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Abstract
Fish morphology, a key aspect of phenotype, is influenced by a wide range of environmental interactions
involving physical, chemical, and ecological factors. Here, we investigate the morphological pattern of a
community of 120 demersal bony fish species in a tropical marine environment (Brazil between 4°-9°S)
and examine the relationships between morphology and the different benthic habitat types present in
this region. Using geometric morphometric techniques, we established shape groups and evaluated
morphology across phylogenetic and taxonomic gradients. We also used the resulting morphospace to
understand how morphology correlates with the habitats in which demersal fish species occur. We found
13 major shape groups, demonstrating the high morphological diversity. Body elongation was the main
source of morphological variation, followed by caudal fin shape and dorsal fin shape. The morphological
clustering showed low congruence with the phylogenetic tree, indicating that our morphological
approach is not effective to observe phylogenetic proximities. The more complex benthic habitats, like
sand with rocks, coralline formations, and sponges, showed the highest values of diversity and
maximum morphological distance. In addition, the greater morphological similarity occurred in the sandy
habitat, where we observed the highest abundance of species with elongated body patterns, well
adapted to live in open habitats with higher water flow. We recommend that this work be extended to
other areas, as morphological understanding is fundamental to gaining insights into ecosystem
dynamics, especially in coral reefs.

Introduction
The phenotype of an organism is a complex interplay of genetic, ecological, and environmental factors
(Hill and Mulder 2010). Fish morphology, a key aspect of phenotype, is influenced by a diverse array of
environmental interactions, encompassing physical (Georgakopoulou et al. 2007), chemical (Crispo and
Chapman 2010; Pauly and Cheung 2018), and ecological (Costa and Cataudella 2006; Burns et al. 2009;
López-Fernández et al. 2012) factors. For instance, the morphological patterns of fish are intricately
linked to the complexity of their environment and water flow (see Langerhans 2008; Yamada et al. 2009;
Brandl and Bellwood 2014; Brandl et al. 2015; Bejarano et al. 2017), with body elongation being a
prominent feature observed (Price et al. 2019). Additionally, the habitat in which fish species reside plays
a crucial role in shaping their morphology (Yamada et al. 2009; Farré et al. 2016). The field of functional
morphology investigates these phenotypic variations by studying the relationships between morphology
(i.e., phenotypic expression) and external factors, whether environmental or biological (Mota et al. 1995;
Kirchheim and Goulart 2010). Understanding morphological patterns in the context of species (Russo et
al. 2007), community (Ventura et al. 2017) or ecosystem (Silva-Júnior et al. 2017) has yielded promising
results, shedding light on significant ecological questions within ichthyology, especially those about
trophic ecology and organism functionality.

Many studies have explored the relationships between fish shape and habitat. The majority have focused
on freshwater species (e.g., Svanback and Eklov 2002; Langerhans et al. 2003; Willis et al. 2005;
Franssen 2011; Foster et al. 2015; Senay et al. 2015; Shuai et al. 2018; Silva et al. 2021) or are limited to
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specific families or a narrow collection of marine species (e.g., Antonucci et al. 2009; Price et al. 2011,
2013; Mohadasi et al. 2014; Ventura et al. 2017; Mihalitsis and Bellwood, 2019; Martinez et al. 2021;
Corn et al. 2022). On the other hand, fewer studies have explored marine fish body shape in relation to
habitat characteristics, encompassing a diverse array of species within communities (Farré et al. 2015,
2016; Larouche et al. 2020; Caillon et al. 2018; Claverie and Wainwright 2014), and none focused on the
tropical southwestern Atlantic.

The tropical shelf of northeastern Brazil is highly diverse, including sandbanks, algae banks, seagrass,
and mainly coral reefs (Leão et al. 2016; Eduardo et al. 2018; Fontes et al. 2020). Coral reefs, in
particular, provide a complex habitat that shelters a rich diversity of species (Messmer et al. 2011),
serving as a refuge or feeding grounds. In this area of high fish diversity, species richness and diversity
are known to increase with habitat complexity (Eduardo et al. 2018). However, the morphological
aspects, especially those linked to body shape at the community level, have not yet been evaluated along
a habitat gradient, especially in the marine shelf of northeastern Brazil.

