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Abstract. To evaluate the role of the razor clamEnsis direc-
tus in Dutch coastal waters, understanding its population dy-
namics is important. As such, the age structure of the popula-
tion forms a key parameter. Accurate age determination in bi-
valve shells is not always straightforward due to the difficulty
of interpreting externally visible growth lines. In the present
paper, we aimed at validating the seasonality in growth line
formation using visual techniques in combination with stable
oxygen and carbon isotope analyses (δ18O andδ13C).

High δ18O values in the shell coincided with growth marks
on the external surface of the valve and in acetate peels of the
shell’s cross section. Most shellδ18O samples were assigned
to the months from June to September. From November to
March no samples were retrieved, indicating that the shell did
not grow. The lowest reconstructed temperature (6.3◦C)
suggests that∼ 6◦C may be the threshold temperature for
growth. Nevertheless, most of the reconstructed values fell
above 14.5◦C, indicating that growth occurred mainly in the
summer at relatively high temperatures. Shellδ13C profiles
followed a more or less seasonal cycle, but no direct relation-
ship could be made betweenδ13C values and annual growth
lines. Although counting external annual growth lines led to
a correct estimation of age and consequently of growth rates,
we recommend analysing acetate peels of cross sections to
support the distinction between annual lines and disturbance
lines.

1 Introduction

The American razor clamEnsis directus(Conrad, 1843) (also
known asE. americanus, Binney, 1870) is a suspension-
feeding bivalve, common along the Atlantic coast of North
America from Labrador (in Canada) to Florida (Abbott and
Morris, 2001). In European waters, it was first observed in
the German Bight in 1979, and it is thought to have been
introduced in Europe shortly before by larval transport in
ballast waters of ships that crossed the Atlantic (Von Cosel
et al., 1982). Since then,E. directushas spread along the
Wadden Sea and North Sea coasts, and is now found from
France to Norway, Britain and the west coast of Sweden
(Beukema and Dekker, 1995 and references therein; Hop-
kins, 2001; Minchin and Eno, 2002; Palmer, 2004; Dauvin
et al., 2007). Despite the frequent events of mass mortality
and variable recruitment (M̈uhlenhardt-Siegel et al., 1983;
Beukema and Dekker, 1995; Cadée et al., 1994; Armonies
and Reise, 1999), this species has managed to build up a
strong population in Dutch waters (Dekker, 2011; Perdon
and Goudswaard, 2007; Goudswaard et al., 2010). Presently,
E. directusis the most dominant bivalve species in the Dutch
coastal zone, with a total estimated biomass of around 479
million kg fresh weight in 2010 (Goudswaard et al., 2010).
E. directusis not only a commercially important species (Wi-
jsman et al., 2006) but also a food item for fish and sea ducks
(Tulp et al., 2010 and references therein). Considering the in-
creasing numbers ofE. directusalong the Dutch coast, com-
petition with native species cannot be ruled out.
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To evaluate the importance ofE. directusin Dutch coastal
waters, studying its population dynamics is essential. In this
respect, age is required to establish growth and mortality pat-
terns from which productivity of a population can be de-
rived. In razor clams, includingE. directus, externally visible
growth lines (marks) have often been used to determine in-
dividual age, whereby they were considered to correspond to
a period of growth cessation (Swennen et al., 1985; Robin-
son and Richardson, 1998; Armonies and Reise, 1999; Fahy
and Gaffney, 2001; Fahy et al., 2001; Palmer, 2004; Cardoso
et al., 2009). In temperate areas, the cessation of growth co-
incides with the winter months, due to low food availabil-
ity and low temperatures. However, sudden changes in tem-
perature or food conditions, spawning, and other stressing
factors may also lead to a temporary cessation of growth,
causing deposition of growth marks during the growing sea-
son. Such growth marks may cause errors in age determina-
tion to be made on the basis of externally visible lines. In
razor clams, such asE. macha, E. siliqua, andE. ensisthe
estimation of the age from external growth lines was found
to be very unreliable due to the presence of lines formed
by non-annual events (Gaspar et al., 1994; Henderson and
Richardson, 1994; Barón et al., 2004). Alternative methods
used for the validation of this periodicity include marking
experiments (Baŕon et al., 2004), following the growth of co-
horts over time (Beukema and Dekker, 1995; Palmer, 2004)
and analysing growth lines visible in cross sections of the
shell (Gaspar et al., 1994; Henderson and Richardson, 1994;
Palmer, 2004). However, disturbance lines often extend inter-
nally (Haag and Commens-Carson, 2008), and therefore the
periodicity of internal growth lines should also be validated.
The use of isotope sclerochronology provides an objective
method to make the distinction between annual and distur-
bance growth lines. This method has never been used to ver-
ify the periodicity of growth lines inE. directus, although it
has been widely used to study growth and validate growth
lines in other bivalves (e.g. Krantz et al., 1984; Jones and
Quitmyer, 1996; Witbaard et al., 1994; Goodwin et al., 2001;
Keller et al., 2002; Scḧone and Giere, 2005; Mannino et al.,
2008; Versteegh et al., 2010; Santos et al., 2012; Cardoso et
al., 2013).

