o-d fi
e fishes

Article

Trace Metals in Twaite Shad (Alosa fallax): Patterns Across Two
Northern European Populations

Edoardo Nobili 1@, Zilvinas Pitys 1®, Kestutis Joksas 1,2(5 Elena Hauten 30, Eglé Jakubaviciute 1®,

Harry Gorfine 4

W) Check for updates

Academic Editor: Zhongdian Dong

Received: 9 December 2025

Revised: 19 January 2026

Accepted: 22 January 2026
Published: 1 February 2026
Copyright: © 2026 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license.

and Linas Lozys 1*

1 State Scientific Research Institute Nature Research Centre, Akademijos St. 2, LT-08412 Vilnius, Lithuania;
edoardo.nobili@gamtc.lt (E.N.)

Institute of Geosciences, Faculty of Chemistry and Geosciences, Vilnius University, M. K. Ciurlionio St. 21/27,
LT-3101 Vilnius, Lithuania

Institute for Marine Ecosystem and Fishery Science, University of Hamburg, Grosse Elbstrasse 133,

22767 Hamburg, Germany; elena.hauten@uni-hamburg.de

Deakin Marine Research and Innovation Centre, School of Life and Environmental Sciences, Deakin
University, Warrnambool, VIC 3280, Australia

Correspondence: linas.lozys@gamtc.lt

Abstract

Heavy metal contamination poses concerns for managing Twaite shad (Alosa fallax) popula-
tions, yet data remain sparse. Intermittent capture as bycatch, with negligible prospects for
post-release survival and IUCN Red listing, provides a compelling case for investigation.
Concentrations of six trace metals (As, Cd, Cr, Cu, Pb and Zn) in the dorsal muscle tissue of
A. fallax from the Curonian Lagoon (Lithuania) and the Elbe Estuary (Germany) were ana-
lyzed to evaluate size-related patterns and compliance with international safety standards.
Overall, metal levels were uniformly low, with Cd and Pb below EU limits. Cu exhibited
a weak negative correlation with fish weight (p = —0.35; p < 0.05), while Zn tended to
increase in larger individuals, reflecting its essential physiological role. Comparing both
adult populations, Cr and Zn, which provide nutritional benefits, were higher in the Curo-
nian Lagoon, whereas toxic As and Pb were higher in the Elbe Estuary. All concentrations
complied with EU and FAO thresholds, indicating acceptable risk for human consumption.
The findings provide baseline information for A. fallax as a potential bioindicator. Con-
straints on the number of A. fallax sampled, given its IUCN status, exclusion of Hg and
lack of environmental parameters, limit conclusions, but would be mostly remediable by
future research.

Keywords: Twaite shad; Alosa fallax; Curonian Lagoon; Elbe Estuary; heavy metal bioaccu-
mulation; fish muscle contamination; marine pollution

Key Contribution: This study provides the first comparative assessment of trace metal
bioaccumulation in Alosa fallax from two Northern European populations, demonstrating
uniformly low contamination levels and full compliance with international food safety
standards. It establishes baseline data for a near-threatened fish species and highlights its
potential as a bioindicator for regional pollution monitoring.

1. Introduction

In fish, heavy metals accumulate primarily through the gills, gastrointestinal tract
and skin. After absorption, they are distributed via the bloodstream to target tissues such
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as muscle and liver, where the metals bind to carrier and storage proteins [1,2]. The ex-
tent of bioaccumulation is determined by both environmental exposure (e.g., discharge of
wastewater, etc.) and intrinsic biological factors (e.g., species-specific metabolism, body
size, age) [3]. Excessive heavy metal contamination in organisms therefore affects nutri-
tional pathways in aquatic ecosystems and poses a potential risk to humans as consumers.
This is particularly apparent in semi-enclosed seas such as the Baltic Sea, where anthro-
pogenic pollution inputs and limited water exchange can enhance the risk of heavy metal
accumulation [4].

Twaite shad (Alosa fallax) [5] is an anadromous fish species distributed from Iceland
to Morocco, with substantial historical presence in the Baltic Sea and inland waters of
Lithuania [6]. However, environmental pollution and habitat modification over the past
60-70 years, including water impoundment and reclamation activities, caused a severe
decline in the local population [7], which led to the species being listed as endangered in
the Lithuanian Red List in 1992 [8].

