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Abstract 

Understanding how environmental variability shapes growth in marine fish is essential for predicting population dynamics 

under climate change. This study investigates spatial differences in the growth of red mullet ( Mullus barbatus ) across three 

neighbouring regions of the South Adriatic (GSA 18) and North-Western Ionian (GSA 19) Seas (central Mediterranean). Otolith 

increments widths were analysed to quantify life growth, while environmental drivers were assessed using diverse oceano- 

graphic variables, including sea surface temperature, bottom temperature, oxygen concentration, salinity, and chlorophyll 

concentration. Generalized additive models were fitted to identify the environmental and spatial factors influencing growth 

under both contemporary and projected climate conditions. Growth exhibited pronounced spatial heterogeneity, with distinct 

localized hotspots in both the eastern and western portions of GSA 18, reflecting fine-scale hydrographic variability. Temper- 

ature emerged as the primary environmental driver, with optimal growth estimated around 18.5◦C. Forecasts under repre- 

sentative concentration pathway climate scenarios revealed a non-linear response: a mid-century enhancement in growth 

followed by a decline by 2099, linked to warming beyond the thermal optimum. These results underscore the significance of 

local environmental conditions in shaping growth trajectories and highlight the potential vulnerability of red mullet popula- 

tions to future climate change. Otolith chronologies, combined with spatially explicit modelling, offer an effec tive framework 

for detecting environmental impacts on growth. Accounting for spatial and climate-related variability in growth may enhance 

the accuracy of current assessment models and support the development of climate-ready fisheries management strategies 

in the Mediterranean. 
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2010 ), habitat degradation (Öckinger et al. 2010 ), and sustained 

harvesting (Hobday et al. 2011 ). 
A key biological indicator at the individual and population lev- 

els is growth rate, which is determined by how an individual’s size 
varies during ontogenesis. It is highly sensitive to an array of intrin- 
sic factors (e.g. physiological constraints and genetic background) 
and extrinsic drivers, including environmental fluctuations and 

human activities (Enberg et al. 2012 , Morrongiello and Thresher 
2015 , Carbonara et al. 2022 ). The broad diversity in adult body 
sizes observed among fish species, from millimetre-scale min- 
nows to multi-metre sharks, reflects wide differences in species- 
specific growth strategies. However, growth variability may also 

occur at the intraspecific level, depending on environmental con- 
ditions, resource availability, and life-history trade-offs (Wang and 

Ellis 1998 , Pilling et al. 2002 ). Because organisms have finite en- 
ergy resources, they must balance investment in somatic growth 
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Introduction 

Marine organisms’ life-history traits are shaped by both natural
and human-induced pressures. These forcings can impact both re-
productive parameters (e.g. spawning periodicity, size, and age at
sexual maturation, fecundity, and overall reproductive potential),
as well as growth-related traits such as population demographic
structure and intrinsic growth rate capacity (Daufresne et al. 2009 ,
Pepin 2015 , Morrongiello et al. 2025 , Lojo et al. 2022 ). When these
pressures are particularly intense or act persistently over long
timescales, they may impose strong selective regimes that favour
certain genotypes, leading to evolutionary changes within popula-
tions (Hollins et al. 2018 ). Therefore, understanding of the factors
that drive variation in maturation schedules and growth trajecto-
ries is critical for anticipating species adaptive responses to rapid
environmental alterations such as climate change (Dalgleish et al.
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ith other essential vital activities, like reproduction, foraging,
ovement, and somatic development. This balance depends not

nly on intrinsic physiological and genetic factors (Debes et al.
014 , Morrongiello and Thresher 2015 , Grønkjær 2016 ), but also
n external drivers such as temperature regimes, food supply,
nd anthropogenic pressures like fishing intensity and/or pollu-
ion (Matthias et al. 2018 , Kraak et al. 2019 , Taslima et al. 2022 ,
arbonara et al. 2022 , Gokul et al. 2023 ). The observed growth tra-

ectory of any individual thus emerges from the interplay between
ts genetically determined growth potential and the specific envi-
onmental conditions in a broad sense it experiences throughout
ife (Chung et al. 2019 , Karametsidis et al. 2023 ). 

These complex interactions explain why spatial differences in
abitat characteristics, productivity regimes, or exploitation his-

ories can lead to differ ences in gr owth patterns, even between
eographically adjacent areas (Aranha et al. 2009 , Daufresne et
l. 2009 , Carbonara et al. 2022 ). Functionally, growth is a corner-
tone life-history trait that shapes ecological dynamics (Edeline
007 , Enberg et al. 2012 ) and helps determine how populations
espond to environmental change. It influences critical fitness
omponents, including survival and reproductive success (Sog-
rd 1997 , Barneche et al. 2018 ), and underpins key population-

evel processes, such as recruitment (Bergenius et al. 2002 ), matu-
ation schedules (Uusi-Heikkilä et al. 2015 ), and ultimately stock
iomass and productivity (Stawitz and Essington 2019 ). Accord-

ngly, growth is a valuable proxy for exploring spatial and temporal
ariability in fish ecology and for assessing how habitat differ ences
hape population functioning. 

In marine ecosystems, fishing is a major human activity that,
y removing individuals at different trophic levels, modifies the
nergy flow among populations (Essington et al. 2006 ). Such re-
ovals can affect the energetic landscape of populations, po-

entially modifying growth patterns and influencing other ener-
etically demanding processes, such as reproduction (Heino and
odø 2002 , Barot et al. 2004 , Enberg et al. 2012 ). These effects may
ontribute to the substantial growth variability observed among
xploited populations, even when these populations exhibit rel-
tively low genetic differentiation or are geographically close
Matíc-Skoko et al. 2018 , Carbonara et al. 2022 ). Fishing-induced
hanges in density, resource competition, or size-selective mor-
ality can reshape energy allocation strategies and growth trajec-
ories (Morrongiello et al. 2019 ). For example, size-selective har-
esting can promote earlier maturation and faster juvenile growth
Uusi-Heikkilä et al. 2015 ), while increased metabolic demands as-
ociated with warming may restrict somatic growth due to limited
nergy availability (Neuheimer et al. 2011 ). 

