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How fishing pressures and
environmental changes can
impact the mean size of fish
resources: a case study of small
pelagics in the Adriatic Sea
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Stefano Guizzardi o Guicciardi1, Alberto Santojanni1,
Sabrina Colella1, Filippo Domenichetti 1,
Fortunata Donato1 and Silvia Angelini1,4

1National Research Council, Institute for Marine Biological Resources and Biotechnology,
Ancona, Italy, 2CoNISMa–National Interuniversity Consortium for Marine Sciences, Rome, Italy,
3Department of Biological, Geological and Environmental Sciences, Alma Mater Studiorum -
University of Bologna, Bologna, Italy, 4Fano Marine Center, the Inter-Institute Center for Research on
Marine Biodiversity, Resources and Biotechnologies, Fano, Italy
Small pelagic fish, such as European anchovy (Engraulis encrasicolus) and sardine

(Sardina pilchardus), play a key ecological and economic role in the Adriatic Sea.

In recent decades, both species have shown amarked decline in mean body size,

raising concerns about the combined impacts of fishing and environmental

change. To investigate the main drivers behind this trend, we analyzed 20

years (2000–2021) of fishery-dependent data on weighted mean length (wML)

derived from Length Frequency Distributions (LFDs) of catches landed in two

major Adriatic fishing harbors, Chioggia and Ancona. Generalized Additive

Models (GAMs) were applied to explore the relationships between wML, fishing

effort and key environmental variables (chlorophyll-a, sea surface temperature,

salinity, sea surface height and Po River discharge), incorporating both spatial

(Harbor) and temporal dimensions (Time and Season). Our results indicated that

anthropogenic pressures, particularly the interaction between fishing activity

(Fleet) and long-term temporal dynamics (Time), were the dominant contributors

to size reduction. This interaction reflects how long-term exploitation patterns

have intensified over time despite nominal reductions in fleet size, suggesting

cumulative fishing impacts and limited recovery capacity. Environmental

variables contributed to explaining the observed patterns but to a lesser extent,

suggesting species-specific and spatially structured responses. Overall, this study

highlights that historical overexploitation remains the primary driver of body-size

decline in the Adriatic small pelagic species. However, the possibly influence of

the environmental variables in the dynamics of these species suggest the
frontiersin.org01

https://www.frontiersin.org/articles/10.3389/fmars.2025.1703481/full
https://www.frontiersin.org/articles/10.3389/fmars.2025.1703481/full
https://www.frontiersin.org/articles/10.3389/fmars.2025.1703481/full
https://www.frontiersin.org/articles/10.3389/fmars.2025.1703481/full
https://www.frontiersin.org/articles/10.3389/fmars.2025.1703481/full
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fmars.2025.1703481&domain=pdf&date_stamp=2025-12-17
mailto:valentina.caserta1990@gmail.com
https://doi.org/10.3389/fmars.2025.1703481
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/marine-science#editorial-board
https://www.frontiersin.org/marine-science#editorial-board
https://doi.org/10.3389/fmars.2025.1703481
https://www.frontiersin.org/journals/marine-science


Cacciamani et al. 10.3389/fmars.2025.1703481

Frontiers in Marine Science
development of adaptive, ecosystem-based management strategies that

integrate historical fishing pressure, current effort distribution and

environmental variability to promote the recovery and resilience of these key

fishery resources.
KEYWORDS

small pelagics, Adriatic Sea, generalized additive model, environmental impacts, fishing
activity impact, size reduction
1 Introduction

Small pelagic fish, i.e., European anchovy (Engraulis

encrasicolus, ANE) and European sardine (Sardina pilchardus,

PIL), are considered the most important commercial species of

the Mediterranean Sea (Food and Agriculture Organization [FAO],

2023; Barange et al., 2018; Leonori et al., 2021). They represent the

main contributors of total landings within this basin (Lleonart and

Maynou, 2003; Carpi et al., 2017), accounting collectively for about

33% (222,610 tons) of fish captures in 2020-2021; of these, about

36% (81,930 tons) are caught in the Adriatic Sea (FAO, 2023).

Beyond their economic value, small pelagic species play a

pivotal ecological role (Barausse et al., 2009; Pennino et al., 2020;

Schickele et al., 2020; Angelini et al., 2021). As mid-trophic-level

organisms, they transfer energy from lower to higher trophic levels,

thereby exerting both bottom-up control on top predators and top-

down regulation on zooplankton communities (Cury et al., 2000;

Bakun, 2006; Coll et al., 2007; Schickele et al., 2020; Malavolti et al.,

2021). Because their trophic position tightly links them to primary

production and plankton dynamics, small pelagic fish are

particularly sensitive to fluctuations in oceanographic conditions

that affect food availability and growth. Therefore, higher

temperatures, increased stratification, or reduced freshwater input

can limit nutrient supply and prey abundance while raising

metabolic demands, ultimately leading to smaller body size

(Bakun, 2006). Because of their short life span and strong

sensitivity to environmental fluctuations, small pelagic species can

exhibit size-related responses over very short timescales, making

them valuable indicators of climate-induced environmental changes

and fishing pressure (Carpi et al., 2015).

Climate change-driven environmental modifications have

caused changes in ocean conditions, which have favored a decline

in body size; this particularly occurs among short-lived species like

anchovy and sardine (Otero and Hidalgo, 2023). In the Adriatic Sea,

this trend is particularly pronounced. Regional hydroclimatic

variability, influenced by broad-scale phenomena such as the

North Atlantic Oscillation (NAO) and the Eastern Mediterranean

Transient (EMT), has altered temperature, salinity, and oxygen

concentrations over recent decades (Grbec et al., 2015), also

impacting biological aspects of fish biology (i.e. recruitment,

Santojanni et al., 2006).
02
Historically, productivity in the northern Adriatic Sea has been

sustained by nutrient input from the Po River (Giani et al., 2012).

However, recent declines in precipitation (Aragão et al., 2024) and

the 1986 Italian regulation limiting phosphate use in detergent,

along with broader nutrient load mitigation measures (Reg. 86/91/

CEE), have resulted in decreased river discharge and an

oligotrophication of coastal waters, diminishing primary

production and changing small pelagic species distribution (Sani

et al., 2024). Additional stressors—such as the consequences of

mismatch between spawning timing and plankton blooms—may

have compounded recruitment failures and altered population

structures (Malavolti et al., 2021).

Climate-driven declines in productivity combined with

management actions (e.g. Rec. GFCM/44/2021/20) aimed at

preventing stock collapse, have triggered a severe crisis in the

local fishing sector, resulting in a dramatic reduction in the

number of active vessels (Supplementary Figure S1).

Understanding the complex interplay between climate

variability, hydrological processes, and human pressures on

marine ecosystems requires analytical approaches capable of

capturing nonlinear and potentially interacting effects. Among the

statistical tools increasingly adopted for investigating these

dynamics are Generalized Additive Models (GAMs; Wood, 2017),

which provide the flexibility needed for ecological data analysis.

Their ability to model nonlinear relationships makes them

particularly valuable in examining how environmental factors

could influence species distribution, abundance, and life-history

traits over time and space (Solanki et al., 2017).

In this study, GAM models have been used with the aim of

investigating the potential causes of long-term (2000–2021)

fluctuations in the mean length of Adriatic anchovy and sardine.

The analysis focused on several influencing factors, including i)

environmental variables such as primary production, water

temperature and salinity, ii) changes in the food-web (e.g.

productivity, structure) due to riverine inflow fluctuations and iii)

fishing pressure, represented by the number of fishing vessels.

