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content, copper concentration, and ATS syndrome 
that should be explored in the future.
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Introduction

The white seabream, Diplodus sargus (Linnaeus, 1758), 
is an omnivorous species of the Family Sparidae, found 
in the Mediterranean Sea as well as in the eastern Atlan-
tic Ocean, including the archipelagos of Madeira, Cape 
Verde, and the Canary Islands (Fisher et al. 1987). It is 
a demersal fish, living in rocky infralittoral and circalit-
toral habitats at 0–50 m of depth, where it dominates fish 
assemblages. Individuals are mid-sized with a relatively 
long lifespan and an omnivorous benthic diet (Sala and 
Ballesteros 1997). It is the target of artisanal and recrea-
tional fisheries and constitutes a valuable resource to the 
former because of its elevated price in local fish markets.

This species is affected by a strange phenomenon 
observed mainly in the Mediterranean and occasion-
ally reported in the European Atlantic and Macarone-
sia (Casadevall et al. 2020). This phenomenon, called 
“abnormally tough specimens” syndrome (ATS) 
(Casadevall et al. op. cit.), has been seldom found in 
other species. ATS is usually detected after cooking 
(not in fresh fish) when the flesh of affected individu-
als becomes very chewy and inedible.

Abstract This research aimed to explore the vari-
ability in the distribution of muscle, perivisceral, 
and retroperitoneal fat in Diplodus sargus during the 
pre-spawning period (the period of maximum accu-
mulation of fat reserves) and its possible relation-
ship with the abnormally tough specimen syndrome 
(ATS) affecting this species. Since pollutants accu-
mulate in adipose tissue, trace metal load in the fat-
test specimens were also analyzed. Muscle fat content 
and abdominal fat were highly correlated, and larger 
individuals had more abundant abdominal fat. How-
ever, given its great variability (26% of the specimens 
had no abdominal fat at all), abdominal fat is likely a 
transitional fat to be quickly transferred to other tis-
sues. The liver appeared to have a minor role as a fat 
deposit in D. sargus since HSI varied relatively lit-
tle. None of the fishes without lipidic reserves were 
ATS individuals; by contrast, the only ATS individ-
ual found, a 28  cm male, showed a muscle fat con-
tent above the observed average and one of the high-
est amounts of perivisceral and retroperitoneal fat. 
Therefore, we conclude that flesh hardness is not 
directly related to the low lipid reserves. However, 
this ATS individual showed a very high liver copper 
concentration, suggesting a potential link between fat 
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The first hypotheses proposed about the drivers 
of this phenomenon pointed to lipid metabolism dis-
turbances. Several studies (Felline et al. 2012, 2014; 
Gorbi et al. 2014; Terlizzi et al. 2011) noted that the 
uptake of lipophilic secondary metabolites from an 
invasive alga, Caulerpa cylindracea Sonder (Bryop-
sidales, Chlorophyta), may cause a depletion of ener-
getic reserves in D. sargus. Vitale et al. (2018) iden-
tified the alkaloid caulerpin as a causal factor of the 
metabolic disorders observed in D. sargus. Moreo-
ver, Del Coco et  al. (2018) observed that diet-borne 
caulerpin is directly responsible for changes observed 
in the metabolic profile of fish muscle, including 
the alteration of lipid metabolism, in particular with 
a reduction of Omega-3 PUFAs (polyunsaturated 
fatty acids) content. Nevertheless, the relationship 
between ATS and the introduction of exotic Caul-
erpa spp. appears unclear in those sites where ATS 
was detected before the alga (Casadevall et al. 2020). 
Indeed, no exotic species of Caulerpa are present in 
the continental Atlantic European coasts where ATS 
has been reported, whereas the native C. prolifera is 
only found in the southwestern region of Portugal and 
Spain, next to the Mediterranean (Guiry and Guiry 
2021). In addition, Merciai et  al. (2018) analyzed 
the diet of D. sargus on the northern Catalan coast 
(Northeastern Spain), but, although macrophytes 
were very common, they never found any species 
of Caulerpa in the stomachs. Also, in a recent study 
from the Balearic Islands, Santamaría et  al. (2021) 
showed that the contribution of C. cylindracea to the 
total stomach content of D. sargus was low.