In Germany, this species is also listed on the Red List and is currently classified as
highly endangered due to a steep decline in the German North Sea during 2002-2021 [9,10].
In the Elbe Estuary and other river systems in Germany, factors such as habitat loss and
water pollution are considered the main reasons for the decline in local populations [11].
Due to its sensitivity, the species is considered a bioindicator of water quality [12] because
A. fallax are primarily sensitive to industrial and wastewater pollution, responding rapidly
to relatively low levels of environmental contamination [6], notwithstanding impacts from
fishing pressure and spawning ground degradation [10,13-15]. This arises because poor
water quality, e.g., low DO and high turbidity, can impede adult access to spawning
grounds, which rely on clean freshwater and in the case of heavy metals, can be toxic to
embryos and larvae [16]. A recent study comparing fish abundance and environmental
parameters in the Elbe Estuary showed a sharp decline in all key fish species, especially
A. fallax, with a population decline of 98.8% since 2009-2010 [17]. Spawning occurs in
the freshwater Curonian Lagoon (SE Baltic), where abundance increased rapidly and has
remained steady from 1994 onwards [7]. The IUCN now lists the species as ‘near threatened’
in line with a general improvement in its abundance throughout much of Europe [18].

Knowledge about the role of the contaminant burden in A. fallax, needed to address
concerns about ecological and consumer impacts, has, to date, been very limited. Metal
accumulation may be influenced by ontogenesis, including factors like age and size. Many
metals (except mercury) exhibit inverse or variable relationships with size/age, reflect-
ing significant contingency on species, physiology and exposure history [19]. Indeed,
whereas older benthivores can show higher concentrations of heavy metals in their tissues
accumulated over longer exposure periods, larger pelagic fish species often exhibit lower
concentrations from dilution as they continue to grow, with only low or negligible further
absorption [20-24].

This study addresses the deficiency in knowledge by analyzing the bioaccumula-
tion of six heavy metals, Arsenic (As), Cadmium (Cd), Chromium (Cr), Copper (Cu),
Lead (Pb) and Zinc (Zn), in the dorsal white muscle of A. fallax from the Curonian La-
goon (Lithuania) and the Elbe Estuary (Germany). We specifically tested the hypoth-
esis that heavy metal concentrations correlate with fish body size (length and weight).
The main rationale for pursuing this hypothesis is that ingestion, absorption, deposition,
excretion and detoxification processes depend on metabolism, which varies with body
size and species [20,21,23]. Of course, accumulation of a specific heavy metal contami-
nant in fish depends upon exposure levels, mediated by life history, habitat and feeding
patterns [16,17,19,21]. Previous research has revealed positive and negative correlations
between fish size and trace and toxic metal concentrations in their tissues [16,17,20,21].

https:/ /doi.org/10.3390/fishes11020085


https://doi.org/10.3390/fishes11020085

Fishes 2026, 11, 85

30f15

55°34'41"N 55°46' 35" N

55°22'44" N

20°44'31"E

]
a

Baltic Sea

20°44'31"E

In addition, comparisons were made between the two A. fallax populations (Curonian
Lagoon vs. Elbe Estuary) in the context of previous studies of heavy metal contamination
of their respective environments. Finally, the study evaluates whether the concentrations
detected exceed the maximum allowable limits set by the EC [25], FAO [26] and related
food safety standards.

Although previous research has examined heavy metal accumulation in Baltic fish,
most studies have focused on a limited set of elements and species [27]. To our knowledge,
this is the first study specifically addressing metal accumulation in A. fallax from the Baltic
and tidal Elbe regions. By integrating biometric correlations, inter-population comparisons
and food safety thresholds, this work provides new insights into contaminant dynamics in
recovering and declining populations of an anadromous species and contributes to regional
monitoring and conservation efforts.

2. Materials and Methods
2.1. Sampling Locations

Sampling was conducted at locations in Lithuania and Germany to differentiate
between heavy metal uptake related to Twaite shad biology and accumulation under
differing environmental conditions. The locations were as follows:

1.  The Curonian Lagoon (Figure 1), one of Europe’s largest coastal lagoons extending
from Lithuania in the north to Russia’s Kaliningrad Oblast in the south. It is connected
to the Baltic Sea by the Klaipéda Strait, 70 km north of the Nemunas River Delta.
Samples were collected from 55°21'24” N 21°10’51" E; and

2. The Elbe Estuary in Germany (Figure 1) is among Europe’s largest estuaries connected
to the North Sea. Samples were collected from 53°36'33"” N 9°33'55" E.
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Figure 1. Twaite shad (Alosa fallax) sampling sites in Lithuania (the Curonian Lagoon), and Germany
(the Elbe Estuary). Black open squares in inset panel depict the site locations, relative to each other, in
Northern Europe, and black solid circles in the left and right panels illustrate the locations within
each country.

2.2. Sample Collection

Alosa fallax samples of the Baltic Sea population were captured from spawning grounds
in the Curonian Lagoon during June 2022 using research fishing nets deployed from a
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small research boat. All live fish collected from the Curonian Lagoon were euthanized in
conformance with the European Council Directive 2010/63/EU on the protection of animals
used for scientific purposes, and in compliance with the Law on Welfare and Protection of
Animals of the Republic of Lithuania, Order No B1-866 of the Director of State Food and
Veterinary Service of the Republic of Lithuania for the keeping, care and use of animals
for scientific and educational purposes. An experienced operator accurately delivered a
percussive blow to the head of each fish with a wooden cudgel, followed immediately by
partial decapitation using a boning knife to sever dorsally through the spinal column at the
posterior margin of the cranial cavity.