Notably, our analysis also considered the temporal dimension

that encompassed management measures (e.g., seasonal closures,

economic downturns), ecological and socioeconomic changes over

the past two decades. This approach aligned with the growing need

to embed socio-ecological processes and contextual drivers within
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fisheries stock assessments. By examining the sensitivity of mean

length to both fishing activity and environmental change, our study

offers insights into the drivers of stock variability and supports the

development of more informed and adaptive management

strategies for anchovy and sardine in the Adriatic Sea.
2 Materials and methods

2.1 Study area

The study area included the northern and central Adriatic Sea

(Figure 1), which is characterized by high productivity and strong

spatio-temporal ecological variability that lead to rich pelagic

communities (Coll et al., 2009; Giannoulaki et al., 2013).The shallow

northern sector, with an average depth of approximately 35 meters, is

fed by numerous rivers, of which the Po River is the most significant,

providing nutrient-rich freshwater that drives elevated coastal

chlorophyll-a concentrations and periodic eutrophication events

(Penna et al., 2004; Pinardi et al., 2004; Giannoulaki et al., 2013).

Figure 1 shows the location of the ports of Chioggia and

Ancona, which have historically been among Italy’s most

important ports for small pelagic fisheries (Cingolani et al., 1996).

The samples used to develop this study came from commercial

samples performed at these harbors, given their long-standing

importance in the Adriatic pelagic fishery and the reliability of

biological and fishery data collected through consistent sampling

over time (Fortibuoni et al., 2017). The individuals collected for this

study originated from pelagic pair trawlers (locally known as

“Volante”; PTM), which represent the main gear used to target
Frontiers in Marine Science 03
pelagic species in the study area. These gears operate during

daytime and use a minimum mesh size of 20 mm, in agreement

with the Council Regulation (EC) No. 1967/2006.

To spatially delineate the fishing grounds, we used the PTM

patterns described by Coro et al. (2022), based on the Automatic

Identification System (AIS) data that offer high-resolution spatial

information on this gear. These operational ranges were validated

by comparing them with GPS locations from fishing haul records

associated with vessels landing in Ancona and Chioggia, collected

through the EU Data Collection Framework (DCF; EC, 2017).

Given the natural mobility of small pelagic species, some degree

of spatial mixing between adjacent fishing areas is ecologically

plausible and consistent with our spatial framework. However,

this potential overlap is expected to be limited and therefore

represents a negligible source of bias. Moreover, economic

constraints, such as fuel costs, discourage vessels from operating

far from their home ports (Sabatella et al., 2017), further supporting

the spatial consistency between landing ports and fishing grounds.
2.2 Data

2.2.1 Dependent variable
We used the monthly weighted Mean Length (wML) by harbor

and species as dependent variables in our analysis (Figure 2).

This information was derived from the Length Frequency

Distributions (LFDs) collected between 2000 and 2021 by the

Institute for Marine Biological Resources and Biotechnology

(IRBIM) of the Italian National Research Council (CNR). The

data collection was conducted under the framework of the Italian
FIGURE 1

Map of the study area including the location of the selected harbors, Chioggia and Ancona, and the corresponding fishing grounds georeferenced
using QGIS v.3.20.0 (www.qgis.org). The location of Pontelagoscuro station is highlighted in the map. Mediterranean Geographical Sub-Areas (GSAs) are
reported top right; GSAs 17 and 18, corresponding to the whole Adriatic Sea, are highlighted in yellow.
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National program for Fisheries in 2000 and 2001, and the EU DCF

(EC, 2017), which started in 2002 and is still ongoing. Samples were

obtained from the commercial catch landed in the Ancona and

Chioggia harbors; discard was not considered since it was negligible

for these species (Tsagarakis et al., 2014).

In total, 122,213 anchovy and 66,908 sardine LFDs were

collected in Chioggia, while about 148,148 anchovy and 54,675

sardine LFDs were collected in Ancona. Fish lengths were measured

using 0.5 cm length classes. For each month, the wML was

calculated as showed in Equation 1.
Frontiers in Marine Science 04
wML = o
k
i=1Ni   Li

ok
1=1Ni

(1)

where Li is the length of class i, Ni is the number (or relative

abundance) of individuals in class i, and k is the total number of

length classes. This approach ensured temporal consistency in

measuring mean fish size, which served as a proxy for shifts in

population structure. Details about the sampling effort are shown in

Supplementary Figure S2 for anchovy and Supplementary Figure S3

for sardine.
FIGURE 2

(A) Long-term trends in weighted Mean Length of anchovy (ANE, left) and sardine (PIL, right) from January 2000 to December 2021. Colored lines
represent smoothed estimates by Harbor (Ancona, orange line; Chioggia light green line) with 95% confidence intervals shown in grey. (B) Violin
plots that the show the annual length variability and central tendency of individual length measurements across years.
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2.2.2 Covariates
2.2.2.1 Spatio-temporal dimensions

A spatial dimension (Harbor) was introduced to investigate

potential quantitative differences between the ports of Ancona and

Chioggia, specifically regarding fishing strategies (e.g. Chioggia fleet

targets sardines as well as anchovies according to seasonal

availability; whereas Ancona fleet mainly focuses on anchovies),

market conditions (e.g. different market strategies), spatial

distribution of the resources and environmental characteristics of

the associated fishing grounds (Figure 1). In addition, a long-term

temporal dimension (Time) was incorporated, defined by sequential

numbers from 1 to 264 for each area, corresponding to monthly

time steps from 2000 to 2021. This time variable acted as a proxy for

broader, less easily quantifiable changes—such as management

regulation shifts, economic fluctuations, and long-term

environmental trends—that may have influenced ecosystem

dynamics and fishing activity over the study period (Bigelow

et al., 1999). A short-term temporal dimension (Season),

corresponding to the calendar seasons, was introduced to capture

intra-annual fluctuations in wML, reflecting either species-specific

biological rhythms or seasonal patterns driven by ecological cycles

and fishing activity.

2.2.2.2 Environmental variables

Based on the literature review carried out by Fernández-Corredor

et al. (2021), we tested the cited environmental variables, namely

temperature (°C, Temp), chlorophyll-a concentration (mg/m3, Chla),

salinity (PSU, Sal) and sea surface height (cm, as proxy for depth, Ssh),

that may influence small pelagic stocks in the Adriatic Sea. These

variables were monthly retrieved from the uppermost layer data from

the Copernicus Marine Environment Monitoring Service (CMEMS,

2024). Since Copernicus products for the Mediterranean Sea are

delivered at the basin scale, environmental data were subsequently

cropped to match the fishing grounds associated with the ports of

Ancona and Chioggia, as shown in Figure 1. Besides these, we added

the Po River runoff (m3/s, Po), whose flow index was included due to its

prominent role in shaping the ecological dynamics of the Adriatic Sea

(Coll et al., 2009). As the largest river in the basin, the Po accounts for

roughly two-thirds of total freshwater discharge into the Adriatic

(Aragão et al., 2024); its influence on the recruitment of small

pelagic species is well documented (Santojanni et al., 2006; Marini

and Grilli, 2023). Monthly average discharge values (m³/s) from the

Pontelagoscuro station (Figure 1) were obtained via the Regional Open

Data Portal (RODP, 2024), provided by the Agenzia Regionale

Prevenzione Ambiente Energia Emilia- Romagna (ARPAE-ER).

2.2.2.3 Fishing effort

Fishing effort was measured as the number of active vessels

(Fleet) in a given period of time, as described by FAO (2025). Data

were collected by local fishing cooperatives. For Ancona, data were

provided on a monthly scale, whereas for Chioggia only annual data

are available. Since no monthly data exist for Chioggia, the annual

number of active vessels was assigned to each month of the

corresponding year, assuming that fleet size remained constant

throughout the year.
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2.3 Statistical analysis

To assess spatial variability in environmental conditions

between Ancona and Chioggia, independent-sample t-tests were

conducted. Variables showing significant differences (p< 0.05) were

flagged for inclusion with spatial discrimination in the GAMs. In

addition, general temporal trends of each environmental variable

were visually inspected by plotting the data with fitted local

regressions, providing an overview of long-term changes over the

study period. This exploratory analysis was conducted to better

understand the temporal behavior of environmental covariates and

to facilitate the interpretation of the GAM results. Finally, we

evaluated correlation among the selected variables using Kendall’s

tau correlation test, considering collinearity above 0.49 as

significant (Wicklin, 2023).

