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Abstract 

Historical baselines are essential for evaluating the cumulative impac t s on modern marine ecosystems, particularly in r e gions 

such as the Mediterranean, where human activities have been intensive for millennia, and clima t e chang e is ac c elerating. How- 

ev er, quantitativ e evidence of historical impacts remains fragmented. In this study, we investiga t e chang es in the presence, 

abundance and body size (BS) of the Atlantic bluefin tuna ( Thunnus thynnus ), gilthe ad se a bre am ( Sparus aurat a ), b anded-dye 

murex ( Hexaplex trunculus ) and turbina t e monodont ( Phorcus turbinatus ) across the Mediterranean Sea from 130 000 y ear s 

Bef or e Pr esent until the Industrial R evolution (1850 AD ), using geologic al, ar chaeologic al, and historic al r ecor ds. Our r esult s 

r eveal signific ant temporal shifts in the abundance and BS of the b anded-dye mure x, Atlantic bluefin tuna, and gilthe ad se a 

br eam. Envir onmental fac tors, particularly seaw a t er t empera tur e, wer e the primary driv er s of abundance and size in Atlantic 

bluefin tuna in the past. Human activities, especially exploitation, influenced the abundance of b anded-dye mure x and At- 

lantic bluefin tuna, as well as the BS of gilthe ad se a bre am. These findings underscore the importance of int egra ting long-t erm 

ecological data to understand better the interplay between climate, human pr essur es, and ecosystem dynamics. 

Keywords Atlantic bluefin tuna, Gilthead sea bream, Banded-dye murex, Turbina t e monodont, Environmental variability, Overexploitation, Holocene 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

the Medit errane an ecosyst ems, influencing species distributional 
chang es, including rang e shifts and biologic al invasions (Agiadi e t 
al. 2011 , 2018 , 2024 ). Since the Industrial Revolution, the Mediter- 
ranean has warmed f as ter than the global average (IPCC 2022 , Ar- 
tana et al. 2026 ) with pr of ound c onsequenc es for marine biodiver- 
sity and ecosystems functioning (Garrabou et al. 2009 , Smale et al. 
2019 , Trisos et al. 2020 , Ouled-Cheikh et al. 2022 ). 

Marine r esour ces have support ed Medit errane an socie ties f or 
millennia (Madariaga 1964 , Mehvar et al. 2018 ). Shellfish exploita- 
tion da t es b ack t o the lo w er Paleolithic (e.g. ∼300 ka B.P.; c. 300 
kyrs ago, de Lumley 1966 ), and by the Br onz e Age (5–3 ka BP; c. 
3300–1200 AD ), extensive fisheries and trade netw orks w ere estab- 
lished (e.g. Van Neer et al. 2004 , Guy et al. 2018 , Zohar and Artzy 
2019 ), intensifying throughout the Classical period (Sáez Romero 

2014 , Mylona 2018 ). In this context, a previous work identified 

that several key marine species were either extensively exploited 

and/or affec t ed by p ast environmental chang es (Le al et al. 2025a ). 
Long-t erm exploita tion, combined with environmental variability, 
has contribut ed t o the reshaping of marine ecosystems (Lotz e e t 
al. 2006 , 2011 ). Today, habita t loss, degrada tion, and o v erexploita- 
tion continue to alter species pr oduc tivity, fitness, and distribu- 
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Intr oduc tion 

Marine ecosystems are major components of the Earth sys-
tem, supporting biodiv er sity, human societies, and economies
(Halpern et al. 2008 ). Ho w ev er, they are increasingly under thre a t.
Under standing ho w multiple stressor s affect marine biota r equir es
long-term ecologic al r ecor ds, ye t high-r esolution t emporal da ta
r emain sc ar ce (Die tl e t al. 2015 ). While most ecological studies
rely on short - t erm da tasets (Jackson 1997 , Dayt on et al. 1998 ), g e-
ologic al, ar chaeologic al, and historic al r ecor ds offer valuable in-
sights into long-term ecosystem responses to environmental and
anthr opogenic pr essur es (Jackson Jer emy e t al. 2001 , Lotz e e t al.
2006 , 2011 Fortibuoni et al. 2010 , Bas et al. 2019 , 2023 , Agiadi and
Albano 2020 , Agiadi et al. 2023 , 2024 , Porz et al. 2024 ). 

The Medit errane an Se a is a glob al biodiv er sity ho tspo t (IUCN-
MED 2009 , Coll et al. 2010 ), hos ting v arious emblematic species,
such as the Atlantic bluefin tuna ( Thunnus thynnus ) (Linnaeus,
1758) (MacKenzie et al. 2009 ) and the Medit errane an monk seal
( Monachus monachus Hermann, 1779) (Reijnders et al. 1997 ),
which is at present classified as Vulnerable in the IUCN Red List.
Past changes in climate and ocean connectivity have shaped
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Figure 1 Map of the Medit errane an Se a showing the subr e gions (West ern Medit errane an, East ern Medit errane an, and Adria tic Se a) and their na tural 

divisions (S tr ait of Otr anto and S tr ait of Sicily), with the da ta loca tions ( Table S1 ). Variables used include the Number of Identified Specimens (NISP). 

