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A B S T R A C T

The class Polyplacophora (chitons) represents a dorsoventrally flattened mollusk group that has an oval-shaped 
body covered with eight overlapping sclerites providing bilateral symmetry. Chitons show abnormalities (tera-
tologies) that are characterized by symmetry deviations between the right and left sides of their bodies. As these 
deviations do not result in damage that affects vital functions, chitons are able to reach adult stages. In this study, 
we quantify the asymmetric condition of the species Chiton articulatus using a landmark-based geometric 
morphometric approach to assess variation in shape and bilateral symmetry. A geometric configuration of 22 
landmarks and 50 semi-landmarks was created to evaluate shape variation in abnormal and deformed specimens 
compared to normal Chiton articulatus specimens. Vectors of change in the body shape configurations of chitons 
indicate that the greatest change occurs in the anterior part of the body, with less change in the middle and 
posterior parts. This gives chitons a widened appearance and provides anatomic compensation to restore the 
bilateral symmetry of the body scleritome. The diverse abnormalities and deformities had little impact on shape 
variations and confirmed that the coalescence condition is an intermediate step between a normal condition and 
the abnormal conditions of hypomerism or hypermerism. The low levels of fluctuating asymmetry expressed in 
C. articulatus indicate that despite living in areas of high stress, such as the rocky intertidal coast, this species 
maintains stability in its development and shape. Our results can serve as a model for studying bilateral sym-
metry deviation in polyplacophorans.   

1. Introduction

Bilateral symmetry is the simplest type of symmetry in biological
systems (Savriama 2018). The left and right sides of an organism with 
bilateral symmetry have a gene configuration that expresses the same 
shape on each side (Palmer 1994; Finnerty et al. 2004), making the left 
and right sides appear as mirror images in the sagittal plane of the body 
plan (Holló 2015). Bilateral symmetry is maintained regardless of the 
position and orientation of the body plan (Palmer 1994; Manuel 2009). 
In Bilateria, at least three types of symmetry deviations characterize the 
body plan (Palmer 1994): directional asymmetry, antisymmetry, and 

fluctuating asymmetry (Klingenberg 2015; Scalici et al. 2017), with 
fluctuating asymmetry being the most frequent type. Fluctuating 
asymmetry involves variation between the left and right sides caused by 
small disturbances that occur during embryological development that 
accumulate and are expressed on one side of the body plan (Dongen 
2006; Gutiérrez-Cabrera et al., 2022; Klingenberg 2022). Although this 
asymmetric condition can cause an abnormal shape (i.e., small differ-
ences between the right and left sides) due to random developmental 
processes, fluctuating asymmetry does not cause functional damage in 
organisms in which it occurs (Benítez et al. 2020) and has a statistic 
distribution of about an R − L mean of zero compared to other types of 
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symmetry (Palmer 1994). 
Polyplacophorans are mollusks with dorsoventrally flattened, oval- 

shaped bodies that are typically covered by eight overlapping sclerites 
(also called plates or valves) (Ruppert & Barnes 1996; Anderson 2001; 
Brusca & Brusca 2005). The sclerites create iterative units that are ar-
ranged in series (Kingston et al. 2020) along an anteroposterior axis in 
the scleritome (i.e., the collective set of sclerites that form the articu-
lated shell of polyplacophorans). These units share certain inherent 
morphological structural properties (Scholtz 2021) and provide bilateral 
symmetry to the scleritome. The body shape of polyplacophorans can 
serve as a model by which to study abnormal expressions that deviate 
from bilateral symmetry. 

For decades, abnormalities (teratologies) have been observed in the 
scleritome of various polyplacophorans (e.g., Taki 1932; Dell’Angelo & 
Schwabe 2010). There are several types of teratologies. These are 
characterised by the number of sclerites (valves or plates), either 
increased (hypermerism) or decreased (hypomerism); the fusion be-
tween sclerites (coalescence); and the division of sclerites (splitting) 
(Crozier 1919; Pelseneer 1919; Chace & Chace 1930; Berry 1935; Roth 
1966; Burghardt & Burghardt 1969; Langer 1978; Dell’Angelo 1982; 
Dell’Angelo & Cianfanelli 2002; Anseeuw & Terryn 2003; Prelle et al. 
2013; Torres et al. 2018, among many others). Recently, complex 
combinations of abnormalities (Avila-Poveda et al. 2019), as well as a 
putative spiral malformation condition called helicomery (Scholtz 
2021), have been described. At first sight, these abnormalities show an 
ellipsoid outline with unnoticeable asymmetry between the right and 
left sides of the scleritome (Fig. 1). 

Abnormalities in the scleritome of chitons are caused by an uncon-
trolled deposition of calcium carbonate at the anterior margin of the 
sclerites during embryonic development prior to settlement, resulting in 
deformations in the scleritome contour formation pattern (Taki 1932; 
Kniprath 1980; Kocot et al. 2016). Whether the change occurs to a 
greater or lesser extent over the oval body appearance of these organ-
isms, it apparently does not cause damage that affects their vital func-
tions (Taki 1932) or their survival, since these changes have been 
observed in abnormal chitons that have reached adult stages (e. g., 
Avila-Poveda et al. 2019; Kingston et al. 2020). This demonstrates that 
“although an asymmetric condition gives an abnormal appearance in 
shape, fluctuating asymmetry does not represent functional damage in 
individuals who present it” (Benítez et al. 2020). Consequently, this 
fluctuating asymmetry could serve as a proxy for analysing the bilateral 
symmetry of normal and abnormal polyplacophorans. 

