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Ocean freshening due to increased precipitation and ice
melting in a warming world poses a significant threat to
marine calcifiers. The reduced availability of calcification
substrates and an undersaturated calcium carbonate state
challenge shell construction and maintenance. The corrosive
potential of ocean acidification on biomineralized skeletons
is well understood, but few studies have investigated
the corrosive potential of significant freshwater input into
marine habitats. To examine the susceptibility of invertebrate
biocomposites to low salinity, we exposed blocks containing
polished surfaces of pristine shell material of six bivalve taxa,
representing different mineralogies and microstructures, to
a salinity gradient (0–45‰) for 180 days. By measuring the
loss of shell thickness, we revealed a significant correlation
between dissolution and decreasing salinity. Significantly
different amounts of shell thickness loss were observed across
microstructures, revealing mineralogy and organic content
as important predictors for dissolution. Aragonite layers lost
significantly more shell thickness than calcite, and higher
organic content retarded dissolution across microstructures.
Overall, shell dissolution at low salinities is significant and
comparable to dissolution predicted under end-of-century
ocean acidification scenarios. The compromised integrity
of marine invertebrate biomineralized skeletons because of
ocean freshening is of critical concern with future predicted
increases in precipitation and sea ice melt.
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1. Introduction
Salinity is a key factor in determining ecosystem structure and function, limiting organisms at their
physiological and ecological thresholds [1–3]. Salinity gradients are particularly prominent in coastal
environments influenced by seasonal and tidal cycles, in addition to significant terrestrial freshwater
runoff at the river–sea interface [4]. Global annual maximum daily precipitation levels have increased
by an average of 5.73 mm (8.5%) over the last century [5] and precipitation extremes are predicted
to increase by approximately 6–30% under low- and high-emission scenarios, respectively, by 2100
[6]. These enhanced levels of rainfall simultaneously increase flooding and freshwater runoff [7,8].
Chronic freshwater input significantly impacts marine ecosystems, with recognized consequences
on the growth and reproduction of organisms, as well as increasing mortality events [7,9,10]. The
implications of freshwater input are exacerbated where land and sea meet, compromising coastal
lagoon, estuarine and nearshore ecosystems [11,12]. The isolated nature of coastal lagoons and limited
input of seawater increase their vulnerability of evolving into a freshwater habitat [13]. Home to a
specialist fauna that provide ecosystem services and serve as key food sources for migrating birds and
invertebrates, the consequences of freshening impacts could be extensive [14].

Unsustainable, human-driven energy and land use continue to drive global greenhouse gas
emissions to record-breaking levels yearly [15]. This has contributed to a 0.8–1.3°C increase in
global surface temperatures above preindustrial levels [16]. With every 1°C of warming, atmospheric
moisture increases by approximately 7%, driving more intense and severe precipitation events [17–19].
As much as 80% of freshwater exchange (precipitation and evaporation) occurs over the ocean, and
shifts in this hydrological cycle are reflected by changes in salinity [20,21]. Increased summer melt
of the cryosphere exacerbates freshening at higher latitudes, while at warmer, lower latitudes, where
evaporation exceeds rainfall, conditions are becoming more saline [22–26]. Regional differences in
salinity are predicted to become further amplified [16,20].

Molluscs are a large and diverse phylum that make up 23% of the extant marine fauna [27].
Although some molluscs have lost their shells, and others have internalized them, most molluscs
biomineralize external calcium carbonate skeletons. As with all calcifiers, shifts in salinity will impact
the shelled molluscs as the manufacture and maintenance of their biomineralized shells become
increasingly more difficult with decreasing salinity [3]. The availability of calcium [Ca2+] and bicarbon-
ate [HCO3

−] ions, the essential building blocks needed for CaCO3 biomineralization, declines linearly
along a decreasing salinity gradient [3]. Limited further by reduced epithelial ion transport and kinetic
constraints, the energetic costs of biomineralization increase significantly [3,28,29]. Reduced salinity
also critically affects the ability to maintain a shell once formed as the undersaturated CaCO3 state (Ω
≤ 1) also promotes the dissolution of pre-existing calcium carbonate biominerals [3,30]. Some species
of shell-bearing molluscs have adapted to corrosive undersaturated conditions by having a thickened,
persistent periostracum, the external waterproof organic layer on the surface of the shell, whose
principal function is as a template for shell formation but which also serves as a frontline defence
against dissolution [31,32]. Nevertheless, the protective properties of the periostracum, however thin,
may become compromised through decay, damage or wear [33].

Salinity is a key predictor of shell shape, composition and formation in mussels and oysters [34–
36], and molluscs have been shown to initiate compensatory biomineralization processes in response
to biotic and abiotic stressors [3,35,37–40]. A number of traits have been postulated as adaptations
against shell dissolution, for example, a thicker periostracum and intra-shell organic layers in brackish
and freshwater taxa [41,42], increased thickness of periostracum and proportions of calcite and
organic matrix in Mytilus species [38,41], and it has been suggested that the periostracum of the
estuarine neritid gastropod Neripteron violaceum is chemically adapted to encourage the adhesion of
clay minerals to act as an additional barrier to dissolution [43]. Most research on the dissolution of
CaCO3 skeletons in a range of invertebrate taxa has primarily focused on the adaptations of freshwater
molluscs [41,44–46] and acidifying oceans [47–52]. However, studies investigating the effects of varying
salinity on biomineralization in brackish and low-salinity environments are now emerging [35,38,53].