Casadevall et  al. (2020) found a correlation 
between the occurrence of ATS and the proximity of 
sea fish farms and/or commercial ports and suggested 
that some kind of pollution may affect species, being 
the most affected individuals the ones with the high-
est flesh chewiness. Metals, for instance, are known 
to trigger oxidative stress in fish, affecting, in turn, 
their flesh quality (Fernandes et al. 2008; Livingstone 
2001; Türkmen et  al. 2008). D. sargus is prone to 
accumulation of mercury and other potentially harm-
ful elements (Casadevall and Rodríguez-Prieto 2017; 
Merciai et al. 2018; Tramati et al. 2011).

Cases of ATS are usually detected after cook-
ing, but the phenomenon is not related to the cooking 
method (Casadevall et  al. 2020). A similar syndrome 
was described in cooked saddletail snapper, Lutjanus 
malabaricus (Bloch and Schneider 1801), and crimson 

snapper, L. erythropterus Bloch 1790, in Australia 
(Forrest et  al. 2014). Those authors analyzed the sad-
dletail snapper and concluded that fish age accounted 
for 75.6% of the observed variation in cooked muscle 
texture.

It is known that Diplodus sargus accumulates 
lipids in the gonads and muscle during the pre-
spawning period, i.e., from November to March 
(Pérez et  al. 2007). Pérez et  al. (2007) demon-
strated the importance of those lipid types during 
gonadal maturation, forming an energy reserve and 
a temporary reservoir for future embryonic devel-
opment. Moreover, energy deposits as perivisceral 
fat are described for this and other species of the 
same family. A perivisceral lipid accumulation 
and utilization during the production and emis-
sion of gametes has been observed for D. sargus 
from the north of Spain (Martínez Pastor and Vil-
legas Cuadros 1996). The main contribution of 
perivisceral fat energy was also observed during 
the pre-spawning period in other sparids such as 
Pagrus pagrus (Aristizabal 2007) or Sparus aurata 
(Santinha et al. 1999).

Some recreational fishers have reported that D. 
sargus is particularly tough during the reproduc-
tive period, when the fish invest their fat reserves in 
the maturation of gonads and eggs (Casadevall et al. 
2020). Man-Wai (1985) observed a post-spawn slim-
ming of D. sargus individuals from the Gulf of Lion. 
As the pre-spawn period corresponds to a greater 
accumulation of fat and supposing ATS syndrome is 
driven by the depletion of muscle fat reserves, finding 
ATS individuals in that period would be a paradox.

Consequently, in this study, we aim to explore the 
variability in the accumulation of muscle, perivis-
ceral, and retroperitoneal fat in D. sargus during the 
pre-spawning period and to challenge the hypothesis 
of a relationship between fat accumulation and ATS 
syndrome. Moreover, Casadevall et al. (2020) hypoth-
esized a link between ATS and some kind of pollut-
ants; since pollutants accumulate in adipose tissues, 
trace metal loads in the fattest specimens were ana-
lyzed too.

Material and methods

Samples were obtained from professional fish-
ers in the area of Cap de Creus (Gulf of Lion, NW 
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Mediterranean; Fig. 1) from November 2019 to Janu-
ary 2020. The fish were purchased at the fish market 
in the ports where they were landed, so they were 
already dead. Only mature individuals were chosen, 
to analyze how lipid reserves accumulate for repro-
duction purposes. The total number of individu-
als analyzed was 42, including 28 mature males, 11 
mature females, and 3 juvenile females in the first 
maturation process (Table 1).