Obtaining robust growth data from marine fish populations
s challenging. Field sampling is often costly, time-consuming,
nd susceptible to methodological inconsistencies. Growth esti-
ates may differ depending on sampling approaches (fishery-

ependent vs fishery-independent surveys), otolith or other
ard structure preparation and interpretation methods, age-

eading criteria, and the experience of technical staff (Kimura and
yons 1991 , Coggins et al. 2013 , Smith et al. 2016 , Hüssy et al.
016 , Carbonara et al. 2019 ). Consequently, these methodolog-

cal sources of variability can become embedded within growth
hronologies and complicate interpretations of long-term growth
atterns (Stawitz et al. 2015 ). These issues may be resolved with

he help of dendrochronological techniques applied to otolith in-
rement data, which offer a way to reconstruct historical growth
responses to environmental variability with reduced methodolog-
ical bias (Weisberg 1993 , Strom et al. 2004 , Black et al. 2005 ). 

Sustainable fisheries management depends on an accurate un-
derstanding of how fish populations respond to harvesting and
environmental variability, including directional changes, such as
ocean warming (Kjesbu et al. 2014 , Audzijonyte et al. 2016 , Le Bris
et al. 2018 ). Traditionally, the impacts of harvest and environ-
mental fluctuations were viewed independently: fishing was as-
sociated with reductions in population mean lengths, whereas cli-
mate variability was linked to changes in variance (Planque et al.
2010 ). However, recent work has highlighted the importance of
their combined effects (Fatima et al. 2023 ). Higher adult mortality
due to fishing can weaken recruitment and increase its sensitiv-
ity to environmental fluctuations (Rouyer et al. 2012 , Bitetto et al.
2025 ). Harvest can alter reproductive timing, potentially disrupt-
ing synchrony between spawning and favourable environmental
windows (Rogers and Dougherty 2018 ), and modify the expression
of temperature-dependent growth through density- or behaviour-
mediated mechanisms (Morrongiello et al. 2019 ). Habitat degra-
dation caused by fishing can reduce carrying capacity, thereby
heightening population vulnerability to additional environmental
pressures (Brown et al. 2018 ). In contrast, fishing-induced reduc-
tions in density may, in some cases, facilitate better survival un-
der suboptimal warming conditions (Ciannelli et al. 2004 ). Impor-
tantly, both harvesting (Schindler et al. 2010 ) and ocean warming
(Morrongiello and Thresher 2015 ) have been shown to synchro-
nize population dynamics across space. Elevated synchrony under
fisheries or environmental stress reduces the potential for demo-
graphic rescue among populations (Heino et al. 1997 ) and can in-
crease the likelihood of large-scale fishery collapse (Lobón-Cerviá
2009 ), whereas asynchronous dynamics (e.g. growth portfolios)
can buffer climate-driven variability (Campana et al. 2023 ). 

The red mullet ( Mullus barbatus L., 1758) is a demersal species
that inhabits sandy and muddy substrates along the continental
shelf. It is widely distributed from the eastern Atlantic coasts of Eu-
rope and Africa to the Mediterranean and Black Seas. While it in-
habits depths ranging from shallow coastal waters down to 300 m,
it preferentially occupies areas between 20 and 200 m (Tserpes et
al. 2002 , 2019 ). Owing to its high commercial value, it is one of the
most important species targeted by Mediterranean coastal fish-
eries. Notably, red mullet exhibits substantial plasticity in growth
(Carbonara et al. 2018 ), suggesting that populations display fine-
scale bioecological adaptations across their range. This makes the
species a powerful model for evaluating spatial and temporal vari-
ability in growth and for understanding how environmental gradi-
ents shape life-history traits. Developing a clearer picture of these
dynamics is essential for predicting population responses to ongo-
ing anthropogenic change and for ensuring sustainable resource
management (Schindler et al. 2010, Rouyer et al. 2012 , Engen et
al. 2018 ), Morrongiello et al. 2019 ). Moreover, despite the many un-
certainties related to growth/age analysis of the red mullet (Car-
bonara et al. 2019 ), it is one of the few species for which otolith
analysis has been validated for age determination (Carbonara et
al. 2018 ). 

In the present study, we analysed otoliths of M. barbatus
collected from three regions of the South Adriatic and Ionian
Seas (central Mediterranean) to investigate spatial differences in
growth patterns. We incorporated a range of environmental pre-
dictors, such as sea surface temperature (SST), bottom temper-
ature, oxygen concentration, salinity and chlorophyll as primary
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Figure 1 Visualization of the study areas: GSA 18WEST (west of the South Adriatic Sea), GSA 18EAST (east of the South Adriatic Sea), and GSA 19 (Western 

Ionian Sea). The points represent the hauls where the red mullets analysed in this work were captured. 
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production parameter, as well as yearly effec t s, in or der to identify
the environmental drivers of spatial growth variation. To further
assess how growth patterns might shift under future climate con-
ditions, we also evaluated projections under medium-term (2049)
and long-term (2099) representative concentration pathway (RCP)
scenarios. This combined ecological and climate-sensitive frame-
work provides a basis for understanding how red mullet growth
may respond to future environmental change. 

