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Abstract

Abalone  is  an  economically  important  mollusc  in  the  aquaculture  industry;  however,

research on the morphological classification and geographical origin tracing of abalone

species remains limited. In the present study, a total  of 177 specimens were collected,

comprising five abalone species — Haliotis madaka (T. Habe, 1977), Haliotis diversicolor

Reeve, 1846, Haliotis gigantea Gmelin, 1791, Haliotis ovina Gmelin, 1791 and Haliotis 

discus hannai Ino,  1953  (including  samples  from  wild  and  cultured  populations  in

Liaoning  Province, as well  as a  cultured  population  in  Fujian  Province). Generalised

Procrustes  Analysis  (GPA)  was  applied  to  standardise  the  landmark  data,  thereby

removing non-morphological  sources of variation. Subsequently, multivariate  statistical

methods  —  including  Principal  Component  Analysis  (PCA)  and  Canonical  Variate

Analysis (CVA) were employed to quantify morphological differences.

PCA results showed that PC1 and PC2 accounted for 62.23% and 12.68% of the total

morphological  variance  amongst  the  five  species,  respectively,  with  a  cumulative

contribution  of  74.91%.  For  the  three  H. discus hannai populations  (Liaoning-wild,

Liaoning-cultured and Fujian-cultured), PC1 and PC2 explained 50.57% and 12.07% of

‡ ‡ § ‡ ‡ ‡ ‡

© Tian Y et al. This is an open access article distributed under the terms of the Creative Commons Attribution License (CC BY
4.0), which permits unrestricted use, distribution, and reproduction in any medium, provided the original author and source are
credited.

https://doi.org/10.3897/BDJ.14.e201558
mailto:tianying@dlou.edu.cn
mailto:haozhenlin@dlou.edu.cn
https://doi.org/10.3897/BDJ.14.e201558


the  total  variance,  respectively.  CVA  revealed  that  the  first  two  canonical  variates

accounted  for  69.59% of the  overall  shape  variation  amongst groups. These  findings

demonstrate that geometric morphometric approaches effectively distinguish amongst the

five abalone species examined and successfully differentiate between wild and cultured

specimens of H. discus hannai. However, the two cultured populations from Liaoning and

Fujian  Provinces  exhibited  considerable  morphological  overlap  along  the  primary

discriminant axis, precluding complete separation.
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Introduction

Abalone belongs to the phylum Mollusca, class Gastropoda, order Archaeogastropoda,

family Haliotidae and genus Haliotis. The family Haliotidae comprises a single genus,

with approximately 76 extant species currently recognised and 25 species documented

in  the  fossil  record  (MolluscaBase  2026).  Abalone  represents  one  of  the  most

economically  important  molluscs  in  the  global  aquaculture  industry.  In  recent  years,

global aquaculture production of abalone has increased substantially, while wild-caught

harvests have declined. Global  wild-caught abalone yields approached 20,000 tonnes

during the 1970s, but decreased to approximately 5,850 tonnes in the 2020/21 fishing

season  (Cook  2023).  Amongst the  cultivated  abalone  species  worldwide, the  Pacific

abalone (Haliotis discus hannai Ino, 1953) dominates global  production, particularly in

China  and  the  Republic  of  Korea.  Japan  also  cultivates  H. discus hannai,  Haliotis 

madaka (T. Habe, 1977) and Haliotis gigantea Gmelin, 1791 (Geiger and Groves 2015).

As  the  primary  producer  and  consumer  of  abalone  globally,  China's  aquaculture

production  reached  203,500  tonnes  in  2020,  accounting  for  nearly  90%  of  total

worldwide  output  (Lin  et  al.  2020).  According  to  the  2025  China  Fishery  Statistical

Yearbook, abalone ranks as the second most important marine-farmed mollusc species in

China, with the cultivated area expanding to 17,582 hectares and production reaching

252,000 tonnes — a 23.83% increase compared to 2020 (Bureau of Fisheries, Ministry of

Agriculture  and  Rural  Affairs  of  the  People's  Republic  of  China  2025).  The  Pacific

abalone (H. discus hannai) is the dominant species in  Chinese aquaculture, primarily

distributed along the coastal  regions of the Liaodong Peninsula, Shandong Peninsula

(Yu et al. 2012). Major  production  regions  within  China  include  Liaoning  and  Fujian

Provinces (Zhang 2019), with  notable  quality variations observed amongst specimens

from  different  localities.  For  instance,  abalone  from  southern  regions  exhibit  higher

average  hardness  and  chewiness  in  the  foot  muscle,  whilst  northern  specimens

demonstrate superior elasticity (Yu et al. 2012).

