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A B S T R A C T   

Heavy metals in coastal waters are a great environmental concern in the North Sea since the middle of the 20th 
century. Regulatory efforts have led to a significant reduction in atmospheric and water-transported heavy 
metals. Still, high concentrations of these in sediments remain a risk for ecosystems, requiring close monitoring. 
Here, we investigated the applicability of Nucella lapillus museum collections as a tool for targeted tracking of 
chronic anthropogenic heavy metal pollution. We analysed the concentration ratios of the common heavy metals 
Cu, Cd, Pb, and Zn in relation to Ca in N. lapillus shells collected from the Dutch and Belgian intertidal zone over 
the last 130 years. We found that shell Cu/Ca and Zn/Ca concentration ratios remained remarkably constant, 
whereas Pb/Ca concentration trends were closely aligned with emissions of leaded petrol in Europe. Our results 
suggest that N. lapillus provides a suitable Pb pollution archive of the intertidal zone.   

1. Introduction 

With more than three billion people worldwide living within 100 km 
of an oceanic coast (CIESIN, 2012), many industrialised and urbanised 
areas are close to coastal waters, which are thus often exposed to high 
degrees of artificially introduced pollutants. As the border between land 
and ocean, the intertidal zone is among the most anthropogenically 
impacted habitats in the world. It is influenced by immediate anthro-
pogenic actions such as tourism and ship traffic and constitutes a high- 
risk area for chronic pollution from distant inland sites through riverine 
or atmospheric input. This chronic pollution can remain a risk to the 
ecosystem even after removing the source as pollutants accumulated in 
the sediment (Gu, 2018; Silva et al., 2017) can be resuspended into the 
water column by bioturbation, tidal movement or dredging activity 
years later (Zoumis et al., 2001). Heavy metals, i.e., metallic elements 
with a high density compared to water (Fergusson, 1990), are one type 
of pollutants that have caused increasing ecological and global public 
health concerns (Chitrakar et al., 2019; Tchounwou et al., 2012). Large 
amounts of potentially toxic metals have been released into the oceans 
(Dethlefsen, 1988) from, among other sources, historical waste man-
agement, unregulated coal burning, and petrol combustion, as well as 

industrial discharge from mining, smelting, and chemical processing 
sites. For example, sediments in the Southern Bight of the North Sea 
were shown to contain worryingly high concentrations of the heavy 
metals copper (Cu), zinc (Zn), lead (Pb), and cadmium (Cd) (Baeyens, 
1997; Van Alsenoy et al., 1993; Zwolsman et al., 1997) as a result of 
mismanaged anthropogenic effluent and industrial waste discharge, the 
unregulated release of combustion fumes and increasing ship traffic. 
One study even suggested that the Southern North Sea was one of the 
most oil-polluted marine areas in the world (Camphuysen and Vollaard, 
2016), with the first reports of oil spills already being published in the 
early 20th century (Verwey, 1915). Although a substantial body of 
literature highlights the negative effects of heavy metal accumulation on 
marine biodiversity (Chitrakar et al., 2019) and consequent threats to 
human health (Liu et al., 2018), little is known about long-term effects 
on community structures, single populations or species from the near- 
shore. Marine organisms exposed to heavy metal pollution, such as the 
economically important foundation species Mytilus edulis and Perna 
viridis have been shown to contain high and varying levels of tissue 
heavy metal concentrations (Knopf et al., 2020; Ragi et al., 2017), but 
long-term records of these intertidal species are sparse mainly due to a 
lack of suitable sample material. Soft tissues are seldom suitable for 
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long-term monitoring of environmental pollution, but calcium carbon-
ate (CaCO3) hard parts such as shells or skeletons have been successfully 
used to reconstruct long-term heavy metal concentrations of off-shore 
sites, predominantly in the long-lived Arctica islandica (Holland et al., 
2014; Krause-Nehring et al., 2012) and in foraminifera (Boehnert et al., 
2020; Oron et al., 2021; Titelboim et al., 2021, 2018). This is possible 
because heavy metals, especially those exhibiting divalent cations, are 
incorporated in trace amounts into the crystal lattice of CaCO3 skeletons 
of marine organisms, providing important archives that enable us to 
study the heavy metal content of samples from past environments. 