To better understand how far in advance a combination of

environmental and anthropogenic covariates influenced the

monthly wML of anchovy and sardine, we developed a series of

GAMs applying time lags from 0 to 12 months, in step of one

month, following the approach described by Pennino et al. (2020).

This range was chosen to encompass the annual life cycle of

anchovy and sardine, as their growth and recruitment can be

influenced by environmental conditions over several months.

Environmental and Fleet data were lagged by directly shifting the

monthly time series; for instance, in the case of a one-month lag, the

covariate corresponded to the value observed in the month

immediately preceding the size data.

We used the mgcv package (Wood, 2017) developed for the R

environment, to build GAM models fitted under a Gaussian

distribution with an identity link, which is appropriate for

modeling the continuous response variable (wML). The general

model structure was specified as showed in Equation 2:

wML e ti(Xj,  Xj,  k = c(13, 13)) +  o
j
s(Xj,   k = 13) +Harbor + Season (2)

where Xj represents the set of candidate environmental

variables with smoothing terms specified using up to 13 basis

functions (i.e., k = 13) to allow sufficiently flexible modeling. To

account for potential dependencies between predictors, a partial

tensor-product smooth (ti) was introduced to model their

interaction. This interaction term was applied only to positively

correlated variable pairs (based on Kendall’s test). In addition,

spatial discrimination was retained for fishing effort and for

environmental variables that showed significant spatial

differences, i.e. p-value< 0.05, based on prior t-tests, and it was

also included in the interaction term when at least one of the

variables exhibited such spatial discrimination. This allowed the

model to account for fishing ground-specific dynamics in both

fishing activity and environmental conditions. All models were

fitted using Restricted Maximum Likelihood (REML) estimation,

which provides more stable and less biased estimates of smoothing

parameters compared to maximum likelihood.

We performed model selection using a two-step approach based

on training and test data. First, the dataset was randomly split into a

training set (70% of the data) and a test set (30%), following the
frontiersin.org
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procedure described by James et al. (2023). The training set was

used both for variable selection and for model fitting, while the test

set was reserved for independent model validation. For each lag

scenario, we applied a forward stepwise selection procedure using

the FWDselect R package (Sestelo et al., 2016), with GAMs fitted via

the qgam interface. Variable selection was guided by Akaike’s

Information Criterion (AIC; Burnham and Anderson, 2002),

retaining the combination of predictors that minimized AIC as

the best-fitting model for each lag. This automated procedure

(qselection) inherently retains only predictors with statistically

significant explanatory power, ensuring that the environmental

variables included in the final GAMs contribute meaningfully to

model performance. The resulting models—optimized separately

for each lag—were then applied to the test set. Predictive

performance was evaluated by computing the Root Mean Squared

Error (RMSE) between observed and predicted values, as shown in

Equation 3.

RMSE =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
no

n
i=1(byi − yi)

2

r
(3)

Where yi are the predicted values, yi are the observed test values

and n is the number of observations.

The model yielding the lowest RMSE was selected as the best

overall model, as it best captured the relationship between the

response variable (wML) and the selected covariates. Finally, the

contribution of each covariate in the final best models was

quantified using the gam.hp R package (Lai et al., 2024), which

decomposes explained deviance to assess the relative importance of

individual predictors. This approach provided insights into the

dominant environmental drivers influencing size structure

over time.
3 Results

3.1 Environmental variables assessment

Supplementary Figure S4 shows the temporal trends of the

environmental variables retained in the analysis. The variables were

generally stable (p-value< 0.05), except for the Chl-a in Chioggia,

which showed an increasing trend, and the Sal in Ancona, which

decreased throughout the time series. Independent-sample t-tests

indicated significant spatial differences (p< 0.05) for Chla and Sal

between Ancona and Chioggia, supporting the inclusion of spatially

stratified smoothers for these variables (Supplementary Figure S5).
3.2 Influence of covariates on wML

Supplementary Table S1 reports all candidate models generated

during the variable selection procedure. From these, Table 1

presents the best models for each lag ranked by RMSE. A detailed

summary of model parameters, including estimated degrees of

freedom (edf), deviance explained and p-values for each smooth

term, is provided in Table 2. For ANE, the best-performing model
Frontiers in Marine Science 06
was obtained with a 1-month lag, while for PIL, the optimal model

corresponded to a 12-month lag. Notably, Time and Fleet are

recurrent across the top-performing models for both species,

underscoring their dominant explanatory role. A strong

corre lat ion was observed between these two factors

(Supplementary Figure S6), and their interaction was therefore

visualized through the partial tensor-product smooth. No major

diagnostic anomalies were observed and the Kolmogorov–Smirnov

(KS) residual normality tests further supported the adequacy of the

fitted models (Supplementary Figures S7, S8). In addition, the

comparison between observed and predicted values on the

independent test dataset (Supplementary Figure S9) confirmed

that the models achieved consistent predictive performance,

providing a reliable assessment of their predictive skill.
3.2.1 Anchovy
The best-fitting GAM for anchovy, incorporating a one-month

environmental lag, was based on Equation 4 model structure:

wML _ANE  e  s(Time)  +  s(Fleet,  by  =  Harbor)

+  ti(Time,  Fleet,  by  =  Harbor)  +  s(Po)  +  s(Chl − a,  by 

=  Harbor)  +  Harbor (4)

The model explained 47.7% of the total deviance, with an

adjusted R² of 0.451. The estimated REML was 363.97 and the

residual variance (0.353) indicated a satisfactory model fit.

Hierarchical partitioning analysis is shown in Figure 3 and

revealed that the interaction between Time and Fleet explained the

largest portion of the deviance, highlighting the synergistic

influence of temporal dynamics and spatially differentiated fishing

activity on anchovy size structure. Time underscoring the dominant

role of long-term temporal dynamics. These likely encapsulate a

wide range of unmeasured processes, including cumulative fishing

impacts, regulatory changes, and ecosystem shifts. Fleet, with spatial

discrimination by Harbor was significant in Ancona but not in

Chioggia, indicating a stronger linkage between fishing effort and

body size in the central Adriatic. Po River discharge smoothness

was not statistically significant (p = 0.10), the partial effect showed a

decline in predicted wML at higher discharge levels, suggesting that

high freshwater input may reduce growth conditions, potentially

through increased turbidity. Chlorophyll-a was modeled with port-

specific smoothers, but neither terms were not statistically

significant. Nevertheless, their retention reflected their ecological

relevance and their additive contribution to overall model

performance. The effect of Harbor revealed a significant negative

coefficient for Chioggia (estimate = –0.412, p = 0.0049), indicating

that, after accounting for covariates, anchovy landed in Chioggia

were, on average, significantly smaller than those in Ancona. This

result supported the presence of persistent spatial differences in size

structure, possibly linked to localized environmental conditions,

fishing histories, or spatial targeting practices.

These patterns were clearly illustrated in Figure 4, which

displayed the partial effect plots of each model component. The

interaction between Time and Fleet (Figure 4, top panels) revealed

marked spatiotemporal contrasts between harbors. In Ancona, the
frontiersin.org
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TABLE 1 Best GAM models selected through variable selection for each environmental lag (0–12 months) and species, anchovy (ANE) and sardine
(PIL).

