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Abstract
The images of D’Arcy Wentworth Thompson’s book “On Growth and Form” got an iconic status and became influential for 
biometrics and other mathematical approaches to organismic form. In particular, this is true for those of the chapter on the 
theory of transformation, which even has an impact on art and humanities. Based on his approach, Thompson formulated 
far-reaching conclusions with a partly anti-Darwinian stance. Here, we use the example of Thompson’s transformation of 
crab carapaces to test to what degree the transformation of grids, landmarks, and shapes result in congruent images. For 
comparison, we applied the same series of tests to digitized carapaces of real crabs. Both approaches show similar results. 
Only the simple transformations show a reasonable form of congruence. In particular, the transformations to majoid spider 
crabs reveal a complicated transformation of grids with partly crossing lines. By contrast, the carapace of the lithodid spe-
cies is relatively easily created despite the fact that it is no brachyuran, but evolved a spider crab-like shape convergently 
from a hermit crab ancestor.

Keywords  Biometrics · B-spline · Crabs · Crustaceans · Decapoda · Form · Humanities · Icons · Landmarks · 
Transformation

Introduction

About a century ago, D’Arcy Wentworth Thompson pub-
lished his seminal book “On Growth and Form” (Thompson 
1917). With this publication, Thompson initiated a math-
ematical and physical approach to the investigation of organ-
ismic form and its change during ontogeny and evolution.

The combination of elegant prose, mathematics, and clear 
illustrations made “On Growth and Form” a success which 
still has a great impact on various form-related disciplines 
(Arthur 2006; Ball 2013; Fürst von Lieven 2017; Lecuit and 
Mahadevan 2017; Saunders and Ingham 2017). In addition 
to biological morphology (e.g., Riedl 1975; Zelditch et al. 
2004; MacLeod 2008; Abzhanov 2017), this is true for fields 

such as mathematics, materials science, geography, architec-
ture, and art (e.g., Bookstein 1977; Beesley and Bonnemai-
son 2008; Fratzl and Weiner 2010; Werritty 2010; Dunlop 
et al. 2011; Marsland et al. 2012; Höfler 2013; Jarron 2015) 
sometimes including somewhat esoteric aspects (Doczi 
1981). In particular, the famous final chapter “On the theory 
of transformations, or the comparison of related forms”, in 
which Thompson applied Cartesian transformations to bio-
logical shapes, has been frequently discussed and cited in the 
biological literature and beyond. This chapter is a slightly 
modified version of an earlier publication (Thompson 1915). 
The illustrations of this chapter became widespread and 
reached iconic status. This is reflected in numerous recent 
studies applying Thompson’s characteristic grid graphs to 
visualize biological shape transformations and in the thriv-
ing discipline of geometric morphometrics used for func-
tional, taxonomic, phylogenetic, and evolutionary inferences 
(e.g., Zelditch et al. 2004; Hiller et al. 2006; Sanfelice and de 
Freitas 2007; Oxnard and O’Higgins 2009; Abzhanov 2017; 
Ospina-Garcés et al. 2018). Likewise, modern approaches to 
the morphing of natural and artificial structures and forms 
like, e.g., Hollywood movies’ special effects, are not con-
ceivable without Thompson’s work, although these use more 
sophisticated mathematical methods. Examples for this can 
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be found in biology, architecture, and psychology (e.g., Lynn 
2017; Knötel et al. 2018; Reindl et al. 2018).

Thompson’s theory of transformation polarized biologists 
and philosophers of biology. On the one hand, his approach 
has been seen as important for the understanding of external 
and internal shaping forces, the view of correlations, con-
nections, coherence or interdependency of organismic struc-
tures and of organisms as (genetically) integrated entities, 
and a mathematical approach to questions of form (Gould 
1971; Gould and Lewontin 1979; Richter and Wirkner 2013; 
Abzhanov 2017). On the other hand, there are those who 
take a critical stance toward Thompson’s approach. A major 
criticism is that evolutionary transformation is not a case of 
direct change of adult animal forms. As Arthur (2006) wrote, 
“….it must have been obvious to D’Arcy Thompson as it is 
to biologists today that there is no way evolution can turn 
one sort of adult form into another except by modifying the 
course of development.” Furthermore, Thompson’s approach 
has been criticized by philosophers of biology and biolo-
gists as pre-Darwinian idealistic, essentialistic, typological, 
structuralistic, and largely ahistorical (Asma 1996: 151 ff.; 
Mahner and Bunge 1997: 295; Breidbach 2008: 18; Scholtz 
2013: 39ff.; see Ruse 2013).