In this study, we aim to add to this knowledge by presenting a 130 
years record of concentrations of the common heavy metals Cu, Zn, Pb 
and Cd, which have a known pollution history in the Southern North 
Sea, from the Dutch and Belgian coast at sites near the Scheldt Estuary. 
We analysed the concentration ratios of these heavy metals in archival 
shells of the intertidal snail Nucella lapillus (Linnaeus, 1758) and 
assessed the use of such museum collections as a novel sample archive 
for a targeted investigation of historical heavy metal pollution levels in 
the intertidal zone. Nucella lapillus is an important predator of North 
Atlantic rocky shores (Burrows and Hughes, 1989; Morgan, 1972) that is 
widely abundant from Iceland to Portugal (Mayk et al., 2022) and exerts 
a strong top-down control on intertidal ecosystems (Trussell et al., 
2003). Its wide geographical abundance and position in the intertidal 
food web make it an ideal organism to study and potentially monitor 
long-term heavy metal concentrations of chronically contaminated sites 
such as those on the Southern North Sea coast and beyond. 

2. Materials and methods 

2.1. Museum collection and sampling site 

Nucella lapillus specimens were obtained from the Royal Belgian 
Institute of Natural Sciences, Brussels, Belgium (RBINS) collections. All 
the material used in this study and the preparations are kept at RBINS 
under loan number R.I.2919.03. These samples were collected between 
1888 and 2019 on the Belgian and Dutch coasts from the port of Oos-
tende (Belgium, 51◦14′N 2◦55′E) to the beach of Zoutelande (the 
Netherlands, 51◦29′N 3◦28′E), spanning a distance of about 49 km 

(Table 1). Although, the Belgian and Dutch coasts are dominated by 
sandy beaches, which provide little hard substratum for N. lapillus, the 
extensive constructions of groynes, moles, and dikes against coastal 
erosion and flooding, have provided sufficient habitat for large pop-
ulations in the Belgian and Dutch intertidal zone for centuries. Speci-
mens had been preserved in either ethanol (70 %) filled glass jars or 
dried (flesh removed). In total, 42 N. lapillus specimens from seven 
adjacent sites were used for trace element analyses. These individuals 
had intact apices and showed no signs of internal or external dissolution 
or damage. The mean shell height of all samples was 28.7 ± 2.7 mm 
(1σ), and specimens were, therefore, likely at sexual maturity (Galante- 
Oliveira et al., 2010) when sampled. A detailed description of the 
archival collection is provided in Table 1. There were no archived 
samples between the late 1970s and 2019 because of the local loss of the 
species due to the extensive use of the organotin-compound tributyltin 
(TBT) from the 1970s (Kerckhof, 1988). TBT was used as an antifouling 
agent on the hulls of boats and causes imposex in N. lapillus (Gibbs et al., 
1991; Oehlmann et al., 1998), a condition in which the female develops 
a vas deferens, hindering reproduction which led to the local extinction 
of N. lapillus on the Belgian coast (Kerckhof, 1988). The first report of a 
sparse recurrence of N. lapillus on the Belgian coast is from late 2012 (De 
Blauwe and d'Udekem d'Acoz, 2012). 

