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Annual growth increments formed in bivalve shells are increasingly used as proxies of environmental
variability and change in marine ecosystems, especially at higher latitudes. Here, we document that
well-replicated and exactly dated chronologies can also be developed to capture oceanographic
processes in temperate and semi-enclosed seas, such as the Mediterranean. A chronology is constructed
for Glycymeris pilosa from a shallow embayment of the northern Adriatic and extends from 1979
to 2016. The chronology significantly (p < 0.05) and positively correlates to winter sea surface
temperatures, but negatively correlates to summer temperatures, which suggests that extreme
winter lows and extreme summer highs may be limiting to growth. However, the strongest and
most consistent relationships are negative correlations with an index of the Adriatic-lonian Bimodal
Oscillating System (BiOS) for which positive values indicate the inflow of the ultraoligotrophic Eastern
Mediterranean waters to the Adriatic. In contrast, the substantial freshwater flows that discharge
into the Adriatic do not correlate to the bivalve chronology, emphasizing the importance of remote
oceanographic processes to growth at this highly coastal site. Overall, this study underscores the
potential of bivalve chronologies to capture biologically relevant, local- to regional-scale patterns of
ocean circulation in mid-latitude, temperate systems.

A significant limitation in establishing the role of climate variability on ecological functioning in marine eco-
systems is the lack of long-term observational records, particularly for biological phenomena, the lengths of
which rarely exceed thirty years'. To address this issue, techniques borrowed from tree-ring science have been
increasingly applied to growth-increment widths in the hard parts of marine bivalves and fish. Resulting chronol-
ogies are well replicated, annually resolved, and exactly dated to fully capture population-wide growth anomalies
across a range of timescales?. These records may be readily compared with observational records to establish
long-term climate-growth relationships and interrelationships among a diverse array of biological phenomena>®.
Moreover, growth-increment chronologies, especially from bivalves, can greatly exceed the length of instrumental
records, often by an order of magnitude. For example, chronology of Arctica islandica has been constructed over
1357 years’. As such, they provide an opportunity to reconstruct historical ranges of climate variability, quantify
pre-industrial baselines, and when combined with terrestrial proxies, describe interactions between the atmos-
phere and ocean’"’.

Ecological and environmental changes in marine ecosystems occur at local, regional and global scales and are
a consequence of the interplay of multiple stressors. Semi-enclosed seas, such as the Mediterranean, are especially
vulnerable due to a high surface to volume ratio'®, and intense pressures from diverse human activities'". The
Mediterranean is a temperate sea with much higher salinities than the adjacent Atlantic Ocean because evapora-
tion exceeds new water inputs'®. For that reason, circulation is characterized by the inflow of less saline Atlantic
water, which becomes increasingly saline and subsides at the Gulf of Lion, the Adriatic, the Aegean and the
Levantine convection sites to intermediate and deep layers'*'>.

The northern Ionian Sea is a major driver of Eastern Mediterranean thermohaline circulation, including
the Adriatic Sea. Cyclonic or anticyclonic rotation of the gyre in the northern Ionian Sea advects water masses
to the Adriatic Sea that are: (i) of lower salinity and temperature and richer in nutrients from the Western
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Mediterranean, or (ii) of higher salinity and temperature and poor in nutrients from the Eastern Mediterranean'.
These water masses influence dense water formation processes in the Adriatic Sea!'’, which in turn influence
the circulation regimes in the northern Ionian Sea'®. This oscillatory pattern called Adriatic-Ionian Bimodal
Oscillating System!® (BiOS) drives decadal-scale thermohaline oscillations in the Adriatic Sea'*?* and the Eastern
Mediterranean®..

These decadal oscillations affect Adriatic biogeochemical properties?>?* and even fisheries?!. However, coastal
regions, particularly the shallow northern Adriatic, are also characterized by strong freshwater influx (Po River,
average discharge of about 1500 m?/s)?. Therefore, they have been considered separated from the overall Adriatic
circulation and relatively more strongly affected by local than regional processes®>*’. Yet, recent studies on physi-
cal properties®, long-term ocean carbon measurements® and bivalve chronologies in the middle Adriatic® indi-
cate that Adriatic-wide processes and remote forcing may dominate over local forcing, even in coastal areas.