The change in body shape of abnormal chitons has been analysed 
through classical morphometrics, using length/width ratio to describe 
the compensation that occurs towards elongation (Taki 1932) or 
width/length ratio to describe the compensation that occurs towards 
widening (Avila-Poveda et al. 2019). Abnormal chitons possess a 
widened body shape based on their width/length ratio; this ratio 

increases compared to that of normal chitons and could reflect a form of 
an anatomic compensation intended to restore the bilateral symmetry of 
the body scleritome (Avila-Poveda et al. 2019). From a top-view 
perspective, chitons have an elliptic oval body shape that adjusts to 
either a broad-oval, oval, and/or elongated-oval shape (Schwabe 2010). 
Therefore, the height/width ratio of the intermediate valve helps to 
define dorsal elevation for chitons as being either low, moderate, or high 
(Kaas & Van Belle 1981; Schwabe 2010) and is used as a feature in the 
phylogenetic analysis of chitons (Sigwart et al. 2007). The length/width 
ratio helps to define body shape as being broad oval, oval, or 
elongated-oval (Schwabe 2010; Avila-Poveda 2013). A width/length 
ratio is sometimes used to support taxonomic morphometric de-
scriptions (e.g., Ferreira 1983; Sampedro-M et al. 2012; Quintana & 
Hernández 2021) or to explore morphological differences between 
ecotypes and ecoregions (Sirenko & Ibañez 2023). 

Landmark-based geometric morphometric features have been effec-
tively used to characterize shape and size variation across populations in 
a wide diversity of Mollusca and ecological contexts (e.g., Teso et al. 
2011; Dunithan et al. 2012; Tamburi & Martín, 2013; Yuvero & Giménez 
2021; Doyle et al. 2022). Polyplacophorans, in particular have a body 
outline that is covered by the mantle girdle, which delineates an ellipse 
but hides access to anatomical landmarks (such as shallow notches on 
the lateral margins of each sclerite). Taking advantage of this oval 
elliptical contour, Salloum et al. (2020) delineated the mantle girdle and 
applied Fourier elliptic analysis (Kuhl & Giardina 1982) to measure and 
compare body shape variation in several populations of the chiton 
species Onithochiton neglectus and found that the northern and southern 
populations were separated according to their shape, which corresponds 
to a regionally variable ecological association that links the chiton to 
kelp holdfasts. On the other hand, while our manuscript was in under-
going a peer review process, a new article was published that revealed a 
landmark-based geometric morphometric analysis of chitons whose 
mantle girdle was maintained. The authors used the intersection of the 
sclerites as homologous points to describe the shape and size variation of 
the chiton Stenoplax limaciformis between marine ecoregions and found 
that although there are differences in shape among marine ecoregions, 
these differences are not associated with centroid size, and therefore 
allometry is not significant between marine ecoregions (Hernández-P 
et al. 2023). 

Chiton articulatus is a polyplacophoran endemic to the Mexican 
Tropical Pacific; specimens with a complex combination of abnormal-
ities (i.e., teratologies) have been reported (Avila-Poveda et al. 2019), 
and recently the authors of this paper discovered some specimens with 
deformities (i.e., having eight sclerites but unusual body outlines) that 
seem to modify the bilateral symmetry of the scleritome. Since the 
mantle girdle was removed from these chitons, it is possible to access the 
slit rays on the lateral margins of each sclerite, which serve as 
anatomical reference points (Taki 1932; Avila-Poveda et al. 2019). 

Fig. 1. Schematic drawings of abnormal chitons exhibiting bilateral asymmetry in the scleritome outline. 1. Acanthochiton rubrolineatus, 8 mm TL (Taki, 1932); 2. 
Acanthopleura gemmata, 52 mm TL (Dell’ Angelo & Schwabe, 2010); 3. Acanthopleura granulata, 35 mm TL (Kingston et al. 2020); 4. Chiton articulatus, 54 mm 
SL (Avila-Poveda et al. 2019); 5. C. articulatus, 61.5 mm SL (Avila-Poveda et al. 2019); 6. C. articulatus, 33 mm SL (this study); 7. C. articulatus, 53.3 mm SL 
(Avila-Poveda et al. 2019); 8. C. articulatus, 54 mm SL (this study); 9. C. articulatus, 64 mm SL (Avila-Poveda et al. 2019); 10. C. articulatus, 37.5 mm SL 
(Avila-Poveda et al. 2019); 11. C. articulatus, 52 mm SL (Avila-Poveda et al. 2019); 12. C. articulatus, 45.6 mm SL (Avila-Poveda et al. 2019); 13. C. articulatus, 
61 mm SL (this study); 14. C. articulatus, 55 mm SL (Avila-Poveda et al. 2019); 15. C. articulatus, 49.1 mm SL (Avila-Poveda et al. 2019); 16. C. articulatus, 44.1 
mm SL (this study); 17. C. articulatus, 40.2 mm SL (this study); 18. C. articulatus, 40.7 mm SL (this study); 19. C. articulatus, 57.6 mm SL (this study); 20. C. 
articulatus, 60.7 mm SL (this study); 21. Chiton magnificus, 19 mm TL (Torres et al. 2018); 22. Chiton olivaceus, 26 mm TL (Baschieri et al. 1992); 23. C. olivaceus, 
16 mm TL (Dell’Angelo & Palazzi, 1983); 24. Craspedochiton laqueatus, 11.8 mm TL (Anseeuw & Terryn, 2003); 25. Eudoxoplax inornata, * (Iredale & Hull, 
1925); 26. Ischnochiton rissoi, 22 mm TL (Baschieri et al. 1992); 27. Liolophura japonica, 40 mm TL (Taki 1932); 28. Liolophura queenslandica, * (Iredale & Hull 
1925); 29. Nutallina sp, 33.4 TL (Berry, 1935); 30. Placiphorella stimpsoni, 33 mm TL (Taki, 1932); 31. Tonicella granulata, 17 mm TL (Dell’Angelo, 1982); 32. 
Tonicella rubra, 16.4 mm TL (Langer, 1978); 33. Tonicia atrata, 30.8 TL (Guillén & Urteaga, 2019); 34. Tonicia sueziensis, 11.9 mm (Anseeuw & Terryn, 2003). 
The thick black arrows indicate the direction in which the sclerite widens or narrows towards the outline of the scleritome. Thin black arrows within the sclerites 
indicate the direction in which the sclerite(s) widens or narrows along the anteroposterior axis of the scleritome. TL = Total length, SL= Scleritome length. TL can be 
obtained through an equation applicable to large size chitons in the adult stage: TL = SL + 7 mm (Avila-Poveda et al. 2020). Scale bar is 10 mm except in numbers 1, 
21, 22, 23, 24, 26, 31, 32, 34, where scale bar is 1 mm * No length measurements. §Abnormal chiton that may present in a malformed pattern such as helicomery, 
according to Scholtz (2021). The dotted line and number indicate the degree of inclination. Each chiton was redrawn from its respective publication. 