Geometric morphometrics, with its ability to capture geometric information without loss (Zelditch et al.
2004), plays a pivotal role in understanding the morphological patterns of the diverse array of species
found in tropical marine waters. Here, we investigate the morphological pattern of a demersal fish
community in a tropical marine environment (Brazil between 4°-9°S), examining relationships between
morphology and the various bottom habitat types present in this region. We employed Elliptic Fourier
Analysis (EFA) as an innovative approach to capture detailed information about the body outline of
fishes. Unlike traditional methodologies based on fixed anatomical landmarks, EFA allows the entire
body shape to be represented in continuous coordinates, ensuring the inclusion of fin details and overall
body profile. Furthermore, the use of landmarks could reduce the analyses of some morphological traits
due to the lack of homology between species. Therefore, this approach can be particularly useful for
capturing the high morphological diversity found in tropical marine fish communities. We establish
shape groups and evaluate morphology across phylogenetic and taxonomic gradients. Furthermore,
using the morphospace obtained, we aim to comprehend how morphology correlates with the habitats in
which demersal fish species are found.

Materials and Methods

Study area and fish sampling
The study area encompasses the continental shelf of northeastern Brazil, characterised by a narrow
shelf (40 km in average) with a shelf break at ~ 80 m. The region primarily consists of sandy and
siliciclastic in the inner part of the shelf and carbonate formations in the middle and outer part (Vital
2014). The area is encompassed in a western boundary current system associated with the North Brazil
Undercurrent, defining it as a warm tropical zone with low primary productivity (Assunção et al., 2020;
Dossa et al., 2021; Farias et al., 2022). Despite this, the northeastern Brazilian shelf boasts a high fish
diversity (Eduardo et al. 2018), supporting various fisheries (Muller-Karger et al. 2017). Additionally,
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several species in this region face varying degrees of exploitation and sustainability threats (Eduardo et
al. 2018; Passarone et al. 2019). The region offers diverse habitats and interconnected ecosystems,
notably coral reefs (Castro and Pires 2001; Bittencourt et al. 2008).

Fish were collected during the two ABRACOS (Acoustics Along the Brazilian Coast) surveys in August-
September 2015 and April-May 2017, aboard the French R/V ANTEA (Bertrand 2015, 2017). The
sampling covered the continental shelf of Northeastern Brazil (4º˗9ºS) (Fig. 1). Bottom trawls (body
mesh: 40 mm, cod-end mesh: 25 mm, and horizontal x vertical mouth dimensions: 28 x 10 m) were used
to capture individuals at each of the 37 sampling stations, between 10 to 60 m deep, for approximately 5
minutes of trawling. Fish were tagged and frozen for later analyses.

Videos footages obtained using an underwater camera (model GOPRO HERO 3) fitted on the top of the
net mouth aided in classifying bottom habitats into three types: (i) SWCR (Sand with rocks, coralline
formations, and sponges) - primarily sand bottom with 10% or greater distribution of biogenic rocks,
corals, calcareous algae and sponges, (ii) Algae - substrates with 10% or greater distribution of any
combination of numerous species of leafy red, green or brown algae, and (iii) Sand - coarse sediment
typically found in areas exposed to currents or wave energy. For detailed information on the sampling
process and habitat classification methodology, see Eduardo et al. (2018).

Image acquisition and processing
In the laboratory, each fish was identified up to the species level and photographed separately using a
digital camera (model: CANON SX520, 16 Megapixels). This study focused on bony fishes belonging to
the Actinopterygii class. The methodology, synthesized in Fig. 2, involved photographing each specimen
in lateral view, with the head positioned to the left and the dorsal region upwards (Step 1 in Fig. 2). The
imaging process followed standardized orientations and configurations to ensure accurate
morphometric analysis aligning with the methodology from Muir et al. (2012). For each species, a single
image was selected based on specific criteria: adult individuals and fish positioned in lateral view with all
fins open and visible (Fig. S1 shows an example of this standardisation). These images were
supplemented by data obtained from FishBase (Froese and Pauly 2021), fish catalogues or articles
(Rocha 2004; Williams et al. 2010; Deda and Barbosa 2016), and online image databases (Robertson and
Tassel 2019) (Table S1 in Online Resource 1).

Each species was also classified into four types of caudal fin: rounded, truncated, emarginated, and
forked. Finally, all species images were binarized into black silhouettes with a white background using
image editing software. The pelvic fin was not included because many images could not be identified
and/or many species do not exhibit this fin type.