Material and methods 

Study fishery 

The study area falls within two geographical sub-areas (GSAs
sensu FAO-GFCM, https://www.fao.org/gfcm/data/maps/gsas/en
/ ): South Adriatic Sea (GSA 18) and Western Ionian Sea (GSA 19). In
order to investigate the spatial impact on the growth, otoliths were
analysed from three areas: the west of the South Adriatic Sea (GSA
18WEST), the east of the South Adriatic Sea (GSA 18EAST), and the
Western Ionian Sea (GSA 19) ( Fig. 1 ). 

The otoliths of red mullet specimens, caught during both
fishery-dependent (monitoring of discard/landing of commercial
species—Data Collection Framework EU Regulation 1004–2017)
and fishery-independent (trawl survey MEDITS; Spedicato et al.
2019 ) monitoring within the three study areas, were used to take
the measurements on the first growth increment. 

Growth increment 

The rings laid down on the otoliths are correlated along with the
size of the red mullet specimens and, therefore, their growth (Car-
bonara et al. 2018 , Carbonara and Follesa 2019 ). In general, fish
species keep growing in size and weight, even after reaching sex-
ual maturity (adult phase) (Charnov 2008 , Alós et al. 2010 ), al-
though the growth rate tends to decline as individuals get larger
and older (Lester et al. 2004 , Charnov 2008 ). In red mullet, sex-
ual maturity is reached at the first year of life (Carbonara et al.
2015 , 2018 ), so the growth rate is more pronounced within the first
annual growth increment than in the older ones. In our analysis,
In order to discriminate the effects of environmental parameters
on the entire life cycle of red mullets, the first to fifth annual in-
crements were taken into consideration. Otoliths were analysed
whole, with the distal side up, under a stereomicroscope (Leica
MC 170 HD) equipped with a microscope camera (Leica S9D). From
each otolith, using the microscope camera software (Leica Appli-
cation SuiteX), several measurements were taken in the posterior
region along the longitudinal axis joining the sulcus and the nu-
cleus (ICES., 2009 ), including otolith radius and winter rings’ dis-
tance from the nucleus (R1, R2, …., Rn) ( Fig. 2 ) was taken into

https://www.fao.org/gfcm/data/maps/gsas/en/


4 ICES Journal of Marine Science, 2026, Volume 83, Issue 7

Figure 2 Growth pattern interpretation and definition of the 

measurement taken on Red mullet ( M. barbatus ) right otolith. R1, R2,…, 

R5 are the distance from the otolith’ core of the first, second, …, third 

winter rings, respectively. As the catch year was 2014 (R5), the 

back-calculated deposition years for each annual increment are R4–2013, 

R3–2012, R2–2011, and R1–2010. 
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onsideration for the spatial analysis. Moreover, based on age and
ear of capture, the year of deposition for each increment was
ack-calculated following methods proposed by Carbonara et al.

2018) . The mean distance of the winter rings from the otoliths nu-
leus has been confronted within the three areas take into consid-
ration (GSA 18WEST, GSA 18EAST, and GSA 19 through a Kruskall–
allis test in R statistical environment (version 4.1.1; R Core Team

026 ). 

nvironmental data 

he spatial analyses were conducted testing the relative contri-
ution of the following environmental variables: SST, bottom oxy-
en concentration (dox), bottom temperature (botTemp), bottom
alinity (botso), and chlorophyl-a concentration (chl). The envi-
onmental data were obtained from 3D monthly Copernicus Cli-

ate Change Service data based on the POLCOM-ERSEM model
Copernicus 2020 ), which have a resolution of 1/10◦ (approxi-

ately 10 km). The monthly values of the environmental variables
SST, botTemp, botso, and chl) were averaged yearly, with the time
eries considered being 2004–2016. Climatic driver data under-
ent a bias-correction process, as described by Kuehn (2023) , to

orrect the offset between historical environmental data and cli-
ate projections, allowing future projection of spatial distribution

f otoliths growth along the study area. 

eneralized additive model’s analysis 

eneralized additive models (GAMs) (Wood 2017 ) were applied to
nvestigate and statistically test the impact of the environmental
SST, dox, botTemp, botso, and chl) and geographical (latitude,
ongitude) drivers on red mullet growth (otolith increments). GAM

odels were favoured over classical linear models and General-
zed Linear Models because of their capacity to describe highly
omplex, nonlinear relationships when investigating both categor-
cal and numeric explanatory variables. The data were modelled
using the Gaussian error distribution, from the exponential fam-
ily, with a log link function. Otolith increment distance was mod-
elled using continuous fixed effec t s f or envir onmental variables,
including SST, dox, botTemp, so, botso, chl, alongside geographi-
cal, such as catch coordinates latitude (lat) and longitude (long).
Conversely, the catch area (GSA 18WEST, GSA 18EAST, and GSA
19) and the incremental reference ring (year of deposition) were
included in the model as random effec t s. Ar ea w as tr eated as a
random effect to account for localized, site-specific variability in
baseline growth rates that is not explicitly captured by the con-
tinuous environmental covariates, thus preventing spatial auto-
correlation and unmeasured geographical bias. Similarly, the in-
cremental reference ring was included as a random effect to ac-
count for the hierarchical structure of the data and inherent age-
specific growth baseline variation. This allowed the model to con-
trol for the physiological deceleration of growth as individuals age
(i.e. older rings are inherently narrower) and avoid pseudoreplica-
tion issues arising from multiple measurements associated with
the same temporal/individual history. To reduce the risk of over-
fitting and promote parsimonious smooth selection, GAMs were
fitted using the following settings: gamma = 1.4, which increases
the effec tive de gr ees-of-fr eedom penalty during smoothness se-
lection, and select = TRUE, which applies an additional shrink-
age penalty allowing non-informative smooth terms to be penal-
ized towards zero, following the model selection framework de-
scribed by Wood (2017) and Marra and Wood (2011) . Smoothing
parameters were estimated using restricted maximum likelihood,
REML, which provides stable and robust smoothness estimation
for GAMs 

