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ABSTRACT

Hyperostosis is a non-pathological condition widely reported in marine teleosts, yet its developmental dynamics and underlying
drivers remain poorly understood. This study investigates the ontogenetic progression and anatomical distribution of hyperos-
tosis in Caranx hippos based on a growth series of 39 specimens collected along the Brazilian coast. Individuals were catego-
rised into two size classes (class 1 <400 mm and class 2>400mm), and skeletal alterations were assessed through radiographic
imaging, morphometric analyses and histology. Hyperostosis was detected in 87.2% of specimens and affected nine skeletal
regions, including dorsal and anal pterygiophores, cleithrum, ribs, pelvic bones, neural and hemal spines and for the first dorsal
fin pterygiophore, preopercle and opercle. The dorsal pterygiophores were the earliest and most consistently affected elements,
with detectable changes in individuals as small as 184 mm TL, suggesting an early onset of the condition. Other regions exhib-
ited a size-dependent pattern, with hyperostosis appearing sequentially and increasing in frequency and extent with growth.
Morphological variation among skeletal elements indicates region-specific expression, with pronounced differences in thick-
ness, width and mass between hyperostotic and non-hyperostotic bones. Comparisons with previous studies confirm a species-
specific pattern of hyperostotic distribution in C. hippos, with minor variation in the onset and extent of affected regions. The
observed ontogenetic progression supports the hypothesis that hyperostosis develops sequentially across skeletal elements rather
than simultaneously. These findings, combined with ecological and biomechanical considerations, suggest that hyperostosis
results from multiple interacting factors, including growth-related mechanical loading and environmental variability. Overall,
this study provides a comprehensive characterisation of hyperostotic development in C. hippos, highlighting the importance of
ontogenetic approaches for understanding the biological and functional significance of this condition in marine fishes.

1 | Introduction anomalies, which significantly impair individual survival, and

mild anomalies, which appear to exert no negative effects on vi-
Anomalies can be defined as irregularities or deviations from ability (Jawad and Akyol 2018). Regarding their origin, Yilmaz
the expected morphological or physiological pattern of a given et al. (2024) proposed that these anomalies can be classified into
species. In an ichthyological context, such alterations may man- four categories: environmental, biological, ecological and those
ifest in two forms, distinguished by their consequences: severe resulting from pressures associated with fishing activities.
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Hyperostosis is not considered a pathological condition;
rather, it is generally interpreted as a natural biological phe-
nomenon (Smith-Vaniz et al. 2024; Ahnelt et al. 2025). This
interpretation is supported by evidence indicating that it does
not negatively affect fish fitness and is commonly observed
in adult individuals (Aguilera et al. 2017; Mahmoud and
Ibrahim 2021; Ahnelt et al. 2025). Several hypotheses have
been proposed to explain its origin, including genetic and
environmental factors; however, no consensus has yet been
reached regarding the mechanisms responsible for trigger-
ing this condition (Paig-Tran et al. 2016; Fjelldal et al. 2021;
Smith-Vaniz et al. 2024).

The family Carangidae is among the teleost groups in which hy-
perostosis has been most extensively documented, comprising
55 affected species distributed across 19 genera (Smith-Vaniz
and Carpenter 2007; Smith-Vaniz et al. 2024; de Sa et al. 2025;
Tuna et al. 2026). Members of this family are of considerable
commercial importance, with virtually all species exploited as
food resources. Carangids are widely distributed throughout the
Atlantic, Indian and Pacific Oceans (Nelson et al. 2016) and rep-
resent one of the teleost lineages in which hyperostosis is most
frequently reported (Smith-Vaniz and Carpenter 2007; Smith-
Vaniz et al. 2024).

The genus Caranx Lacepéde, 1801 is broadly distributed in the
Atlantic Ocean, with most species occurring from the northern
United States to southeastern Brazil. Species within this genus
are primarily carnivorous, feeding on fishes, shrimps and other
invertebrates, and are recognised as important top predators in
tropical marine ecosystems (Smith-Vaniz and Carpenter 2007).
All species are targeted by both commercial and recreational
fisheries throughout their distribution and are commonly cap-
tured using a variety of fishing gears. Despite their ecological
and economic importance, taxonomic and geographic uncer-
tainties persist within the genus, with potential implications
for fisheries management and conservation (Smith-Vaniz and
Carpenter 2007).

