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Assessments of the impact of construction, operation, and removal of large

infrastructures and other human activities on the marine environment are limited because

they do not fully quantify the background baseline conditions and relevant scales of

natural variability. Baselines as defined in Environmental Impact Assessments typically

reflect the status of the environment and its variability drawn from published literature

and augmented with some short term site specific characterization. Consequently, it can

be difficult to determine whether a change in the environment subsequent to industrial

activity is within or outside the range of natural background variability representative of

an area over decades or centuries. An innovative approach that shows some promise

in overcoming the limitations of traditional baseline monitoring methodology involves

the analysis of shell material (sclerochronology) from molluscs living upon or within the

seabed in potentially affected areas. Bivalves especially can be effective biomonitors of

their environment over a wide range of spatial and temporal scales. A rapidly expanding

body of research has established that numerous characteristics of the environment can

be reflected in morphological and geochemical properties of the carbonate material in

bivalve shells, as well as in functional responses such as growth rates. In addition, the

annual banding pattern in shells can provide an absolute chronometer of environmental

variability and/or industrial effects. Further, some species of very long-lived bivalves can

be crossdated back in time, like trees, by comparing these annual banding patterns

in their shells. It is therefore feasible to develop extended timeseries of certain marine

environmental variables that can provide important insights into long temporal scales of

baseline variability. We review recent innovative work on the shell structure, morphology,

and geochemistry of bivalves and conclude that they have substantial potential for use

as monitors of environmental variability and the effects of pollutants and disturbance.
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INTRODUCTION

Effective monitoring plays a key role in protecting the environment and limiting anthropogenic
impacts by providing evidence of the efficacy or otherwise of mitigation measures. Monitoring
programs are carried out to minimise uncertainties and ensure that in situ effects do not go beyond
the modeled predictions and remain within defined limits.
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While standard environmental monitoring strategies assess
the impacts of marine infrastructure in great detail, up to and
including decommissioning, a full description of the baseline
against which the results of such monitoring are assessed is
precluded because the period between planning and the start
of construction is too short to allow the range of natural
background variability to be defined. Pre-existing long term
instrumental records are sparse in the marine environment, often
situated very close to the coast, and limited in the range of
variables measured. In addition, new industrial developments
and associated infrastructure can be situated in remote areas
where long term records of environmental conditions are
unavailable. Nevertheless, in the context of long period cycles
and regime shifts in the marine environment that may be of
the order of several decades (Drinkwater, 2006), and of even
longer trends resulting from natural cycles and anthropogenic
climate change (Kaufman et al., 2009), assessment of the full
environmental impact attributable to an operation requires a
realistic understanding of impacts that may be attributable to
other sources (Figure 1).

One approach to this issue involves measurement of the
responses of organisms in an area of interest to environmental
change. In particular, the use of the hard parts of bivalve

FIGURE 1 | Schematic illustrating how cycles, trends, regime shifts and extrema are expressed in the context of an extended baseline. Short periods of

monitoring reveal only a small fraction of the full picture. High resolution multidecadal and multicentennial timeseries based on bivalve sclerochronology can provide

insights into the full range of natural and anthropogenically forced environmental variability, enabling a much more realistic and reliable approach to monitoring and risk

assessment programs.

molluscs—the field known as sclerochronology—is now
established in marine palaeoclimate studies and presents an
exciting option for extended baseline marine monitoring.

Sclerochronology is the study of physical and chemical
variations in the microgrowth of hard tissues (Davenport,
1938; Buddemeier et al., 1974; Jones, 1980; Oschmann, 2008),
which can be placed into a temporal context by periodic
banding. Advances in bivalve-based sclerochronology over
recent years have generated a range of new possibilities for
environmental monitoring, including in particular the ability to
obtain long (multi-decadal) baseline environmental information.
However, this potential has not yet attained a wide recognition
in the commercial and regulatory sectors, and as a result
sclerochronological techniques have not become a standard
aspect of monitoring programs. Here we review the state of the
art of bivalve sclerochronology and assess its potential to address
needs and gaps in current marine environmental monitoring
practices.

MONITORING THE ENVIRONMENT

Environmental monitoring is defined as “the regular collection,
generally under regulatory mandate, of biological, chemical,

Frontiers in Marine Science | www.frontiersin.org 2 September 2016 | Volume 3 | Article 176

http://www.frontiersin.org/Marine_Science
http://www.frontiersin.org
http://www.frontiersin.org/Marine_Science/archive


Steinhardt et al. Bivalve Sclerochronology in Environmental Monitoring

or physical data from predetermined locations such that
the present status and any ecological changes attributable
to industry operations can be quantified” (GESAMP, 1999).
Only with sufficiently good knowledge of the current status,
extent, changes, and trends in the condition of the marine
environment can stakeholders and policy makers make informed
and reasonable decisions, set rational priorities, calculate
costs and benefits, and evaluate risks of proceeding with
or refraining from the proposed projects. A tight feedback
response within the environmental management framework
reinforces successful environmental management and its ability
to protect the environment through quick responses and
continuous improvements in prediction, observation, regulation,
and operation. Furthermore, there is a particular need for
monitoring procedures that can identify and quantify variability
and trends through time and geographical space. Monitoring
programs aim to provide an overview of general environmental
conditions, variability and trends with the goal of robustly
estimating and attributing any changes associated with marine
developments.

Objectively interpreting results and evaluating impacts upon
the environment is dependent upon the standardization of
monitoring approaches (e.g., standardized taxonomic analysis
and geochemical measurements), which in turn allows the
intercalibration of data sets and comparison of relative
impacts. While the contaminants of concern and the biological
species available for monitoring will vary between marine
regions, monitoring methods and assessment criteria should
be harmonized as appropriate. In recent years, substantial
effort has been put into developing biological effect tools
(Beliaeff and Burgeot, 2002; Broeg et al., 2005; Dagnino
et al., 2007; ICES, 2007; Thain et al., 2008; Edge et al.,
2014). Moreover, new developments and improved technologies
allow for measurements that were previously challenging and
expensive to be made rapidly, in large numbers, and by technical
staff with only basic skill requirements (Bowen and Depledge,
2006).

Baseline characterizations aim to establish pre-operational
background environmental conditions, including variability and
long-term trends, allowing site-specific operational planning to
minimize environmental impact. Baseline survey data is used
to define natural background levels and variability of physical,
chemical, and biological parameters, which can subsequently be
used as a point of comparison for later monitoring surveys. On a
broader scale, baseline studies can also contribute to determining
anthropogenic impacts and potentially distinguishing between
natural and anthropogenic climate variations.

A further target of environmental monitoring is
determination of “good environmental status” (GES) as
defined by the European Union’s Marine Strategy Framework
Directive (MSFD). A number of descriptors have been put
forward for the MSFD, intended to specify what is meant by GES
(2010/477/EU, document C(2010) 5956, EC and MSFD, 2010).

The implementation of MSFD aims to protect and conserve
the marine environment, prevent its decline, and, where
necessary, restore marine ecosystems in areas where they have
been negatively affected.

Biological Techniques in Environmental
Monitoring
A biological effect is defined as the response of an organism, a
population, or a community to changes in its environment. The
usefulness and applicability of any biological-effect method will
depend on how well it is able to separate anthropogenic stressors
from the influence of other environmental factors or internal
biological processes. Biological effects techniques include tools
to indicate whether concentrations of contaminants are at safe
levels, specifically in relation to the pollution effects of naturally
occurring and synthetic chemicals in the marine environment.
Applying these techniques enables the identification of pathways
between contaminant and ecological receptor, as well as the
detection of the impact of substances (or any combination of
substances) that may not be analyzed as part of routine chemical
monitoring programmes in the sense of “what you don’t measure
you don’t find” (van der Oost et al., 2003; Thain et al., 2008).
In general, biological indicators carry information about the
status and health of the environment, and may reflect biological,
chemical and/or physical conditions.

There have been clear examples in the aquatic environment
where biological effect techniques have been used to identify
problems and subsequently to monitor the efficacy of
management interventions. For example, the Mussel Watch
programs have been applied worldwide to assess pollution
levels within coastal zones (Goldberg et al., 1978; Goldberg and
Bertine, 2000). Primarily, indicators are used to characterize
the current status and to track or predict significant changes;
they often track effects with multiple causes in a more simplified
and useful manner than direct contaminant measurements. In
addition, quantitative measurements can be taken in the form
of biomarkers; these are measurable responses in the biological
system to exposure to doses of substances and are potential tools
to detect exposure to or effects of contaminants. Biomarkers can
measure responses at different biological levels: biochemical,
physiological, organism, and population (Lam and Gray, 2003).
Most of these biological effect techniques make use of markers in
the tissue of the living animal.

Bivalves in Monitoring Studies—Current
Approaches
In general, the term “biomarker” is applied to any change that can
be detected in an individual living organism as a consequence of
exposure to a harmful chemical (or chemicals). Depledge (1994)
defines biomarkers more specifically as: “biochemical, cellular,
physiological, or behavioral variations that can be measured in
the tissue, body fluid samples, geochemistry, and morphology
of the shell/exoskeleton or at the level of the whole organism,
which provide evidence of exposure to and/or effects of, one
or more chemical pollutants (radiation).” The selection of a
biomarker depends on the nature of the environmental study and
the information already available about the physical and chemical
nature of the study area.

