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Shell thickness of Nucella lapillus in the North Sea
increased over the last 130 years despite ocean
acidification

Dennis Mayk® 2% Lloyd S. Peck® !, Thierry Backeljau®* & Elizabeth M. Harper'2

Ocean acidification and global climate change are predicted to negatively impact marine
calcifiers, with species inhabiting the intertidal zone being especially vulnerable. Current
predictions of organism responses to projected changes are largely based on relatively short
to medium term experiments over periods of a few days to a few years. Here we look at
responses over a longer time span and present a 130-year shell shape and shell thickness
record from archival museum collections of the marine intertidal predatory gastropod Nucella
lapillus. We used multivariate ecological models to identify significant morphological trends
through time and along environmental gradients and show that, contrary to global predic-
tions, local N. lapillus populations built continuously thicker shells while maintaining a con-
sistent shell shape throughout the last century.
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ith the increase of carbon dioxide in the atmosphere
W accompanied by a rise in (seawater) temperature,

ocean acidification (OA; decreasing seawater pH and
accompanying decrease in carbonate ion concentration), and
more frequent extreme weather events, many marine species and
ecosystems are at risk. In recent years, much effort has been made
to study the impact of ocean warming, OA and the synergistic
mixed effects of both on the development and survival of species
at risk!~7. Special attention was given to studying the impacts on
larval development3-12 and biomineralisation in both juveniles
and adults, especially in calcium carbonate (CaCO;) shell-bearing
species!3-16 as those are believed to be most impacted by global
climate change®!718, Despite these efforts, our understanding of,
and ability to predict future changes in global or regional eco-
systems, assemblages, populations, or even single species are still
limited.

Many relatively short-term experiments ranging from days to a
few years report predominantly negative impacts on shell strength,
size, and thickness of shell-forming marine species!>19-21, Yet,
sometimes no such effects are observed or even reversed effects (e.g.,
shell thickening) are reported!>?2-24, Long-term experiments
accounting for phenotypic plasticity (within and across generations)
and genetic adaptations are receiving increasingly more
attention?>~28 as these processes are critical to allow for full pheno-
typic responses to the altered environment of the future ocean?9-31.
Conventional laboratory experiments often lack the variability and
complexity of natural ecosystems by keeping relevant parameters
stable to reduce the experimental “noise”2. This has the potential
benefit of unmasking subtle responses that would otherwise remain
unnoticed in inherently noisy biological systems32. However, these
responses may not be representative of organisms in their natural
environment, as spatial and temporal variability of temperature and
of the carbonate system often already exceed the mean of anticipated
future scenario changes. In addition, mixing of these factors and their
variation could lead to unexpected organism responses®. This raises
the important question of what influence environmental variability
through time and space has at the species, community or ecosystem
level?2. Early efforts to answer this question suggested a significant
effect of natural variability on individual species and changes to
ecosystems, emphasising the non-linear relationship between envir-
onmental stressors and biological responses®3334, There are many
examples of different responses between populations of a species
between regions, for example, in relation to differing up-welling
environments’® or along latitudinal and salinity gradients®.
Accordingly, more recent in situ studies have begun to highlight the
complexities of the multitude of possible interactions between bio-
logical and other environmental factors in the mean phenotypic
response and organism variability to a changing climate system?>-7.
Another approach to account for the inherent complexity of marine
ecosystems is the use of archival museum collections to study phe-
notypic responses to historical changes in a particular species or
population?23138, This approach offers a unique way to study
organism responses, as it observes outcomes that, by their nature,
include all natural organism-organism and organism-environment
interactions at every given time interval. This allows the identification
of organism or population responses in complex natural systems over
considerably longer time frames, enabling us to extend the under-
standing gained from laboratory or in situ experiments. With over-
whelming evidence pointing towards a change in community
structures, habitats and ecosystems around the world, few study areas
have remained natural which means that biological responses to
modern environmental change are superimposed on already existing
trends3®. This makes it very difficult to identify organism responses
to anthropogenically induced environmental change. Yet, in such
cases palaeobiological data and archival assemblages, integrated with
experimental data, can provide unique insights. For example, one

study found that modern Mytilus californianus in the northeastern
Pacific build thinner shells than those archived from an American
midden (1000-1340 AD)#0. Other studies uncovered a substantial
increase in shell calcite proportion over a 60-year period in M.
californianus from the northeastern Pacific??, and a substantial
increase in shell thickness in archival M. edulis collections from the
Southern North Sea across the 20t century>!.

The intertidal zone is a harsh and demanding environment in
which sessile or slow-moving inhabitants are regularly exposed to
a range of biotic and abiotic stressors, including varying water
levels, wave action, air exposure, steep salinity gradients, large
temperature variation and changing predator regimes. In terms of
global climate change, the intertidal zone is considered one of the
most vulnerable habitats as the interaction between global tem-
perature rise and tidal movement may create a mosaic-like
thermal environment that can be detrimental to intertidal
organisms through, e.g., cardiac arrest or protein damage*!-43, In
addition, global climate change is expected to cause more extreme
weather conditions**~47, which will be accompanied by more
frequent and more intense storm events, putting intertidal
organisms at additional risk®3. Intertidal organisms are adapted to
hostile conditions, but an increase in the occurrence or duration
of spatial and temporal stressor extremes as a consequence of
global climate change may exceed their tolerance limits*. In
addition to the natural stressors, anthropogenic interactions with
the environment, e.g., through ship traffic, communal waste
discharge, mining, tourism and agricultural land use, further
exacerbate the hostility of the intertidal zone>?>!. For example,
increased land use for agricultural purposes and associated use of
fertilisers resulted in a substantial nutrient burden from riverine
input into the North Sea®2. This resulted in eutrophication
of the nearshore accompanied by an increase in primary
production®2-4,