The  continued  expansion  of  China's  abalone  aquaculture  industry  has  brought  forth

considerable  challenges.  Large-scale  production  has  been  accompanied  by  issues
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including germplasm degradation resulting from prolonged inbreeding, miniaturisation of

individuals,  reduced  stress  resistance  and  population  mixing  due  to  inadequate

management  practices.  These  factors  have  substantially  compromised  the  ability  to

determine population origin. Consequently, the development of non-destructive methods

for  identifying  parental  stocks  and  rapidly  selecting  abalone  families  for  selective

breeding programmes (Luan et al. 2022) has emerged as an urgent priority for improving

abalone production performance.

Geometric  morphometric  methods  have  been  widely  applied  in  molluscan  research.

Early  studies  predominantly  employed  two-dimensional  (2D)  imaging  combined  with

geometric  morphometric  approaches.  Márquez  et  al.  (2010) effectively  distinguished

amongst different phenotypic stages of the Patagonian scallop (Aequipecten tehuelchus)

across  various  growth  phases  using  geometric  morphometric  techniques. Cruz  et al.

(2012) applied  geometric morphometric analysis to  selected  species within  the  family

Conidae using 22 coordinate landmarks, proposing that the aperture and spire regions

constitute significant diagnostic features for species identification within this family. Lai et

al. (2016) analysed two colour morphs of the giant apple snail (Pomacea maculata) using

geometric morphometric methods, revealing that morphological  variation was primarily

concentrated in the upper portion of the aperture. Abdelhady et al. (2018) conducted a

geometric  morphometric  investigation  of  Melanoides tuberculata from Lake  Manzala,

Egypt,  demonstrating  that  specimens  from  polluted  environments  exhibited  reduced

morphological  variation, with  heavy metals including lead, zinc, chromium and copper

identified  as  primary  predictors  of  shell  morphology.  Chen  et  al.  (2018) examined

morphological  differences and  phylogenetic  relationships amongst Littorina scabra, L. 

brevicula, Nodilittorina exigua and  N. pyramidalis using  landmark and  semi-landmark

approaches. Miranda  (2020) performed  geometric  morphometric  analysis  on  the  land

snail  Bostryx torallyi collected  from Bolivia  and  Argentina,  concluding  that  geometric

morphometric  methods  represent  an  effective  approach  for  evaluating  shell  shape

variation across geographical regions. Shu et al. (2021) conducted morphometric studies

and comparative analyses of the zhikong scallop (Chlamys farreri) from varying water

depths, indicating  that farmed  specimens from shallow  waters exhibited  smaller  shell

dimensions than those from deeper waters.

Current  approaches  to  abalone  classification  primarily  encompass  molecular  genetic

methods, chemical  marker analysis and traditional  morphological  identification (Geiger

and Groves 2015). Brown (1993) successfully distinguished 17 abalone species using

protein  gel  electrophoresis. Lee  and  Vacquier  (1995) employed  abalone  sperm lysin

sequences for taxonomic classification. Coleman and Vacquier (2014) applied internal

transcribed  spacer  (ITS)  sequence  analysis.  Wang  et  al.  (2017) utilised  cytochrome

oxidase  I  (COI)  gene  sequences  for  species  identification.  Hong  et  al.  (2023)

differentiated  abalone  populations, based  on  strontium (Sr)  stable  isotope  ratios  and

mineral element compositions. Nevertheless, DNA-based identification methods present

considerable  limitations,  including  high  operational  costs  and  the  requirement  for

destruction  of  soft  tissue,  rendering  them  unsuitable  for  family  selection  during

aquaculture operations.
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Zhang et al. (2022) demonstrated that variations in geographical origin and growth rate

induce  changes  in  shell  morphology  of  H. discus hannai,  with  shell  morphological

characteristics  exhibiting  strong  linear  correlations  with  allometric  growth  differences

amongst populations. Accordingly, the diverse environmental and ecological conditions

along  China's coastal  regions may substantially  influence  phenotypic plasticity, whilst

artificial seeding practices could introduce additional genetic effects. Estes et al. (2005)

further noted that the evolution of abalone body shape appears correlated with primary

productivity and foraging strategies. Variations in seawater temperature and salinity may

affect growth  and  metabolic  processes in  H. discus hannai,  consequently  influencing

growth rates, survival rates and, ultimately, shell morphology (Wei et al. 2018).

Traditional  morphological  classification  typically  involves  initial  size-based  selection

according  to  shell  length,  followed  by  differentiation,  based  on  shell  shape

characteristics, surface sculpture and number of respiratory pores (Zhang et al. 2022).

However, the considerable morphological variability exhibited by abalone shells renders

traditional  classification  approaches  prone  to  substantial  errors,  requiring  extensive

manual  comparison. Furthermore, such methods fail  to  effectively distinguish  between

specimens of the same species originating from different habitats. Zhang (2019) applied

geometric  morphometric  analysis  to  Haliotis fulgens Philippi, 1845, Haliotis rufescens

Swainson, 1822, H. discus hannai Ino, 1953, varied abalone (Haliotis diversicolor Reeve,

1846) and Haliotis sieboldii Reeve, 1846, successfully achieving  complete  separation

amongst  all  five  species  and  providing  a  novel  quantitative  framework  for  abalone

morphological research (Zhang 2019).