B.P. Ramirez-Santana et al.                                                                                                                                                                                                                  



Zoologischer Anzeiger 306 (2023) 37–50

40

Therefore, these abnormal specimens may serve as a model for analysing 
shape variation, using a landmark-based geometric morphometric 
approach to assess variation in shape and bilateral symmetry of the 
scleritome. 

The aim of this study is to assess whether complex abnormalities in 
Polyplacophora generate asymmetry between the right and the left side 
or retain their bilateral symmetry with a normal oval body shape. Here, 
we present the first landmark-based protocol for quantifying the shape 
variation of the scleritome body outline in abnormal and deformed 
specimens compared to normal Chiton articulatus specimens. We also 
provide information on the direction and magnitude of the shape vari-
ation to test whether coalescence is an intermediate step between the 
normal condition and the conditions of hypomerism or hypermerism, as 
proposed by Avila-Poveda et al. (2019). 

2. Material and methods 

2.1. Source and handling of chitons 

For this study, 396 randomly collected adult chitons were used 
during a monthly research project that was carried out from 2015 to the 
present in seven locations throughout the geographic distribution of 
Chiton articulatus in the Mexican Tropical Pacific (Avila-Poveda 2020). 
Of these 396 chitons, 17 had scleritome abnormalities. Table 1 describes 
12 abnormal chitons (i.e., with teratologies) and 5 deformed chitons (i. 
e., those with eight sclerites but unusual body outlines) of Chiton artic-
ulatus, which were used in this study to validate the geometric 
morphometric protocol and assess possible asymmetry in the shape of 
the scleritome. All chitons were relaxed to keep their shapes as natural as 
possible (Avila-Poveda 2013). 

To facilitate the understanding of the terms that are used here to 
refer to the different types of body conditions presented by chiton 
scleritome, we have provided some definitions based on Dell’Angelo and 
Schwabe (2010) and the Cambridge Dictionary: 

- normal: refers to the ordinary chiton, which always has eight struc-
turally well-formed sclerites that make up an oval shape in a com-
mon pattern (i.e., the body scleritome of chitons). 

- abnormal: refers to chitons whose features differ from those of ordi-
nary chitons with regard to the sclerites and the scleritome due to 
any teratology (i.e. hypermerism, hypomerism, coalescence, or 
splitting) and the combinations among them that modify the usual 
oval shape of the body scleritome.  

- deformed: refers to a chiton that always has eight sclerites but one or 
more of them has developed irregularly on any of its sides, thus 
modifying the normal oval shape of the body scleritome. 

Coalescence refers to the way in which the sclerites merge. In ho-
mogeneous coalescence, the sclerites are merged to form a single sclerite 
that shows no visual traces of its junction, whereas in heterogeneous 
coalescence, traces of merging of the sclerites is visible and implies 
distinguished points of junction in any part of the sclerite (Avila-Poveda 
et al. 2019). 

A perfect or imperfect condition refers to the number of slit(s) and of 
slit ray(s) per side in the insertion area of each intermediate sclerite 
following the normal slit formula of the species, in this case C. articulatus 
[[slits formula: [13–18(I)/1(II-VII)/16–22(VIII)]]] (Ferreira 1983; 
Bullock 1988; Poutiers 1995); the perfect condition follows this formula, 
while the imperfect condition shows a different number of slits from the 
formula on one or more sides of any sclerite (Supplement 1). 

2.2. Preparation of specimens 

Anatomically, the head, intermediate, and tail sclerites have slits 
where the mantle girdle is inserted, covering the outline of the chiton 
scleritome [[slits formula: [13–18(I)/1(II-VII)/16–22(VIII)]]] (Ferreira 
1983; Bullock 1988; Poutiers 1995). Therefore, before digitization, it 
was necessary to carefully separate the mantle girdle from scleritome to 
access the slits (Fig. 3 in Abadia-Chanona et al. 2016), which represent 
the most suitable points for the placement of landmark points (Fig. 2). 
Once we removed the mantle girdle, top-view perspective photographs 
of the dorsal part of the scleritome of the abnormal and normal chitons 
were taken over a white background. A three-step protocol was estab-
lished. First, a CANON G5 camera was mounted on a fixed structure to 
avoid distortion in the periphery of the photographs, as well as to 
maintain the same apertures and focal distances, following the funda-
mentals of photography for geometric morphometric analysis (Zelditch 
& Swiderski 2021). Second, each chiton was oriented horizontally with 
the head sclerite to the left and positioned at the centre of the photo-
graph. Third, two guides with scales were placed: the first 1 cm long near 
the chiton, in the coplanar height, and the second a ruler in the lower 
part of the visual field of the camera lens to enable subsequent rescaling 
of the images. 

