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Resumo

A zona costeira € um foco importante de comércio, residéncia e lazer em todo o mundo. Um dos
servicos mais relevantes fornecidos por esta zona € a producéo de alimento e inclui os bivalves, que sdo
espécies chave em habitats estuarinos e costeiros.

O berbigdo (Cerastoderma spp.) é um bivalve de interesse comercial e ecolégico que ocorre e é
capturado em varios sistemas aquaticos costeiros da Europa. Em Portugal, encontra-se presente em
varios sistemas aquéticos costeiros nomeadamente na Ria de Aveiro e na Ria Formosa. O berbigdo é o
bivalve mais capturado em todo o pais contabilizando valores superiores a 66 mil toneladas no periodo
de 2010 a 2020. Devido a importancia deste bivalve na economia e pesca em Portugal e na Europa, é
essencial, em muitas situacGes, averiguar a origem dos individuos por via da rastreabilidade dos
espécimes, nomeadamente para o caso da verificacdo de pesca ilegal ou em caso de rétulos fraudulentos.
Em Portugal, ocorrem duas espécies de berbigdo que vivem em simpatria na maioria dos locais,
Cerastoderma edule (Linnaeus 1768) e Cerastoderma glaucum (Bruguiéere 1799). Estes séo dificeis de
diferenciar devido as suas similitudes morfolGgicas. Apesar desse facto, diversos estudos sobre a
identificacdo da origem geogréafica ou da identidade destas espécies usam carateristicas morfoldgicas.

Um dos métodos de andlise das carateristicas morfolégicas mais reconhecido é a morfometria
geomeétrica, i.e., a representagdo visual de mudancas de forma e a producéo de variaveis que podem ser
analisadas estatisticamente. Uma das abordagens da morfometria geométrica é baseada em landmarks
i.e., pontos de referéncia de interesse bioldgico que sdo considerados como homologos e identificaveis
em todos os espécimes. As landmarks, depois de serem analisadas com a analise generalizada de
Procrustes (GPA), podem produzir variaveis de forma que podem ser analisadas estatisticamente.

O objetivo deste trabalho foi estudar a variacao geogréfica da forma da concha de duas espécies de
berbigdo com interesse comercial (Cerastoderma edule e Cerastoderma glaucum) em cinco sistemas
aquaticos costeiros portugueses (Ria de Aveiro, lagoa de Obidos, estuario do Tejo, lagoa de Albufeira e
estuario do Sado), explorando a possibilidade de inferir a origem dos individuos. Para tal, usou-se a
morfologia da valva direita da concha de 504 individuos e varios métodos envolvendo morfometria
geométrica, testando se esses métodos podem ajudar no desenvolvimento de técnicas de rastreabilidade
da forma, associadas a origem de bivalves econémica- e ecologicamente importantes como é o caso de
Cerastoderma spp.

Os métodos de morfometria geométrica usados neste estudo tém baixo custo, uma vez que nao
necessitam do uso de reagentes ou de técnicos especializados em laboratério. Estes métodos foram
baseados em 16 landmarks, localizadas nas valvas da concha direita em locais homologos de interesse
bioldgico (e.g., cicatriz do musculo adutor anterior e posterior, linha paleal, etc.). Com base nessas
landmarks, foram feitas diversas analises estatisticas. Cada uma das analises foi realizada utilizando o
programa de computador R e R Studio e desvendou aspetos diferentes da forma de uma estrutura
complexa, como é a concha dos bivalves, nos cinco sistemas aquaticos costeiros portugueses diferentes.

A anélise de varidncia (ANOVA) permitiu descrever padrfes de varia¢do de forma para o conjunto
de coordenadas Procrustes previamente analisado por via da GPA. A ANOVA aferiu a hipotese
estatistica de existir diferengas de forma da concha relativas ao tamanho do espécime, & espécie, ao
sistema aquatico e a interacdo entre a espécie e o0 sistema aquatico.

A andlise de componentes principais (PCA) permitiu a visualizacdo de padrdes de variacdo de
forma das conchas relativamente as duas espécies (Cerastoderma edule e Cerastoderma glaucum) e aos



cinco sistemas aquaticos (Ria de Aveiro, lagoa de Obidos, estuério do Tejo, lagoa de Albufeira e estuario
do Sado). Apo6s a andlise dos padrdes observados, foi feita a comparagdo detalhada da posicdo das
landmarks de diferentes grupos com interesse, com a ajuda de vetores.

A anélise de trajetdria permitiu quantificar e comparar as varia¢@es de forma da concha observadas
com as outras analises realizadas, expondo 0s sistemas aquaticos que apresentavam mais diferencas de
forma entre os cinco que foram estudados. Isto foi possivel através da analise de magnitudes, correlacdes
e direcBes de trajetdrias que representam atributos geométricos de variagdo de forma das diferentes
espécies e dos diferentes sistemas aquaticos costeiros.

A analise de disparidade morfoldgica representou a diversidade de morfologias presente em cada
um dos sistemas aquaticos costeiros e para cada uma das espécies em estudo, estando ligada a
diversidade funcional e ecoldgica dos espécimes. Esta analise realizou-se com o uso de dois descritores,
um baseado num proxy do tamanho da concha, o centroid size, e outro baseado no modelo ANOVA.
Cada descritor capturou e realcou aspetos diferentes da morfometria da concha dos espécimes estudados,
permitindo uma analise mais completa dos dados.

A anélise de variaveis candnicas permitiu a classificacdo da forma das conchas em cada um dos
cinco sistemas aquaticos estudados, sendo til na identificacdo de locais onde as morfologias séo
semelhantes e, portanto, ajudando na rastreabilidade do berbigdo. Com a matriz de confuséo obtida a
partir desta analise, foi possivel calcular a propor¢do de erro, i.e., as classificacdes erradas divididas
pelo total observado, realgando as diferengas na morfologia das conchas de cada um dos cinco sistemas
aquaticos costeiros portugueses estudados.

O Random forest, um método de machine learning popular pelo seu excelente desempenho e grande
sucesso em varios contextos (e.g., ecologico, taxondémico, etc.), que permitiu a previsdo da diferenciacdo
entre espécies, entre sistemas aquaticos, e entre ambos simultaneamente, com uma exatiddo de alta
percentagem. O Random forest efetua tarefas de previsdo rapidamente e com grande facilidade,
apresenta classificagdes s6lidas e precisas baseadas num algoritmo de machine learning que usa
multiplas arvores de decisdo individuais construidas a partir de um subconjunto de dados aleatorios,
reservando o restante dos dados para validagdo cruzada interna. Com este método e as suas matrizes de
confusdo, foi calculado o erro, i.e., previsdes erradas divididas pelo total observado, em percentagem
para cada um dos grupos em anélise, de forma a ter informacéo mais detalhada acerca da variacéo de
morfologias presente nas conchas recolhidas neste estudo.

O uso das diferentes analises da morfométrica geométrica baseada em landmarks, método que ja
provou a sua credibilidade por via de diversos estudos, permitiu, no presente trabalho, analisar a
morfometria e a variacdo de forma das conchas de duas espécies de bivalves de interesse comercial,
Cerastoderma edule e Cerastoderma glaucum. Foi feita a comparacdo das diferentes morfologias das
conchas dos espécimes recolhidos nos cinco sistemas aquaticos costeiros estudados de forma a capturar
diferencas subtis de forma nas conchas, permitindo, assim, a caraterizacdo e discriminacdo das
populagbes de berbigdo estudadas. Por mérito dos métodos de morfometria geométrica baseada em
landmarks, foi possivel ndo s6 a diferenciacdo geografica dos cinco sistemas aquaticos costeiros
estudados, mas também, o estudo da morfometria da concha do berbigdo em grande detalhe.

Os resultados obtidos no presente estudo permitem apoiar o uso da morfometria geométrica baseada
em landmarks para analises com objetivos semelhantes aos que foram apresentados neste trabalho. Para
além disso, os resultados deste estudo fornecem boas perspetivas para trabalhos futuros visando a
diferenciar populacGes de berbigdo presentes em zonas geograficas variadas. As metodologias usadas



neste trabalho podem ser alargadas a outras populacdes de bivalves e sistemas aquéticos. Por serem
técnicas de discriminacdo precisas, eficazes, faceis e de baixo custo, estas podem tornar-se uma
contribuicdo benéfica para a rastreabilidade de populacGes de diversas espécies incluindo as estudadas
aqui, e, também, podem representar um recurso valioso na pesca em geral.

Palavras-chave: Cerastoderma spp., morfometria geométrica baseada em landmarks, Random forest,
rastreabilidade, Portugal



Abstract

Cerastoderma edule (Linnaeus 1768) and Cerastoderma glaucum (Bruguiére 1799) are two sibling
species of cockles that can occur in sympatry. They are ecologically and economically important, have
a wide geographical distribution and are harvested all over Europe. In Portugal, cockles are commonly
found along all coastal areas and were the bivalve species with the highest landings in the country
between 2010 and 2020. This importance emphasises the need for unravelling the origin of an individual
using traceability techniques, when the harvesting location is doubtful, identifying and verifying illegal
fishing activity or benefiting consumers through the detection of mislabelled seafood products.

Distinguishing cockles’ populations based on morphological characteristics is difficult due to their
morphological similarities, however, species and geographic identification studies often use
morphological characteristics as tools to acquire most of this bivalve’s information. Geometric
morphometrics is one of the most successful methods based on morphometry, providing a visual
representation of shape change and producing shape variables that can be analysed through statistics.
The aim of this work was to study the geographical variation of the shell shape of Cerastoderma spp.
common in Portuguese aquatic systems such as Ria de Aveiro, the Tagus and Sado estuaries, the
Albufeira and Obidos lagoons, etc. The possibility of inferring the origin of an individual using shell
morphology and multiple landmark-based geometric morphometrics methodologies was explored
alongside the possibility of using such methods as traceability techniques.

This work supports the use of landmark-based geometric morphometrics methods, being easy, low
cost and effective in the study of shell shape variation. Using these methods allowed the discrimination
of cockle populations from different aquatic systems on the Portuguese coast. Such methodologies could
be extended to other bivalve populations and aquatic systems, becoming beneficial for the traceability
of other populations and a valuable asset in fisheries in general.

Keywords: Cerastoderma spp., landmark-based geometric morphometrics, Random forest,
traceability, Portugal
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1. Introduction

The coastal zone is an important focus of trade, residence, and recreation all around the world [1].
One of the most prominent services provided by this area is food production, which includes bivalves
[1], which are key species in estuarine and coastal habitats [2]. They are tolerant to harsh environments
[3], living in different types of habitats like soft, muddy sediments or lotic habitats [4, 5], they also
exhibit some variation in mode of life [6], and many of them are long-lived [7].

Cerastoderma edule (Linnaeus 1768) and Cerastoderma glaucum (Bruguiére 1799) are two sibling
species of cockles [8-11], that may co-exist and form mixed populations [12, 13], and, since they are
wild-harvested, their value and ecosystem importance are often overlooked, when compared with other
commercial bivalve species [1]. Despite this, cockles play an essential role in the ecosystem and,
considering they are a sediment-dwelling active filter, they are an important link between primary
producers and consumers such as crabs, shrimps, fishes, and birds [14-21].

Both the common cockle (C. edule) and the lagoon cockle (C. glaucum) are shallow burrowing
bivalves, buried in the surface of the sediment in sandy mud, sand, or fine gravel bottoms, or in the
intertidal zone, until a few meters, and shallow subtidal areas [18, 22-28]. They can occur in dense
populations of several thousand individuals per square metre, comprising up to 60% of the biomass of
an area [29-31] and have been characterised by having considerable temporal and spatial variability [18,
29, 32-34]. These two distinct species belonging to the genus Cerastoderma exhibit considerable
morphological similarities and a high phenotypic variation [11, 12]. Their shell is a strong shell with
marked ribs that evolved into and thicker spheroidal shape [12, 28, 35], mostly composed of aragonite
[36]. This substantially reduced Cerastoderma’s capacity to burrow but provided the ability to withstand
severe changes in temperature and desiccation during aerial exposure at low tides [12, 28, 37, 38]. They
can also tolerate wide ranges of salinity from 5 to 45 for C. glaucum and 3 to 35 for C. edule [39-42].
They have high resistance to extreme and unstable environmental conditions [43-45] and can live up to
10 years in some habitats, more commonly, up to six years or down to two, during the occurrence of
high mortality events [1, 46].

The C. glaucum and its congeneric C. edule have been the subject of much attention in the 70s, in
physiological and ecological studies as many authors have thoroughly described the differences between
the two species, since there was some controversy about their actual geographic distribution and local
occurrence [8, 9, 12, 13, 39-41, 43, 47, 48]. Since then, genetically based studies published in the 90s
have confirmed the existence of these two morphologically distinguishable species along the eastern
Atlantic and Mediterranean coastal waters [11, 12].

The cockles have a wide geographical distribution along the north-eastern Atlantic coastline from
the western region of the Barents Sea and the Baltic Sea to the Iberian Peninsula, into the Mediterranean,
the Black and Caspian Seas, and south along the coast of West Africa to Senegal [1, 21, 23, 28, 36, 46,
49]. Several species of cockles are commercially harvested and cultured around the world and are
consumed for their taste and nutritional value [20, 28, 46, 50, 51]. Since this bivalve is edible and
widespread in Western and Northern Europe, it is one of the main non-cultured bivalve species most
captured in Western European waters and one of the most abundant mollusc species in European bays
and estuaries [1, 18, 20, 36]. Harvesting cockles is deeply ingrained in the history and culture of
European countries, and according to the Food and Agriculture Organization of the United Nations
(FAO), the average annual harvest of edible cockles was 17,073 tonnes (from 2008 till 2014) [1, 36,
52]. Annual production of cockles in Europe varied between 14,000 and 26,000 tonnes from 2014 to



2017, with production dominated by the United Kingdom, Spain, Portugal, and Denmark [1]. In
Portugal, this species is very common [11, 53] along all coastal areas, including Ria de Aveiro, the
Obidos lagoon, the Tagus and Sado estuaries, and the Albufeira lagoon, among others [11, 54]. Cockles
fisheries landings reached 2,285 tonnes in 2019 and 3,921 tonnes in 2021 [55, 56]. Additionally, in the
ten years period between 2010 to 2020, Cerastoderma was the bivalve with the highest landings in the
country with 66,186 tonnes, surpassing the surf clam (41,049 tonnes, Spisula solida) and the grooved
carpet shell (or Palourde clam, Ruditapes decussatus) (41,713 tonnes) (Source: Direcdo-Geral de
Recursos Naturais, Seguranca e Servi¢os Maritimos - DGRM).

In most areas, both species occur in sympatry, and distinguishing them based on morphological
characteristics is very difficult [11, 45, 48]. Despite that, species and geographic identification studies
often use morphological characteristics as tools to acquire most of these species' information [12, 45].