Biomarkers are being used in different countries as part of
various marine monitoring programs e.g., the joint biological
monitoring program for the North Sea (JAMP, 1998a,b), the
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UK National Marine Monitoring Programme (NMMP UK,
CEFAS, 2004) and in Spain (Franco et al., 2002; Borja et al.,
2004). One of the major concerns regarding the application
of biomarkers as a regional monitoring tool has been the lack
of standardization of methodologies. In response, a number of
programs have developed standard operating procedures (SOPs)
and undertaken inter-laboratory comparisons, including the
standardization programs QUASIMEME, BEQUALM (Moore
et al., 2004), and the SOPs of ICES. The use of biomarkers
based on organic tissue or behavior only allows sampling of
a “snapshot” in time, and longer time-series requires periodic
sampling efforts. In this paper we argue that sclerochronological
techniques present a viable and effective approach to long
baseline environmental monitoring.

Shell material carries an imprint, in its chemistry, crystal
structure and morphology, of the state of the ambient
environment at the time of deposition (Figure 2). The
periodically banded shells of long-lived bivalves can therefore
be thought of as an archive of data reflecting pre- and post-
impact conditions, with specimens from an unimpacted control
site being used to define the pre-impact baseline. Data from
extended multi-shell chronologies, where the precise timing of
geochemical data points is determined by the periodic banding
in the shells, can be used as a basis to study the background
effects of seasonality and decadal (or even centennial) scale
climate variability within the area of interest.

Monitoring Targets
Coastal Monitoring
The increase in “competing users” of coastal and marine
areas means that marine planning is becoming increasingly

important for resolving conflicts between users and for managing
environmental impacts on the sea (Douvere and Ehler, 2009).
Marine spatial planning is a bottom-up process intended to
improve collaboration and coordination among all coastal
and ocean stakeholders, and to better inform and guide
decision-making where it is perceived to affect their economic,
environmental, security, and social and cultural interests (e.g.,
CMSP NOAA, 2015). In particular, marine coastal monitoring
focuses on three general categories: major spill events (e.g.,
oil spills), chronic point-source pollution (e.g., outfalls, oil/gas
platforms, coastal industry waste discharge), and multiple inputs
(e.g., rivers), and all of these strategies have both a temporal
and spatial aspect. During major spill events both the temporal
and spatial components are complicated by rapidly changing
conditions. In such cases pre-spill data is highly desirable for
subsequent evaluation of the impacted site, but is most often not
available.

Renewable Energy and Near-Shore Activities
Many technologies are currently being developed to harvest
low carbon marine energy; these include offshore wind, wave
and tidal power, salinity gradients, and thermal gradients. In
2007, European leaders agreed to source 20% of their energy
needs from renewable sources by 2020 (Energy Policy for
Europe 7224/07, the so-called Renewable Energy Roadmap;
European Parliament, 2007). However, the large scale of planned
offshore renewable energy developments (OREDs), will add to
the existing pressures on coastal ecosystems, increasing the need
for environmental and ecological monitoring. Based on Nedwell
and Howell (2004) the lifecycle of a wind farm (∼30 years) can be
divided into four general phases: (1) the pre-construction phase

FIGURE 2 | Morphological and microstructural features of the shell of Arctica islandica (left). (A) Outer shell surface of the left valve. The black line indicates

the typical transect for cross-section. (B) Umbo-ventral margin cross-section as indicated in (A); this exposed surface is the typical site for high resolution

geochemical sampling. Microstructure of Cerastodernum edule (right) showing (C) periodic banding with tidal resolution and (D,E) characteristic microstructural and

crystallographic features, which show a high correlation with seawater temperatures. (A,B adapted from Schöne, 2003 C–E adapted from Milano et al., 2016).
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(lasting 1–5 years), (2) the construction phase (1 year), (3) the
operational phase (20–25 years), and (4) the decommissioning
phase (1 year). Any significant environmental effects (Figure 3)
are likely to depend on the natural disturbance regime and
the stability and resilience of the communities (Gill, 2005). In
terms of long-term ecological effects (Figure 3), the lifecycle
time span and its individual phases need to be considered in
ecological monitoring studies. A number of potential impacts
of offshore wind farms on ecosystems have been identified,
including underwater noise effects, bird collisions, the barrier
effect, electromagnetic fields, visual/physical intrusion, and
seabed disturbance during construction and operation (Figure 3;
ETNWE, 2003; CEFAS, 2004; Carter et al., 2008).

Offshore renewable energy installations are likely to impact
coastal ecosystems, since single developments have ecological
footprints extending over several square kilometers of near-
shore waters (e.g., Boehlert and Gill, 2010). Nevertheless, data
on the environmental impacts of OREDs are limited (EC, 2015)
and there is an urgent need to develop specific long-term
observation methods to monitor their effects on the environment
(Shumchenia et al., 2012; Lindeboom et al., 2015). Furthermore,
various terrestrial and near-shore activities (Mason, 2002;
Matthiessen and Law, 2002) have led to disturbance of habitat
or local habitat loss. Other environmental aspects that need
to be considered include changes in nutrient availability and

FIGURE 3 | Framework for the consideration of environmental effects

of marine renewable energy encompassing different scales (Figure:

adapted from Boehlert and Gill, 2010). The dashed rectangle highlights the

levels at which biomonitoring is most applicable. Level 2 summerizes some of

the potential environmental stressors, which can effect receptors (physical,

chemical, and biological) of level 3. Level four differentiates the duration and

nature of the environmental effects.

cycling, sediment erosion or reduced sediment supply, changes
in sea level and any change in vulnerability to natural and
anthropogenic disturbances (McLusky et al., 1992; Schekkerman
et al., 1994; Rogers and McCarty, 2000). Sclerochronology-based
indicators, such as indicators of changes in food availability
and/or foodweb structure [these indicators include shell growth,
δ13Cshell, Ba/Cashell, etc.; see Section Ecosystem Variables
(Trophic Levels, Food Supply, Metagenome)], can potentially be
used for the establishment of baselines related to the pre-impact
environment and for the in situmonitoring of any environmental
change during the construction and operation of the installation.

Oil and Gas
While the total amount of oil and gas produced within the
OSPAR area has decreased since 2001, the number of offshore
installations has increased (OSPAR, 2010 Quality Status report).
OSPAR is the legislative instrument by which 15 governments
and the EU cooperate to protect the marine environment of
the North-East Atlantic. In addition, rising global temperatures,
particularly in the high northern latitudes, have coincided
with a rapid decline in sea ice cover, making hydrocarbon
resources in the Arctic increasingly accessible. The use of
standard monitoring procedures to assess the impact of existing
operations, decommissioning, and the opening up of new areas is
enhanced and relevant where long term baseline conditions can
be established for comparison.

Drilling discharge—a potential contamination source
Routine operations of production platforms can lead to the
release of oil, chemicals, and naturally occurring radioactive
materials; these occur especially through discharges of produced
water, drainage water (water from platform decks etc.), drilling
fluids, and from drill cuttings. Furthermore, accidental oil spills
can occur during exploration and production operation. A main
source of input are drill cuttings (drilling mud and fragments
of overlying and reservoir rock) deposited onto the seafloor
during the exploration phase. Drilling fluids, used to lubricate
the drilling string, are divided into three types: water-based
(WBM), oil-based (OBM), and synthetic-based (SBM). Water-
based drilling fluids, consisting of inorganic components, are
regarded as less harmful than the other two, and these are allowed
to be discharged without treatment. The main constituents of
WBM (bentonite clay and barite) are non-toxic, but they can
smother sessile benthic animals.

In the North Sea alone the volume of drill cuttings is estimated
at 12 million m3 (OLF, 2000). A study by Breuer et al. (2008)
of a drill cuttings pile resulting from drilling oil based mud
(such discharges were effectively banned in the OSPAR area in
1996) showed that microbially mediated diagenetic reactions in
organic-rich cuttings can result in rapid removal of O2 within
the top few millimeters resulting in anoxia within the cuttings
pile. As a result, the rate of degradation of hydrocarbons is
slowed and elevated concentrations of trace and heavy metals
occur. Trace metals released into the porewater of the cutting
pile can potentially diffuse into the overlying water by adsorbing
onto Mn and Fe oxyhydroxides at the sediment water interface.
Other metals (Cr, Cu, and Pb) can diffuse downward, becoming
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incorporated into Fe monosulfides. If the Fe sulfides are exposed
to O2, e.g., by bioturbation, advection and/or pile resuspension
during the decommission process, this may lead to the release of
the associated metals into the water column (Huerta-Diaz et al.,
1998; Saulnier andMucci, 2000). Sclerochronological approaches
that can be used to track some of these pollutants are described
in Section Metal Pollution.

Another major source of oil discharge from routine
production is produced water (PW), which is extracted from the
reservoir along with the oil. PW can represent up to 80% of the
waste and residual discharge to sea from natural oil production
operations (Tibbetts et al., 1992; Carroll et al., 2001; McCormack
et al., 2001) and contains hazardous substances including
residues of chemicals used in the production process such as
corrosion inhibitors and demulsifiers (chemicals that enhance
the separation of oil from water) and inorganic compounds
including heavy metals and radionuclides. The composition
and amount of PW varies between fields. The ratio of PW to
other fluids depends on the type of reservoir and its geochemical
characteristics, as well as the production/processing techniques.
The maximum permitted concentration of oil in discharged PW
in the OSPAR area is 30 mg/l (e.g., Lee et al., 2011).