Bivalves are the second largest class within the phylum Mollusca and are a key foundation group
in coastal marine ecosystems, providing community and regulatory services [54,55]. With an estima-
ted market value of $17.1 billion globally, they are also of high economic importance [56]. Bivalves
in these dynamic environments generally demonstrate euryhalinity and have evolved behavioural
and physiological responses to withstand salinity fluctuations [57,58]. The calcium carbonate shells
of bivalves are highly diverse and serve a multitude of functions, well adapted to the external
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requirements of the habitat and life mode [59]. Providing skeletal support for the soft tissues inside,
as well as protection from predation and unfavourable external conditions, the shell is vital to their
survival. Shell integrity is likely to be compromised with episodes of coastal freshening, as the ratio of
optimal calcification substrates deviates in hyposaline conditions [3,28].

Within Bivalvia, a number of shell microstructures are defined by the arrangement of the mineral-
ized and organic biocomposites [60,61]. Different microstructural arrangements demonstrate a range
of mechanical qualities, with variations in hardness, elasticity, strength, density and resistance to
dissolution strongly correlated with life mode [47,62,63]. The biocomposite shells generally consist
of 95.0–99.9% calcium carbonate and 0.01–5.0% organic matrix, though organic proportions as high
as 16.11% have been reported in very specialized microstructures [64,65]. Aragonite is the dominant
polymorph of calcium carbonate used and, although no taxa are exclusively calcitic, several bivalve
taxa secrete an outer calcite layer [62]. Inorganic aragonite is more soluble than calcite, but both are
increasingly susceptible to dissolution at lower salinities, temperatures [66] and pH [47]. The resilience
of each polymorph to dissolution is also influenced by additional factors, such as crystal size, the
proportion of organic matrix and Mg : Ca ratio [47,62]. As well as providing structural reinforcement
and serving as a template for biomineralization, the organic matrix may play a role in shell deteriora-
tion, either by initially shrouding the individual crystals it envelopes from unfavourable conditions,
encouraging dissolution directly in altered conditions [67] or by serving as a microbial substratum
[68]. Meanwhile, the substitution of magnesium in place of calcium in calcite (the aragonite structure
does not easily tolerate the incorporation of small Mg2+ ions) alters the thermodynamic properties of
calcite, increasing solubility and susceptibility to dissolution in high-Mg versus low-Mg calcite [69–72].
However, it should be noted that molluscs have much lower levels of magnesium substitution (less
than 4 mol%) than many other organisms, including forams, crustaceans, bryozoans, echinoderms and
red corals, which have calcites with levels of up to 45 mol% Mg [71,73]. Indeed, in a study examining
shell dissolution under predicted ocean acidification scenarios [47], the lobster cuticle was the most
susceptible to dissolution and had a magnesium content at least five times greater than the included
bivalve taxa.

By examining the dissolution rate of biomineralized microstructures exposed to a salinity gradient,
this study aims to determine the vulnerability of the shells of bivalve taxa to climate change-driven
salinity heterogeneity. In this study, we have selected representative microstructures to assess the
resilience of the isolated microstructure (ex situ) to a broad range of salinities from 0 to 45‰ to
make informative comparisons based on the biocomposite itself. Contributory factors to be considered
include mineralogy, organic content and crystal size. The following hypotheses are tested: (i) dissolu-
tion of microstructures will be greatest at salinities below normal marine conditions (<35‰); (ii) calcite
mineralogies will exhibit greater resistance to dissolution than aragonite; and (iii) susceptibility to
dissolution will be enhanced in microstructures with low organic content.

2. Material and methods
2.1. Material and microstructure characterization
Six bivalve taxa were selected, representing four key microstructures known to have different
proportions of organic content (wt%; calcitic foliae, 0.9 wt% and fibrous prisms, 1.4 wt%; and ara-
gonitic nacre, 3.1–3.4 wt% and crossed lamellar, 2.0–2.1 wt%). Large mature adult specimens were
sourced from four habitats (freshwater, coastal lagoon, intertidal and subtidal) and are summarized
in table 1. All taxa were collected alive and shell fragments (approximately 1 cm × 1 cm in size) of
the selected microstructures obtained using a Dremel tool. Fragments were selected from relatively
flat areas of the shell and were obtained from: 20 Cerastoderma edule; 20 Cerastoderma glaucum; 20
Mytilus edulis; 6 Unio pictorum; and 3 Pecten maximus. Material was selected from taxa with an intact
periostracum to avoid areas of previous shell loss and damage. To determine the weight proportion
(wt%) of the organic matrix within microstructures, one shell fragment of each taxon was retained
(with the periostracum removed by sanding) for thermogravimetric analysis. Fragments were ground
using a pestle and mortar, and 10 mg samples were tested using a thermal analyser (Discovery SDT650,
TA Instruments at the Department of Materials Science and Metallurgy, University of Cambridge, UK)
following the procedure outlined in Telesca et al. [38]. Where possible, results of the analysis were
cross-checked against the proportions of organic content determined by previous studies to ensure
samples were not aberrant [38,47,68]. Crystal width (to the nearest 0.1 µm) and variability (standard
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deviation) were measured from scanning electron micrographs of the exposed shell surfaces in the
resin blocks (for details, see below) using ImageJ software. Crystal widths of the crossed lamellar were
measured using the same method from scanning electron microscope (SEM) images published in fig. 4
of Milano et al. [74] to take advantage of demarcated individual laths.

