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Abstract: Ammonoid sutures are geometric patterns formed by the intersection of the septa and
the shell wall, and have long been a diagnostic tool for ammonite researchers for such applications
as species identification, taxonomic relationships, ontogenetic change, functional and evolutionary
morphology, determination of ecological niche, and other aspects of ammonoid paleobiology. Re-
searchers interested in a variety of paleobiological questions related to ammonoids have almost
always required access to the entire hemisuture. Without access to specimens in museum or insti-
tutional collections, researchers must rely on previously published illustrations and photographs
of ammonoid sutures. However, due to the perspective in photographs, distortion of the marginal
elements of suture geometry occurs due to shell curvature near the venter and umbilicus when
photographed in profile. The revised approach described here, which we refer to as the Lateral Lobe
Saddle, or LLS approach, makes use of only the lateral lobe and second saddle S2 (lateral lobe-second
saddle pairs, or LLS) which lie in the central, mid-whorl undistorted sector of a suture line as viewed
in lateral, profile shell photos and illustrations. The factors by which fractal dimension of LLS data
convert to fractal dimension of the standard hemisuture measurements are largely consistent within
genera. The LLS method’s non-requirement of a full hemisuture also facilitates comparisons among
sutures within an ontogenetic sequence, or sutures from multiple ammonite taxa where ventral and
umbilical sutural elements are hidden by whorl overlap or poor preservation.

Keywords: ammonite; sutures; fractal geometry; ammonoid paleobiology; functional morphology;
ontogeny

1. Introduction

Ectocochleate cephalopods have many-chambered shells. The septal walls between
chambers increased in their complexity over evolutionary time, and the high complexity
of Mesozoic ammonite sutures in particular has puzzled researchers for almost two cen-
turies [1]. Ammonoid suture complexity is an amalgamation of the degree of infolding of
the suture, and the geometric arrangement of these folds [2]. Suture geometry, the underly-
ing premise of suture complexity, has potentially significant but not completely understood
implications for ammonoid paleobiology, including habitat preferences, differences in
septal function, phylogeny, and ontogeny.

Studies of suture complexity have a long and complicated history. An early method
to account for septal complexity was first described by Westermann [2] which resulted in
the Index of Sutural Complexity (ISC) as the distance measured along a full hemisuture
compared to the distance measured along a straight line between the end points of the
hemisuture. Shortly thereafter, Mandelbrot’s equations [3] were applied to ammonoid
suture complexity, as suture patterns can be viewed as self-similar entities approximating
fractals [4–18] (Figure 1). True fractals are mathematical constructs in which an infinite
number of subdivisions can occur on an object, such that each subdivision is a perfect
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identical miniature of the greater whole [3,9–14]. Fourier transforms have also been applied
to issues of sutural complexity, such as by Hariri and Bachnou [19]. However, Lutz and
Boyajian [10] observed that while the ISC works well for goniatites and Ceratites, Jurassic
and Cretaceous ammonites more clearly exhibit fractal self-similarity than earlier ecto-
cochleates to which Ward [4] also applied his ISC. They argued, therefore, that expressing
ammonitic suture complexity in fractal form is the simplest, most reliable method, and the
method to be preferred for the highly complex sutures of Ammonitida. The approach in the
fractal analysis of ammonite sutures has been appropriated and modified from shoreline
measurement [20], and can be applied to the quantification of any uneven natural surface
or edge which sufficiently resembles the fractal property of self-similarity [3,9–13,15].

Figure 1. A representation of the Koch Snowflake showing the principle of fractal self-similarity. The
triangular divisions are perfectly proportional to one another and continue into infinity. Modified
from WXS, Wikimedia Commons.

Usually, complexity of ammonite suture is expressed as a fractal dimension based
on half a suture, or hemisuture, whose bounds are the center of the external lobe (E) to
and distalmost umbilical lobe (typically labelled U1). Complexity can be calculated from
hemisuture tracings that have already been published. While reliance on pre-published
hemisutures continues to be useful, strict reliance on only these published data presents
limitations to researchers who are unable to access all the ammonite specimens they need
in person. We have inserted a revision into the most commonly used fractal equation to
address four principal limitations to the existing method. Our modification may eliminate
the need for researchers to visit some far-away collections to measure ammonite sutures by
enabling data to be shared between colleagues from photographs.