Caranx hippos (crevalle jack) is a pelagic carangid commonly
found in shallow coastal waters over the continental shelf,
occurring at depths of up to 350m (Carpenter 2002; WoRMS
Editorial Board 2026). The species is distributed on both sides
of the Atlantic Ocean. In the Western Atlantic, it is more abun-
dant from Nova Scotia, throughout the Gulf of Mexico and the
Caribbean Sea, extending southward to Uruguay. It is consid-
ered rare in the West Indies and the Bahamas and is absent from
Bermuda (Carpenter 2002).

Throughout its life cycle, C. hippos exhibit marked habitat shifts.
Larvae are pelagic, juveniles are primarily associated with es-
tuarine systems, and adults occupy a wide range of coastal
and offshore habitats (Berry 1959; Johnson 1978; McBride and
McKown 2000; Mohan et al. 2017). Ecologically, the species is
predominantly diurnal and commonly forages in schools near
the surface, often generating conspicuous surface disturbances
while pursuing schooling prey; larger individuals, however,
may adopt more solitary behaviour (Kwei 1978; Carpenter 2002;
Correia et al. 2017). Diet composition varies ontogenetically:
post-larvae feed mainly on copepods, juveniles consume a mix-
ture of small fishes and shrimps and adults prey primarily on

clupeid fishes (Fagade and Olaniyan 1973; Kwei 1978; Correia
et al. 2017). The species can attain large body sizes, reaching
up to 30kg, and may live for at least 14 years (Caiafa et al. 2011;
Jefferson et al. 2022).

Although hyperostosis has long been recognised across mul-
tiple marine teleost lineages, its developmental onset and pro-
gression remain poorly understood (Smith-Vaniz et al. 2024).
Even in species where hyperostosis is recurrent, it is typically
more prevalent in larger, often mature individuals and less fre-
quent in smaller size classes (Aguilera et al. 2017; Smith-Vaniz
et al. 2024; Tuna et al. 2024). This pattern complicates efforts
to determine its onset and to describe how the distribution of
affected skeletal elements expands during growth. This gap is
particularly relevant in carangids, a family that includes several
species with reported hyperostosis, in which the condition may
develop sequentially across skeletal elements rather than simul-
taneously (Tuna et al. 2026). Such a pattern suggests potential
variation across body sizes and life stages.

In this context, Caranx hippos represents a suitable model for
investigating these ontogenetic dynamics, given the lack of
detailed descriptions of when hyperostosis first becomes de-
tectable and how its skeletal distribution expands across size
classes. Accordingly, the present study analyses a size series
from the Brazilian coast to characterise this developmental
trajectory.

This study aims to document and describe the sequence and pro-
gression of hyperostotic development across skeletal regions in
C. hippos, both overall and within defined size classes, and to
identify regions exhibiting consistent developmental patterns.
Additionally, histological analyses of the dorsal pterygiophores,
preopercle and opercle from specimens collected along the
southeastern coast of Brazil (Western Atlantic) were conducted
to characterise tissue alterations and to confirm the presence of
hyperostosis in those regions.

2 | Material and Methods
2.1 | Fish Material

A total of 39 specimens of Caranx hippos were analysed (4
males, 9 females and 26 of undetermined sex), obtained from
artisanal fishers and local markets in Rio de Janeiro between
September 2025 and January 2026. To cover smaller individ-
uals which are not usually available in the fish trade, speci-
mens from the ichthyological collection of the Chondrichthyes
Laboratory at the Federal University of Rio de Janeiro were
also examined. These specimens were not dissected, as they
belong to the collection; instead, radiographic imaging was
performed, and all analyses were based on the resulting X-
ray images. The corresponding specimen lots were LCD50,
LCD51 and LCD71.

Based on the available data on first maturation size for the
genus Caranx (Kwei 1978; Sudekum et al. 1991; Pardee et al.
2021) and preliminary data analysis using multivariate anal-
ysis (cluster analysis, simple matching index of similarity and
UPGMA—TFigure S1) based on the presence of hyperostosis in
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different bone regions, we classified individuals in two size
classes: class 1<400mm TL and class 2>400mm TL. This
classification aimed to evaluate the behaviour of hyperosto-
sis in mature and immature individuals, throughout different
stages of growth. A Pearson correlation coefficient was used
in order to verify the relationship between fish size (as a proxy
of fish development stage) and the number of affected bones
or skeletal regions.