Minimum Number of Individuals (MNI), Ca t ches, Total Length (TL), and Basal Diameter (BD). 
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ion, with c asc ading effec t s on ecosys tem s truc tur e and func tion-
ng (Halpern et al. 2008 , Coll et al. 2010 , 2012 , Planque et al. 2010 ,

ow arth e t al. 2014 , Artana e t al. 2026 ). 
In this study, we examine how environmental variability and

uman activities have influenc ed c ommercially relevant species
n the Medit errane an Se a o v er the past 130 kyr s until the Indus-
rial Rev olution. U sing r e gional da ta (Le al et al. 2025a ) we analyse
tlantic bluefin tuna ( T. thynnus ), gilthead sea bream ( Sparus au-
 ata ), banded-dye mur ex ( Hexaplex trunculus ) and turbina t e mon-
dont ( Phor cus t urbinat us ), testing whe ther: (i) t empera ture oscil-

ations from the late Pleistocene to the late Holocene (LH; Cacho
 t al. 2002 , 2006 , Mar chal e t al. 2002 , R ohling e t al. 2002 , Schmiedl
t al. 2010 ) influenced species abundance and body size (BS); and
ii) human exploitation compounded these effec t s o v er time. 

a t erials and methods 

tudy area 

he Medit errane an Se a is a semienclosed b asin (3 000 000 km 

2 ,
aximum depth ∼5300 m (Robinson and Golnaraghi 1994 ). For

nalytical purposes, we divided the basin into three subregions:
es tern, Eas tern, and Adriatic, defined by the straits of Sicily and
tranto (Millot and Taupier-Letage 2005 , Rio et al. 2007 , Robinson
t al. 2009 ) ( Fig. 1 ). In the p ast, se a-level fluctua tions alt ered the
onnec tion be tween the Medit errane an, Marmara, and Black seas,
hose phases of isolation and r econnec tion differ ed markedly

r om pr esent-day conditions (Yanko-Hombach e t al. 2007 , Yan-
hilina et al. 2017 ). Although the initial search terms (Leal et al.
025a ) did not explicitly include the Black or Marmara seas, we re-
rie ved a fe w r ecor ds of Atlantic bluefin tuna fr om both seas. Given
he species’ high mobility, we decided to include these r ecor ds in
he analyses of the Eastern Mediterranean. 
Species and temporal framework 

Species data were available at both spatial and temporal scales
across the Medit errane an subregions, where as ca t ch da ta were
available only for Atlantic bluefin tuna. 

We adopted the temporal divisions defined by the Interna-
tional Commission on S tr atigr aphy (IC S; Cohen et al. 2025 ): upper
stage of the Pleistocene (late Pleistocene; 129 000–11 700 y ear s
bef or e 2000 AD ), Greenlandian [early Holocene (EH); 11 700–8236
y ear s bef or e 2000 AD ], Northgrippian (MH; 8236–4250 y ear s be-
f or e 2000 AD ), and Meghalayan (LH; 4250 y ear s before 2000 AD —
present). Each period is characterized by major climatic events
(e.g. glacial-interglacial cycles, Lionello et al. 2023 ) and societal
transitions (e.g. from hunt er-ga therers t o sedentary communities,
Isern et al. 2014 , Valla 2018 ) (see Table S2 for detailed informa-
tion on each environmental and cultural event). The la t e Pleis-
tocene includes the last interglacial (130–116 kyrs BP; c. 128 000–
114 000 BC ; Kukla et al. 2002 ) and the Younger Dryas (14 749–13 646
y ear s BP; c. 12 800–11 700 BC ; Benjamin et al. 2017 ). The Holocene
fe a tures notable t empera ture fluctua tions, such as the Medieval
Warm Period (MWP; 1050–650 BP; c. 850–1200 AD ) and the Little
Ice Age (LIA; 650–100 y ear s BP; c. 1200–1850 AD ) (Cisner os e t al.
2016 ). 

Medit errane an fisheries ev olv ed significantly between the
preindustrial (130 kyrs–1850 AD ) and the pos tindus trial era (1850
AD —present day). During the preindustrial era, fishing practices
wer e pr edominantly manual and artisanal (e.g. harpoons, gillne t s,
and traps; Ruas 2005 , R obert s e t al. 2011 , Hor den and Pur cell 2013 ,
Peder gnana e t al. 2021 ), while the onse t of industrial fishing (1880
AD ) intr oduced mechaniz ed fishing and st e am-po w ered trawler s
tha t gre a tly incre ased fishing efficiency (Gabriel et al. 2005 , Anti-
c amara e t al. 2011 ). Although our primary analyses focus on the
preindustrial era, we decided to include postindustrial develop-
ments in fishing g e ar t o cont extualiz e it s technologic al evolution,

https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsag056#supplementary-data
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which may have contributed to the fluctuations observed in At-
lantic bluefin tuna ca t ches (FAO 2022 ). 

Database 

The da tab ase compiled by Leal et al. ( 2025b ) was developed
through a syst ema tic re vie w following the PRISMA methodology
(Page et al. 2021 ), integr ating peer -re vie wed and secondary liter-
a ture with g eological, archaeological, and historical sources ( Tabl
e S3 ). 