The present body of published ammonite sutures does not include every species, and
includes even fewer ontogenetic sequences.

a. The modified method offers a new way to take a full ontogeny of sutures from just
one shell, rather than compositing data from many shells.

b. For broad-scale analyses, our modification widens the potential sample size by
enabling the use of specimens broken or crushed during post-mortem compaction.

2. Materials

Ammonite sutures were collected from tracings in existing publications and account
for the bulk of specimens in this study. These include Reeside [21], Cobban [22–25], Schinde-
wolf [26–28], Cobban and Jeletsky [29], Kullmann and Wiedmann [30], Schlegelmilch [31,32],
Stevens [33], Lominazde and Saharikazde [34], Kennedy and Cobban [35], Kennedy
et al. [36], Shevyrev [37], Joly [38], Hoffmann [39], Ifrim et al. [40], Galácz and Kassai [41],
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Dias-Canas and Patarroyo [42], and Hoffmann and Maisch [43]. The specimens included
are Jurassic and Cretaceous ammonites. The sutures were copied and then traced using
both the Richardson Step Method and LLS-Modified Step Method by hand on Gimp, an
open-source software mimicking Adobe Photoshop. All statistical analyses were performed
in PAST Paleontological Statistics Software [44]. Where applicable, additional partial su-
tures came from ammonite specimens photographed in profile. Photographs were sourced
from the research collection of Rene Hoffmann at Ruhr-Universität Bochum, the digital cat-
alogues of Musee National d’Histoire Naturelle in Paris, and the Paleontological Research
Institution’s Digital Atlas of Ancient Life.

3. Methods

There are a variety of approaches that can be used to calculate a structure’s fractal
dimension [13,14]. All require the selection of a unit of length (rule size) used to measure
the structure.

a. The Richardson Step Method. The Richardson Step Method, described by [10], is one
such approach that has been widely applied to ammonite sutures [9,10,13,15,16]. In
this approach, rule size can be expressed in terms of actual mensuration units (e.g., 5,
10, or 20 mm), or alternatively as fractions of the straight-line distance (Lmax) between
the ends of the hemisuture (e.g., 1/5, 1/10, or 1/20 of the total straight-line distance
from the external to the umbilical lobe) (Figure 2).

Figure 2. Step count of Eogaudryceras numidum suture using the Richardson Step Method as described
by [13,14] using fractions of the hemisuture length (Lmax) as rule sizes. Green is 1/5, magenta is 1/10,
and blue is 1/15. Eogaudryceras numidum suture redrawn by KM from Figure 31E in [39].

To evaluate a suture using the Richardson approach, one first adopts a rule size, e.g.,
1/5 the end-to-end straight-line distance (Lmax). Beginning at the point representing the
center of the external lobe, which we take as one end point of the hemisuture, one pivots
the ruler until the 1/5 measure on the ruler intersects the suture line. This is the first step.
The second step begins at the end point of the first step. The ruler is again pivoted until
it intersects the suture a second time. The full hemisuture from E to U1 is measured by
repeating this process until the Ui lobe is reached. The number of whole steps for the suture
are then totaled. Partial steps, which can occur if the last step is not completed, are not
included in the final count. For the Richardson Method, the authors of [10] indicate that a
hemisuture’s fractal dimension can be calculated from the following equation (Equation (2)
of [13]).

D f =
log N

log
(

1
L

) (1)

where N is the step count, L is the rule size, and Df is the fractal dimension.

b. The LLS Step Method. In contrast to the Richardson Method, our LLS Method measures
only the lateral lobe and the second saddle (S2) (Figures 3 and 4). In the LLS Step
Method, rule size is equal to a given fraction of Lmax, which for LLS is the length
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between the top of the lateral lobe (L) and the base of S2 (e.g., 1/5, 1/10, 1/20 of this
distance). We do not use actual mensuration units (e.g., 5 mm, 10 mm, 20 mm). In
Figure 3, the magenta line is the full length of the maximum length from which rule
sizes can be drawn, Lmax, and the green line shows a rule size of 1/10 the length of
the lateral lobe–saddle pair. One-tenth hemisuture lengths were used by [10] in their
study of ammonite sutures.

Figure 3. A lateral lobe–saddle pair of Lytoceras taharoaense, the rule size (green) is one-tenth the
distance Lmax (magenta) from the base of the lateral lobe (L) to that of S2. Redrawn by KM from
Figure 23 in [33].