Species Lag Formula
Dev. expl

(%)
RMSE

ANE

0
wML ~ s(Time, k = 13) + Harbor + s(Fleet, by = Harbor, k = 13) + s(Ssh, k = 13) +
s(Temp, k = 13) + ti(Time, Fleet, by = Harbor, k = c(13,13))

48.25 0.644

1
wML ~ s(Time, k = 13) + Harbor + s(Po, k = 13)+ s(Fleet, by = Harbor, k = 13)
+ s(Chla, by = Harbor, k = 13) + ti(Time, Fleet, by = Harbor, k = c(13,13))

47.67 0.615

2
wML ~ s(Time, k = 13) + Harbor + s(Po, k = 13) + s(Fleet, by = Harbor, k = 13) +
s(Temp, k = 13) + s(Ssh, k = 13) + s(Sal, by = Harbor, k = 13) + ti(Time, Fleet, by
= Harbor, k = c(13,13))

48.73 0.633

3
wML ~ s(Time, k = 13) + Harbor + s(Fleet, by = Harbor, k = 13) + s(Chla, by =
Harbor, k = 13) + s(Temp, k = 13) + s(Ssh, k = 13) + ti(Time, Fleet, by = Harbor, k
= 13 c(13,13))

47.12 0.647

4
wML ~ s(Time, k = 13) + s(Fleet, by = Harbor, k = 13) + s(Ssh, k = 13) + Harbor +
s(Temp, k = 13) + s(Sal, by = Harbor, k = 13) + ti(Time, Fleet, by = Harbor, k = c
(13,13))

48.40 0.701

5
wML ~ s(Time, k = 13) + s(Fleet, by = Harbor, k = 13) + Harbor + s(Sal, by =
Harbor, k = 13) + ti(Time, Fleet, by = Harbor, k = c(13,13))

47.15 0.635

6
wML ~ s(Time, k = 13) + s(Fleet, by = Harbor, k = 13) + s(Sal, by = Harbor, k =
13) + Harbor + Season + ti(Time, Fleet, by = Harbor, k = c(13,13))

47.79 0.657

7
wML ~ s(Time, k = 13) + s(Fleet, by = Harbor, k = 13) + Harbor + Season + s(Ssh,
k = 13) + ti(Time, Fleet, by = Harbor, k = c(13,13))

46.72 0.669

8
wML ~ s(Time, k = 13) + s(Fleet, by = Harbor, k = 13) + s(Chla, by = Harbor, k =
13) + Harbor + Season + s(Po, k = 13) + s(Ssh, k = 13) + ti(Time, Fleet, by =
Harbor, k = c(13,13))

47.06 0.693

9
wML ~ s(Time, k = 13) + s(Fleet, by = Harbor, k = 13) + s(Chla, by = Harbor, k =
13) + s(Temp, k = 13) + Harbor + s(Po, k = 13) + Season + ti(Time, Fleet, by =
Harbor, k = c(13,13))

46.59 0.625

10
wML ~ s(Time, k = 13) + s(Fleet, by = Harbor, k = 13) + s(Ssh, k = 13) + Harbor +
s(Chla, by = Harbor, k = 13) + s(Temp, k = 13) + ti(Time, Fleet, by = Harbor, k = c
(13,13))

47.30 0.634

11
wML ~ s(Time, k = 13) + Harbor + s(Po, k = 13) + s(Fleet, by = Harbor, k = 13) +
s(Temp, k = 13) + ti(Time, Fleet, by = Harbor, k = c(13,13))

47.70 0.626

12
wML ~ s(Time, k = 13) + s(Chla, by = Harbor, k = 13) + Harbor + s(Fleet, by =
Harbor, k = 13) + s(Temp, k = 13) + s(Ssh, k = 13) + s(Sal, by = Harbor, k = 13) +
ti(Time, Fleet, by = Harbor, k = c(13,13))

48.28 0.635

PIL

0
wML ~ s(Time, k = 13) + s(Temp, k = 13) + s(Fleet, by = Harbor, k = 13) + Season
+ s(Po, k = 13) + s(Sal, by = Harbor, k = 13) + s(Chla, by = Harbor, k = 13) + ti
(Time, Fleet, by = Harbor, k = c(13,13))

79.24 0.755

1
wML ~ s(Time, k = 13) + Season + s(Fleet, by = Harbor, k = 13) + s(Po, k = 13) + s
(Chla, by = Harbor, k = 13) + Harbor + ti(Time, Fleet, by = Harbor, k = c(13,13))

75.96 0.775

2
wML ~ s(Time, k = 13) + Season + s(Fleet, by = Harbor, k = 13) + s(Po, k = 13) + s
(Sal, by = Harbor, k = 13) + ti(Time, Fleet, by = Harbor, k = c(13,13))

74.64 0.848

3
wML ~ s(Time, k = 13) + Season + s(Fleet, by = Harbor, k = 13) + s(Chla, by =
Harbor, k = 13) + s(Sal, by = Harbor, k = 13) + s(Po, k = 13) + ti(Time, Fleet, by =
Harbor, k = c(13,13))

76.71 0.783

4
wML ~ s(Time, k = 13) + Season + s(Fleet, by = Harbor, k = 13) + ti(Time, Fleet,
by = Harbor, k = c(13,13))

74.80 0.773

5
wML ~ s(Time, k = 13) + s(Temp, k = 13) + s(Fleet, by = Harbor, k = 13) + Season
+ s(Sal, by = Harbor, k = 13) + ti(Time, Fleet, by = Harbor, k = c(13,13))

77.65 0.739

6
wML ~ s(Time, k = 13) + s(Temp, k = 13) + s(Fleet, by = Harbor, k = 13) + s(Po, k
= 13) + s(Sal, by = Harbor, k = 13) + s(Chla, by = Harbor, k = 13) + ti(Time, Fleet,
by = Harbor, k = c(13,13))

77.46 0.765

(Continued)
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interaction surface showed stronger temporal gradients, with higher

predicted wML during recent years at low fleet levels, suggesting

that reduced fishing intensity may have buffered size declines over

time. In contrast, Chioggia exhibited a flatter response surface,

indicating weaker coupling between temporal trends and fishing

activity, possibly reflecting lower temporal variability in fleet

composition or effort distribution. Time smoother (Figure 4

middle-left panel) showed a non-linear decline in wML from

2000 to the mid-2010s, followed by a modest upward shift in the

final years. Po river discharge smoother (Figure 4 middle-right

panel) showed a decline in wML at discharge rates exceeding 1500

m³/s, a pattern that may reflect less favorable conditions under high

freshwater input. The Fleet smoother (Figure 4 middle panels)

revealed a positive association in Ancona, where higher fleet

values corresponded to larger mean lengths; a similar trend was

depicted for Chioggia harbor. The smoothers for Chl-a (Figure 4,

bottom panels) showed a weakly increasing trend for both harbors,

slightly more pronounced for Chioggia port, while with higher

uncertainty for Ancona, suggesting that growth conditions may

vary across the productivity spectrum.

3.2.2 Sardine
The best-fitting GAM for sardine, incorporating a 12-month

environmental lag, was specified in the Equation 5:

wML _ PIL  ̴  s(Time)  +  s(Temp)  +  s(Fleet,  by  =  Harbor) 

+  ti(Time,  Fleet,  by  =  Harbor)  +  Harbor  +  Season

(5)

This model explained 77.4% of the total deviance, with an

adjusted R² of 0.758, suggesting a strong fit to the data. The REML

criterion was 412.45, and the estimated residual variance (0.440)

confirmed an overall satisfactory model structure.

According to the hierarchical partitioning analysis (Figure 5),

interaction Time x Fleet explained the largest share of the total

deviance. Nevertheless, Time effect alone accounted for a
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comparable proportion of the explained deviance, pointing to

strong long-term dynamics, possibly reflecting systemic pressures

such as continuous exploitation, recruitment shifts, or decadal

environmental variability. Temperature was also a statistically

significant term (p< 0.001), and its partial effect suggested the

presence of an optimal thermal range for sardine growth.