Presenc e and abundanc e dat a were quantified using two zooar-
chaeologic al me trics: the NISP (Grayson 1984 ) and Minimum Num-
ber of Individuals (MNI; Lyman 1994 ). NISP is a fundamental dir ec t
count of bone fragments (including teeth and identifiable frag-
ment s) c a t eg orized by taxon and skeletal elements, whereas MNI
is an estima t e of the lo w est number of individual animals present
in an assemblage that is calculated based on the most frequently
occurring, paired, or distinct skeletal element. Both metrics are
widely used in z ooar chaeology, but are subject to taphonomic bi-
ases, due to differ ences in the preservation of skele tal r emains be-
tween settings, along with reco v ery biases (e.g. small bones often
missed pr esieving standar dization), and sampling effort variation
(Stiner 1994 , Van Neer et al. 2004 ). 

The re vie w also incorpora t ed o v er 1200 entries of Atlantic
bluefin tuna ca t ch da ta from Italian tuna traps (1700–1936; Addis
et al. 2008 , Longo and Clark 2012 , Polanco-Martínez et al. 2018 ),
which serve as long-term proxies for abundance (Ravier 2001 ). His-
toric al abundance tr ends wer e analysed in rela tion t o Se a Surface
Tempera ture (S S T ; Jalali et al. 2016 ), human civilizations, and fish-
ing technologies. The catch data analysed in this study derive from
seven fixed tuna traps tha t opera t ed in Sardinia and Sicily (Italy),
whose structural design and fishing methodology were similar
across the timeframe studied (Addis et al. 2008 , Longo and Clark
2012 , Ganz edo e t al. 2016 ). The report ed chang es were limit ed
t o ma t erial subs titutions (e.g. cot ton ne t s and ir on anchors), with
no significant modifications to the trap struc tur e or operating set-
tings. 

While most of the Atlantic bluefin tuna catch data comes from
Italian tuna traps, the S ST da ta for the same period (1700–1936
AD ) were the closest available from the Gulf of Lion. While this re-
gion is known as a cold spot in the Medit errane an Se a (Shalt out
and Omstedt 2014 ), it r epr esent s one of the few continuous and
well-document ed hist orical S ST r econstruc tions available f or the
West ern Medit errane an o v er the 1700–1936 period. Moreo v er, de-
spit e me an-sta t e varia tions within subr e gions, p aleoclima t e stud-
ies show that multidecadal to centennial SST anomalies are gen-
erally coher ent thr oughout the West ern Medit errane an (e.g. Cis-
ner os e t al. 2016 ). Consequently, the Gulf of Lion SST r ecor d is used
here as a regional indica t or of West ern Medit errane an thermal
variability, rather than a dir ec t measur e of loc al t empera ture a t
the fishing sit es. B S da ta were derived from multiple sources: (i) TL
for Atlantic bluefin tuna from Andrews et al. ( 2022 , 2023a , 2023b ,
2023c ) ( n = 68); (ii) TL for gilthead sea bream from Western archae-
ological sit es (F ernández-López De Pablo and Gabriel 2016 ) and
East ern sit es (Guy e t al. 2018 , Fuller e t al. 2020 ) ( n Western and Eastern

= 154); and (iii) BD of the turbina t e monodont from Haua Ft e ah
cav e, Lib ya (Hunt et al. 2011 , Prendergast et al. 2016 ) ( n mean = 14;
n maximum 

= 57). These data inherently have biases; ther ef or e, eco-
logic al interpr e tations must be cautious and framed as indicative
of relative past implications upon species rather than definitive.
Ho w ev er, the same data and the analytic al appr oach taken in this
study provide valuable insights into past environmental and an-
thropog enic imp acts in the Medit errane an Se a. 

Data analyses 

Normality and homoscedasticity were t est ed using the Shapiro–
ilk and Levene ’s test s, r espec tively ( car R pack age; Fox and Weis-

berg 2019 ). For NISP and MNI, nonparametric test s wer e applied:
the Mann–Whitney U test for two-group comparisons and the
Krusk al–Wallis test f or multigr oup comparisons, f ollo w ed b y post
hoc pairwise Wilco x on tests. For TL, a two-sample t -test for West-
ern Medit errane an tuna and a Mann–Whitney U test for the East-
ern Medit errane an tuna. F or the gilthe ad se a bre am, ANOV A with
a Tukey’s HSD post hoc test was used to compare three periods.
For BD, ANOVA (mean values) and Welch ANOVA (maximum val-
ues) were applied to multiperiod comparisons. Catch data trends
were analysed using the Mann–Kendall (MK) test ( trend R pack-
age; Pohlert 2023). This is a nonparametric test that assumes in-
dependent observations without serial autocorrelation and no
seasonality (Gilbert 1987 ). Catch trends analysed on the trap-
level data revealed serial autocorrelation (ACF lag-1 = 0.88; Ljung-
Box P < 2e −16 ), and were addressed via modified MK ( modi-
fiedmk R p ackag e; Pa takamuri and O’Brien 2017 ). Data classifica-
tion was performed using Jenks’ natural breaks method (Jenks
1977 ) ( classInt R p ackag e; Bivand 2006 ). Int erperiod differ ences
were assessed with Kruskal–Wallis and pairwise Wilco x on tests. A
signific ance thr eshold of P ≤ .05 w as applied, with Bonf err oni cor-
r ec tion. Maps wer e pr oduc ed in QGIS 3.34.13, and st atistical anal-
yses in R 4.4.3 (R Core Team 2025 ). 