Other pressures from oil and gas activities include chemicals
that can leak, e.g., from hydraulic valves, and leach from
coatings and anodes of pipelines and other subsea structures.
The seabed is physically disturbed not only during installation
of pipelines, cables, subsea structures, and platforms, but also
when they are decommissioned (an increasingly important issue
as installations come to the end of their lifecycles, see below).
Additionally, the risk of accidents such as leaks and spills
may increase as the infrastructure ages. In recent years the oil
industry has begun to decommission redundant installations
and pipelines. The removal of the installations and associated
infrastructure can cause sediment disturbance and subsequent
localized impacts, such as turbidity. If there is a cutting pile at
the base of the platform this may be disturbed and contaminated
cuttings re-suspended. However, evidence indicates that these
re-suspended particles do not disperse and settle back in the
same area.

Decommissioning
Decommissioning is the process of removing or otherwise
making safe oil or gas exploitation structures at the end of
their life cycle. Decommissioning may be carried out by any
one of four methods: complete removal, tow-and-place, partial
removal (i.e., “topping”), or toppling (laying the structure on its
side; Schroeder and Love, 2004; Macreadie et al., 2011; Fowler
et al., 2014). Globally, more than 7000 oil and gas platforms
distributed over 53 countries (Parente et al., 2006) will need to
be decommissioned in the coming decades.

Of national and international bodies that regulate
decommissioning in the NE Atlantic, OSPAR is particularly
significant in terms of influencing the adopted approach. OSPAR
Decision 98/3 prohibits leaving offshore installations wholly or
partly in place but provides certain derogations to the legislation
including the exception of concrete structures and the footing of
large steel jackets with a weight of more than 10,000 tonnes.

Decommissioning assessment reports should take into
account the effects of all decommissioning options, including
energy budgets, biological and technological impact of
discharges, secondary emissions, physical and habitat issues,
fisheries, waste management, littering and drill cutting deposits
(Parente et al., 2006).

Decommissioning alternatives to complete removal may
include the creation of artificial reefs (so called “rig to reef”
approach), which provide substrates for marine organisms (as
for example the Gulf of Mexico). The objective of the “rig
to reef” approach is to use the decommissioned structures
for fisheries yield and production, for recreational activities,
to prevent trawling, to repair degraded marine habitats, and
for overall economic and social benefit. Ultimately a reef-
based food chain may develop providing food sources for
larger organisms such as fish (e.g., Claisse et al., 2014). Such a
rig-reef community may vary considerably from the naturally
occurring species composition and also affect local nutrient
recycling within the water column and settling of nutrients to
the seafloor, thereby affecting benthic organisms surrounding
the reef area. One criterion for consideration of partial removal
of decommissioned offshore oil platforms is its potential for
conversion to a man-made reef that would provide a “net
benefit” to the environment compared with complete removal
of the structure. However, it has to be kept in mind that the
removal of the structure may affect the environment negatively
as well.

The decommissioning programme incorporates monitoring
of the seabed after the asset has been decommissioned.
The alternative disposal options will usually have different
environmental effects and economic consequences, and with
marine ecosystems expected to change rapidly in response to
increasing anthropogenic influences and climate change, there
is a strong need to assess and understand the long-term spatio-
temporal variation in the environment and the marine ecosystem
in the context of the physical presence of offshore structures.
This would include the assessment of variability before, during
and after the operational and decommissioning phases. Standard
monitoring procedures reflect only the changes associated with
the presence of the structure and compare them with a relatively
short period before construction commences. Long baseline
measurements of the kind described later in this paper could
allow the combined effects of the construction, operation and
decommissioning cycle to be evaluated in the context of long-
term natural environmental variability.

Climate Change
In response to rapidly increasing greenhouse gas concentrations
in the atmosphere, the oceans act as a buffer, taking up around
66% of the excess CO2 and around 93% of the excess heat content
(IPCC et al., 2014). Consequences of increasing emissions from
fossil fuels include rising seawater temperatures, deoxygenation,
and ocean acidification, all of which can affect the benthos in
various ways (Figure 4; ICES, 2008; Birchenough et al., 2015).
In the context of the techniques discussed in this paper, it is
important to understand and predict how these changes affect the
benthic species used as environmental monitors, and how climate
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FIGURE 4 | Conceptual diagram of the effects of climate change on benthic interactions. Illustration of the influence of increased CO2 and temperature and

the effects of biotic and abiotic components (Figure from: Birchenough et al. (2015)).

effects can be separated from natural background variability and
effects attributable to an installation.

Temperature and Hydrodynamics
Responses to changing temperature include distributional
shifts, phenological changes, life history effects (reproduction
and recruitment) and physiological responses (stress). The
hydrodynamic regime can affect transport, dispersal, and
settlement of larvae, consequently affecting species population
dynamics (Levin, 2006).

Hypoxia
Changes in hydrodynamics may result in oxygen depletion as
a result of stratification or eutrophication. Because pelagic and
benthic processes can be tightly coupled, especially in coastal and
selected shelf locations, the benthic ecosystem may be affected
by changes in primary production and the transport pathways
of benthic food sources. The quality and quantity of organic
matter settling vertically through the water column is a vital
factor affecting benthic abundance, biomass, growth and health
(e.g., Dauwe et al., 1998).

Hypoxic zones (<2mg l−1 dissolved oxygen) are projected
to expand because of (a) increased water column stratification,

(b) temperature-related increase in respiration and (c) changes
in precipitation that cause amplified terrestrial fresh water
discharges and an elevated volume of nutrients (incl. agricultural
fertilizers). Mass mortality and decreased diversity in benthic
species have been observed (e.g., Diaz and Rosenberg, 2008;
Levin et al., 2009; Seitz et al., 2009). Furthermore, bottom water
oxygen depletion is likely to alter biogeochemical processes
and affect nutrient supply at the sediment-water interface (e.g.,
phosphorus release, denitrification). In contrast, climate change
is also projected to induce more storm activity in some regions;
a stormier environment could increase vertical mixing of the
water column and decrease stratification, reducing the potential
for oxygen depletion (Rabalais et al., 2007).

STATE OF THE ART OF BIVALVE
SCLEROCHRONOLOGY FOR
ENVIRONMENTAL MONITORING

Long-Lived Bivalves: A Brief Introduction
While the shells of a number of species have been used for
environmental monitoring, the implementation of long baseline
monitoring ideally depends on the availability of long-lived
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animals whose shells contain periodic growth increments which
grow synchronously within populations and can therefore be
used to generate multidecadal and multicentennial chronologies.
These chronologies define a timeline of precisely dated shell
material that can be used for geochemical analysis and to link
patterns in functional responses (i.e., growth) to variability
in environmental drivers. The two species that currently
lend themselves best to these techniques are Arctica islandica
(Linnaeus, 1767) and Glycymeris glycymeris (Linnaeus, 1758).
Both occur over a relatively large geographic range in the
temperate North Atlantic. A. islandica is the longest-lived (up
to 507 years; Butler et al., 2013) and the most extensively
researched species. In addition to its very significant presence
in paleoclimatology research, this remarkable animal has
contributed to studies in ecology, biology, pollution monitoring,
gerontology and genetics. As well as being the longest living
non-colonial animal whose actual age can be ascertained, A.
islandica is known to grow synchronously within populations,
allowing long chronologies to be constructed by crossdating
living specimens with fossil shells (Butler et al., 2010, 2013). In
addition to its potential for environmental monitoring, it can
also be used for the effective reconstruction of marine climate
on multicentennial timescales and at annual- and sub-annual
resolution (Witbaard, 1997; Schöne et al., 2002, 2003; Goodwin
et al., 2003; Butler et al., 2013; Mette et al., 2016).

Arctica islandica lives buried in surficial sediments with
relatively short siphons which open at the sediment-water
boundary. It is not attached to the substrate, and shows some
ability to move vertically through the sediments (Abele, 2002;
Morton, 2011), with regular reports of A. islandica burrowing
several centimeters into the sediment (e.g., Taylor, 1976; Strahl
et al., 2011) and remaining there for periods of several weeks.
In respect of food, A. islandica is thought to be very selective,
feeding only on fresh organic matter, and discarding older
organic material lying at the sediment surface (Erlenkeuser,
1976). During prolonged periods (>60 days) of unfavorable
conditions (e.g., anoxia) it can switch to anaerobic respiration
and a reduced metabolism (Oeschger, 1990; Strahl et al., 2011).

G. glycymeris is found in surface areas of coarse-grained
subtidal sediments, thus complementing A. islandica in terms of
habitat and usefully extending the area for which shells suitable
for long baseline monitoring are available. A study using stable
oxygen isotopes in the shell (Berthou et al., 1986) demonstrated
that the growth lines of G. glycymeris are formed annually,
corresponding to winter shell growth checks. While not quite as
long-lived as A. islandica, some individuals can live up to two
centuries (Reynolds et al., 2013). Like A. islandica, G. glycymeris
grows synchronously within populations.