In the present paper, we aim to validate the seasonality
in external and internal growth lines in the shell ofE. di-
rectusto assess if the analysis of these lines gives an accu-
rate estimation of age. For that, we determined stable oxy-
gen and carbon isotope ratios (18O/16O and13C/12C) along
the longitudinal profile of shells. The ratio of stable oxygen
isotopes (δ18O) in the shell reflects the combined effects of
water temperature and water isotopic composition (Epstein
et al., 1953; Grossman and Ku, 1986), the latter co-varying
with salinity (Epstein and Mayeda, 1953). In environments
where waterδ18O and salinity are generally constant dur-
ing the lifetime of an organism, changes in shellδ18O record
mainly changes in water temperature, whereby higherδ18O
(enriched in18O) corresponds to lower temperatures, and

lower δ18O (depleted in18O) to higher temperatures. Car-
bon stable isotope (δ13C) ratios in carbonate shell materials
are influenced by metabolic factors and environmental con-
ditions, and therefore the profiles of carbon isotope ratios
in shells are less clear thanδ18O ratios (Wefer and Berger,
1991). Althoughδ13C in the shell usually reflects seasonal
variation of waterδ13C (Mook and Vogel, 1968; Killing-
ley and Berger, 1979; Arthur et al., 1983), respiratory CO2
originating from food metabolism may mask the seasonal
variation ofδ13C in the shell (Lorrain et al., 2004; Geist et
al., 2005; McConnaughey and Gillikin, 2008; Lartaud et al.,
2010; Poulain et al., 2010). Nevertheless, since metabolism is
mostly related to temperature and food conditions, which in
temperate habitats vary in an annual cycle, a seasonal pattern
for this isotope is expected as well.

Isotope ratio profiles can therefore be used to validate
whether or not identified growth bands in the shell of bivalves
are formed at regular (annual) intervals and help in further
interpretation of the visible lines. This approach was used in
this study to identify the growth patterns in the shell ofE. di-
rectus. To this end, we have determined whether (1) shells of
E. directuspreserve seasonal environmental records as vari-
ation inδ18O andδ13C, whether (2) isotope records confirm
the periodicity of band formation and can be used to estimate
age ofE. directus, and whether (3) the analysis of external
and internal shell lines gives a reliable estimate of age.

2 Materials and methods

2.1 Analysis of growth lines

For the analysis of growth increments, four live bivalves
without damage on the valve were selected. They were col-
lected in April 2010, in the framework of the research pro-
gramme “Building with Nature (BwN)” and the monitoring
programme “LaMER” (National Institute for Waterways and
Public Works of the Dutch Ministry of Infrastructure and
the Environment) off the coast of Egmond aan Zee, The
Netherlands (52◦23′–52◦38′ N, 4◦18′–4◦36′ E). Shell 1 was
collected at about 7 km off the coast (at 20.1 m depth), shell 2
at about 5 km (19.1 m depth), and shells 3 and 4 at about 2 km
(11 m depth) (Fig. S1 in Supplement).