The  present  study  aims  to  apply  geometric  morphometric  analysis  to  distinguish

economically important abalone species and different populations of H. discus hannai,

based on shell  morphology and to effectively differentiate H. discus hannai specimens

according to geographical origin and cultivation method.

Material and methods

Sample collection

A total of 177 abalone specimens were collected for this study, comprising five species —

Haliotis madaka (T.  Habe, 1977), Haliotis diversicolor Reeve, 1846, Haliotis gigantea

Gmelin,  1791,  Haliotis ovina Gmelin,  1791  and  Haliotis discus hannai Ino,  1953  —

including three populations of H. discus hannai from two geographical origins (Table 1

and Fig. 1). Wild specimens of H. discus hannai were collected from the coastal waters off

Dalian, Liaoning Province, China. Cultured specimens were obtained from raft-cultured

populations  in  Dalian,  Liaoning  Province  and  raft-cultured  populations  in  Lianjiang

County, Fuzhou, Fujian Province. All specimens were collected between 2023 and 2024.

Following  collection,  specimens  with  incomplete  shells  or  damaged  margins  were

excluded to ensure a final  sample set comprising only specimens with intact marginal

regions. Specimens were classified and identified according to geographical origin and

shell  morphology, following the criteria  described by Geiger and Groves (2015). Shell
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length  measurements of the  five  species are  summarised as follows: Haliotis madaka

(137 ± 8.2 mm); H. gigantea (132.8 ± 8.7 mm); H. diversicolor (56.38 ± 7.9 mm); H. ovina

(45.29 ± 5.3 mm); and H. discus hannai (44.62 ± 9.6 mm). For the three H. discus hannai

populations,  shell  length  measurements  were  also  recorded:  wild  specimens  from

Liaoning Province (43.1 ± 6.3 mm); cultured specimens from Liaoning Province (46.7 ±

4.9 mm); and cultured specimens from Fujian Province (62 ± 9.6 mm).

Species Locality number 

Haliotis madaka (T. Habe, 1977) Honshu, Japan 22

Haliotis diversicolor Reeve, 1846 Guangxi, China 22

Haliotis gigantea Gmelin, 1791 Tohoku, Japan 21

Haliotis ovina Gmelin, 1791 Xisha Islands, China 22

Haliotis discus hannai Ino, 1953 Liaoning, China (Raft-cultured) 30

Haliotis discus hannai Ino, 1953 Fujian, China (Raft-cultured) 30

Haliotis discus hannai Ino, 1953 Liaoning, China (wild) 30

Table 1. 

The information on abalone samples.

Figure 1.  

Five abalone species examined in  this study.  A Haliotis gigantea Gmelin,  1791;  B Haliotis 

madaka (T. Habe, 1977); C Haliotis ovina Gmelin, 1791; D Haliotis diversicolor Reeve, 1846; E

Haliotis discus hannai Ino, 1953 (Liaoning wild); F Haliotis discus hannai Ino, 1953 (Fujian

cultured); G Haliotis discus hannai Ino, 1953 (Liaoning cultured）(scale bars = 1 cm).
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Image Acquisition

Digital  images  of  abalone  shell  were  captured  using  a  Canon  G12  digital  camera,

positioned with the shell surface facing upwards. A reproduction stand was employed to

maintain a constant distance between the camera lens and each specimen. Images were

captured from multiple angles — anterior, posterior, lateral  and dorsal  views — with a

minimum of 80  photographs obtained  per specimen. Three-dimensional  mathematical

models were reconstructed from the captured images using 3DF Zephyr software. Minor

refinements  to  the  models  were  performed  using  Blender  software  and  standardised

shell  shape  data  from  consistent  viewing  angles  were  extracted  by  identifying

corresponding  pixel  coordinates  across  images.  Landmark  coordinates  were

subsequently digitised using ImageJ to obtain the raw morphometric data (Fig. 2A).

Although the  final  morphometric analysis is based on  two-dimensional  (2D) landmark

coordinates,  a  3D  modelling  workflow  was  adopted  for  two  principal  reasons.  First,

abalone  possess  a  single, asymmetrically  coiled  shell  that cannot be  captured  in  its

entirety  from  any  single  photographic  angle;  the  3D  reconstruction  enables

comprehensive  visualisation  and  standardisation  of  shell  morphology  across  all

specimens.  Second,  the  3D  models  allow  re-orientation  of  the  shell  to  a  consistent

anatomical  reference  frame  prior  to  landmark  digitisation.  This  ensures  that  the  2D

landmark  coordinates  extracted  from  standardised  viewing  planes  are  directly

comparable amongst specimens, thereby eliminating positional  variation attributable to

differences  in  specimen  placement  during  photography.  By  contrast,  direct  2D

photography of shells  in  fixed  orientations would  be  susceptible  to  inconsistencies in

mounting  angle  and  perspective,  potentially  introducing  systematic  bias  into  the

landmark data and compromising the reliability of subsequent morphometric analyses.