Because bivalves such as A. islandica and G. glycymeris live in
the boundary layer between the sediment and the water column,
they are directly exposed to heavy metal pollution (Szefer and
Szefer, 1990), and several studies have shown that heavy metal
levels in both shells and soft tissue of A. islandica are elevated
at polluted sites (Supplementary Table I). Measurements of trace
and heavy metals have been carried out on transects through the
annual growth increments in shells of A. islandica, showing its
suitability as a monitor of contamination through time (Liehr

et al., 2005; Dunca et al., 2008). This potential has been enhanced
more recently with advances in analytical methods and improved
knowledge of biomineralization (e.g., Holland et al., 2014; Shirai
et al., 2014; Poulain et al., 2015).

Biomineralization: Environmental vs.
Biological Effects
Molluscs construct their shells of calcite, aragonite, or both
(mostly aragonite in A. islandica and G. glycymeris). The bulk of
the shell is composed of calcium carbonate (CaCO3), with some
trace elements that can substitute for calcium (e.g., Mg, Sr) and
some organic substances (e.g., proteins, lipids, polysaccharides)
that tend to concentrate in the growth lines that separate the
wider increments.

The shell formation process is initiated at the early stage
of larval development (trochophore) and sequential carbonate
deposition continues to contribute to the shell growth after
metamorphosis and throughout the entire life of the animal
(Marin et al., 2007). The oxygen of the bicarbonate ions (HCO3− )
is in isotopic equilibriumwith that of the ambient water, enabling
seawater temperature reconstructions to be based on stable
oxygen isotopes in the carbonate shell [see Section Physical
Variables (Temperature, Salinity)]. Most essential elements
can diffuse through the mantle epithelia, gills and digestive
gland and can be absorbed from ingested food and water.
Because of isotopic fractionation, vital effects, and detoxification
processes in the various transport pathways, elements other than
oxygen are not precipitated in equilibrium with the ambient
environment (see Sections Shell Growth—Measurement and
Interpretation and Deciphering the Environmental Information
in the Shell).

Organic materials from surrounding waters are incorporated
in the soft tissue and shell of bivalves. Since soft tissues are
continuously added and turned-over by metabolic processes,
the stable isotope signature of bivalve soft tissue integrates
environmental and dietary signals over the entire water column
on relatively short timescales (Ellis et al., 2014). In contrast,
material isolated within the shell mineral matrix is deposited
in discrete annual increments, is not affected by subsequent
metabolic processes (Bayne and Newell, 1983; Serban et al.,
1988; Rosenberg and Hughes, 1991; Risk et al., 1996; Quitmyer
et al., 1997) and can provide permanent proxy records of
the depositional environment for the entire life span of the
bivalve (Ellis et al., 2014). The proportions of metabolic and
environmental carbon in the shell change with ontogeny during
early growth and are likely species-specific (Lorrain et al., 2004),
and this should be taken into account when using the stable
carbon isotope as an environmental monitor.

Elements are typically reported as a molar ratio to calcium.
The partitioning between the water and shell is expressed as a
partition coefficient (DElement):

DElement = (Element/Ca)carbonate/(Element/Ca)water

Mg fractionation in inorganic CaCO3 has been attributed to
organic molecules within the calcifying solutions regulating the
mineralization process (Orme et al., 2001; Elhadj et al., 2006),
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although it has also been reported that Mg incorporation into
the crystal lattice is enhanced during inorganic precipitation
(Stephenson et al., 2008). Other divalent cations, e.g., Sr, might
also be affected by this fractionation preceding themineralization
process. Negatively charged carboxyl and sulfate groups, which
influence electronic charging at the calcification site, are thought
to be involved in regulating the biomineralization process and
hence also elemental composition within biogenic CaCO3(e.g.,
Addadi et al., 2006; Marin et al., 2012).

Shell Growth—Measurement and
Interpretation
Several studies have shown that annual growth increments
in long-lived bivalve shells can be used to establish absolute
chronologies for the marine environment, similar to the annually
resolved terrestrial records based on tree rings (Witbaard, 1997;
Marchitto et al., 2000; Schöne et al., 2002; Schöne, 2003;
Scourse et al., 2006; Butler et al., 2010, 2013). By measuring
the distance between consecutive growth lines, time series
of increment widths (growth increment series; GIS) can be
defined for each individual shell. Because the patterns of growth
within populations are synchronous, multi-shell chronologies
can be constructed by crossdating individual shell GIS. Where
the date of death of any individual in the chronology is
known, precise calendar dates can be assigned to the whole
chronology, which can therefore extend for many hundreds of
years before the lifetime of any living specimen (e.g., Butler
et al., 2010, 2013). As well as providing the basis for chronology
construction, synchronous growth within a population also
constitutes prima facie evidence that shell growth is responding
to a common environmental driver, allowing environmental
changes to be inferred from variation in the growth increment
width (Witbaard, 1997; Ambrose et al., 2006; Carroll et al.,
2011). Further, environmental indicators can be derived from
the geochemical and structural properties of the shell, and these
indicators are also precisely dated.

Measurement of growth increments is carried out on the
polished surface of a shell that has been sectioned perpendicular
to the growth lines along the axis of maximum shell growth
(umbo to ventral margin; see Figure 2A). The increments may
be measured either in the umbo region or along the outer shell
margin (Figure 2B).

Growth in A. islandica does not occur throughout the year,
but is restricted to a growth season, which is itself affected
by water depth and the depth of the thermocline (Schöne
et al., 2005b,c). The duration of the growing season remains
more or less the same during ontogeny. The start of growth
line formation is thought to occur shortly after the seasonal
temperature maximum (Weidman et al., 1994). In addition to
the prominent annual growth lines, the existence of daily growth
lines in A. islandica has been supported by successfully linking
the micro-growth pattern to stable isotope data (Schöne et al.,
2005b). With knowledge of daily/seasonal growth rates (Schöne
et al., 2005b) it is possible to position geochemical analyses very
precisely in time and thus establish very precise proxy records for
environmental monitoring.

While food availability is likely the main driver of growth in
A. islandica, analysis of A. islandica chronologies (e.g., Butler
et al., 2010; Mette et al., 2016), as well as laboratory experiments
(Witbaard, 1997) have also shown a link between seawater
temperature and shell growth, although this is rather weak in
natural settings (Witbaard, 1997; Witbaard et al., 2001; Schöne
et al., 2005b,c).

Brocas et al. (2013) constructed cross-dated chronologies from
two populations of G. glycymeris, from the east and south coasts
of the Isle of Man. They identified a common growth signal in the
two populations, indicating that a common environmental driver
controls growth across the two sites. The positive correlation
between the chronology and SST (sea surface temperature) was
found to be much stronger for G. glycymeris than for A. islandica
from the same region (Butler et al., 2010). In addition, G.
glycymeris chronologies have been shown to reflect synoptic scale
signals originating in the North Atlantic (Reynolds et al., 2013).
Since the habitat preference of G. glycymeris complements that of
A. islandica, it is possible to crossdate G. glycymeris chronologies
with those from adjacent populations of A. islandica, allowing
longer multi-species chronologies to be constructed.

Deciphering the Environmental Information
in the Shell
In this section the existing and potential applications of
molluscan sclerochronology to environmental monitoring will
be discussed. These applications may make use of information
encoded in the shell in various forms, including the growth
increment pattern, the shell geochemistry, the shell crystal
structure and the metagenome. Advantages and constraints
associated with each of these archives will be discussed in the
context of the relevant monitoring target.

Metal Pollution
Shell geochemistry has long been investigated as a potential
means to record ambient seawater chemistry. The elemental
composition of the shell can potentially be used not only to track
long-term climate variability (e.g., Lazareth et al., 2003, 2006;
Schöne et al., 2005a; Welsh et al., 2011; Butler et al., 2013) and
improve climate predications but also to record environmental
pollution events (e.g., Raith et al., 1996; Liehr et al., 2005).

Geochemical properties (trace element and heavy metal
incorporation) offer a number of possibilities for the
reconstruction of environmental variables. The elemental
composition of the shell is strongly controlled by element
availability and partitioning. The relationship between the
chemistry of ambient water and shell biogeochemistry is
complicated by multiple confounding factors (Carroll and
Romanek, 2008; see refs. in Zuykov et al., 2013). Typically
Element/Calcium ratios deviate from thermodynamically
predicted values because of changes in growth rate (i.e.,
ontogeny) and crystal fabric (Swan, 1957; Gillikin et al., 2005a;
Schöne, 2013; Schöne et al., 2013; Shirai et al., 2014).

More recently, significant advances in micro-scale
analytical techniques have improved understanding of
incorporation mechanisms. Calcium carbonate samples
(tens of µg) from the outer shell layer are usually obtained by
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microdrilling/micromilling (Figure 5) for stable isotope mass
spectrometry or ICP-OES element analysis, which can achieve a
resolution on the order of weeks. Higher resolutions (down to
days) can be achieved using laser ablation-inductively coupled
plasma-mass spectrometry (LA-ICP MS) or secondary ion mass
spectrometry (SIMS). Electron microprobe analysis (EPMA)
allows for even higher resolution and provides the means to
study the element distribution in bivalve shells with respect to
their microstructure (Shirai et al., 2014).