For each shell, the number of macroscopically visible an-
nual lines on the external side of the valve was recorded, and
shell height (defined as the distance from the dorsal to the
ventral margin) was measured. Annual lines were defined
as dark bands on the shell surface occurring parallel to the
growing edge, which could be followed longitudinally along
the shell until the umbo (Fig. 1a). Shells were scrubbed with
a brush to remove adhering sediment, rinsed with distilled
water, and left to air dry. Left-hand valves were placed with
the concave side down in a plastic mould and embedded in
epoxy resin (Poly Service, THV-500 epoxyhars and Harder
355), following Ropes (1985). Once hardened, the blocks
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Fig. 1.Photographs of valve and cross sections ofE. directusshells:(a) valve with lines identified externally as annual growth lines (arrows),
(b) acetate peel of the hinge showing internal annual growth lines, and(c) acetate peel of the valve with two annual growth lines.

were sectioned longitudinally from the umbo to the growing
edge (Fig. 1a), in the form of slices of about 5 mm thick. The
surface closest to the umbo was ground flat under succes-
sively finer grit and wet-polished until no scratches were vis-
ible. Polished shell sections were submerged in 1 vol% HCl
for about 20 s and rinsed with distilled water. Acetate peels
were prepared by covering the shell surface with drops of
acetone and making a copy with a 0.1 mm thick sheet of cel-
lulose acetate. With this method, the organic parts of the car-
bonate matrix are conserved and the carbonate parts are dis-
solved, resulting in a relief on the surface of the cross section,
which is then transferred to the acetate sheet. Acetate peels
were put on microscope slides, and photographs were taken
under a microscope. In the resulting composite pictures, the
number and position of the internal growth lines and growth
increments were registered and compared with the external
reading and later with the isotope profiles.

Internal annual lines on the acetate peel were defined as
thin dark lines which could be seen in the hinge (Fig. 1b)
and followed along the shell section until the external margin
of the valve (Fig. 1c). Annual growth rates were determined
based on the position of the internal and external lines which
were confirmed to be annual by the isotope record.

2.2 Isotopic composition

The concave side of the right-hand valves was filled with
epoxy resin to reinforce the valve and enable drilling of the
valve convex (outer) side. Calcium carbonate powder was
sampled using a micro sampler attached to a binocular mi-
croscope (MicroMill, New Wave Research) and equipped
with a small dental drill (bit size 80 µm). Sampling was done
along the external side of the valve in equally spaced inter-
vals (175 µm around the growth lines identified externally
as being annual and 300 µm in between) and following the

concentric external growth lines (Fig. S2 in Supplement).
Calcium carbonate powder (20–80 µg) was analysed for sta-
ble oxygen and carbon isotopic composition using a Thermo
Finnigan MAT253 mass spectrometer coupled to a Kiel IV
carbonate preparation device. Reproducibility of the external
standard NBS 19 amounted to≤ 0.1 ‰ and≤ 0.05 ‰ (1 SD)
for δ18O andδ13C, respectively.

In total 238–330 transects were drilled in each shell from
the ventral margin to as close as possible to the umbo.
Shells could not be sampled completely because the sam-
pling transect near the umbo was often too small to yield
sufficiently large carbonate samples. When the amount of
calcium carbonate powder from a single drill line was
not enough for isotope determination, the powder from
two neighbouring transects was pooled. Measuredδ18O
shell (δ18OS) values were compared to predicted values (de-
termined on basis of temperature and salinity data) assum-
ing agreement with equilibrium fractionation. SinceE. direc-
tushas an aragonitic shell (Kahler et al., 1976), the equation
for biogenic aragonite by Grossman and Ku (1986) recalcu-
lated by Dettman et al. (1999) was used to calculate predicted
δ18OS values:

1000ln(α) = 2.559(106T −2) + 0.715, (1)

whereT is temperature in Kelvin andα is the fractionation
factor between water and aragonite described by the equation

α = (1000+ δ18OAragonite)/(1000+ δ18OW), (2)

wherebyδ18OAragonite ( ‰ ) is theδ18O of the shell (δ18OS)