The Supplementary Ma t erials include additional s tatis tical out-
put s, including nonsignific ant r esult s, such as those c onc erning
the turbina t e monodont. They also pr ovide figur es r epr esenting
the data dispersion across temporal phases and subr e gions, ta-
bles summarizing the locations of sampling sites, and the sample
sizes per species and variables obtained through the syst ema tic
re vie w. This additional information supports the methodological
framework presented in the main text. 

R esult s 

Presence and abundance of tar ge ted 

species 

NISP data for gilthead sea bream and Atlantic bluefin tuna span
the entire temporal framew ork. Ho w ev er, comparisons betw een
periods within each r e gion r evealed no s tatis tic ally signific ant dif-
f er ences ( Table S4.1 ; Figs. S5.1 B–S5.4 B). Among molluscs, only the
turbina t e monodont presented sufficient data for temporal anal-
ysis across the Medit errane an Se a, but no signific ant differ ences
wer e de tec ted acr oss periods ( Table S4.1 ; Figs. S5.5 B and S5.6 B). 

MNI da ta for turbina t e monodont wer e available f or both the
Wes tern and Eas tern Mediterranean, yet no significant differences
wer e f ound be tween periods ( Table S4.2 , Figs. S5.7 and S5.8 ). In
contrast, banded-dye murex showed significant temporal varia-
tion in the MNI in the Western Mediterranean ( H 2 = 15.792; P =
.0004, Fig. 2 a), particularly between the early and LH ( P = .0013;
Fig. 2 b; Table S4.2 ). 
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Figure 2 Distribution of MNI for banded-dye murex in the Western Mediterranean. (a) Temporal distribution of r ecor ds, including major climatic events 

and anthropogenic periods. Holocene Events 1 (10 500–9800 yr BP), 2 (8000–7000 yr BP) and 3 (5000–4800 yr BP) refer to cooling episodes (Lionello et 

al. 2023 ); (b) Bo xplo ts of MNI data by geological period: EH, middle Holocene (MH), and LH. Mean values and standard deviation are also indica t ed. 

Lett ers denot e sta tistic ally signific ant differ ences. Sample siz es ( n ) ar e sho wn abo v e each 
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a t ch r ecor ds 

a t ch da ta (annual t otals) wer e available only f or Atlantic bluefin
una from 250 to 14 y ear s BP, corresponding to the period between
700 and 1936 AD ( Fig. 3 ). R ecor ded values ranged from 0 to ap-
roxima t ely 12 500 individuals per year along the coasts of Sar-
inia and Sicily in the West ern Medit errane an ( Fig. 1 ). Two ma-

or peaks were observed: around 200 years BP ( ∼1750 AD ) during
he LIA with ∼10 000 individuals, and between 75 and 45 y ear s
P (1875–1905 AD ), following the Industrial Revolution (1850 AD )
 ∼12 000 individuals). 

While a significant declining trend was det ect ed in trap-level
a t ches between 250 and 14 y ear s BP ( S = −3.98e 5 ; τ = −0.239;
 < 2.2e −16 ), annual aggr e ga t es sho w ed no monotonic trend

standard MK: S = 605, τ = 0.021, P = .62; modified MK: P = .84).
nterperiod differ ences wer e signific ant ( H 5 = 407.55; P < 2.2e −16 ;
ables S4.3 and S6 ; Figure S6 ). 

ody size 

n the Western Mediterranean, a significant increase in the TL of
tlantic bluefin tuna w as f ound be tween the MWP and the LIA
 t 15.141 = 2.967; P = .01; Figs. 4 and S7.1 ; Table S4.4 ). 

In the Eastern Mediterranean, TL of Atlantic bluefin tuna also
ho w ed significant increases between the Roman Period (2500–
050 y ear s BP) and the MWP (1050–650 y ear s BP), as w ell as within
he MWP itself ( W = 8; P = .01035) ( Figs. 5 and S7.2 ; Table S4.4 ). 

F or gilthe ad se a bre am, TL da ta wer e available f or the East-
rn Medit errane an ( Fig. 6 ). Pairwise comparisons ( F = 10.28;
 = 7.54e- 5 ) revealed significant reductions in TL between the
early and LH ( P = .0061), the middle and LH ( P = .0010; Fig. 6 b),
and between the Bronze and Iron Ages and the Byzantine Period
( H 2 = 8.501; P = .014, Table S4.4 and Figure S7.3 ). 

F or the turbina t e monodont, BD da ta wer e available f or the
East ern Medit errane an, including both me an and maximum val-
ues. No signific ant differ ences wer e f ound be tween the geologic al
periods, for either metric ( Table S4.5 ; Figs S7.4 and S7.5 ). 