The carnivorous gastropod Nucella lapillus (Linnaeus, 1758)
(dog whelk) is an important predator of the rocky intertidal shore
in the Northern Atlantic>>%¢ that exerts a strong top-down
control on temperate rocky-shore ecosystems®’. Due to its pro-
nounced shell variability along environmental gradients such as
wave energy and predator abundance®$-60, it has been the focus
of numerous studies. Its calcareous shell consists of two distinct
layers; irregular calcite externally and crossed lamellar aragonite
internally, which may be separated by a transitional spherulitic
layer®l. The shell exhibits a high degree of variability in
morphology®2-%4, apertural teeth expression®>%®, and most
notably, apertural thickness>®5%:6567-69 in relation to environ-
mental stressors. These characteristics make N. lapillus a valuable
model for studying the impact of long-term environmental
change on intertidal calcifiers. Nucella lapillus mostly preys on
barnacles and mussels, which are important foundation species,
shaping the morphology and habitat structure of the nearshore,
providing shelter and facilitating the development of algal cano-
pies and recruitment of other fauna’%. These processes are key
mechanisms to maintain and stabilise biodiversity and thus N.
lapillus contributes considerably to the ecological stability of
rocky shore communities and ecosystems. As a marine calcifier, it
is likely that N. lapillus is vulnerable to the physico-chemical
effects of global environmental change and investigating how this
species is affected could be key to understanding and predicting
how rocky-shore communities or ecosystems will change under
future OA and ocean warming scenarios. To do so, we analysed
key morpholgocial parameters (shell layer thickness and shell
shape) in the shell of archival N. lapillus samples collected
between 1888 and 2019 from the Dutch and Belgian coasts in the
Southern North Sea. This allowed us to identify important long-
term in situ phenotypic responses to environmental change over
the last 130 years. Shell thickness is a key metric used to study the
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effect and vulnerability of species to OA, and shell shape varia-
bility provides an important direct measure of organism
responses to new or changing environmental stressors’!. Since
both shape and thickness metrics are direct indicators of organ-
ism responses to environmental stress, they provide first-hand
evidence of habitat degradation and thus allow to draw conclu-
sions about habitat development over the studied period. To
complement our observations, we analysed the observed pheno-
typic change in relation to long-term environmental change in
wind speed (as a proxy for wave energy), air temperature, sea
surface temperature, and salinity on the Southern North Sea coast
using multivariate ecological models.

Results

Long-term trends in shell formation. We measured shell height,
aperture size, shell outline shapes, and shell layer thickness from
archival N. lapillus specimens and investigated respective trends
through time using generalised additive mixed models (GAMMs).
Shell height was used to provide a rough age estimation and
allometric scaling in the GAMMs. Aperture size was used as a
qualitative proxy to infer variations in wave energy regimes’2-74
and predation pressure’. Shell outline shapes (hereafter shape-
PCs) as expressed by elliptic Fourier analysis and subsequent
principal component analysis (PCA) (see the “Methods” section),
were used to investigate phenotypic responses to environmental
stressors’174, and shell layer thickness measurements (Fig. 1),
were used to investigate the impact of a changing carbonate
system on shell formation!823:24:40.75,

Shell outline analyses revealed pronounced shape variations
between specimens, and we selected the first five shape-PCs as
shell shape representatives that described different forms of shape
variance between specimens (Fig. 2). The most pronounced shell
shape variability accounting for 43% of the total shape variance
among individuals, captured by shape-PC1, described a rounding
of the shell. Shape-PC2 captured 18.3% of the shape variance
among specimens describing a minor shift in the siphonal canal,
and shape-PC3 described an inclination of the longitudinal axis
encompassing 12.2% of the total shape variance. Shape-PC4 and
shape-PC5 described minor shape variations capturing 6.1% and
4.8% of the total shape variance, respectively. Combined, these
five principal components (shape-PCl-shape-PC5) captured
84.4% of the total shape variance among specimens and therefore
provided a solid representation of the shape variance encom-
passed in the sampled specimens.

Shell shape models for aperture size and shape-PCs revealed a
significant aperture size increase in N. lapillus specimens from
1888 until 2019 (F, ;5 = 5.24, p = 0.016) by 14.2 mm?> i.e., by 10%
whereas shell shape-PCs remained remarkably stable throughout
the last 130 years. Only shape-PC2 exhibited a weak but
significant change trend (shape-PC2: F; = 3.95, p = 0.047) (Fig. 2,
Supplementary Table 4). Although the model performed
significantly better than an intercept-only model (null model),
the deviance explained by the shape-PCs model was relatively low
(R%4 1stea® 0-11), suggesting that other unaccounted factors had a

adjuste
strong influence on the shell shape of the studied N. lapillus
specimens.