(relative to VSMOW – Vienna Standard Mean Ocean Wa-
ter) andδ18OW (‰) is theδ18O of the seawater (VSMOW).
Because measuredδ18OS values are usually reported relative
to VPDB (Vienna Pee Dee belemnite),δ18OS values calcu-
lated in terms of VSMOW were converted to VPDB using

www.biogeosciences.net/10/4741/2013/ Biogeosciences, 10, 4741–4750, 2013
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the equation of Coplen et al. (1983):

δ18OVSMOW=1.03091· δ18OVPDB + 30.91. (3)

δ18OW was inferred from instrumental salinity data (S) us-
ing the relationship between salinity andδ18OW described by
Santos et al. (2012):

δ18OW=0.2333(±0.02) · S−7.9456(±0.72)

(r2
= 0.77,p < 0.001). (4)

This equation, developed in the Dutch Wadden Sea (approxi-
mately 50 km north of the sampling site), is similar to the one
described by Bouillon et al. (2012), developed in the Scheldt
estuary in the south of the Netherlands.

To align measuredδ18OS with predicted values, a time
scale was assigned to the individual data points of the
shell isotopic record. For that, the distance from the dor-
sal margin to each drilled line was measured. Identified an-
nual growth lines were used to delimit the beginning and
end of each calendar year. For all growth records and each
calendar year, dates were assigned to the measuredδ18OS
by first matching peaks (most positiveδ18OS values) and
troughs (most negativeδ18OS values). Then the measured
δ18OS record was shifted horizontally and matched to pre-
dicted values as closely as possible, maintaining the tempo-
ral sequence. The goodness of fit between measured and pre-
dicted values was then determined using a linear regression.
Because no data on waterδ13C or reliable relationships be-
tween waterδ13C and environmental parameters were avail-
able for the sampled area, measured and predictedδ13C in
the shell could not be compared.

To determine the temperature at which shell growth started
and ceased,δ18OS values recorded in the shells were used to
reconstruct water temperatures by solving Eq. (1) for tem-
perature.

Unfortunately, no long-term temperature and salinity data
were available from the sampled locations. It is known, how-
ever, that the area is a well-mixed zone with tidal currents
up to 1.2 m s−1 (Witbaard, personal observation, 2011). Ob-
servations from one day in June 2011 have shown that there
were no differences in temperature between locations over
the entire water column (Witbaard, personal observation).
Although the near coastal site may have a higher variabil-
ity in salinity than the offshore locations due to freshwater
influence, the salinity difference between inshore and off-
shore stations does not seem to be higher than 2–2.5 units
(Witbaard, personal observation, 2011). For comparison of
measured and predictedδ18OS values and reconstruction of
water temperatures, observed sea surface temperature and
salinity were obtained via Waterbase (http://live.waterbase.
nl/waterbase). Daily temperature data were not available for
the sampled area and period. Therefore, mean daily temper-
atures from 2001 to 2010 for the station “IJmuiden muni-
tiestortplaats” (52◦32′ N, 04◦03′ E) were taken (Fig. S1 in
Supplement). Since no recent salinity data were available

Table 1. Summary statistics ofδ18O, δ13C and reconstructed tem-
perature data retrieved from eachE. directusshell.

Shell Basic δ18O δ13C Reconstructed
statistics temperature

(‰) (‰) (◦C)

1 Min. −0.78 −2.32 8.6
Max. 1.71 −0.12 20.2
N 311 311 311
Mean 0.05 −1.17 16.2
SD 0.50 0.47 2.3

2 Min. −0.69 −2.28 6.3
Max. 2.25 −0.04 19.7
N 278 278 269
Mean 0.38 −1.24 14.6
SD 0.53 0.48 2.5

3 Min. −1.39 −2.54 9.9
Max. 1.09 −0.50 21.5
N 237 237 237
Mean −0.42 −1.40 16.9
SD 0.48 0.41 2.3

4 Min. −1.71 −2.85 6.4
Max. 1.89 0.02 23.2
N 221 221 221
Mean −0.33 −1.35 16.4
SD 0.60 0.44 2.8

from the same station, mean annual salinity from 2001 to
2010 was taken for the station “Noordwijk 2 km” (52◦15′ N,
4◦24′ E) for shells 3 and 4 and “Noordwijk 10 km” (52◦18′ N,
4◦18′ E) for shells 1 and 2 (Fig. S1 in Supplement).