1.1 Morphological context

Morphological diversity is the product of genetic, developmental, and environmental influences as
well as their interactions [57-63]. It has long been reported in the literature that bivalve shell morphology
(including Cerastoderma spp.’s) has great phenotypic plasticity in order to adapt to the different
environmental and ecological conditions [12, 39, 64-71]. Furthermore, it is widely accepted that
ontogenetic changes in shell morphology (size and shape) and certain shell morphologic features (e. g.,
ribs) are a result of an adaptative strategy to withstand specific environmental conditions, life habits
(above or below the substrate, how it feeds, and how/if it locomotes) and habitat preferences [6, 12, 13,
62, 70-74]. Several environmental factors are known to influence shell shape, some endogenous (genetic
and physiological) and others exogenous (biotic and abiotic interactions) (e.g., latitude; depth; tidal
exposure or shore level; water hydrodynamic factors such as waves, turbulence, and currents; type of
substrate; salinity; trophic conditions; type of natural predator; and parasitism) (e.g., [6, 12, 13, 62, 67,
69, 70, 75-79]). Aside from that, burrowing ability, efficiency and behaviour also affect the relative
growth and shape of bivalve species (including its shell) [6, 69, 75, 79]. Since shape is a key
morphological characteristic that reflects both environmental and ecological aspects, diverse ecological
studies cover morphological variation in shell and can be correlated with the adaptation of the species
to its habitat [6, 13, 74, 80, 81].

Establishing the relationships between bivalve morphology and habitat can be useful for a multitude
of ecologically related topics including conservation and monitoring [61, 71, 82]. For example, shell
shape is routinely used for morphological recognition of the taxonomy of bivalves [80]. Since bivalves
(such as Cerastoderma spp.) have hard shells, they are excellent candidates for morphological analysis
based on shape, because no deformation can occur during manipulation [61, 79, 83-86]. Such studies
can consist of geographically based analysis of the morphological variance that occurs in individuals
from different groups solely based on the analysis of their shape profiles [69, 72].

Additionally, morphological diversity can used for traceability [87-89], which is an important
concept in a fisheries context [89]. Traceability is based on population discrimination and stock
fingerprinting and has been developing exponentially [89-91]. The core principle of population
discrimination is that individuals from different areas display individual traits [89]. Applying this,
traceability techniques in a fisheries context can be used to determine the origin of specimens for which
the harvest location is in doubt [92]. Its application can lie in the identification and verification of illegal
fishing activity, for instance [89] and references therein. It can also benefit consumers through the



detection of fraudulent claims about the origin of seafood products, since the increase of farming activity
might lead to mislabelling farmed species as wild-caught species [93].

1.2 Morphometry

Morphometry is the quantification of shape [94]. Traditional or classic morphometry use bivariate
or multivariate methods applied to basic linear measurements (such as width, height, and length),
generally taken directly from the animal, and widely used to describe, compare, and distinguish shape
[71, 86, 95-99]. However, basic linear measurements might not discriminate between size and shape of
the structure (since they tend to be autocorrelated with the size of animals, therefore being poor shape
descriptors) and are rarely sufficient to capture significant shape information about an organism [86, 98,
100-104]. The shape of biological structures is complex (for example bivalve shells, which have high
morphological plasticity) and, because of that, crucial information may be lost if only linear
morphometric measurements are applied [86, 102-104]. Nevertheless, the study of morphometry of
organisms has experienced a revitalised growing interest in several scientific fields, in the last decades,
associated with the development of geometric morphometrics (GM) [71, 94, 95, 97, 105-110]. These
techniques focus on the geometry of form in several dimensions, providing more accurate descriptions
of morphological shape and allowing direct visualisation of the shape difference of the objects studied
[86, 96, 97, 103-105], capturing the relationships between measurements in ways that traditional
morphometrics do not [111, 112].

1.3 Geometric morphometrics

While morphometry is the study of the shape variation and covariation among variables, GM
provide a visual representation of shape change, and produce shape variables that can be analysed using
statistics (e.g., [61, 96, 104, 113]). Therefore, these methods allow the quantification of shapes in great
detail and the respective statistical processing of their variations by removing the factor of size and
symmetry (e.g., [94, 104, 106, 108, 109, 114-118]). GM methods allow the derivation of components of
shape and size, preserving the main geometric proprieties of the studied individuals (e.g., [94-96, 104,
106, 108, 114-116]). It has been successfully applied in many fields, for example, biology, ecology,
evolution, ontogeny, taxonomy, fishery, among others (e.g., [84, 113-115, 118-123]). GM techniques
were initially based on two main approaches: (1) analysis of outline/contour, where the border of a
specimen is analysed (continue matrix data), and (2) Landmark (LM) analysis, where the change in the
position of identified homologous points in each sample are quantified (two or three dimensions) [61,
82, 84, 86, 99, 104]. Both approaches provide distinct information and can be applied in different
circumstances [61, 82]. Moreover, both technics are an important tool for the analysis of geographical
variation in morphology and/or species discrimination (e.g., [69, 83-86, 114-116, 124, 125]).
Morphological variation in bivalves has been addressed in several studies dealing with changes in shell
morphology (even if subtle), using GM techniques which are turning into a standard approach to study
the patterns of bivalve shell shape variation [61, 79, 82, 83, 86].



1.4 Landmarks and landmark-based geometric morphometrics

To correctly compare shapes, it is important to define some of the structural properties of objects
(bottom, left side, anterior part, etc) [109]. A distinct mathematical point (i.e., defined by coordinates in
two or three dimensions) for which position is comparable among objects is a LM [109, 119, 113]. For
biological objects, LMs correspond to an anatomical position comparable among objects and is defined
as an anatomical LM [104, 108, 109, 113]. Anatomical LMs are assumed to be homologous having a
similar embryological, anatomical, or historical origin [98, 109, 119]. An example of a non-homologous
LM would be if some specimens had two scars and others just one scar, thus being dubious and hardly
comparable, which is common in bivalves [86, 109]. In this work, LMs are considered homologous
points which can be identified in all specimens and bear information on the geometry of biological forms
[98, 108, 126].

Most morphometric methods, including linear methods, use the locations of LMs, since inter-
landmark measurements are collected when measuring distances with a calliper, for example, length or
height of a shell [109]. Three main categories of LMs have been described [108]: Type I, Type Il, and
Type 111109, 113]. These categories are not always mutually exclusive as the same LM can be classified
into two categories [113]. Type | LMs are points that correspond to discrete juxtaposition of tissues or
to sufficiently small features to be defined by a single point, such as a point where two or more bones
meet, or a small foramen [109, 113]. This kind of LM is preferred since it has a true biological homology
origin [109]. Type Il LMs are points where correspondence is only indicated by geometry [113]. Self-
evident features occurring along elements that can be completely homologized (e.g., bones) serve as
representations of the type of geometry that directs the placement of these LMs [109, 113]. Its
homological basis may have weaker biological grounds than Type 1 [109]. Type 111 LMs are points that
are again indicated only by geometry, but where the correspondence is much more loosely supported
and no longer self-evident, such as the endpoints of diameters or the intersection of inter-landmark
segments [109, 113]. There is also another type of LMs that sometimes is not differentiated from Type
I11 called semi-landmarks or pseudo-landmarks [109]. These are points defined by a construction that
permits the identification of the LMs in question and require a subjective choice of the observer [109,
113]. Considering what was said earlier about the criteria for homology, Type | and 1l LMs represent
morphologically equivalent structures (primary homologies) in different organisms most accurately
[113]. On the other hand, Type 11 LMs (and semi or pseudo-landmarks) can be less objective since the
LMs do not accurately reflect primary homologies due to their dependence on the subjective choices of
the observer [113]. If it is possible to identify LMs, in spite of their type, and measure their coordinates,
it becomes easy to calculate distances, angles, etc. These coordinates contain the richest geometric
information available in any object [109]. While using LMs as a GM method, the shape of anatomical
objects from the coordinates of homologous locations can be defined as the information left in a figure
after location, scale and orientation data are removed [99, 107, 108, 120-123, 127]. GM techniques that
use LMs have demonstrated high sensitivities, specificities, and accuracies, and do not require highly
skilled technicians nor the use of costly reagents and equipment [99]. It has been used to determine shell
shape variation in multiple bivalves, being able to detect subtle changes in certain structures or parts of
the specimen under study [86, 117].

An integral part of primary homology assessment are alignments aiming to maximise the similarity
of the LM configurations, which is why LM configurations are usually aligned before being used for
analysis [86, 113]. The most prevalent type of alignment for GM data is the least-squares Procrustes
superimposition [104], which is a procedure that minimises the sum-of-squared differences between
configurations in a multivariate Euclidean space, by keeping one configuration as a reference while the



rest is rotated sequentially until the sum-of-the-squared residuals between the corresponding coordinates
is minimised [63, 86, 119, 128]. The sum-of-squares value is smaller as the coherence between the
datasets is greater [63]. To summarise, the Procrustes distance, which is the conventional metric for
overall shape dissimilarity in GM, is the Euclidean distance between shapes superimposed to minimise
the sum-of-squared distances between homologous LMs, a minimization carried out by translation,
rotation, and rescaling, preserving shape [129]. This alignment retains a series of properties that make
it suitable for further statistical testing [97, 102, 104, 127, 130-132].

1.5 Classification

Classification is the assignment of individuals based on measured variables, to predefined groups
[133]. Classification techniques can be used to identify and compare groups, therefore being useful in
species and location identification (thus traceability) (e.g., [106; 134; 135]). A canonical variates
analysis (CVA) is a linear discriminant analysis (LDA), a multivariate classification technique
frequently applied to morphometric data (including Procrustes shape coordinates) in a multitude of
contexts (e.g., ecology, paleontology, forensics, etc...) (e.g., [106, 119, 129, 133, 136]). One of the most
important advantages of GM is its power to analyse large datasets and to visualise results as actual
shapes or shape deformations (e.g., [95, 108, 110, 137]). However, the large number of variables is a
disadvantage to the application of LDA or CVA [133]. Moreover, it has been argued that this application
to shape coordinates is inappropriate since discriminant functions cannot be interpreted as biological
parameters [108] and an ordination based on a CVA does not preserve the Procrustes geometry [133].
CVA generally offers no interpretation as biological factors, is unlikely to correspond to any particular
developmental process, gene, or environmental effect, and is simply a tool for human decision-making
[133].

As an alternative to CVA, a Random forest (RF) classifier can be applied. RF is an ensemble
classifier tree-based learning algorithm, i.e., the algorithm averages the predictions over multiple
individual decision trees [138, 139]. The individual trees are built on bootstrap samples, where each
classifier in the ensemble is trained on a random subset of a training samples set, rather than on the
original sample [138-141]. This approach is called bootstrap aggregation or bagging, and it reduces
overfitting [138, 139]. Usually, about 70% of the samples (in-bag samples) are used to train the trees
(training dataset) and the remaining 30% (out-of-the bag samples) are used in an internal cross-
validation technique to estimate how well the resulting RF model performs (test or validation dataset)
[138, 139, 141-144]. In substance, the RF classifier yields reliable classifications using predictions
derived from an ensemble of decision trees [142]. The algorithm creates trees that have high variance
and low bias [142]. It easily adapts to nonlinearities found in the data and performs greatly on prediction
tasks [139]. In recent years, the use of machine-learning algorithms has increased in the scientific field
[139]. RF as devised by [142], is one of the best-performing learning algorithms and most successful
methods currently available to handle small and large datasets [138-140]. RF has received increasing
attention due to the accuracy of classification results obtained, the speed of processing (e.g., [141, 145-
148]), and simplicity of use [140]. This methodology has been successfully involved in various works
(e.g., [141, 144, 147-150]).



1.6 Objectives

The aim of this work is to study the geographical variation of the shell shape of two bivalve species
with commercial interest, the common cockle (Cerastoderma edule) and the lagoon cockle
(Cerastoderma glaucum), common in several estuarine and lagoon systems of the Portuguese coast,
exploring the possibility of inferring the origin of an individual using shell morphology and multiple
landmark-based geometric morphometrics methodologies and secondly, to test if this can be used as a
traceability technique to unravel the origin of economically and ecologically important marine products,
such as the cockles.

2. Materials and methods

2.1 Study area

This study took place at five different aquatic systems located along the western Portuguese coast
(Fig. 2.1): Ria de Aveiro (coastal lagoon), the Obidos coastal lagoon, the Tagus and Sado estuaries, and
the Albufeira coastal lagoon. For easier computation and labelling of the results, each system’s name
was simplified to “Aveiro”, “Obidos”, “Tagus”, “Sado”, and “Albufeira”, respectively.

Ria de Aveiro

Obidos
lagoon

Albufeira
lagoon

Fig. 2. 1 - Location of the cockles’ (Cerastoderma edule and Cerastoderma glaucum) sampling sites (Ria de Aveiro; the Obidos
coastal lagoon; the Tagus estuary; the Albufeira coastal lagoon; the Sado estuary).
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The Ria de Aveiro, located on the Northwest Atlantic coast of Portugal, is 45 km long and 10 km
wide, covering an area extending from 66 to 83 km?, at low and high tide respectively [151]. It is
characterised by two main zones: (1) the central area under tidal influence, with strong currents; (2) two
major channels, consisting mainly of very shallow intertidal areas, lower currents (~ 0.1 m.s™!) [151].
Ria de Aveiro is typically characterised by lowest water temperatures in the winter (minimum
temperatures around 13 °C), progressive warming through spring until summer (maximum temperatures
around 19 °C), and a gradual cooling from autumn to winter [152]. Cockles are often found in this system
[54, 153] and are the most important bivalve fishery resource in Ria de Aveiro [28]. For the local fishing
communities, it serves as a source of food and work, and it generates significant profits in the area [28].
Between 2015 to 2020, the cockles represented a total of 98.947 tonnes of captures, representing around
88% of the total landings of this species in Portugal (Source: Direcdo-Geral de Recursos Naturais,
Seguranga e Servicos Maritimos - DGRM). This data is undervalued because an unknown percentage
of trading is unreported and commercialised via a clandestine market [28]. Cockles are collected year-
round due to their abundance, ease of capture and strong market demand, and, on the most accessible
cockle beds, there is also an unknown amount of unreported fishing effort since it requires little
investment in manpower and equipment [28]. Therefore, despite being a species of local high density, a
substantial decrease in abundance has been observed and it is hypothesised to be due to overfishing,
recruitment failures, or a combination of all these factors [153, 154].

The Obidos lagoon is a semi-closed coastal lagoon located 150 km north of Lisbon with an area of
7 km?, being one of the largest coastal lagoons in Portugal, permanently connected to the sea [155-157].
Although this ecosystem is mostly oriented NW-SE, its direction can change based on tidal oscillation
and the system's sand entrance, being also very unstable because of its proximity to the sea [157]. The
Obidos lagoon is characterised by semi-diurnal tides and includes areas with different morphological
and sedimentary characteristics presenting an average depth of 1.5 to 2 m and having a central area and
two main channels: the Brago do Bom Sucesso and the Brago da Barrosa [155, 158]. This lagoon
supports a wide range of diverse and intricate habitats [157], with the cockles (Cerastoderma spp.) as
one of the most common species [54, 159]. Landings of this species accounted for 11.531 tonnes
between 2015 and 2020 (Source: Direcédo-Geral de Recursos Naturais, Seguranca e Servigos Maritimos
- DGRM).

The Tagus estuary, located on the Portuguese southwestern coast, is the largest estuary in Portugal
and one of the largest in Europe, covering an area of approximately 325 km? [160, 161]. It is a mesotidal
estuary, roughly 30 km long and exhibits a complex morphology that can be divided into three distinct
zones: upstream area, middle area, and external area [50, 160, 161]. The upstream area of the estuary
connects with the river through a channel of 200 m width [161]. The middle area is the largest part being
15 km wide and with an average depth of about 7 m [161]. The estuary is connected to the Atlantic
Ocean, through a deep, long, and narrow channel, with 12 km length, 2 km width, and 45 m depth [161,
162]. This estuary also presents local wave formation conditions due to its orientation toward the
prevailing winds [50]. Cockles occur frequently in this aquatic system, despite being a less important
capture (0 tonnes landed between 2015 and 2020) when compared to other coastal regions (e.g., Ria de
Aveiro, the Obidos lagoon) [54, 163].