In contrast to the shell shape stability, but in line with the
increase in aperture size, shell layer thickness models for the
aragonite and calcite layer both showed a significant increase in
shell layer thickness from 1888 to 2019. Aragonite layer thickness
significantly increased by 0.1 mm (F, =6.08, p=0.015), ie., by
79%, calcite layer thickness increased significantly by 0.22 mm
(Fy =4.18, p=0.043), i.e., by 39%, and both shell layer thickness
models performed significantly better than the respective
intercept-only models. The GAMMs summary statistics of shell

shape and thickness models are provided in Supplementary
Table 4.

Environmental change. To investigate changes in environmental
(global change driven) stressors along the Belgian and Dutch
coast over the last 130 years, three key environmental parameters
(wind speed, air temperature, and sea surface temperature) that
provided sufficient long-term trends were selected, and their
trends modelled using GAMMs (Fig. 3). In addition, we investi-
gated the spatial variability in sea surface salinity between sam-
pling sites (Supplementary Fig. 2b). We assessed salinity variation
spatially instead of through time because nearshore salinity
regimes generally exhibit a mosaic pattern due to surface and
underground freshwater run-off, likely resulting in higher levels
of variation across spatial scales than expected from decadal
temporal data’l. We also estimated yearly calcification windows
(i.e., days per year when mean temperatures reached hypothetical
threshold values allowing for optimal shell calcification/growth)
from monthly mean temperatures and their standard deviations
for the thresholds of 10-15°C in 1°C increments (Fig. 4). This
was done because the somatic and shell growth of marine mol-
luscs is, under normal circumstances, tightly linked to
temperature’®’” so that each species has a particular thermal
optimum that is ideal for growth78-81 Although there are
exceptions to this observation®283, biomineralisation rates can be
greatly reduced or even halted when the environmental tem-
perature falls below an organism or population-specific
temperature threshold’®7%84 making temperature thresholds an
important environmental metric in the investigation of
shell formation trends, especially over long temporal or spatial
scales.

Unfortunately, we were unable to directly assess changes in
seawater pH due to a lack of suitable long-term data. The reliable
tracing of long-term trends in the seawater carbonate system
requires data sets of at least 25 years®> which are not available for
the (Southern) North Sea8¢. However, as we explain in the
discussion, the discharge of anthropogenic effluent over many
decades had a considerable influence on the carbonate system of
the Dutch and Belgian nearshore making the assessment of pH
changes less relevant for the formation of biogenic CaCOj in this
region®”.

The long-term models of the selected environmental para-
meters revealed an increase in air temperature, sea surface
temperature and wind speed from 1880 to 2020 (Fig. 3,
Supplementary Table 2). Mean air temperature increased
significantly (F; =17.41, p<0.001) by 1°C. Mean sea surface
temperature increased significantly (F,so=25.78, p <0.001) by
2°C with an acceleration of warming since 1985 to the present.
The winter months from December to February exhibited the
most pronounced increase in temperature of all months
throughout the time series (Supplementary Fig. 3). The mean
wind speed trend showed an initial drop from 1880 to 1930 by
about 2ms~! after which it rose significantly (Fg,; =40.9,
p<0.001) by 3ms~! to peak values in 1985. The GAMMs
summary statistics of environmental trend models are provided
in Supplementary Table 2.

Although the sampling sites were deliberately chosen to be in
close proximity to each other (maximum distance ~49 km),
spatial comparisons of salinity data confirmed the anticipated
heterogeneity between sites (Kruskal-Wallis: H(6) = 832.414,
p<0.001). A pairwise Wilcoxon Rank Sum test with standard
Bonferroni adjusted p-values for pairwise comparison of median
salinities between each sampling site (Supplementary Table 3)
revealed that the median salinity of 30.1 PSU at Zwarte Polder
was significantly lower than those at the other sites. Median
salinities at Blankenberge (30.9 PSU), Zeebrugge (30.9 PSU),
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Fig. 1 Shell thickness and aperture size trends over the last century. a Image showing the section of shell used for the thickness analyses. The dorsal
region where thickness measurements were carried out is highlighted in red. b Relationship of aperture size with sampling year, shell height and sampling
sites. ¢ Relationship of calcite layer thickness with sampling year, shell height and sampling sites. d Relationship of aragonite layer thickness with sampling
year, shell height and sampling sites. Loess smoothing curves indicate trends for the whole dataset (red) and for samples collected at Zeebrugge only
(blue). Sampling site abbreviations from west to east: OOS Oostende, BLA Blankenberge, ZEE Zeebrugge, DUl Duinbergen, KNO Knokke, ZWA Zwarte
Polder, ZOU Zoutelande. Boxplot whiskers refer to the 1.5 interquartile range.

Duinbergen (30.8 PSU), and Knokke (30.9 PSU) were not
significantly different, likely due to the proximity of these sites.
Oostende exhibited a median salinity of 32.7 PSU, which is
significantly higher than at all other sites. However, although
statistically significant, variations in sea surface salinities between
sampling sites appeared minor considering reported salinity

differences of up to three times normal seawater salinity
experienced by intertidal organisms in tidal pools$®.
Calcification window thresholds (10-15°C) significantly
increased non-linearly from 1880 until 2019 (Fig. 4). The
percentage increases of days per year above temperature thresh-
olds ranged from 27% to 123% depending on the threshold used.
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Fig. 2 Shell shape trends presented for the first five shape descriptors.
a Shape-PC1, b shape-PC2, ¢ shape-PC3, d shape-PC4, and e shape-PC5 in
the intertidal gastropod Nucella lapillus from the Belgian and Dutch coast
collected between 1888 and 2019. Shape variance (x + 30) encompassed in
either shape-PC is presented as outline extremes.