3 Results

3.1 Inspection of growth lines and isotope profiles

External and internal growth lines were visually analysed in
each shell. The lines which were considered to be annual by
visual inspection of the surface of the valve were also clearly
visible in the acetate peel of the cross section (Fig. 1). In
shells 1 and 3, four lines were considered to be annual by
analysis of the valve and acetate peel. In shell 2, five lines
were considered to be annual, while in shell 4 only one line
was classified as annual.

For each shell, isotope profiles were matched with the
number and position of the lines observed on the external
shell surface and on the acetate peel. All four shells had sim-
ilar ranges ofδ18OS andδ13CS (Table 1) and showed sim-
ilar profiles (Fig. 2).δ18OS records showed a truncated si-
nusoidal pattern. All four shells had a section with a steep
decrease in values (e.g. in shell 1 between 3.0 and 3.5 cm
from the umbo) followed by slow decrease (between 3.5 and
6.5 cm) and a steep increase (more positiveδ18OS observed

Biogeosciences, 10, 4741–4750, 2013 www.biogeosciences.net/10/4741/2013/
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Fig. 2. Stable oxygen (δ18O, left panel) and carbon (δ13C, right panel) isotope profiles along the valve of fourE. directusshells. Vertical
dotted lines represent annual growth lines observed on the surface of the shell and in the acetate peels.

between 6.5 and 7.0 cm) (Fig. 2, left panel). In all shells, high
δ18OS values corresponded with the lines assigned to be an-
nual by visual analysis of the external surface of the valve
and the acetate peel. Some dark lines visible on the valve
were not considered as being annual because they could not
be followed along the shell. These were not seen in the ac-
etate peels.

δ13CS records also showed a truncated sinusoidal pattern,
with sections of increase in values followed by a decrease
(Fig. 2, right panel). Although lowδ13CS values were seen
on or around the identified annual growth lines, patterns of
peaks and troughs were also measured in between these an-
nual lines. A relationship betweenδ13CS profiles and identi-
fied annual growth lines could not be established. Shells 1,
2, and 3 exhibited a weak negative relationship between
δ18OS and δ13CS (ANOVA, p < 0.001, 0.05> r2 < 0.11),
while shell 4 showed a very weak positive relationship be-
tweenδ18OS andδ13CS (ANOVA, p = 0.05,r2

= 0.01).

3.2 Measured vs. predictedδ18OS

By matching measured and predicted values, all theδ18OS
samples were assigned to the months from April to Octo-
ber, with most samples being assigned to June to September
(Fig. 3). Measuredδ18OS values showed a very good fit with
the curve of predictedδ18OS (Table 2). During part of the
year (November–March), which includes the period of high-
est predictedδ18OS values, the shell did not grow. Therefore,
no isotope samples could be retrieved from the shell and the
respective temperature range is completely lacking from the
shell record. Annual growth lines identified on the valve and
acetate peel corresponded toδ18OS samples assigned to the
months of April/May.

Reconstructed seawater temperatures (calculated from
measuredδ18OS values) closely resembled the observed field
temperatures (Fig. S3 in Supplement). Reconstructed tem-
peratures ranged between 8.6 and 20.2◦C in shell 1, 6.3 and

www.biogeosciences.net/10/4741/2013/ Biogeosciences, 10, 4741–4750, 2013
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Fig. 3.Comparison of measured and predictedδ18O values inE. di-
rectusshells. Line represents predictedδ18O values according to
Eq. (1) (see text); open circles represent measured values sampled
along the valve. Vertical dotted lines represent annual growth lines
observed on the surface of the shell and in the acetate peels.

19.7◦C in shell 2, 9.9 and 21.5◦C in shell 3, and 6.4 and
23.2◦C in shell 4 (Table 1).

3.3 Age estimation and growth

The age of each shell was determined based on the growth
lines which were assigned as annual by analysis of the valve
and acetate peel, and validated by the isotope record. Age es-

Table 2.Results of the linear regression between measured and pre-
dictedδ18O values in the fourE. directusshells.x is the predicted
δ18O; y the measuredδ18O.