The Sado estuary is the second largest Portuguese estuary and one of the largest in Europe,
occupying an area of approximately 240 km? [164]. It is a mesotidal estuary and presents an elongated
shape, partially divided into two channels: the North channel, with an average depth of 10 m, dominated
by a weaker flood current, and the South channel, with an average depth superior to 25 m, dominated
by a more intense ebb current [165-167]. Although having a lower harvesting relevance compared to



other commercial species (e.g. Ruditapes philippinarum), cockles presented total landings of 1.807
tonnes between 2015 and 2020 [54, 163] (Source: Direcdo-Geral de Recursos Naturais, Seguranca e
Servigos Maritimos - DGRM).

The Albufeira semi-enclosed coastal lagoon is located on a moderately exposed mesotidal coast
(the Western Portuguese Coast) [168, 169]. It has a NE-SW orientation in relation to the coast and a
flooded surface of 1.3 km?, with maximum depth of 15 m, width of 625 m and length of 3.5 m [168,
170]. The lagoon is made up of two basins separated by a narrow and shallow channel: the main body
named Lagoa Grande, with an average depth of 10 m, and the smaller body, Lagoa Pequena, with 2 m
in depth on average [170]. The lagoon is sheltered from the ocean by a sand barrier with variable width
(300 m on average) [170]. Cockles are frequently found and harvested in this system [54], presenting a
total landing of 48.816 tonnes between 2015 and 2020 (Source: Direcdo-Geral de Recursos Naturais,
Seguranga e Servigos Maritimos - DGRM).

2.2 Sampling and laboratory work

Sampling was conducted with the support of professional harvesters and as part of the NIPOGES
project (Estado atual das populacdes de améijoa-japonesa da Ria de Aveiro, lagoa de Obidos e
estuarios do Tejo e Sado — bases cientificas para uma gestao sustentavel do recurso). The specimens
were collected at different locations in five systems (Ria de Aveiro, the Obidos coastal lagoon, the Tagus
and Sado estuaries, and the Albufeira coastal lagoon) between the end of summer and beginning of
autumn of 2021. For the Tagus estuary in particular, samples were collected in 12 specific stations (Fig.
2.2) (within the scope of the NIPOGES project). Stations number 8, 12, and 14 were located in the
upstream area, while stations 26, 29, 30, 31, and at the beach were located downstream. Stations 23,
23A, 23B, and 23C were in between the previous locations (Fig. 2.2).
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Fig. 2. 2 - Location of the cockles’ (Cerastoderma edule and Cerastoderma glaucum) sampling stations in the Tagus estuary.

Collected specimens were taken to the laboratory, cleaned, and prepared for analysis. Their
taxonomic identification was done based on morphological features (e.g., [11, 72, 171]).

2.3. Morphometric methods

2.3.1. Linear morphometrics methods

Height, length, and width were measured for each specimen, using a digital calliper to the lowest
millimetre. The mean height, length, width, and shell roundness (calculated dividing width by length)
were estimated along with the respective standard error (95%) using the R program (version 4.2.0) [172],
specifically RStudio under the version 2022.02.2+485 [173]. The R packages used for the linear
morphometric analysis were “ggplot2” [174], “readx]” [175], “car” [176], and “gridExtra” [177].

2.3.2. Geometric morphometrics

For the landmark (LM) locations, 16 points that could be relevant to be used as LMs for the
statistical analysis were marked with a pencil on each organism's right valve (504 specimens in total)
(Fig. 2.3) to facilitate identification, by the same observer to minimise errors. LMs were identified based
on previous studies (e.g., [82-86]) and particularities of the species being studied. In the event of a
sampled specimen having multiple muscle scars, the most prominent scar was used to mark the LMs.
LMs 1-4 are points marked on the muscle scars (#1 and #2 on the anterior muscle scar, and #3 and #4
on the posterior muscle scar); LMs 5-8 are points marked on the hinge teeth; LMs #9, and #10 are both
placed on the hinge; LM #11 is placed on the tip of the ligament and representing the top extremity of



the shell; LMs #12, #13, and #14 are points marked on the extremities of the shell, with LM #14 being
the left extremity, #13 the right extremity and #12 the bottom extremity; LM #15 was obtained by
counting the 10th rib of the shell and placing the point where that rib connects with the pallial line; LM
#16 represents the intersection between the pallial line and an imaginary line that connected LM #11
with LM #12. The 16 LMs considered in this study were classified as follows: LMs numbers 1-4, and
15 as Type I; LMs 5-10 as Type Il; LMs 11-14 as Type Ill; and 16 as pseudo or semi-landmark (Fig.
2.3).

Fig. 2. 3 - Right valve shell of a Cerastoderma edule specimen analysed in this study with all landmark placements (in blue:
Type |; in green: Type II; in yellow: Type I1I; and in black: pseudo or semi-landmark) and a representation of the imaginary
line used to determine landmark #16 in orange.

All marked valves were digitised using a flat scanner (EPSON Perfection V300 Photo), to avoid
potential camera distortions associated with zoom levels, and singled out, one by one, using the GIMP
program version 2.10.30 [178].

The TPS series (specifically tpsDig2 version 2.32) [179] and RStudio [173] (including the package
“geomorph” [180-183]; “dplyr” [184]; “tidyr” [185]; “Hmisc” [186]; “factoextra” [187]; “ggplot2”
[174]; “gridExtra” [177]; “Morpho” [188]; and “randomForest” [189]) were used to obtain the shape
variables and to perform the statistical analysis. Using tpsDig2 [179], the coordinates of 16 LMs for
each specimen’s right valve were obtained by the same observer.
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In order to minimize the sum-of-squared distances, a Generalised Procrustes Analysis (GPA) [190]
was used to translate, rotate and rescale the LM configurations to a common centroid as reference (to
unit centroid size) (e.g., [102, 118, 190, 191]). The centroid size (Csize), calculated by the square root
of the sum-of-squared Euclidean distances of a set of LMs from their geometric centroid [99, 108, 130,
191; 192], was used to represent size [94, 104, 192]. With it, the GPA performed removed all
information unrelated to shape [97, 190, 193], adjusting for size [104; 118] and eliminating variation
due to differences in scale and orientation [83, 86, 131, 191]. To be able to better visualise the data and
have an idea of how it varies, mean variation of Csize between species and aquatic systems was
represented using RStudio [173] and with a standard error of 95%.

A mean LM configuration called consensus or reference/average configuration was obtained as a
result of the GPA, and used to visualise the direction and magnitude of shape variation in the
morphometric space [83, 116, 126, 190, 192].

An analysis of variance (ANOVA) was performed using RStudio [173]. A Procrustes ANOVA was
performed using the “geomorph” package [180-183] with random distributions of F-statistics to
calculate z-scores and P-values [194] and assess statistical hypotheses describing patterns of shape
variation and covariation for a set of Procrustes-aligned coordinates [194] (annex ). Model selection
procedure started with a full model, which contained all interactions possible with Csize, species, and
aquatic systems, to a simpler model, from which the interaction between species and Csize, between
aquatic system and Csize, and between those three factors were eliminated. The criterion used for the
elimination of interactions between aquatic systems and Csize, and between the three factors from the
model was if the interactions were statistically significant or not (P-value < 0.05). Models with and
without each term were compared in each step using an ANOVA. For the interaction between species
and Csize, it was decided that the z-scores were too small in comparison with the other scores, therefore
it was eliminated from the model. The full model was compared to the simpler model to assess model
equity/equality. Thus, the simpler model, containing the factors Csize, species, aquatic system, and the
interaction between species and aquatic system, was selected as the final model to use for the analysis.
The dataset was tested for normality. These values were based on 1,000 random permutations.

A Principal Component Analysis (PCA) (analogous to the Relative Warp Analysis; annex I1) was
done using the “factoextra” package [187] to decompose the data into axes in which shape is partitioned
as independent components of the shape variation in the original dataset. This analysis is designed in a
way where the axes represent different information and the first axis represents most variation in the
dataset, followed by the second, and so on [94, 130]. To observe patterns of variation within the dataset,
the axes that reflect maximum variation and covariation were examined [109, 118, 119, 127, 130, 132].
When patterns seemed relevant in PCA, a plot of shape differences between a reference and target
specimen(s) was performed, using RStudio [173] (“geomorph” package [180-183]), in order to verify
those patterns, with vector lengths multiplied by a factor of two to improve observation.

A trajectory analysis (TA) was performed on RStudio [173] with the package “geomorph” [180-
183]. A trajectory is defined by a sequence of points in the data space [181]. These trajectories can be
quantified for various attributes (size, orientation, and shape), and comparisons of these attributes enable
the statistical comparison of shape change trajectories [181, 195-198]. The TA performed here
represented the description and comparison of geometric attributes of change between species and
aquatic systems [197, 198]. With the function used for this data set, it was possible to quantify
multivariate trajectories from a set of observations and assess variation in the attributes of the
trajectories, namely angle, distance and direction [181, 199], using the basic arguments of a pairwise
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function with an argument for trajectory points [180, 181, 199]. In the context of this work, the function
was used to indicate differences between trajectory magnitudes (i.e., the path length of trajectories) and
to summarise the analysis as trajectory correlations, which are angles between trajectory directions
(major axes of variation) [180, 181].

With this data, a pairwise analysis could have been used to test pairwise differences between least-
squares means, i.e., Euclidean distance between least-squares means [199]. However, for this study, it
was decided to not use a pairwise analysis since the information that could be gathered by performing
it is part of the information obtained with a TA [198].

In addition, a morphological disparity (MD) analysis was carried out, to measure morphological
diversity [129]. High MD represents a high diversity of morphologies (i.e., shapes or body plans) and is
likely associated with high levels of functional and ecological diversity [200]. Disparity analyses (DA)
can be based on multiple characteristics [200]. For example, in this study, a Csize-based descriptor
(mathematical descriptor) and a model-based descriptor, were used to describe MD [200]. Different
types of descriptors capture and emphasise different aspects of morphology, levels of trait correlation,
and scales of change [201]. Even for the same set of sampled taxa, disparity patterns may or may not be
consistent across different types of descriptors [201]. None of the descriptors is better than the other,
and, as most disparity datasets are multidimensional, it is often beneficial to use more than one measure
to summarise different aspects of variation [200], thus why the use of two different kind of descriptors
here (mathematical descriptor and model-based descriptor). The function (from package “geomorph”
[180-183]) used for this analysis estimated MD and performed pairwise comparisons to identify
differences between groups [180, 181]. MD was estimated as the Procrustes variance, overall or for
groups, using randomised residuals of a linear model fit, through permutation [180, 181]. The function
was performed using landmark-based geometric morphometrics (GM) data where Procrustes variance
is calculated for the whole dataset (first descriptor) and using the final model (second descriptor) in
order to compare MDs in a more detailed way [180, 181].

For classification, both a canonical variates analysis (CVA) and a random forest (RF) were applied.
As mentioned earlier, it has been argued that the use of CVA is not appropriate for this kind of data
[133]. However, since most of previous works use this analysis (e.g., [106, 119, 129, 136]), it was
important to include it in this work in order to have comparison grounds with past and future works, in
spite of not being an ideal methodology for the kind of data used here. The CVA done in this work was
performed on RStudio [173] with the package “Morpho” [188] in order to assess possible classification
of the cockles shells’ localisation using landmark-based GM data. With the cross-validated classification
results in frequency, the proportion of each class error (i.e., total of wrong predictions/classifications
divided by the total of observed specimens for a specific class) was calculated and converted to a
percentage (multiplied by 100).

A RF can be performed as a classification method as an alternative to CVA. RF classifier was
performed on RStudio [173] with the package “randomForest” [189] in order to assess if landmark-
based GM data of cockles shells were reliable predictors of their geographic origin and species
differentiation. The dataset was randomly sub-divided into a training set (70%) and a test/validation set
(30%) following previous works (e.g., [139, 141, 144]). The RF algorithm was set on 500 randomly
built and uncorrelated trees and 5 splits. Three RF models were built, (1) for species discrimination; (2)
for aquatic systems and (3) for both (species and aquatic systems). Internal cross-validation was
achieved by applying the model to the test/validation set, calculating the probability of correct
classification (PCC) i.e., accuracy. PCC or accuracy was calculated by the package [189] as all correctly
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classified observations divided by all observations (for test or validation set). The proportion of each
class error (i.e., total of wrong predictions divided by the total of observed specimens for a specific
class) was recorded and then converted to a percentage (multiplied by 100). For more statistical
information on RF see [142].

2.4. Others

Scientific references for this work were found using B-ON (https://www.b-on.pt/) and Web Of
Science (https://www.webofknowledge.com) as search engines. For each search, species
(Cerastoderma, edule, Cardium, glaucum) and method (morphometric, morphometry, TPSdig, and
geometric morphometrics) were used as keywords to a maximum of 150 results per search. In addition
to those, some references related to the context of the work were searched later on Google Scholar
(https://scholar.google.com/) through different keywords (e.g., random forest, bivalve morphotype,
symmetry, allometry, etc...), following the logical thought process of this work and its
results/discussion. Finally, some references used in this work were suggested by specialists in the
field/supervisors.

3. Results

A total of 358 Cerastoderma edule and 146 Cerastoderma glaucum were collected in the five
studied aquatic systems, summing 504 specimens (Tab. 3.1).

Tab. 3. 1 - Number of specimens (Cerastoderma edule and Cerastoderma glaucum) collected in the five studied systems (the
Sado and Tagus estuaries, the Albufeira and Obidos lagoons, and Ria de Aveiro).

Number of specimens  Ria de Obidos  Tagus Albufeira  Sado Total
Aveiro lagoon  estuary  lagoon estuary

C. edule 41 39 166 66 46 358

C. glaucum 14 11 68 19 34 146

Total 55 50 236 85 80 504

3.1. Linear morphometrics

Shell heights of C. edule varied between 20.350 + 2.173 mm (mean and SE 95%) in the Tagus
estuary and 28.604 + 1.766 mm in Ria de Aveiro, whereas length varied between 22.877 + 2.324 mm in
the Tagus estuary and 31.798 + 2.105 mm in Ria de Aveiro and widths, between 16.140 + 1.988 mm in
the Tagus estuary and 22.682 * 1.425 mm in Ria de Aveiro (Fig. 3.1; annex II1). Shell means of the
linear measurements between the Obidos lagoon, the Sado estuary and the Albufeira coastal lagoon of
C. edule showed very little variation on average (< 1 mm) (Fig. 3.1; annex IlI). For C. glaucum mean
height varied from 21.500 £ 1.845 mm in the Tagus estuary to 29.519 £+ 1.660 mm in Ria de Aveiro, the
mean length varied from 24.206 + 2.051 mm in the Tagus estuary to 33.324 + 1.929 mm in Ria de
Aveiro, while mean width varied between 17.456 + 1.648 mm in the Tagus estuary and 23.811 + 1.621
mm in Ria de Aveiro (Fig. 3.1; annex Il1).