The selection of meaningful variables to be included in the
model was based on two complementary approaches. First, candi-
date predictors were screened for collinearity. Pairwise Pearson’s
correlation coefficients were computed, and variables showing a
high degree of correlation ( | r | > 0.6) were considered collinear.
This screening was used as a preliminary diagnostic step rather
than as an automatic exclusion rule. When correlated variables
were identified, their inclusion was evaluated according to model
performance, ecological relevance, and the interpretability of the
fitted smooth terms. Second, a forward inclusion procedure was
applied (Legendre and Legendre 1998, Wood 2001), in which co-
variates were added to the model sequentially. At each step, vari-
ables not already in the model were tested for inclusion, and re-
tained only when they improved model fit, reduced Akaike infor-
mation criterion (AIC), contributed to the deviance explained, and
showed ecologically plausible effects. The assumptions underly-
ing the application of GAMs were assessed graphically, and the cor-
responding diagnostics are reported in Figure S1 . 

Model fit was evaluated using the deviance explained, the AIC,
the statistical significance of the smoothers associated to the ex-
planatory variables ( P < .05) and the ecological plausibility of the
partial effec t s described by the spline functions. GAMs were fitted
using the mgcv (Wood 2017 ) R package in R 4.5.2 (R Core Team
2026 ). 

To assess whether temporal imbalance in sample size affected
model inference, we performed a leave-one-year-out sensitivity
analysis. The final model was refitted iteratively, each time exclud-
ing all observations from 1 year, and the resulting model perfor-
mance was compared across iterations using deviance explained.
This allowed us to evaluate whether the main results were dispro-
portionately influenced by any single sampling year. 

https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsag137#supplementary-data
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The selected model was used to produce future forecasts up
to 2099. To estimate the overall growth pattern of the species,
predictions were computed from the fixed-effect component of
the model only, with the random effec t of otolith ring deposi-
tion year set to zero. The resulting estimation therefore repre-
sented the average growth trajectory across deposition years. In
particular, model projections have been based on the RCP taking
into account the business-as-usual climate change scenario RCP
8.5 (Riahi et al . 2011 ). Climatic data, derived from the POLCOMS-
ERSEM database produced using the marine ecosystem model,
ERSEM v15.06 (European Regional Seas Ecosystem Model), cou-
pled to the regional ocean circulation models, POLCOMS (the
Proudman Oceanographic Laboratory Coastal Ocean Modelling
System) (Copernicus Climate Change Service 2020 ), were bias cor-
rected to reduce systematic deviations from observed conditions,
ensuring consistency in mean, variability and distributional prop-
erties between modelled outputs and the reference observational
dataset (Kuehn 2023 ). 

The fitted model was finally used to extrapolate predictions
for the following future years: 2029, 2039, 2049, 2059, 2069, 2079,
2089, and 2099. 

The predicted spatial outcomes were reported as an index of
relative change (RC) between the hindcast interpolation at 2016
and the extrapolated maps corresponding to the following peri-
ods: (i) mid-term (2049) and (ii) long-term (2099). 

To assess the degree of environmental extrapolation in future
projections, the ranges of the two climatic predictors retained
in the final model, SST and botTemp, were compared between
the model training period and future projection years. Minimum
and maximum values observed in the training dataset, 2004–2016,
were calculated and used as the reference environmental range.
The corresponding minimum and maximum values were then ex-
tracted from the RCP 8.5 prediction grid for 2049 and 2099. Rela-
tive exceedance of future maximum values beyond the observed
maximum was also calculated to quantify the extent to which pro-
jected conditions exceeded the calibration range of the model.
These comparisons are reported in Table S1 . In 2049, the degree of
potential extrapolation was limited, as the projected maximum
values exceeded the maximum observed during the training pe-
riod by no more than approximately 10%. In contrast, by 2099
the exceedance was larger, indicating a higher level of extrapo-
lation beyond the calibration range of the model. Projections for
2099 were therefore interpreted more cautiously, as they repre-
sent model extrapolations under environmental conditions partly
outside those observed during model fitting. 

The RC was estimated as the ratio between the value estimated
for Period 1 or Period 2 and the sum of that value and the corre-
sponding estimate for the present situation: 

Period 1 or 2 / ( Period 1 or 2 + Present situation ) . 

An RC value equal to 0.5 indicates no change in growth. RC val-
ues greater than 0.5 indicate a local increase in the future scenario
compared to hindcast, while RC values lower than 0.5 indicate a
decrease. 

Mapping 

Distribution maps for both hindcast and forecast periods were es-
timated by predicting the annual maps on the GAM models, using
a regular grid with a resolution of 0.042◦ × 0.042◦. Predictions ac-
counted for environmental variables selected in the final model,
geographical variables (lat and long), and area factor (GSA 18EAST,
GSA 18WEST, and GSA 19). 

Results 

Sampling took place between 2004 and 2016 (13 years) with 918,
1154, and 2507 measurements taken in GSA 18EAST, GSA 18WEST,
and GSA 19, respectively ( Table S2 ). 

The size of the annual growth increments on otoliths grouped
into three areas (GSA 18WEST, GSA 18EAST, and GSA 19) showed
significant differences. In particular, GSA 18EAST showed a signifi-
cantly larger first growth increment compared to GSA 18WEST and
GSA 19 ( Fig. 3 ). Considering that the otolith size is closely corre-
lated with red mullet’s body size (Carbonara et al. 2018 ), these re-
sults suggest the presence of significant spatial differences in red
mullet growth patterns. 