Shell Equation r2 p value

1 y = 0.91· x + 0.02 0.85 < 0.001
2 y = 0.87· x + 0.05 0.89 < 0.001
3 y = 0.95· x − 0.10 0.83 < 0.001
4 y = 1.01· x − 0.08 0.86 < 0.001

timation took account of the fact that all shells were collected
in 2010 and that significant shell growth in the field does not
start before early summer, as confirmed by matching mea-
sured and predictedδ18OS values and by observations in the
field (Cardoso et al., 2009; Witbaard et al., 2012). Shells 1
and 3 were considered to be 5 yr old (year class 2005) and
shell 4 was aged 2 yr old (year class 2008). Although the
most recent growth line in shell 2 was observed close to the
edge, there was clear shell growth after this line. Therefore,
the last complete growth increment was considered to have
occurred in 2009, and shell 2 was aged 6 yr old (year class
2004).

Height-at-age and growth rate values varied among shells ,
and mean yearly growth rate decreased with age (Table 3).
Growth rates during the first year of life were higher in
shells 3 and 4 (closest to the coast) than in shells 1 and 2 (col-
lected from a location further offshore). Growth rates in the
following years were higher in shells 1 and 2 than in shell 3.
Because shell 4 is only 1 yr old, it could not be used in this
comparison.

4 Discussion

4.1 Shellδ18O and growth

δ18OS records showed truncated sinusoidal patterns suggest-
ing seasonality in shell growth rates. Most detailedδ18OS
data were collected from calcium carbonate which was de-
posited during the period of June to September (estimated
by matching observed and predictedδ18OS values). This
illustrates that growth rates are highest during this period
(average growth 0.15 mm d−1, with a maximum mean of
0.22 mm d−1 observed in June). Field data collected in 2011
showed that the increase in shell height ofE. directusin the
area occurred mainly between July and August (Fig. S4 in
Supplement), supporting our findings that growth is fastest
during the summer.

Comparison of measured and predictedδ18OS values re-
vealed that the most negative values (corresponding to the
highest temperatures) were well represented in the shell car-
bonate. The most (predicted) positive values (corresponding
to the lowest temperatures) were generally not all represented
in the shell carbonate samples. In some shells, however,

Biogeosciences, 10, 4741–4750, 2013 www.biogeosciences.net/10/4741/2013/
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Table 3.Height-at-age (cm) and growth of each age class ofE. directusshells.

Age Height-at-age (cm) Mean height-at-age Mean yearly growth

shell 1 shell 2 shell 3 shell 4 (±SD) (±SD)

1 5.06 4.30 5.26 6.48 5.27 (0.90) 5.27 (0.78)
2 9.2 7.84 8.53 8.52 (0.68) 3.65 (0.45)
3 10.77 9.80 9.48 10.02 (0.67) 1.49 (0.51)
4 12.24 11.48 10.27 11.33 (0.99) 1.31 (0.47)
5 12.56 12.56 1.08

δ18OS data retrieved in some years covered almost the whole
predicted range. Reconstructed temperatures ranged from
about 6 to 23◦C. In the years 2001–2010, mean daily sea
surface temperatures measured in the field varied between
5.5 and 19.1◦C (Fig. S3 in Supplement). However, observa-
tions near the sea floor in 2011 and 2012 (Witbaard, personal
observation) revealed that temperatures in February can be as
low as 3.8± 1.6◦C. This suggests that a temperature of 6◦C
may be the threshold for growth start. Nevertheless, most
of the reconstructed values fell in the range above 14.5◦C
(around June). In 2011, highest shell growth was observed in
July at temperatures around 17◦C (Fig. S4 in Supplement),
confirming that shell growth occurs mainly in the summer
at relatively high temperatures.E. directuscan grow at low
temperatures, but the growth rate is extremely low.