The shells of C. edule collected in Ria de Aveiro were the roundest ones, followed by the Tagus
estuary, the Sado estuary, the Obidos lagoon and the Albufeira lagoon (Fig. 3.1). C. glaucum's shell
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roundness varied more than C. edule's, but the variation between aquatic coastal systems showed a
similar pattern, with the shells from the Tagus estuary being rounder, followed by Ria de Aveiro, the
Sado estuary, the Albufeira lagoon, and, finally, the Obidos lagoon (Fig. 3.1). Note also that the sites
with the largest and smallest shells, were also the roundest, showing the roundedness was not related
with size (Fig. 3.1).

Height (mm) Length {mm)

25.0
+ 2751 +
£2.0 + 250 +
o 20.0 225 Species
=)
g Roundness (Width/Length) Width (mm) C. edule
25.0 4 C.glaucum

0.700
20.01 +

0.675 1 L +

Aeiro Obidos Tagus Albufeira Sado Ayeiro Obidos Tagus Albufeira Sado
Aquatic system

Fig. 3. 1 - Mean and respective standard error (95%) for height, length and width (in millimetres) of Cerastoderma edule (red)
and Cerastoderma glaucum (blue) at the five studied systems. Shell roundness (width divided by length) (mean and SE95%)
of Cerastoderma edule and Cerastoderma glaucum at the studied coastal systems (Ria de Aveiro, the Sado and Tagus estuaries,
the Obidos and Albufeira coastal lagoons).

Within the Tagus estuary, and only C. edule specimens specifically (Fig. 3.2), shell roundness
varied between sampling stations, e.g., shells from E.26 and E.29 (downstream) appeared rounder and
with more variability than the other stations. Additionally, all stations localised downstream (26, 29, 30,
31, and at the beach) presented shells with a mean roundness equal or superior to 0.71, while all the
shells from the upstream’s stations (8, 12, and 14) displayed roundness between 0.69 and 0.70 (Fig. 3.2).
Finally, C. edule’s shell harvested in stations 23, 23A, 23B, and 23C had roundness varying from 0.68
t0 0.69 (Fig. 3.2). Stations 23, 23A, 23B, and 23C had roundnesses more similar to the upstream stations,
but still, they had the less round shells of all the stations (Fig. 3.2).
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Fig. 3. 2 - Shell roundness (width divided by length) for Cerastoderma edule and the different sampling stations in the Tagus
estuary (mean and SE95%).

3.2. Geometric morphometrics

The dispersion around landmarks (LMs) position varied across the LM number. LMs numbers 15,
16, 12, and 13 showed higher dispersion, while LMs numbers 5-8, and 11 (corresponding to the hinge
teeth and umbo zone) had smaller variation (Fig. 3.3).
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Fig. 3. 3 - Consensus configuration, i.e., average configuration of landmarks (red balls) with the variation around each
numbered landmark (blue points represent each specimen, darker blue for Cerastoderma edule and light blue for Cerastoderma
glaucum). In the background, a representative shell was added to help understand shell shape and position.

In terms of shape size, C. edule specimens were always slightly smaller than C. glaucum (Fig. 3.4)
(measured using centroid size, which represents overall shape size) in all sampled aquatic systems,
except in the Albufeira lagoon, where the opposite was observed. Specimens from Ria de Aveiro were
the largest on average, followed by shells from the Obidos lagoon and the Sado estuary, then the
Albufeira lagoon, and, lastly, the smallest centroid size was found in the Tagus estuary (Fig. 3.4).
Additionally, differences between aquatic systems were much higher than differences between species
(Fig. 3.4).
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Centroid size
o

Fig. 3. 4 - Variation of centroid size between species and aquatic systems (mean and SE95%). Cerastoderma edule in red and

Cerastoderma glaucum in blue.

After model selection, the final and best linear model for this analysis (containing the factors
centroid size (Csize), species, aquatic system, and the interaction between species and aquatic system)
showed shell shape significantly changed with specimen size (F-value = 46.789 and P-value = 0.001),
between the two species (F-value = 24.088 and P-value = 0.001), and between the aquatic system (F-
value = 41.372 and P-value = 0.001) (P-value < 5%) (Tab. 3.2). It also indicated that the interaction
between species and aquatic systems was statistically significant (P-value < 5%) (F-value = 7. 105 and

Tagus

Aquatic system

Species

C. edule
A C. glaucum

P-value = 0.001), thus differences in shape between species varied across the systems (Tab. 3.2).

Tab. 3. 2 - Results of the simpler model of the factors Centroid size, species, aquatic system, and the interaction between species

and aquatic system.

Degrees  Sum-of- Mean R- F-statistic ~ Z-test P-
of squares squares  Squared value
freedom statistic
Centroid Size 1 0.241 0.241 0.062 46.789 6.240  0.001
Species 1 0.123 0.123 0.032 24.088 5.082  0.001
Systems 4 0.846 0.211 0.218 41.372 7.652  0.001
Species:Systems 4 0.145 0.036 0.038 7.105 6.750  0.001
Residuals 493 2.520 0.005 0.651
Total 503 3.873
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The first axis of the Principal component analysis (PCA) (1st dimension or Principal component 1
i.e., PC1) explained 45.3% whereas the second axis explained 13.7% of the variation and covariation in
shell shape. C. edule showed a positive and higher score than C. glaucum in both the first and second
PCs (Principal components) (Fig. 3.5). These differences were reflected in changes in position of all
LMs except for numbers 1, 10, and 15 (Fig. 3.6).
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Fig. 3. 5 - Principal component analysis (PCA) of the shape variables representing variation and covariation of the two studied
species (with 95% confidence ellipses) within the configuration set distributed in two axes, the first axis (PC1 explaining
45.23% of the variation and covariation) and the second axis (PC2 explaining with 13.7% of the variation and covariation),
without aquatic system differentiation. In red Cerastoderma edule and in blue Cerastoderma glaucum.
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Fig. 3. 6 - Visual representation of the differences in the average landmark position between the two bivalve species
Cerastoderma edule and Cerastoderma glaucum (vectors amplified by two).
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When accounting for shape variation by systems (ignoring species differentiation) (Fig. 3.7),
specimens from the Sado and Tagus estuaries appear to show more similar shell shapes, followed by
Obidos and Aveiro, whereas Albufeira showed more extreme shapes in PC1 (Fig. 3.7). Since the Sado
estuary had almost no variation in PC2 (or second dimension), the variation observed in LMs (numbers
1-4, 9, 10, 12-16) was mainly linked to PC1, with LMs #12 and #16 recording biggest variation (Fig.
3.7 and Fig. 3.8A). Additionally, Ria de Aveiro was the only system in the fourth quadrant (PC1 >0
and PC2 < 0) in Fig. 3.7 and its variation from the overall mean was observed in all LMs except for
numbers 4 and 10 (Fig. 3.8B). The two groups at the extremes of the first component were the Albufeira
lagoon and the Tagus estuary, whereas the extremes of the second dimension were Ria de Aveiro and
the Albufeira lagoon (Fig. 3.7). Looking at the shape differences between each extreme, the Albufeira
lagoon and the Tagus estuary’s specimens varied in all LMs, and the Albufeira lagoon and Ria de
Aveiro’s specimens differed in all LMs except number 15 (corresponding to the only Type I LM placed
on the paleal line) (Fig. 3.8C and Fig. 3.8D).

Groups

=] Aveiro
Obidos
Tagus
™ ] W | Albufeira

Sado

Principal Component 2 (13.7%)

'
I
-0.1 0.0

Principal Component 1 (45.3%)

Fig. 3. 7 - Principal component analysis (PCA) of the shape variables representing variation and covariation of the five studied
aquatic systems (with 95% confidence ellipses) within the configuration set distributed in two axes, the first axis (PC1l
explaining 45.3% of the variation and the second axis (PC2) explaining 13.7% of the variation).
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Fig. 3. 8 - Visual representation of the differences in the average landmark position between two groups with vector length
multiplied by a factor of two. A - Landmark variation between the average landmark configurations of the overall mean versus
the Sado estuary. B - Landmark variation between average landmark configurations of the overall mean versus Ria de Aveiro.
C - Landmark variation between the average landmark configurations of the Albufeira lagoon and the Tagus estuary. D -
Landmark variation between the average landmark configurations of the Albufeira lagoon and Ria de Aveiro.

In the PCA representation of the two species for each studied system overlaid (Fig. 3.9), it is clear
that the two groups at the extremes of the first dimension were C. edule from the Albufeira lagoon and
C. edule from Tagus. When looking at the LM variation between them, all differed substantially except
LM number 14 (Fig. 3.10A). C. glaucum from Ria de Aveiro and C. edule from the Obidos lagoon
appeared at the extremes of the second dimension with changes in all LMs minus numbers 2, 4, 10, and
15 (Fig. 3.9 and Fig. 3.10B). Both species from the Sado and Tagus estuaries had similar variations (Fig.
3.9). C. edule from the Albufeira lagoon were isolated from the other groups and, when observing the
LM variation from the overall mean, all LMs except from #14 varied (Fig. 3.9 and Fig. 3.10C). The only
group of C. edule observed with the second axis negative was the C. edule from Ria de Aveiro, and this
variation was reflected in all LMs aside #4, but especially in LMs localised in the bottom of the shell
(Fig. 3.9 and Fig. 3.10D). The Albufeira lagoon's C. glaucum appeared very similar to the Obidos
lagoon’s species (Fig. 3.9). C. edule specimens from Ria de Aveiro and the Sado estuary showed
opposite patterns (quadrants), showing variation in all LMs (Fig. 3.9 and Fig. 3.10E). Similarly, C.
glaucum from the Sado and Tagus estuaries presented opposite variation patterns from the Obidos
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lagoon's C. edule and the Albufeira lagoon's C. glaucum, with visible changes in all 16 LMs (Fig. 3.9
and Fig. 3.10F). The only aquatic system with PC1 positive and PC2 negative (fourth quadrant) for both
species was Ria de Aveiro (Fig. 3.9). C. glaucum from the Obidos lagoon had the second dimension
very close to zero, meaning the variation observed in LMs numbers 2-4, 9, 10, 12-14, and 16 was mostly
associated with PC1 (Fig. 3.9 and Fig. 3.10G). Similarly, Ria de Aveiro's C. glaucum was also close to
having zero variation, but in the first dimension, showing variation in all LMs aside from numbers 3,
15, and 16 that was linked to PC2 (Fig. 3.9 and Fig. 3.10H). Finally, only the Obidos and Albufeira
lagoons displayed both species in the second quadrant (PC1 and PC2 positive), reflecting variations
from the overall mean in all LMs (Fig. 3.9 and Fig. 3.101).

0.10

Groups
@ | C. edule Aveiro
C. edule Obidos

C. edule Tagus
® : o W [E] C. edule Albufeira
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Fig. 3. 9 - Principal component analysis (PCA) of the shape variables representing variation and covariation of the two species
and the five studied aquatic systems (with 95% confidence ellipses) within the configuration set distributed in two axes, the
first axis (PC1 explaining 45.3% of the variation) and the second axis (PC1 explaining 13.7% of the variation).
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Fig. 3. 10 - Visual representation of the differences in the average landmark position between two groups with vector lengths
(multiplied by a factor of two). A - Landmark variation between the average landmark configurations of the Cerastoderma
edule from the Albufeira lagoon and the Tagus estuary. B - Landmark variation between the average landmark configurations
of Ria de Aveiro’s Cerastoderma glaucum versus the Obidos lagoon’s Cerastoderma edule. C - Landmark variation between
the average landmark configurations of the overall mean versus the Albufeira lagoon’s Cerastoderma edule. D - Landmark
variation between the average landmark configurations of the Cerastoderma edule from Ria de Aveiro and the overall mean
from all Cerastoderma edule specimens except for Ria de Aveiro. E - Landmark variation between the average landmark
configurations of the Cerastoderma edule from Ria de Aveiro and from the Sado estuary. F - Landmark variation between the
average landmark configurations of the Cerastoderma glaucum from the Sado and Tagus estuaries versus Cerastoderma edule
from the Obidos lagoon and Cerastoderma glaucum from the Albufeira lagoon. G - Landmark variation between the average
landmark configurations of the overall mean and the Obidos lagoon’s Cerastoderma glaucum. H - Landmark variation between
the average landmark configurations of the overall mean and Ria de Aveiro’s Cerastoderma glaucum. | - Landmark variation
between the average landmark configurations of the specimens from Albufeira and Obidos versus the overall mean excluding
samples from the Albufeira and Obidos lagoons.

From the representation of PC2 (13.7%) and PC3 (8.3%), overlaying the 95% confidence ellipses
of the two species for each studied aquatic system (Fig. 3.11), the following patterns were observed: C.
glaucum from Ria de Aveiro and C. edule from the Albufeira lagoon appeared at the extremes of the
second dimension, this variation was translated into changes in all LMs except #2 (3.12A); Ria de
Aveiro's C. edule and the Albufeira lagoon's C. glaucum were observed at the extremes of the third
dimension, meaning variation in all LMs minus #16 (3.12B); both species from the Sado and Tagus
estuaries showed similar shape variations; specimens from Ria de Aveiro and from the Albufeira lagoon
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were the groups with the most divergent shape variation, this translated into changes in all LMs even if
small (#15 and #2 for C. edule, #15 and #4 for C. glaucum) (3.12C and 3.12D); all C. glaucum (except
form the Obidos lagoon) presented a bigger PC3 than their C. edule counterparts associated to shape
variation for all LMs save numbers 1, 2, 4, 10 and 15 (3.12E); all C. edule showed similar shape patterns
except for the group of C. edule from Ria de Aveiro which is the only group with the second dimension
negative, representing changes in all LMs except number 4 (3.12F); in PC3, the groups that showed
variation close to zero were C. glaucum from Ria de Aveiro and C. edule from the Tagus estuary, the
later indicated variation in LMs numbers 2, 4, 10, and 12-16 (3.12G); the Albufeira lagoon's C. glaucum
is the only group with a positive value in the second dimension, showing shape differences from the all
the other groups of C. glaucum in all LMs (3.12H); finally, C. glaucum from the Obidos lagoon had
similar variation patterns with the other groups of C. edule.
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Fig. 3. 11 - Principal component analysis (PCA) of the shape variables representing variation and covariation of the two species
and the five studied aquatic systems (with 95% confidence ellipses) within the configuration set distributed in two axes, the
second axis (PC2 explaining 13.7% of variation) and the third axis (PC3 explaining 8.3% of variation).
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Fig. 3. 12 - Visual representation of the differences in the average landmark position between two groups with vector length
amplified by two. A - Landmark variation between the average landmark configurations of the Cerastoderma glaucum from
Ria de Aveiro and Cerastoderma edule from the Albufeira lagoon. B - Landmark variation between the average landmark
configurations of Ria de Aveiro’s Cerastoderma edule versus the Albufeira lagoon’s Cerastoderma glaucum. C - Landmark
variation between the average landmark configurations of the Cerastoderma edule from Ria de Aveiro and from the Albufeira
lagoon. D - Landmark variation between the average landmark configurations of the Cerastoderma glaucum from Ria de Aveiro
and from the Albufeira lagoon. E - Landmark variation between the average landmark configurations of the overall mean for
each species and all aquatic systems except the Obidos lagoon. F - Landmark variation between the average landmark
configurations of the overall mean of Cerastoderma edule except from Ria de Aveiro versus those specimens. G - Landmark
variation between the average landmark configurations of the overall mean versus the Tagus estuary’s Cerastoderma edule. H
- Landmark variation between the average landmark configurations of the Cerastoderma glaucum from the Albufeira lagoon
versus the overall mean except for those specimens.