The North Sea population was sampled in the spawning grounds of the Elbe Estuary
during April 2022 from the by-catch of a licensed fisher targeting smelt from the Lower
Saxony (Niedersachsen) area. In this instance, a commercial stow net (opening 135 m?,
mesh size of 10 mm at the cod end) was set from a boat, restricting the sample to legal-
sized fish. Alosa fallax is caught inadvertently in relatively small numbers in this gear
despite shots being restricted to short durations in the spawning season. Incidental fishing
mortality from capture is high among A. fallax, with fish usually dead after the nets are
hauled. Permission to use the 20 dead A. fallax for research purposes was granted by the
relevant fisheries authority in Lower Saxony, and the specimens were collected immediately
upon landing and taken directly to the laboratory in a polystyrene foam (EPS) box with
ample dry ice.

In Vente, biological measurements (Total Length-TL, Length-L, Weight-W and
Weight/Gonads-W) were made immediately upon collection, then the fish were subse-
quently frozen and stored at —20° degrees in a freezer cabinet (Forcar G-GN1200BT, Rimini,
Italy) prior to their transportation in a portable compressor-based freezer (Ezetil EZC 45,
IPV GmbH, Hungen, Germany) to the Fish Ecology Laboratory of the Lithuanian Nature
Research Centre in Vilnius, where all samples were stored in a chest freezer (Whirlpool
AFG 6402, Cassinetta di Biandronno, Italy) until processing.

2.3. Laboratory Preparation and Analysis

Good Laboratory Practice (GLP) was applied throughout the study (SafetyCulture, A
Guide to Good Laboratory Practice (GLP). Available online: https://safetyculture.com/
topics/good-laboratory-practice-glp/, accessed on 20 July 2024) [28], and procedural
blanks were analyzed to ensure accuracy. A total of 41 individuals from the Curonian
Lagoon and 20 from the Elbe Estuary were analyzed. Muscle tissue was selected as the ana-
lytical matrix because it is the most frequently used tissue in comparative trace metal studies
of fish, i.e., for fish nutrition and when the objectives include safety for human consump-
tion, allowing direct comparison across species, regions and monitoring programs [29-32].
Liver is preferable when the primary objective is environmental biomonitoring of toxic
pollutants [30,33]. In the laboratory, approximately 3—4 g of dorsal white muscle tissue was
carefully excised using a ceramic knife and weighed to the nearest 0.1 g with a precision
balance (KERN EG 4200-2NM, Balingen, Germany). The samples were then prepared
following a protocol adapted from Sen et al. [34]. Specifically, 3-4 g (wet weight) of each
sample was digested in 10 mL of ultra-pure nitric acid at 95 °C until the solution became
clear (approximately 90 min). Analytical or higher-grade reagents from Sigma Aldrich
(Steinheim, Germany) and Carl Roth (Karlsruhe, Germany) were used in the analysis. After
the addition of 3 mL of H,O,, the solution was held at 100 °C for a further 120 min. The
digest was then concentrated to a volume of 2 mL, cooled and filtered through a Whatman
filter into a volumetric flask and finally diluted to a final volume of 100 mL. The EPA
method 200.7/200.5 was used.
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The prepared fish samples were analyzed for Pb, Cu, Cr, Cd, As and Zn using a
Perkin Elmer Optima 7000 DV (Waltham, MA, USA) inductively coupled argon plasma
spectrometer (ICP-OES). For the trace elements, the LODs (ppb) were as follows: Cd (0.07),
As (3.6), Cr (0.3), Cu (0.3), Pb (1.5), Zn (0.2). Quality control measures performed during the
analysis included the cleaning of all glassware with 30% nitric acid, followed by thorough
rinsing with ultrapure deionized water, appropriate preparation of working standards
and analysis of blanks and internal standard. The NIST standard reference material 2702
was used for quality control. For each sample, three replicates were run. The analytical
procedure precision, expressed as a standard deviation, was less than 10%. Accuracy was
within 15% of the certified value for Cr and within 10% for the other elements. Precision,
expressed as RSD, was always less than 7% for the measured elements. All concentrations
were calculated on a wet weight basis.

2.4. Data Processing and Statistical Analysis

Sample results were corrected and expressed in ug/kg wet weight (WW) and subse-
quently converted to mg/kg for final analysis.