Discussion 

Environmental driven changes in Atlantic 

bluefin tuna 

Atlantic bluefin tuna is a highly migra t ory species tha t travels
be tween cold f eeding gr ounds in the North Atlantic and warm
sp awning are as in the Medit errane an Se a (Ma ther et al. 1995 , Block
et al. 2001 , 2005 , Rooker et al. 2007 ). Climatic changes influence
it s gr owth, r epr oduc tion, population siz e, mortality, and migration
p a tt erns (Pepin 1991 , Graham and Dickson 2004 ). 

Our data show a peak in tuna catches during the late LIA. This
p a tt ern is temporally consistent with cooler conditions (Cisneros
e t al. 2016 , Mar garitelli e t al. 2020 ) and enhanced nutrient avail-
ability and primary pr oduc tivity in the North Atlantic (Pourmand
e t al. 2007 ), r esulting in a gr e a t er number of ma ture individuals en-
t ering the Medit errane an. Additionally, tuna migra tion may have
shifted t ow ar d the basin during the LIA, likely due t o incre ased
climatic instability and extreme events, le ading t o higher recruit-
ment in the Western Mediterranean and greater c onc entration of
schools ne ar hist orical tuna traps (Ravier and Fromentin 2004 ,
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Figure 3 Atlantic bluefin tuna ca t ch records from the LH (250–14 y ear s BP;1700–1936AD), based on tuna traps from the Western Mediterranean Sea ( n = 

1225). Preindustrial ca t ches (250–100 y ear s BP; 1700–1850 AD) and pos tindus trial ca t ches (99–14 y ear s BP; 1851–1936 AD) are represented. 

R econstruc t ed S ST from the Gulf of Lions (Jalali et al. 2016 ) is indica t ed and used here as a regional indica t or of Western Mediterranean thermal 

variability during the study period. LIA period is also indica t ed. Vertical lines indica t e the use of tuna traps, the onset of industrial fisheries (70 BP; 1880 

AD; von Brandt 1972 , Gabriel et al. 2005 ), and WWI (World War I). Note: tuna trap technology remained largely unchanged until the 1960s (Doumenge 

1998 ). 
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Ganz edo e t al. 2009 ). Considering the 6–7 year lag be tween ha t ch-
ing and recruitment (Z orit a et al. 2005 ), the increased landings ob-
served in the la t er stag es of the LIA could r eflec t changes in dis-
tribution and behavior rather than an o v erall increase in popula-
tion size. Although trap structure and the way it was opera t ed re-
mained similar across tuna traps and through time, the lack of de-
t ailed quantit a tive da ta on fishing effort pr event s distinguishing
the effec t s of pot ential chang es in fishing effort. Thus, these in-
terpr e tations should be considered as tentative and subject to re-
finement as new evidence becomes available. Temperature also
plays a key role in shaping plankton dynamics, influencing both
pr oduc tion and distribution (e.g. McGowan et al. 1998 , Beaugrand
et al. 2002 ). Our results sugg est tha t cooler conditions during the
la t e LIA could have enhanced trophic productivity, increased tuna
availability, and potentially catch rates in the Western Mediter-
rane an. Similar p a tt erns hav e been observ ed for Pacific bluefin
tuna, where SST is a stronger driver of recruitment than spawn-
ing stock biomass, likely due to its influence on juvenile habitat
suitability (Muhling et al. 2018 ). Tempera ture-driven chang es in
plankt on prop aga t e through the food web, altering prey availabil-
ity and influencing tuna migration (Mather et al. 1995 , Ravier and
Fromentin 2004 ). 

We also observed an increase in TL of Atlantic bluefin tuna
during the la t e LIA. The size estima t es are based on archaeo-
logical vertebrae measur ement s, which wer e analysed using a
standar diz ed appr o ach t o estima t e f ork length (FL) acr oss all
samples by the same author (Andrews et al. 2021 , 2022 , 2023a ,
2023b , 2023c ). To ensure comparability among species and pe-
riods, w e conv ert ed FL t o TL using length–length r e gr essions,
ther eby impr oving int erperiod comp arisons of B S estima t es. The
observed increase in TL is in line with cooler conditions, im-
pro v ed feeding opportunities, and altered migration patterns
that may have c onc entrated larger individuals in the r e gion.
This aligns with the species’ recruitment lag (Santamaria et al.
2009 ), explaining the delayed increase in adult abundance and
TL. Ho w ev er, fixed tuna traps may exhibit inher ent siz e selec tiv-
ity, potentially underr epr esenting smaller individuals or influenc-
ing the maximum size ret ained; henc e, tuna traps’ size selectiv-
ity cannot be excluded as a contributing fact or t o observed size