Standardisation of data

Using  landmarks  and  semi-landmarks,  geometric  morphometric  standardisation  was

performed  on  the  captured  abalone  shell  images. A total  of 54  points, including  nine

landmarks  and  45  semi-landmarks,  were  selected  as  markers  for  geometric

Figure 2.  

3D image acquisition and landmark demonstration of Haliotis.
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morphometric standardisation (Fig. 2B). The selection of landmarks and semi-landmarks

followed  the  criteria  described  by  Bookstein  (1997),  Márquez  et  al.  (2010) and

Mitteroecker  and  Gunz  (2013),  focusing  on  the  external  contour,  apex  and  marginal

features of the abalone shell.

The landmarks are defined as follows:

(1) shell apex; (2) upper inflection point of the posterior margin; (3) most convex point of

the ventral  margin; (4) mid-point of the  right anterior margin; (5) mid-point of the  right

ventral margin; (6) characteristic point near the respiratory pores; (7) mid-point of the left

ventral margin; (8) mid-point of the left anterior margin; (9) upper point of the left posterior

margin.

Semi-landmarks were placed along the shell contour as follows:

(10–18)  along  the  right  anterior  margin  contour;  (19–27)  along  the  right  ventral  to

posterior margin contour; (28–36) along the posterior to ventral margin contour; (37–45)

along the left ventral to anterior margin contour; (46–54) along the left anterior margin to

shell apex contour.

Data processing and Analysis

GPA  was  applied  to  landmark  coordinates  to  remove  non-morphological  variation

attributable to scale, orientation and position. GPA transforms and rotates landmark data

to  a  common  origin  and  scales  them  to  unit  centroid  size.  The  GPA-transformed

coordinates were subsequently employed as morphological variables for further analysis.

Principal  Component  Analysis  (PCA)  and  Canonical  Variate  Analysis  (CVA)  were

performed  to  assess  shell  shape  differences  amongst  the  abalone  species.  All  data

processing  and  statistical  analyses were  conducted  using  ImageJ, PAST 4.17  and  R

4.4.3.

Results

Principal component analysis

Principal Component Analysis (PCA) was applied to the geometric morphometric data of

the  five  abalone  species  for  dimensionality  reduction  and  visualisation.  The  results

showed that the first principal component (PC1) and second principal component (PC2)

explained  62.23%  and  12.68%  of  the  morphological  variance,  respectively,  with  a

cumulative contribution of 74.91%. These findings indicate that these two components

effectively capture the primary morphological variation in abalone shell shape (Fig. 3).

Regarding the direction of variation along PC1, this component primarily reflects changes

in the width-to-length ratio of the shell. Positive scores correspond to elongated, narrow

shell discs with relatively smaller landmarks and semi-landmarks (LM2, LM3 and LM14–

18), whilst negative scores are associated with flattened shell morphology. PC2 primarily
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characterises variations in  shell  disc ellipticity, with  positive  scores indicating  elliptical

shell shapes and negative scores representing more circular morphology.

The  PCA scatterplot demonstrates distinct interspecific differentiation  amongst the  five

abalone  species examined. H. ovina occupies the  negative  region  of PC1, forming  a

pronounced spatial separation from the other four species, thereby indicating substantial

morphological divergence of this species in shell shape. H. madaka and H. gigantea are

distributed in  the positive regions of both PC1 and PC2, with H. gigantea exhibiting a

more concentrated distribution in the upper-right quadrant. Both H. discus hannai and H. 

diversicolor are positioned in the positive region of PC1 and the negative region of PC2,

with  considerable  spatial  overlap,  suggesting  high  morphological  similarity  between

these two species, based on the geometric morphometric variables measured.

PCA was applied to the morphological measurement data from three H. discus hannai

populations (wild, Dalian-cultured and Fujian-cultured), as illustrated in Fig. 4. The PC1

and PC2 explained 50.57% and 12.07% of the total variance, respectively, representing

a cumulative total of 62.64% of the observed morphological variation.

Within  the  PCA  ordination  space,  the  three  populations  displayed  distinct  clustering

patterns. The wild population (depicted in purple) was primarily distributed in the positive

region of PC1 (0.03 — 0.13), demonstrating complete separation from the two cultured

populations along this axis. The Fujian-cultured population (depicted in pink) formed the

largest and most dispersed cluster, occupying the negative region of PC1 (–0.13 — –

Figure 3.  

Principal Components Analysis (PCA) diagram of five abalones.
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0.02)  with  considerable  vertical  dispersion  along  PC2  (–0.06  — –0.05).  The  Dalian-

cultured population (depicted in yellow) was positioned in the negative-to-zero region of

PC1 (–0.08 — –0.01), biased towards positive values along PC2 (–0.03 — –0.05).