Data analysis
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All analyses were performed in R version 3.6.1 (R Development Core Team 2019). Elliptical Fourier
Analysis (EFA) was utilized to extract shape information from the fish outline, obtained as binarized
images using the Momocs package version 1.3.2 (Bonhomme et al. 2014) (Step 2 in Fig. 2).

EFA is a parametric function that represents the x and y directions separately as cumulative functions of
a third variable t along the outline. The Fourier descriptors resulting from these functions are invariant in
size, rotation, and position (Kuhl and Giardina 1982; Lestrel 2008). They describe variations in the outline
that reflect biological traits such as body depth and fin shapes, which have implications for functional
ecology, including swimming performance and habitat use.

The parametric functions proposed by Kuhl and Giardina (1982) are defined in x(t) and y(t), respectively,
(Equations (1) e (2)) as:

and

where an, bn, cn, and dn are the nth-harmonic coefficients, A0 and C0 are constants, and N is the
maximum number of harmonics. Harmonics are the sine and cosine functions in the above equations,
which, when combined, reconstruct the shape’s outline. The 1st harmonic captures the most basic
shape, similar to an ellipse that roughly fits the fish’s body. As more harmonics are included, the shape
representation becomes more accurate. However, the dimensionality of the data increases since each
harmonic adds four coefficients. There is a point beyond which adding more harmonics no longer
captures significant variations in the contour. In our case, using 12 harmonics allowed us to retain
approximately 99% of the overall contour representation (Step 3 in Fig. 2). The removals of size, rotation,
and position effects were done through the normalization process using the first three coefficients of the
first harmonic (a1 = 1 and b1 = c1 = 0) (Crampton 1995) (Steps 4 and 5 in Fig. 2). For more details of EFA's
mathematical procedures, see Lestrel (2008).

One limitation of Fourier analyses is that they describe shape only at the frequency level, not at the
spatial scale level, making it difficult to interpret local shape variations. Therefore, combining Principal
Component Analysis (PCA) with EFA simplifies the interpretation of shape variation captured by the
Fourier descriptors. It is through the interpretation of the principal components (PCs) that we understand
the variation in shape across the set of contour species analysed. However, it is not necessary to retain
all components, only those deemed significant. Thus, PCA was applied on the Fourier coefficients matrix
to identify and characterize the main variations in fish shapes (Step 6 in Fig. 2). The number of principal
components (PCs) retained was determined from a segmented regression between the components and
the variation explained by each, using the segmented package version 0.5-3.0 (Muggeo 2008). The
regression breakpoint was then used as a reference to determine the number of significant components
and reduce the subjectivity of the scree plot criterion.

x (t) = A0 + ∑ N
n=1ancosnt + ∑ N

n=1bnsinnt, (1)

y (t) = C0 + ∑ N
n=1cncosnt + ∑ N

n=1dnsinnt, (2)
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The elongation aspect index (Roisin 2005) was calculated for each species separately (the higher the
value, the more elongated the fish body) and verified the relationship with the significant principal
components using a simple linear regression. Similarly, the relationship between caudal fin-type
(rounded, truncated, emarginated, or forked) and the significant components was verified using a
boxplot, and differences were tested using the non-parametric Kruskal-Wallis and Dunn tests (Zar 2010).

Cluster analysis was applied on the Fourier coefficient matrix to determine the main demersal fish shape
groups present in the study area (Step 6 in Fig. 2). Ward’s hierarchical clustering method and the
Euclidean distance as an index of dissimilarity were used (Johnson and Wichern 2014). The
morphological similarities in fish body shape were used to determine the main morphological groups of
the species. The groups had their average shapes determined and ranked in descending order according
to the species number present in each group as common and rare shapes.

We obtained the phylogenetic tree of the analysed fish species using the fishtree_phylogeny function of
the package fishtree version 0.3.4 (Chang et al. 2019). To compare the morphological path with the
phylogenetic path, we converted the phylogenetic tree into a dendrogram-type object using the package
phylogram version 2.1.0 (Wilkinson and Davy et al. 2018). Then, the two dendrograms (phylogenetic vs.
morphological) were compared using the tanglegram function (dendextend package version 1.16.0,
Galili 2015) and calculated Baker's Gamma correlation coefficient (Baker 1974), which measures the
similarity between two dendrograms, ranging from − 1 to 1, with values closer to 0 indicating that the two
dendrograms are not similar. Therefore, this coefficient will be a proxy of the degree of similarity
between morphological clustering and phylogenetic clustering.