2.2. Dissolution experiment
Shell fragments were set in individual polyester resin blocks (60 per taxon) so that the flat area of the
desired microstructure was parallel to the surface of the resin. Blocks were ground and polished down
to a 9 µm grit to expose the shell on the top surface flush with the surface of the resin (figure 1). This
process removed any adherent periostracum, existing corrosion or microborings that may have been
present on the original surface of the shell. Salinity treatments were prepared to 30 l using Instant
Ocean® and deionized water, adjusted manually to the required salinity (± 0.1‰) using a handheld
salinity tester (HI-98319, Hanna Instruments). Water pH of the salinity treatments was tested using a
pH probe (HQ11D portable meter, Hach, Germany), calibrated using pH buffer solutions of pH 4.01,
7.00 and 10.01. pH values of 8.29, 8.47, 8.38 and 8.12 were recorded for salinities of 10, 20, 35 and 45‰,
respectively. Measurements of pH failed to stabilize in the deionized water (0‰). Saturation states of
calcite and aragonite at salinities of 10, 20, 35 and 45‰ were calculated using the CO2SYS program
developed by Lewis & Wallis [75]. The respective calcite saturation states were 1.56, 5.46, 10.28 and
9.03, and the aragonite saturation states were 0.88, 3.28, 6.54 and 5.74. Three 10 l replicate tubs with
fitted lids to minimize evaporation were prepared for each salinity treatment, making a total of 15 tubs.
Each tub was connected to an air pump via silicone tubing and a manifold to maintain water move-
ment at a rate of approximately 5 l min−1. Aquarium check valves were used to prevent water from
flowing back into the air tube. Twelve blocks per taxon were exposed to each of the five salinities: 10,
20, 35, 45 and deionized water (0‰). Each salinity treatment had a total of four blocks per taxon in each
of the three replicate tubs, with each tub holding a total of 24 blocks. Blocks were oriented with the
exposed shell fragment on top (electronic supplementary material, figure S1), and a random number
generator was used to randomly place the 24 blocks in each tub. A complete change of water was made
every 20 days by mixing up 30 l of each salinity treatment before distributing it into the three replicate
10 l tubs. Salinity was measured every day for the first 14 days of the experiment to ensure stable
salinity levels and subsequently monitored weekly. No deviations of more than ±0.1‰ were recorded
throughout. The salinity gradient mesocosm was set up at the British Antarctic Survey, Cambridge
(electronic supplementary material, figure S2), in a controlled environment room maintained at 10°C
and in darkness to help retard the growth of biofilms. Separately, inorganic prisms of aragonite (n = 15)
and parallelepipeds of calcite (n = 15), ranging in weight from 0.15 to 1.33 g, were placed whole (i.e. not
embedded in resin) into each tub. We did not embed these inorganic mineral samples because of their
tendency to break along their cleavage planes during polishing, which would have had a marked effect
on their solubility. Instead, we used these mineral samples to visually compare dissolution patterns
between organic and inorganic carbonates. All blocks were removed after 180 days (approx. 6 months).

2.3. Measuring shell thickness loss
Thickness of shell loss (dissolution) was measured using an ultrahigh-definition digital microscope
(VHX-7000 Keyence at the Sainsbury’s Laboratory, University of Cambridge, UK) that uses high-resolu-
tion light-sensitive sensors to visualize and capture surface contours and textures. Serial three-dimen-
sional images of the block surface were stitched to produce a single three-dimensional profile at
magnifications of 100×, 400× or 700×, as needed for resolution. Tilt correction of the block was applied
using the flat resin margins as reference points. Two-point transects were made across the three-dimen-
sional profile to determine the greatest change in depth (µm) relative to the resin surface. Five transects
were made to determine an average amount of dissolution (shell thickness loss). Inorganic blocks were
air-dried and weighed to the nearest 0.001 g at the end of the 180 day experiment. The percentage
weight loss of each inorganic block was calculated and used to compare levels of dissolution.

2.4. Examining dissolution
From each salinity treatment, one block of each microstructure and the isolated mineral crystals were
reserved to characterize the surface textures by SEM (Zeiss EVO HD15 at the Sainsbury’s Laboratory,
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University of Cambridge, UK). Specimens were washed and air-dried before being gold-coated to a
thickness of 10 nm and imaged at 20 kV.