The biggest percentage increase was in the 15°C temperature
threshold group showing that there were more than twice as
many days reaching sea surface temperatures of 15°C in 2019
than in 1880.

Environmental impact on shell calcification. Relationships
between environmental change and shell shape and shell thick-
ness trends were investigated using GAMMs employing an
automated model term selection process. To reduce dimension-
ality and thereby overcome potential complications with multi-
collinearity among environmental predictors, we constructed
environmental regimes (PC1 and PC2) as expressed by PCA for
each environmental descriptor (Fig. 5). The models revealed a
significant relationship of aperture size with sea surface tem-
perature and wind energy regimes and showed a strong but
expected allometric relationship (Fig. 6). They also revealed a
significant relationship between aragonite layer thickness and sea
surface temperature and a significant correlation between calcite
layer thickness and wind speed regimes. Both aragonite layer and
calcite layer thickness showed significant relationships with the
sampling site. The models further suggested a significant allo-
metric relationship of shell shape and a significant relationship
between shape-PC1 (describing the rounding of the shell) and sea
surface temperature regimes. The GAMMs summary statistics for
the constructed models are provided in Supplementary Table 5.

Discussion

Despite considerable environmental change (Fig. 3), our results
suggest only minor long-term shell shape trends in N. lapillus on
the Southern North Sea coast. Overall, shell shape varied more
with the size of the animal than through time or along envir-
onmental gradients. Contrary to expected species responses to
global climate change?!, we found significant increases in shell
layer deposition in N. lapillus over the last 130 years (Fig. 7). In
relative terms, aragonite layer thickness increased twice as much
as calcite layer thickness, although in absolute terms calcite layer
thickness increased more. However, unlike reported apertural lip
thickening observed in archival N. lapillus from the US east coast
that scaled solely with shell height?®, our shell thickness
descriptors showed only weak allometric relationships and cor-
related significantly with collection year (Figs. 1 and 7).

Constraints on biomineralisation. Shell formation through
CaCO; precipitation is most influenced by three factors:
temperature!®%, jon availability ([Ca**] and [HCO;3])°! and the
nutritional state of the organism, as shell formation comes with a
cost in metabolic energy?2-94, Since the solubility product of CaCO;
in seawater is temperature dependent, changes in ambient tem-
perature can have a sizeable influence on CaCOj; saturation states.
Low temperatures decrease the saturation state and, consequently,
the precipitation rate of CaCO5”°. Low temperatures can also impair
important cellular processes, so that higher temperatures generally
facilitate shell formation. In addition, a limited availability of sub-
strate abundance, i.e., [Ca2t] and/or (hydrogen-) bicarbonate ions,
which are the building blocks of CaCO;, may also impair shell
production rates. For example, low [Ca2*] limit shell formation rates
in mytilid mussels in the Baltic Sea®!. Responses to these limitations,
by e.g., high latitude calcifiers, entails the incorporation of a larger
proportion of organic material into their shell which in turn comes
with an increase in metabolic cost per unit shell3693949, Estimates
of the amount of energy required to produce a unit of shell vary
largely between studies but may be as large as ~60% of the available
assimilated energy, e.g., in blue mussels from the Baltic Sea and thus
can contribute considerably to an organism’s energy balance®.
Stress due to increased wave action or increasing predator
abundance may also affect shell formation rates. Nucella lapillus
responds to increased predator abundance by growing thicker
apertural lips with larger apertural teeth®74 A study on shell
layer thickening in archival blue mussels collected from adjacent
locations to our sampling sites on the Belgian coast observed that
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Fig. 3 Historical trends in temperature and wind speed on the Southern North Sea coast. Historical trends of a air temperature, b sea surface
temperature, and ¢ wind speed within the sampling region from 1880 to 2020. For each environmental parameter both the overall change including all
individual data points (a ii, b ii, ¢ ii) and the temporal change centred around the maximum variability (a i, b i, ¢ i) are presented. Coloured lines mark
periods of significant increase (red) or decrease (blue). 95% confidence intervals (shaded area) are reported for each predictor (dashed lines).

shell thickness correlated significantly and positively with predation
pressure starting in the 1990s3!. However, it appears unlikely that
increased predation pressure also caused the observed shell layer
thickening in N. lapillus for three reasons. First, N. lapillus was absent
during the time when predation pressure increased on the Southern
North Sea coast, and any thickening related to increased predation
pressure would only be reflected in those specimens collected in 2019.
Second, we specifically measured shell layer thickness from the dorsal
region of the shell and not from the apertural lip to control for
predator stress-induced thickening’# and third, N. lapillus specimens
also showed a significant increase in aperture size that accompanied
the increase in shell thickness (Fig. 7). An increase in aperture size
under enhanced predation pressure would be hard to reconcile with
the known response of N. lapillus to form narrower and smaller
apertures and therefore suggests that predation pressure is highly
unlikely to be the driver of the observed thickening over the last 130
years. However, our models (Fig. 6) and the observed increase in
aperture size (Fig. 7) suggest a significant correlation of shell shape
and calcite layer thickness with wind regime trends. Etter (1988)°7
demonstrated that the resistance of N. lapillus to increased wave
action was proportional to the pedal surface area and thus correlates
with larger aperture sizes’®. This shows that N. lapillus exhibits
pronounced responses (whether plastic or adaptive is yet to be
investigated) to wave exposure and suggests that gradual thickening
of the calcite layer could have been a potentially protective response
to increased wave action on the Southern North Sea coast as
predicted by our models. However, this speculative hypothesis
requires a detailed comparative investigation of whole shell thickness
responses to varying wave action regimes in this species. Yet, our data
provide other more compelling evidence for a general improvement
of abiotic and biotic conditions that mitigated global ocean
acidification effects and thereby promoted biomineralisation in the
study area.

