cation

Quantifying shape accurately and in a way that is relevant to a particular �eld of study is
one of the current problems in biology in general, and quantitative genetics in particular
(Klingenberg, 2010; Fu et al., 2018). Shape itself is a complex trait, and can be a�ected by
many di�erent genetic and environmental factors. Hence �nding an informative quanti�cation
which connects to the formation and functions should improve the ability to draw conclusions
across the �elds of ecological, evolutionary, and developmental biology.

The most commonly used shape quanti�cation methods for gastropod shells are landmark-
based geometric morphometrics (GM) (Bookstein, 1992; Dryden and Mardia, 1998; Rohlf
and Slice, 1990), outline analysis (Kuhl and Giardina, 1982), and linear measurements and
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ratios, which includes di�erent versions of growth based methods. The GM method analyses
how a set of homologous points, i.e. points representing the same biological position, vary
between a set of specimens. The outline analysis instead quanti�es the variation of the entire
outline of the structure, removing the need for �nding homologous points, but cannot say
anything about variation within the outline or how speci�c points vary between specimens.
The linear measurements method is methodologically the simplest of the methods discussed
here, as it only requires the measurement of a set of linear distances of each specimen, from
these measurements it is easy to calculate ratios, which can be used as approximations of
parameters introduced by Raup.

The general conclusion in comparisons between the accuracy and practicality of the meth-
ods above has been that they all are able to quantify and describe the main shape variation
for the shells, and one should therefore choose the method which best �ts the purpose of a
study, and the information required (Stone, 1996, 1998; Walker and Grahame, 2011; Dommer-
gues et al., 2003). For example, some studies are mainly about �nding the largest di�erences
between samples to characterise the distinguishing features or to classify specimens into dis-
tinct groups. However, a good developmentally informative quanti�cation method should be
able to do more, and will likely improve both analyses and interpretations since it describes
the shell in a way that relates to its biological growth process (L�vtrup and L�vtrup, 1988;
Hammer and Bucher, 2005; Cortie, 1992). Currently, such a method of quantifying shell
shapes consistently for large data sets is lacking, in particular when apertures have variable
and non-circular shapes, which is why I developed the method presented in chapter 2.

Despite the bene�ts of a model which describes both shape and development, which is
possible for gastropod shells, growth-based quanti�cations have not been the standard method
used for empirical studies. The method of choice has instead been landmark-based geometric
morphometrics. This method uses Procrustes superposition to do rigid translation, rotation
and scaling of the set of landmark points of each specimen to minimise the overall distance
between the corresponding landmarks (Bookstein, 1992), and projects the data to the tangent
space (Dryden and Mardia, 1998). The projection is usually followed by a principal component
analysis to summarise the shape variability into a small number of factors explaining most of
the variation (�gure 1.5), or analysed through regression against a speci�c known trait or an
environmental factor. A standard software for acquisition of landmark data from 2D images
is tpsDig2 (Rohlf, 2015), and common examples of software for the analysis of landmark
data are the various programs of the tps series, e.g. tpsUtil, (Rohlf, 2015), the free-standing
and versatile program MorphoJ (Klingenberg, 2011), and the R package geomorph (Adams
et al., 2019). The GM method is widely used in di�erent �elds within biology because it is so
generally applicable, and it has paved the way for many interesting results where quantitative
traits are investigated.

The main reasons for choosing this method over a growth based one is the shorter learning
curve needed since the user does not need as much mathematical pro�ciency, and the fact that
it is already implemented to consistently handle large data sets. Current research often needs
very high throughput methods in order to quantitatively link phenotype with genotype in e.g.
QTL-analyses, and such a method has been lacking in the case of growth-based quanti�cation
of shells.