In the laboratory, the total length of fish was 
measured to the nearest 0.5  cm and the total body 
weight to the nearest 1  g. Sex and reproductive 
status were determined by visual inspection of the 
gonads. Fish were dissected and eviscerated, and the 
carcass was weighed to the nearest 1  g. Liver and 
gonads were weighted, and hepatosomatic index 
(HSI) and gonadosomatic index (GSI) were calcu-
lated as HSI = 100 (LW/EW) and GSI = 100(GW/

Fig. 1  Map showing the area (circle) from where the specimens were sampled from professional fishers (Gulf of Lion, NW Mediter-
ranean). CC BY-SA 3.0, https:// commo ns. wikim edia. org/w/ index. php? curid= 814106

Table 1  The number (N) 
of the individuals analyzed 
per month and sex, with 
total length (TL) mean and 
interval

Juveniles-1st maturation Mature males Mature females

TL (cm) N Mean ± SD Min–max N Mean ± SD Min–max N Mean ± SD Min–max

November - - - 10 24.7 ± 3.8 19.0–30.0 7 26.0 ± 3.9 21.5–32.0
December 3 20.7 ± 0.6 20.0–21.0 10 23.4 ± 3.2 19.5–28.0 4 24.7 ± 2.8 21.0–27.5
January - - - 8 23.5 ± 2.3 21.0–28.0 - - -

https://commons.wikimedia.org/w/index.php?curid=814106
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EW), where LW, GW, and EW represent liver, 
gonad, and somatic (eviscerated) wet weights, 
respectively. The ratio of liver weight to total body 
weight is used as a measure of fat (energy) reserves, 
whereas GSI is a good indicator of reproductive 
activity. Finally, the deposit of fat in the peritoneal 
cavity (perivisceral fat) and under the peritoneum 
(retroperitoneal fat) was also weighted when pre-
sent, to the nearest 1 mg, as another measure of fat 
reserve. Hereafter, we define abdominal fat as the 
sum of perivisceral and retroperitoneal fat.

Determination of muscle total lipid content was 
carried out from all muscle samples. From each 
fish, one sample of ca. 5  g of muscle tissue was 
taken, dorsally, directly under the anterior dorsal 
fin. Tissue samples were cleaned of scales, skin, 
and bones and immediately frozen at − 30  °C for 
total lipid analysis. The total lipid content in mus-
cle was determined following the Soxhlet method 
described by Shahidi (2003) as a percentage of lipid 
content in dry mass.

For trace elements, a portion of liver tissue, 
about 400  mg wet weight, was extracted, frozen 
stored, and lyophilized to analyze the liver concen-
tration of several elements (Cu, Zn, Se, Cd, Hg, Pb, 
As). These samples were digested in quartz vessels 
with  HNO3 (4 ml) (Panreac AppliChem, Hiperpur) 
and  H2O2 (1 ml) (Sigma-Aldrich, for trace analysis) 
at 210  °C in an MW oven (Milestone, Ethos Sel). 
Digestion was done by raising the temperature to 
210 °C from steps 1 to 4 as detailed in Table 2.

Transfer quantitatively all the solution to a 
weighted plastic container, cleaning the vessel 
quartz with water (Milli-Q), until a solution of 
about 15 mL is obtained.

Total concentrations of trace elements were 
quantified by inductively coupled plasma-mass 
spectrometry (ICP-MS Agilent 7500c and ICP-OES 
Agilent 5100). Several analytical blanks were pre-
pared and analyzed, along with samples, to deter-
mine the quantification limits. Limits of detec-
tion were lower than 5  ng   mL−1 for all elements 
(Table 3). The analytical process was performed at 
the STR UdG “Serveis tècnics de recerca de la Uni-
versitat de Girona.”

Spearman correlations were carried out to 
explore the relationships between reproduction 
and condition indices: GSI, HSI, fish length, and 
weight, muscle and liver fat content, and abdomi-
nal fat. A t-test was performed to compare Cu mean 
values between ATS and non-ATS individuals. Sta-
tistical analyses were performed using SPSS 22.

Finally, once tissue samples were collected, the 
rest of the fish was baked between 15 and 20 min-
utes, depending on the size, and the meat was tasted 
to detect possible ATS individuals.