The  PCA results  indicate  that  PC1,  functioning  as  the  primary  discriminant  axis,

effectively  distinguishes  wild  specimens from cultured  ones, reflecting  the  substantial

influence of habitat environment (natural  marine versus aquaculture conditions) on the

morphological characteristics of H. discus hannai. The considerable overlap between the

two  cultured  populations  along  PC1  suggests  high  morphological  similarity  in  their

principal shell shape features. PC2 reveals within-population variation patterns, with the

Fujian-cultured  population  exhibiting  greater  morphological  diversity. Furthermore, the

morphological variation diagrams positioned around the periphery of the figure provide

an intuitive representation of the gradual shell shape transformation along the PC1 axis.

Canonical Variate Analysis

Canonical Variate Analysis (CVA) was applied to the five abalone species to evaluate the

reliability of geometric morphometric methods for species identification. The first linear

Figure 4.  

Principal Component Analysis (PCA) ordination of H. discus hannai from three populations:

wild specimens from Liaoning (purple), cultured specimens from Dalian, Liaoning (yellow) and

cultured specimens from Fujian (pink).
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discriminant  function  (CV1)  and  second  linear  discriminant  function  (CV2)  explained

58.5%  and  11.09%  of the  total  between-group  variance, respectively,  representing  a

cumulative contribution of 69.59%. These findings indicate that the discriminant model

effectively captures the amongst-group variation inherent in  the original  morphological

data (Fig. 5).

The  CVA ordination  plot demonstrates complete  separation  amongst the  five  abalone

species  within  the  two-dimensional  discriminant  space,  with  no  substantial  overlap

between  groups. This  confirms  the  efficacy  and  accuracy  of geometric  morphometric

methods for abalone species identification. H. discus hannai is tightly clustered near the

origin  of  the  coordinate  system,  indicating  that  its  morphological  characteristics  are

representative  of  the  overall  sample  mean.  This  species  exhibits  the  smallest

morphological  variation amongst the five  species examined. H. gigantea occupies the

negative region of CV1 and positive region of CV2, whilst H. madaka is positioned in the

negative region of both CV1 and CV2. Although these two species cluster together along

CV1, they demonstrate significant separation along CV2, suggesting overall similarity in

general  shell  contour  morphology,  but  distinguishable  differences  in  secondary

characteristics such as shell disc ellipticity. H. diversicolor occupies the positive region of

Figure 5.  

Canonical Variate Analysis (CVA)  of  five abalone species and three distinct  populations of

Haliotis discus hannai.
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both CV1 and CV2, whereas H. ovina is positioned in  the positive region of CV1 and

negative region of CV2. The contrasting distribution of these species along CV1 indicates

that their morphological differentiation is primarily attributable to variation in shell width-

to-length ratio.

Regarding  the  different  H. discus hannai populations  examined,  the  wild  population

exhibits  a  complete  negative  shift along  CV1  (-7  — -3), forming  a  distinct separation

boundary from the two cultured populations within the PCA ordination space. The two

cultured  populations demonstrate  substantial  overlap  along  CV1  (0  — 5), suggesting

that, although  these  populations originate  from geographically distant regions, shared

cultivation  practices  may  impose  similar  morphological  selection  pressures.

Nevertheless,  differences  are  observed  along  CV2  between  these  populations:  the

Dalian population is biased towards positive values along CV2 (2 — 5), whilst the Fujian

population exhibits a broader range of variation along CV2 (1— 4).

Jackknife analysis

Linear discriminant functions were constructed using the first two principal components

derived from the CVA and validated through a Jackknife analysis. The results indicate

that the discriminant functions correctly classified 74.91% of abalone specimens to their

respective species and 62.64% to their geographical populations. The Jackknife analysis

classification accuracy reached 75.8%, thereby confirming the efficacy of the discriminant

functions (Fig. 6).

Discussion

Previous research has predominantly focused on traditional  morphometric parameters,

such as shell length, shell width and shell height, while comparative studies examining

inter-specific  differences  amongst  economically  important  abalone  species  remain

relatively limited. The complete separation of the five abalone species in the PCA space

can be fundamentally attributed to their distinct geographic ranges and ecological niches

and this ecological reality has directly shaped their unique shell morphology.

Amongst these  species, H. ovina occupies  an  extreme  position  in  the  negative  PC1

region, forming a pronounced spatial distinction from all other species. Notably, H. ovina

exhibits an elliptical  body shape and represents the sole tropical  species amongst the

five taxa, demonstrating a marked morphological  divergence from the elongated forms

characteristic  of  the  remaining  four  species.  This  differentiation  reflects  the  unique

ecological  strategies  that have  developed  during  the  long-term evolutionary  process.