Prior to statistical analysis, the dataset was examined for extreme values. Outliers
were defined as observations exceeding 1.5 times the interquartile range (IQR); however,
no data points were excluded, as all values were considered biologically plausible and
representative of natural environmental variability. Values below the LOD were replaced
with half the relevant LOD as a constant.

Linear and generalized linear models were initially explored to assess relationships
between biometric variables (fish length, weight, condition, age, sex) and metal concen-
trations. However, model diagnostics indicated substantial violations of linearity and
homoscedasticity assumptions that could not be resolved through transformation or alter-
native link functions. Given the small sample sizes and presence of non-linear relationships,
Spearman rank correlations were therefore used as the primary analytical approach. Thus,
we only report Spearman correlation analysis as an indication of direction of association,
although we could not adjust for covariates.

Given the skewed distribution of the data, normality was assessed using the Shapiro—
Wilk test. As the data did not conform to a normal distribution, even after transformation,
Spearman’s rank correlation analysis was performed to assess the relationship between mor-
phological measurements and metal concentrations. Statistical analyses were completed us-
ing R 4.3.2 (CRAN, hosted at the Institute for Statistics and Mathematics of WU (Wirtschaft-
suniversitdt Wien), Vienna, Austria. Available online: https://cran.r-project.org/, accessed
on 20 July 2024) and Past4 (version 4.15, hosted by LO4D, Seattle, WA, USA. Available
online: https://past.en.lo4d.com/windows, accessed on 20 July 2024).

For analysis of the effect of size on tissue heavy metal content, the Curonian Lagoon
samples were assigned to one of two size categories based on their total length (TL):
“small” individuals ranged from 16.0 to 22.5 cm, and “large” individuals ranged from
30.5 to 48.0 cm. The division into two size groups is an indicator of the developmental
stage widely used in fish bioaccumulation studies [23,35]. These size categories essentially
correspond to juvenile (“small”) and adult (“large”) individuals, which also differ in their
habitat use and feeding behavior.

Comparison between the Baltic and North Sea populations was undertaken by select-
ing the largest 20 A. fallax from the Curonian Lagoon samples (38—48 cm), which approxi-
mated the constrained size distribution of the commercial bycatch samples (40-44 cm) from
the Elbe Estuary. As length at maturity is 30-40 cm (Fishbase Alosa fallax (Lacepede, 1803)
Twaite shad, Available online: https://www.fishbase.org.au/summary/SpeciesSummary.
php?ID=5355&AT=twaite+shad, accessed on 23 January 2026), this effectively excluded
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data for juveniles from the Curonian Lagoon, which could otherwise confound the analysis.
During an exploratory data analysis, the Bartlett test for homogeneity of variances and
the Shapiro-Wilk normality test both identified violations of assumptions necessary for
parametric multivariate analysis such as MANOVA. Accordingly, the data were analyzed
using the nonparametric ANOSIM in R 4.3.2 (CRAN, hosted at the Institute for Statistics
and Mathematics of WU (Wirtschaftsuniversitdt Wien), Vienna, Austria. Available online:
https:/ /cran.r-project.org/, accessed on 20 July 2024).

3. Results
3.1. Curonian Lagoon

Concentrations (mg/kg WW), range and mean values & SD of each heavy metal (As,
Cd, Cr, Cu and Pb) in muscle tissues of A. fallax sampled from the Curonian Lagoon during

this study exhibited high variability. Ranges (min-max) in values were one and in some
instances two orders of magnitude (Table 1).

Table 1. Summary statistics for heavy metal concentrations (mg/kg WW) in the muscle tissue of
Alosa fallax from the Curonian Lagoon. The Food safety limit = EC or FAO requirement for a specific

element.
Parameter As Cd Cr Cu Pb Zn
Mean 0.007 0.001 0.09 0.24 0.01 241
SD 0.006 0.001 0.21 0.15 0.01 1.49
N samples 41 41 41 41 41 41
N detectable 12 5 18 17 21 17
Precision (SE/Mean) 0.27 0.36 0.20 0.15 0.18 0.09
Max 0.04 0.008 0.9 0.65 0.04 6.06
Min 0.005 0.001 0.01 0.01 0.01 0.7
Food safety limit 0.1 0.05 0.15 30 0.3 40

Spearman correlation analyses between biometric variables (Total Length, TL and
Total Weight, TW) and heavy metal concentrations (As, Cd, Cr, Cu, Pb, Zn) showed a
significant but weak negative correlation between TW and Cu concentration (p = —0.35;
p < 0.05). No significant correlations were found between biometric variables and the
concentrations of other metals (Table 2).

Table 2. Spearman’s rank correlation matrix showing the relationships between the concentrations of
six heavy metals (As, Cd, Cr, Cu, Pb, Zn) and fish size (weight and length) in Alosa fallax from the
Curonian Lagoon (* statistically significant, p < 0.05).