2.5. Statistics
Data exploration was carried out following the protocol described in Zuur et al. [76]. Shell thick-
ness loss was negligible across microstructures at 35 and 45‰, and to prevent zero inflation and
biased parameter estimates, was not included in any analyses [76]. Linear mixed models (LMMs)
were applied to determine the influence of shell characteristics on dissolution susceptibility. Variance
inflation factors (VIFs) and pairwise scatter plots were used to check for collinearity. VIF values of <3
were considered acceptable. Salinity was included as a categorial factor in all analyses. The tub was
initially included as a random effect to account for variation among the salinity treatment replicates

Figure 1. Resin blocks (n = 60) exposing shell fragments of six bivalve microstructures were prepared. Blocks were ground to a 9 μm
grit to ensure the shell surface was flush with the resin. Blocks were exposed to salinities of 0, 10, 20, 35 and 45‰ for 180 days.

Table 1. Summary of taxon microstructure, habitat and organic content.

mineralogy and
microstructure

taxon (n) habitat (salinity) source of materials organics
(wt%)

crystal size
(µm ± s.d.)

calcite; foliae Pecten maximus
(king scallop) (3)

subtidal
(approx. 35‰)

commercial dealer 0.9 0.9 ± 0.1

calcite; fibrous prisms Mytilus edulis
(blue mussel) (15)

intertidal
(approx. 35‰)

West Runton, UK 1.4 1.5 ± 0.3

aragonite; nacre Mytilus edulis
(blue mussel) (15)

intertidal
(approx. 35‰)

West Runton, UK 3.1 4.8 ± 0.5

aragonite; nacre Unio pictorum
(freshwater mussel) (6)

freshwater habitat
(0‰)

Wicken Fen, UK 3.4 5.3 ± 0.5

aragonite; crossed
lamellar

Cerastoderma edule
(common cockle) (20)

intertidal
(approx. 35‰)

Holme-next-to-Sea, UK 2.0 0.6 ± 0.1

aragonite; crossed
lamellar

Cerastoderma glaucum
(lagoon cockle) (20)

coastal lagoon
(mean: 17‰)

Slaughden lagoon, UK 2.1 0.6 ± 0.1

inorganic aragonite;
crystals

(15) — commercial dealer 0 —

inorganic calcite;
cleavage rhombs

(15) — commercial dealer 0 —
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but was subsequently removed for parsimony since the variance was negligible. Block_ID was included
as a random effect to account for the non-independence of the five shell thickness loss measurements
made on each resin block and to avoid pseudoreplication. Model assumptions were validated by
plotting residuals versus fitted values, versus each covariate in the model and versus each covariate
not in the model. A log transformation was applied to the response variable, shell thickness loss, to
meet model assumptions. High collinearity (VIF > 10) between organics and crystal size (Pearson’s r
= 0.8) prevented their simultaneous inclusion in mixed model analyses. Instead, they were modelled
separately in additive models with mineralogy and their interaction with salinity. These models were
compared using the Akaike information criterion (AIC) and likelihood ratio tests using a baseline
model including only salinity and mineralogy. All analyses were carried out using R (v. 4.4.1). The
lme4 [77] package was used to conduct the LMMs, while MuMIn [78] was used to calculate R2 values,
and emmeans [79] was used to back-transform effect sizes, perform pairwise comparisons and discern
linear trends.

3. Results
Shell thickness loss was observed in all six of the microstructures at salinities of 0 and 10‰. Three
microstructures showed further loss at a salinity of 20‰. Shell thickness loss was negligible at salinities
of 35 and 45‰, and the intact shell fragment surfaces revealed by scanning electron micrographs of
C. glaucum crossed lamellar and M. edulis nacre at 35‰ corroborated this (electronic supplementary
material, figure S3). The significant variations of shell thickness loss observed across microstructures
are demonstrated in figure 2 and highlight the importance of examining the microstructural properties
of each taxon.

3.1. Salinity
A strong negative correlation was observed between salinity and shell thickness loss (LMM: F2,176
= 249.49, p < 0.0001, marginal R2 = 0.73). Significant levels of shell thickness loss occurred across all
microstructures at salinities of 0 and 10‰. Dissolution was discernible at 20‰ in the crossed lamellar
and M. edulis nacre microstructures, but negligible in the calcite polymorphs and U. pictorum nacre
(figure 2). Over the 180 days, dissolution was greatest in deionized water (0‰; LMM: estimate = 125.71,
95% CI 107.36–147.20), and decreased significantly with increasing salinity at 10‰ (LMM: estimate =
35.03, 95% CI 29.88–41.06) and 20‰ (LMM: estimate = 5.81, 95% CI 4.65–7.26). There were significant
differences in dissolution across microstructures, with some more resistant than others. The general
pattern of susceptibility was C. glaucum crossed lamellar > C. edule crossed lamellar > M. edulis nacre
> U. pictorum nacre > M. edulis fibrous prisms > P. maximus foliae (LMM: F5,164 = 162.47, p < 0.0001;
figure 2). Divergences from this pattern are described here. There were no significant differences in
shell thickness loss between the crossed lamellar microstructures at salinities of 0‰ (LMM: p > 0.05,
t164 = −0.276) and 10‰ (LMM: p > 0.05, t164 = −0.246), but C. edule lost approximately 49.5% less shell
thickness than C. glaucum at the higher salinity of 20‰ (LMM: p < 0.0001, t164 = 6.248). No significant
difference in shell loss was observed in calcitic microstructures in deionized water (LMM: p > 0.05, t164
= 1.512), but P. maximus lost approximately 41% less shell at a salinity of 10‰ (LMM: p < 0.0001, t164 =
4.749). At 20‰, there was no significant difference in shell loss between the C. edule crossed lamellar
and M. edulis nacre (LMM: p > 0.05, t164 = 1.512). No dissolution was discernible in U. pictorum nacre at
a salinity of 20‰, demonstrating higher resistance to dissolution than the nacre of M. edulis.