Although these five abalone species belong to the same genus, prolonged geographic

isolation  has  led  to  independent morphological  evolution.The  principal  advantage  of

PCA as a dimensionality reduction technique lies in its capacity to transform these subtle

morphological  differences into  visualised  spatial  separation  patterns. The  discriminant

function  analysis  achieved  a  correct classification  rate  of 74.91%, demonstrating  that

geometric morphometrics can serve as an effective method for species identification.
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Environmental  factors,  including  temperature,  salinity  and  nutritional  status,  exert

significant effects on the shell morphology (Telesca et al. 2019). Geographic isolation has

been reported to strongly influence shell morphology (Krapivka et al. 2007). However, in

the  present  study,  substantial  overlap  was  observed  between  the  H. discus hannai

populations from Fujian and Liaoning Provinces, indicating morphological similarity that

renders geometric morphometric separation challenging.

The Pacific abalone (H. discus hannai) is primarily distributed along the coastal regions

of the Liaodong Peninsula, Shandong Peninsula and northern Jiangsu Province in China

(Yu et al. 2012). The optimal  growth temperature  for adult abalone ranges from 10 to

22°C, with mortality frequently occurring when water temperature exceeds 26°C or falls

below  0°C  (Zhang  et  al.  2005).  Given  the  cold  winters  in  northern  China,  indoor

overwintering  requires  heating  of  seawater,  which  consumes  substantial  energy

resources  (Nie  et  al.  1996).  To  reduce  costs,  some  hatchery  operators  have  begun

experimenting with overwintering in southern sea areas and this approach has received

industry endorsement (Wu et al. 2009).

Figure 6.  

Jackknife  Analysis of  five  abalone  species and  three  distinct  populations of  Haliotis discus 

hannai.
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As  a  species  exhibiting  pronounced  phenotypic  plasticity,  the  morphological

characteristics of H. discus hannai are  largely regulated  by environmental  conditions.

Although  environmental  factors,  such  as  seawater  temperature  and  salinity,  differ

between  Dalian  and  Fujian, both  populations are  maintained  under human-managed

aquaculture  conditions,  which  inherently  produce  a  homogenising  effect.  The  high-

density,  intensive  management  practices  characteristic  of  aquaculture  environments

effectively  neutralise  the  geographic  isolation  effects  observed  in  natural  settings.

Regardless of geographic location, abalone in both Dalian and Fujian undergo similar

aquaculture cycles, feeding regimes and spatial density conditions. Under these uniform

artificial  selection  pressures,  both  populations  have  evolved  towards  similar

morphological  trajectories, resulting in convergent morphological  characteristics across

geographically distinct populations.

Funding program

Research and Application of Liaoning Provincial  Science and Technology Plan Project

(2025JH2/101330186);  Liaoning  Provincial  Science  and  Technology  Major  Project

(2025JH1/11700001);  the  Joint  Research  Project  of  Liaoning  Provincial  Science  and

Technology  Program  (2024JH2/102600076);  Liaoning  Provincial  “Xingliao  Talent

Program”  Science  and  Technology  Innovation  Team  Project;  Fundamental  Research

Funds for Innovative Teams, Dalian Ocean University.

Grant title

Research  and  Application  of  Digitalisation  Technology  for  Aquatic  Invertebrate

Germplasm Resources  (2025JH2/101330186);  Germplasm Innovation  Technology  for

Northern Fishes (2025JH1/11700001).

Author contributions

Y.T and  W.L.  contributed  equally  to  this  work  and  should  be  considered  as  co-first

authors. Conceptualisation, Y.T.  and  Z.H.; methodology, Y.T.,  W.L. and  J.Z.;  software,

W.S.; validation, Y.T., W.L. and Q.L.; formal analysis, W.S. and S.H.; investigation, J.Z. and

Q.L.; resources, Z.H.; data curation, Y.T.  and W.L.; writing — original  draft preparation,

Y.T.  and  W.L.;  writing  —  review  and  editing,  Z.H.  and  S.H.;  visualisation,  W.S.;

supervision, Z.H.; project administration, Z.H.; funding acquisition, Z.H. All authors have

read and agreed to the published version of the manuscript.

Conflicts of interest

The authors have declared that no competing interests exist.

Application of geometric methods to the morphological classification of ... 13



References

• Abdelhady AA, Abdelrahman E, Elewa AT, Fan J, Zhang S, Xiao J (2018) Phenotypic

plasticity of the gastropod Melanoides tuberculata in the Nile Delta: A pollution-induced

stabilizing selection. Marine Pollution Bulletin 133: 701‑710. https://doi.org/10.1016/

j.marpolbul.2018.06.026

• Bookstein F (1997) Landmark methods for forms without landmarks: morphometrics of

group differences in outline shape. Medical Image Analysis 1 (3): 225‑243. https://doi.org/

10.1016/s1361-8415(97)85012-8

• Brown LD (1993) Biochemical genetics and species relationships within the genus 

Haliotis (Gastropoda: Haliotidae). Journal of Molluscan Studies 59 (4): 429‑443. https://

doi.org/10.1093/mollus/59.4.429

• Bureau of Fisheries, Ministry of Agriculture and Rural Affairs of the People's Republic of

China (2025) 2025 China Fishery Statistical Yearbook. China Agriculture Press, Beijing.