2.2. Metal/Ca analysis 

Epibionts like barnacles were removed from the shells using a scalpel 
before elemental analyses. Standard morphometric measurements of 
shell height, shell width, aperture height and aperture width were ob-
tained using digital Vernier callipers (±0.1 mm). Specimens were then 
sectioned perpendicular to the aperture opening along the mid-section 
of the last whorl using a diamond saw. The anterior side of each spec-
imen was embedded in polyester resin (Kleer-Set FF, MetPrep, Coventry, 
UK), and all embedded shell sections were smoothed on silicon paper 
and subsequently polished following a stepwise polishing routine using 
diamond paste with the grain sizes six to one micron on an automated 
polishing rig. After polishing, samples were ultra-sonicated for 2 min, 
briefly rinsed in ultra-pure ethanol and subsequently rinsed with Milli-Q 
water to remove the polishing residue. Heavy metal analyses were car-
ried out by laser-ablation multi-collector inductively coupled plasma 
mass spectrometry (LA-MC-ICP-MS) at GEOMAR, Helmholtz Centre of 
Ocean Research in Kiel, Germany. An ESI New Wave Research UP193FX 
excimer laser operating at 193 nm was used to ablate material from the 
shell sections connected to a Thermo Fisher (former VG) Axiom MC-ICP- 
MS. Fourteen specimens were simultaneously inserted into the laser's 
ablation cell. The order in which samples were ablated was randomised 
to avoid sampling bias. The Axiom was run at 1200 W, with 17 l min− 1 

cool gas, 2.4 l min− 1 auxiliary gas and 1.1 l min− 1 sample gas (Argon) 
flow with robust plasma conditions identified by a normalised Argon 
index (NAI) of seven (Fietzke and Frische, 2015). The laser was operated 
in line scan mode with a 35 μm spot diameter, a fluence of 4.2 J cm− 2 

and a scan velocity of 10 μm s− 1. The laser was set to a frequency of 10 
Hz on the samples and 5 Hz on the standard. To convert count ratios to 
concentration ratios, the NIST610 soda-lime glass standard (National 
Institute of Standards and Technology, U.S. Department of Commerce: 
Gaithersburg, MD, USA) was measured alongside the samples. 

The shell of N. lapillus consists of two distinct layers. On the outside, 
irregular prismatic calcite makes up 80 % of the total shell thickness; 
underneath this layer, crossed-lamellar aragonite lines the inside of the 
shell and the two layers may be separated by a transitional spherulitic 
layer (Mayk, 2020). Since trace element concentrations may vary be-
tween aragonite and calcite (Kitano et al., 1976), we decided to ablate 
material individually from both the shell aragonite and the calcite. 
However, since calcite makes up most of the shell thickness, a greater 
focus was put on the calcite. The material was ablated from near the 
aperture just behind the apertural teeth (Fig. 1). The ablation profiles 
were positioned to start in and follow the thin aragonite layer, then 

Table 1 
Sampling details of the Nucella lapillus shells used in this study. For each sam-
pling location the number of shells, their respective mean height and standard 
deviation are reported. Only shells with clearly identifiable sampling location 
were used. Sampling locations are sorted by sampling year.  

Sampling 
year 

Sampling site Storage 
conditions 

Individuals Mean 
shell 
height 
(mm) 

Var. 
shell 
height 
(1σ) 

1888 Blankenberge Dry  4  26.1  0.5 
1904 Zoutelande Dry  3  31.7  2.0 
1911 Zeebrugge Ethanol  1  32.5  
1911 Zwarte 

Polder 
Ethanol  1  32.7  

1928 Heist Dry  2  27.0  2.0 
1929 Zeebrugge Ethanol  1  26.5  
1929 Zeebrugge Ethanol  2  29.6  2.3 
1932 Heist Ethanol  3  29.3  2.6 
1936 Duinbergen Ethanol  2  26.7  1.1 
1937 Blankenberge Ethanol  2  26.6  0.4 
1938 Zeebrugge Ethanol  1  28.6  
1945 Heist Ethanol  3  27.4  1.4 
1946 Zeebrugge Ethanol  1  27.8  
1946 Oostende Ethanol  1  26.0  
1947 Zeebrugge Ethanol  2  30.4  0.2 
1948 Zeebrugge Dry  1  27.1  
1967 Zeebrugge Dry  3  26.6  2.5 
1977 Zeebrugge Dry  3  26.9  0.6 
1978 Zeebrugge Dry  3  31.1  0.7 
2019 Zeebrugge Fresh  3  33.1  2.7  
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angle off into the calcite, moving from the interior to the shell's exterior. 
Following Ekaratne and Crisp (1982), we estimate that these samples 
encompassed approximately two weeks of shell growth. A common 
standard-sample bracketing sequence was used to identify and correct 
possible instrument drifts during the measurement sessions. Metal (Cu, 
Zn, Pb and Cd) counts were measured on electron multipliers, and cal-
cium (Ca) counts were measured on Faraday cups. Three repeated 
measurements on the same ablation line were performed per sample for 
each metal, each bracketed by a line of Ca measurements. Every ablation 
profile was followed by at least 50 s of background signal collection (no 
laser firing). 