In the first edition of “On Growth and Form”, Thomp-
son (1917: 724) described his approach as follows: “Let us 
inscribe in a system of Cartesian co-ordinates the outline of 
an organism, however complicated, or a part thereof: such 
as a fish, a crab, or a mammalian skull. We may now treat 
this complicated figure, in general terms, as a function of 
x, y. If we submit our rectangular system to ‘deformation’ 
on simple and recognized lines, altering, for instance, the 
direction of the axes, the ratio of x/y, or substituting for x 
and y some more complicated expressions, then we shall 
obtain a new system of co-ordinates, whose deformation 
from the original type the inscribed figure will precisely 
follow.” Hence, seemingly very different shapes appear 
as a result of relatively simple geometric transformations, 
e.g., shearing or conformal mappings (i.e., angle preserving 
transformations), which are called Cartesian transformations 
throughout this paper. Furthermore, this view implies that 
the shape transformation between different species involves 
the whole structure and does not relate only to individual 
parts that are changed autonomously from the remaining 
structures. In other words, biological transformation is a 
change of integrated structural wholes and follows simple 
mathematical models.

Thompson understood his results as evidence against a 
Darwinian view of many minute and independent adaptive 
changes that, in the end, lead to a different structure. Instead, 
he stressed that the alteration of form follows mathematical 
rules or laws that are inherent to the form and which allow 
for changes within a certain framework of shape-related 
forms but not beyond a certain threshold (Thompson 1917, 

1942). This stance is already expressed in the final section 
of the penultimate chapter “On form and mechanical effi-
ciency” named “The Problem of Phylogeny” in the 1917 edi-
tion of Thompson’s book (1917: 715 ff.). This section leads 
to the central question of transformation and sets the frame 
for the view that form change over time can only be under-
stood if organismic forms are conceptualized as integrated 
wholes. In the second edition of 1942, Thompson added a 
“Conclusion” section to the chapter on transformation, in 
which he even more strongly rejects Darwinian principles of 
evolution. This is reflected in sentences like, “…; for eighty 
years’ study of Darwinian evolution has not taught us how 
birds descended from reptiles, mammals from earlier quad-
rupeds, quadrupeds from fishes, nor vertebrates from the 
invertebrate stock.” (Thompson 1942: 1093). In addition, he 
stated, “…the breach between vertebrate and invertebrate, 
worm and coelenterate, coelenterate and protozoon, (…), 
is so wide that we cannot see across the intervening gap 
at all.” (Thompson 1942: 1093). Based on this perspective, 
Thompson concluded that there is a general “principle of 
discontinuity” that is “…inherent in all our classifications, 
whether mathematical, physical or biological…” (Thompson 
1942: 1094).

These are far-reaching conclusions, and it has to be asked 
whether they are justified based on Thompson’s data and 
images. Thompson was not very explicit about the method 
that he used to create his images (see also Bookstein 1977: 
181). For instance, it is entirely unclear what landmarks he 
used to fit the organismic form into a grid and how he trans-
formed the grids (Thompson 1917: 724 f.). Furthermore, 
Thompson postulated, “Again, it is essential that our struc-
ture vary (sic!) in its entirety, or at least that ‘independent 
variants’ should be relatively few.” (Thompson 1917: 726). 
However, he never made clear how many “independent vari-
ants” are allowed for the application of his method and how 
to recognize these beforehand. Hence, one needs to ask the 
question: how reliable are Thompson’s images dealing with 
Cartesian transformations? Already Bookstein (1977: 181) 
discussed some inconsistencies in the images of the quite 
famous transformation of the porcupine-fish Diodon to the 
sunfish Mola (Thompson 1917: 751, Figs. 381,382) relating 
to symmetries and proportions of some details. However, a 
systematic and detailed investigation of the “correctness” 
of Thompson’s images and inferences has so far not been 
carried out.

In his essay on the “Theory of transformation”, Arthur 
(2006) stressed that “all the tools are now in place” to test 
Thompson’s ideas. In particular, he referred to computers 
and computer graphics. Following his suggestion, we here 
use the example of crab carapaces (Fig. 1, row 1) to evalu-
ate the relationship between grids and shape alteration. We 
pursue a two-step approach. First, we take Thompson’s 
original drawings, and transform them with modern image 
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registration software. Additionally, we use 3D scans of real 
crab species to apply several methods of shape transforma-
tion. At the same time, we use these analyses to test whether 
crab carapaces can be interpreted as integrated entities that 
are composed of correlated structures.

Materials and methods

To test the exactness of Thompson’s own illustrations and 
the respective transformations, we digitized the line draw-
ings of six crab carapaces from Thompson (1917) (Fig. 1, 
row 1). The images were resampled to a size of 1600 × 1600 
pixels. We sampled Thompson’s grids with regularly dis-
tributed landmarks and generated black-and-white silhouette 
images of the carapaces (Fig. 1, rows 2 and 3). The transfor-
mations according to Thompson’s images were computed in 
two ways: first by superimposing the grids of two carapaces 
and second by superimposing the silhouette images.