Results

The smallest mature individual (a male) had a total 
length of 19  cm (Table  1). Juveniles in the first 
maturation process in our sample were between 20 
and 21 cm and had a part of the gonad maturing as 
ovary, so they would become females.

The amount of muscle fat (dry weight) fluctuated 
widely, being between 1.2 and 14.3% in the pre-
spawning period (Fig. 2). The lipid dry weight per-
centage mean for the period was 4.88 (± 2.4).

The role of the liver appeared to be marginal, in 
terms of participation as an energy reserve organ, 
since HSI varied little across months (Fig. 3), espe-
cially in males.

Table 2  Digestion raising the temperature to 210  °C from 
steps 1 to 4

Step Ramp (minutes) Final tempera-
ture (°C)

Time (minutes)

1 2 85 -
2 5 145 -
3 7 210 -
4 - 210 10

Table 3  Limits of detection 
in the sample solution (µg/
Kg)

63Cu 66Zn 75As 82Se 111Cd 202Hg 208Pb

LoD 0.06 1.01 3.64 1.56 0.02 0.48 0.06
LoQ 0.18 3.35 12.14 5.20 0.07 1.60 0.20
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The mean value of GSI for females was 0.63 
(± 0.27) and 0.25 (± 0.39) for males. Figure 4 shows 
the changes observed across the 3 months.

Despite the similar sizes of the sampled indi-
viduals, abdominal fat deposits had high variability, 
from 0 to 16.02  g (Table  4). The results obtained 

Fig. 2  Mean lipid dry 
weight (%) content in 
D. sargus muscle for 
pre-spawn individuals in 
November, December, and 
January

Fig. 3  Mean values of 
HSI in pre-spawn males 
and females in November, 
December, and January

Fig. 4  Mean values of 
GSI in pre-spawn males 
and females in November, 
December, and January
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after the cooking process allowed us to find a sin-
gle ATS individual, a male with 28  cm TL, 5.2% 
of muscle dry fat (above the mean), and 16.02  g 
of abdominal fat (the second fattest) (Fig.  5). This 
specimen was captured in December and was in 
the process of gonadal maturation. Remarkably, all 
individuals predicted as possible ATS specimens, 
i.e., with very low or no fat content, were not ATS.

Ten males and one female (26% of the sample) 
had no abdominal fat at all. Muscle and abdominal 
fat were strongly correlated (Table 4).

Apart from the relationship size-weight, Spear-
man correlations show a strong positive relation-
ship between muscle fat content and abdominal fat. 
There is also a positive correlation between gonado-
somatic index and abdominal fat and between gona-
dosomatic index and eviscerated weight (Table 5).

The results of trace metal analyses are shown in 
Table  6. Liver copper concentration in two indi-
viduals, including the only ATS found, was strik-
ingly higher than in the others. Although there 
are only two individuals with a very high copper 
load, the difference between the ATS and the other 

individuals was statistically significant (t = 3.251; 
P = 0.009).

Discussion

We have analyzed the amount of fat reserves during the 
D. sargus pre-spawning period to explore possible rela-
tionships between lipid reserves and flesh hardness as an 
indicator of the ATS syndrome. The values of the GSI, 
in both males and females (< 1%), demonstrated that all 
the individuals were in the pre-spawning period because 
the values of this index in the spawning phase are always 
close to 10% (Lloret & Planes 2003; Martínez Pastor and 
Villegas Cuadros 1996).