For each sample, raw count data of Ca, Cu, Zn, Pb, and Cd were 
converted to Metal/Ca (= M/Ca) concentration ratios. First, ablation 
profiles were individually background corrected by subtracting the 
median background intensity of the last 35 s of each measurement from 
the respective ablation trend. Count values belonging to the aragonite 
and the calcite layers were separated, and M/Ca ratios were inferred 
from integrated, and background corrected count values. Thereafter, M/ 
Ca count ratios were calibrated against M/Ca count ratios of the 
NIST610 standard to obtain M/Ca concentration ratios in μmol mol− 1. 
The “preferred” GeoRem database values for the elemental concentra-
tion in NIST610 were used for the calibration (Jochum et al., 2011). A 
1.5 IQR outlier filter was applied to remove wild spikes from the data in 
a final step. 

3. Results 

Ca and Cu ablation profiles showed clear plateaus for analyses per-
formed in the aragonite and calcite layers, whereas Zn and Pb ablation 
trends were more variable (Fig. 2 A, C). Elevated Cu, Zn and Pb counts 

were observed frequently in the transition zone between the aragonite to 
the calcite layer (Fig. 2). Intensity spikes were sometimes observed at 
the end of the ablation profiles when approaching the outside of the 
shell. If present, these spikes occurred in all analysed elements (Ca, Cu, 
Zn, Pb, Cd), suggesting that they could be the result of surficial alter-
ation (SA) of the outer calcite margin. In most cases, the remaining data 
were not affected by this and were used in the analyses after the in-
tensity spikes were removed. No association between storage condition 
(wet or dry), sampling sites or sampling year and the occurrence of the 
intensity spikes was observed. Cd concentrations in both the aragonite 
and calcite layers were below the detection limits in all samples and 
were thus excluded from the report. 

Shell Cu/Ca concentration ratios remained remarkably constant be-
tween 1888 and 2019 with a mean concentration of 1.25 ± 0.24 (1σ) 
μmol mol− 1 in the aragonite and 0.9 ± 0.22 (1σ) μmol mol− 1 in the 
calcite layer (Fig. 3 A). Shell Pb/Ca concentration ratios showed a pro-
nounced increase in both the aragonite and calcite layers from 1888 
until 1967 (Fig. 3 B) with shells collected in 1967 showing peak values at 
mean Pb/Ca concentration ratios of 0.09 ± 0.02 (1σ) μmol mol− 1 in the 
calcite layer, from where Pb/Ca concentration ratios dropped by an 
order of magnitude to a mean value of 0.009 ± 0.004 (1σ) μmol mol− 1 in 
2019. There was no obvious trend in Zn/Ca ratios which remained 
relatively constant at mean values of 0.34 ± 0.49 (1σ) μmol mol− 1 in the 
aragonite and 0.29 ± 0.28 (1σ) μmol mol− 1 in the calcite layer (Fig. 3 C). 
Occasionally, individual shells exhibited higher Zn/Ca concentration 
ratios which did not follow an apparent trend. 