Furthermore, to test Thompson’s claim of Cartesian trans-
formation with the shapes of real animals, we digitized a 
number of carapaces of crab species. For this purpose, we 
used a Skiron Surface Laser Scanner (Kreon Technologies, 
Limoges, France) with a resolution of 50 µm mounted on 
a MicroScribe M model (Revware, Raleigh, North Caro-
lina, USA) in combination with the software Scantools 

3D (version 2.0.8, Kreon Technologies, Limoges, France; 
HADCAM Ltd., Munich, Germany). For his transformation 
of crab carapaces, Thompson (1917) chose species of five 
genera of the Brachyura or true crabs. Three of the major 
brachyuran taxa are covered by his approach; the reference 
genus Geryon and the swimming crab Portunus belong to 
the Portunoidea, the helmet crab Corystes is a representative 
of the Corystoidea, and the spider crabs Rochinia and Chori-
nus are genera of the Majoidea (Ng et al. 2008) (Table 1). 
Interestingly, the sixth carapace of Thompson’s transforma-
tion series, Paralomis is not a genus of the Brachyura but of 
the Anomala, a morphologically greatly diverse taxon com-
prising hermit crabs, squat lobsters, and mole crabs among 
others (Scholtz and Richter 1995) (Table 1). Thompson 
(1917) merely mentioned the genus names in his publica-
tion but not the species. Hence, in obvious cases, we chose 
the species of which we think that Thompson might have 
used and, in other cases, we took species with most similar 
shapes and proportions (Table 1, Fig. 2). 

All digitized 3D images of the carapaces were horizon-
tally oriented and projected onto a plane to obtain a black-
and-white silhouette representation (Fig. 2). We specified 
eight landmarks on each carapace. These were based on car-
apace lines as defined by McLaughlin (1980) and selected as 
representing points in homologous positions of the various 
carapaces and included the mirror axis, the margin of the 

Fig. 1   Images used for our analysis of Thompson’s (1917) own illus-
trations. The current genus names are written in brackets. From left 
to right: a Geryon, b Corystes, c Scyramathia (Rochinia), d Paralo-
mis, e Lupa (Portunus), and f Chorinus. First row: original transfor-

mations of crab carapaces by D’Arcy Thompson (Thompson 1917, 
Fig.  369). Second row: sampling of Thompson’s grids with land-
marks. Third row: black-and-white silhouettes with eight manually 
placed landmarks (yellow dots)
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cardiac region, the connection between carapace and pleon, 
and the outer margin of the eye cavities (Fig. 2, row 2). Fol-
lowing Bookstein’s (1991) classification, the landmarks of 
the cardiac region, of the connection between carapace and 
pleon, and of the eyes are type I, because they mark corre-
sponding structurally defined characteristics. By contrast, the 
landmarks marking the mirror axis (and the anterior–poste-
rior ends) are type II or III [semi-landmarks after Bookstein 

(1997)]. Due to its convergent crab shape, the landmarks on 
the lithodid Paralomis might not exactly mark homologous 
structures, but in the case of the cardiac region homology is 
likely. Additionally, we generated artificial Thompson-like 
grids (Fig. 2, row 3) to mimic Thompson’s approach in the 
following way: we extracted the outer borders of Thomp-
son’s grids and scaled them according to our silhouette 
images. Scaling was sufficient for all carapaces except for 

Table 1   Carapaces analyzed with respect to transformation

List of genus names of Thompson’s draw-
ings (current names in brackets)

Species digitized to match Thompson’s specimens Higher taxon

a Geryon Geryon trispinosus (Herbst, 1803) Brachyura: Portunoidea
b Corystes Corystes cassivelaunus (Pennant, 1777) Brachyura: Corystoidea
c Scyramathia (Rochinia) Pisa tetraodon (Pennant, 1777) Brachyura: Majoidea
d Paralomis Lithodes maja (Linnaeus, 1758) Anomala: Lithodoidea
e Lupa (Portunus) Portunus pelagicus (Linnaeus, 1758) Brachyura: Portunoidea
f Chorinus Leptomithrax sp. (Miers, 1876) Brachyura: Majoidea

Fig. 2   Images used for our analysis based on real animals. First row: 
surface visualizations of three-dimensional scanned carapaces. Sec-
ond row: two-dimensional orthogonal projections of carapaces with 
eight landmarks in homologous positions (yellow dots). Third row: 
two-dimensional carapace silhouettes with Thompson-like grids. 

Fourth row: a Geryon carapace with an artificial grid that is used for 
the visualization of transformations applied to Geryon. b Image con-
sisting of multiple alphabets used for the visualization of B-Spline-
based transformations
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(a), which is not as wide as Thompson’s equivalent and thus 
required additional movement of the left and right borders. 
The generation of the inner grid parts was straightforward 
except for (c), (d), and (f). Here, Thompson tried to create 
conformal grids. We used the Schwarz–Christoffel Toolbox 
for Matlab (Driscoll 1996) to create such conformal grids. 
Again, we sampled the grids with landmarks. Finally, we 
computed the transformations of our digitized real animals 
based on the black-and-white silhouettes, homologous land-
marks, and the artificial Thompson-like grids.