• Chen NH, Liang RJ, Bai Y, Wang HR (2018) A geometric-morphometry-based study on

phylogeny of four Littorina (Gastropoda: Littorinidae) species. Oceanologia et Limnologia

Sinica 49 (6): 1365‑1374. https://doi.org/10.11693/hyhz20171100293

• Coleman A, Vacquier V (2014) Exploring the phylogenetic utility of ITS sequences for

animals: A test case for abalone (Haliotis). Journal of Molecular Evolution 54 (2):

246‑257. https://doi.org/10.1007/s00239-001-0006-0

• Cook P (2023) Worldwide abalone production: an update. New Zealand Journal of Marine

and Freshwater Research 59 (1): 4‑10. https://doi.org/10.1080/00288330.2023.2261869

• Cruz R, Pante MJR, Rohlf FJ (2012) Geometric morphometric analysis of shell shape

variation in Conus (Gastropoda: Conidae). Zoological Journal of the Linnean Society 165

(2): 296‑310. https://doi.org/10.1111/j.1096-3642.2011.00806.x

• Estes J, Lindberg D, Wray C (2005) Evolution of large body size in abalones (Haliotis):

patterns and implications. Paleobiology 31 (4): 591‑606. https://doi.org/

10.1666/0094-8373(2005)031[0591:eolbsi]2.0.co;2

• Geiger DL, Groves LT (2015) Review of fossil abalone (Gastropoda: Vetigastropoda:

Haliotidae) with comparison to recent species. Journal of Paleontology 73 (5): 872‑885. 

https://doi.org/10.1017/s0022336000040713

• Hong HY, Zhang XZ, Zhang XZ, et al. (2023) Tracing the geographical origin of abalone

using Sr stable isotopes and mineral elements. Journal of Nuclear Agriculture Science 37

(11): 2185‑2195. https://doi.org/10.11869/j.issn.1000-8551.2023.11.2185

• Krapivka S, Toro JE, Alcapán AC, Astorga M, Presa P, Pérez M, Guiñez R (2007) Shell-

shape variation along the latitudinal range of the Chilean blue mussel Mytilus chilensis

(Hupe 1854). Aquaculture Research 38 (16): 1770‑1777. https://doi.org/10.1111/j.

1365-2109.2007.01839.x

• Lai YT, Shen H, Zhang YX, et al. (2016) Geometric morphometric study of two

nomozygous color strains of the golden apple snail Pomacea canaliculata

(Caenogastropoda: Ampullariidae). Journal of Hydroecology 37 (2): 88‑95. 

• Lee Y, Vacquier VD (1995) Evolution and systematics in Haliotidae (Mollusca:

Gastropoda): inferences from DNA sequences of sperm lysin. Marine Biology 124 (2):

267‑278. https://doi.org/10.1007/bf00347131

• Lin WL, Huang HL, Luo X, et al. (2020) Analysis of abalone production situation in the

post-pandemic era. Ocean and Fishery 12: 72‑73. 

14 Tian Y et al

https://doi.org/10.1016/j.marpolbul.2018.06.026
https://doi.org/10.1016/j.marpolbul.2018.06.026
https://doi.org/10.1016/s1361-8415(97)85012-8
https://doi.org/10.1016/s1361-8415(97)85012-8
https://doi.org/10.1093/mollus/59.4.429
https://doi.org/10.1093/mollus/59.4.429
https://doi.org/10.11693/hyhz20171100293
https://doi.org/10.1007/s00239-001-0006-0
https://doi.org/10.1080/00288330.2023.2261869
https://doi.org/10.1111/j.1096-3642.2011.00806.x
https://doi.org/10.1666/0094-8373(2005)031%5B0591:eolbsi%5D2.0.co;2
https://doi.org/10.1666/0094-8373(2005)031%5B0591:eolbsi%5D2.0.co;2
https://doi.org/10.1017/s0022336000040713
https://doi.org/10.11869/j.issn.1000-8551.2023.11.2185
https://doi.org/10.1111/j.1365-2109.2007.01839.x
https://doi.org/10.1111/j.1365-2109.2007.01839.x
https://doi.org/10.1007/bf00347131


• Luan Y, Dong Y, Duan X, Wang X, Pang Y, Li Q, Gou M (2022) TMT-based quantitative

proteomics reveals protein biomarkers from cultured Pacific abalone (Haliotis discus

hannai) in different regions. Food Chemistry: X 14 https://doi.org/10.1016/j.fochx.

2022.100355

• Márquez F, Amoroso R, Gowland Sainz M, Van der Molen S (2010) Shell morphology

changes in the scallop Aequipecten tehuelchus during its life span: a geometric

morphometric approach. Aquatic Biology 11 (2): 149‑155. https://doi.org/10.3354/ab00301

• Miranda MJ (2020) Anatomy and shell shape variability in a land snail Bostryx torallyi

(Stylommatophora: Bulimulidae). Revista de Biología Tropical 68 (1): 218‑229. https://

doi.org/10.15517/rbt.v68i1.37424

• Mitteroecker P, Gunz P (2013) Semilandmarks: A Method for Quantifying Curves and

Surfaces. Hystrix 24 (1): 103‑109. https://doi.org/10.4404/hystrix-24.1-6292

• MolluscaBase (2026) https://www.molluscabase.org/aphia.php?p=taxdetails&id=138050.