Statistical comparisons of M/Ca concentration ratios between the 
aragonite and calcite layer (Supplementary Fig. 1) revealed that Cu/Ca 
concentration ratios were significantly higher in the aragonite than in 
the calcite layer (paired Wilcoxon: V = 739, p < 0.001) which is in line 

Fig. 1. Light microscope images of laser ablation lines. A. Light microscope overview of a shell section. B. Electron Microprobe image showing Mg/Ca ratios in the 
shell of a specimen to highlight individual growth bands and their orientation. C–E. Example images of three samples analysed in this study. Laser ablation line start, 
and end are marked. cl: crossed-lamellar aragonite and ip: irregular prismatic calcite. Dotted lines represent the shell microstructure transition from ip to cl. Scale 
bars = 500 μm. 
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with experimental data (Fig. 4) (Kitano et al., 1976). Aragonite and 
calcite Cu/Ca concentration ratios also showed a significant linear 
relationship (R2 = 0.26, F(1,36) = 14.22, p < 0.001) (Fig. 5). Shell Pb/Ca 
concentration ratios were significantly higher in the calcite than in the 
aragonite layer (paired Wilcoxon: V = 120, p = 0.02), although the 
difference was not as well defined as it was for the Cu/Ca concentration 
ratios. Like Cu/Ca, Pb/Ca concentration ratios in the aragonite and 
calcite layers also showed a significant linear relationship (R2 = 0.46, 
F(1,28) = 25.43, p < 0.001) (Fig. 6 B). Zn/Ca concentration ratios in the 
calcite and aragonite layers showed no significant difference (paired 
Wilcoxon: V = 208, p = 0.3) and showed no linear relationship (R2 =

− 0.03, F(1,30) = 0.21, p = 0.65). Overall, no significant relationships 
among analysed M/Ca concentration ratios in the calcite or the arago-
nite layers were observed (Supplementary Figs. 2 and 3). Furthermore, 
no relationships of M/Ca with any of the analysed morphometric pa-
rameters were detected, suggesting that shell-bound heavy metal con-
centrations are largely unrelated to specimen size (within the limits of 
the specimen sizes studied here). 

4. Discussion 

There are several known pathways through which heavy metals are 
accumulated, and internal concentrations are regulated by N. lapillus. 
However, these pathways and their impact on internal heavy metal 
levels may not be congenial for all elements and, therefore, likely exert a 
significant influence on shell-bound heavy metal concentrations. Fig. 5 
shows a simplified schematic representation of these and highlights the 
most likely pathways of heavy metals from the source into the shell of 
N. lapillus. Following their introduction into the marine environment, 
heavy metals take up different forms or speciations (e.g., dissolved, 
particulate or complexed forms) (Diop et al., 2014; González et al., 

2007). Heavy metals are transported along trophic gradients in the food 
chain, which in the case of N. lapillus was identified as a major source of 
metals in the soft tissue (Young, 1977). Although a general bio- 
accumulation effect of heavy metals in marine organisms has been 
contested, there is good evidence for a bio-magnification of metals in 
benthic food chains and especially those with gastropods as top preda-
tors (Wang, 2002), suggesting that historical contamination patterns are 
likely more pronounced in the predatory gastropod N. lapillus than in its 
prey. In addition, direct uptake of heavy metals from seawater into the 
calcifying fluid (from which the shell is precipitated) is also an impor-
tant pathway, as the calcifying fluid is usually perceived to stand more 
or less in direct exchange with seawater. From Fig. 5, it is obvious that a 
direct uptake of heavy metals into the calcifying fluid represents the 
most desirable pathway in terms of environmental reconstruction, as it 
reflects the closest representation of the in situ environmental condition. 
However, since several other pathways can play a significant role, and 
some of the more common pollutant metals such as Zn also function as 
important metabolites (Vallee and Auld, 1990), the question arises as to 
how far shell-bound heavy metals in N. lapillus are a true depiction of 
environmental conditions or artefacts of trophic and internal processes. 