GAM modelling 

The preliminary data exploration analysis was carried out for the
numerical covariates, in order to assess the degree of correlation
among them ( Figure S2 ). 

The SST, botTemp, lat, long, and GSA were significantly corre-
lated with otolith increments in the time series considered (2004–
2016) ( Figs 4 and S2 ). The annual growth increment increased
in size at SSTs higher than 18◦C), before decreasing with rising
temperatures until approximately 19◦C ( Fig. 4 ). There was then
a slight increase in size before a further decrease above approxi-
mately 20◦C ( Fig. 4 ). The bottom temperature shows a clear dome-
shaped pattern, with a maximum at 16◦C. The average growth in-
crement also appeared to present higher values at higher latitude
and lower longitude ( Fig. 4 ), corresponding to the area located in
proximity of the Gargano promontory, in the western side of GSA
18. The model showing the best fit ( R2 = 0.868; AIC = −18501) and
the highest explained deviance (86.9%) ( Table 1 ) is the following: 

ring _distance ∼ s
(

annual _ring , bs =′ re ′ 
) + s ( long , lat ) 

+s ( SST ) + s
(

gsa , bs =′ re ′ 
) + s ( botTemp ) 

The leave-one-year-out sensitivity analysis indicated that 
model performance was highly stable across iterations: deviance
explained = 0.869 ± 0.002. Deviance explained remained consis-
tently high across refitted models, with limited variability around
the mean value. Overall, these results support the robustness
of the final GAM structure and suggest that the main spatial
and environmental effects were not strongly affected by uneven
sampling among years. 

The selected GAM model includes the following numerical co-
variates: SST, bottom temperature (botTemp), latitude/longitude 
(lat, long) as fixed effec t s, together with random effect including
the geographic area and the annual deposition ring ( Table 1 and
Fig. 4 ). In the analysed areas (GSA 18EAST, GSA 18WEST, and GSA
19), the northern–western side of the South Adriatic Sea (GSA 18
WEST) and the northern part of the GSA 19 and in the central part
of the Eastern Adriatic Sea showed a higher red mullet growth pat-
tern ( Fig. 5 ). 

https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsag137#supplementary-data
https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsag137#supplementary-data
https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsag137#supplementary-data
https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsag137#supplementary-data
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Figure 3 M. barbatus annual growth increments extension per area. The solid horizontal lines represent median values. The different lines over the 

boxplots represent the statistical pairwise comparison of the group areas conducted by Wilcoxon test ( ∗∗∗∗P ≤ .0001, significant level was set to 0.05). 

Figure 4 Effects of environmental and spatial predictors on the growth increment deposition in M. barbatus , estimated by a Gaussian GAM. From the top, 

following from the left to the right: spatial smooth of longitude and latitude (s(long, lat)); random effect on the annual ring of deposition; smooth effect 

of SST; random effect of the GSA effect; smooth effect of sea bottom temperature (botTemp). Solid line in smoothers represents the partial effects of the 

covariates included in the model, while dashed lines = ±2 SE; rug marks indicate data distribution. Hindcast map. 
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orecast map 

he forecast projection of the average annulus growth increment
as calculated based on the climate change projection (RCP 8.5)

nd reported in the maps in Fig. S3 and in Fig. 6 . In particular,
ig. 6 shows the distribution of predicted values across the three
SAs (18EAST, 18WEST, and 19) for the selected years 2016 (hind-
cast period), 2049, and 2099 (forecast period). GSA 18EAST gener-
ally shows a more compact distribution, with lower variability and
fewer extreme values. GSA 18WEST shows greater dispersion, in-
cluding several lower values, while GSA 19 presents a broader dis-
tribution and more pronounced upper-tail values, particularly in
2099. 

https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsag137#supplementary-data
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Table 1. Main results of model selection according to the implementation of the forward inclusion of explicative variables. 

Model formula AIC �AIC Deviance explained R2 

ring_distance ∼ s(annual_ring, bs = “re”) −16040 82.89 0.829 
ring_distance ∼ s(annual_ring, bs = “re”) + s(long,lat) −17776 1736 85.80 0.858 
ring_distance ∼ s(annual_ring, bs = “re”) + s(long,lat) + s(SST) −18448 672 86.79 0.867 
ring_distance ∼ s(annual_ring, bs = “re”) + s(long,lat) + s(SST) + s(gsa, 
bs = “re”) 

−18470 21 86.81 0.868 

ring_distance ∼ s(annual_ring, bs = “re”) + s(long,lat) + s(SST) + s(gsa, 

bs = “re”) + s(botTemp) 

−18501 31 86.87 0.868 

Notes: For each model are reported the explained deviance in percentage, R2 , AIC, and the relative variation of AIC ( �AIC) in comparison to the model in the previous 
step. The best model describing the correlation between the otolith increments (ring_distance) and environmental variables tested is highlighted in bold. All models 
used the Gaussian family distribution with the log link function 

Figure 5 Spatial distribution of the GAM-predicted otolith growth of M. barbatus in the FAO GSAs 18 and 19. Colours represent the modelled mean 

annual growth increment. 
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In 2016, GSA 18EAST shows slightly higher median predicted
values than the western side, while GSA 19 displays the widest
range of values. In 2049, 18WEST has a slightly higher median than
the other GSAs, although GSA 19 still shows substantial variability.
By 2099, GSA 19 appears to have an increased occurrence of areas
with relatively elevated predicted values. 