Metals occur naturally in the environment, but their
concentrations have increased since the beginning of mining
activities in the Iron Age (800 BC–AD 100 in western Europe;
Hooke, 2000; Breitenlechner et al., 2010; Wells, 2011). Since the
industrial period, anthropogenic activities (mining, agriculture,
combustion, and the use of metal containing products) have
significantly increased pollution locally and globally (Larsen
et al., 2011). Non-essential metal pollutants, such as mercury
(Hg), cadmium (Cd), and lead (Pb), can affect the central nervous
system and cause kidney damage in mammals. The European
Union has regulated these metals by adopting the Water
Framework Directive (2013/39/EU), in which environmental
quality standards (EQSs) of 45 prioritized substances have been
defined for water and biota samples. Other metals (e.g., Cu, Zn,
Fe, Co, Mo, Se, Mg, Ca, and Mn), while they are an essential

part of metabolic and biochemical processes (e.g., enzymes),
can cause toxic effects at higher concentrations. Bivalves take
up metals both through food and directly from the seawater
and incorporate them in their shell and soft tissue. Assuming
that metal accumulation is more concentrated in the soft tissue
of bivalves (Brown and Depledge, 1998), most research efforts
have focussed on soft tissue metal accumulation. However,
significant advantages of using the shell to monitor metal
contamination include less variability (Bourgoin, 1990; Lingard
et al., 1992), serial incorporation of elements over the entire
period of shell formation, higher preservation potential even
after the organism’s death, and relatively cheap and easy storage
(Protasowicki et al., 2007).

The preference in monitoring programmes for the use of soft
tissue in bivalves to record and measure pollutant concentrations
in water (e.g., Goldberg et al., 1978; Larsen et al., 2011) likely
reflects generally greater concentrations of metals in some
organs; as a result there is little information in the literature about
the quantitative relationship between metal concentrations in
soft tissue and in the shell. For example, Pb is bioaccumulated by
living organisms and more particularly by marine invertebrates
(Neff, 2002). Chow et al. (1976) found that both the soft tissue
and the shell of mussels reflected Pb concentrations in the
environment, with higher concentrations in more urban areas

Umbo
dog

Outer shell layer

Growth lines

{Growth increment

Inner shell layer
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B

FIGURE 5 | (A) Micromill sampling from shell carbonate for isotope analysis and Element/Ca ICP-MS wet chemistry (Figure from Schöne et al., 2005b). (B)

Umbo-ventral margin shell cross section showing the parts of the shell typically used for geochemical analysis in sclerochronology.
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indicating anthropogenic pollution. If such relationships can be
reliably modeled, some monitoring studies could be simplified,
since shells are easier to store than soft tissue (Koide et al.,
1982).

Koide et al. (1982) found that Zn, Pb, and Cd levels were
higher in the tissues of Mytilus edulis and M. californianus than
in their shells, while conversely Cu concentrations were higher
in the shells. Bourgoin (1990) also found higher Pb levels in
the tissues of M. edulis than in the shell (specifically the nacre).
In a trace metal study using M. edulis from the Baltic Sea,
Protasowicki et al. (2007) emphasized the importance of the
actual metal bioavailability at the sampling location. For the
cockle Chione (Austrovenus) stutchburyi, Pb concentrations in
the shell were similar to those in the soft tissues (based on
dry weight; Purchase and Fergusson, 1986). Moreover, Gillikin
et al. (2005b) found that there is large inter- and intra-annual
Pb variability within shells of the clam Mercenaria mercenaria,
suggesting that year to year, as well as intra-annual variations
in Pb/Ca ratios, could potentially be interpreted (Figure 6).
Even though it appears that concentrations of metals are
generally lower in the shell compared to tissue, the feasibility
of using bivalve shells for investigating metal contamination in
the marine environment has nevertheless been demonstrated,
and it may be that the practical advantages of using the
chemically stable and easily storable shells outweigh the analytical
advantages of the higher concentrations in the tissue, increasingly
so as more sensitive techniques for measuring the elemental
makeup of shells are developed (please see Supplementary
Table I).

Arctica islandica has been shown to be an effective
bioindicator for contaminated sediments (Steimle et al., 1986),
and its longevity (e.g., Ropes et al., 1984) makes it particularly
suitable as a record of historical contamination events and of

long term trends. By carrying out measurements in successive
internal growth increments it is possible to obtain a chronological
reconstruction of the metal content. Raith et al. (1996) showed
using LA-ICP-MS that the Pb concentration in the shell of
A. islandica reflects changes in seawater metal pollution. This
study indicated that high-resolution methods such as LA-ICP-
MS offer an accurate method of determining pollution levels
in the environment, and can potentially be used in tracing
the source of the pollution. This was confirmed by Richardson
(2001) for Pb and Zn using shells of the horse mussel Modiolus
modiolus. In a detailed comparative study, Liehr et al. (2005)
investigated the potential use of A. islandica for pollutant
biomonitoring, analysing the heavy metal concentrations in
shells and soft body tissue of specimens from the western Baltic
Sea (Figure 7). Samples were taken from an historic dump site
in the inner Mecklenburg Bight and from an adjacent, less
contaminated site (representing background contamination of
the western Baltic Sea). The soft tissue from the dumping site
had significantly higher Pb and Cu concentrations than those
from the reference site. No difference in Zn concentrations
was found. For the shell, Liehr et al. (2005) used LA-ICP-
MS to analyze Cu, Pb and Zn concentrations and found
that these were higher at the dumping site, indicative of
contamination (Figure 7). The chronological reconstruction
(profile) of the measured metals in the shell showed no
significant trend, most likely because the analyzed specimens
only reached an age of ∼35 years and did not record the
initial contamination (40–45 years). Liehr et al. (2005) concluded
that processes such as bioturbation and other physio-chemical
processes at the sediment water interface might affect metal
incorporation into the shell. Nevertheless, this study showed the
potential for pollutant biomonitoring using sclerochronological
methods.

FIGURE 6 | Mean of annually sampled Pb/Ca ratios from 11 M. mercenaria shells. The gray line and symbols indicate the number of M. mercenaria shells

each mean is based on and error bars representing standard errors. The open symbols on the x-axis represent hurricane years (data from NCSCO, 2004). For

comparison, a fossil Pliocene shell (P1) is shown (dashed line, arbitrarily positioned at 1941–1944 (Figure from Gillikin et al., 2005b).
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FIGURE 7 | Analysis of Zn, Pb, and Cu concentrations in shells of three specimens, each from the dumping and the reference site were measured

using LA–ICP–MS. Applying this method, allows to determine the heavy metal exposure per growth year of A. islandica. Chronological review of heavy metal

concentration in the shells of A. islandica from the dumping site (DS) and reference site (RS) in August 2001 using laser ISP–MS. Measurements where performed on

the cardinal tooth (Figure from Liehr et al., 2005).

Uranium is less well-studied in bivalve shells; examples
include a study of U/Ca in aragonite of the shells of the marine
cockle, Cerastoderma edule (Price and Pearce, 1997) and a study
of U/Ca ratios in aragonite of freshwater mussel shells as an
indicator of uranium pollution through time from a copper–
uranium mine in Australia (Markich et al., 2002).

Barite (BaSO4) is a naturally occurring mineral in many
sediments and is a major component of almost all drilling muds

(Hartley, 1996). Although barite in drilling fluids and PW is
usually relatively inert (Neff, 2002), under reducing conditions
it can dissolve slowly, releasing Ba into the overlying water
column (Boothe and Presley, 1989). It may be possible to use
the Ba/Ca ratio in bivalve shells to track the release over time of
Ba in the proximity of drill cutting disposal. Marali et al. (2016)
have measured Ba/Ca ratios in multicentennial A. islandica
chronologies from four sites (Gulf of Maine, Iceland, Faroe
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Islands, and Isle of Man) to show that Ba/Cashell spikes are
synchronous within chronologies, and that this synchroneity is
independent of ontogenetic age.

Furthermore, Faubel et al. (2008), Lopes-Lima et al. (2012),
Nuñez et al. (2012), and Zuykov et al. (2013) demonstrated
that several metals, fabricated metal nanoparticles, and organic
contaminants, can bioaccumulate in low concentrations in
the extrapallial fluid, and are able to disturb the calcification
of shell by forming distinct structures on the internal shell
surface.

Physical Variables (Temperature, Salinity)

Temperature and Salinity
Oxygen isotopes. The stable oxygen isotope ratio (δ18Oshell)
of carbonate structures reflects both temperature-driven
fractionation and the δ18O of the ambient seawater (δ18Osw)
from which it is precipitated. The relationship between
δ18Oshell and seawater salinity is complicated because of the
varying isotopic composition of freshwater and the meridional
evaporation/precipitation pattern (e.g., Schmidt et al., 2007).
Commonly, in order to calculate temperatures from δ18Oshell, a
slightly modified (Sharp, 2007) version of the (Grossman and
Ku, 1986) equation is used:

Tδ18O

(

◦C
)

= 20.6− 4.34∗
(

δ18Oshell −
(

δ18Osw − 0.27
))

with δ18Oshell calibrated to the Vienna PDB scale and δ18Osw

calibrated to the V-SMOW scale. A δ18Oshell change of 1‰
is equivalent to a seawater temperature change of ∼4.34◦C,
assuming constant δ18Osw (and hence constant salinity). As an
example, Marsh et al. (1999) used δ18Oshell analysis on annual
bands from A. islandica, together with empirical modeling, as
proxy evidence for a cold episode in the Gulf of Maine in the
1880s. In a later study, a subseasonal temperature record was
established, based on a single A. islandica specimen from the
North Sea, which indicated a 1◦C warming of SST over a 100
year period (Schöne et al., 2004; Figure 8). However, note that the
reconstruction of temperature based on shell δ18O is complicated
by likely variability in δ18Osw, particularly in coastal waters. It is
therefore important to isolate a reliable and independent proxy
for either temperature or salinity so that both variables can be
reconstructed without ambiguity.