Transformations based on landmarks were computed by 
applying Bookstein’s thin-plate splines (Bookstein 1989). 
This method was used for transformations based on grids 
(using the landmark—sampled grids; applied to Thompson’s 
original grids and our newly generated grids) and for the 
eight manually placed landmarks. Transformations based on 
superimposing the black-and-white silhouettes were com-
puted using parametric image registration. We used B-Spline 
transformations as parametrization, the Kappa similarity 
metric combined with distances between additional land-
marks as metric, and stochastic gradient descent as opti-
mizer. In this way, we can create optimal solutions that either 
handle almost all shape details (using a fine B-Spline grid) 
or lead to simpler regular grids (using a coarse B-Spline 
grid). The Kappa similarity metric measures the overlap of 
the black carapace areas. Since when only considering the 
silhouette overlap, we observed too much freedom in the 
choice of the transformation, we included additional manu-
ally placed landmarks to guide the registration process. 
In case of the digitized real animals, we simply used the 
already existing eight homologous landmarks. In case of 
Thompson’s drawings, we created eight landmarks on the 
border of the silhouette (Fig. 1, row 3). All computations 
were carried out with the registration software Elastix (Klein 
et al. 2010).

Results

Testing Thompson’s grid transformations

As a first step, Thompson’s own transformations of his illus-
trations were tested. Thompson (1917) used the carapace of 
Geryon (a) as reference shape for all grid-based transforma-
tions. By contrast, we computed the grid-based transforma-
tions between (a), (b), and (c), and between (d), (e), and (f), 
respectively, because the Thompson grids of (a), (b), and 
(c) have five horizontal lines, while (d), (e), and (f) only 
have four (Fig. 1). Furthermore, as opposed to Thompson, 
we performed the transformations in both directions, e.g., 
from (a to b) and from (b to a) (Fig. 3). Depending on the 
individual images, this test shows different degrees of simi-
larity between the transformed shapes and the targets. The 

transformation from (a to b) and vice versa is quite accu-
rate; in all other cases, the carapace transformations do not 
correspond to Thompson’s carapace drawings (see second 
columns). The largest deviations appear in the transforma-
tions including the triangular carapaces of the spider crab 
(Majoidea) species Rochinia (c) and Chorinus (f) because of 
differences in the anterior region. Interestingly, the degree of 
some of the observed aberrations appears to be different with 
respect to the direction of transformation. Again, this relates 
to the spider crab shapes. This is, for instance, the case when 
(a to c) is compared with (c to a). Transformation of (a to c) 
results in a narrow, more or less rectangular shape, whereas 
the target shape is distinctly triangular tapering toward the 
anterior. By contrast, the grid transformation in the opposite 
direction (c to a) leads to an oval shape that surprisingly 
appears quite congruent to the target. This might be a mere 
psychological effect, because the areas that do not overlap 
are horizontally stretched.

The transformation of Thompson’s carapace 
drawings based on silhouettes

In a second step, we transformed the carapace shapes of 
Thompson’s drawings to test, how the grids are affected 
(Fig. 3). In this case, it was possible to use Geryon, shape 
(a), as reference for all other carapace shapes (Figs. 4, 5). To 
create optimal transformations of shape, we used B-Splines 
in two different ways: first, we used a very fine grid spacing 
of 32 pixels which leads to an almost perfect overlapping 
of the silhouettes but also strongly distorted and complex 
grids (4). These grids are greatly divergent from those of 
Thompson (compare Figs. 1 and 4). This is even the case 
in the seemingly simple transformation of (a to b) (Fig. 4). 
Assuming that Thompson tried to find simple global trans-
formations, we applied a second B-Spline parameterization 
with a coarse grid spacing of 320 pixels. This led to simple 
and more regular grids while maintaining a relatively good 
shape congruence (Fig. 5). Nevertheless, as in the grid-based 
transformations (Fig. 3), the degrees of similarity between 
our results and those of Thompson differ depending on the 
individual transformations. The (a to b) and (a to d) grids are 
similar to those of Thompson. By contrast, the curvatures of 
Thompson’s (1917) grid curves for (a to c), (a to e), and (a to 
f) seem to be arbitrary (Fig. 5, row 4). For instance, the grid 
lines of the transformation (a) to (e) converge, whereas those 
of Thompson (1917) diverge. Likewise, the strongly diverg-
ing lines of Thompson’s (a to f) transformation could not 
be obtained with our approach. 

Applying transformations to real crabs

The large aberrations revealed by our test of Thompson’s fig-
ures led to the question whether this inaccuracy is an effect 
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of his relatively simple drawings or whether his method is 
inappropriate to grasp form shape changes of crab carapaces. 
To address this, we applied corresponding tests on digitized 
real crab carapaces.