Overall, a general increasing trend is observed up to the 2049
scenario, particularly in the GSA 18WEST ( Fig. S3, panel d), in line
with an increase in temperature foreseen by the RCP scenario. A
global decrease in the growth pattern until 2099 was also sug-
gested, in accordance with temperature splines ( Fig. 4 ). Indeed,
the RC analysis further supports this pattern. In the mid-term
 

scenario (2049), the map shows higher occurrence of areas with
values > 0.5 ( Fig. 7 ), while in the long-term scenario (2099) a preva-
lence of RC values < 0.5 was reported, particularly in the more
coastal areas ( Fig. 8 ). 

Discussion 

A comprehensive analysis of growth variability in M. barba-
tus across three neighbouring regions of the Central-East
Mediterranean basin (South Adriatic and North–Western Ionian
Seas) was conducted providing new insights into the spatial and

https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsag137#supplementary-data
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Figure 6 Distribution of predicted values across GSAs for the years 2016, 2049, and 2099. The left panels show boxplots summarizing the median, 

interquartile range, and variability of predicted values within each area, while the right panels show the corresponding Kernel density distributions. 

Pairwise differences among areas were tested using Wilcoxon rank-sum tests, with significant comparisons indicated by asterisks. The combined 

representation highlights both differences in central tendency and changes in the shape and spread of the predicted distributions among areas and 

periods. 
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nvironmental determinants of somatic growth for an ecologically
nd commercially important species. The integration of otolith

ncrement measurements with environmental reconstructions
nd predictive modelling reveals strong spatial heterogeneity
nd sensitivity to temperature and habitat characteristics. These
esults support the assessment that red mullet present high phe-
otypic plasticity in growth, in accordance with previous findings

or other Mediterranean demersal fishes that show substantial
ntra-specific variability also at small geographic scales (Pilling
t al. 2002 , Silva et al. 2008 , Carbonara et al. 2022 , Basilone et
l. 2023 ). Growth in M. barbatus thus emerges as a dynamic

ife-history trait shaped by the interaction between intrinsic
hysiology, environmental drivers, and human pressures. 

patial growth patterns 

he comparison of otolith increment measurements across the
hree study areas revealed clear spatial heterogeneity in growth
f M. barbatus within the South Adriatic–Ionian system. Rather

han a simple east–west gradient, our results indicated a mo-
saic of localized growth hotspots distributed across both sides of
GSA 18 ( Fig. 5 ). Elevated growth occurred along the Montenegrin–
Albanian coastal zone in GSA 18EAST, but also in the western
Adriatic (Gargano Peninsula and the Gulf of Manfredonia) regions
known for hydrographic retention (Ricci et al. 2024 ) and produc-
tive benthic communities (Cibic et al. 2022 , Zupa et al. 2025 ).
Such a spatial heterogeneity may reflect a portfolio-like structure
in growth responses, enhancing population resilience to environ-
mental fluctuations (Campana et al. 2023 ). 

The spatial distribution of red mullet growth appears to be
closely aligned with the hydrographic characteristics of the Adri-
atic Sea. The eastern part of GSA 18 is influenced by warmer
and saltier Eastern Mediterranean waters, which are transported
northwards along the Albanian and Montenegrin shelf (Vilibic and
Orlic 2002 ). These water masses typically favour stratification, sea-
sonal upwelling, and pulses of coastal productivity, enhancing the
availability of benthic invertebrates, the red mullet’s main prey
(Vassilopoulou and Papaconstantinou 1993 , Lambarte and Aguirre
1997 , Chérif et al. 2011 ). Conversely, the western part of GSA 18
is affected by colder, fresher waters originating from the northern
Adriatic Sea. While some western sectors are subject to riverine
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Figure 7 Spatial distribution of the RC in the GAM-predicted otolith growth of M. barbatus between the hindcast (2016) and the mid-term future climate 

scenario (2049) in the FAO GSAs 18 and 19. Colours represent the modelled RC in annual growth. 
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influence and turbidity events, the area around Gargano and the
Manfredonia gyre benefit from hydrodynamic retention and recur-
rent nutrient recirculation (Lembo and Spedicato 2011 , Rossi et al.
2024 ). This supports diverse and abundant benthic infauna. These
processes might provide favourable feeding conditions for red
mullet that could explain the presence of local high-growth zones.

The Ionian Sea (GSA 19) represents a different ecological do-
main, characterized by deeper basins, oligotrophic conditions,
and high-salinity waters associated with Levantine Intermediate
Water mass (Tursi et al. 2011 ). M. barbatus , which is constrained
by energetic demands during the early stages of growth, may ex-
perience limited food availability compared to the more produc-
tive Adriatic shelf. This could explain the comparatively smaller
increment widths observed in this area. However, in the north
part of the GSA 19, where the shelf is wider and the cold water
masses from the north interact with warm water masses origi-
nated from the south-eastern Mediterranean through the Otranto
Channel (Tursi et al. 2011 ), red mullet growth appears to be higher.
Interestingly, the spatial patterns identified by the GAM suggest
that GSA 18WEST and GSA 19 may share more similar growth con-
ditions than the two opposite Adriatic sectors (GSA 18EAST and
GSA 18WEST), despite the latter being geographically closer. This
apparent mismatch between geographic proximity and growth
similarity likely reflects the complex hydrographic structure of the
South Adriatic–Ionian system. The eastern Adriatic shelf is strongly
influenced by the inflow of warmer and saltier Levantine wa-
ters, whereas the western Adriatic and northern Ionian sectors are
more connected through circulation patterns, retention dynam-
ics, and bottom-water characteristics. Consequently, local envi-
ronmental conditions rather than simple geographic distance may
play a stronger role in shaping growth variability in red mullet. 