Figure 4. Step count of Eogaudryceras numidum suture using the LLS Method as described using
fractions of the LLS length (Lmax) as rule sizes. Green is 1/5, magenta is 1/10, and blue is 1/15.
Eogaudryceras numidum suture redrawn by KM from Figure 31E in [39].

The definitions of rule size and Lmax were modified to include only fractions of the
span between the base of the lateral lobe (L) and the second saddle (S2) adjoining the lateral
lobe’s umbilical side (Figure 4). This restricts the study area to only the nearly flat section
of the hemisuture in most photos and allows the portion of a suture with only minimal
distortion to be used. This is because doing so eliminates the umbilical and ventral lobes
and saddles, which become distorted as sutures on an ammonite surface curve downward
near the venter and umbilicus. This lateral lobe–saddle pair approach enables photographic
evidence to be included in suture research where the whole hemisuture is unusable, and
can also eliminate challenges with partial preservation. It also promotes the study of suture
ontogeny because the terminal portions of a suture, usually hidden due to whorl overlap,
are not needed in the analysis.

c. Conversion of LLS Data to Richardson Data.

Because steps are based on fractions of the LLS distance (Lmax in Figure 4), which is con-
siderably smaller than the end-to-end straight-line distance for the hemisuture containing
that lobe–saddle pair (Lmax in Figure 2), steps for a given rule size, e.g., 1/10 L vs. 1/10 Lmax,
are smaller in the LLS Method compared to the Richardson Method. This means that for a
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given rule size, the LLS Method will produce different, usually higher, step counts than
the Richardson Method. Likewise, Equation (1) will thus yield different, usually higher,
fractal values for a given lateral lobe–saddle pair than for the full hemisuture containing
this lobe–saddle pair measured using the Richardson Method. For individual genera, the
factors by which this is possible are largely consistent (Figure 5), indicating that specific and
predictable values are required for the conversion of most members of a given ammonite
genus. These factors can be determined by Equation (2A):

V = NLLS/NR (2A)

where V is the conversion value, NLLS is the LLS step count, and NR is the Richardson step
count.

Table 1. Comparison of results for calculating the fractal dimension of three different am-
monite suture lines from File S1 (in the Supplementary Materials for this manuscript) using the
Richardson and LLS step Methods. Step length = 1/15 appropriate base line distance in each
case. N = number of steps; Df = fractal dimension of suture line; V = conversion value needed to
make the LLS Df = Richardson Df. Suture A is from a shell of the genus Lytoceras, Suture B is from a
shell of the genus Perisphinctes, and Suture C is from a shell of the genus Harpoceras.

SUTURE A
Lytoceras sp.

SUTURE B
Perisphinctes sp.

SUTURE C
Harpoceras sp.

Richardson LLS Richardson LLS Richardson LLS

N 98 144 47 91 40 54
Df 1.921 2.088 1.602 1.916 1.532 1.682
V 1.469 1.936 1.350

Figure 5. A least-squares plot of the fractal dimensions of ammonite hemisutures versus lateral
lobe–saddle pairs using the appropriate conversion values from Table 1, using the program PAST [44].
r2 = 0.88143 for all genera together. The green lines are bootstrapped 95% confidence limits.

The fractal equation can therefore be adjusted to reflect this conversion of LLS data
into Richardson-equivalent data. This modification is needed for LLS data to be useful in



Geosciences 2021, 11, 476 6 of 13

comparison to existing fractal data for ammonite sutures. Equation (2B) shows the required
modification to the existing equation:

DfR = log (NLLS/V)/log(1/L) (2B)

where NLLS is the number of steps recorded using the LLS Method, L is the rule size (or
divisor of Lmax), DfR is the fractal dimension as expressed in the Richardson Method, and
V is the conversion value. Table 1 compares such an alternate way of calculating the
conversion, using the same results for a few representative ammonite suture lines.