The fact that shell growth occurs well above 6◦C and that
the growth stop occurs in autumn when near bottom tem-
peratures are usually above 10◦C (Witbaard et al., 2012;
Fig. S4 in Supplement) suggests that temperature alone is not
the only factor affecting shell growth. InArctica islandica,
the onset of growth is thought to be mainly determined by
the seasonal cycle in primary production which is, in turn,
closely regulated by the seasonal cycle in temperature (Wit-
baard et al., 1994). InE. directus, somatic growth starts in
March/April (Cardoso et al., 2009; Witbaard et al., 2012),
along with the increase in chlorophylla concentration in the
seawater (Cad́ee and Hegeman, 2002; Witbaard et al., 2012).
Gametogenesis starts earlier in the year (Cardoso et al., 2009;
Witbaard et al., 2012) together with the increase in seawa-
ter temperature after the winter (Van Aken, 2008; Witbaard
et al., 2012). Shell growth, however, occurs mainly later (in
the beginning of the summer), and therefore growth of soft
tissue and shell carbonate growth are misaligned in time.
Shell growth seems to start only after the end of the main
spawning (around May), suggesting that the energy used in
spring for reproduction is afterwards used for shell growth.
Shell growth in autumn may be hampered by low food con-
ditions, while shell growth in spring may be hampered by
a combination of low temperatures and energy allocation to
reproduction.

Overall, measuredδ18OS values showed a good fit with
predicted values, following a seasonal pattern. In shells 3 and
4 (closer to the coast), deviations between measured and pre-

dicted δ18OS values were observed in 2008 and 2009 dur-
ing periods of lowest predictedδ18OS values. This resulted
in higher reconstructed temperatures than the observed 10 yr
mean (21.5 and 23.2◦C vs. 19.1◦C). Maximum observed
sea surface temperatures in 2008/09 were not very differ-
ent compared to the 10 yr average (respectively 18.7◦C and
19.9◦C; http://live.waterbase.nl/waterbase). Higher temper-
atures near the coast could have influenced the incorporation
of δ18O in these shells. Unfortunately, no temperature data
from these years and stations are available to support our sug-
gestion.

An interesting fact is that, in 2007, the period with low-
est predictedδ18OS values (corresponding to the highest ob-
served temperatures) was not represented in the carbonate
records. This suggests that in this year shell growth might
have been constrained during a short period of time (around
August). In some years two spawning periods were observed
in E. directusin the Wadden Sea, the first around May and
the second around August (Armonies, 1996; Cardoso et al.,
2009). An extra spawning event in combination with high
summer temperatures could be a reason for the growth stop in
August in 2007. However, a disruption in shell growth could
have also been caused by short-term events such as storms.
Nevertheless, no disturbance lines were observed in any of
the shells during this period.

4.2 Shellδ13C

For shell building, both environmental dissolved inorganic
carbon and metabolic (respired) carbon, mainly derived from
carbon in the diet, are used (McConnaughey et al., 1997).
In the shell ofE. directus, δ13CS values seem to follow a
more or less sinusoidal trend although a direct relationship
betweenδ13CS profiles and the presence of annual growth
lines could not be established. This suggests that temperature
partly influences variation inδ13CS values, although other
factors play a role as well.

Vital effects, i.e. metabolic (resulting from respiratory
CO2) and kinetic (acting on bothδ18OS and δ13CS) ef-
fects, can contribute to marine bivalve shell carbonate
and could result in a deviation from isotopic equilibrium
with the environment (Tanaka et al., 1986; Klein et al.,
1996; McConnaughey et al., 1997; Lorrain et al., 2004;
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Gillikin et al., 2006, 2007; Goewert et al., 2007). In the anal-
ysed shells, the relationship betweenδ13CS andδ18OS was
very weak, suggesting the presence of little or no kinetic ef-
fects. Although the mechanisms controlling the incorpora-
tion of δ13C in the shell ofE. directusare difficult to under-
stand, the decoupling between tissue growth, shell growth,
and gametogenesis (Witbaard et al., 2012) suggests that
metabolism may play a role in the intra-annualδ13CS vari-
ation. This decoupling might explain the difference in align-
ment of theδ13CS andδ18OS profiles relative to the position
of the growth lines, reflecting a phase offset between soft tis-
sue growth and shell growth processes. In addition, the fact
thatδ13CS is markedly lower at the growth line (it is usually
the lowest value in each year) supports the idea that more
metabolic carbon is used at this time (since metabolic carbon
is very depleted inδ13C).