The three biggest problems with using the standard 2D GM methods to analyse gastropod
shells speci�cally are: 1) the lack of truly homologous points on shells, 2) issues relating to
correctly accounting for di�erent allometric e�ects (Urdy et al., 2010a), and 3) the general
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Figure 1.5: Example of landmark positions used for GM analysis of gastropod shells,
and the transformation grids visualising the shape variation corresponding to the �rst
principal component which explain almost half of the total variation in landmark position
found in the analysed set.

problem that describing any 3D growth pattern by variations in a 2D plane will likely miss
important details (Cardini, 2014). GM works best for expansive growth, where homologous
points follow growth trajectories largely within the 2D imaging plane, but snail shells famously
do not conform to this method of growth. A 3D GM method would not solve the two �rst
problems since it does not provide additional homologous structures, and the landmarks would
be even harder to de�ne consistently on the shell surface due to the extra dimension. The
inherent incompatibilities of using the GM method to account for the growth pattern of shells
could be solved by replacing this method with a well constructed growth-based quanti�cation.
Further, the results from a GM method are de�ned relative to the mean landmark position of
all shapes included in the analysed set, and then usually involve a PCA to quantify the largest
correlated variations, which results in components which are not necessarily describing distinct
or functional shape traits (Cooke and Terhune, 2015). Since the scores from a GM PCA for
a given specimen will vary depending on the data set as a whole, it is not straightforward
to compare results between data sets. A growth-based method has the additional advantage
that the shape data are intrinsically described, meaning that each parameter consistently
describes the same thing independently of the data set, i.e. the shape parameters inferred
for a shell will have the same values independently of the rest of the data set, and results are
thus comparable directly between samples.

Raup's parameters, or versions thereof, have been used to describe shape variation in sev-
eral species of snail shells (Vermeij, 1971; Newkirk and Doyle, 1975; Kohn and Riggs, 1975;
Verduin, 1982; Ekaratne and Crisp, 1983; Urabe, 1998; Walker and Grahame, 2011). The mor-
phospace associated with these parameters has been explored and some general conclusions
have been drawn, e.g. about which parts of the space are occupied by certain types of shells,
and which parameter combinations do not give rise to biologically feasible shapes (�gure 1.3b).
One important point is that growth parameters are likely to be highly correlated, as other-
wise the shells can become detached from the previous whorl, or obtain other non-functional
or non-optimal shapes (Schindel, 1990). The connectedness of the shell is not a universal
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constraint, however, since for example shells like those of the heteromorph ammonites exist
(Okamoto, 1988b), which are neither attached to previously constructed material nor have
a �xed coiling axis. There are also examples of inferring growth parameters from shells in
3D, e.g. from � -CT scans (Monnet et al., 2009; Liew and Schilthuizen, 2016), which can be
used when few samples are investigated in great detail, but is not currently applicable to
investigate large data sets due to the cost and time consumption of acquiring and analysing
3D data.

The reason snail shells can be quanti�ed using logarithmic helicospirals is that many are
very close to self-similar, which is one of the reasons they are so fascinating. However, the
departure from perfect self-similarity is also something that can be quanti�ed and studied
(Urdy et al., 2010a), and, when present, could relate to di�erent biological functions or eco-
logical factors. With a growth based method it is possible to account for some speci�c types
of allometry, the simplest being variable degrees of convex or concave spire pro�les.

A shorter spire could give a stronger shell because the smaller and weaker whorls are more
hidden (Seeley, 1986). This is an example of where a convex growth pattern could emerge
as an adaptation, especially when overall growth is large, so that the previous whorls are
much smaller and thinner than the more recent ones. In contrast, increased aperture area
combined with a taller spire has been suggested as a plastic allometric response to an increased
availability of food (Saura et al., 2012), which could be due to a more concave growth pattern.
However, more analyses would be needed to speci�cally investigate if the allometric variation
in di�erent species can be explained by a convex/concave growth pattern. In this thesis I
therefore investigate the possibility for a convex/concave growth pattern in L. saxatilis, and
if it can be attributed to a genetic component (chapter 3).