Fleet activity did not show a significant effect on sardine size in

either port. (Chioggia, p = 0.36; Ancona, p ≈ 1.00). This suggests

that temporal fluctuations in fleet size or activity over the preceding

year (lag 12) had limited influence on sardine size structure across

both areas. When the interaction with Time was considered, a

clearer spatial contrast emerged. The temporal–effort interaction

was non-significant in Ancona (p = 0.55), indicating that changes in

fleet activity over time did not notably affect sardine size there. In

contrast, the interaction approached significance in Chioggia (p =

0.05), suggesting that the effect of fleet dynamics on sardine size

varied through time in the northern Adriatic Sea. This pattern may

reflect temporal shifts in fishing intensity or selectivity, possibly

linked to local fleet behavior, resource availability, or spatial overlap

between sardine aggregations and fishing grounds.

Season and Harbor both contributed to explaining variation in

sardine wML, though with different levels of significance. Seasonal

effects were particularly evident: sardines were significantly larger in

spring (estimate = 0.26, p = 0.01) and summer (estimate = 0.51, p<

0.01) compared to winter (estimate = - 0.34, p< 0.04), where smaller

wML were observed. However, this seasonal pattern is not reflecting

a true biological signal. Instead, it is more plausibly driven by

fishery-dependent biases: during summer, fishers have greater

opportunities to target larger individuals offshore, whereas in

winter adverse weather conditions often restrict fishing activity to

coastal areas, where smaller, spawning fish are more accessible. On

the other hand, differences between harbors were less pronounced.

Sardines from Chioggia tended to be smaller on average than those

from Ancona (estimate = −0.24, p = 0.09), although the effect was
TABLE 1 Continued

Species Lag Formula
Dev. expl

(%)
RMSE

7
wML ~ s(Time, k = 13) + Season + s(Fleet, by = Harbor, k = 13) + s(Po, k = 13) + s
(Chla, by = Harbor, k = 13) + s(Temp, k = 13) + ti(Time, Fleet, by = Harbor, k = c
(13,13))

76.61 0.737

8
wML ~ s(Time, k = 13) + Season + s(Temp, k = 13) + s(Fleet, by = Harbor, k = 13)
+ s(Chla, by = Harbor, k = 13) + Harbor + s(Sal, by = Harbor, k = 13) + ti(Time,
Fleet, by = Harbor, k = c(13,13))

75.25 0.750

9
wML ~ s(Time, k = 13) + s(Fleet, by = Harbor, k = 13) + s(Sal, by = Harbor, k =
13) + s(Temp, k = 13) + Season + s(Chla, by = Harbor, k = 13) + ti(Time, Fleet, by
= Harbor, k = c(13,13))

76.68 0.732

10
wML ~ s(Time, k = 13) + Season + s(Fleet, by = Harbor, k = 13) + s(Temp, k = 13)
+ ti(Time, Fleet, by = Harbor, k = c(13,13))

76.24 0.733

11
wML ~ s(Time, k = 13) + s(Temp, k = 13) + s(Fleet, by = Harbor, k = 13) + Season
+ ti(Time, Fleet, by = Harbor, k = c(13,13))

76.02 0.766

12
wML ~ s(Time, k = 13) + s(Temp, k = 13) + Season + Harbor + s(Fleet, by =
Harbor, k = 13) + ti(Time, Fleet, by = Harbor, k = c(13,13))

77.42 0.705
Each row reports the formulas, explained deviance and RMSE. For each species, the model with the lowest RMSE across all lags is highlighted in bold and considered the selected model.
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only marginally significant. This suggests another potential bias

arising from differences in market strategies, that lead to a different

representation of size classes during sampling campaigns

(Supplementary Figure S3).
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Figure 6 visually summarized the partial effects of the covariates

included in the final sardine model. The interaction between Time and

Fleet (Figure 6, top panels) revealed distinct temporal and spatial

dynamics in the relationship between fishing activity and sardine size.
TABLE 2 Estimated degrees of freedom (edf), percentage of deviance explained [Dev expl. (%)] and p-values for each smooth term in the selected
GAM models for anchovy (ANE) and sardine (PIL).

Species Term Harbor edf Dev expl. (%) p-value

ANE

Time 4.139 28.8 0.000

Fleet
Ancona 1.000

19.5
0.003

Chioggia 1.000 0.368

Time x Fleet
Ancona 2.242

38.3
0.07

Chioggia 1.001 0.44

Chla
Ancona 2.832

5.2
0.599

Chioggia 1.000 0.241

Harbor 4.0

Po 3.763 4.2 0.102

PIL

Time 5.443 34.0 0.000

Temp 5.242 5.5 0.000

Fleet
Ancona 1.000

20.1
0.998

Chioggia 2.279 0.360

Time x Fleet
Ancona 1.001

37.5
0.553

Chioggia 6.454 0.051

Season 2.7

Harbor 0.3
FIGURE 3

Variance partitioning of deviance for the best GAM model of anchovy (ANE). Bars represent the independent contribution of each predictor to the
total deviance explained (47.7%), as estimated through hierarchical partitioning of deviance. Percentage values for each predictor are displayed.
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In Ancona, the interaction surface appears relatively flat and

symmetrical, indicating a weak or negligible joint effect between

Time and Fleet. This aligns with the statistical results showing a non-

significant interaction (p = 0.55), suggesting that temporal changes in

fleet activity have had little influence on sardine size in this area over

the study period. In Chioggia, by contrast, the surface displays more

pronounced undulations and localized gradients, with alternating

zones of positive and negative partial effects. This pattern points to a

more complex temporal modulation of the Fleet effect, consistent with

the near-significant interaction (p ≈ 0.05). It suggests that in the

northern Adriatic Sea, variations in fleet dynamics through time may

have intermittently influenced sardine size—perhaps reflecting shifts in

fishing intensity, target composition, or spatial overlap with sardine

aggregations during specific periods. Time smoother (Figure 6).

middle-left panel) showed a gradual decline in wML between 2004
Frontiers in Marine Science 10
and 2016, followed by a moderate upward shift in the final years. This

trajectory aligned with patterns often associated with sustained external

pressures followed by periods of stabilization. The effect of Temp

(Figure 6 middle-right panel) followed a sigmoid shape, with wML

increasing up to approximately 13.5°C, plateauing at 20°C and

decreasing above this limit, suggesting the presence of a thermal

window beyond which growth conditions may become less

favorable. The Fleet smoother (Figure 6 bottom panels) indicated

port-specific differences: i) in Chioggia, sardine size appeared to

decline at a certain number of fishing vessels, coinciding with the

rise in landings in Chioggia (Supplementary Figure S1). Conversely, the

largest sardine sizes were observed at the beginning of the time series,

when a high number of fishing vessels operated in this harbor exerting

a fishing activity that has not yet had a notable impact on this species,

ii) in Ancona no consistent trend is observed.
FIGURE 4

Partial effect plots for the best-fitting GAM explaining wML of anchovy including the interaction between Time and Fleet, temporal proxy (Time) and key
covariates. Shaded areas represent 95% confidence intervals. Covariates stratified by Harbor are indicated in red to distinguish their port-specific effects.
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4 Discussion

Currently, the reduction small pelagic fish size is a major

concern for fishers in the Adriatic Sea and can also have relevant

implication for the entire basin ecosystem. In this study, long-term

fishery-dependent data covering 22 years has been used to

investigate changes in the mean length of anchovy and sardine

living in this basin in relation to a suite of environmental and

anthropogenic drivers. Although fishery-dependent data have

known limitations, such as lack of standardization, dependence

on fleet behavior (e.g., changes in fishing gear, technology, grounds,

and effort) and sensitivity to market dynamics (Pauly et al., 1998;

Fortibuoni et al., 2017), they have proven valuable in tracking

changes in marine populations (Azzurro et al., 2011; Tzanatos et al.,

2014; Fortibuoni et al., 2015).
4.1 Long-term effects of unmanaged
fishing pressure

The temporal smoother (Time) in our GAMs encompassed

phenomena that were not quantified, and its strong statistical signal

suggested that persistent processes acting over time have had a

major influence on the size structure of small pelagic fish in the

Adriatic Sea. Therefore, its inclusion may more effectively capture

dynamic ecosystem and fishery processes or account for non-

stationary catchability and shifting effort allocation over time—

particularly when other covariates (i.e. environmental variables) fall

short (Maunder and Punt, 2004). One of the most plausible

interpretations is that this effect reflects the cumulative impact of

unmanaged or poorly regulated fishing pressure over the past

decades. In the Adriatic Sea, fisheries policy historically lacked
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coordinated spatial and temporal measures, and enforcement has

been limited (Carpi et al., 2017; FAO, 2023). Until recent years,

effort controls were almost absent, and capacity reductions were not

always accompanied by limits on fishing efficiency (Lucchetti et al.,

2018). As a result, fishing practices have intensified, favoring short-

term gains over sustainability. This pattern is strongly suggestive of

legacy effects from decades of largely unmanaged fishing pressure.