2.2 | Radiography

Radiographic imaging was employed as a non-destructive
method to assess variation in skeletal radiodensity, enabling
the detection and characterisation of hyperostotic structures.
Due to increased mineralisation, hyperostotic elements exhibit
greater radiopacity relative to adjacent tissues, facilitating ac-
curate identification and comparison across ontogenetic stages.
Specimens were radiographed using an X-ray system (MAG
300mA Collimator), operated at 160mA and 40-60kV. Image
acquisition was performed at a standardised focal distance of
1.0-1.2m.

2.3 | Bone Extraction and Measurements

Biometric data, including total weight (TW, g) and total length
(TL, mm), were recorded for all specimens, and sex was de-
termined when possible. Skeletal elements affected and un-
affected by hyperostosis were manually extracted from 33
specimens (six museum specimens were not dissected). Bone
length, width and thickness were measured using a digital
calliper, following a standardised protocol in which all hy-
perostotic elements were measured, along with three non-
hyperostotic elements per region for comparison (Figure S2).
Wet weight of the bones was determined using a Shimadzu
AY220 precision digital scale (0.01g). In order to compare
width and thickness of bones of the same length within the
same individual, when possible, the nonparametric paired
Wilcoxon test was used.

Nomenclature followed Smith-Vaniz et al. (2024), with the fol-
lowing abbreviations: cleithrum (CL), preopercle (POP), opercle
(OP), pelvic bone (PB), ribs (R), dorsal pterygiophores (DPT),
anal pterygiophores (APT), neural spines (NS) and hemal
spines (HS).

2.4 | Histology

For histological analyses, samples from the first DPT of rep-
resentative juvenile and adult specimens were used, along
with POP and OP samples of one of the biggest individuals
(TL=536mm). Skeletal samples were decalcified in EDTA
for 72h, rinsed in distilled water, and dehydrated through
a graded ethanol series. Samples were then cleared in xy-
lene, embedded in paraffin and sectioned at 4 um thickness.
Sections were mounted on glass slides, stained with Harris
haematoxylin and eosin and examined under a trinocular
Opticam 300S microscope equipped with a 10X objective and
an AmScope digital camera.

3 | Results
3.1 | Hyperostosis in Caranx hippos

Patterns of hyperostotic development were examined in indi-
viduals of different sizes (Figure 1). The analysed specimens
had a mean total length (TL) of 416 mm (range: 137-600 mm)
and a mean body mass of 1070.57g (range: 38.36-21,482.10g).
Hyperostosis was detected in 87.2% of individuals, with varia-
tion among size classes (Table 1). The smallest specimen exhib-
iting hyperostosis measured 184mm TL. There is a significant
correlation between fish size and number of hyperostotic bones
(r=0.931, p<0.0001) and skeletal regions (r=0.914, p <0.0001)
(Figure S4).

Hyperostosis affected multiple skeletal elements, including
the cleithrum (CL), preopercle (POP), opercle (OP), pelvic
bone (PB), ribs (R), dorsal pterygiophores (DPT), anal ptery-
giophores (APT), neural spines (NS) and hemal spines (HS).
Mean values for length, width and thickness of each region of
affected and non-affected bones are presented in Tables 2 and
3. Using the same bone length class, there were significant
differences in width and thickness of neural spines, haemal
spines and dorsal pterygiophores with hyperostotic and non-
hyperostotic conditions (Table S1). Representative images il-
lustrating the morphology of hyperostotic bones are provided
in the Figures S2 and S3.

The DPT is the first region to exhibit visible morphological
changes associated with hyperostosis, confirmed in at least
one of the six smallest individuals available for analysis
(184 mm TL), which was the only specimen dissected to pre-
serve the remaining material in the collection. Hyperostotic
elements in this region correspond to the 1st, 17th and 19th
positions—that is, the 1st pterygiophore of the first dorsal
fin and the 10th and 12th pterygiophores of the second dor-
sal fin. Among all affected regions, DPTs exhibited the most
pronounced differences in width, thickness and mass, with
minimum and maximum values of 4.69-24.15, 1.78-11.74 and
0.09-3.56 mm, respectively.

Morphology changes with position. The 1st DPT, at its high-
est degree of hyperostosis, exhibits width exceeding length
(40.19mm vs. 19.3mm), an atypical condition compared with
other skeletal elements, in which length generally predominates.
In contrast, the 17th and 19th elements display an expanded
dorsal portion and a tapered distal end, with length remaining
greater than width.