Royer et al. (2013) demonstrated that seawater temperatures
can be accurately estimated through sclerochronological and
δ18O analyses using shells of G. glycymeris. Comparing δ18Oshell-
derived temperatures with water temperatures measured at
several monitoring stations in the Bay of Brest, the study found
that the seasonal pattern of δ18Oshell data indicated a May–
October growing season. Furthermore, based on reconstructed
temperatures from two different sampling sites, Royer et al.
(2013) inferred that shell growth is constrained by a lower
thermal threshold of∼13◦C.

Potential methods for independent temperature calibration.
Other potential methods for the independent reconstruction of
temperatures from calcium carbonate shells include∆47 clumped
isotope thermometry (Ghosh et al., 2006; Henkes et al., 2013)

FIGURE 8 | A 100-year temperature record calculated from oxygen

isotope values of Arctica islandica, covering the period 1884 to 1983.

Individual δ18Oaragonite-derived temperatures (Tδ18O) are plotted as dots.

Mean temperatures (open circles) during February through September [Tδ18O

(Feb–Sep)] were calculated as weighted averages from individual Tδ18O

values. Exceptional Tδ18O and Tδ18O (Feb–Sep) values are highlighted.

Long-term mean as indicated by the dashed line is 10.16◦C (Figure from

Schöne et al., 2004).

and δ44/40Ca paleothermometry (e.g., Nagler et al., 2006; Hippler
et al., 2013). While these techniques show promise, they are
limited at present because of the required sample amount and
the large analytical uncertainty.

Sr/Ca and Mg/Ca. The partitioning of Sr/Ca and Mg/Ca is
strongly affected by a complicated interplay between biological,
physio-chemical and kinetic processes during biomineralization
and has so far only yielded controversial results in respect of
thermometry applications (Toland et al., 2000; Gaetani and
Cohen, 2006; Foster et al., 2008, 2009; Schöne et al., 2011b, 2013).
Future ultra-high-resolution analyses are needed to test whether
particular portions of the aragonitic shell (e.g., near the growth
lines) of A. islandica or other bivalves can consistently be used
for Sr/Ca or Mg/Ca (paleo)thermometry.

The crystal fabric in A. islandica has been shown to be
influenced by environmental variables (Schöne et al., 2013;
Stemmer et al., 2013). Heterogeneities in the crystal fabric
coincide with heterogeneous distribution of Sr/Ca, Mg/Ca,
and Ba/Ca (Schöne et al., 2010, 2013; Shirai et al., 2014).
During the formation of the annual growth lines, extremely
slow growth occurs and Sr/Ca and Mg/Ca are seemingly
incorporated in equilibriumwith the ambient seawater. However,
during the rest of the growing season, ratios of Sr/Ca and
Mg/Ca remained below thermodynamic equilibrium values. The
incorporation of Ba does not seem to be related to changes
in crystal fabric and appears to be less influenced by vital
effects, as Ba/Ca peaks occur erratically at different times of
the year.

Evidence so far suggests that Sr/Ca variations are minimally
influenced by temperature (e.g., Schöne et al., 2013; Shirai
et al., 2014). Schöne et al. (2013) concluded, from results
consistent with those of Foster et al. (2009), that crystal
size, shape, and orientation are very influential in trace
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element variability. Similarly, Shirai et al. (2014), using very
high analytical resolution showed that the Sr/Ca difference
between the outer and middle shell layers were associated
with microstructural differences (Figure 9). They concluded that
crystal morphology cannot entirely explain the compositional
changes of Sr within the shell, since while different Sr/Ca ratios
were observed between the irregular prismatic crystals and the
adjacent acicular crystals, the Sr/Ca ratio was not correlated
with the length and shape of the crystals. It seems that organic
composition at the site of calcification is an additional control on
Sr/Cashell.

Na/Ca. Sodium (Na) has been proposed both as an indicator of
post depositional alteration and as a proxy for salinity. As one
of the major constituents of sea salt, Na has clear potential as
a salinity proxy (the other constituent, like chlorine, occurs at
far lower concentrations Kitano et al., 1975). Early research on
modern marine mollusc shells suggested that seawater salinity
had the strongest control on shell Na content (Rucker and
Valentine, 1961; Pilkey and Harris, 1966; Gordon et al., 1970;
Kitano et al., 1975), although at the time it was impossible
to tell whether Na was bound in the crystal lattice or in
microscopic seawater inclusions. However, the very low chlorine
concentrations suggest that Na is structurally bound in the
crystal lattice (Ishikawa and Ichikuni, 1984). Sodium ions cannot
directly substitute for Ca2+ (because of the difference in ion
radius and charge) during calcite precipitation (Ishikawa and
Ichikuni, 1984). Primarily, Na+ incorporation depends on the
activity of Na in seawater, which is a function of its concentration
and, to a lesser extent, its activity coefficient (Ishikawa and
Ichikuni, 1984). Increasing salinity (and hence [Na+]) increases
the activity of Na whereas seawater temperature, over the relevant
range, has only a minor effect on the activity coefficient of Na.
Hence the effect of temperature on Na incorporation is negligible
(Ishikawa and Ichikuni, 1984; Delaney et al., 1985; Lea et al.,
1999; Zeebe and Wolf-Gladrow, 2001). Findlater et al. (2014)
found a clear relationship between Na concentration and inferred
salinity in fossil and modern bivalve shells. It still remains to
be tested whether Na incorporation is species-specific, whether
the same relationship between Na and salinity occurs in both
aragonite and calcite, and how sensitive the potential salinity
proxy is.

Crystallography. A recent study investigated the use of the
crystal structure of the common cockle, Cerastoderma edule, as
a proxy for seawater temperature and salinity (Milano et al.,
2016). Living specimens, exhibiting shell growth increments
with tidal resolution (Figures 2C–E), were collected after a
year of continuous temperature and salinity measurements.
Using scanning microscopy, shell microstructures were analyzed,
showing that size and shape of the mesocrystals strongly
correlated with water temperature during the growing season
(May–September). The results suggest that shell microstructures
of C. edule may serve as a new, independent proxy for water
temperature. Future research will be needed to test whether the
relationship between calcite microstructures and temperature
can also be observed in other species.

FIGURE 9 | Electron probe microanalyses (EPMA) showing the

micrometer-scale distribution of (A) Sr/Ca, (B) S/Ca, (C) Mg/Ca in the

shell of Arctica islandica. Signal intensity (cumulative count) ratio is

illustrated as a map using a color scale (ct/ct: count/count) shown at lower

right of each elemental map. (D) Sr/Ca and Mg/Ca maps are partly overlapped

on S/Ca map for the comparison among each elemental map. Position of

annual and sub-annual growth lines are clearly recognized and indicated by

the blue and pink lines, respectively, at the top of shell signal images and on

the yellow lines (Figure from Shirai et al., 2014).
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Ecosystem Variables (Trophic Levels, Food Supply,

Metagenome)

Food web analysis using stable isotopes in the organic shell

material
Stable isotope analysis is frequently used to investigate patterns
of productivity and (based on isotopic fractionation) degradation
and metabolic transfer of organic matter through the water
column (Peterson and Fry, 1987). Carbon and nitrogen isotope
ratios record information about the types of primary producers
and further alterations as carbon is transferred through the food
web. Therefore, carbon and nitrogen isotopes can be used to
assess different classes of primary producers or benthic vs. pelagic
marine production (DeNiro and Epstein, 1978; Rounick and
Winterbourn, 1986; Farquhar et al., 1989).

O’Donnell et al. (2007) showed that proteins in the organic
matrix of modern and fossilMercenaria shells can resolve spatial
and temporal changes in dietary carbon sources. However, the
organic constituents in shell mineral material do not faithfully
record whole-diet carbon isotopic ratios. Controlled feeding
experiments have shown that an offset of between 1 and 6‰ can
exist between diet and bone collagen bulk δ13C values, depending
on the composition of the diet (DeNiro and Epstein, 1978;
Howland et al., 2003). Nevertheless, measurements of compound
specific δ13C should account for variation in the amino acid
makeup of the organic matrix (Howland et al., 2003) and yield
results directly reflective of dietary sources (Sykes et al., 1995; Ellis
et al., 2014).

Combining stable carbon isotopes with nitrogen isotopes
could refine modern and historical trophic assessments and
distinguish natural from anthropogenic influences on coastal
ecosystems, e.g., coastal nitrogen input, and can ultimately be
used to define effects of eutrophication on an ecosystem-level
(Carmichael R. H. et al., 2004; Carmichael R. et al., 2004; Valiela,
2009). Delong and Thorp (2006) have used stable carbon and
nitrogen isotopes in the shell periostracum to study food web
dynamics and changes in trophic complexity over time. Using
very high resolution techniques, it may also be possible to analyse
stable nitrogen isotopes in the organic fraction of the shell matrix.