In the Adriatic Sea, regulatory mechanisms for small pelagics have

historically lagged ecological signals. Weak enforcement and the

absence of total allowable catch (TAC) systems in the

Mediterranean Sea (FAO, 2023; Carpi et al., 2017) until recent

years, allowed for chronic overexploitation, particularly during the

1980s and 1990s when fleet modernization and size-selective

harvesting intensified. Several studies (Cingolani et al., 1996;

Santojanni et al., 2005; Colloca et al., 2011; Tsikliras et al., 2015)

highlighted the persistent targeting of large individuals during peak

spawning, contributing to demographic truncation and potential

shifts in life-history traits in small pelagic populations.

This phenomenon is further exacerbated by technological creep

—enhancements in engine power, sonar and GPS-based navigation

—that effectively increase fishing capacity without expanding the

nominal fleet size (Hilborn and Walters, 1992; Fortibuoni et al.,

2017). These changes, which are under-represented in traditional

effort statistics, align with what Pauly et al. (1998) described as

“creeping capacity”—a silent driver of stock erosion. The rising

trend in effective fishing power, despite stagnating or declining

vessel numbers, supports the notion that fishing intensity has

remained high or even increased.

Such effects mirror those observed in other regions. In the

North Sea, Baudron et al. (2014) demonstrated that size declines in

cod were linked to prolonged overfishing. Similarly, Van Beveren

et al. (2014) linked long-term shifts in body size and life history to
FIGURE 5

Variance partitioning of deviance for the best GAM model of sardine (PIL). Bars represent the independent contribution of each predictor to the total
deviance explained (77.4.%), as estimated through hierarchical partitioning of deviance. Percentage values for each predictor are displayed.
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fishery-induced evolution in Peruvian anchoveta. Our findings

contributed to this literature flow, suggesting that the Adriatic

may represent another case in which insufficient management

response has led to enduring demographic and phenotypic shifts.

From a management standpoint, the implication is clear:

historical overfishing may have altered the baseline state of these

populations, reducing their responsiveness to future management

interventions. This adds urgency to calls for adaptive, ecosystem-

based management frameworks that consider historical legacies

alongside current exploitation rates (Pikitch et al., 2004; Trenkel,

2018; Halpern et al., 2019).
4.2 Fishing pressure and its impact on size
structure

Our GAM results revealed spatially heterogeneous relationships

between Fleet size and wML, along with species-specific responses
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to fishing pressure. For anchovy, we observed a positive association:

the relationships were moderately increasing for both harbors

(Figure 4, middle panels). While this trend may initially appear

counterintuitive, a better look on the interaction between Fleet and

Time (Figure 4, top panels) it reflects underlying historical

dynamics. In earlier decades, both fleet size and wML were

higher, whereas recent years are characterized by fewer vessels

but smaller individuals, suggesting that technological

improvements and spatial expansion of fishing activities have

compensated for the numerica l dec l ine in fleet s ize

(Supplementary Figure S1).

For sardine, the relationship between wML and fleet size

differed between the two harbors and appeared more complex

(Figure 6, middle panels). In Ancona, the trend was nearly flat,

with a slight negative slope, suggesting a weak effect of this covariate

on the dependent variable. In contrast, the pattern in Chioggia

followed a U-shaped curve, with a local minimum at intermediate

fleet sizes (around 17 vessels). These differing responses likely
FIGURE 6

Partial effect plots for the best-fitting GAM explaining wML of sardine including the interaction between Time and Fleet, temporal proxy (Time) and key
covariates. Shaded areas represent 95% confidence intervals. Covariates stratified by Harbor are indicated in red to distinguish their port-specific effects.
frontiersin.org

https://doi.org/10.3389/fmars.2025.1703481
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Cacciamani et al. 10.3389/fmars.2025.1703481
reflect context-dependent effects of fishing pressure. In Ancona,

sardines are not a target species, which may explain the lack of a

statistically significant trend. Conversely, in Chioggia, where fishers

show higher commercial interest for this species, fishing pressure

may be shaped by interactions with environmental conditions or

fleet dynamics, such as vessel aggregation near spawning grounds

(Russo et al., 2015; Coro et al., 2022). It is also important to note

that the number of vessels in Chioggia was reported on an annual

basis, under the assumption of constant activity throughout the

year. Furthermore, fleet sizes exceeding 17 vessels only occurred

during the first nine years of the time series. This limited variability,

combined with the low representation of high fleet sizes, likely

constrained the model’s ability to detect a robust relationship

between wML and this proxy for fishing effort.

Despite these differences, the biological interpretation remains

consistent with ecological theory. In exploited fish populations, size

structure often reflects the balance between somatic growth and

size-selective mortality imposed by fishing (Swain et al., 2007).

Larger individuals are more vulnerable to capture because they are

more visible to fishing gears, occupy shallower or more accessible

habitats, and are preferentially retained due to market demand and

gear selectivity (Jennings et al., 1999; Andersen and Brander, 2009).

Consequently, sustained fishing pressure typically leads to size

truncation under sustained fishing (Patterson, 1992; Planque

et al., 2010). Anchovy, due to its short lifespan and rapid growth,

is particularly sensitive to such pressure (Peck et al., 2013), whereas

sardine, with a longer life cycle and different spatial dynamics,

exhibits more complex responses (Mustać et al., 2020; Otero and

Hidalgo, 2023). Historical CPUE and VPA analyses have confirmed

that declines in size are linked to persistent fishing intensity,

particularly in high-effort areas (Cingolani et al., 2001; Santojanni

et al., 2002). Management measures—including effort reductions

and seasonal closures (e.g. Rec. GFCM/37/2013/1, Rec. GFCM/44/

2021/20) —have led to a sharp decline in the number of active

vessels (Supplementary Figure S1). This reduction may have helped

to lower the fishing pressure on the anchovy stock. This is

supported by the most recent stock assessments of both species,

which showed a slight recovery of Spawning Stock Biomass (SSB)

and a decreasing trend of fishing mortality, which was closed to the

reference value for this species (Angelini et al., 2024).