Hyperostosis in the APT was restricted to the 1st element,
occurring in 43.6% of individuals and confined to the poste-
rior region of the bone base. Thickness ranged from 0.14 mm
in non-hyperostotic elements to 10.51mm in affected ones.
Unlike the DPT, which occurs in the smallest individuals,
APT hyperostotic bone is only observed in specimens greater
than 460 mm TL.

The cleithrum (CL) is the second region to exhibit hyperosto-
sis, being already observed in individuals from 256 mm TL. The
condition is restricted to the mid-to-distal portion of the bone.
In smaller individuals, hyperostosis initially produces a slight
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TL: 184 mm TL: 435 mm
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TL: 184 mm

TL: 435 mm

TL: 555 mm

TL: 555 mm

10 mm

DPT and NS

R and APT

FIGURE1 | Radiographs of Caranx hippos specimens of different sizes, accompanied by schematic drawings of bones affected by hyperostosis.
Anal pterygiophore (APT), cleithrum (CL), dorsal pterygiophore (DPT), neural spine (NS), pelvic bones (PB), rib (R), along with magnified views of

the same skeletal regions analysed in each size class.

TABLE1 | Frequency of hyperostosis in bones of Caranx hippos across each size class and for all analysed specimens.

Size classes N FH (%) DPT (%) CL (%) NS (%) PB (%) R (%) APT (%) HS (%)
Class 1 (<400mm) 15 66.7 66.7 46.7 20 0 0 0 13.3
Class 2 (>400mm) 24 100 100 100 100 87.5 50 70.8 79.1
All individuals 39 87.2 87.2 79.5 69.2 53.9 30.8 43.6 53.9

Note: N: number of individuals per size class. FH refers to the percentage of fish exhibiting hyperostosis.
Abbreviations: APT, anal-fin pterygiophores; CL, cleithrum; DPT, dorsal-fin pterygiophores; HS, hemal spines; NS, neural spine; PB, pelvic bone; R, rib.

pointed projection; as it progresses, it expands into the region
between the angular margins of the cleithrum, eventually form-
ing a more rounded structure at its most developed stage. From
a given size onward, its occurrence becomes consistent: begin-
ning with the second affected specimen (TL =335mm), all sub-
sequent individuals exhibited hyperostosis in the CL. The most
pronounced variation was observed in width, thickness and wet
weight, with minimum and maximum values of 3.11-25.62 mm,
7.38-19.22mm and 0.35-14.42 g, respectively.

Ribs (R) exhibiting hyperostosis were recorded only in size class
2 with 30.8% of affected individuals, beginning at 475mm TL.

The condition affected the smaller, more posterior ribs, corre-
sponding to the 7th, 8th and 9th vertebrae. The most notable
variation occurred in width, thickness and wet weight, ranging
from 0.74-9.62mm, 0.62-9.01 mm and 0.20-2.46 g, respectively.
In this region, hyperostosis is characterised by a pronounced
swelling in the central portion of the bone.

Pelvic bones (PB) were frequently affected (53.8%), with hyper-
ostosis first appearing at 435mm TL. Mean bone mass differed
substantially between non-hyperostotic (0.21g) and hyperos-
totic elements (0.84g). The hypertrophic change is primarily
restricted to the anterior region of the bone.
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TABLE 2 | Morphometric analysis according to bone region affected by hyperostosis.

Bone region with Mean height (min- Mean width (min- Mean thickness Mean weight
hyperostosis max) in mm max) in mm (min-max) in mm (min-max) ing
DPT 19.93 24.15 11.74 3.56
(9.75-38.03) (6.41-40.19) (3.29-31.03) (0.15-8.67)
APT 54.93 24.87 6.80 3.48
(45.39-63.77) (15.48-40.72) (3.4-10.51) (0.46-30.2)
RIB 54.87 5.42 4.75 0.89
(34.47-82.31) (2.81-9.62) (0.65-9.01) (0.23-2.46)
NS 33.34 7.61 5.92 0.60
(15.59-44.56) (1.51-14.51) (2.14-14) (0.11-2.22)
HS 34.56 8.31 6.09 0.54
(23.85-42.64) (3.67-12.6) (1.2-14.33) (0.15-1.42)
CL 82.60 14.75 11 5.21
(35.23-103.6) (2.8-47.38) (3.2-19.22) (0.68-14.42)
PB 38.89 10.41 7.39 0.84
(20.56-87.13) (2.82-20.75) (3.37-14.25) (0.18-6.65)

Abbreviations: APT, anal-fin pterygiophores; CL, cleithrum; DPT, dorsal-fin pterygiophores; HS, hemal spines; NS, neural spine; PB, pelvic bone; R, rib.