Food web analysis using stable isotopes in the inorganic shell

material
Studies of long-term (multidecadal to century-long) δ13Cshell

timeseries in A. islandica have indicated that age-related vital
effects are limited to the shell portions close to the umbo
of individuals that have exhibited very rapid growth during
early ontogeny (Butler et al., 2011). Using an extensive set of
>3500 individual δ13Cshell values, Schöne et al. (2011a) found
that shell carbonate is secreted with a constant offset from
expected equilibrium (by −1.54 to −2.7 ± 0.2‰), which would
correspond, assuming δ13Cfood ∼ −25‰, (Erlenkeuser, 1976),
to a contribution of metabolic carbon of between 6.2 and 10.8
± 0.8%. Using data from laboratory and in situ experiments,
Beirne et al. (2012) later confirmed these findings. Further, they
supported the conclusion that δ13Cshell values of A. islandica
provide a robust proxy for seawater dissolved inorganic carbon
(DIC) values, since they did not observe an ontogenetic effect or
an impact of growth rates on the measured δ13Cshell values. They

found the following relationship between δ13Cshell and δ13CDIC:

δ13CDIC = δ13Cshell − 1.0‰(±0.3‰)

Microchemical analysis of fish otoliths has recently been
suggested as a method of food web analysis, for example by
determining the residency of the fish (how long and where
they reside e.g., on oil structures; Fowler et al., 2015). Trace
elements are incorporated into the calcium carbonate of the
otoliths, leaving a record within the otoliths of residency seawater
conditions (Campana et al., 2000; Gillanders and Kingsford,
2000; Fowler et al., 2015). It may be possible to observe distinct
geochemical signatures in the otolith, characteristic of particular
structures, that can potentially be used to evaluate residence times
at individual sites and help assess habitat value and contribute to
decommissioning decisions.

Although the potential of otolith microchemistry for long-
term reconstructions is limited by the relatively short lifespans
of fish (usually <25 years), it may be possible to construct
otolith chronologies using otoliths of known date held in national
fisheries archives. Ultimately, the combination of fish otolith
chronologies with centennial scale bivalve chronologies may
enable researchers to link pelagic and benthic processes over
extended periods.

Mn/Ca
Manganese (Mn2+) has been suggested as a proxy for
increased riverine discharge events (Lazareth et al., 2003)
and productivity (e.g., Vander Putten et al., 2000; Lazareth
et al., 2003). Intra-shell variation in Mn/Ca may reflect the
seasonal variation of seawater Mn2+ concentrations (Freitas
et al., 2006; Bougeois et al., 2014), indicating that redox
processes control its concentration in seawater. One source
of marine manganese (Mn2+) is terrestrial input via rivers.
Normally it is slowly removed from solution by oxidation
to (Mn4+), but reducing conditions in sediments and oxygen
depletion within the water column can recycle Mn2+ back
into solution. Hence oxygen depletion potentially supports Mn
incorporation into the shell. Markich and Jeffree (1994) showed
that Mn2+ can be substituted for Ca2+ during uptake from
the external medium. Temperature increase may also support
incorporation of manganese as a result of increased Mn2+

uptake and transfer to the calcification site (Wada and Fujinuki,
1976).

Freitas et al. (2006) suggested that the intra-annual variation
of Mn/Cashell reflects the seasonal variation of seawater Mn2+

concentrations, but they also point out that further research
is necessary to test the effect of other variables controlling
seawater Mn2+ concentrations (e.g., primary productivity,
oxygen concentrations, temperature). Manganese has also
been used as a fast chemical marking technique using
cathodoluminescence; this might be an additional method to
estimate shell growth rate (e.g., Langlet et al., 2006; Barbin et al.,
2008; Lartaud et al., 2010). Potentially, Mn/Ca concentrations
could be used in monitoring and baseline studies concerned with
eutrophication, hypoxia and deep sea mineral exploration (e.g.,
manganese crusts).
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Ba/Ca
Barium is a minor constituent of seawater, found as Ba2+ at very
low concentrations (∼34 nmol/L). Planktonic organic matter
is thought to deliver Ba to the benthos in particulate form,
where it is digested by filter feeders. The incorporation of Ba
into the shell is therefore linked to primary productivity and
metabolic activity (Lazareth et al., 2003; Carré et al., 2006).
Nevertheless, a recent study using A. islandica indicated that
Ba/Ca peaks (>40µmol/mol) can occur at different times during
the growing season, raising further questions about the factors
that influence Ba/Ca concentrations inA. islandica shells (Schöne
et al., 2013) and showing the need to better understand the
controls and mechanisms of Ba incorporation. Future studies
could use multiple shell proxies and culturing experiments to
identify the major factors controlling Ba incorporation and to
refine proxy calibrations. For example, following a suggestion by
Thébault et al. (2009) that the Li/Ca ratio in A. islandica may be
associated with Li-rich silicate particles and terrestrial weathering
and could ultimately be used as a proxy for river discharge, it
may be possible to combine Li/Ca and Ba/Ca measurements to
determine the extent to which terrigenous sediment input by
river discharge is contributing to the Ba distribution in shell
material. There are other studies which suggest that Ba/Ca ratios
in bivalve shells track intraannual variability in river discharge
(Carroll et al., 2009) or salinity (Gillikin et al., 2006, 2008; Poulain
et al., 2015). Poulain et al. (2015) confirmed the conclusion of
Barats et al. (2009), working with only the background Ba/Ca
signal, that there is a strong inverse correlation between salinity
and Ba/Cashell, which suggests that Ba/Cashell could offer a high-
resolution proxy for the reconstruction of salinity fluctuations
within estuarine and nearshore waters and could also be used
to distinguish the salinity and temperature signals in the stable
oxygen isotope ratio. They also found a positive correlation
between Ba/Cashell and Ba/Casw.

Poulain et al. (2015), using the Manila clam Ruditapes
philippinarum, demonstrated that the seawater Ba2+

concentration was reflected at almost daily resolution in
Ba/Cashell and might be used as a proxy with very high temporal
resolution. The same study also found variable Mg/Cashell ratios,
suggesting that the incorporation of magnesium into shell
carbonate is strongly regulated by the organism and not by
environmental conditions.

Mo/Ca
Molybdenum (Mo) is one of the most abundant transition
group metals in seawater, mainly present as the oxyanion
MoO4−

2 in oxygenated environments (Collier, 1985). Mo is
considered to be a conservative element in seawater, with
low concentrations around 110 nmol/L and little apparent
influence of biogeochemical processes on its concentration
(Collier, 1985). Coastal Mo distribution is also influenced by
freshwater-seawater mixing (Dalai et al., 2005). Some studies,
however, have indicated non-conservative behavior in coastal
waters, both at the sediment water interface (SWI; Crusius
et al., 1996; Adelson et al., 2001; Chaillou et al., 2002; Elbaz-
Poulichet et al., 2005) and in the water column (Tuit and
Ravizza, 2003; Dellwig et al., 2007). When phytoplankton is

decomposed by bacteria, organic compounds are released and
Mo-enriched aggregates are subsequently formed which settle on
the sediment water interface where they are rapidly decomposed
by microbial activity, contributing to a substantial release of
Mo in bottom waters (Dellwig et al., 2007). Barats et al.
(2010) evaluated ([Mo]/[Ca])shell profiles of Pecten maximus as
a potential record of specific biogeochemical processes occurring
at the SWI. They found that Mo incorporation is promoted
by the significant spring pelagic productivity, although they
could not directly link ([Mo]/[Ca])shell maxima with specific
phytoplankton species. Barats et al. (2010) found that the
background partition coefficient (DMo) indicates anionic Mo
precipitation pathways within the calcium carbonate shell but
also consider a particulate phase uptake of Mo into the shell
to play a role. In order to explain ([Mo]/[Ca])shell maxima
in the tropical bivalve species Comptopallium radula, Thébault
et al. (2009) suggested the ingestion of N2-fixing cyanobacteria.
This seems to be confirmed by the 7-year Mo/Cashell record
with late spring maxima, which were not directly related to the
spring bloom biomass maximum but rather to a post-bloom
period characterized by nutrient depletion (silicic acid and nitrate
depletion) and Pseudonitschia spp. dominance. Mo inputs at the
SWI can be induced by a diatom biogenic material downward
flux and might therefore enrich Mo/Ca ratios of scallop shells
at the SWI. Hence, ([Mo]/[Ca])shell records in Pecten maximus
may serve as a new proxy for biomonitoring studies of primary
production, including eutrophication, in temperate coastal
environments.

Ocean Acidification

Crystallography
Increased pCO2 can affect physiology, acid-base homeostasis
and biomineralization in bivalves, including decreased growth
rates and altered shell structure, composition and mechanical
properties (Michaelidis et al., 2005; Gazeau et al., 2007, 2013;
Kurihara et al., 2007; Beesley et al., 2008; Kurihara, 2008; Ellis
et al., 2009; Dickinson et al., 2012; Ivanina et al., 2013; Fitzer et al.,
2014a,b, 2015, 2016).