The expectations of finding an ATS specimen 
were low because ATS only appears from time to 
time on the Catalan coast (Casadevall et  al. 2020). 
Among the possible drivers of the ATS phenom-
enon, Casadevall et  al. (2020) excluded the stress 
produced by the capture system, as well as any 
mechanism of contagion, since ATS individuals 
appeared singularly in time in different places. The 

Table 4  Mean abdominal 
fat weight (g) for the 
different maturation stages, 
months, and sex. *Includes 
the only ATS individual in 
the sample

Juveniles in 1st maturation Mature males Mature females

N Mean ± SD Min–max N Mean ± SD Min–max N Mean ± SD Min–max

November - 10 0.22 ± 5.37 0–16.96 7 0.18 ± 3.55 0–9.93
December 3 1.16 ± 1.26 0.35–2.88 10 0.33 ± 5.19* 0–16.02* 4 1.97 ± 2.58 0.5–6.5
January - - - 8 0.27 ± 2.11 0–6.1 - - -

Fig. 5  Abdominal fat of the ATS maturing male (December): perivisceral (1) and retroperitoneal (2) fat. The image on the right 
shows the proportion of fat extracted from each of the two body areas
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variation of textural quality of fish muscle mainly 
depends on the structure of muscle tissue, which is 
attributed to internal factors related to the structure 
of contractile proteins, the framework of connective 
tissue, lipid oxidation, and some external factors, 
such as methods of sample handling and storage 
(Aussanasuwannakul et  al. 2012). It is also known 
that retroperitoneal and perivisceral adipose tissues 
influence carcass and filet composition, whereas 
muscle fat deposits modulate flesh organoleptic 
quality (Weil et al. 2013).

From these possible ATS drivers, we must reject 
sampling and handling, since all individuals were 
caught and treated the same way. Effects due to other 
variables (e.g., age and size, food sources, sample 
heterogeneity, gaping, tissue water, fat and colla-
gen content, and distribution), and their interactions 
(Cheng et al. 2014), cannot be excluded.

Regarding the total amount of fat in the pre-
spawning period, we observed a higher degree of 
variability of muscle fat content than in previous 
works, from 1.2 up to 14.3% in dry muscle fat with 
a mean of 4.88 (± 2.4). Lloret et al. (2005) analyzed 
D. sargus spawners and post-spawners from the 
same area and lipids constituted between 0.01 and 
2.01% of dry muscle fat in pre-spawners and between 
0.29 and 4.41% in post-spawners. The lower values 
indicate spawning as a cause of the depletion of fat 
reserves, which are invested in gonads. At the end of 
the reproductive period (spring), Saoud et al. (2008) 
found muscle lipid contents of white seabream within 
0.35 and 1.85%, and similar results were found by 
Kouropakis et  al. (2019) for wild individuals. Özy-
urt et  al. (2005) observed a mean of 2.37% (± 0.99) 
in spring, 2.70% (± 0.11) in summer, and 0.97% 
(± 0.37) in winter. Hornung et  al. (1994) reported 
higher values (between 2.3 and 7.7%) in August, 

Table 5  Spearman correlations among fish indexes and vari-
ables measured in D. sargus. Spearman’s rho is shown in the 
top right part of the table; P values are shown at the bottom 

left. N = 42. Abbreviations: TL fish total length, EW fish-evis-
cerated weight, GSI gonadosomatic index, HSI hepatosomatic 
index. *** P < 0.001, ** P < 0.01, * P < 0.05

Muscle lipid Abdominal fat TL EW GSI HSI

Muscle lipids 0.589 0.12 0.123 0.138 0.234
Abdominal fat *** 0.369 0.425 0.369 0.128
TL 0.448 * 0.987 0.36 0.002
EW 0.439 * *** 0.374 0.018
GSI 0.385 * * *  − 0.043
HSI 0.136 0.418 0.989 0.91 0.788

Table 6  Liver trace metals loads (µg/Kg). *ATS individual. TL total length (cm), LW liver weight (g), AF abdominal fat (g)