TABLE 3

Morphometric analysis by bone region not affected by hyperostosis.

Bone region

without Mean height (min- Mean width (min- Mean thickness Mean weight
hyperostosis max) in mm max) in mm (min-max) in mm (min-max) ing
DPT 23.95 4.69 1.78 0.09
(9.76-39.97) (0.81-16.01) (0.03-7.63) (0.02-0.556)
APT 28.49 591 2.30 0.18
(10.79-59.24) (0.62-34.67) (0.14-9.48) (0.012-2.39)
RIB 62.64 3.15 1.83 0.32
(15.15-91.83) (0.74-20.63) (0.62-4.2) 0.2-1)
NS 26.67 4.10 2.42 0.16
(13.84-39.31) (1.14-6.86) (0.182-4.89) (0.03-0.93)
HS 29.75 5.02 3.19 0.25
(13.15-51.02) (0.24-29.1) (0.38-14.09) (0.02-2.76)
CL 52.45 3.21 7.75 0.36
(51.99-52.92) (3.11-3.31) (7.38-8.13) (0.35-0.38)
PB 31.21 6.50 3.51 0.21
(24.46-71.52) (5.43-7.57) (2.5-4.76) (0.14-0.30)

Abbreviations: APT, anal-fin pterygiophores; CL, cleithrum; DPT, dorsal-fin pterygiophores; HS, hemal spines; NS, neural spine; PB, pelvic bone; R, rib.

In neural spines (NS), hyperostosis originates at the base of the
vertebrae and extends toward the medial portion of the spine. A
total of 69.2% of individuals were affected, beginning at 340 mm
TL. From the 5th to the 9th vertebrae, neural spines are mark-
edly thickened with a rounded morphology, whereas from the
11th to the 14th vertebrae, thickening is less pronounced relative
to non-hyperostotic elements. Thickness variation is the most
distinctive feature in this region, ranging from 0.18 to 14 mm.

Hyperostosis in hemal spines (HS) was observed in 53.9% of
individuals, affecting elements from the 12th to the 15th ver-
tebrae. Two distinct morphological patterns were identified: in

one, hyperostosis develops as a central swelling while the lat-
eral bases remain unmodified (e.g., 14th vertebra); in the other,
the condition is concentrated at the base of the spine (e.g., 15th
vertebra).

3.2 | Histological Analysis and Newly Identified
Affected Regions

Three specimens measuring 184 mm TL, 340 mm TL and 555 mm
were selected for histological analysis of the first dorsal ptery-
giophore (DPT) to confirm the presence of hyperostosis, with
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particular attention given to the smallest specimen (184 mm TL),
as hyperostosis had not previously been reported in individuals
smaller than 250mm TL in the literature. In addition, the pre-
opercle and opercle were removed and examined histologically
from a single specimen measuring 536 mm TL. Because only
one individual was analysed for these bones, frequencies of hy-
perostosis in these regions could not be assessed in the present
study. Besides the macroscopic identification, hyperostosis in
these two newly recognised affected regions was confirmed mi-
croscopically through histological sections (Figure 2A,B), which
revealed enlarged vascular canals similar to those observed in
histological sections of the first dorsal pterygiophore from the
other three specimens (Figure 2C-E).

4 | Discussion

Patterns of hyperostotic development within the Caranx hippos
complex appear consistent at the species level but vary among
closely related taxa, indicating strong taxonomic specificity
(Smith-Vaniz and Carpenter 2007; Smith-Vaniz et al. 2024;
Tuna et al. 2026; Wei et al. 2026). In an early comparative study,
Smith-Vaniz et al. (1995) described the occurrence of hyperosto-
sis in C. hippos (Atlantic Ocean) and Caranx caninus Giinther,

O, )

1867 (eastern Pacific Ocean), two morphologically similar spe-
cies with allopatric distributions. Their results demonstrated
that hyperostotic patterns are species-specific, even among
closely related taxa: C. hippos exhibits hyperostosis in the neu-
ral spines (NS), cleithrum (CL), dorsal and anal pterygiophores
(DPT, APT) and ribs (R), whereas C. caninus shows the condi-
tion only in DPT, APT and R.