4. Results and Discussion

a. Taxonomic Implications of the Richardson/LLS Conversion Value:

It is of interest here to evaluate the relationship between results from the two ap-
proaches more fully because suture geometry has historically been considered a diagnostic
tool when assigning taxonomy to an ammonite [23–25,30]. Our approach is to evaluate
conversion values for a large number of sutures taken from species within selected genera
of Jurassic and Cretaceous ammonites. We performed this from a minimum of 10 fractal
measurements of sutures from each genus (but 24 to 60 sutures for most genera). Each
suture was evaluated using both the Richardson and LLS Methods, and at step lengths of
1/5, 1/10, and usually also 1/15 of Lmax from both the hemisuture and LLS. The general
geometry of sutures, more than the number of subdivisions, appears to be the driving force
behind the variation in conversion values across taxa. It does not appear that complexity
alone (expressed as a fractal dimension) is a primary driver behind the conversion value
that must be assigned to a given ammonite genus. While most of the highest conversion val-
ues were taken from highly complex ammonite sutures, sutures exhibiting low complexity
also occasionally had high conversion values, as in the case of Placenticeras (Supplementary
Materials), and vice versa in the case of some of our data for Pachydiscus.

We found that within most genera that we sampled, species show roughly equivalent
conversion values. Table 2 shows this for one such representative genus. The data in
Table 2 indicate that sutures of congeneric species have roughly equivalent complexities
even though among congeners, suture geometry may differ in detail. We found this to be
the case for nearly all the genera that we sampled (see Table 3).

Table 2. Calculation of conversion values (V) for suture lines taken from species of the genus Lytoceras
(File S1 in the Supplementary Materials for this manuscript). The conversion values for each species
are averaged to determine V for the genus.

Genus Species V Ave V Std Dev

Lytoceras

L. subsequens 1.95

1.75 ±0.147

M. submetrerum 1.925

E. phestum 1.458

L. fraasi 1.864

L. trilobeti 1.840

L. exoticum 1.770

L. serorugatum 2.0

L. julietti 1.517

L. alamadense 1.421
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Table 3. Conversion values (V) for common genera of Jurassic and Cretaceous ammonites (File S1 of
the Supplementary Materials for this manuscript). Single V values indicate cases where all species
all of a genus cluster around this single V value. Double Vs indicate genera in which some species
cluster around one value while other species are associated with the second V value; ◦ indicates a
double V; * indicates a triple V.

GENUS V

Lytoceras 1.75
Gaudryceras 2
Tetragonites 2

Holcolytoceras 1.2
◦ Psiloceras 1.55; 1.9

Dorsoplanites 1.4
Perisphinctes 2
Stephanoceras 1.2

Hildoceras 1.4
Harpoceras 1.44
Phylloceras 1.3

◦ Pachydiscus 1.2; 2
Placenticeras 2

Scaphites 1.65
* Baculites 1; 1.5; 2

As a result, in some systematically unresolved groups, e.g., primitive lytoceratids
such as Psiloceras [39], disparate conversion values may be indicators of a need for further
taxonomic revision.

Only three of the fifteen genera included in the study exhibited multiple conversion
values (File S1 in the Supplementary Materials). However, at least two of these genera
were previously thought to need additional taxonomic revision, such as some of the basal
lytoceratids [39,43] and possibly also Psiloceras. An even more well-known example of a
systematically unresolved genus, Baculites, exhibited three conversion values, the most
of any group in our study currently considered one genus. The appropriate systematic
resolutions of certain Baculites from North America are unclear [45]. (It is important to note
that all the Baculites included in our study were from the Western Interior Seaway of North
America.) In addition, our method also assigned two conversion values to Pachydiscus,
which, simply by virtue of having worldwide distribution, could also be a potential victim
of generic undersplitting.

b. Shell Surface Flatness and the LLS Method. The issue of distortion from whorl curvature
when tracing LLS suture elements from ammonites photographed in profile was
ruled out as insignificant by a series of Kruskal–Wallis analyses. We tested genera
with various degrees of lateral compression based on Raup’s [46] coiling parameters
and Raup and Chamberlain’s [47] whorl expansion rates. This test was based on a
process in which lateral lobes and saddles were counted in the LLS Method from
sutures present on actual shell surfaces, and then repeating the process using profile
photographs of these same shells (see File S2 in the Supplementary Marterials for this
manuscript, for data).