TL LW AF Sex Cu Zn As Se Cd Hg Pb

26.0 6.89 7.49 male 8399.9 157,539.6 60,649.1 5785.8 1774.8 797.9 554.2
26.0 3.17 0.5 female 25,041.5 171,528.3 62,656.9 13,918.3 1779.3 400.4 413.2
27.0 2.86 0.6 male 38,418.2 188,520.4 41,149.1 12,537.2 3018.7 890.9 887.4
27.5 16.4 6.5 female 12,856.7 101,082.6 24,985.2 4850.3 163.9 519.7 117.9
28.0* 5.81 16.02 male 837,953.9 220,769.5 22,918.1 15,674.1 520.9 123.5 860.2
28.0 3.95 9.09 male 748,455.3 245,482.1 32,540.9 18,415.9 357.9 199.1 488.2
28.5 3.8 0.7 female 68,414.3 224,871.7 77,028.9 14,068.8 5061.3 2697.1 621.9
29.0 6.54 4.47 male 20,730.3 156,214 43,125.7 11,647.9 1629.3 912.6 482.4
29.0 4.4 1 male 125,923.9 297,388.8 53,472.9 12,151.7 2145.7 1309.8 681.8
29.5 7.06 1.04 female 65,961.2 184,423.9 49,799 9197.6 3773.7 719.5 447.5
30.0 6.3 16.96 male 39,767.2 173,116.4 21,629.4 8048.3 449.7 668 602.9
32.0 9.09 0 female 42,642.4 187,362.9 38,546 14,686.6 9844.4 1016 789.7
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a very post-spawning period. Comparing all those 
results together with the present ones, it becomes evi-
dent that pre-spawn is the period of highest muscle 
fat accumulation in most D. sargus individuals.

Taşbozan and Gökçe (2017) stated that, although 
the lipid contents of fish depend on many factors, they 
are generally split into three categories based on their 
muscle fat composition: lean (less than 5% fat), mid-
fat (5–10% fat), and fatty fish (10–25% fat), whereas 
the ones below 2% should be considered very lean 
fish. The white seabream, like other Mediterranean 
Sparidae, has been considered a mid-fat species 
(Grigorakis 2017), but, according to our data, only 
some individuals in the pre-spawning period could be 
included in this category, as most individuals should 
be classified as lean.

Abdominal adipose tissues in this period were pre-
sent in many individuals, sometimes in high amounts, 
although a few had none. In fact, 26% of the speci-
mens had no abdominal fat at all, but none of these 
fishes were ATS. Pre-spawning individuals with 
more abundant reserves of abdominal fat were fat-
ter, as observed by Man-Wai (1985), who reported 
a slimming of D. sargus after spawning. The use of 
perivisceral lipid during the production and emis-
sion of gametes was also observed in individuals 
from the north of Spain (Martínez Pastor and Villegas 
Cuadros 1996). Moreover, a primary contribution of 
perivisceral fat energy was also observed during the 
pre-spawning period in other sparids such as Pagrus 
pagrus (Aristizabal 2007). Nevertheless, retroperi-
toneal fat was not mentioned in that study. The ATS 
individual who appeared in our sample, a 28  cm 
male, showed a load of muscle fat above the observed 
average and one of the highest amounts of abdominal 
fat. According to Taşbozan and Gökçe (2017), that 
individual should be classified as “fatty.”

A strong relationship between muscle fat con-
tent and abdominal fat was found in our study. 
However, given its high variability, abdominal fat 
probably corresponds to a transitional fat that can 
be quickly metabolized for reproductive purposes. 
This is reinforced by the fact that the only other 
correlation of abdominal fat is with the gonadoso-
matic index. In fact, PUFAs increase in the mus-
cle of male and female D. sargus during gonadal 
maturation and decrease during the gonadal reces-
sion, which also confirms the importance of mus-
cle as a reserve of essential fatty acids in support 

of reproductive effort in this species (Pérez et  al. 
2007). Also, Batičić et  al. (2009) found that total 
unsaturated fatty acids of D. sargus, in all ana-
lyzed lipid fractions, were the highest in winter 
(pre-spawning), while saturated fatty acids were 
the highest in spring in all lipid fractions. Those 
authors (Batičić et  al. 2009) suggested that satu-
rated fatty acids are used in winter to ensure the 
additional metabolic energy required in that period 
and the production of PUFAs required for gonad 
development and spawning.