These results must be considered with the characteristics of the mineralized and organic com-
ponents outlined above to determine the importance of these factors in driving or retarding shell
dissolution. Factors considered in the analyses include mineralogy, organic content and crystal size.

3.2. Mineralogy
Mineralogy was a strong predictor of dissolution susceptibility (LMM: F1,174 = 340.4, p < 0.0001,
marginal R2 = 0.91). Calcitic microstructures were most resistant to dissolution, losing approximately 50
and 83% less shell thickness than aragonitic microstructures at salinities of 0‰ (LMM: p < 0.0001, t174 =
7.45) and 10‰ (LMM: p < 0.0001, t174 = 18.55), respectively.
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3.3. Organic matrix and crystal size
Total organic content varied markedly across the different microstructures. Calcitic microstructures
exhibited the lowest amounts of organics, with just 0.9 wt% in P. maximus foliae and 1.4 wt% in M.
edulis fibrous prisms. In the aragonitic microstructures, taxa with crossed lamellar microstructures had
lower quantities of organics (C. glaucum, 2.1 wt%; C. edule, 2.0 wt%) compared with nacre (M. edulis, 3.1
wt%; U. pictorum, 3.4 wt%) (table 1).

Overall, higher proportions of organics improved resistance to dissolution (LMM: F1,172 = 22.57, p <
0.0001), but this relationship varied significantly with salinity (LMM: F1,172 = 20.69, p < 0.0001). Higher
organic content was beneficial at the lowest salinity of 0‰ (LMM: slope = −0.59; 95% CI −0.73 to −0.45),
but revealed a weakened and nonsignificant influence at salinities of 10‰ (LMM: slope = 0.14, 95% CI
−0.28 to −0.00) and 20‰ (LMM: slope = −0.12, 95% CI −0.37 to 0.13).

Increasing crystal size also improved resistance to dissolution significantly (LMM: F1,172 = 27.53,
p < 0.0001) and showed a significant interaction with salinity (LMM: F1,172 = 3.46, p < 0.05). Larger
crystal size was most advantageous at a salinity of 0‰ (LMM: slope = −0.14; 95% CI −0.19 to −0.10)
and showed a weakened effect at a salinity of 10‰ (LMM: slope = −0.07; 95% CI −0.12 to −0.02). The
relationship was not significant at a salinity of 20‰ (LMM: slope = −0.05; 95% CI −0.12 to 0.02).

Organic content (χ2 = 63.96, p < 0.0001, AIC = −777.47) and crystal size (χ2 = 39.94, p < 0.0001, AIC =
−753.45) significantly improved model fit compared with the baseline (AIC = −719.59). Organic content
appeared to have a significantly better fit, and the likelihood ratio chi-square statistic suggested it to be
approximately 1.6 times more influential in predicting shell thickness loss than crystal size.

3.4. Surface imaging
SEM imaging revealed the extent of dissolution for each microstructure and variation among them.
Organic envelopes did not appear to be retained, suggesting their preferential dissolution before
the mineral components. The surface textures observed are characterized by extensive pitting of
individual crystals and significant loss of structural integrity at the lowest salinities of 0 and 10‰
(figures 3 and 4). In the crossed lamellar microstructures, individual lamellae were exposed and
displayed pronounced irregular and pitted surfaces, resulting in distortion of the usual interdigita-
tion of the first and second orders (figure 3a,b,d,e). Nacre tablets were separated by steep-walled
canyons, causing severe loss of integrity. The tablet surfaces were conspicuously perforated, and the
margins were ragged (figure 3g,h,j,k). In the fibrillar prisms, dissolution was preferential along the
margins of individual prisms, and loss of structural integrity was acute (figure 4a,b). The dissolution
extent was modest in microstructures exposed to salinities of 20‰. Individual laths remained highly
integrated with little evidence of structural impairment. Only a very small amount of pitting could

Figure 2. Shell thickness loss measured in microstructures from six bivalve taxa exposed to reduced salinities. Loss of shell was
measured in micrometres as the difference between the block and shell surfaces using a high-resolution digital microscope (VHX-7000
Keyence). Error bars represent one standard deviation above and below the mean. A = aragonite; C = calcite.
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be distinguished (figure 3c,f,i). As the evidence of dissolution was minimal in samples that recorded
some loss of shell at 20‰, and the clarity of the individual crystals was much reduced because of
uninterrupted interdigitation, microstructures that did not record any amount of shell loss at 20‰
were not imaged by SEM. Scanning electron micrographs of C. glaucum crossed lamellar and M. edulis
nacre at a salinity of 35‰ revealed intact, smooth surfaces that corroborated negligible shell thickness
loss and absence of dissolution (electronic supplementary material, figure S3).