Kruskal–Wallis was chosen over more conventional tests due to its allowance of
small sample sizes—it was not possible to find a high number of usable photos from
all genera included, especially Cadoceras. These data can be seen in Table 4. In Raup’s
system, shells with S < 1 are the most laterally compressed and almost perfectly flat, e.g.,
oxyconic shells; ammonites with S > 1 are the least laterally compressed, e.g., cadiconic
shells. Cadicones are an uncommonly small group of extremely rotund ammonites. Thus,
our test examined genera representing a wide array of surface curvature, from flat to highly
curved. Cadicones would only need be excluded if their roundness precluded presentation
of the full lateral lobe (L) in profile, and therefore, additional conversion values for the
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highest-order umbilical lobes visible would need to be calculated. However, our tests
demonstrated insignificance of any difference between flat (data from photographs) and
curved data (data from shell surfaces) for the genus Cadoceras up to at least its subadult
stage. We were unable to access a sample size of complete Cadoceras hemisutures that
would be sufficient to determine the genus’ conversion value, but there was no significant
difference between curved- and flat-traced LLS data from either the expected conversion
value, V, based on a small sample size (two) as well as the raw step counts, N.

Table 4. Kruskal–Wallis analysis for ammonite conches with W-values from 0.2 to 0.5. Mean Df is the mean fractal dimension
value for the given genus, in either the flat or curved data set. Coil profiles redrawn by KM from Raup [46]. Chi2 shows the
difference between the categorical variables flat (traced) and curved (photographed). p is the probability of a difference
between the flat and curved medians; for H0 to be accepted, p < Chi2. When p < Chi2, there is no significant distortion by
curvature.

Kruskal–Wallis Test for Distortion by Curvature

S-Value
Section Coil Profile Genus Mean Df

Flat
Mean Df
Curved Chi2 p Significance

(Median D)

S ≈ 0.5

W = 2.0, D = 0.2

Placenticeras 1.265 1.271 2.784 0.09852 No significant
distortion.

S ≈ 0.75
W = 2.0, D = 0.4

Pachydiscus 1.648 1.754 0.5948 0.4406 No significant
distortion.

S ≈ 1
W = 3.0, D = 0.3

*
Gaudryceras 1.673 1.553 2.518 0.1126 No significant

distortion.

S ≈ 1
W = 2.5, D = 0.4

† Lytoceras 1.651 1.707 0.9223 0.3369 No significant
distortion.

S ≈ 2

W = 1.5, D = 0.5

Cadoceras 1.261 1.226 0.4963 0.4811 No significant
distortion.

* Includes junior synonyms of Gaudryceras; † includes junior synonyms of Lytoceras.

c. Ontogeny

Studies of ammonite sutural ontogeny based on the Richardson Step Method of
fractal analysis are few in number. Suture complexity varies directly with increased
ontogeny, though the rate at which this occurs varies among ammonite genera [10,48]. Lutz
and Boyajian [10] noted the lack of detailed ontogenetic sequences published for fractal
dimension of sutures. Garcia-Ruiz et al. [15,18] have used Richardson fractals but they
did not account for the ontogenetic stage in which the sutures were measured, nor were
they able to quantify the rate of change between sutures in the ontogenetic sequence for
different lineages of ammonites [10]. The key problem here is that in shells exhibiting
whorl overlap, which constitute the great majority of ammonite shell types, researchers
only have access to the entire hemisuture on the outer whorl. On inner whorls, part of the
hemisuture is covered by whorl overlap, as is the case with the specimen of Gaudryceras
sacya illustrated in Figure 6. Whorl overlap precludes ontogenetic analysis of sutures in the
inner whorls using the Richardson step method. This means that Richardson examinations
of sutural ontogeny must involve a suite of shells representing different growth stages of
a species in which complete hemisutures for different whorls (e.g., first, second, or third)
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are exposed in the last-formed part of different shells. However, in nearly all ammonite
shell types, except perhaps some high-shouldered oxycones, the lateral lobe and saddle of
inner whorls are not covered by whorl overlap, as is demonstrated in Figure 6B for G. sacya.
The LLS Step Method we describe here thus provides a framework in which potentially
the entire history of sutural ontogeny can be examined in well-preserved ammonite shells.
Figure 6 shows an example of ontogenetic sequences of well over a whorl in length that
derive from measurement on sutures in single shells with significant whorl overlap.