 It must be concluded that flesh hardness is not 
directly related to the low content of lipid reserves. 
Therefore, other variables have to be found as driv-
ers of the ATS syndrome. Forrest et al. (2012) sug-
gested age as a possible driver of that syndrome in 
saddletail snapper. Indeed, in the case of white sea-
bream, affected individuals appear only from a cer-
tain size (Casadevall et  al. 2020), which coincides 
moreover with two things, the size of sexual matura-
tion and also a change in diet (Merciai et al. 2018). 
As shown by Figueiredo et  al. (2005) and Merciai 
et  al. (2018), there is a size-related diet shift in D. 
sargus, from approximately 25  cm onwards, which 
implies a wider home range in larger specimens, 
which start to feed also in the circalittoral zone, 
instead of remaining in the infralittoral zones like 
younger individuals.

The liver appears to have a minor role as a fat-
reserve organ in D. sargus, since HSI varied relatively 
little; only females showed slightly higher values. The 
liver plays a primary role in processing fatty acids 
mobilized from muscle before their transfer to the 
ovary (Wiegand, 1996). Therefore, high-fat amounts 
probably account for this transient increase in female 
liver weight before the quick ovary development. In 
agreement with this hypothesis, Pérez et  al. (2007) 
observed no pre-spawn changes in males’ liver lipid 
content or in HSI, whereas females’ liver registered 
an increase in both. Therefore, muscle and abdominal 
fat appear to have a more relevant role than the liver 
as an energy store for reproduction in D. sargus.

 An unexpected result of this work is a striking 
concentration of copper in the liver of two speci-
mens, one of which was the ATS specimen. Little 
information is available about Cu liver loads in D. 
sargus, but the few data published show that values 
are much lower than the highest values found in our 
study. Kress et  al. (1999) found 7.08 (± 2.05) mg/
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Kg for individuals from Jaffa and 7.82 ± 2.01  mg/
Kg from the Haifa Bay, with the heaviest value of 
11.00 mg/Kg. On the Atlantic coast of the Canary 
Islands, Afonso et  al. (2018) found some higher 
values (23.66 ± 10.25  mg/Kg). The variability in 
our sample is high, ranging usually from 8.39 to 
125.9 mg/kg but reaching 748.5 and 838.0 mg/kg in 
the two individuals with exceptional Cu loads. We 
have not found examples of species with a hepatic 
concentration of copper higher than 100 mg/Kg.

In a recent review, Richir et al. (2021) suggested 
that several rarely studied sources could be signifi-
cant contributors to Cu, Ni, and Zn sediment con-
centration evolution, such as antifouling paints, 
scrubbers, and anodes, reinforced by the fact that 
88% of the sites with increasing Cu concentrations 
(P < 0.05) were transitional/coastal waters, close to 
urban areas with substantial vessel numbers.

Of course, our finding does not demonstrate that 
copper plays a role in the ATS etiology, but this 
should be followed up. Peaking Cu concentrations 
in the same species and area were already detected 
(Merciai et  al., 2018). Should it ever be demon-
strated a relationship between ATS syndrome and 
any contaminants accumulated in adipose tissue, 
then a correlation between ATS incidence and body 
fat would be positive.

In summary, our findings indicate that the poor 
quality of D. sargus flesh (muscle), i.e., the gum-
miness that some individuals present once cooked 
(ATS), is not caused by any lack of fat. On the con-
trary, the only ATS individual detected showed a 
very high-fat content and a high Cu load, suggest-
ing a potential positive relationship between fat 
content, Cu load, and ATS syndrome that should 
be explored in the future, analyzing a larger sam-
ple of ATS specimens. In this sense, considering 
that a lot of pollutants are accumulated in the adi-
pose tissue, which acts as a vehicle for their entry, 
the greater fat reserves of larger individuals might 
expose them to higher toxicological risk and to a 
higher probability of developing ATS syndrome. 
Moreover, it must be noted that organic compounds 
of anthropic origin are also associated with fats and 
could be other potential factors of this syndrome.
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