The transformations of the digitized real animals using 
the Bookstein-warping grid-based transformations led to 
similar results as our grid transformations based on Thomp-
son’s drawings (Fig. 6). This similarity relates to the degrees 
of congruence and even the specific patterns of overlap 
(compare Fig. 6 with Fig. 3).

As is true for Thompson’s sketches, the very fine B-Spline 
grid spacing of 32 pixels of the real carapaces led to trans-
formed silhouettes that are greatly congruent with the 
targets, but the grids show dramatic distortions including 
intersecting lines as in (a to c) (Fig. 7). This situation is 

much more relaxed in the 320-pixel spacing. Yet, the cara-
pace shapes are more irregularly formed (Fig. 8). This con-
cerns, in particular, the spines at the margins of the silhou-
ettes (Fig. 8). Moreover, the resulting grids still differ to a 
large degree from those of Thompson’s drawings. The best 
approximations are reached in (a to b) and (a to d).

Landmark‑based transformation of real crabs

Thompson did neither explain whether nor how he used 
landmarks on the animal shapes for the construction of 
his crab carapace grids and their subsequent transforma-
tions. If, indeed, morphological structures were integrated 
wholes with strong correlations between most of their 
parts, transformations of a set of relatively few landmarks 

Fig. 3   Original images of Thompson (1917) transformed with 
Thompson’s grids using Bookstein warping. The Bookstein warp-
ing uses landmarks regularly distributed along the original grid lines 
(Fig. 1, row 2). The first three rows show all transformations between 
(a), (b), and (c). The final three rows show all transformations 
between (d), (e), and (f). It is not possible to compute any other trans-

formation [e.g., between (a) and (d)], because the Thompson grids 
of (a–c) have five horizontal lines, while (d–f) only have four. The 
respective first columns only show transformed shapes and grids. The 
second columns show the transformed shapes in blue and the target 
shapes in red
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in putatively homologous positions should result in con-
gruence between the transformed reference shape (a) and 
the targets. The results can be found in Fig. 9, second row. 
In addition, the original grid was also transformed with 
respect to the same landmarks. The results are shown in 
Fig. 9, third row. This analysis reveals in some cases (a 
to b, a to e) a reasonable in others a poor (a to c, a to f) 
overlap of carapace shapes. As in all experiments of our 
study, the two majoid species (c) and (f) cause the biggest 
problems.

Discussion

Computation of transformations

Thompson strove for simple transformations that would 
allow him to transform the silhouettes of the crab cara-
paces into one another. Guided by this motivation, we 
looked for a mathematical method that would also create 
simple transformations while, at the same time, require 

Fig. 4   Original images of Thompson transformed with B-Spline 
transformations using a grid spacing of 32 pixels. First row: trans-
formed silhouettes. Second row: areas only belonging to the trans-
formed silhouettes in blue, only belonging to the target silhouettes in 
red, and belonging to both in black. Third row: transformed shapes 

with grids. Fourth row: pixels only belonging to the transformed 
shapes in blue, only belonging to the target shapes in red, and belong-
ing to both in black. Fifth row: transformation applied to alphabet 
image
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little or no user input. B-spline transformations (Rueckert 
et al. 1999) represent such a method that has the advantage 
that one can easily adjust the degree of detail by chang-
ing the resolution of the grid of control points. Very fine 
grid resolutions often lead to transformations with the 
almost perfect match of the transformed silhouettes with 
the trade-off that the resulting transformations are often 
complex. Coarser grid resolutions, on the other hand, lead 
to simpler transformations while trading the accuracy of 
the matching. Hence, B-spline transformations seem to be 

a good choice, because they allow the adjustment of the 
degree of simplicity.

Additionally, they can be combined with expert input in 
the form of landmarks as additional constraints. Hence, the 
landmark-guided approach also seems to be well justified. 
Ignoring this additional information often leaves too much 
freedom in the search for transformations. With the addi-
tional cues provided by the landmarks, however, we obtain 
both meaningful and simple transformations, where the 
degree of simplicity can be guided by a single parameter. 

Fig. 5   Original images of Thompson transformed with B-Spline 
transformations using a grid spacing of 320 pixels. First row: trans-
formed silhouettes. Second row: areas only belonging to the trans-
formed silhouettes in blue, only belonging to the target silhouettes in 
red, and belonging to both in black. Third row: transformed shapes 

with grids. Fourth row: pixels only belonging to the transformed 
shapes in blue, only belonging to the target shapes in red, and belong-
ing to both in black. Fifth row: transformation applied to alphabet 
image
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Of course, the transformations that we computed might 
not be the only meaningful and simple transformation that 
allows a good matching of the carapace silhouettes used by 
Thompson. However, our results clearly show that other 
simple transformations exist that lead to an even better 
matching of the silhouettes than by applying Thompson’s 
transformations.