6 ICES Journal of Marine Science , 2026, Volume 83, Issue 4 

MWP
LIAIron

Roman
Dark AgeChalcolithic-BronzeNeolithic

enecoloHelddiM enecoloHelddiM enecoloHelddiM enecoloHelddiM enecoloHelddiM enecoloHelddiM enecoloHelddiM enecoloHelddiM enecoloHelddiM enecoloHelddiM enecoloHelddiM enecoloHelddiM enecoloHelddiM enecoloHelddiM enecoloHelddiM enecoloHelddiM enecoloHelddiM enecoloHelddiM enecoloHelddiM enecoloHelddiM enecoloHelddiM enecoloHelddiM enecoloHelddiM enecoloHelddiM enecoloHelddiM enecoloHelddiM enecoloHelddiM enecoloHelddiM enecoloHelddiM enecoloHelddiM enecoloHelddiM enecoloHelddiM enecoloHelddiM enecoloHelddiM enecoloHelddiM enecoloHelddiM enecoloHelddiM enecoloHelddiM enecoloHelddiM enecoloHelddiM enecoloHelddiM enecoloHelddiM enecoloHelddiM enecoloHelddiM enecoloHelddiM enecoloHelddiM enecoloHelddiM enecoloHelddiM enecoloHelddiM enecoloHelddiM enecoloHelddiM enecoloHelddiM enecoloHelddiM enecoloHelddiM enecoloHelddiM enecoloHelddiM enecoloHelddiM enecoloHelddiM enecoloHelddiM enecoloHelddiM enecoloHelddiM enecoloHelddiM enecoloHelddiM enecoloHelddiM enecoloHelddiM enecoloHelddiM enecoloHelddiM enecoloHelddiM enecoloHelddiM enecoloHelddiM enecoloHelddiM enecoloHelddiM enecoloHelddiM enecoloHelddiM enecoloHetaL enecoloHetaL enecoloHetaL enecoloHetaL enecoloHetaL enecoloHetaL enecoloHetaL enecoloHetaL enecoloHetaL enecoloHetaL enecoloHetaL enecoloHetaL enecoloHetaL enecoloHetaL enecoloHetaL enecoloHetaL enecoloHetaL enecoloHetaL enecoloHetaL enecoloHetaL enecoloHetaL enecoloHetaL enecoloHetaL enecoloHetaL enecoloHetaL enecoloHetaL enecoloHetaL enecoloHetaL enecoloHetaL enecoloHetaL enecoloHetaL enecoloHetaL enecoloHetaL enecoloHetaL enecoloHetaL enecoloHetaL enecoloHetaL enecoloHetaL enecoloHetaL enecoloHetaL enecoloHetaL enecoloHetaL enecoloHetaL enecoloHetaL enecoloHetaL enecoloHetaL enecoloHetaL enecoloHetaL enecoloHetaL enecoloHetaL enecoloHetaL enecoloHetaL enecoloHetaL enecoloHetaL enecoloHetaL enecoloHetaL enecoloHetaL enecoloHetaL enecoloHetaL enecoloHetaL enecoloHetaL enecoloHetaL enecoloHetaL enecoloHetaL enecoloHetaL enecoloHetaL enecoloHetaL enecoloHetaL enecoloHetaL enecoloHetaL enecoloHetaL enecoloHetaL enecoloHetaL enecoloHetaL

0

100

200

300

0200040006000

Age (BP/cal. BP)

M
ea

n 
To

ta
l L

en
gt

h 
(c

m
)

MWP LIAIron Roman Dark AgeChalcolithic-Bronze

H
ar

po
on

s 
&

 H
oo

ks

Se
in

e 
ne

ts

G
ill

ne
ts

Fi
sh

 tr
ap

s

Pu
rs

e 
se

in
e

0

100

200

300

01000200030004000

Age (BP/cal. BP)

M
ea

n 
To

ta
l L

en
gt

h 
(c

m
)

(a)

(b)

Figure 4 Distribution of TL data for Atlantic bluefin tuna in the Western Mediterranean ( n = 30). (a) Temporal distribution of r ecor ds, including major 

climatic events and anthropogenic periods; (b) LH distribution of records, with vertical lines indicating the main fishing technologies used during the 

period. 
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Although warmer conditions can enhance consumer–r esour ce
nterac tions (Allen e t al. 2005 , López-Urrutia et al. 2006 , O’Connor
009 ), the increase in TL under cooler SS T sugges t s indir ec t ef-
 ec t s, such as enhanced trophic productivity or gre a t er adult re-
ention, played a key role. The species’ broad dietary niche (Olesen
nd Jor dano 2002 , Par do e t al. 2025 ) likely supported adaptation
o shifting prey fields, while cooler, more productive conditions

ay have improved larval growth and survival (García et al. 2006 ,
atalán e t al. 2011 , R e gler o e t al. 2018 , Trueman et al. 2023 ). Con-
istent with other Mediterranean fish (Hattab et al. 2021 ), larger
Zs under colder t empera tur es indic a t e tha t long-lived t op preda-

ors like the Atlantic bluefin tuna (Santamaria et al. 2009 ) may
evia t e from g eneral p a tt erns due t o their complex ecologic al r e-
ponses (Fromentin and Po w er s 2005 ). 
Human exploitation and species decline 

Although absolut e chang es cannot be fully sep ara t ed from varying
harvesting effort and detectability across historical periods, this
study provides valuable insights into long-term trends in species
abundance and BS in the Mediterranean Sea linked to human ex-
ploita tion, support ed by historical and ethnographic records of
tr aditional pr ac tices (Galili e t al. 2013 , De Nicolò 2018 , L ucche tti
et al. 2023 ). 