Table 1 
Types of combinations of abnormalities and deformities reported in C. articulatus.  

Abbreviation (Sclerite number) and type of abnormality or deformity Amount of 
chitons 

width/length ratio Schematic drawing 
ID 

HypoP (7) perfect hypomerism 2 0.59, 0.62 Fig. 1, No. 4-5 
HypoCo (6) hypomerism combined with coalescence IV-V-VI 1 0.61 Fig. 1, No. 6 
HeCo (7) heterogeneous coalescence III-IV 1 0.59 Fig. 1, No. 7 
HeCo (7) heterogeneous coalescence VI-VII. Probable helicomerya 1 0.67 Fig. 1,No. 8 
HeCo (7) heterogeneous coalescence III-IV combined with hypomerism 2 0.59, 0.64 Fig. 1, No. 9-10- 
HeCo (7) heterogeneous coalescence III-IV combined with imperfect hypermerism 1 0.63 Fig. 1, No. 11 
HeCo (6) heterogeneous triple-coalescence I-II-III 1 0.67 Fig. 1, No. 12 
HeCo (6) heterogeneous triple-coalescence VI-VII-VIII 1 0.59 Fig. 1, No. 13 
HoCo (7) homogeneous coalescence III-IV combined with imperfect hypermerism 1 0.60 Fig. 1, No. 14 
HoCo (8) homogeneous triple-coalescence VI-VII combined with imperfect hypermerism. Probable 

helicomerya 
1 0.60 Fig. 1, No. 15 

W (8) apparent widening in a side of the chiton scleritome 1 0.55 Fig. 1, No. 16 
S (8) scoliosis-like torsion 1 0.56 Fig. 1, No. 17 
B (8) “bitten” one side reduced 1 0.60 Fig. 1, No. 18 
H (8) hunchbacked 2 0.50, 0.46 Fig. 1, No. 19-20 
Mean ratio 0.58 ± 0.03 (n =

3405)b   

a Probable helicomery, following Scholtz (2021). 
b Refer to normal specimens with eight sclerites (Avila-Poveda, unpublished data, Proyecto Quitón del Pacífico tropical mexicano). Source of schematic drawing like 

Fig. 1. 
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2.3. Geometric morphometric data 

Shape analysis based on anatomical landmarks is the most common 
and useful approach in geometric morphometrics for appropriately 
capturing and quantifying variation and deviations in shape and size 
(Rohlf & Slice 1990; Bookstein, 1996; Adams et al. 2004; Zelditch & 
Swiderski, 2021). Therefore, we designed a two-dimensional landmark 
protocol to quantify deviations from symmetry in polyplacophorans 
with abnormal and deformed body scleritome shapes. 

Photographs were ordered and grouped in a single digitalization file 
for morphometric analysis using the free software TpsUtil. To locate 
landmarks and semi-landmarks, we considered Bookstein (1996) 
criteria. Here, we took as anatomical landmarks the intersections be-
tween the sclerites as well as the single slit on the left and right side of 
each intermediate sclerite. A total of 5 landmarks were placed between 
sclerite intersections and 6 landmarks in the slit rays of the sclerites on 
each side of the scleritome, giving a total of 22 landmarks. Concerning 
anatomical semi-landmarks, a line of 25 equidistant points was config-
ured and placed around the curvature of the head and tail sclerites. This 
number of points was selected based on the maximum number of slit 
rays that can be found in the head and tail sclerite of each organism or 
species (i.e., slit formula), as they recover contour variations well 
(Fig. 3). The placement of landmarks and semi-landmarks was con-
ducted using the free software TPSdig 2.3 (Rohlf 2017). Since poly-
placophorans have bilateral symmetry, and to avoid attributing changes 
in shape to a digitalization error, the total sample was digitalized twice, 
and a Procrustes ANOVA was performed to calculate the digitalization 
error. 

To ensure that the set of photographs contained the same number of 
landmarks and semi-landmarks per chiton, and to consider normal, 
hypermerism, and hypomerism conditions, we set two context: 1) each 
intermediate sclerite had at least one slit ray per side, and 2) in chitons 
with coalescence and perfect hypomerism, the landmarks were placed in 
the widest sclerite (Fig. 3), given the knowledge that the width/length 
ratios of individual sclerites increase with abnormalities (Ferreira 1983; 
Ibañez et al. 2018; Salloum et al. 2023). A generalized Procrustes 
analysis (GPA) was performed using R software (R Core Team 2017) to 
rule out morphological elements that did not contribute to shape. 
Semi-landmarks were aligned using the “bending energy” method 
(Bookstein 1996), which optimizes the location of semi-landmarks, 
minimizing the deformation energy concerning a consensus curve 
(Gunz & Mitteroecker 2013). Additionally, we obtained a size estimator 
for each chiton configuration, called Centroid Size (CS), calculated as 

the squared sum of each landmark to the centroid coordinates (Zelditch 
& Swiderski, 2021). Both shape, represented by aligned configurations, 
and size variables were statistically analysed to test deviations from 
bilateral symmetry. 

2.4. Exploratory analysis and statistical analysis 

All the exploratory analyses and statistical comparisons below were 
performed using Geomorph 4.0.3 (Adams et al. 2019), RRPP 0.6.1 li-
brary (Collyer & Adams 2018, 2019), and R software (R Core Team 
2017). 

2.4.1. Body shape variation (using PCA) 
A principal component analysis (PCA) was performed to describe 

shape variance between normal and abnormal chitons. Since the 
abnormal specimens in this study are a limited sample of individuals 
(Table 1), they were treated and grouped in the PCA according to 
whether they had heterogeneous or homogeneous coalescence. In 
addition, the conditions of HoCo (homogeneous coalescence), HypoCo 
(hypomerism), and HypoP (perfect hypomerism) were considered as a 
single group called Hypo-HoCo, based on our hypothesis that homoge-
neous coalescence is an intermediate step toward perfect hypomerism or 
perfect hypermerism, with a very low change effect among them 
compared to the condition of heterogeneous coalescence (Avila-Poveda 
et al. 2019). 