Figure 6. (A) Gaudryceras sacya Specimen MNHN-F-R00642 from Musee National d’Histoire Naturelle,
Paris. (B) A tracing of MNHN-F-R00642 using only lateral lobe and saddle elements. Drawn by K.M.

d. Preservation

Sample size is a challenge for ammonite workers interested in sutures because an ideal
degree of erosion is required in which the outer shell is removed but the fine details of the
lobelets are still present on the specimen. If a shell is overly eroded, the complexity of the
sutures will be simplified such that the fractal values may appear lower than typical for a
given genus. While LLS cannot address this type of damage, it can be applied to shells that
may otherwise be too imperfect for fractal or ontogenetic analysis using the Richardson
hemisuture method. Broken ammonites, including steinkerns, are admissible for study
via the LLS Method provided only that the lateral lobe and second saddle are intact. The
condition of the remaining parts of a suture, whether missing, crushed, or distorted, is
immaterial. Additionally, the LLS Method allows for fractal analysis of suture complexity
in ammonites exhibiting a common taphonomic style of ectocochleate preservation. As
a result of post-mortem waterlogging of their phragmocones [49–51], ammonite shells
are commonly preserved lying on their sides, with the plane of shell symmetry roughly
parallel to bedding surfaces. In this orientation, shells are subject to lateral compression
resulting from taphonomic sediment compaction (Figure 7). Ammonites preserved in this
orientation often exhibit lateral crushing but at the same time generally have intact L and
S2 (Figure 7). Consequently, the sutures of even badly broken and crushed ammonites may
often be studied as profitably as fully intact specimens via the LLS Method, as would be
the case with the specimen of Lytoceras cornucopia shown in Figure 7.
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Figure 7. A Lytoceras cornucopia specimen which has undergone taphonomic lateral compaction and
whose only fully intact suture elements are L and S2. The arrows indicate crushing of the external
lobe (E) distalmost umbilical lobes (U1).

5. Concluding Remarks

While the conversion of LLS data into the standard Richardson data is useful in some
applications, such as for taxonomic issues, we emphasize that unconverted LLS step counts
are internally consistent and as representative of sutural complexity as the counts obtained
via the Richardson Method. LLS data can be used in any question to which Richardson data
can be applied, and most noteworthy, the LLS approach allows researchers to expand study
of sutural ontogeny to multi-whorled, overlapped shells, while at the same time widening
the range of crushed and broken specimens whose sutures can be adequately examined. We
suggest that the LLS Method is more broadly useful than the Richardson Method. Unlike
Richardson D values, which normally have the fractal dimension boundaries of 1 and 2, the
unconverted LLS dimensions in our data range in complexity 0.5 to 2.4 (y-axis in Figure 8).
Ultimately, these differences relate to the fact that ammonite sutures only approximate true
fractals, and thus do not follow the dimensional rules controlling true fractal geometries.

Comparing ammonite sutures based on their own respective Lmax values rather than
standard units of measurement (e.g., millimeters) that are arbitrary to them circumvents
the issue of scale, specifically when dealing with ammonite sutures in virtual space, where
scale is not easy or possible to determine. The use of fractional rule size (in place of finite
rule sizes, such as a set length of millimeters) was first explored by Lutz and Boyajian [10] in
order to measure the fractal dimensions of digitally generated ammonite sutures. While the
role that scale plays in sutural complexity is not ruled out (due in large part to ontogeny),
shell size alone does not directly vary with sutural complexity [10]. Additionally, in an
ontogenetic sequence, the rule size increases slightly with each new suture that is measured,
which ensures that the rule size is always proportional to the suture in question. As new
sutures in the ontogenetic sequence are measured, the fractional rule size’s proportional
relationship to the suture does not change. By contrast, a rule size using millimeters is
fixed and does not grow as the suture line widens, effectively shrinking in comparison
to each subsequent suture. As noted by Perez-Claros et al. [13,14], a smaller rule size has
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greater resolution when measuring fractal dimension and a longer rule size is less resolute—
using a fractional rule size for each consecutive suture prevents the implementation of an
inconsistent resolution over ontogeny.

Figure 8. Plotted ontogenetic complexity of ammonite sutures using unconverted LLS data using [44].
Each symbol is for one suture and each curve is for sutures from a single shell. The y-axis shows the
unconverted LLS fractal dimension. Squares indicate perisphinctids, circles indicate lytoceratids, and
x-shaped points indicate placenticeratids.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/geosciences11110476/s1, File S1: step counts and sample medians, File S2: tests for distortion
by shell curvature. References [52–58] are cited in the supplementary materials.
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