Our analyses revealed that between 1888 and 2019, shell-bound Pb/ 
Ca concentration ratios increased steadily from what can be considered 
“background levels” in 1888 to peak values in 1967. From 1967 this 
trend was reversed so that Pb/Ca levels decreased to background levels 
by 2019. Considering that we analysed multiple individual shells from 
multiple collection sites, this trend correlates remarkably well with 
recorded emission rates of leaded petrol in Europe over the same period 
(Fig. 6). A similar Pb trend has also been reported in Arctica islandica 
specimens from sites near Helgoland in the North Sea – a region approx. 
430 km to the northeast of this study's sampling site (Krause-Nehring 
et al., 2012). Given the large differences in location and habitat, and that 

Fig. 2. Example ablation trends for Ca, Cu, Zn and Pb. Left panel shows ablation signal (AS) and background values (BG) for a Nucella lapillus shell collected in 1932 
at Knokke-Heist. Right panel, ablation trends for N. lapillus shell collected in 1929 at Zeebrugge showing distinct elevation in trace element counts (Cu, Zn and Pb) 
towards the outside of the shell suggesting a potential surficial alteration of the outer calcite margin. A. Ca and Cu counts and C. Pb and Zn counts of a specimen from 
1932. B. Ca and Cu counts and D. Pb and Zn counts of a specimen from 1929 with pronounced posterior intensity spikes (IS) possibly due to surficial alteration. All 
count data shown are background corrected. 
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A. islandica can live for over 500 years (Butler et al., 2013) compared to 
the <10 years lifespan of N. lapillus (Feare, 1970), plus the differences in 
growth rates and nutrition, the similarities in Pb trends appear 
remarkable and suggest a direct coupling of shell-bound to environ-
mental Pb concentrations, driven by a history of widespread anthropo-
genic Pb emission. Indeed, global emissions of leaded petrol have a long 
history of environmental pollution that only recently came to an end. 

With Algeria's ban on leaded petrol in July 2021, the UN finally could 
declare the “Era of leaded petrol over”. Although a significant anthro-
pogenic fingerprint of Pb emissions from coal combustion already 
existed since the 1850s (Kelly et al., 2009), it was not until the 1920s 
that Pb was emitted in large quantities into the environment. Since 
1922, tetraethyl lead was used as a petrol additive to enhance engine 
performance, later deemed a “catastrophe for the environment and 

Fig. 3. Mean M/Ca in Nucella lapillus encompassing a period of 130 years from 1888 until 2019. A. Mean Cu/Ca concentration ratios in the calcite and aragonite 
layers. B. Mean Pb/Ca concentration ratios in the calcite and aragonite layers. Grey arrows mark Pb/Ca concentration increases until the 1970s from when it rapidly 
decreased. C. Mean Zn/Ca concentration ratios in the calcite and aragonite layers. Error bars represent one standard deviation. The grey area represents the time 
when N. lapillus was locally extinct due to the use of the organotin-compound tributyltin (TBT). Blue colour represents measurements of individuals collected from 
Zeebrugge; red colour refers to individuals collected at the other sampling sites (refer to Table 1). (For interpretation of the references to colour in this figure legend, 
the reader is referred to the web version of this article.) 

Fig. 4. Pairwise comparison of mean M/Ca ratios in the calcite and aragonite layers of Nucella lapillus. A. Pairwise comparison of mean Cu/Ca concentration ratios. B. 
Pairwise comparison of mean Pb/Ca concentration ratios. C. Pairwise comparison of mean Zn/Ca concentration ratios. Error bars represent one standard deviation. 
Solid lines represent the 1:1 line between calcite and aragonite. Red dashed lines represent linear regression lines through all data points. Linear regression sum-
maries are provided above each plot. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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public health” (Landrigan, 2002). In the 1960s, Pb pollution became a 
global concern. It was discovered that car exhaust emissions were the 
main source of Pb pollution in the environment and that much of the 
population in Europe was chronically exposed to severely elevated Pb 
levels (Patterson, 1965). These emissions peaked around the 1970s 
(Fig. 6) around the same time when shell-bound Pb/Ca concentration 
ratios peaked in the N. lapillus shells analysed in this study and required 
legislation to address the issue of environmental Pb pollution. Germany 
was among the first European countries with large Pb emission rates that 
passed new regulations in 1971, legislating for a gradual reduction in 
petrol Pb content (Hagner, 1999). At the European level, this was 
initiated seven years later, but it was not until 1989 before unleaded 95 
octane petrol became the recommended standard (Hagner, 1999). These 
legislative interventions significantly impacted the environment, as 

shown by long-term marine and riverine monitoring studies. On the 
southern North Sea coast, a significant reduction of atmospheric Pb 
concentrations by 86 % and aquatic Pb levels by 42 % from 1985 until 
2000 (Gao et al., 2013) were recorded, underpinning the relationship 
between the archival N. lapillus Pb/Ca trends presented here and envi-
ronmental Pb pollution levels. 