Ac c ording to our results, the harvesting of the banded-dye
mur ex w as higher in the LH, particularly in the Roman Period
(Oliver 2015 ), than in the other two geological periods. Although
the o v erall sample size is limited ( n < 30), due to site preservation,
t aphonomic proc esses, and rec o v ery protoc ols—which c onstrain
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Figure 5 Distribution of TL data for Atlantic bluefin tuna in the Eastern Mediterranean ( n = 27). (a) Temporal distribution of r ecor ds, including major 

climatic events and anthropogenic periods. Holocene Events 1 (10 500–9800 yr BP), 2 (8000–7000 yr BP) and 3 (5000–4800 yr BP) r ef er to cooling episodes 

(Lionello et al. 2023 ); (b) LH distribution of records, with vertical lines indicating the main fishing technologies used during the period. 
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the s tatis tic al r obustness of the analyses—the r esult s pr ovide
meaningful evidence of differ ential harvesting pr essur e acr oss
time and may partly r eflec t differ ences in de tec tability. This is a
shallow-shelf species that lives between 1 and 100 m (Fischer et al.
1987 , Terlizzi et al. 1999 ), which made it easily ac c essible t o e arly
communities (Bonanno et al. 2016 , Fernández-López De Pablo
and Gabriel 2016 ) and la t er enabled lar ge-sc ale exploitation f or
purple dye pr oduc tion (Michel and McGovern 1987 , Oliver 2015 ).
Shellfish provided a stable, year-round food resource, supporting
c oast al populations during periods of environmental stress or re-
sour ce sc ar city (Erlandson 1988 , Colonese e t al. 2011 ). Ho w ev er,
this ac c essibility c ould have also made them vulnerable to o v er-
exploitation, especially with the rise of industrial dye pr oduc tion
(Michel and McGo v ern 1987 , Erlandson et al. 2008 , Oliver 2015 ).
These dynamics potentially illustrate the duality of shellfish as
both r esilient r esour ces and indic a t ors of human-induc ed ec osys-
t em chang e. 

The long-term decline in Atlantic bluefin tuna abundance likely
r eflec t s sustained fishing pr essur e (Polanco-Martínez e t al. 2018 ;
this study). Traditional tuna traps, once considered sustainable
(De la Serna et al. 2012 , Longo 2012 ), were gradually replaced
by industrial technologies (e.g. iron anchors, steel cables; Lentini
2001 ), and st e am-po w ered g e ars; Joseph 2003 ), which enabled
lar ge-sc ale exploitation and contributed to the stock collapse (An-
dr ews e t al. 2022 ). R emoving top pr edators c an destabiliz e f ood
w ebs through top-do wn effec t s (Pauly e t al. 1998 , Scheffer e t al.
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005 ). Although dir ec t evidence of tr ophic c asc ades involving tuna

n the Medit errane an Se a is limit ed, isot opic and ar chaeologic al
a ta sugg est shifts in it s tr ophic ecology during historical peri-
ds (Andr ews e t al. 2022 , 2023c ), alt ering preda t or-prey dynam-

cs. Ecop a th models from the Catalan Sea confirm these findings,
ho wing food w eb r estruc turing f ollowing the loss of top and in-
 ermedia t e trophic-level species (Forrestal et al. 2012 ), consistent
ith bro ader p a tt erns in the Medit errane an (St er giou e t al. 2009 )

nd the North Sea (Mariani et al. 2017 ). 
Although this work did not yield significant results for the

urbina t e monodont, its inclusion remains relevant for under-
tanding its long-term importance in the Medit errane an co astal
setting. The absence of significant trends in past abundance
and size p a tt erns may be linked t o limit ed sample sizes across
periods and subr e gions, or it may r eflec t r ela tively stable ex -
ploit ation proc esses o v er time. Ar chaeologic al evidence high-
lights the historical import anc e of this species as a subsistence
r esour ce among hunt er-ga therer communities (Colonese et al.
2018 ), and it has been widely used to r econstruc t shellfish ex-
ploita tion se asonal p a tt erns in p ast c ommunities (Bransc ombe
et al. 2021 ). Even in the absence of det ectable long-t erm bio-
logical change, the turbinate monodont provides valuable in-
sights into his torical coas tal r esour ce use in the Medit errane an
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Changes in body size 

Ov erexploitation may hav e contribut ed t o the r educ tion in BS
of gilthe ad se a bre am from the e arly t o the LH, p articularly be-
tween the Br onz e and Iron Age and the Byzantine Period. In con-
trast, Atlantic bluefin tuna r esult s sho w ed the opposite trend,
with increasing BSs from the Roman Period through the MWP and
the LIA. 