TL (cm) TW (g) As Cd Cr Cu Pb Zn
TL
@
TW (g) 0.97 1
As —0.002 0.021 1
Cd —0.26 —0.20 0.40 1
Cr —0.27 -030 —0.072 —0.034 1
Cu -030 —-035* —-030 —0.23 0.35 1
Pb —0.001 0.056 0.19 0.58 —-0.032 —-022 1
Zn 0.18 0.16 —-049 —-032 0.22 0.28 —0.029 1

The highest concentrations (mg/kg) of As (0.04), Cd (0.008), Cr (0.9), Cu (0.65) and Pb
(0.04) were measured in the smallest individuals, whereas As, Cd and Pb levels were below
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instrumental detection limits in most muscle samples from larger specimens. In contrast,
the highest levels of Zn (6.06) were found in the largest fish (Table 1).

None of the results exceeded the MRL (Maximum Residual Limit) EC/FAO limits for
human consumption, i.e., EC (Cd 0.05 mg/kg, Pb 0.30 mg/kg) and FAO (As 0.10 mg/kg,
Cr 0.15 mg/kg, Cu 30 mg/kg, Zn 40 mg/kg).

3.2. Elbe Estuary

The concentrations of trace metals in A. fallax from the Elbe Estuary were uniformly
low (Table 3). Mean values (mg/kg WW) were As (0.03 £ 0.02), Cd (0.001 £ 0.001), Cr
(0.02 4 0.01), Cu (0.25 £ 0.09), Pb (0.02 4 0.01) and Zn (0.93 £ 0.33). Cd was below the de-
tection limit in all samples, whereas As, Cr, Cu, Pb and Zn were consistently detectable. The
highest concentrations were recorded for Zn (up to 1.7 mg/kg) and Cu (up to 0.4 mg/kg).
None of the observed concentrations exceeded the maximum permissible levels for hu-
man consumption established by the EC (Cd 0.05 mg/kg, Pb 0.30 mg/kg) and FAO (As
0.10 mg/kg, Cr 0.15 mg/kg, Cu 30 mg/kg, Zn 40 mg/kg), indicating no food safety concern
for human consumption.

Table 3. Heavy metal concentrations (mg/kg WW) in the muscle tissue of Alosa fallax from the Elbe
Estuary, Germany. The food safety limit = EC or FAO requirement for a specific element.

Parameter As Cd Cr Cu Pb Zn
Mean 0.03 0.001 0.02 0.25 0.02 0.93
SD 0.02 0.001 0.01 0.09 0.01 0.33
N samples 20 20 20 20 20 20
N detectable 20 0 20 20 20 20
Precision (SE/Mean) 0.10 0.20 0.10 0.08 0.10 0.08
Max 0.08 0.001 0.07 0.4 0.05 1.7
Min 0.01 0.001 0.01 0.1 0.01 0.6
Food safety limit 0.10 0.05 0.15 30 0.30 40

3.3. Comparison Between Lithuanian and German Samples

Differences in concentrations of heavy metals in A. fallax tissues between the Curonian
Lagoon and the Elbe Estuary were significant (Table 4).

Table 4. Multivariate comparison (ANOSIM) of heavy metal concentrations (mg/kg WW) in the
muscle tissue of Alosa fallax between the North Sea (Elbe Estuary, Germany) and the Baltic Sea
(Curonian Lagoon, Lithuania).

Test/Comparison Global R p-Value Permutations
Between locations 0.2767 0.003 999
Between locations and HMs 0.3255 0.001 999

4. Discussion

The main objectives of this study were to analyze the accumulation of heavy metals in
the white muscle tissue of A. fallax from the Baltic Sea, Lithuania, compare these results with
those of commercial-sized A. fallax caught as bycatch in the Elbe Estuary, Germany, and
to investigate the relationship between metal concentrations and fish size. Recent reports
indicate that parts of the Baltic Sea are highly polluted [36] (Baltic Waters, available online:
https:/ /balticwaters.org/en/is-the-baltic-sea-the-worlds-most-polluted-sea/, accessed on
23 August 2025; Race For The Baltic, available online: https:/ /www.raceforthebaltic.com/,
accessed on 29 December 2025). Therefore, monitoring heavy metal concentrations in
fish tissue is necessary to exclude any unacceptable risk to consumers of recreational and
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commercial catches and to document any possible exceedance of prescribed safe limits for
human consumption. As a pollution-sensitive species [6] recovering from an ‘endangered’
population status classification in Baltic but not the German North Sea [8-10] and now
listed as ‘near threatened” by the IUCN [18] (noting that national Red List classifications
do not necessarily concur with IUCN global and European classifications), there is also
an ecological imperative for improving the knowledge base about accumulation of toxic
substances in A. fallax that potentially jeopardize its survival.