The inorganic aragonite and calcite blocks showed similar levels of deterioration as a result of
dissolution. Exposure to the lowest salinity (0‰) resulted in obvious and extensive pitting of the
aragonite surfaces, with a pronounced irregular texture and preferential loss of material along parallel
lines that reflect the cleavage planes (figure 5a). Although pitting was less obvious in the inorganic
aragonite blocks exposed to a salinity of 10‰, there was significant deterioration along the crystal
edges (figure 5b). The effects of dissolution appeared less severe on the inorganic calcite rhombs, with
patches of roughness observed across the surface. With no obvious pitting, dissolution was preferential
along cleavages at the lowest salinities (0 and 10‰), resulting in some structural deterioration (figure
5c,d).

4. Discussion
This study of isolated bivalve microstructures has allowed a first-order examination of shell dissolution
across a salinity gradient. Our findings support our initial hypotheses and reveal: (i) the high suscepti-
bility of bivalve calcium carbonate shells to dissolution in salinities below normal marine conditions of
35‰, with the rate of dissolution increasing significantly and progressively with decreasing salin-
ity; (ii) that calcite polymorphs show significantly more resistance to low-salinity conditions than
aragonite, with mineralogy the best predictor for dissolution; and (iii) that organic content has an
important influence on the dissolution of aragonitic microstructures.

4.1. Corrosive potential of low salinity
While ocean acidification and its deleterious effects on calcareous skeletons have been well studied,
the corrosive potential of ocean freshening is of increasing concern, as we experience more severe
precipitation events, especially at high latitudes with accelerated melting of the cryosphere. In marine
environments, changes in the hydrological cycle are largely reflected by shifts in salinity [20,21].
Desalinization is most severe along coastlines where there are significant levels of freshwater input via
river flooding and ice melt. The decreasing calcium carbonate saturation state and concentrations of
calcification substrates along the salinity gradient create challenging conditions for calcifying marine
organisms [3,28,29]. The amounts of shell thickness loss revealed in this study were significant and
are comparable with the findings of a study investigating dissolution under future ocean acidification
conditions carried out by Chadwick et al. [47]. The authors used a technique outlined in Kennish
& Lutz [80] to manually measure shell thickness loss and found a reduction of less than 25 µm in
the shell thickness of the crossed lamellar microstructure after 100 days of exposure to the predicted
end-century pH of 7.65. Coastal salinity regimes show increasing seasonal variability with a changing
climate, reflected by greater ranging fluctuations from low salinity, driven by higher levels of precipita-
tion in winter, to increasingly hypersaline conditions, driven by increasing summer temperatures and
rates of evaporation [22,23]. So, although periods at extreme salinities are impermanent, the ranges of
fluctuation are likely increasing under ongoing climate change and will reflect oscillating periods of
more intense dissolution and impediment to shell building in the natural environment. These effects
will be most significant in marginal seas and isolated environments like coastal lagoons. Late twenty-
first century (2070–2100) predictions indicate salinity reductions of 29–45% in the already low-salinity
Baltic Sea (average salinity of 7‰), driven by increased river flow and changes in precipitation–evapo-
ration dynamics [81,82]. Similarly, significant and severe salinity drops in the Rías Baixas, Spain, are
predicted with forecasted extreme precipitation events [83]. In the Antarctic intertidal, organisms are
already experiencing salinities as low as 12‰, with more pronounced effects on organisms directly
exposed to melt streams due to freshwater runoff [84]. The findings of this study demonstrate the
deleterious potential ocean freshening may have on the integrity of marine invertebrate skeletons,
especially in nearshore areas.
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Figure 3. Scanning electron micrographs of aragonitic microstructures after exposure to salinities of (a,d,g,j) 0‰, (b,e,h,k) 10‰ and
(c,f,i) 20‰ for 180 days. Crossed lamellar of (a–c) Cerastoderma glaucum and (d–f) C. edule; nacre of (g–i) Mytilus edulis and (j,k) Unio
pictorum. Pitting of individual crystals and structural damage demonstrate the extent of dissolution (arrows).