In the most recent review, Smith-Vaniz et al. (2024) compiled
historical and contemporary records of hyperostosis in C. hippos
e.g., (Starks 1911a, 1911b; Korschelt 1940; Kaiser 1960; Konnerth
1966; Olsen 1966; Smith-Vaniz and Carpenter 2007; Aguilera
et al. 2017). This review highlights the consistent occurrence of
hyperostosis across multiple skeletal elements (Table 4), reinforc-
ing its recurrent nature in the species. Variation in the elements
reported among studies likely reflects differences in sampling
design, analytical methods, or population-specific responses to
environmental conditions, indicating that the expression of hyper-
ostosis in C. hippos remains complex and not fully resolved.

The primary method for identifying hyperostosis without initially
removing bones from fish specimens is radiography, owing to the
increased bone density associated with the mineralogical changes
that occur during hyperostosis, including the partial dissolution

FIGURE 2 | Histological sections of: (A) preopercle and (B) opercle from a specimen measuring 536 mm TL; (C) the first dorsal pterygiophore

(DPT) from a specimen measuring 184 mm TL; (D) the first DPT from a specimen measuring 340mm TL; and (E) the first DPT from a specimen

measuring 555mm TL. Scale bar: 0.16 mm.
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TABLE 4 | Occurrence of hyperostosis in Caranx hippos across different skeletal regions, as reported in the literature, presented in chronological

order.
Authors CL DPT APT HS NS R PB SOC POP oP
Starks (1911a) X X X X X X X
Starks (1911b) X X X X
Korschelt (1940) X X X X X X X
Kaiser (1960) X X X X X X X X
Konnerth (1966) X X X X X
Olsen (1966) X X X X
Smith-Vaniz et al. (1995) X X X X X
Smith-Vaniz and Carpenter (2007) X X X X
Aguilera et al. (2017) X
Smith-Vaniz et al. (2024) X X X X X X
Ahnelt et al. (2025) X X X X
Present study X X X X X X X X

Abbreviations: APT, anal-fin pterygiophores; CL, cleithrum; DPT, dorsal-fin pterygiophores; HS, hemal spines; NS, neural spine; OP, opercle; PB, pelvic bone; POP;

preopercle; R, rib; SOC, supraoccipital crest.

of hydroxyapatite and the neocrystallisation of calcite (Aguilera
et al. 2017). However, histological analyses are essential to confirm
the condition, as hyperostotic bones exhibit marked alterations in
their normal morphology. These bones typically become highly
porous as a result of increased vascularisation, characterised by
numerous enlarged vascular canals and prominent trabeculae
(Meunier et al. 1999; Mahmoud and Ibrahim 2021).

Our results revealed enlarged vascular canals in the first dor-
sal pterygiophores (DPTs) of specimens as small as 184 mm TL,
demonstrating that histological changes associated with hyper-
ostosis are already established at relatively small body sizes. In
larger specimens (555mm TL), hyperostosis was not only de-
tected in additional skeletal regions but was also characterised
by markedly enlarged vascular canals occupying most of the in-
ternal bone matrix, resulting in a highly trabecular, sponge-like
architecture.

Previous studies have also described the morphology and an-
atomical distribution of hyperostotic bones in C. hippos from
different regions of the eastern and western Atlantic, includ-
ing Rio de Janeiro (Smith-Vaniz and Carpenter 2007; Aguilera
et al. 2017). Smith-Vaniz and Carpenter (2007) noted that even
in juveniles without evident hyperostosis, the first dorsal ptery-
giophore is laterally expanded, whereas the first anal pterygio-
phore is not hyperostotic in large adults.

In the present study, individuals from size class 1 exhibited the
same enlarged first dorsal pterygiophore; in one specimen, his-
tological analysis confirmed hyperostosis (TL =184 mm). In ad-
dition, hyperostosis in the first anal pterygiophore was detected
from size class 2 onward, beginning at 482mm TL.

Overall, our results are consistent with previous reports, with
only minor differences. Hyperostosis in the cleithrum was ob-
served from 335mm TL onward, compared to an approximate

size of 350mm reported in the literature. Affected ribs were
associated with the 7th-9th vertebrae, consistent with previous
reports indicating involvement from the 6th to the 9th verte-
brae. Similarly, affected neural spines ranged from the 5th to the
14th vertebrae, within the previously reported range of the 5th
to the 16th vertebrae (Smith-Vaniz and Carpenter 2007; Ahnelt
et al. 2025).