We hypothesized that larger fish would exhibit higher concentrations of heavy metals
due to their greater tissue mass and longer exposure arising from their advanced age. In
our dataset, most metals showed no significant relationship with fish length or weight,
confirming that size plays a limited role in A. fallax from the Curonian Lagoon. The only
exception was copper (Cu), which exhibited a weak but significant negative correlation
with total weight (p < 0.05). This pattern may reflect specific metabolic regulation of Cu,
including more efficient excretion or redistribution in larger individuals [23,37].

In the Curonian Lagoon, we found that Zn concentrations in muscle tissue tended to be
slightly higher in larger A. fallax individuals, with the highest value observed in the largest
size class (6.06 mg/kg). This suggests that Zn accumulation may be linked to somatic
growth, reflecting its essential biological role. As Zn is a vital trace element in fish, it con-
tributes to growth, immune function and enzymatic activity [38,39]. Unlike non-essential
metals, Zn is tightly regulated through homeostatic mechanisms in teleosts [40], which
ensures availability for physiological functions without reaching toxic levels. Although
the concentrations measured in this study remain well within safe ranges for humans, Zn
levels in larger individuals may influence trophic transfer to higher predators, highlighting
its ecological relevance. The observed pattern, where Zn increases with body size while
most other metals decline or remain stable, aligns with findings in other clupeids [38,41].

While juveniles often occupy lagoonal or coastal habitats where they are potentially
more exposed to anthropogenic inputs, adults migrate to more stable, potentially less
polluted open waters. This habitat differentiation has been observed in A. fallax through
various studies [6,42], highlighting the importance of estuarine and freshwater nursery
areas for juveniles and offshore coastal habitats for adults [43].

Despite potentially lower environmental concentrations in habitats inhabited by adults,
physiological factors such as increased metabolic demands during somatic growth and strict
homeostatic control likely contribute to higher Zn accumulation in larger individuals [34,44].
Ontogenetic physiological regulation may buffer environmental differences across life
stages, resulting in greater Zn retention in adult muscle tissue [19].

Although fish size generally showed limited correlation with metal accumulation
in this study, Cu exhibited a significant but weak negative correlation with total length
and total weight in A. fallax. This pattern suggests that smaller individuals tend to have
higher muscle Cu concentrations. Cu metabolism in fish involves complex physiological
regulation, primarily through sequestration in tissues and limited elimination pathways.
Studies of Cyprinus carpio have demonstrated that while some metal elimination occurs
via gills and liver, elimination from muscle tissue is negligible, meaning Cu tends to
accumulate and be retained once deposited in muscle [2]. Zn, in contrast, is more effectively
regulated and maintained at homeostatic levels in tissues, which may explain the differing
accumulation patterns between Cu and Zn [2,45].

Other factors, such as diet, metabolic rate and environmental conditions, can further
influence metal accumulation dynamics. These factors were not directly measured in this
study, and their potential impact on the observed correlations should be considered in future
research. Habitat use may also contribute to these differences, as nursery areas occupied by
juveniles are more exposed to agricultural runoff and urban discharges, whereas adults
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inhabit open water areas with lower contamination levels [46,47]. An exception being
offshore spoil-grounds, where dredged channel and port sediments are dumped [36,48,49].
Higher Cu bioavailability localized to estuarine or freshwater nursery areas might help
explain the weak negative trend with size that we observed.

Furthermore, differences in excretion and detoxification pathways may explain why
non-essential metals (e.g., Cd, Pb) tend to decline with fish size, while essential elements like
Zn can increase or remain stable [38,50]. Similar size-dependent trends have been reported
in other clupeid species, such as Clupea harengus from the Baltic Sea, supporting the idea that
both ontogeny and ecology interact with physiology in shaping metal accumulation [26].

Body size is a recognized factor influencing metal bioaccumulation, as it affects
metabolic rates and the balance between uptake and elimination [31,39].

Previous studies have revealed relationships, both positive and negative, between
metal levels in fish muscle tissue and fish size. For example, Tekin-Ozan and Aktan [51]
found both positive and negative relationships between body size and heavy metal levels
in tissues and organs of Cyprinus carpio from Lake Isikli. Merciai et al. [17] observed a
negative and statistically significant correlation between fish size and heavy metal content
in Spain’s Llobregat River. Similarly, Canli and Atli [16] suggested that negative correlations
between metal concentration and size could be explained by differences in metabolic activity
between juveniles and adults.

Although our study suggests some size-dependent trends in metal accumulation,
several limitations must be considered when interpreting these results. In particular, the
sample size was relatively small, which may affect the robustness of the statistical findings.
A larger sample size would improve the representativeness of observed correlations and
reduce the influence of outliers or sampling bias. Body size was used as a practical and
biologically relevant proxy for developmental stage and, accordingly, age. Nevertheless, age
likely plays a critical role in metal bioaccumulation since older fish may accumulate metals
over prolonged exposure intervals. Future studies should consider incorporating validated
age data to better understand the role of ontogeny in heavy metal bioaccumulation.