Figure 4. Scanning electron micrographs of calcitic microstructures after exposure to salinities of (a,c) 0‰ and (b,d) 10‰ for 180
days. (a,b) Fibrous prisms of Mytilus edulis and (c,d) foliae of Pecten maximus. Pitting of individual crystals and structural damage
demonstrate the extent of dissolution (arrows).
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4.2. Microstructural characteristics

4.2.1. Mineralogy as a predictor for dissolution

All shelled molluscs secrete an organic periostracum coating on the external shell surface, which
provides support for calcium carbonate deposition, but also functions to protect the mineral compo-
nents from dissolution [32]. Many taxa inhabiting adverse environments, e.g. fresh or acidic waters,
have evolved especially thick periostraca [31,85]. However, the protection of the periostracum is
limited by its stochastic deterioration or abrasion, which depends on many factors, including the
surrounding environment and substrate, damage caused by grazers and predators and, of course,
the thickness of the periostracum produced by a particular taxon. This is especially problematic for
long-lived taxa, particularly on the oldest parts of the shell at the umbo, where exposure has been
longest. Once the periostracum has been lost, it cannot be restored and results in the exposure of the
calcareous shell beneath to dissolution [33]. SEM images of a two-year-old C. glaucum enduring low
salinity (7–8‰) conditions in the Baltic Sea show extensive shell dissolution after the complete loss of
periostracum at the umbo and even towards the ventral margins (figure 6). Understanding the capacity
of carbonate shell layers to resist dissolution in corrosive low-salinity conditions is critical to inform
predictions on the resilience of species to climate-driven salinity heterogeneity.

Although inorganic calcite is 35% less soluble than inorganic aragonite [66], many other factors may
also influence the solubility of different shell microstructures, such as organic content, crystal size and
morphology [47,62]. In this study, mineralogy was an important predictor for dissolution, explaining
91.0% of the variability at salinities of 0, 10 and 20‰, and 1.6 times more influential than crystal
size. Calcite is thought to be energetically less costly to build than aragonite [3], which may prove
a further advantage, allowing for an increased reserve of energy for other biological processes in an
already physiologically stressful environment. Indeed, M. edulis precipitates an increasing proportion
of calcite relative to aragonite in its bimineralic shell along decreasing salinity gradients [38,53]. It
remains intriguing as to why no freshwater molluscs have evolved to secrete a calcitic outermost layer,
despite multiple invasions into these habitats [62].

Figure 5. Scanning electron micrographs of inorganic (a,b) aragonite and (c,d) calcite blocks after exposure to salinities of (a,c) 0‰
and (b,d) 10‰ for 180 days. (a,b) Pitting of individual inorganic aragonite crystals and structural damage demonstrate the extent
of dissolution (arrows). (c,d) Dissolution is preferential along the cleavages of the inorganic calcite, with patches of irregular surface
texture.
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4.2.2. Function of the organic matrix

The role of the organic matrix within a molluscan shell is difficult to determine. The organic matrix
itself is a complex mixture of components (proteins, polysaccharides and chitin) and occurs in
taxon- and microstructure-specific proportions both between and within crystal units (see reviews
by [39,60,86]). Organic components can be separated into two fractions based on their solubility in
aqueous solutions. The soluble fraction is characterized by hydrophilic proteins rich in aspartic acid,
while the insoluble fraction is characterized by hydrophobic glycine- or alanine-rich proteins derived
from silk fibroins and a framework of the polysaccharide β-chitin [87–90]. Doubtless, the different
organic components have multiple functions, for example, determining the expressed polymorph or
microstructure [39,64], or controlling biomechanical properties (e.g. [35]). It also seems likely that
the organic matrix plays a role in maintaining shell integrity, but its complexity has led to contrary
findings. The presence of organic membranes within the shell may protect crystallites from dissolu-
tion [35,38,91,92], or serve as a microbial substratum in nonsterile conditions, leading to its decay,
subsequent dissociation of crystals and eventual disintegration of the shell [68]. In this study, we have
revealed organic content to be critical in retarding the dissolution of biogenic calcium carbonate shells.

The aragonitic microstructures investigated in this study fall into two categories: organic rich and
organic poor. The organic-rich nacre (U. pictorum and M. edulis) consists of thin, small (4.8–5.3 µm)
nacre tablets. Each individual tablet is surrounded by an organic envelope [93], providing flexibility
in life, but also protecting individual tablets from dissolution. The organic-rich nacre of U. pictorum
and M. edulis was distinctly more resistant to dissolution than the organic-poor crossed lamellar
microstructures, losing significantly less shell at the lowest salinities. Remarkably, U. pictorum also
measured negligible loss of shell at a salinity of 20‰, as did the more resistant calcite mineralogies.
Meanwhile, the organic-poor crossed lamellar microstructures lack obvious shrouding material among
the third-order lamellae, and the use of transmission electron microscopy is required to detect the thin
membranes that are 30 nm thick [68,94,95]. Comparing the two calcitic microstructures, the fibrous
prisms of mytilids have clear organic sheaths around 40 nm thick between adjacent prisms [96], while
the foliated P. maximus layers are defined by much finer organic membranes [97]. The high energetic
costs of synthesizing higher proportions of organic matrix are likely not as beneficial in the calcite
polymorphs, which are already more microstructurally resilient to dissolution [98].