The estimate of morphological distance (based on Euclidean distance) used the Fourier coefficient
matrix to test the hypothesis that taxonomically proximate individuals have a similar morphological
pattern (Step 6 in Fig. 2). It proceeded with the non-parametric Mann-Whitney test for independent
samples (Zar 2010) within three taxonomic levels (genus, family, and order).

In the context of this study, morphospace, also called shape space, is the mathematical space that
describes and relates the morphological configuration of the analyzed fish (Mitteroecker and Gunz
2009). Thus, morphospace was used to verify the diversity and morphological range of the species. The
morphological configuration of each species is represented as a single point, and the space
dimensionality is determined by the number of analysed shape variables (i.e., the significant principal
components) (Mitteroecker and Gunz 2009).

We evaluated morphospace as a three-dimensional (3d) structure created through the first three
principal components. Two geometric metrics were extracted from this structure: volume and maximum
distance. The volume of the 3d structure, or volume of the morphospace, is the morphological diversity
found within the species group that composes the shape space. The larger the volume, the greater the
phenotypic diversity found in the morphospace. The maximum morphological distance is the greatest
Euclidean distance between any two species within the morphospace. This value represents the highest
level of body shape dissimilarity observed among the species analysed and allows us to identify the two
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most morphologically distinct species in the dataset. This metric complements the morphospace
volume by emphasizing the range of morphological variation rather than overall diversity. For both
metrics, the input data was the significant principal component matrix. Volume was calculated using the
geometry package version 0.4.5 (Habel et al. 2019), and maximum distance was calculated by using the
largest Euclidean distance between species in the morphospace. Fig. S2 (Online Resource 1) presents a
didactic sketch showing an example of how morphospace was studied in the present work.

Volume and maximum distance were compared to the species number observed at each sampling
station using power models ( ) to observe the behavior of the morphospace metrics.
Morphospace (volume and maximum distance) within bottom habitat types was evaluated in this study
in three different situations of observed species abundance: (i) All species - where the criterion
evaluated was presence or absence, and all species present in the habitat type were considered in the
analysis, regardless of total abundance; (ii) species with total abundance above the first quartile (≥ 25%)
- all species that occurred at an abundance of 25% or greater in that habitat type, relative to the total of
that species captured in the study area; and (iii) species with total abundance above the second quartile
(≥ 50%) - all species that occurred at an abundance of 50% or greater in that habitat type, relative to the
total of that species captured in the study area. The species abundance was obtained based on the
entire ABRACOS project data set, and it was basically calculated as the number of individuals of the
species in that habitat divided by the number of individuals of the species across all habitats.

A canonical variable analysis (CVA) was applied on the significant principal component matrix to check
the degree of morphospace separation within each bottom habitat type. Multivariate analysis of variance
(MANOVA) was applied on the CVA scores to verify if there is a morphological difference between the
morphospaces of the three bottom habitat types. Finally, the Dunn test for multiple pairwise
comparisons (Dunn 1964) was applied to evaluate the influence of habitat type on the shape variables
(i.e., significant PCs). The three previous analyses (CVA, MANOVA, and Dunn test) were performed
considering the three situations of species abundance observed (all species, ≥ 25% and ≥ 50%). The
objective of applying the Dunn test was to answer the following hypothesis: the fish morphological
pattern (i.e., shape variables) in a given habitat can be explained in part by the abundance of the species
that are found in that habitat. A significant level of 5% was used in all analyses (Zar 2010).

Results
We analysed 120 species distributed in 16 orders and 45 families (Table S1 in Online Resource 1). The
first three principal components were considered significant and retained for subsequent analysis,
explaining approximately 74% of the fish shape variation (Fig. S3 in Online Resource 1). PC1 (53.2% of
the total variance) was mainly related to body elongation (Fig. 3a). This correlation exhibited a linear
relationship with the elongation aspect index (Fig. 3b), with fish with negative extreme values on this axis
showing deep body shape, while species with elongated body pattern occupied positive extreme values.
Additionally, the fin shapes of fish with deeper bodies are broader than those of elongated-bodied fish,
which tend to have fins with narrower bases. PC2 (11.8%) was associated with caudal fin shape (Fig. 3a),

y = axb
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as evidenced in the boxplot depicting the ‘caudal fin type’ (Fig. 3c). Species with rounded fins were at the
negative extreme of this component, while fish with forked fins were at positive values of the PC2.
Finally, PC3 (8.9%) explained, to a lesser extent, the shape and position of the dorsal fin, where
individuals with more pointed dorsal fins positioned more posteriorly on the body were concentrated in
negative PC3 values. On the other hand, individuals with pointed dorsal fins and positioned anteriorly on
the body were at the positive end (Fig. 3a). Species representative of the extremes of each PC were:
Pomacanthus paru (-PC1), Fistularia petimba (+ PC1), Achirus lineatus (-PC2), Selene vomer (+ PC2),
Bothus lunatus (-PC3), and Holocanthus ciliaris (+ PC3) (Fig. 3a).