Higher annual temperatures improved calcification conditions.
Our models revealed a significant correlation between

temperature and some shell characteristics. Both aragonite layer
thickness and aperture size showed significant relationships with
mean sea surface temperature (Fig. 6) that increased by 2 °C over
the last 130 years along the Southern North Sea coast—inline
with global climate change predictions. This increase in mean
temperature is a likely candidate to explain the observed shell
thickening. For N. lapillus, this is not only expected from the
kinetics of shell production, as CaCO; saturation states in sea-
water change with temperature but also from a physiological
standpoint since metabolic rates and foraging behaviour are
temperature-dependent in this species®®-190. In addition, higher
temperatures are also expected to reduce the metabolic energy
cost per unit shell due to a proportional reduction of shell organic
matter?>939, making higher temperatures generally more
favourable for shell formation.

A within-year analysis of the temperature time series from the
Southern North Sea coast revealed that winter temperatures (both
air and sea surface) increased more rapidly than in the other
seasons, indicating increasingly milder winters (Supplementary
Fig. 3). Prolonged phases of higher temperatures could have thus
allowed for longer periods of biomineralisation during the year
(prolonged “calcification windows”), resulting in increased shell
layer thickness. This explanation is likely because N. lapillus from
Whitby on the UK coast did not grow in the laboratory when
ambient seawater temperature fell below ~13 °C (i.e., below 13 °C,
no noticeable calcification occurred; D.M. personal observation).
A similar temperature dependence was also observed by Largen
(1967)%8, who reported that there was no growth at temperatures
below ~10.5°C for UK populations and by Hughes (1972)!01,
who found that N. lapillus populations on the coast of Nova
Scotia (Canada) ceased annual growth in October when mean sea
surface temperatures usually fall below ~13 °C. An increase in the
annual number of days surpassing these growth thresholds, as
described by our calcification window estimates, could thus
explain the observed increase in shell deposition. In fact, our
estimates suggest a relative increase of 58%, or in absolute terms,
an increase in 63 days, that reached or surpassed a temperature of
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Fig. 4 Estimates of yearly calcification window lengths over the last
century. a Historical trends of estimated calcification window length per
year expressed as the number of days in which the sea surface temperature
exceeds a selected threshold. 95% confidence intervals (shaded area) are
reported for each predictor (dashed lines). b Absolute and relative change
in days exceeding temperature threshold between 1890 and 2019.

13 °C over the last 130 years. Thus, in 2019, N. lapillus had 63
more days to calcify (if a calcification threshold of 13 °C applies)
than in 1880, which likely resulted in thicker shell layers through
secondary thickening (ie., thickening of the existing shell).
However, since secondary shell layer thickening can only occur in
the aragonite layer that lines the inside of the shell, prolonged
calcification windows would only explain the observed thickening
in the aragonite layer but not that in the calcite layer. This is
because, in this study, we could only investigate shell thickening
but not growth rates in N. lapillus. Calcite deposition only occurs
at the apertural tip of the shell and variations in calcite thickness
are driven by environmental or physiological conditions at the
time of growth. This means that the calcite layer measurements
are a snapshot of the conditions at the time of primary shell
formation. On the contrary, aragonite layer deposition may
continue even after primary shell formation which means that if
calcification continues over longer intervals it can only result in a
thickened aragonite layer.

Nearshore eutrophication mitigated global OA effects. Like
ambient temperature, the saturation state of seawater is a crucial
variable determining calcification rates. The CaCOj saturation of
seawater is defined as the product of the calcium ion ([Ca2*]) and
carbonate ion ([CO%7]) concentrations in the ocean divided by
the solubility product (Ky,). A reduction in the concentration of
either [Ca?t] or [CO%’] thus reduces the seawater saturation
state, impairing shell formation'92103 and potentially increases
rates of shell dissolution®!. Lowered seawater salinity is generally
associated with lower [Ca2t]104, whereas decreasing seawater pH
is accompanied by a shift in solubility that affects the carbonate
system resulting in a reduction in [CO3~]10°.

Median seawater salinity varied significantly between sampling
sites in this study by up to 2.6 PSU from 30.1 PSU at Zwarte Polder
to 32.7 PSU at Oostende, which is ~85% more than predicted mean
salinity changes on the Belgian coast over the last century>!. This
suggests that salinity effects on shell formation in this study, if
present, should be stronger on a spatial than a temporal scale.
However, when these differences in median salinity are put into
perspective in terms of CaCO; saturation states (Oostende: Q¢, =
3.8, Q= 2.4 vs. Zwarte Polder: Q¢, = 3.7, Qa, = 2.3, calculated for
seawater with a temperature of 13 °C, pH of 8.1 and total alkalinity of
2300 pmol kg 1) it becomes clear that this small difference in salinity
is highly unlikely to have had any effects on shell formation.