Here, we develop a well-replicated, exactly dated chronology from the annual growth-increment widths of G.
pilosa along the eastern coast of the northern Adriatic Sea (Fig. 1). This chronology provides a long time series to
test the hypothesis that local forcing (such as rivers, precipitation, heat fluxes) is relatively more important than
remote forcing (through advection of remote water masses) to biological processes of shell growth. In doing so,
the chronology is related to a number of local and remote physical drivers extracted from a variety of long-term
datasets: atmosphere reanalysis, ocean climate models and satellite altimetry. Determining the relative role of
these processes will provide baseline information of use for marine resources management and understanding
the role of climate variability and change on Adriatic ecosystems.

Results

Chronology construction. Individuals ranged in age from 35 to 72 years (N = 30, mean =+ st.
dev.=55.8 9.3 years), 11 of which were older than 60 years. The first growth increments (earliest ontoge-
netically) did not have clear boundaries, so measurements started from the 3™ increment or later (mean = st.
dev. =14.3 1 8.85 year). Shells had a strongly synchronous growth pattern among individual specimens with
conspicuously wide increments in 2013, 1991, and 1990 and narrow increments in 2004, 1998, 1982 and 1976.
Series intercorrelation, representing the mean correlation between each detrended time series and the average of
others, was 0.615, while average mean sensitivity was 0.183. The oldest measured growth increment dates back
to year 1954, resulting in 63 years of data through 2016 (Fig. 2). Mean segment length was 39.9 years, and over
10 individual time series were measured over the period spanning 1973 to 2016. Running Expressed Population
Signal calculated over a 30-year window with 29-year overlap indicated that the chronology was robust after 1979.
Synchronous shell growth was noted also prior to this period with conspicuously narrow growth increments
corresponding to years 1976 and 1968.

Correlations to environmental drivers.  Po River discharge (PO) and surface salinity (SSSN) are not
correlated with the shell growth chronology in any month of the year (Fig. 3). The chronology correlates with
precipitation (TP) for just one month of the year (February), and only at the 90% level (r =0.28, p=0.093, Fig. 3).
Poor relationships with precipitation or salinity are typical across most of the Adriatic, as evidenced by a correla-
tion analysis with gridded data (not shown), although there are some small patches of significant correlations at
95% between chronology and SSSN or TP. Sea surface temperature did, however, relate more strongly to the chro-
nology, and with results that are generally consistent across the temperature variables considered in this study.
Indeed, sea surface temperatures from the ECMWF reanalysis and NEMOMED12 (SSTN) model positively cor-
relate to the chronology in the winter months (February (r =0.34, p=0.056) and March (r = 0.40, p =0.022)),
but negatively correlate in the summer months (May through September, r values between —0.33 and —0.32,
p values between 0.058 and 0.067) (Fig. 3). A similar correlation pattern is evident for air temperature at 2 m,
though the seasonality is somewhat lagged with peak relationships early in the winter and early in the summer
(Fig. 3). In contrast, correlations with downward heat flux (NHF) are not as consistent with the other variables,
especially in months from the prior year (Fig. 3). However, the balance of the evidence suggests that relatively
higher winter temperatures and relatively lower summer temperatures appear to be associated with favourable
growth conditions. These tendencies are corroborated in spatial correlations between the chronology and thermal
environmental fields (T2M, SST, SSTN, NHF) in which growth is positively related to winter temperatures and
negatively related to summer temperatures (data not shown).

In addition to temperature, the chronology also relates to the Absolute Dynamic Topography (ADT) variable
as an indicator of the Adriatic-Ionian Bimodal Oscillating System. Significant negative correlations (p < 0.05)
were found between the chronology and ADT values for October, December, and February of the growth year
(r values between —0.46 and —0.42, p values between 0.025 and 0.045, Fig. 3). Correlations are also signifi-
cantly negative for the ADT annual averages (October-September, r = —0.43, p=0.04). These negative corre-
lations suggest that anticyclonic BiOS regimes are favourable for G. pilosa growth in the northern Adriatic Sea.
Notably multi-month averages for other variables correlate relatively strongly with the bivalve chronology includ-
ing June-August average sea surface temperature from NEMOMEDI2 (r = —0.537, p=0.001), February-March
average sea surface temperature from NEMOMEDI2 (r=0.381, p=0.029) and April-May average downward
net heat flux from ERA (r=-0.393, p=0.016) (Fig. 4). A multiple stepwise regression (p < 0.05 to enter), that
includes June-August average sea surface temperature, February-March average sea surface temperature,
April-May average downward net heat flux, and October-September ADT, finds that ADT (r = —0.62; p=0.004)
is the only significant predictor of chronology growth. A potential complication of this result is that both time
series contain first-order autocorrelation, which could inflate the significance of the relationship. To address this
issue, we removed autocorrelation from the chronology and ADT and repeated the regression, which remained
significant (r = —0.47; p=0.04). Thus, even with this “conservative” analysis in which important decadal-scale
variability had been removed, the relationship between chronology and ADT was still robust.
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Figure 1. Map of the Adriatic-Ionian area indicating the sampling Glycymeris pilosa site along the Western
Istria shoreline (red dot), Pontelagoscuro limnological station measuring the Po River discharge PO (blue dot),
and areas used for constructing environmental variables: area over which ERA interim products sea surface
temperature (SST), downward net heat flux (NHF), total precipitation (TP), air temperature at 2m (T2M)