4.3 Validation of growth lines and age

The highestδ18OS values coincided with the growth lines
visible on both the external surface of the valve and in the
acetate peel of the cross section. By matching measured and
predictedδ18OS values, growth lines were confirmed to be
annual. Fast growth occurred between June and Septem-
ber, slowing down after that until growth stopped around
October–November (as revealed by the isotope record). From
about November until March/April, no carbonate was de-
posited in the shell and the shell did not grow. It is not until
shell growth resumes in the following growing season that
a line corresponding to the preceding period of slow growth
becomes clearly visible. The results thus suggest that annual
growth lines inE. directusare formed due to a growth cessa-
tion which starts in autumn.

Since shells were sampled in April 2010 and growth starts
in late spring (Cardoso et al., 2009; Fig. S4 in Supplement),
all δ18OS values observed between the last growth line and
the shell edge were considered to belong to the growing sea-
son of 2009. Therefore, these shells were considered to be
1 yr older than the number of lines counted (5 yr old for
shells 1 and 3, 6 yr for shell 2, and 2 yr old for shell 4).

In the Wadden Sea, the maximum reported age ofE. di-
rectuswas 7 yr old (Armonies and Reise, 1999), although it
is considered that most individuals do not become older than
2–4 yr (Armonies en Reise, 1999; Cardoso et al., 2009). The
life span of this species along the Dutch coast seems to be
higher, although an analysis of a larger sample size is re-
quired to support this suggestion.

Growth rates calculated using isotope sclerochronology
were similar to those calculated by analysis of external
shell lines and acetate peels. The fact that growth rates dur-
ing the first year of life were higher closer to the coast, and
that the opposite was observed in the following years, sug-
gests that juvenile growth is better near the coast, while con-
ditions for growth of adults are better offshore. During their
first year of life, E. directusfrom the Dutch Wadden Sea

reached an average size of 6.4 cm (Beukema and Dekker,
1995), a similar growth rate to the one observed in this study
near the coast (in shells 3 and 4). However, shell growth ob-
served for the following years was lower than observed in
the Dutch Wadden Sea, being more similar to the growth ob-
served in the German Wadden Sea (∼ 8, 10, and 12 cm at
an age of 2, 3, and 4 yr, respectively; Swennen et al., 1985).
In contrast, shell growth in the present study was in general
higher than that observed off the English east coast (Palmer,
2004). The mean annual temperature pattern in the Dutch
Wadden Sea and off the Dutch North Sea coast is similar
(varying between about 5◦C in winter and 20◦C in sum-
mer; http://www.nioz.nl; http://live.waterbase.nl/waterbase).
This suggests that differences in food conditions between ar-
eas may cause the observed differences in growth. Density-
dependent growth ofE. directuswas suggested for the En-
glish coast (Palmer, 2004). Average densities near stations
3 and 4 of this study were also much higher than densities
observed by Beukema and Dekker (1995) in the Dutch Wad-
den Sea (∼ 184 ind m−2 at the coast vs.< 10 ind m−2 in the
Wadden Sea; Beukema and Dekker, 1995; Witbaard et al.,
2012). Therefore, the lower growth observed at the Dutch
coast could be due to higher densities, causing lower food
availability. SinceE. directusshows large inter-annual vari-
ability in growth (Dekker, 2011; Daan and Mulder, 2006;
Perdon and Goudswaard, 2007), the observed differences in
growth between locations could be a reflection of density-
dependent growth.

Based on our results, we conclude that counting annual
growth lines on the external side of the valve as well as in the
cross section of the shell ofE. directusleads to an accurate
estimation of the number of annual winter lines. Hence, age
and consequently growth rates can be determined with suffi-
cient accuracy. Nevertheless, to support the identification of
annual lines, we recommend analysing acetate peels of the
cross section as well. When analysing populations from ar-
eas with very different environmental conditions, this type of
analysis should be combined with isotope sclerochronology.

Supplementary material related to this article is
available online at:http://www.biogeosciences.net/10/
4741/2013/bg-10-4741-2013-supplement.pdf.
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