In a similar way to the effect of salinity on [Ca?t], the
predicted decrease in seawater pH due to global OA is
accompanied by a change in the seawater carbonate system,
shifting the equilibrium away from the carbonate ion, thereby
reducing the CaCOj; saturation state of seawater. Laboratory
experiments often find a thinning of shells as a response to
0A320, although the opposite has also been reported!>23, It
appears that species’ responses to OA in nature depend on a
number of factors and their interactions and may take on
unexpected forms, making it difficult to draw general conclusions.
For example, a long-term study comparing aragonite percentage
in M. californianus collected in the 1950s and 2010s reported a
significant decrease in aragonite content (as a percentage of whole
shell CaCO;) and an increase in calcite content?2. Although
counterintuitive, this finding confirms the observations made by
other studies that calcite thickening can be an important response
against OA-induced shell dissolution?32431, Unfortunately, we
could not directly assess the effect of pH on shell formation in
this study due to a lack of a long-term pH record from the
Southern North Sea coast. However, available data from
nearshore carbonate system model studies®®37 show increasing
seawater pH for the years 1951 to 1988, followed by overall stable,
albeit increasingly more variable, pH conditions!% in the Dutch
and Belgian coastal zone. The increase in pH was attributed to
increasing riverine carbon and nutrient loads since the 1960s,
causing extensive eutrophication of the Belgian nearshore. This
buffered global OA effects and kept mean annual saturation levels
high (Qar~2.5 and Qc,~4) in the second half of the 20th
century®’, providing favourable conditions for N. lapillus'%7. In
fact, shell shape variability in N. lapillus was found to be
significantly dependent on the carbonate substrate abundance in
a previous study!8, This means that the observed lack of a shell
shape trend (Fig. 2) is in support of a relatively stable carbonate
system on the Dutch and Belgian coasts over the studied period
and suggests that the observed calcite layer thickening is not a
response to OA but is possibly supported by the consistently high
CaCO; substrate abundance. Notably, decreasing trends in
seawater pH have been observed in recent years due to regulatory
efforts to reduce the level of eutrophication of the Belgian
nearshore!%, which will possibly impact the shell formation in
future generations of N. lapillus.
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Fig. 6 Correlation matrix of comparative time series analyses. Correlation
matrix of comparative model outputs for selected shell characteristics. y-
axis shows model terms and x-axis represents the dependent variables
(shell shape and thickness descriptors). Colour intensity (gradient) reflects
the significance of correlation given by the models' p-values; with darker
colours representing lower p-values. Included but non-significant model
terms (p>0.05) are represented by blanks. The upper bar shows the
deviance explained per model in per cent. Colour intensity reflects the
amount of deviance explained, with darker colours referring to a higher
percentage of deviance explained. The variable s(AT PC1) was not included
in any of the models and was thus omitted from the graphic.

Possible impact of food abundance. In addition to buffering OA,
coastal eutrophication may have had an additional beneficial
effect on the carnivorous N. lapillus for which there is only
anecdotal evidence. Moderate levels of eutrophication can
enhance the development of fouling communities!®-111, and
high eutrophication levels result in a rapid spreading of the more
tolerant species in a community or ecosystem!l12-114 Ag
explained previously, shell formation comes with a cost in
metabolic energy, suggesting that food abundance can play a
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Fig. 7 Generalised Additive Mixed Model shell thickness and aperture
trends over the last century. GAMM shell thickness and aperture size
trends in the shell of Nucella lapillus collected from the Belgian and Dutch
coasts between 1888 and 2019. Shaded areas represent the 95%
confidence interval.

limiting or supporting role in shell formation®>%3. Increased
eutrophication of the Belgian nearshore reportedly led to more
primary production3!°3196 providing an increasing nutrient
supply to filter feeders such as barnacles and blue mussels, both
preferred N. lapillus prey. In addition, the introduction of the
invasive barnacle species Austrominius modestus (Darwin, 1854)
from New Zealand and southern Australia around 1946!1> and
it’s rapid spreading on the Southern North Sea coast provided
additional food source!l®. Today, A. modestus is the dominant
barnacle species of the Belgian intertidal fauna!l”, densely cov-
ering available hard substrata as well as the shells of other
organisms (Supplementary Fig. 4; D.M. personal observation).
The high abundance of prey in the study area suggests that stu-
died N. lapillus populations were provided with sufficient energy
to cover the metabolic costs required for shell production during
their lifetime, eliminating metabolic energy as a bottleneck during
shell formation.