The populations of A. fallax from the Curonian Lagoon and the Elbe Estuary show
some notable similarities in metal accumulation, particularly in the generally low levels of
contamination found in muscle tissue of both populations. However, the environmental
conditions differed, and differences in heavy metal tissue concentrations between the
large, presumably mature fish from the two populations differed significantly. Importantly,
higher levels of the essential trace elements Cr and Zn in the Curonian Lagoon will be
playing vital biomolecular roles as nutrients in metabolic processes, such as the production
of structural proteins that promote growth and development [52] and immune system
functionality [53]. In contrast, higher levels of the non-essential, highly toxic As and Pb
in the Elbe Estuary will have negative effects on A. fallax ontogenetic development and
population ecology, including stunting growth, producing morphological abnormalities,
impairing reproduction and reducing survival [54].

The Curonian Lagoon is impacted by agricultural runoff, industrial activities and
historical pollution, mainly from the Nemunas River catchment (~98,000 km?) and regional
industries, which contribute to elevated nutrient and metal loads, although recent im-
provements in wastewater treatment have helped mitigate pollution [55]. Seasonal events
linked to algal blooms also adversely affect Lagoon water quality but do not appear to
have elevated metal concentrations in fish muscle above safety limits. In contrast, the Elbe
River drainage basin encompasses a vast area covering approximately 148,000 km?, making
it the fourth largest basin in Central Europe. Approximately two-thirds of this basin lies
within Germany, with the rest mostly in the Czech Republic. This river drains extensive
regions with a longstanding history of pollution from various sources, including discharge
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from heavily industrialized areas, intensive agriculture and runoff from densely populated
urban areas [56]. Long-term river water quality management initiatives since German
reunification in the 1990s have led to significant improvements, including reductions in
nutrients, organic carbon and metals, which lowered contamination risks in connected
aquatic biota [56,57]. Current water and sediment monitoring confirm that heavy metal
concentrations in biota remain below EU safety thresholds for fish products [58].

Considering previous studies of the heavy metal content of sediment from both loca-
tions provides insights into our multivariate comparison, on the premise that whilst water
contamination can be transient, sediment levels will show physicochemical cumulative
effects, more akin to potential bioaccumulation. Although much can change over a decade,
Wetzel et al. [59] showed that concentrations of heavy metals in the sediments of the Elbe
Estuary were significantly higher upstream in the estuary, markedly so for As, Cu, Hg
and Zn. Downstream in the Elbe Estuary, there was a significant decrease in contaminant
concentrations toward the sea, with the highest toxicity in the inner estuary. Highest
average sediment concentrations of Zn, 392 ppm (90-691 ppm), followed by Cr, 83 ppm
(34-108 ppm) and Pb, 81 ppm (16-128 ppm), while relatively low values were measured
for Cd, 2 ppm (0.1-4 ppm) and Hg, 1 ppm (0.1-3.0 ppm). In other studies of the Elbe, Reese
etal. [60] and Von den Au [61] demonstrated similar gradients.

Indeed, Zn was also the highest among the heavy metals investigated in Lithuania,
where a 2018 study [48] showed a marked decrease between the maximum sediment
concentrations in spoil grounds in the Baltic Sea offshore from Klaipeda (Max: Zn 157.1, Cr
75.4, Pb 46.3 ppm) and those in the Curonian Lagoon (max: Zn 11.2, Cr 25.8, Pb 6.7 ppm).
It is important to point out the role of sediment type, with finer sediments generally having
higher concentrations [48]. An extensive 2016 study of the Curonian Lagoon [62], with
34 fine sand sites (max: Zn 33.0, Cr 18.0, Pb 18.9 ppm) and seven sites with mud substrate
(max: Zn 105.0, Cr 40.0, Pb 44.7 ppm) highlighted the importance of habitat characteristics
in determining exposure. This study also tested for Hg in the Curonian Lagoon, with
a range of <0.01-0.03 ppm in sand and 0.03-0.21 ppm in mud, so although Hg was not
tested in A. fallax tissues in our study, the environmental data from previous studies in
both locations imply that exposure risk is low. Mean concentrations of all the heavy metals
combined were 3.7-7.4 times higher in the mud sediments than in sand, which is more
prevalent in the Lagoon. Most of the fine mud sediments were distributed on the western
side of the Lagoon from just north of Pervalka southwards to Nida and then fanning out to
the Kaliningrad border at approximately Lat. 55.3° N. The silty sediments of the Klaipeda
Strait also had higher loads of heavy metals [36,48], although intensive dredging can reduce
contamination levels [36]. In contrast, an integral pollution index (Nemerov’s) for heavy
metals showed some of the lowest values in coarser sediments along the east coast of the
Lagoon adjacent to the sampling site at Vente on the Nemunas Delta [62].