Our results suggest that the morphological pattern of the demersal fish bodies analyzed could be divided
into 13 main shape groups (Fig. 4a). These 13 morphological patterns were identified on a cutoff of
approximately 10% of the Euclidean distance in the clustering dendogram. We have chosen a cutoff
value that visually separated appropriate groups and ensured that the species in each group are
morphologically very close, i.e. the similarity between species of the same group represents 10% of the
greatest dissimilarity found among the analysed species. The grouped species showcased fish with
more common body shapes (i.e., groups 9, 7, 12, and 10, with higher species numbers ranging from 12 to
23 species) and, on the opposite side, groups of rarer body shapes with lower species number (groups 1,
4, 5, and 13 with 2 to 5 species) (Fig. 4a). The comparison of the phylogenetic tree with the
morphological clustering, involving 103 analysed species (Fig. 4b) revealed that phylogenetic proximity
does not consistently correspond to morphological proximity (evidenced by low Baker's Gamma
correlation = 0.20). This suggests that morphologically similar individuals (right dendrogram) may be
phylogenetically distant species (e.g., first and last branch of the morphological clustering, and others).
However, the greater the morphological distance, the higher the taxonomic level (Fig. 5).

Out of the 37 analysed sampling stations, 20 were classified as SWCR, four as Algae, 12 as Sand, and
one station was unclassified (Fig. 6a, b). Morphospace volume (×106) values ranged from 2 to 28,668
and maximum morphological distance (×10²) from 8 to 97. Both of these metrics, being shape space
metrics, lack specific measurement units. Volume and maximum distance did not show a defined
latitudinal spatial pattern in the study area (Figs. 6a, b). The relationships between morphospace volume
vs. species number and maximum morphological distance vs. species number were y = 2E-06x2.8688

(r²=0.79, F = 132.2, p < 0.001) and y = 0.0775x0.7304 (r²=0.70, F = 81.9, p < 0.001), respectively, evidencing
that both metrics (volume and maximum distance) increase with the number of species present in the
morphospace (Fig. 6c).

Morphospace volume and maximum distance values were higher in the SWCR habitat (i.e., greater
morphological diversity and greater morphological difference between two species found in this
environment), when compared to Algae and Sand habitats (Figs. 6d and 7). In the SWCR habitat, the
volume and maximum distance remained high regardless of the species abundance observed (Fig. 7a).
However, in Algae and Sand, both metrics decreased as species total abundance (%) in that habitat type
increased (Figs. 7b, c).
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The morphological pattern found in the habitat types changed according to the species total abundance
(Fig. 8). Initially, considering all species present in the habitat (independent of abundance %), no
significant differences were found by MANOVA (Wilks' Lambda = 0.978, p = 0.360), as well as by the
pairwise comparison results of the Dunn test for the three shape variables (PC1, PC2, and PC3) (All
species, Fig. 8 and Table 1). However, when considering the habitat morphospaces formed only by
species with total abundance ≥ 25%, the MANOVA (Wilks' Lambda = 0.899, p < 0.01) revealed a
significant difference in morphological pattern. In addition, Dunn test results indicated differences for
PC1 (body elongation) between Sand vs. Algae (p = 0.002) and Sand vs. SWCR (p = 0.015) (≥ 25%, Fig. 8
and Table 1). Finally, considering the situation with total species abundance ≥ 50%, the MANOVA (Wilks'
Lambda = 0.915, p < 0.01) indicated morphological differences between the habitats, and PC1 continued
to show significant differences in the Sand vs. Algae (p = 0.007) and Sand vs. SWCR (p = 0.017)
comparisons (≥ 50%, Fig. 8 and Table 1). Conversely, variables PC2 and PC3 did not exhibit differences
between bottom types and species abundance in the habitats (Table 1). Therefore, we can conclude that
there is a tendency to find fish with a more elongated body shape in the Sand type habitat, especially
when we take into consideration the most abundant species in this environment.
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Table 1
Results of the Dunn test for multiple pairwise comparisons of shape
variables (PC1, PC2, and PC3) between different habitat types and

species abundance in habitat (All species, ≥ 25%, and ≥ 50%).
All species present in habitat