These spatial patterns support the hypothesis of a growth
model in red mullet, which seems not only to be modulated at
broad-scale by environmental gradients, but also by habitat char-
acteristics at fine-scale (e.g. sediment type, benthic fauna com-
position, and hydrodynamic patterns) (Paradinas et al. 2020 , Si-
nopoli et al. 2025 ). The observed differ ences align with evidence
from other demersal species showing that local habitats may im-
pose strong constraints on growth, notwithstanding a homoge-
nous genetic structure (Rahikainen and Stephenson 2004 , Aranha
et al. 2009 , Matthias et al. 2018 ). For red mullet, which is known
to exhibit subtle genetic differentiation across the Mediterranean
(Massa et al. 2025 ), these findings highlight the primacy of environ-
mental heterogeneity, rather than genetic divergence (Massa et al.
2025 ), in explaining growth variability (Carbonara et al. 2018 ). 

About environmental variables considered, the climate-related 

gradients (SST and botTemp) emerged as the strongest growth
predictor. This is consistent with the literature demonstrating that
temperature profoundly influences the metabolic rate, feeding
behaviour, and energy allocation of ectotherms (Neuheimer et
al. 2011 , Enberg et al. 2012 , Morrongiello et al. 2019 ). Growth in
fish typically follows a unimodal thermal performance curve: it
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Figure 8 Spatial distribution of the RC in the GAM-predicted otolith growth of M. barbatus between the hindcast (2016) and the long-term future climate 

scenario (2099) in the FAO GSAs 18 and 19. Colours represent the modelled RC in annual growth. 
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ncreases with temperature up to an optimum, beyond which it de-
lines as rising metabolic demands surpass the energy obtained
rom food (Daufresne et al. 2009 , Neuheimer et al. 2011 ). The
pline functions obtained from the GAMs clearly illustrate this rela-
ionship, indicating optimal growth at SST values between approx-
mately 18.5 and 19.5◦C and at bottom temperature (botTemp)
f around 16.5◦C. Below this threshold, increasing SST or bottom

emperature likely enhances physiological functioning, digestion,
nd activity, thus promoting faster somatic growth. However, tem-
eratures exceeding this threshold impose metabolic constraints,
y increasing basal metabolic costs while reducing the energy
vailable for growth (Heino and Kaitala 1996 , Charnov 2008 ). This

s consistent with studies showing that warming beyond optimal
evels leads to reduced growth, smaller adult size, or shifts in size-
t-age (Daufresne et al. 2009 , Wakefield et al. 2016 , Martino et al.
019 ). 

The dominance of temperature in the growth models does
ot imply that other variables are unimportant. Rather, it re-

lects the central metabolic role of thermal conditions and their
bility to influence multiple physiological processes. Neverthe-

ess, the inclusion of spatial smoothers (latitude/longitude) sig-
ificantly improved model performance, indicating that temper-
ture effects vary geographically and interact with local habitat

eatures. Such modulation predicts that habitat productivity, prey
vailability, and hydrodynamic regimes outline how temperature

nfluences growth patterns (Matthias et al. 2018 , Morrongiello et
al. 2019 ). This predominance of environmental control over de-
mographic structure has also been reported in tropical systems,
where growth variability appeared primarily shaped by environ-
mental gradients rather than intrinsic population differ ences (Ng
et al. 2025 ). 

In the forecast (RCP 8.5), the increase in temperature also
has consequences for other environmental factors, such as oxy-
gen concentration, particularly towards the end of the projected
century. This shift likely reflects the projected deoxygenation of
Mediterranean bottom waters driven by warming, enhanced strati-
fication and reduced ventilation (Reale et al. 2022 ). Deoxygenation
has major implications for benthic fish, as reduced oxygen limits
aerobic scope, thereby potentially restricting available energy for
growth and forcing reallocation of energy towards maintenance
processes (Audzijonyte et al. 2016). 

The growing significance of bottom temperature in forecasts is
also consistent with the predicted deepening of the thermocline
and the warming of the bottom layers (Chimienti et al. 2021 ). As
red mullet spends much of their juvenile and adult life near the
seabed, bottom temperature directly influences its metabolism
(Enberg et al. 2012 ). Therefore, the combined effects of warming
and oxygen depletion in bottom waters can impose strong physio-
logical constraints, which could outweigh any short-term benefits
of warmer conditions (Audzijonyte et al. 2016). 

This transition from surface-driven to bottom-driven environ-
mental control suggests that red mullet may experience greater
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physiological stress in the deeper or more stratified waters of the
Ionian Sea and the southern Adriatic. The results also highlight
that the relative importance of environmental variables may be
further accentuated by climate change. 

One of the most striking outcomes of our predictive modelling is
the non-monotonic trajectory of future growth. Mid-century pro-
jections suggest significant growth enhancement, notably around
2049, followed by a general decline towards 2099. This pattern
likely reflects the crossing of species-specific thermal thresholds,
where initial warming may enhance metabolic performance, but
further increases in temperature may lead to physiological stress
and reduced growth efficiency. 

The RC maps corroborate this interpretation: values above 0.5
dominate the mid-century scenario, while values below 0.5 dom-
inate the late-century scenario. Such ‘warming benefit windows’
have been observed in several ectotherms, where transient im-
provements are followed by long-term declines (Neuheimer et al.
2011 ). In the case of red mullet, the mid-century productivity boost
could temporarily increase biomass and recruitment (Maravelias
et al. 2007 , Tserpes et al. 2019 ), but this effect is unlikely to persist
under RCP 8.5 conditions. 

Despite our data referring to a relatively small spatial domain
and for this reason, potential comparison with other areas or
even species should be made with caution, the complex scenario
observed highlights the importance of accounting for non-linear
responses when evaluating climate impacts on marine popula-
tions. Apparent short-term benefits could mask longer-term de-
clines, therefore emphasizing the need for adaptive and climate-
informed management strategies. 