Although the high levels of Zn and, to a lesser extent, Cr are consistent with our results
for the Curonian Lagoon, the higher levels in A. fallax tissues from the Elbe Estuary are
inconsistent with As and Pb being the highest tissue contaminants. The relatively lower
levels in sediments from where the A. fallax samples were taken, compared with the most
contaminated regions in both ecosystems, are at least consistent with the reduced exposure
evident from the acceptably low tissue concentrations. Apart from physical alterations
upstream, which have reduced flows, higher contamination upstream might explain why
A. fallax is forming spawning aggregations in the lower reaches of the Elbe Estuary and
in the Curonian Lagoon around the Nemunas Delta region, thereby avoiding excessive
bioaccumulation of heavy metals.

The metal concentrations measured in A. fallax muscle tissue from both regions were
generally below the EU maximum permissible limits and FAO guidelines for safe hu-
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man consumption [25,26]. This suggests that current environmental metal burdens do
not pose significant risks to the health or ontogeny of A. fallax populations in these ar-
eas [63]. However, localized pollution events and seasonal fluctuations in water quality
highlight the importance of continued monitoring to promptly detect any changes that
might threaten these populations. Heavy metal accumulation in the white muscle of A.
fallax varies geographically, reflecting differences in environmental exposure, migratory
behavior and physiology. For example, higher concentrations of Cd (0.11-0.26 mg/kg) and
Pb (1.02-1.46 mg/kg) have been reported in Mediterranean populations [64], while A. fallax
nilotica from the Black Sea showed Cd levels of 0.071 mg/kg [65]. In the Gironde estuary
(Atlantic), muscle concentrations reached Cd 0.18 mg/kg, Cu 2.1 mg/kg and Zn 19 mg/kg
(dry weight) [66]. In comparison, the concentrations that we observed in this study for the
Curonian Lagoon and Elbe Estuary populations were consistently lower, particularly for
Cd and Pb, both of which remained well below EU food safety limits. This suggests that
A. fallax from the eastern regions of the Baltic and North Seas currently experience lower
contamination pressures than conspecifics in southern or Atlantic habitats of the species
distribution range.

In terms of health and safety, our findings suggest that the consumption of A. fallax
from both the Curonian Lagoon and the Elbe Estuary is not a cause for concern, as the heavy
metal concentrations in the muscle tissue of the fish are well below the limits recommended
by the EC and the FAO. This is crucial for public health, as it indicates that fish from these
regions are safe for human consumption with respect to exposure to the metals we tested.
However, the accumulation of metals can vary depending on environmental factors [67],
and ongoing monitoring is recommended to detect any potential changes in metal levels
over time. It is also important to note that we did not test for mercury (Hg) due to a lack of
appropriate instrumentation, but we recommend Hg be included in future studies.

Our data collectively are consistent with effective ongoing pollution manage-
ment in both the Curonian Lagoon and Elbe Estuary, indicating that policy and in-
dustrial changes can significantly reduce contamination of aquatic ecosystems over
time [36,58,61,63]. Maintaining such vigilance is essential for safeguarding the health
of A. fallax and sustaining their ecological and socio-economic roles.

5. Conclusions

Our study demonstrates that A. fallax had only low levels of heavy metals in its muscle
tissue, with all concentrations below international food safety limits. Although considered
highly polluted, downstream gradients of reducing concentrations of heavy metals in
sediments exist from upstream in the Elbe and Nemunas Rivers towards the sampling
locations. These low sediment levels reflect that A. fallax exposure is counter-intuitively
lower than anticipated at the outset of the study. Comparison of the two study locations
revealed clear differences, with the Curonian Lagoon samples having higher dorsal muscle
concentrations of the trace metals Cr and Zn, whereas samples from the Elbe Estuary
had higher concentrations of the toxic metals As and Pb. While Cu and Zn showed size-
related patterns in the Curonian Lagoon, overall body size had limited influence on metal
bioaccumulation. Low tissue levels may reflect an adaptive response in A. fallax seeking less
contaminated freshwater in which to spawn. These findings establish valuable baseline data
underscoring the potential of A. fallax as a future bioindicator for monitoring. Although
it has contributed to closing a knowledge gap, this study nevertheless had substantial
experimental limitations. Our investigation was constrained by the number of A. fallax
that could be sampled and analyzed and did not incorporate seasonal effects or changing
environmental conditions. Caution is warranted when interpreting our conclusions. Future
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research should endeavor to account for the effects of environmental parameters at different
stages of ontogenetic development to remediate these limitations.
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