Historic al r ecor ds show declining tuna landings in the Gulf
of Cadiz between the mid-sixteenth and eighteenth centuries
(Sarmiento 1757 ), likely due to juvenile overfishing and habitat
de gradation (Gar cía 2006 )). Ho w ev er, tuna B S incre ased during
the MWP and LIA, possibly r eflec ting demographic shifts in the in-
dividuals reaching the fishing gr ounds. Loc al deple tion of juve-
niles and smaller individuals could have led to a higher contribu-
tion of larger, transient individuals displaced from other Mediter-
rane an are as, which were then caught in these tuna traps. Similar
long-term effec t s have been documented in Baltic cod, with larger
individuals in the Neolithic ( ∼4500 yrs BP) compared to modern
specimens (Limburg et al. 2008 ). From the Iron Age onward, the
adoption of fish traps (Mylona 2021 ) and la t er industrial g e ars,
such as purse seines, marked a shift t o larg e-scale fisheries, likely
influencing tuna BS across the basin. 

Gilthe ad se a bre am sho w ed signs of increased fishing pres-
sure in the Eastern Mediterranean during the LH, especially from
the Br onz e Ag e t o the B yzantine period, with a marked decline
in BS (Guy et al. 2018 ; this study). Similar trends have been ob-
served in other sparids, such as Ar chosar gus pr obatocephalus, un-
der long-term fishing pr essur e (Guiry et al. 2021 ). Zooarchaeo-
logic al r ecor ds fr om Orkney (Scotland) also r ev eal offshore o v er-
fishing of large cod between the eleventh and thirteenth cen-
turies, follo w ed b y declines in abundance and size (Harland and
Barr e tt 2012 ). The shift to industrial-scale, less selective fishing
g e ar (Galili et al. 2013 ) likely reinforced these reductions. Size-
selectiv e harv esting c an alter tr ophic interac tions and r educe
ec osystem resilienc e (Shackell e t al. 2010 , Gar cia e t al. 2012 ), un-
derscoring the long-term ecological consequences of sustained
exploitation. 

Limitations 

While this study provides valuable insights, several limitations
must be acknowledged. Our analyses focused on da ta-rich, hist or-
ically and economically relevant species, potentially o v erlooking
less-studied taxa and broader ecosystem dynamics. Data sc ar city,
particularly in the Adriatic Sea, r eflec t s the uneven availability of
published r ecor ds (Leal e t al. 2025a ). Most da ta origina t e from
c oast al ar chaeologic al sites, which may bias the r epr esentation
of past exploitation patterns (Leal et al. 2025a , Galili and Rosen
2008 ). Additional constraints include variability in da ting, B S me a-
sur ement s, and taphonomic preservation, which limit the accu-
racy of past population r econstruc tions and interperiod compa-
rability (Agiadi et al. 2024a , 2024b ). Moreo v er, unc ert ainty regard-
ing the fishing g e ar used, t emporal varia tion in ca t ch int ensity,
and differ ences in g e ar selectivity may have influenced the size
and age composition of the catches r ecor ded in the archaeolog-
ical and hist orical records. Chang es in fishing technology and ef-
f ort thr ough time could have affec ted the observed trends inde-
pendently of anthropogenic and environmental driv er s (Harley et
al. 2001 ). The exclusion of non-peer-re vie wed sources, such as log-
books or diaries, introduces further biases (Agiadi et al. 2024a ).
Despit e these limita tions, our s tudy adv ances the unders tand-
ing of how environmental variability and human activities have
shaped key Medit errane an marine species o v er long timescales.
Emerging techniques, such as ancient (aDNA) and sedimentary
ancient DNA ( seda DNA), offer promising avenues for higher reso-
lution r econstruc tions of paleoecologic al c onditions and ec osys-
tem dynamics (De Schepper et al. 2019 , Monk et al. 2021 ,
K jær e t al. 2022 ). 

Conclusions 

This study underscores the importance of adopting long-term per-
spectives to explore changes in the marine ecosystem. Our find-
ings sugg est tha t both envir onmental and human fac tors may
have influenced Atlantic bluefin tuna, while banded-dye murex
and gilthe ad se a bre am exhibit trends consistent with sustained
exploitation. Ho w ev er, the absence of resolved data on fishing
and gathering effort and ca t ch int ensity limits our ability t o dis-
entangle the relative contribution of anthropogenic and environ-
mental driv er s. Although no significant long-term trends were de-
t ect ed for the turbina t e monodont, its documented role in c oast al
subsis tence s trategies among his toric al communities r einf or ces
the import anc e of inc orporating ar chaeologic al evidence when
assessing past human–envir onment interac tions. Rather than es-
tablishing dir ec t c ausation thr ough our r esult s, this study high-
lights the import anc e of int egra ting p aleoecological, archaeolog-
ic al, and historic al r ecor ds to r econstruc t high-r esolution tempo-
ral datase t s while explicitly acknowledging their inher ent c ave a ts.
Unders tanding these his torical ecosys tem dynamics helps the on-
going discussion r e gar ding the interpr e tation of “shifting base-
lines” (Pauly et al. 1998 ). This int egra tiv e framew ork pro vides a
f oundation f or futur e r esear ch aiming to r efine historic al high-
r esolution datase t s and inf orm adaptive manag ement of Medit er-
ranean marine ecosystems. 
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