In the present study, C. hippos exhibited hyperostosis in nine
skeletal regions (CL, POP, OP, PB, R, DPT, APT, NS and HS).
These results corroborate previous reports, although the supra-
occipital (SOC) was not observed in the analysed specimens.
Nevertheless, the pattern described here expands the anatomical
characterisation of hyperostosis in C. hippos and suggests that
this species may be among those with the highest number of af-
fected regions reported to date. For comparison, Chaetodipterus
faber has been reported to exhibit hyperostosis in up to 12 skele-
tal elements (Smith-Vaniz et al. 2024).

Hyperostosis is considered a condition with a strong genetic
component (Smith-Vaniz et al. 2024), exhibiting an ontogenet-
ically programmed pattern of bone development that becomes
more pronounced with age (Smith-Vaniz et al. 1995, 2024;
Aguilera et al. 2017). Fierstine (1968) described its development
across skeletal regions as sequential rather than simultaneous.
This pattern has also been documented in ontogenetic studies
(Tuna et al. 2023), in which individuals exhibit not only species-
specific patterns reported in the literature but also element-
specific progression. In these cases, certain skeletal elements
develop hyperostosis at smaller body sizes, with frequency in-
creasing progressively in adjacent regions as growth proceeds.
This interpretation is further supported by comparative studies
on closely related taxa, contributing to a better understanding
of interspecific variability and potential evolutionary implica-
tions (Yasuda and Mizuguchi 1969; von den Driesch 1994; Tuna
et al. 2023, 2025).

Journal of Fish Diseases, 2026

7 of 10

85U8017 SUOWILWIOD 8Aea.D 8|cedl(dde ay) Ag peusenob a.e Seoie YO ‘8sn J0 Sa|nJ 10} Aeid 1 8ulUO AB|IM UO (SUONIPUOI-PUR-SWB)W0D A8 1M Ale.q 1 Bul|uoy//:Sdny) SUONIPUOD pue swie | 8y 8es *[9202/80/22] Uo Arid178uluO AB[IM ‘02202 PI/TTTT OT/I0P/W0d A3 | 1M Afelq 1l UO//:SANY WOy papeo|umoq ‘0 ‘T9LZS9ET



Although hyperostosis in Caranx hippos has been reported since
Starks (1911a), relatively few studies have examined variation
among size classes, particularly regarding external bone mor-
phology, as illustrated for selected elements by Smith-Vaniz and
Carpenter (2007). Ontogenetic approaches are essential not only
to provide a temporal framework for osteological changes but
also to determine whether hyperostotic development follows a
sequential pattern across skeletal regions—as suggested by pre-
vious studies (Smith-Vaniz et al. 1995, 2024; Smith-Vaniz and
Carpenter 2007; Ahnelt et al. 2025)—or may occur simultane-
ously in some taxa. Smith-Vaniz et al. (1995) and Smith-Vaniz
et al. (2024) emphasised the importance of analysing speci-
mens across size series to establish ontogenetic trajectories of
hyperostosis.

Along the Brazilian coast, the present study indicates that C.
hippos exhibits one of the most extensive patterns of hyperos-
tosis among carangids, with a high number of affected skeletal
regions. Within the genus Selene, hyperostosis has been re-
ported in S. vomer and S. setapinnis, affecting multiple skele-
tal elements with variable frequencies (Tuna et al. 2021, 2023).
Studies on Trachinotus species from the western Atlantic
(Tuna et al. 2026; de Sa et al. 2025) show that hyperostosis oc-
curs in only a subset of species, while others lack evidence of
the condition. Wei et al. (2026) suggested that hyperostosis in
certain bones of Trachinotus may have a phylogenetic basis. In
Oligoplites, hyperostosis has been described for multiple species
(Tuna et al. 2023, 2025), with variation in both skeletal distri-
bution and frequency. Collectively, these findings indicate that
although hyperostosis is widespread in Carangidae, its anatom-
ical distribution and degree of expression vary markedly among
genera and species, and even closely related taxa may exhibit
distinct patterns or complete absence of the condition (Smith-
Vaniz et al. 1995, 2024; Chanet 2018).

Dorsal pterygiophores (DPT) were among the earliest and
most frequently affected regions, with visible morphological
changes detected in an individual measuring 184 mm TL. This
finding suggests that DPTs may represent one of the initial
sites of hyperostotic development in C. hippos. Notably, DPT
was the only region exhibiting visible alterations in size class 1
(<250 mm), maintaining high frequency in subsequent classes.
Furthermore, hyperostosis was restricted to specific positions
along the dorsal fin, indicating a non-uniform distribution
among pterygiophores.