To summarise, observed shell thickening in archival N. lapillus
from the Belgian and Dutch coasts appears to result from the
interaction of multiple abiotic and biotic factors that provided
favourable conditions for shell formation throughout the last
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130 years. Increasing annual temperatures provided better kinetic
and biological conditions for primary shell production and
extended annual calcification windows allowed for longer periods
of secondary shell layer thickening. In addition, anthropogeni-
cally induced eutrophication mitigated global OA effects,
maintaining high carbonate saturation states in the study area
and further anecdotal evidence points towards a possible
influence of enhanced prey abundance on shell formation rates
throughout the last century. Our models also suggest a significant
effect of wind energy regimes on calcite formation in the shell of
N. lapillus, but more information is required to substantiate this
link. Combined, our long-term shell shape and shell thickness
records suggest that studied N. lapillus populations appear
unaffected by the reported adverse effects of global environmental
change. This gives hope that the intertidal rocky-shore commu-
nity structure on the Southern North Sea may survive predicted
future OA scenarios longer than expected, extending the point of
no return into the future. Studies like ours demonstrate that
museum collections can provide useful ground-truthing data that
will serve an important function in future modelling exercises
attempting to reconcile large-scale global environmental change
impacts on ecosystems!0?,

Methods

Sample area and collection. Specimens were collected from seven sites along the
Belgian and Dutch coasts (Supplementary Table 1) between 1888 and 2019 and
archived at the Royal Belgian Institute of Natural Sciences, Brussels, Belgium
(RBINS). Archival specimens were either stored dry or wet in ethanol (70%). All
the material used in this study and the preparations are kept at RBINS under loan
number R.1.2919.03. The total sampling area extends over ~49 km from the port of
Oostende (51°14'N 2°55’E) across the Westerschelde estuary to the beach of
Zoutelande (51°29’N 3°28’E) (Supplementary Fig. 2a). The Belgian coast is
dominated by wide sandy beaches with little hard substratum, rendering it a
generally unsuitable habitat for barnacles, mussels, or the predatory N. lapillus.
However, the extensive construction of man-made structures against coastal ero-
sion, wave exposure and floodings such as groynes, port structures, and dikes
provide excellent substrata for rocky shore organisms and allowed the development
of successful populations of these organisms on the Belgian and Dutch coast. In
this study, a total of 150 N. lapillus specimens were analysed. Only archival spe-
cimens with detailed collection dates and location descriptions were included. No
samples were available between 1978 and 2019 due to the extensive use of the
organotin-compound tributyltin (TBT) as an antifouling agent on ships that caused
imposex in female N. lapillus'18-120. The use of TBT led to the local extinction of
N. lapillus on the Belgian coast in the late 1970s'?!, and they only started to
reappear in 2012122, All specimens collected were adults (likely at sexual maturity)
with shell heights > 17 mm!23. The average shell height of selected specimens was
28.2+2.73 mm (10). Shells used here also had intact apices and showed no exterior
and interior signs of dissolution or other apparent shell damage.

Environmental dataset. Long-term time series of monthly measurements for wind
speed, sea surface temperature and air temperature from 1880 to 2020 in the area
of 51°-52°N and 2°-4°E were obtained from the International Comprehensive
Ocean-Atmosphere Data Set 3.0'24. This dataset provides assimilated original
marine surface data with traceable data sources and thus provides a reliable data
repository with exceptionally high spatial and temporal resolution. Data for sea
surface salinity from 1961 to 2018 were obtained from the ICES Dataset on Ocean
Hydrography, 202012, Detailed descriptions of all datasets used are provided in the
supplementary material.

Due to a lack of robust data, the ICES dataset did not allow for the construction
of reliable sea surface salinity time series for every sampling site. However, this was
not required as the between site variability in sea surface salinity was expected to be
larger than the variability through time3! and hence an assessment of sampling site
salinity variance from available data was more useful. Therefore, we compared
salinity values from assimilated data within a 10 km radius around either sampling
site. An initial inspection of the data revealed that these were neither normally
distributed (Shapiro Wilk test and visual inspection with QQ plots) nor exhibited
an equal variance (Levene’s test and visual inspections of residuals). Hence, we used
a non-parametric Kruskal-Wallis H test and a pairwise Wilcoxon Rank Sum post-
hoc test with a standard Bonferroni correction for the comparison of sea surface
salinity between sampling sites (Supplementary Table 3).

Shell characteristics. Measurements of shell height, aperture height, and aperture
width were made using digital Vernier callipers (+ 0.1 mm) for all specimens. Shell
shape was evaluated using elliptic Fourier analyses of shell outlines!?%127 following

the approach published elsewhere!%8, For this, individual shells were placed on an
illuminated platform with the aperture facing downward in a natural position and
images were taken from a fixed distance with a DSLR camera (Nikon 3000 with a
Sigma 105 mm macro lens) mounted on a photostand. This produced images of the
shells as black silhouettes with sharp edges on a bright background, making them
suitable for outline tracing. Outlines were constructed in the position that N.
lapillus attaches to rocks (i.e., aperture facing downward) rather than in the more
commonly used aperture upwards position to study shell shape variations between
individuals that are more meaningful to this rocky shore organism, exposed to high
wave energy environments. Outlines of individual shells were digitised and turned
into x-y coordinates using the R package Momocs!2%129. Outlines were subse-
quently smoothed to remove digitisation noise and harmonised regarding orien-
tation and size. Elliptic Fourier analyses were then carried out on the aligned
outlines with nine harmonics encompassing 99% of the total harmonic power and
a PCA was used to extract axes that reflected most of the shell shape variability
among individuals (Supplementary Fig. 1).