Notwithstanding this sign of improvements, size-at-age and

overall mean sizes of the stock have still declined or have not

fully recovered, likely due to slower growth, truncated age

structures, and recruitment failures (Van Beveren et al., 2014;

Brosset et al., 2017). In contrast, sardine stock remains under

notable fishing pressure, particularly following an increase in

Croatian landings over the past two decades (Cikes-Kéc et al.,

2024). Furthermore, the use of highly selective traditional gear such

as the purse seine (Lampara)—more size-selective than the pelagic

trawler (Volante)—intensifies exploitation on larger individuals

(Carpi et al., 2017). This may be reinforcing selection for early

maturation and smaller adult size, as documented in other

intensively exploited systems (Sharpe and Hendry, 2009; Law,

2000; Heino et al., 2015; Albo-Puigserver et al., 2021).
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In this study, we used the number of active vessels targeting

small pelagic fish as a proxy for fishing pressure. While this metric is

consistently available across years, it does not fully capture the true

intensity of exploitation, particularly considering technological

improvements and changes in fleet composition over time. For

example, although the number of vessels has decreased—especially

in the Italian fleet—the modern fleet is more efficient, with higher

engine power, more effective gear types, and broader spatial reach

(Villasante and Sumaila, 2010). This suggests that modern fleets,

despite being smaller in number, may exert equivalent or greater

selective pressure due to technological advancements and broader

spatial coverage. The apparent paradox of fewer vessels but smaller

fish thus reflects a shift toward more efficient fishing practices. This

pattern underscores the importance of considering both

technological change and spatial effort distribution when

interpreting exploitation indicators.

To more accurately represent fishing pressure in ecosystem-

based analyses, we recommend using higher-level indicators—such

as standardized CPUE, effort in kilowatt-days, or fishing mortality

(F) from stock assessments—as proposed by Piet et al. (2006). These

metrics better capture fleet efficiency, spatial patterns of effort, and

technological improvements over time, particularly in areas with

vulnerable spawning aggregations.
4.3 Environmental drivers

Aside from anthropogenic pressures, which emerged as the

dominant driver of growth decline in Adriatic small pelagic species,

our findings reveal a complex, lagged, and species-specific influence

of environmental variability on somatic growth. Although the exact

life-history phases affected remain uncertain, wML likely reflects the

average age structure of these short-lived populations (maximum

lifespan ~2 years). Within such a narrow age window, the

incorporation of environmental lags provides a proxy to link

covariate effects to specific life-cycle phases (e.g., recruitment,

juvenile growth, or early adult stage), thereby clarifying how

environmental forcing may differentially affect anchovy

and sardine.

4.3.1 Anchovy
The combination of Po River discharge and chlorophyll-a at 1-

month lag likely reflects the immediate influence of environmental

variability, possibly affecting anchovy size throughout the life span of

this species. In the Adriatic Sea, anchovy spawning generally occurs

from late spring through summer, but recruitment becomes ecologically

critical in early autumn, when juveniles must locate sufficient food and

suitable environmental conditions to support growth and survival

(Morello and Arneri, 2009). Santojanni et al. (2006) reported a

significant positive effect of Po River discharge on anchovy

recruitment. However, Hopkins (2002) suggested that elevated

freshwater input could trigger advection processes, transporting larvae

and eggs offshore into less nutrient rich environments characterized by

different phytoplankton communities (Mozetič et al., 2012).
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Water transparency also plays a key role in anchovy foraging

efficiency by enhancing prey visibility (Aldanondo et al., 2010).

High chlorophyll concentrations, particularly when associated with

riverine input, can increase turbidity and hinder visual predation

(Brosset et al., 2017). Anchovies possess a flexible feeding strategy,

alternating between filter-feeding and active biting depending on

prey size and density (Bulgakova, 1993; Zorica et al., 2021).

However, this plasticity also makes them more sensitive to

turbidity, which directly affects their visual hunting capacity.

Anchovies tend to avoid nutrient-rich freshwater plumes

(Palomera et al., 2007), and their abundance has been shown to

increase in areas farther from turbid estuarine zones (Drake et al.,

2007). For instance, Basilone et al. (2017) observed that adult

anchovies forage more frequently in offshore waters, where prey

availability may be lower, but water clarity is greater, improving

detection of prey.

Nonetheless, some studies suggested that anchovy juveniles

may occasionally utilize moderately turbid coastal areas as

temporary refuge habitats. Drake et al. (2007) and Costalago

(2015) noted this behavior, while Tugores et al. (2011) and

Giannoulaki et al. (2013) proposed that intermediate levels of

chlorophyll and turbidity may benefit early-stage survival by

providing food and partial protection from predators.

Our model results are consistent with this interpretation. We

found that chlorophyll-a and Po River discharge positively

influence anchovy size structure—but only within specific

thresholds. In particular, predicted size increased when

chlorophyll-a remained below 0.2 mg/m³ and Po discharge below

4000 m³/s (Figure 4). These conditions typically occur in areas

farther from the river mouth, such as Ancona, where chlorophyll

concentrations rarely exceeded 0.4 mg/m³ (Supplementary Figure

S5, panel C). Beyond this threshold, the model produced

increasingly wide confidence intervals, reflecting a lack of data

support and greater uncertainty for higher chlorophyll values in this

area. Conversely, in Chioggia, where chlorophyll-a values reached

up to 0.81 mg/m³, the model showed a more regular, upward trend

in predicted size.

Importantly, our findings also indicated that this environmental

combination operates at a 1-month lag, which may be explained by

the income breeding strategy of anchovy. This reproductive strategy

relies on recently acquired energy rather than stored reserves

(Schismenou et al., 2024), making anchovy particularly sensitive

to short-term changes in food availability and water quality during

and just after the spawning season. As such, episodic autumnal

events—such as floods and heavy rainfall, increasingly frequent in

the northern Adriatic in recent years (Montanari et al., 2023)—may

have immediate and direct effects on recruitment success by altering

prey accessibility and habitat quality during this critical

developmental window.

4.3.2 Sardine
In our model, temperature was selected showing a sigmoidal

response that indicates the existence of an optimal thermal window

(Figure 6, middle-right panel). This supports earlier observations by

Palomera et al. (2007), who reported a phenological shift in sardine
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populations: while the timing of spawning has remained stable, the

period of peak condition has moved from autumn to early summer,

likely in response to shifting seasonal prey dynamics. This may also

explain why predicted wML in our model plateaued when sea

surface temperatures exceeded 20°C. Although elevated

temperatures enhance metabolic rates, food limitation or

misalignment with prey peaks may constrain somatic growth

(Brosset et al., 2015, 2016; Van Beveren et al., 2016; Patti et al.,

2020; Hattab et al., 2021).

Notably, the selection of both environmental variables at a 12-

month lag aligns well with the sardine’s capital breeding strategy.

Unlike anchovies, sardines spawn during the winter months—when

food availability is lowest—and rely on energy reserves accumulated

during the previous productive season (Morello and Arneri, 2009;

Gkanasos et al., 2019; Albo-Puigserver et al., 2020). This strategy

renders them highly dependent on conditions experienced in the

spring and summer of the preceding year. Supporting this,

Schismenou et al. (2024) found that sardines in the North Aegean

Sea exhibited peak condition in summer–early autumn, with

significantly reduced energy and lipid content during the

reproductive season. Furthermore, while higher autumn and

winter temperatures may favor metabolism, they may also disrupt

the delicate energy balance required for successful reproduction if

prey availability is low or poorly timed. In recent years, sea

temperatures during autumn and winter in the Adriatic have

remained relatively high (Salini et al., 2024), which may interfere

with the effectiveness of capital breeding (Varpe et al., 2009;

Sainmont et al., 2014).

In addition to the sigmoidal temperature response, our length

data revealed a marked seasonal component that offers further

insight into the thermal sensitivity of sardine growth. Analyses on

length data (unpublished) showed that the highest variance in wML

occurs during winter months, coinciding with the spawning period

and the presence of multiple cohorts in the population. Conversely,

in summer, variance reaches its minimum, as the population

becomes dominated by larger individuals. This seasonal

stabilization likely results from the growth of age-0 sardines and,

at the same time, from thermal constraints on somatic growth as

summer sea surface temperatures in the Adriatic Sea often exceed

26 °C, well above the optimal range indicated by our model.

Experimental and field evidence supports this interpretation.