The computation of simple transformations leading to 
good correspondences with little distortions is still an active 
research topic. In this respect, the computation of conformal 
transformations is of interest, in particular, since Thompson 
also used them. One problem with conformal transformation 
is, however, that their exact computation is often not possi-
ble (see Segall and Ben-Chen 2016). Moreover, computation 
of conformal transformations also needs additional guidance 
concerning the boundary correspondence. In this article, we 

followed the B-spline approach, because it is simpler and 
more easily accessible. Nevertheless, conformal transforma-
tions represent another promising approach that would be 
interesting to look into in the future.

Thompson’s Cartesian transformations

Most of the original images transformed by us do not match 
the versions presented by Thompson (1917; see Fig. 3). It is 
obvious that only the simple transformation of lateral com-
pression shows a satisfactory result (Geryon to Corystes, 
Fig. 3, a to b). The more complex the grid transformation, 
the less reliable is the match of the resulting images. The 
transformation of the grid of Geryon (a) to that of Rochinia 
(c) does not lead to a spider crab (Majoidea) as is depicted in 
Thompson’s illustration and this is true for other examples, 

Fig. 6   Digitized real carapaces transformed with artificial Thompson-
like grids using Bookstein warping. The Bookstein warping uses 
landmarks regularly distributed along the artificial grid lines (Fig. 2, 
row 3). The respective first columns only show the transformed sil-

houettes. The second columns show areas only belonging to the trans-
formed silhouettes in blue, only belonging to the target silhouettes in 
red, and belonging to both in black
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as well (Fig. 3). Methodically, these mismatches might be 
partly due to the inconsistent use of the grid by Thompson 
and the apparent absence of defined landmarks. For instance, 
it is not clear whether the anteriormost horizontal line marks 
the anterior tip of the animal or the anterior end of the eyes. 
Likewise, the number of horizontal lines varies between 4 
and 5 with unclear correspondence in the posterior region 
and the (e) carapace is depicted without the posterior end.

Thompson (1917: 724) described his approach as if he 
had inscribed the outline of an organism (shape) in a sys-
tem of Cartesian co-ordinates, which in a second step, it 
was transformed into a new shape based on changes in the 
grid co-ordinates (see above). By contrast, however, based 
on our results, we hypothesize that Thompson had drawn 
silhouettes copied from the animals and only secondarily 

superimposed the grid patterns that superficially would fit 
the proposed transformation. This would also explain the 
discrepancies noticed by Bookstein (1977: 181) in the trans-
formation of the porcupine-fish to the sunfish as mentioned 
above. However, the relatively good match of the lateral 
compression of the grid of (a) and the resulting carapace 
with that of (b) might be caused by a different approach. 
Here, the result of the grid compression looks similar to the 
carapace of the digging crab species Corystes, and thus, it 
was called that way. A comparison with a real Corystes cara-
pace, however, reveals quite a different shape (see Fig. 2b).

The B-Spline method shows that, in most cases, the grids 
used by Thompson are too simple. Not surprisingly, a fine 
spacing with an almost perfect congruence of carapace 
shapes demonstrates many deviations from Thompson’s 

Fig. 7   Digitized real carapaces transformed with B-Spline trans-
formations using a grid spacing of 32 pixels. First row: transformed 
silhouettes. Second row: areas only belonging to the transformed sil-
houettes in blue, only belonging to the target silhouettes in red, and 

belonging to both in black. Third row: transformed silhouettes with 
grids. The close-up for (a) to (c) shows strongly distorted, intersecting 
grid lines. Fifth row: transformation applied to alphabet image
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original grids. The notable exceptions are Paralomis (d) 
which shows a similar converging line pattern. The more 
relaxed approach with a coarser spacing improves the situ-
ation with the compromise of a greater difference between 
transformed shapes and their targets.

Given the observed differences and difficulties, the 
question arises whether Thompson’s method was really 
developed to describe the shape or “Gestalt” in every 
detail or just the underlying structure. He never explicitly 
mentioned this in the text, but from the treatment of the 
problem, one can deduce that he aimed to describe proper 
changes of shape and not just of underlying structures. He 
wrote, “…the chief, and indeed the essential, condition 
is, that the form of the entire structure under investigation 
should be found to vary in a more or less uniform manner, 
…” (Thompson 1917: 726). In particular, this is the case in 

the example of the crab carapaces: “In a little more detail 
we may compare the outline of the carapace in various 
crabs one with another: and the comparison will be found 
easy and significant, even, in many cases, down to minute 
details, such as the number and situation of the marginal 
spines, though these are in other cases subject to independ-
ent variability.” (Thompson 1917: 744).