Deformation grids from the consensus shape, on the extremes of 
variance axis (first two principal components), were used to identify 
changes in body shape in abnormal individuals. 

2.4.2. Bilateral symmetry test and FA component 
To assess the effect of teratologies on the left and right sides, we 

performed a bilateral symmetry test and obtained the fluctuating 
asymmetry (FA) component of body shape variance to evaluate differ-
ences in levels of asymmetry between normal and abnormal conditions 
in chitons. The levels of FA asymmetry between normal and abnormal 
chitons could be compared and quantified according to overall mean 
asymmetry; that is, levels of directional asymmetry in the total sample 
were evaluated as defined by Klingenberg (2015). The symmetry test 
shows variation due to the interaction between individual and body side 
(Adams & Otárola-Castillo 2013). We then evaluated shape differences 
between normal (symmetric) and abnormal (asymmetric) individuals, as 
a single group due the low group size in types of abnormalities using a 
Procrustes ANOVA model. 

Fig. 2. Dorsal view of the scleritome of Chiton articulatus. A) Photograph of the scleritome with the mantle girdle covering the sclerites. B) X-ray of a chiton showing 
slit-rays below the mantle. Slits formula for C. articulatus: [13–18(I)/1(II-VII)/16–22(VIII)] (Ferreira 1983; Bullock 1988; Poutiers 1995). 
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Fig. 3. Infographic of landmarks and semi-landmarks (dots) of the Chiton articulatus scleritome (i.e., the collective of sclerites “S” without mantle girdle) in dorsal 
view. The exposure of the slit in the dorsal view of each intermediate sclerite is figurative of its actual position in the ventral view. A) represents hypomerism 
condition, B) represents normal condition, and C) represents hypermerism condition. 
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2.4.3. Vectors used to describe shape variation of abnormal and deformed 
chitons 

The average configuration of replicates was used to describe shape 
differences between abnormal conditions. The direction and magnitude 
of the changes in the body shape of abnormal and deformed (Def) chi-
tons were contrasted against a sample of normal chitons to estimate a 
consensus shape. Abnormal chitons were grouped according to the 
complex abnormality combinations: perfect hypomerism (HypoP); 
hypomerism and coalescence (HypoCo); heterogeneous coalescence 
(HeCo), when traces of the junction are visible; and homogeneous coa-
lescence (HoCo), when the junction forms a single whole sclerite with no 
visual traces of its junction. 

2.4.4. Shape comparisons between normal and abnormal conditions 
The entire shape configuration of individuals (the average between 

replicates) was analysed to describe shape and size variance between 
abnormal and normal conditions, using Procrustes ANOVA and ordinary 
linear models, respectively. We tested the percentage of shape variance 
explained by CS, abnormal or normal condition, and their interaction. 
We described trends of shape change with each increment of size within 
each group of abnormalities using a least squares regression line and 
compared allometric vectors between these groups of abnormalities. The 
significance of each variable in the statistical model was assigned by a 
permutation procedure on the residuals of the model, through 1000 
replicates. The groups that were compared were the same as those used 

Table 2 
Set and location of landmarks and semi-landmarks over the scleritome used to analyze the shape and symmetry of polyplacophorans.  

Structure Landmarks – Semilandmarks Anatomical location 

Scleritome 1,3,5,7,9,11,13,15,17,19,21 Intersection between sclerites 
2,4,6,8,10,12,14,16,18,20,22 The midline of muscle attachment to the sclerite, Slit-ray formula for the species C. articulatus: 13–18(I)/1(II-VII)/16–22(VIII) 
23: 47 Head sclerite curvature 
48: 72 Tail sclerite curvature  

Fig. 4. Morphospace described by the first two principal components showing the position of individuals from different conditions (symbol). Deformation grids are 
presented, indicating the direction of minimum and maximum shape change. 
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in the PCA space, and we considered groups with more than two spec-
imens. We also evaluated shape differences between groups using 
pairwise Procrustes distances between group means. The significance of 
distances was tested via a permutation procedure with 1000 replicates 
using Morpho ver. 2.7 (Schlager et al. 2019). 

3. RESULTS 

3.1. Landmark protocol validation and digitalization error 

A final configuration of 22 landmarks and 50 semi-landmarks was set 
(Table 2) to effectively describe the body shape of the chitons. The 
specimens were mainly placed in a clockwise direction, following 4 
steps: Step 1, starting at the top of the photograph from left to right; Step 

2, starting at the bottom from right to left; Step 3, on the head sclerite 
from top to bottom; and Step 4, on the tail sclerite also from top to 
bottom (Fig. 3). This configuration can be used for chitons with hypo-
merism (less than eight sclerites, Fig. 3A), normal condition (eight 
sclerites, Fig. 3B), or hypermerism (more than eight sclerites, Fig. 3C). 
The digitalization error accounts for 0.28% of total shape variation 
(F1,791=2.212, P = 0.076), while 99% of total shape variation can be 
explained by biological variations in the condition of the chiton 
scleritome. 