Shape variable Comparison Test statistic (z-value) p-value

PC1 Sand x Algae 1.67 0.954

PC1 Sand x SWCR 1.14 0.254

PC1 Algae x SWCR 0.87 0.386

PC2 Sand x Algae 0.47 0.637

PC2 Sand x SWCR 0.79 0.430

PC2 Algae x SWCR 0.16 0.869

PC3 Sand x Algae 1.10 0.810

PC3 Sand x SWCR 0.37 0.810

PC3 Algae x SWCR 0.91 0.810

Species with abundance ≥ 25%

Shape variable Comparison Test statistic (z-value) p-value

PC1 Sand x Algae 3.01 0.002

PC1 Sand x SWCR 2.42 0.015

PC1 Algae x SWCR 1.60 0.111

PC2 Sand x Algae 0.28 0.778

PC2 Sand x SWCR 1.97 0.584

PC2 Algae x SWCR 1.31 0.191

PC3 Sand x Algae 0.89 0.370

PC3 Sand x SWCR 0.53 0.596

PC3 Algae x SWCR 0.63 0.525

Species with abundance ≥ 50%

Shape variable Comparison Test statistic (z-value) p-value

PC1 Sand x Algae 2.69 0.007

PC1 Sand x SWCR 2.75 0.017

PC1 Algae x SWCR 0.27 0.784
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All species present in habitat

Shape variable Comparison Test statistic (z-value) p-value

PC2 Sand x Algae 0.25 0.797

PC2 Sand x SWCR 1.72 0.085

PC2 Algae x SWCR 1.40 0.163

PC3 Sand x Algae 0.59 0.554

PC3 Sand x SWCR 0.36 0.716

PC3 Algae x SWCR 0.41 0.659

Discussion
In this study, we assessed the morphological patterns of a diverse community of 120 marine tropical
bony fish species. Few studies have delved into morphological diversity at the fish community level
using geometric morphometric methods, placing our results within a small yet significant set of
investigations that have explored fish community morphology across various marine habitats (e.g., Farré
et al. 2015, 2016; Aguilar-Medrano and Calderon-Aguilera 2016; Aguilar-Medrano and Arias-González
2018). Our classification of the 120 species into 13 distinct body morphotypes underscores the high
shape diversity observed in the tropical southeastern Atlantic, aligning with similar studies in Mexico
(Aguilar-Medrano and Calderon-Aguilera 2016; Aguilar-Medrano and Arias-González 2018), the tropical
Indo-Pacific (Claverie and Wainwright 2014), and the Mediterranean Sea (Farré et al. 2015, 2016).

The presence of specific body shapes across a wide array of species from distinct phylogenetic lineages
suggests the occurrence of that morphological convergence. The low correlation between the
morphological and phylogenetic clustering (Baker’s Gamma = 0.20) suggests that morphologically
similar body shapes are shared among phylogenetically distant species. While this pattern is consistent
with possible morphological convergence, we recognise that this analysis does not formally test for
convergence. Future studies using comparative phylogenetic methods will be necessary to explore this
hypothesis in more detail.

Although geometric morphometric analyses do not directly measure function, certain shape traits, such
as body elongation and caudal fin morphology, have been consistently linked to swimming performance,
manoeuvrability, and habitat use. This can be interpreted as an evolutionary functional adaptation
granting these species to access different ecological niches (morphologically generalist species). These
adaptations may be linked to different habitats, trophic ecology, or behavioural origin (Webb 1984).
Conversely, certain morphotypes were shared by a limited number of species, indicating specialization
and potentially reflecting niche specialization (e.g., Collar et al. 2009; López-Fernández et al. 2012).
Three of the analysed groups can exemplify this. First, the flat-fish group (five species of
Pleuronectiformes, G4 in Fig. 4a). This group is represented by fishes with specific swimming patterns in
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contact with the bottom, where compression and body morphology are directly linked to this behaviour
(Fox et al. 2018). Second, the trumpet-fish group (with four species of Syngnathiformes, G13 in Fig. 4a).
It has a very elongated body shape, which may be intrinsically related to feeding and hunting tactics,
such as the camouflage behaviour in the vertical position during prey searching (Auster 2008), in
addition to the elongated head and jaw morphology (Tegge et al. 2020). Third, the butterfly-fish group
(with two species of Chaetodontidae, G5 in Fig. 4a) is characterized by deep body, where the head and
jaw morphology (Ferry-Graham et al. 2001) are very much associated with searching for sessile prey
(Brandl and Bellwood, 2013, 2014), favouring a reduction of vertical rotation around its own body,
providing more precise manoeuvres (Webb 1984).