Accessed on: 2026-5-16.

• Nie Z, Ji M, Yan J (1996) Preliminary studies on increased survival and accelerated

growth of overwintering juvenile abalone, Haliotis discus hannai Ino. Aquaculture 140:

177‑186. https://doi.org/10.1016/0044-8486(95)01195-1

• Shu Y, Shi L, Lai SQ (2021) Morphometric study and comparison of scallops (Chlamys

farreri) cultured in different water depth. Acta Hydrobiologica Sinica 45 (1): 132‑139. 

https://doi.org/10.7541/2021.2019.215

• Telesca L, Peck L, Sanders T, Thyrring J, Sejr M, Harper E (2019) Biomineralization

plasticity and environmental heterogeneity predict geographical resilience patterns of

foundation species to future change. Global Change Biology 25 (12): 4179‑4193. https://

doi.org/10.1111/gcb.14758

• Wang LS, Xue YJ, Fang SS, et al. (2017) Comparison of COⅠ gene complete sequence

and phylogenetic analysis in eight kinds of economic abalone. Journal of Biology 34 (2):

36‑39. https://doi.org/10.3969/j.issn.2095-1736.2017.02.036

• Wei SS, Luo DL, Xu CY (2018) Stress and early warning threshold of several

environmental factors on Haliotis discus hannai Ino. Marine Sciences 42 (12): 47‑54. 

https://doi.org/10.11759/hykx20180824001

• Wu F, Liu X, Zhang G, Wang C (2009) Effects of the initial size, stocking density and

sorting on the growth of juvenile Pacific abalone, Haliotis discus hannai Ino. Aquaculture

Research 40 (10): 1103‑1110. https://doi.org/10.1111/j.1365-2109.2009.02205.x

• Yu LY, Liu GM, Wang ZH, et al. (2012) Advances in genetics and breeding in Haliotis

discus hannai: a review. Journal of Aquaculture 33 (2): 48‑53. https://doi.org/10.3969/

j.issn.1004-2091.2012.01.012

• Zhang JW, Tang JW, Zhang YF, et al. (2022) Shell morphology and relative growth

variability of pacific abalone Haliotis discus hannai in coastal China. Oceanologia et

Limnologia Sinica 53 (6): 1539‑1547. 

• Zhang M, Wang ZS, Gao XS (2005) Comparison on adaptability of abalone Haliotis

discus hannai Ino to temperatures at different growing stages. Journal of Fishery

Sciences of China 12 (6): 720‑725. https://doi.org/10.3321/j.issn:1005-8737.2005.06.009

• Zhang YF (2019) Morphological and genetic diversity among different species and

populations of abalone. Xiamen University.

Application of geometric methods to the morphological classification of ... 15

https://doi.org/10.1016/j.fochx.2022.100355
https://doi.org/10.1016/j.fochx.2022.100355
https://doi.org/10.3354/ab00301
https://doi.org/10.15517/rbt.v68i1.37424
https://doi.org/10.15517/rbt.v68i1.37424
https://doi.org/10.4404/hystrix-24.1-6292
https://www.molluscabase.org/aphia.php?p=taxdetails&id=138050
https://doi.org/10.1016/0044-8486(95)01195-1
https://doi.org/10.7541/2021.2019.215
https://doi.org/10.1111/gcb.14758
https://doi.org/10.1111/gcb.14758
https://erm.zjlib.cn/kns55/loginid.aspx?uid=S1VFYnA0VE5ZK3E1dFh2WWVXa0ljNDJkY1ZYUWxnNTdIRzFRemlDV09OZ09nVDR4&p=Navi%2FBridge.aspx%3FLinkType%3DBaseLink%26DBCode%3Dcjfq%26TableName%3DCJFQbaseinfo%26Field%3DBaseID%26Value%3DSWXZ
https://doi.org/10.3969/j.issn.2095-1736.2017.02.036
https://doi.org/10.11759/hykx20180824001
https://doi.org/10.1111/j.1365-2109.2009.02205.x
https://doi.org/10.3969/j.issn.1004-2091.2012.01.012
https://doi.org/10.3969/j.issn.1004-2091.2012.01.012
https://doi.org/10.3321/j.issn:1005-8737.2005.06.009

	Abstract
	Keywords
	Introduction
	Material and methods
	Sample collection
	Image Acquisition
	Standardisation of data
	Data processing and Analysis

	Results
	Principal component analysis
	Canonical Variate Analysis
	Jackknife analysis

	Discussion
	Funding program
	Grant title
	Author contributions
	Conflicts of interest
	References