3.2. Variation in body shape 

The first two main components indicated changes in the shape of the 
chiton scleritome, representing a 64.74% shape variation, with 
abnormal (HeCo and Hypo-HoCo) and deformed (Def) groups over-
lapping to normal, perhaps with Hypo-HoCo specimens having wider 
ranges (Fig. 4). On the axis of the PC1, deformation grids were observed 
in the contour of the scleritome (landmarks 1:11, 12:22); the group of 
normal chitons showed the greatest vector changes towards the negative 
direction of the axis and the rest of the abnormalities were towards the 
positive direction of the axis. For the PC2, a greater dispersion was 
observed in the groups that were deformed (Def) and had heterogeneous 
coalescence (HeCo). The deformation grids indicated that the largest 
changes in shape occurred over the width of the scleritome (landmarks 

Table 3 
Bilateral symmetry test to calculate fluctuating asymmetry (FA) component of body shape variance. The R squared values (Rsq) give an estimate of the contribution of 
each factor to the total shape variation.   

Df SS MS Rsq F Z Pr(>F) 

Ind 395 0.71757 0.0018166 0.60382 4.3065 19.5259 0.001a 

Side 1 0.02019 0.0201858 0.01699 47.8523 5.0322 0.001a 

ind:side 395 0.16663 0.0004218 0.14021 1.1764 3.7113 0.002a 

ind:side:replicate 792 0.28400 0.0003586 0.23898    
Total 1583 1.18839       

a Significant effect alpha <0.01. 

Table 4 
Results from the Procrustes ANOVA model to evaluate the effect of condition 
(abnormal and normal) on the observed FA shape variation.   

Df SS MS Rsq F Z Pr (>F) 

Condition 1 0.0006 0.0006 0.0027 1.0673 0.5245 0.31 
Residuals 394 0.2331 0.0005 0.9973    
Total 395 0.2337      

**Significant effect alpha <0.01. 

Fig. 5. Vector of change in body shape of chitons with hypomerism condition. A and B show two different chitons with seven sclerites and perfect hypomerism 
(HypoP); C shows a chiton with six sclerites and hypomerism with heterogeneous coalescence (HypoCo). Gray dots represent the consensus shape, and black arrows 
show the direction and magnitude of vectors. 
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Fig. 6. Vector of change in body shape of chitons with variations of heterogeneous coalescence (HeCo) condition: A) chiton with simple HeCo condition, B) chiton 
with HeCo condition and a spiraled pattern, C and D) chiton with HeCo III-IV combined with hypomerism, E) chiton with HeCo III-IV combined with imperfect 
hypermerism, F) chiton with HeCo triple I-II-III, G) chiton with HeCo triple VI-VII-VIII. Gray dots represent the consensus shape, and black arrows show the direction 
and magnitude of vectors. §Abnormal chiton that may present in a malformed pattern such as helicomery, according to Scholtz (2021). The dotted line and number 
indicate the degree of inclination. 

Fig. 7. Vector of change in body shape of chitons with homogeneous coalescence (HoCo) condition: A) chiton with single HoCo, B) chiton with HoCo and a spiraled 
pattern. Gray dots represent the consensus shape, and black arrows show the direction and magnitude of vectors. §Abnormal chiton that may present in a malformed 
pattern such as helicomery, according to Scholtz (2021). The dotted line and number indicate the degree of inclination. 
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1:11, 12:22), with very little change in the head (landmark 23:47) or tail 
(landmark 24:72). 

3.3. FA expression 

The bilateral symmetry test suggests that there are significant dif-
ferences in FA levels between the left and right sides (Table 3). The 
highest variance in shape is explained by individuals (60.3%), followed 
by the interaction between individuals and side (14%), and a small but 
significant proportion of variance is explained by the side, correspond-
ing to directional asymmetry (1.6%). The results of Procrustes ANOVA 
of the FA component of shape variance indicated that a non-significant 
percentage of variance (0.3%) is explained by the body shape condition 
(Table 4). These results suggest that FA levels were similar for chitons 
with abnormal and deformed conditions. 

3.4. Direction and magnitude of the vectors that describe the shape 
variation of abnormal and deformed chitons 

In the three chitons with hypomerism, it was observed that the fewer 
sclerites they presented, the greater the compression compensated with 
shortening; the vectors projected mainly towards the anterior part of the 
scleritome (Fig. 5). In chitons with a HypoP condition, the greatest 
change occurred in the vectors corresponding to the landmarks 8:11 
(right posterior side), 12:16 (left posterior side, Figs. 5A), 1:5 (right 
posterior side), and 18:22 (left posterior side, Fig. 5B). The middle did 
not present large changes. On the contrary, the chiton with a HypoCo 

condition presented changes in all vectors, which were projected to-
wards the inside of the scleritome, giving a reduced appearance to the 
entire body scleritome (Fig. 5C). 

In the seven chitons with a heterogeneous coalescence (HeCo) con-
dition, a pattern of change was observed in the width and length of the 
body shape (Fig. 6). Those with simple and spiral HeCo conditions 
showed vector projections towards inside the scleritome with an ante-
rior (Fig. 6A), a middle, and a posterior course, respectively (Fig. 6B), 
thus showing body-width compression. In chitons with a hypomerism 
HeCo condition, the vectors on the left side projected out of the body 
scleritome (Fig. 6C and D), showing a widening body. In the chiton with 
the imperfect hypermerism HeCo condition, the vectors showed little 
change from the consensus shape (Fig. 6E); they mostly maintained their 
width and length. Finally, in chitons with triple coalescence, the body 
shape was observed to elongate. The vectors tended to move towards the 
sclerites where the coalescence was (i.e., head or tail sclerites), and there 
was a widening compensation of the sclerites near each triple coales-
cence (Fig. 6F and G). 

In the two chitons with homogeneous coalescence, the vectors 
showed little variation on the left and right sides, with an outward di-
rection and a spiral pattern (Fig. 7). In the first case, one turn starts from 
the left side towards the anterior, while the second turn from the pos-
terior goes towards the right side (Fig. 7A). In the second case, a single 
turn appears to start on the anterior in a rightward direction, reaching 
the posterior when the scleritome turns to the left side, causing a 
reduction in the scleritome (Fig. 7B). 