Patterns observed in the PC3 and PC4, explaining 8.3% and 7.4% of variation respectively and
overlaying the 95% confidence ellipses of the two species for each studied aquatic system (Fig. 3.13),
were: the two groups observed at the extremes of the fourth dimension were the Sado estuary's C. edule
and the Obidos lagoon's C. glaucum, representing changes in all LMs (Fig. 3.14A); all C. edule had a
positive value in the PC4 except for C. edule from the Albufeira lagoon, this translated into shape
variation in all LMs minus #14 (Fig. 3.14B); C. edule from the Sado estuary were isolated from the other
groups with bigger PC4 than any other group and showed changes from the overall mean in LMs
numbers 1-4, 9, 10, 12-16 (Fig. 3.14C); all C. glaucum had PC4 < 0, except for C. glaucum from the
Albufeira lagoon (Fig. 3.12H); the Sado and Tagus estuaries' C. glaucum had similar variation patterns
but not C. edule, the later specimens presented variations in LMs 1, 3, 4, 10, 12-16 (Fig. 3.14D); in PC3
and PC4, the Tagus estuary's C. edule showed variation close to zero (Fig. 3.12G); and, all C. edule
displayed variation in PC4 bigger than their C. glaucum counterparts, except for the specimens in the
Albufeira lagoon, meaning changes in all LMs except #10 and #16 (Fig. 3.14E).
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Fig. 3. 13 - Principal component analysis (PCA) of the shape variables representing variation and covariation of the two species
and the five studied aquatic systems (with 95% confidence ellipses) within the configuration set distributed in two axes, the
third axis (PC3 explaining 8.3% of the variation) and the fourth axis (PC4 explaining 7.4% of the variation).
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Fig. 3. 14 - Visual representation of the differences in the average landmark position between two groups with vector length
multiplied by two. A - Landmark variation between the average landmark configurations of the Cerastoderma edule from the
Sado estuary and Cerastoderma glaucum from the Obidos lagoon. B - Landmark variation between the average landmark
configurations of the overall mean of all Cerastoderma edule except from the Albufeira lagoon versus those specimens. C -
Landmark variation between the average landmark configurations of the overall mean and the Sado estuary’s Cerastoderma
edule. D - Landmark variation between the average landmark configurations of the Sado and Tagus estuaries’ Cerastoderma
edule. E - Landmark variation between the average landmark configurations of the overall mean for each species and all aquatic
systems except the Albufeira lagoon.
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The trajectory analysis (TA) showed that the path distances (magnitude) that were statistically
significantly different were: the Tagus estuary and the Albufeira lagoon (d-value = 0.023 and P-value =
0.006), and the Albufeira lagoon and the Obidos lagoon (d-value = 0.031 and P-value = 0.003) (Fig.
3.15). Additionally, the trajectory correlations i.e. angular differences between trajectory principal axes
that were statistically significantly different were: the Sado estuary and the Albufeira lagoon (angle-
value = 95.876 and P-value = 0.001), the Sado estuary and Ria de Aveiro (angle-value = 82.927 and P-
value = 0.004), the Tagus estuary and the Albufeira lagoon (angle-value = 114.207 and P-value = 0.001),
the Tagus estuary and Ria de Aveiro (angle-value = 103.311 and P-value = 0.001), and the Albufeira
lagoon and the Obidos lagoon (angle-value = 71.845 and P-value = 0.021) (Fig. 3.15).
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Fig. 3. 15 - Visual representation of the results of the trajectory analysis, where aquatic systems are trajectories and species are
trajectory points.

Results of morphological disparity (i.e., diversity of morphologies) (MD) using the mathematical
descriptor (Csize-based) showed that C. edule from Albufeira was the group that displayed a bigger
morphological variability compared to the other groups, and C. glaucum from Obidos the smallest (Fig.
3.16). C. edule from Ria de Aveiro and from the Obidos lagoon yielded similar MD (<0.001 difference)
(Fig. 3.16). Additionally, all C. glaucum had smaller MD than their C. edule counterparts (Fig. 3.16).
Furthermore, the only C. glaucum that showed a bigger MD than a group of C. edule (from the Tagus
estuary) was from Ria de Aveiro (Fig. 3.16).
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Fig. 3. 16 - Visual representation of the morphological disparity displaying Procrustes variance calculated from geometric
morphometric landmark data (Centroid size based) as mathematical descriptor (first descriptor).

Using the model-based descriptor (second descriptor) to calculate MD, C. edule from Ria de Aveiro
displayed the biggest MD compared to the other groups, while C. glaucum from Albufeira showed the
smallest MD (Fig. 3.17). C. edule from the Obidos lagoon and the Sado and Tagus estuaries seem to
have similar MD (<0.001 difference) (Fig. 3.17). The aquatic system with the closest MD between
species was the Tagus estuary (Fig. 3.17). Furthermore, all C. glaucum (except in the Tagus estuary’s)
presented smaller MD than all C. edule and all C. glaucum had smaller MD than their C. edule
counterparts (Fig. 3.17).
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Fig. 3. 17 - Visual representation of the morphological disparity displaying Procrustes variance calculated using the final model
(second descriptor).

The Canonical variates analysis (CVA) using the LM data classified aquatic systems with an
accuracy of 83.13% and from the Tagus and Sado estuaries to Ria de Aveiro to the Obidos lagoon, and
to the Albufeira lagoon alongside the first canonical axis (62.6%) (Fig. 3.18). Alongside the second
canonical axis (20.6%) systems were classified from the Albufeira lagoon and the Tagus and Sado
estuaries to the Obidos lagoon, and to Ria de Aveiro (Fig. 3.18). Class error for Ria de Aveiro was equal
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to 18.18%, for the Obidos lagoon was equal to 10.00%, for the Tagus estuary was equal to 19.23%, for
the Albufeira lagoon was equal to 11.77%, and for the Sado estuary was equal to 18.75% (Tab. 3.3).
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Fig. 3. 18 — Visual representation of the canonical variates analysis (CVA) based on landmark data for the five systems (Ria
de Aveiro, the Obidos lagoon, the Tagus estuary, the Albufeira lagoon, and the Sado estuary).

Tab. 3. 3 Confusion matrix of the canonical variates analysis based on landmark data for the five aquatic systems (Ria de
Aveiro, the Obidos lagoon, the Tagus estuary, the Albufeira lagoon, and the Sado estuary) with class error (wrong
classifications/predictions divided by the total of observed specimens for that specific system) in percentage (for the cross-
validated classification results in frequency).

Observed \ Predicted  Sado  Tagus Albufeira Obidos  Aveiro  Outliers  Class error in

%
Sado 65 10 0 0 4 1 18.750
Tagus 35 189 0 2 7 1 19.233
Albufeira 4 0 75 6 0 0 11.765
Obidos 0 2 2 45 1 0 10.000
Aveiro 4 3 0 3 45 0 18.182

The random forest (RF) classifier built for species showed an accuracy (PCC - probability of correct
classification) of 88.81%. Class error for C. edule was equal to 3.96% and for C. glaucum was equal to
28.57% (Tab. 3.4).
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Tab. 3. 4 - Confusion matrix of Random forest classifier built for species (Cerastoderma edule and Cerastoderma glaucum)
with class error (wrong predictions divided by the total of observed specimens for that specific species) in percentage calculated
for test/validation set.

Observed \ Predicted C. edule C. glaucum Class error in %
C. edule 97 4 3.960

C. glaucum 12 30 28.571

The RF classifier built for aquatic systems showed an accuracy (PCC) of 74.13%. Class error for
Ria de Aveiro was equal to 46.67%, for the Obidos lagoon was equal to 56.25%, for the Tagus estuary
was equal to 4.84%, for the Albufeira lagoon was equal to 16.00%, and for the Sado estuary was equal
to 56.00% (Tab. 3.5).

Tab. 3. 5 - Confusion matrix of Random forest classifier built for aquatic systems (the Sado estuary, the Tagus estuary, the
Albufeira lagoon, the Obidos lagoon, and Ria de Aveiro) with class error (total of wrong predictions divided by the total of
observed specimens for that specific system) in percentage calculated for test/validation set.

Observed \ Predicted Sado  Tagus Albufeira Obidos  Aveiro  Class error in %

Sado 11 13 0 0 1 56.000
Tagus 2 59 1 0 0 4.839

Albufeira 0 1 21 2 1 16.000
Obidos 0 5 2 7 2 56.250
Aveiro 0 6 1 0 8 46.667

The RF classifier built for species and aquatic systems showed an accuracy (PCC) of 67.13% (Tab.
3.6). Class error for C. edule (C.e) from Ria de Aveiro was equal to 45.46%, for C. edule (C.e) from the
Obidos lagoon was equal to 41.67%, for C. edule (C.e) from the Tagus estuary was equal to 6.97%, for
C. edule (C.e) from the Albufeira lagoon was equal to 4.76%, and for C. edule (C.e) from the Sado
estuary was equal to 50.00% (Tab 3.6). Class error for C. glaucum (C.g) from Ria de Aveiro was equal
to 75.00%, for C. glaucum (C.g) from the Obidos lagoon was equal to 100%, for C. glaucum (C.g) from
the Tagus estuary was equal to 31.58%, for C. glaucum (C.g) from the Albufeira lagoon was equal to
100.00%, and for C. glaucum (C.g) from the Sado estuary was equal to 81.82% (Tab. 3.6).
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Tab. 3. 6 - Confusion matrix of Random forest classifier built for species and aquatic systems (Cerastoderma edule (C.e) from the Sado estuary, Cerastoderma edule (C.e) from the Tagus estuary,
Cerastoderma edule (C.e) from the Albufeira lagoon, Cerastoderma edule (C.e) from the Obidos lagoon, Cerastoderma edule (C.e) from Ria de Aveiro, Cerastoderma glaucum (C.g) from the
Sado estuary, Cerastoderma glaucum (C.g) from the Tagus estuary, Cerastoderma glaucum (C.g) from the Albufeira lagoon, Cerastoderma glaucum (C.g) from the Obidos lagoon, and
Cerastoderma glaucum (C.g) from Ria de Aveiro) with class error (total of wrong predictions divided by the total of observed specimens in specific combination of species and systems) in
percentage calculated for test/validation set.

Observed \ Predicted C.e C.e 'C. e C.e ) C.g Class error
Albufeira Aveiro  Obidos Tagus  Albufeira Aveiro Obidos Tagus in%
C. edule Albufeira 20 1 0 0 0 0 4.762
C. edule Aveiro 1 6 0 4 0 0 45.455
C. edule Obidos 1 2 7 2 0 0 41.667
C. edule Sado 0 0 0 6 0 0 50.000
C. edule Tagus 1 0 0 40 0 1 6.977
C. glaucum Albufeira | 0 1 1 2 0 0 100.000
C. glaucum Aveiro 0 1 0 0 0 2 75.000
C. glaucum Obidos 0 0 0 1 1 2 100.000
C. glaucum Sado 0 1 0 1 0 7 81.818
C. glaucum Tagus 0 2 0 4 0 13 31.579
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4, Discussion

Cerastoderma edule and Cerastoderma glaucum are two sibling species of cockles that co-exist in
most areas [12, 13]. The cockles’ wide distribution and considerable morphological similarities
challenges population discrimination [1, 11, 12, 23, 46, 48, 49]. This fact negatively affects the
traceability of this genus [89], which basically revolves around fatty acid profiles or geochemical
profiles (e.g., [202, 203]). This study used a quick and inexpensive technique based on geometric
morphometrics (GM) methods and successfully discriminated between two species (88.81% accuracy),
as well as the aquatic systems i.e., the provenance of the specimens (83.13% accuracy for the Canonical
variates analysis (CVA) and 74.13 % accuracy for Random forest (RF)), thus being a promising
traceability method. Shape analysis using landmark-based GM methods was used as traceability
technique, not requiring highly skilled technicians nor costly reagents and equipment.

4.1 Linear morphometrics

Measurements like height, length, and width fall into the category of linear morphometrics [204].
They are easy to collect, low cost and simple to understand and interpret [204]. However, such method
is under the influence of sample strategy, which in this work was not similar in all locations, thus, it was
a priority to have size-free methods, such as roundness and landmark-based GM [68, 204].

Samples from the Sado estuary were collected by hand in the shallow intertidal areas, while
professional harvesters collected specimens at the subtidal areas of Ria de Aveiro, the Albufeira and
Obidos lagoons and samples from the Tagus estuary were collected using both approaches. Such
differences in sampling methods could influence the results of this study if only linear morphometrics
had been used, and therefore cannot be used to draw conclusions on the population size variation
between aquatic systems. For linear morphometrics, the size of the sample could be an additional factor
to consider, since the number of specimens collected in each coastal system was unbalanced, with lesser
specimens collected in the Obidos lagoon and a higher number of specimens collected in the Tagus
estuary.

The study of linear morphometrics and shell roundness of the cockles species C. edule and C.
glaucum showed that specimens from Ria de Aveiro had rounder and bigger shells on average for both
species, compared to the other coastal systems, whereas specimens from the Tagus estuary had smaller
shells. Cockles' population structure is often affected by high mortality events [205]. These might be
associated to food limitation; density; oxygen depletion and organic loadings; temperature and salinity;
parasites, pathogens and commensals; toxicants and other persistent pollutants; predation, and changes
in sediment, suspended solids, topography and bathymetry [11-13, 28, 205]. Population size structure
might also be related to fishing pressure [28].

The measurements of C. edule from the Sado estuary and the Albufeira and Obidos lagoons were
very similar, especially the Sado estuary and the Albufeira lagoon, although different sampling methods
were used. However, the same does not happen with C. glaucum, even if the sampling method was the
same within each system. This difference between species could be related to the size of the sample, as
C. glaucum specimens were always less abundant than their C. edule counterparts.

Although the Tagus estuary is a very variable aquatic system in terms of environmental conditions
[206], compared to the other systems, its specimens had lower roundness variability. Still, there was
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some variability in the shell roundness of C. edule at different stations of the Tagus estuary, with three
major groups identified: upstream (stations 8, 12, and 14); downstream (stations 26, 29, 30, 31, and at
the beach); and intermediate (stations 23, 23A, 23B, and 23C). The upstream stations have a lower
salinity influence (~31 for upstream stations versus ~33 for the other stations (NIPOGES, unpublished
data)), and are subject to more turbulence. Despite downstream and intermediate stations being located
closer to the ocean, these are mostly sheltered from wave influence in the Tagus estuary. The evidently
higher variability in stations 26 and 29, especially in station 29, can be related to the size of the sample.
Station 29 had the most discrepancies between shells and had almost three times fewer specimens
sampled than station 23B, which is the station with fewer specimens after station 29. Stations 23, 23A,
23B, and 23C suffer less wave influence since they are located in an inner bay, which could explain the
fact of having shells with lower mean roundness than other stations.

Despite roundness being a useful method for sample size-free observations, it has multiple
statistical problems associated with ratios [207]. Roundness is a ratio (width divided by length) and,
according to literature, ratios are not the most accurate representation of biological data and have
complex mathematical properties [207]. Adding to the fact that factors affecting length and width might
have a repercussion on the roundness results.

Linear measurements can allow easy discrimination between different morphologies without the
laborious tasks of collecting many specimens, digitizing landmarks (LMs), and performing multivariate
statistical analyses [83]. However, as mentioned before, linear morphometrics are rarely sufficient to
quantify shape information about an organism [83, 86, 98, 100-104], reinforcing the need to use GM
approaches.