It is obvious that the mathematical description or 
even quantification of complex shape changes requires 
a more complicated approach as has already previously 
been shown (e.g., Sokal and Sneath 1963; Bookstein 
1977; MacLeod 2008) and, perhaps, it is an impossible 
task altogether. In any case, despite his recognition of the 
occasional occurrence of “independent variations” and 
“localised centres of diminished or exaggerated growth” 
(Thompson 1917: 726) which lead to deviations from a 

Fig. 8   Digitized real carapaces transformed with B-Spline transfor-
mations using a grid spacing of 320 pixels. First row: transformed 
silhouettes. Second row: areas only belonging to the transformed sil-

houettes in blue, only belonging to the target silhouettes in red, and 
belonging to both in black. Third row: transformed silhouettes with 
grids. Fifth row: transformation applied to alphabet image
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simple transformation, it is obvious that Thompson sim-
plified the matter.

Transformations of digitized carapaces of real 
animals

The analyses using digitized real crab carapaces show 
largely corresponding results to those of Thompson’s 
drawings. Using Thompson’s grid patterns and transform-
ing these to each other does not result in a reasonable 
shape congruence between most of the transformed sil-
houettes and the targets. As with Thompson’s drawings, 
the generation of the shapes of the majoid representatives 
is most problematic (Fig. 6). The triangular form is never 
achieved. This reveals that the diverging lines used by 
Thompson to characterize the structure of the majoid cara-
paces are inappropriate to represent the transformation of 
trapezoid (Geryon), vertically oval (Corystes), and trans-
versally oval (Portunus) carapaces to the triangular cara-
paces of majoids (Rochinia/Pisa and Chorinus/Leptomith-
rax). By contrast, the likewise triangular shape of lithodids 
is much better represented by the converging lines used by 

Thompson as is shown by the transformation of the grid of 
Portunus to that of Paralomis/Lithodes. Surprisingly, the 
inverted transformations from the majoid grids to those 
of Geryon, Corystes, and Portunus lead seemingly to a 
much better congruence between transformed and target 
silhouettes. Again, this is the case for Thomson’s drawings 
and the digitized carapaces. The reason for this might be 
a matter of perception. The size of the areas that do not 
overlap is the same in both directions of transformation. 
However, the different contours and positions lead to dif-
ferent impressions of shape similarity.

The fine B-spline grid spacing leads to complex grids, 
which differ even more from Thompson’s originals. In the 
case of the majoids Pisa and Leptomithrax and the lithodid 
Lithodes, this approach leads to crossing lines and is beyond 
a simple Cartesian grid transformation. This changes with 
the coarse, more relaxed B-Spline transformation. As with 
the drawings of Thompson, the match between the silhou-
ettes is worse and the grids get more regular. Yet only those 
of Corystes and Lithodes resemble Thompson’s original 
grids. The others differ to various degrees. Portunus does 
not show diverging straight lines but an almost rectangular 

Fig. 9   Digitized real carapaces transformed with projected homolo-
gous landmarks using Bookstein warping. First row: transformed 
silhouettes. Second row: areas only belonging to the transformed sil-

houettes in blue, only belonging to the target silhouettes in red, and 
belonging to both in black. Third row: transformed silhouettes with 
grids
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arrangement and the two majoid species reveal grids of an 
hourglass shape.

If a structural integration of shape transformation is 
assumed, a relatively low number of landmarks as basis 
for the calculation of transformation of one carapace shape 
into another should lead to satisfying results. As in all other 
approaches, the majoid shapes cause the biggest problems. 
Again, it is not possible to arrive at their triangular shape. 
Apparently, the majoid shape requires more landmarks than 
used by us. By contrast, as in the other experiments, the sil-
houette of the lithodid is satisfactorily achieved. Although 
it is also triangular. The resulting grids are all more or less 
showing a rectangular structure with the notable exception 
of that of Lithodes, which reveals the characteristic converg-
ing lines as in Thompson’s original.

In summary, all approaches tested by us have to opti-
mize between the exact shape and a simple geometric trans-
formation. The better the transformed shape matches the 
target, the more complex the grid transformation becomes. 
In extreme cases, the grid is even dissolved and vortices 
are created. On the other hand, if the transformation of the 
grid is kept simple, the degree of congruence between the 
transformed morphological shape and the target is low. This 
could indicate that the interdependency between parts of 
an evolutionarily altered morphological structure is either 
very complex or that there is no interdependency, and the 
parts are individually and independently transformed in the 
course of evolution.