The use of morphological data for phylogenetic mapping is generally discouraged (Wiens 2004). In this
study, we interpret body shape as a homoplastic character, where many species have a similar body
shape, but did not necessarily evolve from an immediate common ancestor (Wiley and Lieberman 2011).
This is evident when observing groups that are morphologically similar but phylogenetically distant: (i)
elongated body shape fish - represented by trumpet-fish (Syngnathiformes order), barracuda
(Sphyraenidae family) and lizard-fish (Aulopiformes order); and (ii) deep body shape fish - represented by
flat-fish (Pleuronectiformes order), and angel-fish and butterfly-fish (Acanthuriformes order).As
expected, morphological distance increased the higher the taxonomic level between species; similar
results were found for a fish community from the North Sea (Caillon et al. 2018).

Body elongation emerged as a predominant trait, explaining more than half of the morphological
variation in the 120 species we analysed. This trait is a central focus in many morphological studies of
fish communities (e.g., Claverie and Wainwright 2014; Caillon et al. 2018; Price et al. 2019). Swimming
performance is one of the most discussed functional traits associated with body elongation rate. Fish
with elongated body shape are believed to exhibit greater acceleration during swimming and/or cruising-
type swimming (e.g., tunas) (Webb 1984). Conversely, fish with deeper bodies are more specialized in
manoeuvring (e.g., butterfly-fish) (Webb 1984). Also, the PC1 interpretation considers that the
positioning and shape of the fins can influence the overall perception of body shape. Another striking
feature in our results was the caudal fin shape, which has been attributed to the fish's propulsion in the
water column (Lauder and Drucker 2004). Therefore, the complexity of fin shapes (caudal fin and other
fin types) acts in conjunction with a variety of other factors to generate hydrodynamic movements during
swimming (Blake 2004; Lauder and Drucker 2004), but the morphological pattern can also reveal how
the fish are adapted to live in certain habitats (see Imre et al. 2002; Langerhans 2008; Yamada et al.
2009).

The use of the morphospaces calculated from the three main Principal Components allowed us to relate
the fish morphological pattern to different habitat types. The most complex habitat (SWCR)
encompassed the highest diversity and morphological distance. Coral reef environments are widely
recognized for their high fish diversity, and the complexity of these habitats supports a diverse array of
ecological niches (e.g., Harmelin-Vivien 2002; Aguilar-Perera and Appeldoorn 2008; Messmer et al. 2011;
Eduardo et al. 2018). Complex habitats favour high morphological diversity and, consequently, functional
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and ecological niche diversity (Willis et al. 2005). However, Halpern and Floeter (2008) point out that
increased functions in fish communities are more associated with species diversity in different
functional groups (i.e., different species acting in different functions within the environment) than
species richness in the community. SWCR habitats favour a set of conditions providing high diversity of
ecological niches including refuge (Johansen et al. 2008), social interactions (Gil and Hein 2017) or
reproduction (Claydon 2004). Coral reef complexity also reduces predation and competition among fish
species (Almany 2004). All of this enables the coexistence of diverse species due to decreased
overlapping of ecological niches (increasing niche partitioning, Hugueny 1990), which also explains the
coexistence of morphologically different fish adapted to live in SWCR habitat (see volume and maximum
distance greater for SWCR in Figs. 6e and 7). Furthermore, coral reefs promote the evolution of
morphological diversity in some fish groups, such as Haemulidae (Price et al. 2013) and Labridae (Price
et al. 2011).

Conversely, sand habitats showed the lowest diversity and maximum morphological distance. Fish
morphology is thus more specialized in this environment when compared to more complex ones. Open
environments, such as sandbanks, have higher water flow than environments protected by structures,
such as rocks, sponges, and corals (Johansen, 2014). Species living in these habitats need to break
through the physical barrier present there, and one of the most important morphological adaptations is
body elongation (e.g., Langerhans 2008; Foster et al. 2015; Bejarano et al. 2017). In turbulent marine
environments, which have a higher wave exposure, a morphological filter acts on the fish body shape,
favouring species with fusiform bodies, which have a design that minimizes the water drag, making
these individuals better able to access the resources around them, compared to the deep body shape
that has disadvantages in this type of habitat (Bejarano et al. 2017).