4.2 Geometric morphometrics

Compared to classic morphometric methods, GM methods are more effective to capture
information about the shape of an organism and have a greater power to discriminate between species
[83, 109, 117]. GM methods are, not only successfully applied to various studies, but also a valuable
approach to analyse shape variation in bivalves (e.g., [61, 79, 82, 83, 86, 192, 208]). Furthermore, in
spite of its relative simplicity, the LM methodology applied in this study has shown to be an effective
and accurate method to study shape changes in various contexts (e.g., [61, 68, 82-84, 113, 116, 192,
208]). In this work, the analysis of shape changes between centroid size (Csize), species, aquatic system,
and the respective interactions, using GM based on LMs applied to bivalve shells, found significant
differences between the shape of the two species and between different aquatic systems. The best model
had a common allometric effect for both species and coastal systems and displayed shape changes
between species and systems. This analysis exposed significant shape differences using only GM data.
Such accomplishment would not be achievable using only linear morphometrics, as it was found in
previous literature in general or using other species [83, 109, 117].

On the downside, the application of landmark-based GM approaches to some biological structures
can be challenging, especially in cases where there is ambiguity in defining homologous points [98].
For example, some of the specimens may have had multiple muscle scars, thus failing the assumption
of LMs homology for not being comparable among specimens [86, 109]. This can be perceived as an
obstacle to using LM methods, despite its use not truly requiring biological homology [98, 209]).
Moreover, even though all LMs were marked by the same observer, human bias is always a constraint
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to be considered. Nevertheless, landmarks-based methods contain the richest geometric information
available in any object, in spite of the potential subjectivity in the location [109].

The variation of Csize between species and aguatic system showed that specimens from Ria de
Aveiro were larger, which was also confirmed by the linear measurements. Likewise, the shells from
the Tagus estuary were the smallest of all aquatic coastal systems, and C. edule from the Obidos lagoon,
the Sado estuary, and the Albufeira lagoon had similar sizes. As mentioned before, although size
differences might be related to sampling strategies, it could also be related to the cockles' population
structure which is often affected by high mortality events [205]. This might also be related to fishing
pressure, which is increasing in Ria de Aveiro [28], affecting the size structure of Cerastoderma spp.,
which population has been reported to be decreasing [153, 154]. Knowing this, it would be expected
that in Ria de Aveiro’s specimens would be smaller. However, this was not observed in the current
study, with the biggest specimens collected in Ria de Aveiro, possibly associated with lower competition
with other sympatric species, since the average bivalve density in Ria de Aveiro is near 10 specimens/m?,
while an average of 60 specimens/m? was recorded in the Tagus estuary, supporting the occurrence of
bigger specimens in the former system (NIPOGES, unpublished data). Bivalve landings in the Tagus
estuary indicate a much less relevant cockle harvesting activity (no landings between 2015 and 2020 in
the Tagus estuary versus 98,947 tonnes in Ria de Aveiro for the same period) [54, 163] (Source:
Direcdo-Geral de Recursos Naturais, Seguranca e Servi¢os Maritimos - DGRM) and recent monitoring
data showed a good recruitment of the species in the Tagus estuary, with a high number of specimens
under the minimum landing size (25 mm in length) (NIPOGES, unpublished data). The higher density
of bivalves might be associated with food limitation, therefore explaining the smaller sized shells
collected in this study.

Shape changes during growth (allometry) occur due to some parts of the body growing more than
others (disproportionate growth) [210]. The variability around each LM position relative to the
consensus configuration (mean location of each LM) provided a better understanding of the shape
variation of the whole dataset. In this study, LMs numbers 13, 14, 15, and 16 showed notably more
variation/dispersion when compared to others. In bivalve shells, parts farther apart from the umbo
develop more than areas around the teeth [6], which may partially explain the higher variability observed
in the LMs’ locations for these areas.

The variation observed in LMs #15 and #16 (including the inversion of its position), both placed
on the pallial line, was the biggest and most evident, not only through the variability around the
consensus configuration, but also throughout this study (e.g., visualisation of variation and covariation
distributed within PC1). This inversion might be related to the Type of LM (Type | for #15 and pseudo-
landmark for #16). The variation observed in LM #15, was considered an accurate way of
discrimination, since it is a Type | LM, therefore, a representation of a true biological homology [109,
113]. However, since LM #16 is a pseudo-landmark and is constructed from an imaginary line linking
two other LMs (#11 and #12) and the pallial line, any noticeable variation in those two LMs could be
and was reflected in LM #16 and, therefore, not directly linked to group differentiation. This highlights
the need to have LMs that reflect primary homologies (Type | and Type I1), as much as possible, as it
has been referred to in previous literature [109, 113].

Additionally, this inversion might occur if a specimen has fewer and broader ribs [8, 12, 171], and,
therefore, the junction of the 10th rib and the pallial line where LM #15 is placed, would be farther apart
from the top of the shell, thus making the position of LM #15 exceed the location of LM #16. The
number of ribs has been reported to be correlated with salinity [8, 12, 39, 171]. This hypothesis should
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be verified in future works, as it can become a way to easily and accurately discriminate groups along
the salinity gradient of aquatic systems.

The Principal component analysis (PCA) conducted to visualise the shape change patterns in the
dataset found in the linear model, showed that PC1 (explaining 45.3% of the variation) appeared to be
linked to the inversion of LMs #15 and #16, while in previous works represented variation related with
allometry, the main source of shape change in animals (e.g., [94, 98, 109, 191]). This result is in
accordance with the absence of interaction between species and systems and Csize (linear model results).
While LM #16, is most probably not related to group differentiation, LM #15, a Type | LM, has an
ecologically and biologically relevant influence and, as seen throughout this study, might be a way of
discriminating between groups. The relative position of #16/#12 may be related with shell symmetry
around the main axis (umbo to LM #12, perpendicular to the anterior-posterior axis). A body is
symmetric with respect to a given plane if it is carried into itself by reflection in said plane [211]. In this
case, the body (right valve) can be reflected through its midplane, the plane separating the body’s two
similar halves [212]. Bilateral symmetry in bivalves relates to right/left valve symmetry [6, 62, 213],
but there is also a symmetry associated within a valve (the right one in this case), as it is being referred
to here. Moreover, it has been described in literature that symmetry (that being bilateral or within valves)
in bivalves is related to the thickness of the shell and is a feature that influences burrowing capacity [6].
On the other hand, the symmetry of Pisidium subtruncatum (pill clam) is influenced by sediment type
[73]. In this work, it was observed that the closer the LM #16 was to the midplane of the valve (umbo
to LM #12), the more symmetric the valve was and the less pointed. This might help differentiate
between systems or sediment type. The relation between bivalve shell symmetry, both between and
within vales and sediment type versus burrowing capacity should be further investigated in future works.

Moreover, considering that allometry might not be linked to PC1 because of the different biological
accuracies in LMs #15 and #16, the next, logical association would be with PC2 (explaining 13.7% of
the variation), i.e., the next component in the PCA explaining more variation [94, 130]. As expected,
while looking at the representation of the two species within the configuration set, there is a distinct
separation between the two species, mostly linked to the second dimension.

Additionally, when observing differences in the average LM position between both species, the
inversion of LMs numbers 15/16 does not occur, adding to the fact that this shape change is not linked
to differences between species.

Differences between the two bivalve species were found to be related to the largest changes in LM
numbers 9, 11, 13, and 14 positions. LMs #13 and #14 represent the extremities of the shell, LM #11
the tip of the ligament (the area that connects the two shells) and LM #9 located on the left end of the
shell hinge. Since all these LMs are Type Il (except for number 9, which is Type Il), they provide less
reliable shape information than Type | LMs since their position is more subjective [113]. The position
variation of LMs 13 and 14 showed that C. glaucum shells were more pointed on average (#13 varied
downwards the shell, away from the umbo while #14 varied upwards the shell, closer to the umbo).
Variability in LM #11 position, as shown by the shape change vectors between the two species, is mostly
horizontal variation (direction left-right on the shell i.e., anterior-posterior axis). This might be related
to the fact that C. glaucum specimens are known to have thicker ligaments than C. edule specimens [8,
171]. Additionally, differences in LM #9, observed in the shape change vector, were directed towards
the umbo and shell centre. This indicates that the hinge is shorter and located more towards the interior
of the shell for C. glaucum, which has never been reported before, to the author’s best knowledge.
Further emphasising that GM methods can detect subtle changes in shape that would not be seen using
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other methodologies [61, 83, 86, 193]. Aside from this, most findings mentioned before, support C.
glaucum’s shell being thicker, as the changes in LM positions were mostly facing inwards, which is in
agreement with the thicker shells reported in previous works for this species [6, 12, 171]. Further works
are required to test this hypothesis. Moreover, most changes in the LM positions between the two species
(from LM #9, #11, #13, and #14) were possible to interpret in face of the geometric properties of the
shell and previous knowledge of the species.

Moreover, the variance of some components of the PCA is considered negligible, and the variation
in the data can be described by the few first (independent) principal components (PCs) [94], hence the
use of only the first four PCs. The PCA is an informative and useful representation, however, it might
not display bivariate plots of this kind of data without loss of information, and thus these projections
can be misleading [201]. This fact justifies the use of a linear model of the GM data for an analysis of
shape as the most accurate depiction of said data. In this work, PCA and its PCs were simply used to
visualise the variance detected in the data as it was also done in previous literature [119, 127, 132, 191].

RF is one of the best-performing learning algorithms and most successful methods to handle
classification problems [138-140, 147-150]. The RF classifier for species showed that it was possible to
predict species differentiation with a high accuracy of 88.81% (for test/validation set), with landmark-
based GM data. Furthermore, a very low percentage of C. edule specimens were wrongly classified
(class error of only 3.96%, the lowest in this work). These results suggest that species differentiation
through machine learning methods and using GM data can easily be done. And, since RF is one of the
most successful classification methods (e.g., [141, 144, 147-150]), these results provide good prospects
to distinguish C. edule and C. glaucum using this technique.

Although shape differences between species were significant, shape changes across aquatic systems
were larger than between species. C. edule and C. glaucum are two very similar species, and in fact,
their identification using external morphological aspects is dubious [11, 12]. A morphotype is a
characteristic morphological form of an organism or a particular group of organisms belonging to the
same taxa [214]. They are common in bivalves [77, 78, 82, 103, 117] and, are sometimes used to
categorise sub-populations (e.g., [103]). Cerastoderma spp. have shown distinct morphotypes in
previous works and have a history of issues in species differentiation [215, 216]. For example, C.
glaucum showed two morphotypes that were once considered to be different species, as concluded by
genetic evidence, that named it Cerastoderma spp. species complex (C. lamarcki and C. glaucum
alongside with C. edule) (e.g., [215; 216]). However, recently, C. lamarcki has been accepted as
synonym of C. glaucum, and therefore, both are currently considered to be one species, with two or
more morphotypes [217]. This demonstrates that these species have a high capacity to produce
morphotypes. GM only identifies shape changes, and does not provide any evidence on species
differentiation per se. However, as in this particular case, the main objective was to differentiate between
aquatic systems, and not between species, since both species are harvested and traded with a single
identity (Cerastoderma spp.). These results do not support the discrimination between C. edule and C.
glaucum as different species or simply different morphotypes. Future works involving genetic analysis
might be required to specifically address this aspect.

As mentioned earlier in this study, shape changes across aquatic systems were larger than between
species. This might also be evidence that the influence of the environmental conditions on the shell
shape is larger than differences between species. Cockles can live up to 10 years in some habitats but
more commonly, up to six years or down to two, during the occurrence of high mortality events [1, 46].
During that period the shell can accumulate environmental information in the shell. Bivalve shells have
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been used as environmental proxies or indicators (e.g., [218-220]). For example, the shell of Arctica
islandica has been shown to be an excellent proxy to reconstruct paleoclimates (paleothermometer i.e.,
determining past temperatures) [221-223]. Another example is the shell of the dog cockle Glycymeris
glycymeris which is a geochemical proxy to study the Iberian Upwelling System [224, 225]. Those
studies show the sensitivity of bivalves to environmental changes, which are recorded in the shell.

The CVA showed an accuracy of 83.13% (using the cross-validated classification results in
frequency) in the classification of the specimens according to the aquatic systems where they have been
collected. This classification showed a relationship between the shell shape gradient and the aquatic
system size from the biggest (the Tagus estuary) to the smallest (the Albufeira lagoon), along the first
canonical axis. A latitudinal gradient seemed to be associated with the second canonical axis, from south
(the Albufeira lagoon and both estuaries, which have small latitudinal difference (about 30 km?)) to the
northern ones (the Obidos lagoon and then Ria de Aveiro, further north). However, as mentioned before,
it has been argued that ordinations based on CVA do not preserve the Procrustes geometry [133]. Despite
this, such methodology has been often used in previous works (e.g., [106, 119, 129, 136]), and thus, it
was performed in order to provide comparison grounds with past and future studies.

The RF classifier (for aquatic systems only) showed that landmark-based GM data supported the
identification of the aquatic system where the specimens were collected with a high accuracy of 74.13%
(using the validation set). Despite shape differences across aquatic systems being larger than between
species, RF results suggest that systems differentiation through machine learning methods and using
GM data can easily be done but is harder than species differentiation. This might be due to the fact that
there are more classes associated with the variation (five systems instead of two species). Moreover, as
mentioned before, RF is one of the most successful classification methods (e.g., [141, 144, 147-150]),
therefore, the results of this study provide good prospects to distinguish between aquatic systems using
this technique.

An accuracy of 67.13% (using the validation set) was obtained when aquatic systems and species
were considered in the RF analysis (only a 7.00% difference from the previous case). The confusion
matrix showed that the RF algorithm always mistook between systems instead of species within a
system, except for C. glaucum from the Tagus estuary, although shape changes across aquatic systems
were larger than between species. Predicting species and systems accurately was less efficient than only
one of these two factors (less levels/classes), although these results are promising to distinguish between
species and aquatic systems using this technique.

Ria de Aveiro was described as morphologically different from other systems through the trajectory
analysis (TA) and its trajectory correlations. It was also the system showing the largest specimens
(results from linear morphometrics and from the analysis of Csize variation). In spite of this, there was
always a size overlap between systems, and thus, it was possible to compare the shape of the shell
between systems without linking it directly to the size of the shell in that specific system. PCA’s
visualisation showed that this system’s shape variation was observed on the extremity of PC2 (the PC
which explains the most variation after PC1). This group seemed to have the most differentiated shapes,
therefore, it would be expected that this group’s shell shape would be easy to distinguish from other
groups. However, when looking at the RF’s confusion matrix for systems, Ria de Aveiro had the third
highest class error (46.67%). This might be due to Ria de Aveiro’s shells having bigger shape variability,
as displayed in the morphological disparity (MD) results calculated with the second descriptor for C.
edule (described further in the section about MD). It is important to mention that these results might be
related to sample size, as it will be further explained later.
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Differences in the average LM position between the overall mean versus Ria de Aveiro showed
variation in all LMs except for #4 and #10 placed on the posterior muscle scar and the hinge,
respectively. Furthermore, vectors displayed from LMs #1, #2 (Type I), and #9 (Type II) showed that,
on average, Ria de Aveiro’s specimens have their anterior shell area more distant from the umbo than
other specimens studied, suggesting a way to discriminate these shells from other systems. Moreover,
an unexpected variation was associated with LM #15 and #16, both placed on the pallial line, with
vectors directing away from each other, when, in most parts of this study, these vectors inverted. This
described that the 10th rib of Ria de Aveiro’s specimens was located more towards the umbo than
specimens from the other systems, possibly meaning that Ria de Aveiro’s Cerastoderma spp. had
narrower ribs compared to the average of the other systems. Since salinity might influence rib size,
number, and growth [8, 34, 39, 171], having narrower ribs might be related to different salinity values
for Ria de Aveiro. Additionally, [226], showed that C. edule’s distribution in Ria de Aveiro is heavily
influenced by freshwater discharge, which decreases salinity. In fact, multiple factors are known to
influence salinity in estuaries, namely the extent of the dry season, river discharge, tidal cycle,
geomorphologic configuration, etc. [151, 227]. In recent years, Ria de Aveiro hydrodynamics have been
changing due to modifications in geomorphologic configuration and are, to a large extent, a consequence
of anthropogenic activities on the lagoon morphodynamics [227]. Such factors might also be impacting
bivalve shell shape, and therefore, our results.