Unlike Pb/Ca, Cu/Ca concentration ratios in the shell of N. lapillus 
remained stable with mean values of 1.25 ± 0.24 (1σ) μmol mol− 1 in the 
aragonite and 0.9 ± 0.22 (1σ) μmol mol− 1 in the calcite layer between 
1888 and 2019 (Fig. 3). These results do not reflect global emission 
trends as environmental Cu concentrations have changed markedly over 
the last century. For example, studies of ice/snow core records from the 
Swiss Alps from the 1650s to 2000 revealed that atmospheric Cu con-
centrations increased significantly to peak values towards the end of the 
20th century (Barbante et al., 2004). Similar trends were also reported 
from the Baltic Sea (Shahabi-Ghahfarokhi et al., 2021). In addition, local 
long-term monitoring revealed that aquatic Cu concentrations decreased 
by 47 % between 1985 and 2000 in the Scheldt Estuary and Belgian 
coastal zone (Gao et al., 2013). However, despite these significant trend 
changes, shell-bound Cu/Ca concentration ratios in N. lapillus seemed 
unaffected. Similarly, shell-bound Zn/Ca concentration ratios also 
remained unaffected by global Zn emission. Analyses of ice/snow cores 
from the Swiss Alps showed a steady increase in atmospheric Zn con-
centration since the late 19th century - with concentrations in 2000 
being 12 times higher than in 1890 (Barbante et al., 2004). In addition, 
seawater measurements in the Scheldt Estuary showed decreasing Zn 
concentrations between 1978 and 2010 in both particulate (350 μg g− 1 

to 86 μg g− 1) and dissolved (6.5 μg l− 1 to 1.7 μg l− 1) fractions (Gao et al., 
2013). Together, these reports suggest a pronounced trend history of 
environmental Zn concentration similar to that reported for Pb or Cu. 
However, despite this pronounced environmental trend, Zn/Ca con-
centration ratios in the analysed archival N. lapillus shells remained 
relatively stable throughout the last 130 years. 

Fig. 5. Schematic representation of potential heavy metal pathways along trophic gradients from the source into the shell of Nucella lapillus.  

Fig. 6. Lead emissions from petrol use of the three main emitting countries in 
Europe between 1950 and 1999. Data were obtained from Hagner (1999) and 
sources therein. 
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5. Conclusion 

To summarise, heavy metal concentrations in N. lapillus shell appear 
to reflect different environmental and organism-controlled constraints, 
leading to very different responses in shell-bound heavy metal concen-
trations to environmental gradients. Both Cu/Ca and Zn/Ca concentra-
tion ratios remained remarkably stable within the shell of N. lapillus 
despite significant changes in environmental concentrations between 
1888 and 2019 on the Southern North Sea coast. In contrast, Pb/Ca 
concentration ratios in N. lapillus shells closely resembled reported 
environmental Pb concentration trends thereby reflecting the anthro-
pogenic history of the use of lead in petrol in Europe. Our results show 
that shell-bound Pb concentrations made a full return to baseline levels 
after peak Pb pollution levels in the 1960s–1970s most probably as a 
result of successful Pb emission management, which can be considered a 
success of past legislative efforts and motivation for future conservation 
efforts. Overall, it can be concluded that archival N. lapillus shells are 
likely suitable for Pb monitoring but unsuitable for Cu and Zn moni-
toring of chronic long-term pollution in the intertidal zone. 
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