In addition to having a more biologically relevant shape and growth description of snail
shells, a growth based method can yield 3D models which in turn can be used for further
analysis. Such models have been used to investigate how internal space, allometry and stability
depend on di�erent parameter values and aperture tilts (Noshita et al., 2012; Urdy et al.,
2010b), how shell thickness a�ects what shape requires the least amount of material to produce
(Heath, 1985; Okabe and Yoshimura, 2017), or used in simulations for measuring the shell
strength (Rajabi et al., 2014; Shojaei et al., 2012). It is also possible to use the parameters
generating the 3D models as a step towards a local growth description at the aperture (Noshita,
2014), as the local description is less straight-forward to obtain from 2D images. The local
growth quanti�cation describes construction of the shells from the viewpoint of the snail, which
could give additional insights into development, and has been used to relate gene expression
in the mantle to shell growth (Noshita et al., 2016).

One of the current aims of quantitative genetics is �nding biologically relevant descriptions
in order to better relate phenotypes with genotypes. The goal is to be able to consistently
quantify distinct aspects of form and development to use as the connection between biologi-
cal functions, environmental adaptations, and the underlying genetics. Since a growth-based
method allows for a developmentally descriptive quanti�cation in the case of gastropod shells,
unlike the current GM method, its implementation should improve the ability to answer
questions regarding the interaction between various morphological components and di�erent
evolutionary processes, such as speciation, local adaptation, and the emergence and persis-
tence of biological diversity.
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Figure 1.6: The size and shape di�erence between the crab (left) and wave (right)
ecotypes of theL. saxatilis species.

1.3 Littorina saxatilis

In this thesis I am using the intertidal snail Littorina saxatilis , the rough periwinkle, as the
study species. This common snail is a great example of extreme morphological variation due
to local adaptation to distinct adjacent environments (Grahame et al., 2006; Johannesson
et al., 1993; Butlin et al., 2014). The most investigated variation within this species is the
di�erentiation between two environmentally adapted morphs known as the crab and wave
ecotypes (�gure 1.6), which can be abundantly found on many of the rocky shores of the
North Atlantic Ocean. The divergence between the two ecotypes has been investigated as
a possible example of ongoing speciation with gene 
ow (Butlin et al., 2014), and is being
analysed both on smaller and larger geographical scales (Westram et al., 2014; Morales et al.,
2019).

The high natural shape variability in L. saxatilis makes it an ideal candidate to investigate
how genetics and plasticity can a�ect the development of the shells. Previous analysis has
described the main shape di�erences between the crab and wave ecotypes as variation in
globosity (Grahame and Mill, 1989; Ravinet et al., 2016) or, when analysed using a growth
based method, as variation in growth parameter values (Walker and Grahame, 2011; Clarke
et al., 1999). The crab ecotype is much larger and more elongated with a taller spire, a thicker
shell and a narrower aperture, all of these traits are known to improve the snail's ability to
survive crab predation (�gure 1.6). In contrast, the wave shell is much smaller and globular,
with a thin shell and a large round aperture which �ts a larger foot relative to its size. It
has been shown that the wave snails are better at resisting hydrodynamic forces, which has
mainly been attributed to its larger foot. In order to better understand if there are any direct
e�ects of shape on the snails �tness in the wave swept environment, I conducted both a set
of computational 
uid dynamics simulations and measured the corresponding drag forces in
a 
ume experiment (chapter 4).

In L. saxatilis, some allometric changes have been detected with several di�erent quanti�-
cation methods (Newkirk and Doyle, 1975; Walker and Grahame, 2011; Conde-Pad��n et al.,
2009; Carvajal-Rodr��guez et al., 2005; Johannesson and Johannesson, 1996; Hollander et al.,
2006a; Boulding and Hay, 1993; Rol�an-Alvarez et al., 2015), and have been suggested to vary
between di�erent growth stages for di�erent ecotypes and sexes both withinL. saxatilis (Hol-
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