Differences in the average LM position between the Albufeira lagoon and Ria de Aveiro (both
considered the most different systems from the others) showed that all LMs differed except #15 (Type
I LM, therefore has a true biological homology origin [109, 113]). As mentioned earlier, the position of
this LM relatively to #16 (which can be considered as a reference point), is an indirect indicator of the
ribs’ size and/or number, which would be one of the greatest differences (mostly seen in PC1). However,
these differences are not notable between the Albufeira and Ria de Aveiro, meaning that there was no
difference in the relative location of the 10th rib between these two groups. Thus, ribs of both species
might grow in similar ways in these two zones, as opposed to the other systems. Since, as mentioned
earlier, salinity might influence rib size and number [8, 12, 39, 171], having similar LM #15, might be
related to being exposed to similar salinity values in these two systems. Between factors that influence
salinity, tidal amplitude is the factor most resembling for these two systems (tidal amplitude of 0.6 - 3.2
m for Ria de Aveiro and 0.55 - 3.86 m for the Albufeira lagoon) [151, 227-229]. However, as mentioned
before, hydrodynamics in Ria de Aveiro have been changing in recent years [227], and the same has
been observed with the Albufeira lagoon’s hydrodynamics [230]. Every year the connection to the ocean
of the Albufeira lagoon is artificially open to avoid eutrophication [230]. The opening’s location changes
over the years and is done with mechanical resources such as backhoe loaders or mechanical shovels
[230]. This anthropogenic geomorphologic configuration modification leads to recurrent
hydrodynamics changes in the Albufeira lagoon, for example, the discharge increases, influencing
salinity and sediment settlement [230]. Both salinity and sediment are known to influence bivalves’ shell
morphology [6]. Therefore, due to these hydrodynamic changes, it is difficult to discuss similarities
between both systems. The absence of variation in LM #15 between these two groups might also explain
why they were so different from the others considering the importance LM #15 had on PC1. Aside from
this, all LMs from the whole upper area of the shell (around the umbo area) showed an expansion of the
shell for Ria de Aveiro’s specimens compared to the ones from the Albufeira lagoon. LM #3 (Type I)
showed the highest variation between these two groups, followed by LMs #5 to #8 (Type 11). LM #3
was placed on the anterior muscle scar, and here, it represented a longer muscle scar for Ria de Aveiro’s
specimens. LM #5 to #8 were placed on the hinge teeth of the shell and, since vectors varied upwards
the shell, it showed that Ria de Aveiro had shells with higher height. Furthermore, LM #5 to #8 tended

40



to not vary as much as the others throughout this analysis except for the case of those two systems,
therefore, it could be a good approach to discriminate between both systems.

This variation in LM 5-8 was observed again when looking in more detail and comparing C.
glaucum from Ria de Aveiro and C. edule from the Obidos lagoon, the two groups on the extremities of
PC2 (when observing the variation and covariation of both species and the five systems). Highlighting
that it could serve as a good approach to discriminate both groups from each other. Furthermore, the
RF’s confusion matrix (for species and systems) showed that these two groups were never confused
with each other. Still comparing C. glaucum from Ria de Aveiro and C. edule from the Obidos lagoon,
vectors LMs #1 and #3 (Type 1), are the most accurate and secure method of differentiation between
these two groups, despite the vectors being short [109, 113]. Their shape differences could reflect bigger
shells for Ria de Aveiro’ C. glaucum and is in accordance with earlier findings. However, with the length
and direction of the vector from LM #9 (Type II), a longer hinge can be deduced, thus not corroborating
the hypothesis of smaller shells and earlier conclusions about C. glaucum having a smaller hinge.
Nonetheless, as mentioned before, observations from Type Il LMs are not as biologically accurate as
Type I’s [109, 113].

Additionally, differences in the average LM position between C. edule’s overall mean versus Ria
de Aveiro’s C. edule (and earlier findings) showed variation in LMs #1 and #2 (among others) placed
on the anterior muscle scar, its vector directing downwards the shell away from the umbo. Therefore, a
good method to differentiate Ria de Aveiro’s C. edule from other C. edule would be identifying which
specimens had an anterior muscle scar placed downwards the shell, farther from the umbo. The
differences in the average LM position between the overall mean and Ria de Aveiro’s C. glaucum and
the one versus Ria de Aveiro’s C. edule presented were presumably associated with species
differentiation. Those differences were congruent throughout this study and were reflected in a thicker
ligament for C. glaucum, as expected for this species [6, 12].

In the RF classification for systems, the Obidos lagoon had the highest class error, with 56.25%,
being the hardest system to discriminate from others.

Differences in the average LM position between the overall mean and the Obidos lagoon’s C.
glaucum, vectors from LMs numbers 2-4 (Type I, reflecting primary homologies [109, 113]) suggested
that the posterior muscle scar was closer to the umbo than other groups and that the specimens had
longer muscle scars on average, especially the anterior, indication that it might be an excellent method
to discriminate this group from others. Furthermore, the lack of variation in LMs 5 to 8 might be a good
method to differentiate this between system’s species, since earlier findings suggested that such
variation could be linked to this system’s C. edule. However, the absence of variation in LM #11 was
unexpected since C. glaucum are known to have thicker ligaments [171], which was generally seen in
this study. Furthermore, it was possible to observe that C. edule from the Obidos lagoon and C. glaucum
from the Albufeira lagoon were similar in shape. This might be related to the fact that the Albufeira
lagoon’s C. glaucum’s height, length, and width were the only measurements which did not follow the
other systems’ pattern of means (higher values on average than C. edule counterparts).

Moreover, when observing the differences in the average LM position between two similar
groupings, the C. glaucum from the Sado and Tagus estuaries versus C. edule from the Obidos lagoon
and C. glaucum from the Albufeira lagoon, something unexpected was found. Despite LM number 16’s
variation being associated multiple times with LM #12, here, their vector directions were opposing,
suggesting instead, an association with LM #11 (tip of the ligament). This and the fact that the estuaries
displayed shorter anterior muscle scar (LM #1 and #2) hinted at a way to discriminate these groups from
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others. It was also implied that the estuaries’ specimens had thicker shells on average (LM numbers 5-
14).

Despite the Tagus estuary not particularly standing out from the other systems throughout this
study, the RF classifier showed the second lowest class error (4.84%) in this work for this system. This
might be related to sample size, since the Tagus estuary had the biggest sample (almost 3.4 times bigger
than the next big sample, the Albufeira lagoon), the classifier could get a lot of its predictions right just
by guessing the Tagus estuary continuously. Looking at the RF classifier’s confusion matrices for
systems and for species and systems, the Sado estuary’s shells were highly confused with the ones from
the Tagus estuary, suggesting that these two systems have very similar shells. This was also observed
through CVA and PCA but was not displayed with the linear morphometrics analysis, emphasising the
advantage of the use of GM over linear morphometrics [83, 86, 102-104]. Such similarities might be
related to similar geomorphological properties. Cerastoderma spp.’s shell is solely composed of
aragonite [36], thus similar concentrations of this component (found in both estuaries [231]) could lead
to similar shells in these two systems. Or the fact that the Tagus and Sado estuaries are the two biggest
estuaries in Portugal and there is only a small difference in latitude between each (about 30 km?) [160,
164]. However, changes in the hydrodynamics of both estuaries (mostly due to anthropogenic pressure)
have been reported in multiple studies (e.g., [206, 232-235]), therefore, it is difficult to speculate about
which parameters might influence the results of this study. Throughout this study, both estuaries
appeared to have very similar shaped shells except when analysing PC4 and C. edule’s shells. Therefore,
despite possibly finding other ways to discriminate the Tagus estuary’s C. edule, it was still useful to
analyse the differences in the average LM position between the Sado and Tagus estuaries’ C. edule.
Unsurprisingly, most variation in average LM position was small. The most notable ones were reflecting
a smaller posterior muscle scar (associated with LMs #3 and #4), a smaller shell (LM #12 pointing
inwards the shell), a hinge further away from the umbo (LM #9), and broader ribs (associated with LM
#15), all for the Tagus estuary’s specimens, offering a way to discriminate C. edule from both systems
despite them having similar shaped shells in general.

Moreover, something that was associated earlier with the Tagus estuary’s C. edule was verified
again when observing the differences in the average LM position between the overall mean versus the
Tagus estuary’s C. edule. That is, LM #16 and #12’s vectors directing opposite ways and shorter anterior
muscle scar (LM #1 and #2) was seen again with the differences in the average LM position between
the overall mean versus the Tagus estuary’s C. edule highlighting this as a good way to discriminate this
group from others.

Additionally, when comparing C. edule specimens from the Albufeira lagoon and the Tagus estuary
(the groups observed at the extremes of PC1), the most distinct vector was from LM #14 (on the
extremity of the shell, Type I11), where almost no variation was observed. Therefore, between the Tagus
estuary and the Albufeira lagoon, it is possible, and probably easier, to differentiate species using LM
#14. Furthermore, when looking at the RF’s confusion matrix (for species and systems), the classifier
mistook the shell of these groups only once, further displaying that these shells are very different from
each other.

The Albufeira lagoon was described as morphologically different from the other systems through
TA and its trajectories magnitudes and trajectory correlations. In addition, this system had the second
lowest RF class error (16.00%), therefore emphasising the fact that the Albufeira lagoon is easily
distinguishable from the other systems. However, the Albufeira lagoon did not particularly stand out
from the other groups when looking at Csize variation and linear morphometrics. It was even mentioned
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that this group had very similar values to other groups. With the PCA’s visualisation, it was possible to
see that this system’s shape variation was observed on the extremity of PC2 (the PC which explains the
most variation after PC1) and its specimens were isolated from other groups. Despite the Albufeira
lagoon’s Cerastoderma spp. having similar shell size compared to other systems, they seemed to have
the most differentiated shapes (alongside Ria de Aveiro). Therefore, it would be expected that this
group’s shell shape would be easy to distinguish from the other groups, through GM, something that
would not be possible only with linear morphometrics [83, 109, 117].

As mentioned earlier, LM #5 to #8 tended to not vary as much as the others throughout this analysis
except for the case of Ria de Aveiro and the Albufeira lagoon and could be a good approach to
discriminate between both systems. This was validated again when looking at differences in the average
LM position between C. glaucum from the Sado and the Tagus estuary versus C. edule from the Obidos
lagoon and C. glaucum from the Albufeira lagoon.

The differences mentioned before about Ria de Aveiro and the Albufeira lagoon could be related
to the fact that the Albufeira lagoon is a semi-enclosed lagoon, providing different environmental
conditions for the growth of Cerastoderma spp. (e.g., wave and air exposure, salinity, temperature) [168,
169]. However, the Obidos lagoon, similarly to the Albufeira lagoon, is a semi-enclosed coastal lagoon,
and while results from the variation of Csize and from linear measurements resemble the Albufeira
lagoon’s, results from PCA showed that these two systems’ shells are different in shape, despite similar
in size. This might be related to the fact that the Albufeira lagoon is deeper and is closed to the ocean
for longer periods, creating stratification in the water column and, with lower renewal by exchanges
with the seawater [236]. Furthermore, the Obidos lagoon has a higher salinity amplitude (from 2.1 to
38.5 versus 14.3 to 36.3 for Albufeira) and smaller tidal amplitude (1.0 to 2.0 m versus 0.55 to 3.86 m
for Albufeira) [168, 229]. As mentioned earlier, salinity is a crucial factor in the growth of cockles
(including its ribs) [8, 12, 34, 39, 171] and multiple factors can influence salinity (for instance, tidal
cycles) [227]. The recent hydrodynamics of both lagoons have been studied [230, 237]. As mentioned
earlier, for the Albufeira lagoon, recurrent hydrodynamics changes happen every year and might affect
bivalves’ shell morphology [230]. For the Obidos lagoon, similar hydrodynamics changes and
consequences happen due to dredging the channels [237]. For this reason, it is difficult to discuss the
observed differences between lagoons. In addition, since groups from both lagoons were the only ones
with a positive variation and covariation seen in PC1 and PC2 for all ten groups (i.e., two species in five
aquatic systems), the analysis of its differences in average LM position compared with the other systems
was useful in order to find patterns to discriminate these systems from the others. The findings of this
study implied broader ribs in specimens from both lagoons (LM #15). However, despite the patterns
observed being a good means to discriminate the lagoons’ specimens from the other systems, it was not
the case for the distinction between each lagoon.

The RF classifier with species and systems simultaneously easily distinguished C. edule specimen
from the Albufeira lagoon (smallest class error (4.76%)). This was expected since the Albufeira lagoon
was considered the most distinct system alongside Ria de Aveiro, as mentioned before. Moreover, when
observing the differences in the average LM position between the overall mean versus the Albufeira
lagoon’s C. edule, it was unsurprising to find variation in all LMs except #14 (Type IlI). Most
importantly, all Type I LMs (numbers 1-4 (muscle scars) and 15 (pallial line)) and LMs #5 to #8 and
#10 (Type 11, on the hinge) showed significant vector length or/and direction that might reflect smaller
shaped shells in this system. Therefore, it might be possible to differentiate C. edule’s shell from the
Albufeira lagoon as smaller than the other groups on average. Additionally, these variations were
verified when comparing average LM configuration of all C. edule specimens except from the Albufeira
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lagoon versus those specimens. It was also seen that the ligament tip (LM #11) in those specimens was
placed more towards the interior of the shell. This could be related to a thicker shell and might explain
why those specimens were the only C. edule group with an average width higher than its C. glaucum
counterpart and might represent a means to discriminate that group from the others. As mentioned
before, thicker shells have been linked to sediment type [6]. Geomorphologic configuration
modifications have been reported annually in the Albufeira lagoon to avoid stratification in the water
column, promoting exchanges with the seawater and bigger sediment export [230]. Therefore, it might
be useful to further analyse the relationship between shell morphology, sediment type, and
geomorphologic configuration in future works alongside the recent hydrodynamics of this system.

In this study, it was considered relevant to analyse the representation of the differences in average
LM position between the overall mean for each species and all systems except the Albufeira lagoon.
The vectors representing those variations were expected to be small and it was verified that they were
associated to Ria de Aveiro. This fact could most likely be because Ria de Aveiro is the other system
that was considered most distinct from the other groups. The most notable changes in average LM
position were already observed throughout this study for Ria de Aveiro’s specimens.

Furthermore, looking into more detail, when comparing vectors from the representation of each
specimen from Ria de Aveiro and from the Albufeira lagoon, group discrimination could be associated
with LM #2 and #4 (both Type I, placed on the muscle scars), which hinted to a smaller anterior and
posterior muscle scar exclusively associated with C. glaucum from the Albufeira lagoon. Other
variations were common for both species, therefore, exclusive to each aquatic system, most already
analysed before, thus confirming earlier claims about Ria de Aveiro and the Albufeira lagoon’s samples.