Transformation and evolution

In Thompson’s transformation series (and consequently in 
ours), five of the six carapaces are from brachyuran crabs, 
in particular of the three eubrachyuran groups Majoidea, 
Portunoidea, and Corystidae (Table 1). The sixth carapace 
is not from a brachyuran. It stems from a species of the 
Lithodoidea, a group that is nested within hermit crabs 
(Paguroidea), but gave up the habit of living in gastropod 
shells (see Richter and Scholtz 1994; Reimann et al. 2011; 
Keiler et al. 2017; Noever and Glenner 2018) (Table 1). In 
the course of evolution, this led to a triangular appearance of 
the carapace, which closely resembles that of majoid brach-
yuran crabs (Scholtz 2014). Paguroids including lithodids 
belong to a large and very diverse decapod group called 
Anomala or Anomura (e.g., Reimann et al. 2011; Tan et al. 
2018), which is most likely the sister group to Brachyura 
(e.g., Scholtz and Richter, 1995; Shen et al. 2013: Wolfe 
et al. 2019). Hence, this species is only distantly related to 
the brachyurans and the triangular carapace is the result of 
convergent evolution (Scholtz 2014; Keiler et al. 2017). 
There is no indication that Thompson was aware of the fact 
that one of the carapaces does not belong to a brachyuran 
(see Scholtz 2014).

As shown above, the shape of Majoidea is too different 
from that of other brachyuran crabs to be represented by a 
simple transformation. By contrast, the far more distantly 
related non-brachyuran crab Lithodes maja shows acceptable 
results concerning the transformation methods carried out 
by us. Hence, our transformation experiments show that the 
form change between closely related brachyurans is more 
complex than between some brachyurans and distantly 
related anomalan species that underwent convergent evo-
lution towards a brachyuran carapace shape. This example 
shows that Thompson’s approach to transformations has no 
reliable predictive power. Paguroid hermit crabs are by no 
means intermediate forms between brachyuran crabs with 
trapezoid carapaces and lithodids.

Hence, these findings are not only problematic with 
respect to current views about decapod phylogeny, they also 
contradict Thompson’s own views about continuity of form 
within a given group and discontinuity including larger gaps 
between them (Thompson 1917, 1942).

Nevertheless, despite the problematic aspects of Thomp-
son’s approach, there are cases in which evolutionary 
transformations can be described by relatively simple grid 
transformations. However, the crucial question is how this 
phenomenon can be explained. As Breidbach (2008: 18) 
stated, Thompson “did not achieve an analytical framework 
underlying the pictures he used.” Hence, one can think 
of several interpretations of Thompson’s examples. Are 
Thompson’s transformations nothing but a special case of a 
(functional) correlation of two or more characters (Hennig 
1950: 169)? Are they an indication of some sort of internal 
stabilizing mechanism such as a genetic or developmental 
character integration (Riedl 1975; Wagner 2014)? Are they 
just a trivial result of form change, in which inherited char-
acters are used and altered without any integration mecha-
nism just, because they are there, in other words, the evolu-
tionary principle of the “use of existing structures” (Scholtz 
2017)? These questions lie at the heart of morphology as a 
discipline (Gould and Lewontin 1979; Scholtz 2010; Richter 
and Wirkner 2013; Wanninger 2015) and there is no defini-
tive answer yet.

Scientific icons

A number of scientific images have gained iconic status. 
These icons of science are characterized by the circulation 
of numerous copies and modifications and show a great 
impact on science and culture (Hopwood 2015). Well-
known examples for this are the evolutionary branching 
diagram published by Darwin (1859), the cartoon of the 
“raise of man” by Huxley (1863), the table of compara-
tive evolutionary embryology by Haeckel (1872), and 
the image of the DNA double helix by Watson and Crick 
(1953) (for comprehensive accounts of this topic, see 
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Gould 1989; Bredekamp 2005; Hopwood 2015). Many 
of the images of Thompson’s book (1917), in particular 
those on the theory of transformation, fall into the same 
category, i.e., they became icons of science with an enor-
mous impact even far beyond science.

Interestingly, despite their great impact, some of these 
iconic images are based on erroneous assumptions, wrong 
concepts, great simplifications, and different degrees of 
manipulation. Darwin’s evolutionary “tree” is probably 
based on an alga that he collected during his cruise with 
the Beagle and which he mistook for a coral (Bredekamp 
2005). Huxley’s arrangement of apes and human in row 
has been criticized for exemplifying the rather ancient, 
pre-evolutionary idea of the great chain of being (see 
Lovejoy 1936) instead of that of evolution, which has to 
be represented by a branching diagram (Gould 1989). The 
most notorious example, however, is the embryonic table 
of Haeckel, for which Haeckel has been accused of manip-
ulation of details and even fraud to make the pictures fit 
his evolutionary ideas (see Hopwood 2015).

Our data show a distinct misfit between Thompson’s 
claims concerning Cartesian transformation and what actu-
ally happens to the images when Thompson’s method is 
used. It is not clear whether these discrepancies are based 
on intention, i.e., that Thompson manipulated the data to 
some degree to gain a better fit to his ideas. Yet, it must be 
stressed that we tested only one of several figures and the 
other examples used by Thompson have to be analyzed with 
the same scrutiny before a general conclusion can be drawn. 
Nevertheless, Bookstein’s (1977) critique of Thompson’s 
moonfish image and the video loop on human to chimpanzee 
skull transformation of O’Neill (2009) strongly suggest that 
more of Thompson’s images are problematic.
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