Milano et al. (2016) (see Biomineralization: Environmental
vs. Biological Effects) showed that crystallography strongly
correlates with water temperature. However, changes in the
carbonate chemistry of ambient seawater (i.e., pH), related to
ocean acidification, are also likely to affect calcification and cause
changes in the microstructure of shell calcite. A number of
studies have recently shown effects of ocean acidification on shell
material properties and crystallography (Fitzer et al., 2014a,b,
2015, 2016). Fitzer et al. (2014a) found that M. edulis appears
to improve its ability to continue biomineralization, although
this occurs at some cost to the structural integrity of the mussel
shell. At pCO2 (>1000 µatm) various mechanisms that support
biomineralization were observed, including increased protein
metabolism, chitinase mRNA and tyrosinase gene expression.
Later, Fitzer et al. (2016) confirmed that OA reduces the
crystallographic control of shell formation. The study suggests
that in order to combat shell damage, more amorphous calcium
carbonate formation is induced, lowering the crystallographic
control in mussels.
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U/Ca
A study by Gillikin and Dehairs (2013) investigated the potential
of shell U/Ca as a proxy for ocean acidification (OA). They
measured U/Cashell in the aragonitic clam Saxidomus giganteus.
Since the elemental analyses were perfectly aligned with δ18O
analyses (Gillikin et al., 2005a), it was possible to assign inter-
and intra-annual dates using the δ18O profiles, allowing a
direct comparison of elemental profiles between two shells. The
analyzed shells exhibited seasonal cycles in U/Cashell up to ∼6
years of growth, after which the concentration decreased below
the detection limit. The authors concluded that U/Ca ratios
in S. giganteus shells are not controlled by pH (or [CO2−

3 ]).
However, it has to be pointed out that the U/Ca data was only
compared to pH and not to other variables in the carbonate
system.

Future Application Approaches
Valve-Movement Behavior in Bivalves—A Tool to

Calibrate Shell Signatures and Potential Applications

for Water Quality Control
Valve movement behavior of bivalves can be used to indicate
physiological rate functions (e.g., feeding rate). Studies on
A. islandica have shown that the frequency of siphon opening and
growth of the shell and tissue were strongly related (Witbaard,
1997). Generally, filter-feeding bivalves reduce their filtration rate
by reducing or completely closing their valve-gape (e.g., Riisgård
and Larsen, 2015). Video recordings of valve-gape responses of
M. edulis to absence or presence of algal cells in the ambient
water have revealed that the critical algal concentration (at which
concentration the bivalve closes its valves) is between 0.5 and
0.9mg chl a l−1 (Riisgård et al., 2006; Pascoe et al., 2009).

The principle of a valve position monitor is based on the
measurement of electromagnetic field strength between two
electronic sensors permanently fixed on the outside of each of
the valves and facing each other perpendicularly. Both sensors
are connected to a data logger and an energy source (battery).
On a pre-set frequency, one of the sensors receives an electric
pulse, producing an electro-magnetic field that is detected by
the sensor on the opposite valve. What is recorded is the
strength of the electro-magnetic field, which depends on the
distance between the two sensors (i.e., the valve opening). The
distance between the sensors is expressed as the percentage
of the signal at maximum valve opening. The time-stamped
signals are transferred to the data logger and saved, enabling
valve opening behavior to be monitored over time, and allowing
it to be related to different a(biotic) parameters (e.g., algal
concentrations, sediment turbidity, metal/toxin concentrations
in seawater).

High frequency measurements have been carried out to
address fine-scale bivalve behavioral physiology (e.g., Wilson
et al., 2005) in detail. Such techniques may involve: assessment
of valve gape, siphon movements (changes in aperture), filtration
and pumping behavior in relation to associated environmental
parameters such as depth, light, temperature, particulate matter,
food availability, and predator interactions (e.g. Ropert-Coudert
and Wilson, 2004).

Several studies (e.g., Manley and Davenport, 1979; Kramer
et al., 1989; Huebner and Pynnönen, 1992; Markich et al., 1996;
Fdil et al., 2006; Schwartzmann et al., 2011) have confirmed that
valve movement behavior can be used to sensitively quantify
biological reactions in real-time (Figure 10) for assessing the
toxicological effects of metal exposures. The observations found
that upon exposure to toxic concentrations of metals, bivalves
have the ability to reduce the exposure of their soft tissues for
extended periods by closing their valve (Manley and Davenport,
1979; Kramer et al., 1989; Salánki and Balogh, 1989; Huebner and
Pynnönen, 1992).

Hence, bivalves are potentially useful as biological early
warning systems of water quality (Matthias and Römpp, 1994;
de Zwart et al., 1995). Furthermore, observations of bivalve gape
and the siphon area might find limited application in areas
where turbidity is high or for monitoring burrowing behavior
in bivalves (Robson et al., 2009). Although monitoring of valve
gape behavior in bivalves has been reported in several studies, no
published research has yet focused on connecting shell growth
and growth increment patterns with valve gape behavior. If such a
connection can be made (Ballesta-Artero et al., 2016, Figure 10),
there is potential to use shells to indicate historic changes in
levels of nutrient supply, or the presence of threshold levels of
toxins/harmful substances in the ambient environment.

CONCLUSIONS

We find significant potential in the use of proxy archives
in bivalve shells to establish long baseline conditions for
environmental monitoring. For very long baselines, this is linked
to the longevity and capacity for crossdating of certain species (in
particular Arctica islandica andGlycymeris glycymeris), but other,
less long-lived species can still be very useful, especially in remote
areas such as parts of the Arctic that lack consistent instrumental
records (Ambrose et al., 2006; Carroll et al., 2014).

Although the soft tissues in bivalves have long been used in
biomonitoring, their use for contamination rate and recovery
trend assessment relies on repeated measurements, which are
labor intensive and expensive. Furthermore, toxins and heavy
metals which are not excreted accumulate in the body tissue, so
that concentration changes in the environment are overprinted
over time by biological processes, making the recovery of
historical changes in these contaminants difficult. Signals in the
shell (Figure 11), on the other hand, constitute a stable and
temporally sequential archive whose value and significance will
likely increase as more sensitive measurement techniques allow
analyses to be carried out using smaller amounts of material, and
as more linkages are made between shell geochemistry and the
ambient environment.

Specifically, the incorporation of elements into the shell
matrix can be linked to environmental changes (e.g., variability
of elements in seawater, primary productivity, eutrophication;
Barats et al., 2008, 2009, 2010; Gillikin et al., 2006; Holland et al.,
2014), so that trace element and heavy metal concentrations in
bivalve shells can provide suitable bioindicators (Figure 11) for
some descriptors of the Marine Framework Strategy Directive.
It remains the case that more needs to be known about
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FIGURE 10 | Illustration of the principle of a valve position monitor. Photo attached electric sensors to monitor the valve position on a living specimen of

A. islandica with (A) closed valves and (B) open valves. Schwartzmann et al. (2011) recorded typical disturbed daily valve behaviors in giant clams Hippopus

hippopus. (C) Typical daily valve behavior in a resting giant clam. (D) Clam during the swell associated with Cyclone Gene (31 January 2008). (E) Clam after 3 weeks

at temperatures ranging from 27 to 28◦C (02 April 2008; sea surface temperature = 27.7◦C) (Photo: Rob Witbaard, Figures C–E from Schwartzmann et al., 2011).

FIGURE 11 | Summary of potential users, monitoring targets and shell

signals that can make use of bivalve sclerochronology.

the relationship between bioavailability and incorporation of
elements into the shell calcite, so that the shell concentrations
can be robustly interpreted. Detailed investigations of the
mechanisms of incorporation into the shell material will be an
essential part of future research. For example, by undertaking

continuous sampling and analysis of the composition of the
extra pallial fluid (EPF) during controlled growth experiments
in culture, shell geochemistry could be related to preset culture
parameters (e.g., seawater composition), and the composition of
the EPF. Another valuable direction of research would be the
analysis of heavy metal isotope ratios in order to assign specific
sources to metal contamination.

Further insight into the incorporation of trace elements,
heavy metals or other contaminants into the shell can be
obtained from studies of bivalve behavior in highly fluctuating
environments (e.g., Jørgensen, 1988; Wilson et al., 2005, 2008;
Robson et al., 2007, 2009; Riisgård and Larsen, 2015). Ultimately,
this information will help researchers to understand in detail
the physico-chemical interactions between the environment and
the animal, and in particular the impact of biological effects
and environmental variables on shell geochemistry and growth.
For example, techniques are now available for studying valve
gape behavior and filtration activity and connecting them to
shell growth. Combining observations of long-term valve gape
behavior with continuous measurement of seawater chemistry
and subsequent measurement of shell geochemistry could help to
better understand the processes by which trace elements, heavy
metals and other harmful substances are incorporated into the
shell and the mechanisms that control the calcification processes.

Other environmental proxies in the shell include the
stable isotopes of oxygen, nitrogen and carbon and the shell
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microstructure (e.g., Raith et al., 1996; Liehr et al., 2005; Lazareth
et al., 2006; Welsh et al., 2011), as well as the increment widths
themselves which can be an effective indication of nutrients in
the environment.

Reduced shell growth can be indicative of less favorable
conditions, for example those induced by anthropogenic
disturbance (Stott et al., 2010). Increased shell growth can
indicate higher nutrient supply (including eutrophication) which
can be linked to aquaculture (Stott et al., 2010). Physical damage
to larger shells (scars) often reflects impact with fishing gear
(Gilkinson et al., 1998; Ramsay et al., 2000), while in smaller
shells it is more likely to be a result of factors other than fishing
(predator attacks or reburrowing).

The range of applications based on sclerochronology now
offers a wide and increasing repertoire of techniques for
monitoring natural and anthropogenic environmental variability
and distinguishing between them, with applications to a broad
range of commercial and regulatory users (Figure 11). Future
research should be targeted at understanding the processes
of incorporation into the shell, and at developing regionally
specific and species specific calibrations to enable the robust
interpretation of the shell geochemistry.
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