The species abundance in the habitat helped us to draw two important conclusions: (i)we identified high
morphological connectivity among the three habitats, observing the same diversity and morphological
distance for all species present in each habitat (see All species in Fig. 7), making it clear that these
habitats are highly connected; (ii) by contrast, when we observed the morphospace composed of the
most abundant species, we concluded that in the Sand bottom the general morphology is more
specialized, with lower volume and maximum morphological distance, besides the body pattern
becoming more elongated (see Fig. 8), reinforcing that an exposed habitat favours species that have a
morphological design adapted to those conditions.

The Algae type habitat showed intermediate morphospace values. Nevertheless, as we had only four
sampling stations characterized as this type of bottom, we suggest that future work should further
investigate these habitats, since they are important for ecosystem functioning, especially among lower
trophic levels such as herbivores (Kopp et al. 2010). Other traits, which were not evaluated here, are also
related to fish morphology, such as ecological factors (e.g., Costa and Cataudella 2006; Price et al. 2015)
and environmental physicochemical factors (e.g., Georgakopoulou et al. 2007; Crispo and Chapman
2010). Thus, the phenotype that fish present is the result of a set of factors that act in greater or lesser
intensity on the morphological pattern of these individuals.
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In conclusion, this study presents the first comprehensive morphological characterization of the
demersal fish community from the northeast Brazilian shelf. Utilizing Ellipitic Fourier functions to
analyse fish shape, we uncovered a high morphological diversity among demersal fish. Our findings
indicate that complex habitats likely have the highest functionality, boasting the highest morphological
diversity and dispersion. Conversely, Sand habitats showcase a more specialized general morphology,
with lower volume and maximum morphological distance, and a tendency towards an elongated body
shape. This reinforces the notion that exposed habitats favour species with morphological designs
adapted to those conditions. Future studies should expand on these findings, especially within coral reef
habitats, which are highly impacted by anthropic pressures.
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Figures

Figure 1

Tropical marine area (continental shelf of northeastern Brazil) studied in this work, with sampling
stations.
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Figure 2

Flowchart of the data analysis process used in this work.
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Figure 3

Variation of fish body shape in the 3 axes of the principal components (PCs) and species that occupied
the extreme values (negative and positive) (a). Relationship between PC1 scores and elongation aspect
(b). Relationship between PC2 scores and caudal fin type. Kruskal-Wallis test indicated a significant
difference in PC2 scores among caudal fin types, and different letters indicate statistically significant
differences (Dunn test, p<0.01) (c).
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Figure 4

Main shape groups of marine demersal fishes evaluated in this study, indicating the reconstructed
average shape and species number in each group (a). Phylogenetic reconstruction for 103 species
analysed in this study compared with morphological clustering based on body shape. Baker's Gamma
correlation coefficient (0.20) indicated a low congruence between phylogeny and body morphology (b).
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Figure 5

Boxplot of the relationship between Euclidean distance (i.e., morphological distance) and taxonomic
level. Different letters indicate a significant difference between the Euclidean distance medians among
taxonomic levels (Mann-Whitney test, p<0.05).
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Figure 6

Variation of morphospace volume (a) and maximum distance (b) at each bottom station type.
Relationship of volume and maximum distance with species number composing the morphospace (c).
Variation of volume and maximum distance of morphospace in each habitat type (d).
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Figure 7

Variation of morphospace volume and maximum morphological distance for the SWCR (a), Algae (b),
and Sand (c) habitat types, in three different situations of species abundance: (i) All species - all species
present in the habitat type were considered in the analysis, independent of total abundance; (ii) ≥ 25% -
all species that occurred at an abundance of 25% or greater in that habitat type, compared to the total of
that species captured in the study area; and (iii) ≥ 50% - all species that occurred at an abundance of
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50% or greater in that habitat type, compared to the total of that species captured in the study area.
Black fish silhouettes represent the species with the highest morphological distance.

Figure 8

Variation of PC1 (a), PC2 (b), and PC3 (c) on different habitat types, in three different situations of
species abundance (All species, ≥ 25%, and ≥ 50%). Different letters indicate statistically significant
difference (Dunn test, p<0.05).
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