Our results differ from the increased susceptibility of organic-enriched microstructures to dissolu-
tion in acidic seawater observed by Chadwick et al. [47], but this probably reflects differences in the
microbial decay of the organics. Despite partially sterilizing the natural seawater to reduce microbial
activity, Chadwick et al. [47] described the growth of biofilms and endolithic algae that is likely to
have promoted the dissolution of the organic material. Destruction of the organic matrix by microbial
decomposition is therefore likely to further exacerbate dissolution in natural conditions throughout the
shelled organism’s lifetime [67,68]. This primary loss of the binding matrix may disrupt the microstruc-
tural scaffold, loosening crystallites and accelerating dissolution as the reactive surface area increases
[67,68]. In our experiment, we specifically chose to minimize microbial activity. We used artificial
seawater prepared with deionized water and set the experiment up in a controlled environment room
at a constant temperature of 10°C, in the dark. No biofilms were observed on individual blocks, and
SEM imaging confirmed the absence of endolith boreholes on any microstructure. Given the extent
of microboring observed by Glover & Kidwell [68] in bivalve shells after two weeks of exposure in
nonsterile seawater, we are confident that our results are not influenced by microbial activity.

Figure 6. SEM micrographs of a two-year-old Cerastoderma glaucum specimen collected alive from the Baltic Sea, where it endures
low salinities of around 7–8‰. (a) Periostracum is completely absent at the umbo, inviting extensive dissolution of the mineral layer
and considerable structural damage. (b) Periostracum can be seen peeling away towards the ventral margin, with areas of distinct
pitting obvious across the unprotected aragonitic layer.
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A further factor that might be considered is the isomorphic substitution of Mg2+ for Ca2+ in the
calcium carbonate. While aragonite does not easily tolerate the incorporation of small Mg2+ ions, its
substitution in calcite can increase its thermodynamic solubility [70,72]. High biogenic Mg-calcites are
considered to have Mg : Ca ratios of more than 0.03 [99], several factors higher than the concentrations
of Mg2+ incorporated into P. maximus (0.0055) and M. edulis (0.0021), values recorded by Chadwick et
al. [47]. So, although P. maximus exhibits a concentration of Mg2+ twice that of M. edulis, the levels are
probably not enough to influence the chemical behaviour of the biogenic calcite in our experiments.

It should be noted that there is potential for organisms to mitigate dissolution by inducing
compensatory mechanisms, including the production of thicker, more protective shells [37,48] or
periostraca [38,43,85]. Increased proportions of organic content have also been observed to improve
chemical resistance to dissolution in Crassostrea virginica [35] and Mytilus edulis [38]. Such adaptations,
however, often come at the cost of trade-offs. For example, the improved chemical resistance of
organic-enriched Crassostrea virginica to low-salinity dissolution comes at the cost of an overall more
brittle shell of reduced shell thickness [35]. Furthermore, the costs of calcification in low salinity can
significantly limit shell growth and size [29,100], which may have significant effects on predator–prey
relationships.

5. Conclusion
This study reveals the increasing vulnerability of bivalve calcium carbonate shells to dissolution at
salinities below normal marine conditions. Aragonitic polymorphs are significantly more at risk than
calcitic ones, particularly in microstructures with lower proportions of organic matrix. However, the
limited sample size of this study meant that several factors (organic content, Mg : Ca ratio, crystal size)
could not be conclusively considered, particularly in the calcite polymorphs. It would be useful for
future research to explore a broader variety of taxa and microstructures to allow a more comprehen-
sive understanding of the susceptibility of biomineralized skeletons to dissolution in low salinities.
Investigating the impact of hypersaline conditions on calcification is also important as lower latitudes
experience more intense warming and frequent periods of drought, resulting in increased salinity in
many lagoonal systems.

Climate change-driven ocean freshening is likely to have significant impacts on the integrity of
biogenic calcium carbonate shells. Even the most resistant taxa with shells of calcite mineralogy
are vulnerable to significant amounts of shell loss at low salinities. As a first-order examination,
this study excluded other stressors, such as ocean acidification and warming, and was performed
under sterile conditions. Although these results may therefore provide a conservative representation
of the abiotic potential for dissolution, the biological capacity of living organisms to employ com-
pensatory mechanisms to counteract dissolution is not evaluated. The implications of dissolution
on shell material ex situ should therefore be extrapolated with care into the complex and multifacto-
rial natural environment. While some species have evolved compensatory mechanisms to tolerate
brackish and even freshwater habitats, taxa lacking such adaptations may not respond readily to
the rapid shifts in salinity experienced following intense precipitation events or future large-scale
ice melt in polar regions. These challenges are further amplified by the energetic and physiological
demands of low salinity, which may also impact the capacity of species to biomineralize effectively
[101,102]. Freshwater invertebrates may already be well adapted to corrosive undersaturated calcium
carbonate conditions, but enhanced water current velocities following storm and flooding events
can also significantly impact the dissolution rate of biomineralized exoskeletons [44]. Future predic-
tions indicate further intensification of the hydrological cycle with continued global warming. Vital
to survival, reduced integrity of bivalve shells could have far-reaching implications on ecosystem
function and predator–prey interactions.
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