are averaged (red mesh polygon); area over which NEMOMEDI12 ocean climate model variables, sea surface
temperature (SSTN) and salinity (SSSN), are averaged (black mesh polygon). Blue and red rectangles denote
the averaging areas in the northern Ionian Sea from which data on differences in absolute dynamic topography
(ADT) are derived. ADW - Adriatic Deep Water, AW — Atlantic Water, LIW - Levantine Intermediate Water.
The figure has been created using MATLAB 2014a (www.mathworks.com), Inkscape 0.92 (www.inkscape.org)
and GIMP 2.8.16 (www.gimp.org) software.

Discussion

Chronology construction and potential for network development. Maximal longevity of G. pilosa
individuals analysed in this study is somewhat longer than that noted for specimens from the Pa§man Channel in
the middle Adriatic Sea (72 vs. 69 years)®. At both sites, a SCUBA diver targeted larger sized shells, and the largest
of these were analysed in this study with the goal of maximizing chronology length. These two populations are in
close geographical proximity, and samples over this limited area are probably not fully representative of G. pilosa
longevity. At both sites, however, the presence of older individuals (>60 year) suggests that longer chronologies
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Figure 2. Glycymeris pilosa chronology. (A). Acetate peel of specimen S3P99 (scale bar 500 pm), direction of
growth (DOG) indicated by white arrow, growth lines indicated by black arrows, (B). Individual detrended
growth series (1954-2016) and their average (1979 statistically robust chronology in black, prior to 1979 in
dashed line), (C). Sample depth (denoting number of samples, grey shading area) and Expressed Population
Signal (EPS) values computed in a 30-year window with indicated arbitrary value of EPS value >0.85.

are possible. Dead-collected individuals could theoretically be used to further extend chronologies back in time
given the strength of the synchronous growth signals and possible overlap among samples by as much as forty
or fifty years. Indeed, such an approach has been successfully applied in other bivalve species®***! Given that
this species inhabits other parts of the Mediterranean®**, networks of chronologies may be possible throughout
this semi-enclosed basin, which would serve to identify better regional-scale climate signals by reducing indi-
vidual-site, local “noise”. For example, along the northeastern Pacific coast, the mean of three Pacific geoduck
(Panopea generosa) chronologies separated by as much as 700 km strongly reflected regional and basin-wide water
temperature signals. Indeed, the mean of these three chronologies explained almost 70% of the variance in British
Columbia, Canada sea surface temperatures over a 60 yr interval®. In the North Sea, coherent signal has been
found across a network of five Arctica islandica bivalve chronologies separated by up to 80 km?*, underscoring
the potential for capturing regional- to basin-wide signals. On even broader scales in the North Atlantic spanning
>500km, elements of coherence have been documented in the growth increment chronologies of Glycymeris
glycymeris and Arctica islandica®. Thus, such an amplification of regional environmental signals may also be
possible in the Mediterranean region.

Correlations with environmental variables.  Of the variables considered in this study, ADT was most
strongly and consistently related to bivalve growth, underscoring the importance of BiOS regimes. Positive
ADT values indicate a cyclonic BiOS regime in the northern Ionian Sea® and the inflow of the ultraoligotrophic
Eastern Mediterranean waters to the Adriatic, which are characterized by lower nutrient content as well as lower
primary production and biological activity. These regime shifts occur on a decadal timescale and require up to
a few years to make a full transition in the Adriatic***¥. Correlations with the bivalve chronology are negative
through the year, but are strongest during late autumn and winter (October-February) when the inflow of saline
waters to the Adriatic through the Otranto Strait is the largest’®.