Climate-driven growth changes and 

implications for assessment 

Although fishing pressure was not analysed explicitly in this study,
it is important to acknowledge that exploitation can also indirectly
influence growth dynamics in M. barbatus . For instance, demer-
sal trawling can alter benthic habitats and prey communities (Jen-
nings et al. 2001 , Ragnarsson and Lindegarth 2009 , Mangano et al.
2017 ), which could potentially modify trophic conditions. Mean-
while, size-selective harvesting may lead to phenotypic or demo-
graphic shifts in growth patterns (Fiorentino et al. 2008 , Kraak et
al. 2019 , Carbonara et al. 2022 ). Integrating fishing effort with en-
vironmental variables would help disentangle these effec t s in fu-
ture studies. Beyond the potential impact of fishing, our results
emphasize the value of otolith-based approaches in interpret-
ing the influence of the environment on growth. Although otolith
dendrochronology can be costly and time-consuming (Stawitz et
al. 2015 ), it provides a fishery-independent source of data, as
back-calculation allows observations at ages that are rarely sam-
pled due to gear selectivity (López-Abellán et al. 2008 , Ballagh
et al. 2011 ). Moreover, otoliths preserve historical information on
individual growth, enabling the reconstruction of growth trajec-
tories that extend beyond the timeframe covered by contempo-
rary size-at-age data (Begg et al. 2005 ). Therefore, conversely to
length–age data, which can be affected by sampling biases and
reader variability (Kimura and Lyons 1991 , Coggins et al. 2013 ),
otolith increments offer a high-resolution biological archive of
the phenotypic responses of fish to environmental variability,
food availability, and physiological processes. For M. barbatus ,
for which robust age criteria have been validated in the South-
ern Adriatic (Carbonara et al. 2018 ), increment-based analyses
can be used to reconstruct growth histories even where length-
at-age data are limited. Otolith-based growth indices have been
widely used to detect climatic synchrony, density dependence,
and long-term growth shifts in other species (Black et al. 2005 ,
Stawitz et al. 2015 , Martino et al. 2019 ), illustrating their broad
usefulness in integrating climate and ecology. Recent applications
of otolith chronologies have further demonstrated their ability
to resolve distinct environmental sensitivities within and among
populations, highlighting their power to link individual growth
trajectories with environmental variability (Widdrington et al.
2025 ). 

Moreover, otoliths remain a valuable resource for fisheries man-
agement, serving as inputs for stock assessment models (Reeves
2003 , Carbonara et al. 2019 ) and as ecological indicators (Begg et
al. 2005 , Grønkjær 2016 , Carbonara et al. 2022 ). In this regard, this
study demonstrates that otolith chronologies, when coupled with
flexible spatial GAMs, can effectively identify the growth environ-
mental drivers and are well-suited to climate-change research, as
they can accommodate non-linear responses, multi-variable inter- 
actions, and spatio-temporal complexity. 

The strong spatial heterogeneity in growth observed here also
has important implications for fisheries assessment and man-
agement. Stock assessment models often assume homogeneous
growth within management areas such as GSAs, yet our results
challenge this assumption. Spatial variability in growth affects es-
timates of size-at-age, natural mortality, spawning stock biomass,
and recruitment potential (Thorson and Minte-Vera 2016 ). There-
fore, maintaining uniform growth parameters across regions may
lead to biased assessments and inappropriate harvest strategies.
Therefore, adaptive models that incorporate environmental co-
variates or use climate-linked growth indices (Lee and Punt 2018 )
can help to anticipate shifts in productivity and reduce structural
model uncertainty. 

Although the projected mid-century growth enhancement sug-
gests a temporary increase in potential yields, this period is ex-
pected to be short-lived. If management strategies respond to
this transient improvement by increasing fishing pressure, this
could accelerate long-term declines as warming intensifies. Con-
versely, protecting areas that currently support high growth,
such as GSA 18EAST, could help buffer populations against late-
century climate stress. Therefore, a nuanced understanding of the
combined effects of environmental change and exploitation will
be essential for designing resilient, climate-ready management
strategies. 

An important limitation of the present forecasting framework
is the implicit assumption that current growth–environment re-
lationships remain stationary through time. In reality, prolonged
climate change may alter these relationships through physiolog-
ical acclimation, evolutionary adaptation, shifts in prey composi-
tion, or broader ecosystem reorganization (Audzijonyte et al. 2016,
Morrongiello et al. 2019 ). For example, changes in benthic prey
communities, trophic interactions, or metabolic tolerance could
modify the response of red mullet growth to warming and oxy-
gen depletion over future decades (Neuheimer et al. 2011 , Enberg
et al. 2012 ). Consequently, the projected growth trajectories pre-
sented here should be interpreted as conditional scenarios based
on the persistence of present-day ecological relationships, rather
than deterministic predictions of future population dynamics. 
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onclusions 

his study demonstrates that growth in M. barbatus is a highly
lastic, spatially structured, and environmentally sensitive life-
istory trait strongly influenced by temperature and local habi-

at conditions. Projected climate change may initially enhance
rowth but is likely to lead to declines as thermal and oxygen
hresholds are exceeded. Incorporating spatial and environmen-
al variability into assessment frameworks could be thus essential
o improve predictions and support climate-ready fisheries man-
gement. Indeed, as climate change continues to reshape Mediter-
anean marine ecosystems, it will be crucial to develop adaptive,
limate-informed strategies that account for spatial growth vari-
bility in order to ensure the long-term sustainability of red mullet
nd other demersal resources. 
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