Beyond ontogenetic progression, ecological and biological traits
of C. hippos may help explain the observed patterns. The spe-
cies undergoes pronounced habitat shifts throughout its life
cycle, with juveniles typically associated with estuarine en-
vironments and adults occupying a broader range of coastal
and shelf habitats (Berry 1959; Johnson 1978; McBride and
McKown 2000; Mohan et al. 2017). These transitions likely ex-
pose individuals to varying environmental conditions—such as
salinity, temperature and depth—that have been proposed as
factors influencing hyperostosis in teleosts (Chang et al. 2002,
2008; Meunier et al. 2010; Paig-Tran et al. 2016; Chanet 2018;
Gerringer et al. 2021).

In parallel, increases in body size are associated with changes
in locomotion, feeding and mechanical loading, which may

promote localised bone remodelling in repeatedly stressed re-
gions (Paig-Tran et al. 2016; Fjelldal et al. 2021). Together, these
factors suggest that the higher frequency and broader distribu-
tion of hyperostosis in larger individuals of C. hippos result from
the combined effects of habitat shifts and increasing biomechan-
ical demands. This interpretation is consistent with both the lit-
erature and the pattern observed in the present study, in which
hyperostosis becomes more frequent and more widespread with
increasing body size, a trend also reported in other fish spe-
cies (Gauldie and Czochanska 1990; Smith-Vaniz et al. 1995;
Aguilera et al. 2017; Tuna et al. 2023; Ahnelt et al. 2025).

Despite the various hypotheses proposed, no consensus has
been reached regarding the underlying drivers of hyperos-
tosis, which has also been associated with the natural aging
process in several species (Aguilera et al. 2017; Smith-Vaniz
et al. 2024; Ahnelt et al. 2025). Proposed explanations include
environmental conditions and life-history traits (Greenwood
1992; Schliiter et al. 1992; Schliiter and Kohring 2002; Chang
et al. 2008), morphofunctional demands (Fierstine 1968; Paig-
Tran et al. 2016), and temperature-related responses (Capasso
2005; Tuna et al. 2023), among others. Current evidence indi-
cates that hyperostosis likely results from multiple interacting
factors acting independently or in combination, with expres-
sion becoming more pronounced during adulthood. However,
no single factor fully explains why closely or distantly related
species—including those with distinct ecological traits—may
exhibit species-specific patterns of hyperostotic development or
a complete absence of the condition. In this context, ontogenetic
studies provide a valuable framework for understanding how
hyperostosis develops throughout growth and in which anatom-
ical regions it manifests, making them essential for characteris-
ing the phenomenon and its biological implications.

5 | Conclusion

The present study shows that hyperostosis in C. hippos follows
a structured ontogenetic pattern associated with body growth.
In the material analysed, the condition was recorded in nine
skeletal regions, with new indications for preopercle and oper-
cle skeletal bones, indicating a broad anatomical distribution
in the species. Dorsal pterygiophores were among the earliest
and most frequently affected regions, with visible morphologi-
cal changes already recorded in a specimen measuring 184 mm
total length, suggesting that this region may represent one of the
initial sites of hyperostotic manifestation in C. hippos. As body
size increased, hyperostotic involvement extended to additional
skeletal regions, suggesting a stepwise expansion of the condi-
tion during ontogeny. These findings expand the anatomical
characterisation of hyperostosis in C. hippos and highlight the
extensive skeletal distribution of the condition in this species.
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similarity index with UPGMA clustering scheme. Figure S2: Protocol
of measurements for Caranx hippos (Linnaeus, 1766), while accounting
for the specific characteristics of each major region exhibiting hyperos-
tosis in the species. Figure S3: Protocol of measurements for Caranx
hippos (Linnaeus, 1766), while accounting for the specific characteris-
tics of each major region exhibiting hyperostosis in the species. Figure
S4: Relationship between fish total length and number of hyperostotic
bones (A) or number of hiperostotic skeletal regions (B). Table S1:
Statistical results of the comparisons between hyperostotic and non-
hyperostotic spines and pteygiphores of the same length size classes
using paired-test of Wilcoxon (neural spines—NS, haemal spines—HS
and dorsal pterygiophores—DPT).
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