Yet, beyond the circulation patterns induced by BiOS regimes, sea water temperature may have at least some
direct effect on growth. For example, February and March are generally characterized by minimum temperatures
of 7-11°C*, which are the lowest in the Mediterranean?. Positive correlations with winter sea water temperature
suggest these lows may be limiting to G. pilosa growth such that favourable conditions are associated with milder
winters. In contrast, the chronology is inversely related to summer sea temperature. Samples for this study were
collected in shallow water (10 m) and are therefore strongly prone to the surface-driven heating. Ocean temper-
atures in the northern Adriatic may reach 30 °C in the summer months®, which could cause thermal stress and
lower rates of growth. This is the first study to date to identify contrasting temperature responses across seasons
for a bivalve chronology, underscoring the potentially complex climate-biology relationships in marine systems.

Although the chronology is related to indicators of ocean temperature and circulation, it does not correlate
to indicators of freshwater inputs despite the shallow, coastal sampling location. These findings contrast with
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Figure 3. Spearman correlations between chronology and environmental variables. Red bars denote
significance at 95%, blue bars significance at 90%. Months October to September refer to the year in which
chronology has been computed (indicated in bold), while months April to September indicate months
preceding the growth increment deposition. Po river discharge (PO), salinity from NEMOMED12 (SSSN), sea
surface temperature from NEMOMED12 (SSTN), sea surface temperature from ERA (SST), total precipitation
from ERA (TP), air temperature at 2m from ERA (T2M), downward net heat flux from ERA (NHF), and
monthly absolute dynamic topography (ADT).

the classical model of the northern Adriatic in which biogeochemical processes can be strongly affected by the
nutrient influx originating from rivers’**’ and local ocean dynamics*!. Such signals might be weakened given that
the northern Adriatic has experienced a decrease in anthropogenic forcing in the last two decades*?, especially
a decrease in nutrient loading from the rivers. Instead, our results indicate that more remote forcing by BiOS
regimes is more important than these local, freshwater processes - at least in the eastern part of the northern
Adriatic. This is consistent with previous findings for other open and coastal parts of the middle Adriatic**?. Our
findings are also supported by analysis of organic compounds in the northern Adriatic, where dissolved organic
carbon concentration regimes have been found to qualitatively follow BiOS regimes in the last 25 years®.
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Figure 4. Time series data. Time series of environmental variables (coloured or grey) averaged over periods
when Spearman correlation has been found significantly correlated with the Istria chronology (from top to
bottom): sea surface temperature from NEMOMED12 (SSTN June-September), sea surface temperature from
NEMOMED12 (SSTN February-March), downward net heat flux from ERA (NHF April-May), and absolute
dynamic topography ADT October-September (yearly average). The chronology is displayed in black in all
panels.

Reconstruction of environmental processes. Bivalve chronologies are proxies for the physical, biolog-
ical, and chemical processes of marine and freshwater ecosystems*’. Yet, most research to date has been directed
toward long-living organisms at relatively high latitudes with an emphasis on hemispheric-scale processes such
as the North Atlantic Oscillation”**. Our results underscore the relevance of bivalve chronologies to local and
regional scales, and also to temperate and semi-enclosed seas such as the Mediterranean. In this study, BiOS is
a particularly strong driver, and one that overwhelms highly local influences of freshwater input. That is unex-
pected finding for the very shallow and closed areas such as the northern Adriatic, which are normally dependent
on local heating/cooling or freshwater inputs®~*’. Consequently, the Adriatic bivalve chronology may be used for
reconstructing of BiOS-driven regimes in past climates in the Adriatic-Ionian region, especially if chronologies
can be extended using dead-collected individuals*®. These bivalves are likely to be the only means of developing
exactly dated reconstructions of this relatively local yet highly biologically relevant climate process, underscoring
the utility of the approach in quantifying fine-scale patterns of the climate system.

Material and Methods

Glycymeris pilosa were live collected at 10-11 m depth by SCUBA from a coastal location in the North Adriatic
(44°59'7.47"N, 13°44'19.22"E; Fig. 1). In order to obtain a sufficient number of individuals, sampling was con-
ducted in May 2015, March 2016 and December 2016; immediately after collection bivalves were frozen. Divers
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targeted larger sized shells (>6 cm), from which the largest of these were chosen for this study. In the laboratory,
shells were thawed and tissue was removed. Glycymeris pilosa has clearly visible annual growth increments in
the hinge area®!, which was cut from the rest of the shell and embedded in epoxy resin. Resin blocks containing
the hinge were cut along axis of maximum growth, ground, and polished. Acetate peels were prepared after the
polished surface had been etched in 0.1 M HCl for 2 minutes or 0.3 M HCl for 30 seconds, as has been previously
applied to this species”. An Axio Lab Al microscope equipped with Zeiss AxioCam ERc 5s camera was used to
photograph acetate peels. Due to the size and magnification required, multiple photographs were taken of each
sample and then stitched into a single panoramic using Image-Pro Premier software. A total of 66 shells was pro-
cessed of which 30 were older than 35 years, had clearly delineated growth increments, and were used for chro-
nology construction. The length of these shells ranged from 66.6 to 89.6 mm (80.52 £ 5.49 mm). According to
oxygen isotope geochemistry*, G. pilosa in the North Adriatic forms an annual growth line in autumn. Therefore
growth increment referred to as “2015” corresponds to shell growth from approximately October 2014 through
September 2015.