For the five chitons with eight sclerites (i.e., normal) but with 

Fig. 8. Vector of change in body shape of chitons with variations of a deformed (Def) condition: A) chiton with an apparent widening of the scleritome, B) chiton 
with a scoliosis-like torsion, C) chiton with one side “bitten,” D and E) chitons with a hunchbacked appearance. Gray dots represent the consensus shape, and black 
arrows show the direction and magnitude of vectors. 

Table 5 
Results from the Procrustes ANOVA model to evaluate the effects of body CS, condition (abnormal and normal), and their interaction on body shape variation.   

Df SS MS Rsq F Z Pr (>F) 

CS 1 0.0345 0.0345 0.1166 53.3874 5.7226 0.001* 
Condition 1 0.0046 0.0046 0.0157 7.199 3.2465 0.001* 
CS: Condition 1 0.0031 0.0031 0.0107 4.9191 2.704 0.003* 
Residuals 392 0.2536 0.0006 0.8568    
Total 395 0.2960      

**Significant effect alpha <0.01, *Significant effect alpha <0.05. 
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deformity on the body, the changes were focused on both the left and 
right sides, widening or compressing the body scleritome (Fig. 8). The 
chiton with few widenings showed some change towards the outside of 

the body scleritome (Fig. 8A). In the chiton with a scoliosis-like torsion, 
vectors on the left side moved to the outside, while the vectors on the 
right side moved a little towards the inside of the scleritome (Fig. 8B). 
The chiton with a “bitten” side showed the greatest widening on both the 
left and right sides, according to the movement of the vectors (Fig. 8C). 
Both hunchbacked chitons showed movement of the vectors towards the 
inside of scleritome, but with a greater magnitude in the first case 
(Fig. 8D) than in the second (Fig. 8E). 

3.5. Shape comparisons between abnormalities and deformities 

Our results indicate that abnormal and deformed conditions did not 
influence variations in either size or shape. The Procrustes ANOVA 
model showed significant but mild effects of abnormal and deformed 
condition on shape variation. The greatest variation of shape is 
explained by the CS (11.6%), followed by condition (1.6%); the inter-
action between CS and condition explains 1% of the variation (Table 5). 
Regarding body size, the ordinary least squares (OLS) model indicated 
non-significant differences between normal and abnormal conditions. 
Results from this model showed a low and non-significant effect of 
abnormal conditions on CS variance of 0.56% (F1,395 = 2.227, P =
0.133). 

Normal and abnormal conditions in chiton shape show a positive 
change direction on the regression with increments of CS. HeCo has the 
same trend as the normal condition, as do Def and Hypo-HoCo (Fig. 9). 
HypoCo showed the greatest differentiation between the different ab-
normalities and deformities, as well as the smallest CS (Fig. 10). 

Pairwise comparisons of the consensus shapes indicated that the 
greatest distance (0.0509) occurred in the Hypo-HoCo condition 
compared to the other conditions. The normal condition showed fewer 
distances compared to Def and HeCo conditions. The highest probability 
(0.1298) was found between the normal and deformed conditions 
(Table 6). 

4. Discussion 

Landmark-based geometric morphometric studies have been widely 
used to measure variations in shape between individuals and pop-
ulations in mollusks such as bivalves and gastropods (Valladares et al. 
2010; Moneva et al. 2014; Bagaloyos et al.2015; Abdelhady 2016; Doyle 

Fig. 9. Linear regression of the body shape calculated with Procrustes ANOVA 
on the body CS to each condition. 

Fig. 10. Boxplots for the body centroid size of individuals with abnormalities and deformities. The line within each box represents the median, and the height of each 
box represents first and third quartiles (75% of all data). Lines indicate the observed minimum and maximum values, and dots are outliers. 
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et al. 2018; Ramírez-Sánchez et al. 2022). However, to our knowledge, 
for the class Polyplacophora, our study is the first landmark-based 
geometric morphometric approach to measure variations among chi-
tons from which the mantle was removed, thus allowing the slit rays to 
be accessed as anatomical as reference points. While our manuscript was 
in the peer review process, another landmark-based geometric 
morphometric approach, with chitons whose mantle girdles were 
maintained and that used only the intersection between sclerites as 
anatomical points, had just been published (Hernández-P et al. 2023). 
Other geometric morphometric methods such as the elliptical Fourier 
analysis (EFA), which is a standard approach to outlining closed con-
tours (Iwata & Ukai 2002; Sheets et al. 2006), have been used to eval-
uate the chiton contour while maintaining its mantle girdle (Salloum 
et al. 2020), since chitons are oval with closed contours that may contain 
valuable information about their shape. 

Both landmark-based and Fourier elliptical methods are useful for 
quantifying morphological variation in chiton shape and determining 
which method to use depends on the state of the chitons to be analysed 
and the objectives of the study. Here, we recommend using the 
landmark-based protocol when the chitons are relaxed and fixed. This 
preserves their natural shape without bending (see Avila-Poveda’s 2013 
protocol) and allows the mantle to be removed without disarticulating 
the sclerites (valves). This, in turn, allows access to the internal part 
where the mantle slit rays are found and which serve as anatomical 
reference points, along with the intersection of the sclerites. For studies 
where chitons are preserved without prior relaxation and are curved, or 
where they belong to museum, academic, or private collections and it is 
impossible to remove the mantle to preserve the sample in good con-
dition, the Fourier elliptical method may be the best option, since the 
outer part of the sclerites, being articulated, offers few places to put 
reference points that preserve the homology. 