The shell layer thickness was analysed by sectioning shells perpendicular to the
aperture at the mid-section of the last whorl using a diamond saw (Fig. 1a). The
anterior side was embedded in polyester resin (Kleer-Set FF, MetPrep, Coventry,
UK). The intersection plane of embedded specimens was smoothed on silicon
carbide paper and subsequently polished down to one micron with diamond paste
using an automated polishing rig. Micrographs of the shell sections were taken
from the dorsal region (Fig. 1a) of the shell halves using a digital stereo microscope
(ZEISS Primo Star, Zeiss, Oberkochen, Germany). Since aperture thickness is
influenced by both predation pressure and wave exposure in N. lapillus through the
formation of thicker apertural lips and/or teeth®8-60:05, measurements of shell layer
thickness further inside the shell provide a better proxy for environmentally
induced shell layer thickness variability. Aragonite and calcite layer thicknesses
were individually measured from 10 randomly chosen regions within the
micrographs using the software ZEISS Labscope (v.3.1). For this purpose, 10
approximately equally distanced sections were selected on either micrograph, and
total shell thickness and calcite layer thickness were measured perpendicular to the
innermost aragonite layer of the shells. Aragonite layer thickness was inferred by
subtracting calcite layer thickness from total shell thickness. To validate the
reproducibility of this method, the same images were evaluated three times in
different orders and on different days showing no statistically significant difference
between measurement sessions (Kruskal-Wallis H test, H(2) = 1.029, p = 0.598).
Mean shell layer thicknesses were then calculated from all 30 measurements per
shell of each individual sample (Fig. 1).

Environmental time series analysis. Long-term time series (1880-2020) of sea
surface temperature, air temperature and wind speed were modelled with GAMMs
using the R package mgcv!30 and following protocols for data exploration and
regression-type analyses!31132, Each environmental variable was modelled using
month and year as fixed covariates and their tensor product interaction term. Years
were included using thin plate regression splines, and months were included using
cubic regression splines with the number of knots limited to 12. Plots of the partial
autocorrelation function showed significant autocorrelation of the residuals which
required the use of autoregressive models to account for the temporal auto-
correlation. To identify significant trend changes in the modelled time series, the
first derivative of the fitted model was calculated using finite differences. Since the
equation of the regression splines is unknown, finite differences provide a method
to resample a fitted spline with a chosen number of points. This enabled us to
calculate the first derivative of a fitted regression line through these resampled
points, which resembles a close approximation of the fitted spline.

Yearly calcification windows were constructed from monthly mean
temperatures and their standard deviations. This was done by estimating the
percentage of a given month above either temperature threshold using monthly
mean and standard deviation temperature data (assuming that temperatures were
normally distributed) and converting percentages into days for every given month.
Temperature threshold regression trends were then formulated using GAMs,
including year, the number of available observations per year, and calcification
thresholds (10-15 °C) as predictors.

Shell characteristics time series analysis. Correlations of selected shell shape
and thickness trends, namely aperture size, shape-PCl-shape-PC5, calcite layer
thickness and aragonite layer thickness, with sampling year, shell height and
sampling site were examined by GAMMs. Given that shape-PCl-shape-PC5 were
shape representatives of the same shell, normalised shape descriptors were mod-
elled simultaneously within the same GAMM to allow for a holistic shape
description”!. All GAMMs included sampling year as a continuous variable to
examine long-term trends among shell descriptors and shell height as a continuous
variable to account for morphological and compositional biases due to allometric
scaling. Sampling site was included as a random-effect term to account for
dependencies among observations from the same sampling site in all models. An
initial data exploration using variograms showed no significant spatial auto-
correlation in the data, and therefore, no spatial autocorrelation structures were
deemed necessary. Inspections using (partial) autocorrelation plots of model
residuals also showed no temporal autocorrelation.
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Comparative time series analysis. The effect of long-term environmental change
in wind speed, sea surface temperature, and air temperature on selected shell
descriptors was analysed by a sequence of comparative models. Therefore,
descriptive statistics for each environmental variable were calculated (i.e., mean,
median, min, max, 10t percentile, 25t percentile, 75! percentile, 90t percentile,
and standard deviation). To account for the natural variability spectrum that
individual specimens experienced throughout their lifetime, the descriptive statis-
tics were calculated for a time window encompassing three years up to the sam-
pling year of the respective samples. A PCA was then performed on the normalised
descriptive statistics for each environmental parameter to describe temperature and
wind speed “regimes” (Fig. 3)®3!. This helped to reduce dimensionality in the data
and allowed us to model more complex relationships while avoiding multi-
collinearity issues among explanatory variables. GAMM:s were then constructed for
each of the selected shell characteristics including the first two principal compo-
nents of each environmental regime as independent variables. An automated
variable selection process using the dredge function in the R package MuMIn
v.1.43.17133 was used to assess model fits for all possible combinations of covariates
and the best acceptable model (identified by the Akaike’s information criterion!34)
with a CORVIF factor < 3 was selected. In all global models, the smoothing
parameter was limited (k= 3) to only allow monotonic relationships. As with the
shell characteristics GAMM:s described in the previous section, models describing
shell shapes also included all shape-PCs simultaneously within the same model for
an integrated description of shape relationships. The sampling site was included in
all models as a random-effect term.

Reporting summary. Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability
Datasets generated during this study are made publicly available on the following Github
repository: dm807cam/nucella2021belgium.

Code availability
All R scripts produced for this study are made publicly available on the following Github
repository: dm807cam/nucella2021belgium.
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