Schismenou et al. (2016) identified an optimal growth temperature

for juvenile sardines around 24 °C, beyond which growth declines,

while Thoral et al. (2023) demonstrated that food deprivation under

warm (20 °C) conditions led to rapid depletion of energy reserves

and high mortality, in contrast to the energy-saving mechanisms

observed at cooler winter temperatures (12°C). These findings

suggest that high summer temperatures amplify metabolic stress,

limiting energy storage and ultimately constraining growth.

Similarly, Albo-Puigserver et al. (2020) described strong seasonal

fluctuations in sardine energy density and lipid content, with

maximum values in spring–summer and a sharp decline by early

autumn, reflecting the depletion of energy reserves under thermal

and trophic stress. This pattern is consistent with the capital

breeding strategy described above, where energy accumulated
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during the productive season is subsequently mobilized for winter

reproduction (Morello and Arneri, 2009; Albo-Puigserver

et al., 2020).

From a broader biogeographical perspective, Dimarchopoulou

and Tsikliras (2022) showed that sardine asymptotic length is

negatively correlated with sea temperature and positively with

oxygen concentration, implying that warming and oxygen

limitation can drive a reduction in body size. The same

conclusion is echoed by the Gill-Oxygen Limitation Theory

(Pauly, 2021) and supported by habitat-suitability projections

from Lima et al. (2022) and Pennino et al. (2020), which

identified optimal sardine habitats at sea surface temperatures

between 10°C and 22°C, with future warming expected to reduce

suitable areas in the Mediterranean basin.

In conclusion, these findings suggest that the seasonal

modulation in size structure observed in the Adriatic sardine

population results from the interaction between temperature-

driven metabolic constraints, prey availability and the species’

reproductive strategy. During the summer, when temperatures

exceed the thermal optimum and prey composition shifts toward

smaller, less energetic plankton (Thoral et al., 2023), growth and

condition are likely limited despite the apparent dominance of

larger individuals. In winter, by contrast, the coexistence of multiple

cohorts and increased size variance reflect both active recruitment

and the redistribution of stored energy toward reproduction. This

dynamic interplay highlights how ongoing warming trends in the

Adriatic Sea may progressively narrow the thermal and energetic

window within which sardines can sustain both somatic growth and

reproductive output, ultimately threatening the resilience of this

capital-breeding population.
4.4 Socio-economic implications

The reduction in wML of anchovy and sardine observed in the

Adriatic Sea has had clear ecological implications but also

significant economic consequences for coastal communities

reliant on these stocks. In ports such as Chioggia and Ancona,

which historically constituted major hubs for pelagic fisheries, a

sharp decline in average fish size has coincided with a parallel drop

in both landings and fleet size (Supplementary Figure S1),

indicating a contraction of the fishery sector. According to the

FAO (2023), Italy remains among the top contributors to capture

small pelagics in the Mediterranean; however, its production

declined by nearly 29% between 2018 and 2021, a trend partly

attributable to the reduced commercial value of smaller individuals

and increased operational costs.

Smaller fish yield lower prices per kilogram and are less suited

for high-value processing, reducing profit margins and

disincentivising long trips or fleet maintenance (Colloca et al.,

2017). This situation is especially critical in the northern Adriatic,

where pelagic pair trawling has historically supported a sizable

portion of the local economy (Cingolani et al., 1996; Barausse et al.,

2009). The loss of size structure thus translates into reduced

economic returns per unit effort (Quezada-Escalona et al., 2025),
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creating a negative feedback loop between resource condition and

fishing capacity. Moreover, Carpi et al. (2015) noted that fisheries

targeting small pelagics in the Adriatic are highly vulnerable to

combine environmental and anthropogenic stressors, which can

amplify socio-economic risks. Furthermore, as previously noted by

Basilone et al. (2017), persistent reductions in mean fish length may

also affect recruitment and long-term stock productivity, triggering

a feedback loop that further destabilizes local economies.

In ports like Ancona and Chioggia, the reduction in average

catch size exacerbates existing vulnerabilities, contributing to ageing

fleets, job loss, and community-level economic instability. These

findings reinforce the need for adaptive management strategies that

not only target stock recovery but also consider the socio-economic

resilience of fishing communities.

Our GAM results confirm that fishing effort (Fleet) remains a

key predictor of size structure, with port-specific interactions

pointing to different exploitation regimes. The economic effects of

this biological contraction are compounded by external pressures,

including rising fuel costs (Sabatella et al., 2017) and reduced

consumer demand for smaller fish.

Studies such as the present work, along with others focused on

GAM modeling and small pelagic fisheries (e.g., Falco et al., 2007;

Tugores et al., 2011; Giannoulaki et al., 2013; Carpi et al., 2015), as well

as research promoting ecosystem-based fisheries management (EBFM)

approaches (e.g., Coll et al., 2007, 2016, Coll et al., 2016; Piroddi et al.,

2017; Russo et al., 2015), have contributed to the development of more

targeted and integrated regulatory frameworks. In particular, findings

highlighting long-term changes in size structure and the combined

influence of fishing and environmental pressures have supported the

implementation of precautionary and adaptive management strategies.

These include transitional catch limits and seasonal closures, as

outlined in GFCM/44/2021/20 Recommendation. Encouragingly,

recent assessments—such as the 2023 Stock Assessment Form (SAF)

for anchovy in GSAs 17–18 (Angelini et al., 2024)—report early signs

of stock stabilization, suggesting that such measures may be beginning

to reverse previous declines.
5 Conclusion

This study underscored the value of integrating long-term

fishery-dependent data with flexible modeling approaches to

uncover the complex drivers of size structure in Adriatic small

pelagic species. Our study highlighted the primary impacts of

fishing pressure, followed by the influence of specific

environmental variables on the size of these species. In addition,

spatial resolution and temporal lags proved to be essential

components of this type of analysis, as the effects of the examined

variables influence these stocks at different scales, depending on the

feeding and breeding strategy of each species. In fact, anchovy

appears to be more responsive to short-term productivity pulses but

negatively affected by freshwater surges, while sardine is shaped by

delayed environmental conditions, particularly thermal regimes,

with regional differences in the role of primary productivity. This

differentiation is critical in the context of climate change, which is
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expected to reduce freshwater input, raise sea surface temperatures,

and modify phytoplankton dynamics across the Adriatic Sea

(Giannoulaki et al., 2013; Lindmark et al., 2022). Understanding

how these environmental changes interact with fishing pressure will

be essential for the sustainable management of small pelagic fish

under shifting ecological baselines (Quezada-Escalona et al., 2025;

Planque et al., 2010; Van Beveren et al., 2014). This knowledge

supported the urgent need for adaptive, ecosystem-based

management strategies that consider historical legacies and

species-specific responses to exploitation.
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Leonori, I., Tičina, V., Giannoulaki, M., Hattab, T., Iglesias, M., Bonanno, A., et al.
(2021). History of hydroacoustic surveys on small pelagic fish species in the European
Mediterranean Sea. Mediterr Mar. Sci. 22, 751–768. doi: 10.12681/mms.26001

Lima, A. R. A., Baltazar-Soarez, M., Garrido, S., Riveiro, I., Carrera, P., Piecho-
Santos, M. A., et al. (2022). Forecasting shift in habitat suitability across the distribution
range of a temperate small pelagic fish under different scenarios of climate change. Sci.
Total Environ. 804, 15167. doi: 10.1016/j.scitotenv.2021.150167

Lindmark, M., Audzijonyte, A., Blanchard, J. L., and Gardmark, A. (2022).
Temperature impacts on fish physiology and resource abundance lead to faster
growth but smaller fish sizes and yields under warming. Glob. Change Biol. 28,
6239–6253. doi: 10.1111/gcb.16341

Lleonart, J., and Maynou, F. (2003). Fish stock assessments in the Mediterranean:
state of the art. Sci. Mar. 67, 37–49. doi: 10.3989/scimar.2003.67s137

Lucchetti, A., Belardinelli, A., D’Andrea, L., Marčeta, B., Martinelli, M., Russo, T.,
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