Our landmark configuration of 72 anatomical points proved to be 
useful in quantifying asymmetries in chiton scleritome of specimens 
with complex teratologic combinations, deformities, and normal con-
ditions, since all the points can be placed in chitons that have six to eight 
sclerites. Although chitons with more than eight sclerites were not 
analysed in this study, our configuration can also be used for a hyper-
merism condition. In this case, we suggest placing the corresponding 
landmarks between the intersection of the sclerites (Fig. 3C) so that 
these landmarks are preserved, as slit rays may not be present in 
abnormal sclerites (Avila-Poveda and Ramirez-Santana, personal 
observation). 

In general, shape change vectors in abnormal and deformed chitons 
showed greater variation in the anterior sclerites (sclerites I-IV), while 
the middle and posterior sclerites showed less variation. Therefore, the 
chitons acquired a wider appearance. The formation of sclerites in chi-
tons occurs in the early stages of larval development before settlement, 
beginning with the simultaneous formation of sclerites II-V; then scler-
ites I, VI, VII; and finally, after 10 days, sclerite VIII (Kniprath 1980; 
Henry et al. 2004; Sirenko 2018). Given that most abnormalities in 
C. articulatus occur in sclerites III-IV, and the trajectory of the vectors 

showed that shape variation is projected towards the anterior, we can 
deduce that during the early formation of the sclerites some process 
occurs that prevents the correct formation of these sclerites. Therefore, 
based on the vector of change in body shape of deformed and abnormal 
chitons compared to normal chitons, we suggest that the last sclerites are 
formed to compensate for any errors that may be present and thus 
maintain a functional oval shape. Kniprath (1980) reported that chiton 
larvae of the genus Middendorffia displayed poor plate development 
when exposed to temperatures above 16 ◦C, which prevented proper 
sclerite mineralization and the formation of one or more sclerites, or 
favoured sclerite fusion with extra indentation marks (slit rays) or un-
equal width. 

The variation in chiton shape was mostly explained by centroid size 
(13%), while the different abnormalities and deformities had little 
impact on these variations (2%). Allometric relationships between the 
CS and the different conditions indicate a similar trend between them; 
the HeCo condition remains similar to the trend of normal chitons, while 
the Def and Hypo-HoCo condition trends are similar to each other, but 
differences in shape variance are not explained by differences in size. 
However, having a larger sample size within groups is necessary in order 
to affirm differences in allometric trends among these types of abnor-
malities. These results could indicate that under conditions of perfect 
hypomerism and hypermerism, the shape remains like that of normal 
chitons, but the centroid size decreases. Torres et al. (2023) suggest that 
chitons with abnormalities are similar in size and shape to normal chi-
tons of the same species. Avila-Poveda et al. (2019) reported that the 
coalescence condition was found most frequently and to different de-
grees, generating various combinations with other abnormalities, which 
suggests that coalescence was an intermediate step towards perfect 
hypo- or hypermerism. The similar trend we found between HeCo and 
normal regression could suggest that HeCo is an intermediate step to-
wards a normal condition. 

Although chitons with abnormal and deformed conditions showed a 
small but significant proportion of variance in the left and right sides 
(1.6%), the bilateral symmetry test revealed the oval shape was visually 
maintained on both sides of the body. Bilateral animals such as mollusks 
possess genes that control the formation of the anteroposterior axis of 
the body; these are called Hox and ParaHox genes (Finnerty et al. 2004; 
Aronowicz & Lowe 2006; Barucca et al. 2006). In the classes Bivalvia, 
Gastropoda and Cephalopoda, the Hox and ParaHox genes also play a 
crucial role in the development of the shell and specific organs such as 
the foot and tentacles (Barucca et al. 2006; Biscotti et al. 2007). 

In the class Polyplacophora, the Hox and ParaHox genes define a flat 
anteroposterior axis that allows the subsequent formation of sclerites 
(Fritsch et al. 2015; 2016), specifically a group of engrailed genes that are 
responsible for body segmentation (Jacobs et al. 2000). We hypothesize 
that at this early stage of larval development, one or more engrailed 
genes are not expressed correctly and this causes the axis to present 
malformations that later produce abnormalities in the ontogeny of the 
sclerites, which may then result in an abnormal biomineralization pro-
cesses. However, as much is still unknown about gene expression 

Table 6 
Results from the Pairwise comparisons (Procrustes distances) between chiton body shape 
conditions. 
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patterns in developing chitons, this remains as a research question. 
Regarding the possible helicomery pattern present in some specimens of 
C. articulatus according to Scholtz (2021), it could be a type of fluctu-
ating helical asymmetry, such as that which occurs in snails with equi-
angular spiral shells that have been exposed to pesticides or ammonia 
emissions or have some degree of erosion on their shells (Graham et al. 
2010). Asymmetries in chiton scleritome have been found in the genus 
Cryptochiton, but these are caused by constant shell repair processes due 
to sclerite injuries that are flat, very thin, and constitute only 7.4% of 
body weight and not because of a teratology (Tucker & Giese 1959). 

Similarly, no effect was detected from abnormalities on CS variance. 
Size differences among individuals could be explained by other factors. 
These results corroborate the idea of constant shell repair processes 
(Tucker & Giese 1959) that ensure the performance of individuals in 
their natural environments. 

The low levels of FA expressed in C. articulatus indicate that although 
this species lives in areas of high stress, such as the rocky intertidal 
shore, it maintains stability in its development. Ducos & Tabugo (2015) 
found high levels of FA in the intertidal bivalve Gafrarium tumidum 
collected from three locations in the Philippines; thus, the shell has 
considerable variations in shape. The authors identify pollution and the 
deterioration of the habitat as the main sources of stress. 
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Figure S1. Guide for teratological diagnosis in Polyplacophora. The underlined names 
refer to abnormality types previously established in the literature. 
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