In the case of the Sado estuary, the RF classifier built for systems showed the second highest values
for class error (56.00%), this system’s shell being highly confused with shells from the Tagus estuary,
as mentioned before. Furthermore, the Sado estuary’s shells never stood out throughout the different
analyses of this study (e.g., PCA, CVA, etc...), therefore, any differences seen in LM variation were
small (in comparison to other systems) and difficult to discuss.

The visual representation of the average LM position between the overall mean versus the Sado
estuary was interesting to analyse. The variation associated with LMs numbers 1-4 (Type 1), placed on
the adductor muscle scars, showed vectors located on the posterior muscle scars (#3 and #4) turning
inwards and downwards the shell, while the vectors located on the anterior muscle scars (#1 and #2)
were directing upwards the shell (towards the umbo). This could be a way to discriminate the Sado
estuary’s shell from the other four aquatic systems. In addition, LMs numbers 9 and 10 (Type II,
reflecting primary homologies [113]), which are placed on the hinge, also varied towards the interior of
the shell, indicating that the Sado estuary’s shell had smaller hinge (which has never been reported
before, to the author’s best knowledge), therefore might be thicker than shells from the other studied
systems. These facts were verified when observing LM variation of C. edule shells from the Sado estuary
compared with the overall mean, aside from showing a pallial line (associated with LMs #15 and #16)
further away from the umbo.

The Sado estuary’s C. edule were isolated from the other groups when observing variation
distributed in PC4 and, when looking at the representation of the differences in average LM position
between the overall mean and the Sado estuary’s C. edule, it was possible to visualise which LMs were
associated with such isolation. They related to a smaller hinge (LM #9 and #10) and a posterior area
(LM numbers 3, 4, 10, and 13) directed more towards the interior of the shell, signifying a smaller length
or thicker shells for C. edule from the Sado estuary. Shell thickness has been reported to be linked to
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predation and to influence burrowing ability (as mentioned earlier) [6]. The higher thickness of the shells
of C. edule from the Sado estuary might relate to higher predation pressure or to sediment type.
Therefore, might be useful to further study these relationships in future works in order to better
differentiate this system from others.

Furthermore, the differences in the average LM position between C. edule from Ria de Aveiro and
from the Sado estuary corroborated that a good method to differentiate Ria de Aveiro’s C. edule from
other C. edule would be identifying which specimens had an anterior muscle scar placed downwards the
shell, farther from to the umbo. Beyond that, it was found that vector length and direction hinted at a
smaller hinge (LM #5 to #10) for the Sado estuary’s C. edule and generally smaller sized shell (LM
numbers 3-11, and 13) (verified when looking at Csize variation). In addition, it was suggested that a
possible way to discriminate the Sado estuary’s C. edule from the other groups (including the Sado
estuary’s C. glaucum) would be analysing differences in LMs #10 (on the hinge) and #4 (on the posterior
muscle scar).

4.2.1 Disparity analysis

A disparity analysis (DA) was also selected as a statistical approach to identify shape differences.
DA are a current and widespread description of morphological diversity [201, 129]. It is acknowledged
that, for multidimensional datasets, the use of multiple descriptors is beneficial [200], and, since
different types of descriptors capture and emphasise different disparity patterns that may or may not be
consistent even when using the same set of sampled taxa [200, 201], it was unsurprising to find different
results with the DA when using the mathematical descriptor (Csize-based) and when using the model-
based descriptor. Such differences in results are most probably due to the use of a linear model where
there is a common allometric model for all species and coastal systems. That is, theoretical
morphospaces constructed from model-based descriptors are thought of as independent from the
empirical sample of specimens studied and capable of producing non-existent morphologies [201].
Additionally, as discussed before, the data is influenced by biological phenomena such as allometry
[200], and differences in allometric patterns can have a large impact on disparity [129]. By fixing
parameters via the use of the model, interactions were supposedly counterbalanced, and the disparity
increased [129]. This was not observed in this study.

Results for the first descriptor (Csize-based) showed that C. edule from the Albufeira lagoon is the
group that has a visibly bigger MD compared to the other groups, while C. glaucum from the Obidos
lagoon showed the smallest MD. It is expected that a healthier stock shows a higher shape diversity i.e.,
larger disparity [200], since these would be ecologically and functionally more diverse [200, 238].
Knowing this, it would be logical to deduce that C. edule from the Albufeira lagoon would be the most
diverse and healthiest stock of all groups analysed, followed by C. edule from the Sado estuary.

However, when looking at the results of the MD calculated using a model-based descriptor (second
descriptor), C. edule from Ria de Aveiro is the group with higher MD and C. edule from the Albufeira
lagoon becomes the group of C. edule with less MD, contradicting earlier findings. The logical
assumption would be that C. edule from Ria de Aveiro is the healthiest stock among groups and C.
glaucum from the Albufeira lagoon would be the least diverse and healthy. 1t would be sensible to infer
that this fact might be due to the size of the sample, nonetheless, Albufeira is not the system with less
specimens of C. glaucum sampled. The system with smaller sample size is C. glaucum from the Obidos
lagoon which is the group with less MD only in the case where MD is calculated with the first descriptor.
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Furthermore, according to [201], methods which use eigenvalues, like it is the case here, are
relatively insensitive to sample size. This can be confirmed when looking at the Tagus estuary’s sample
size for C. edule, which is about 2.5 times bigger than the next big sample (the Albufeira lagoon’s C.
edule). If sample size were to be significant in this analysis, it would be logical to assume that C. edule
from the Tagus estuary to have the highest MD amongst all groups, which is not the case. C. edule from
the Tagus estuary is the group of C. edule with less MD. Following this train of thought and knowing
that samples from the Tagus estuary were collected in multiple stations (12) in different areas of the
estuary, it becomes clear that, according to this part of the analysis, C. edule from the Tagus estuary is
the less diverse and healthy stock amongst C. edule samples. This might be supported by the fact that
this system is subjected to a strong anthropogenic pressure (e.g., [50, 239]). Yet, when looking at C.
glaucum from the Tagus estuary the same cannot be deduced, particularly when analysing MD through
the second descriptor, where these specimens become the group with highest MD.

Additionally, when comparing the two descriptors and C. glaucum specimens, both lagoons
presented the less MD, therefore, are expected to be ecologically and functionally less diverse and have
a less healthy stock [200, 238]. These values being alike might be linked to the fact that both these
systems are semi-enclosed coastal lagoons, and thus, have similar environmental conditions. As
mentioned before, the recent hydrodynamics of both lagoons have been studied [230, 237].
Geomorphologic configuration modifications in both estuaries have been happening [230, 237] affecting
hydrodynamics in these systems. This can influence bivalves’ shell morphology, thus, further works
should be done on the subject in the future.

Moreover, it is important to note that disparity analyses are a projection of the morphospace (just
as PCA) and not the morphospace itself [201]. It is a useful and informative tool to represent high-
dimensional spaces, however, these projections can be misleading since there is always loss of
information when displayed in such ways as they were in this study [201].

4.3 For future reference

The results obtained in this work support a set of recommendations to be considered when carrying
out future works in GM.

Species identification should be confirmed with genetic analysis to avoid misinterpretations, since,
for this study, the initial identification of the species was based solely on external morphological
characters. The morphological similarities of the two studied species and their high phenotypic variation
make their differentiation difficult, which is why a genetic analysis might be helpful [11, 45, 48, 68].
Nevertheless, previous research indicated that GM could differentiate between populations in a way that
genetic analysis could not [68].

It would be interesting to expand the study to other aquatic systems in order to have further
contrasting comparisons that provide additional and more accurate differences between aquatic systems.

To further analyse the population size structure, it is essential to use the same sampling methods
for all aquatic systems and species (for the linear morphometrics analysis), which was not possible here
due to the origin of the specimens. However, GM methods are relatively independent from sampling
methodologies and size influences [68, 204], therefore, being the best methods used in this study.
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The integration of environmental data in the analysis (linear model, PCA, and CVA) to study the
patterns and interactions between such factors and the systems and the shape of Cerastoderma spp.
would be an interesting aspect to add to the current work. Although the final proof of the relationship
between a variable and shape can only be obtained under laboratory conditions, where most variables
can be controlled.

It would also be interesting to use more advanced GM methods, for example, the use of sliding
LMs, three-dimensional data [95, 132, 240, 241] or LM directly on the images. The cockles’ shells are
in three-dimensions, therefore the two dimensions coordinates used for the LM analysis in this study
might not capture all variability. It is possible that depth between LMs might create a source of error
[118]. The techniques can also be complementary, for example, the use of both landmark- and contour-
based methods since these provide different information [61, 101]. Moreover, GM is an evolving
discipline, providing increasingly powerful techniques for characterisation and comparison of shape [61,
241] therefore, more advanced techniques might have come to light without the author’s knowledge.

A last example of recommendation is to avoid the use of semi or pseudo-landmarks for GM analysis
and prioritise LMs with a true biological homology origin since these represent morphologically
equivalent structures (primary homologies) most accurately [109, 113].

5. Final considerations

Cerastoderma spp. are important bivalve species, not only economically but also ecologically.
They occur in sympatry in most areas, including the five systems studied in this work. Their wide
distribution and considerable morphological similarities challenges population discrimination and,
therefore, their traceability. Traceability is a highly important concept for fisheries and permits to
determine/confirm the origins of individuals for which the harvest location is not clear.

In the case of the Cerastoderma genus, traceability techniques have been focused on fatty acid
profiles or geochemical profiles. This work aimed at finding an adequate, easy, and low cost approach
for population discrimination that is as effective as other methods. Such approach could be regarded as
an important contribution for the development of traceability techniques for Cerastoderma spp. or other
bivalve species. The use of GM provided accurate results to discriminate cockle populations from
different aquatic systems on the Portuguese coast, without the need for highly skilled laboratory
technicians nor costly reagents and equipment, achieving the objectives of this work.

Besides being rapid and simple, GM methods can provide fundamental information for a wide
range of contexts such as biology, ecology, evolution, or, like it is the case here, fisheries, in particular
stock/population traceability. The use of GM analysis addresses subtle shape variations by quantifying
and visualising shape changes. Therefore, it is an excellent approach for population discrimination,
particularly in cases where sibling species are present in systems with distinct characteristics.

The findings of this study support the use of landmark-based GM analysis. This methodology
allowed the study in great detail of the shape shell variation of C. edule and C. glaucum removing any
information unrelated to shape (e.g., scale, orientation, etc...) through Generalised Procrustes analysis
(GPA). The final model displayed that differences in shape between systems and species were
significant. These differences were quantified through the trajectory analysis (TA) and its trajectory
correlations and magnitudes. Through the visualisation of the Principal component analysis (PCA), its
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principal components (PCs), the consensus configuration, and the visualisation of LM differences
between groups, it was possible to understand in which concrete aspects shell shape changes occurred.
These landmark-based GM methods permitted the description of complex structures like the shell of a
bivalve and allowed the differentiation between aquatic systems and species’ shell shapes with great
detail.

In addition, it was possible to accurately classify species and aquatic systems through the use of
machine learning i.e., Random forest (RF), using landmark-based GM data only. The findings of this
work provide good prospects for future studies with the objective of distinguishing between C. edule
and C. glaucum and aquatic systems using this technique.

In summary, the landmark-based GM methods used in this work successfully allowed the study in
great detail of the shape shell variation of two bivalve species with commercial interest (C. edule and C.
glaucum) and permitted the differentiation of five different geographical groups (Ria de Aveiro; the
Obidos coastal lagoon; the Tagus estuary; the Albufeira coastal lagoon; the Sado estuary) distributed
along the Portuguese coast.

Finally, the methodologies used in this work could be extended to other bivalve populations and
aquatic systems, being an accurate, easy, and low cost discrimination approach. Such procedures could
be beneficial for the traceability of other populations and a valuable asset in fisheries in general.
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7. Annexes

Annex I. The Procrustes Analysis of variance (ANOVA) performed using the “geomorph” package
[180-183] is represented as a table in RStudio [173] and is recognized as a table of statistics which
includes sums-of-squares, mean squares, F-statistics, and P-values. In this table, such statistics can be
applied for different model terms and calculated for different types of sums-of-squares [180, 181]. This
ANOVA is based on the package “RRPP” [182, 183] and generalises the statistics to multivariate data
so there is no fundamental difference in how univariate and multivariate statistics are calculated [180,
181]. It has been concluded through multiple studies that, for linear models, randomization of residuals
(vectors or distances) in a permutation procedure is a reliable method for generating empirical
distributions of linear model statistics (e.g., [183, 194, 199]). The nonparametric procedure in the
package [182, 183] used for this analysis randomized residuals from null linear models and, when
applied in a systematic way, can calculate P-values for various linear model designs, since it holds
constant the effects of null models rather than conflate them with the effects that are tested [183]. It has
been proven effective for ordinary least-squares estimation of linear model coefficients [183, 194],
which is the case of this study. Moreover, the statistical properties of the “RRPP” package [182, 183]
have largely been validated (e.g., [94, 183, 199]), making it an ideal tool to use for this analysis.

Annex I1. Each specimen's thin-plate spline deformation from the consensus configuration can be
decomposed into several components known as principal warps [83, 126, 128, 130]. Scores of each
individual on the principal warps, called partial warps, can then be used to calculate relative warps
(principal component vectors of the partial warps) [72, 86, 97, 106, 108, 116, 128]. Since the data set
undergoes a decomposition that generates a new set of axes along which shape is partitioned as
independent components of the shape variation in the original data set, relative warps analysis is an
eigen-vector technique [97, 98]. It is used to express and analyse the within-species major trends
variation of the structure’s form as a deformation over the consensus (e.g., [68, 98, 102, 126, 130, 131,
191)). If, when calculating partial warps, spatial focus (a) equals to zero, then the relative warps analysis
resultant from it is considered analogous to Principal Component Analysis (PCA), where the partial
warps are shape components of Procrustes analysis (e.g., [68, 83, 86, 97, 116, 126, 130, 191]).
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Annex I11. Mean height, length and width (in millimetres) of Cerastoderma edule and Cerastoderma glaucum at the studied systems (Ria de Aveiro, the

Obidos lagoon, the Tagus estuary, the Albufeira lagoon, the Sado estuary) (mean and respective standard error. 95%).

C. edule C. glaucum

Height (mm) £  Length(mm) + Width (mm) + Height (mm) £ Length(mm) + Width (mm) +

SE95% SE95% SE95% SE95% SE95% SE95%
Ria de Aveiro 28.604 £1.766 31.798 £2.105  22.682 + 1.425 29.519 £ 1.660 33.324+£1.929 23.811+1.621
Obidos lagoon 25119+ 1631 28.712+1.820 19.343+1.631 25.602 + 1.243 29.713+1.880  19.990 + 1.640
Tagus estuary 20.350+2.172 22.877+2.324  16.140 +1.988 21.500 + 1.845 24206 £ 2.051  17.456 + 1.648
Albufeira lagoon 24.092 £1.837 27.678+2.220 18.544 + 1.627 23.553 £1.383 27.133+1.831  18.541 +1.290
Sado estuary 24572 +1443 27530+1.839  18.988 + 1.262 25.474 + 1.633 28.928 + 2.327  20.246 + 1.267
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