The list-year method*® was used for visual crossdating, proceeding backward in time from the increment at the
margin formed in the year of collection. Following visual crossdating, growth-increment widths were measured
from the margin toward the center using Image-Pro Premier software. Program COFECHA®"*? was used for
quantitative verification of crossdating. Each measurement time series was fitted with its own cubic smoothing
spline of 15-year 50% frequency cutoff. Observed values were divided by those predicted to isolate high-frequency
patterns of growth variability. Each detrended time series was then correlated with the mean of all others. Any
unusually low correlation (p > 0.01) was visually re-inspected for possible dating errors. Series intercorrelation,
the mean correlation between each individual time series and the average of all others, and mean sensitivity, an
index of high frequency (year-to-year) variability between pairs of successive increments®, are reported.

The chronology was constructed in the software package ARSTAN®* using the original measurement time
series. Each measurement time series was first power transformed> and then detrended using a negative expo-
nential function. Population-level signal strength in the chronology was assessed using the Expressed Population
Signal (EPS). Although arbitrary, an EPS ~0.85 is considered the threshold at which the sample set adequately
reflects the theoretical population from which it was drawn®®. Only those portions of the chronology with at least
10 individuals were retained to ensure that this EPS threshold was exceeded.

Monthly series of sea surface temperature (SST), downward net heat flux (NHF), total precipitation (TP)
and air temperature at 2 m (T2M) were extracted from gridded ERA-Interim reanalysis dataset™ between 1980
and 2016. Data were averaged across the study region, as delineated in red mesh polygon in Fig. 1. These data
are downloadable at the ECMWEF (European Centre for Middle-range Weather Forecast) website at http://www.
ecmwtf.int. Mean monthly discharge of the Po River (PO) were acquired from the Pontelagoscuro limnological
station® (Fig. 1).

Modelled monthly sea surface temperature (SSTN) and sea surface salinity (SSSN) at the uppermost model
layer were averaged across the area (black mesh polygon in Fig. 1), as calculated by the NEMOMED12 ocean
climate model and available at the Med-CORDEX webpage (https://www.medcordex.eu). Besides using ERA
Interim products (here SST), we used SSTN from NEMOMED12 as the model provides the outputs at high reso-
lution and also includes salinity (SSSN), which is not available by the ERA Interim. Yet, ERA Interim assimilates
satellite products and therefore is the product of much higher reliability than the NEMOMED12 model variables.
NEMOMED]12 is an eddy-permitting oceanic regional model spanning the entire Mediterranean Sea and a buffer
Atlantic zone off Gibraltar, with 50 unevenly spaced z levels in in the vertical dimension and a horizontal resolu-
tion of up to 8 km that is irregularly stretched to properly reproduce Gibraltar dynamics®**. The model is run in
hindcast mode and covers the ERA Interim period between 1980 and 2012. Annual and semi-annual cycles were
removed from all environmental data sets.

Absolute dynamic topography multimission gridded data available at Copernicus - Marine Environment
Monitoring Service were used for assessment of the Adriatic-Ionian Bimodal Oscillating System (BiOS) regimes.
Annual and semi-annual cycles were removed from the data and then averaged for each month®. The difference
between these values in the northern Ionian Sea and the central Ionian Sea (delineated here as the blue and red
squares in Fig. 1, respectively) is defined as the absolute dynamic topography (ADT) variable. This difference has
been used as an indicator of the BiOS'**%, or as an indicator of the cyclonic and anticyclonic circulation regime
in the North Ionian.

Spearman’s rank correlation coefficients were used to relate chronologies with environmental data.
Correlations were performed using monthly-averaged environmental variables given that climate conditions
during specific months or seasons can strongly influence annual bivalve growth. Correlations were calculated
between the chronology and gridded climate variables (T2M, SST, TP, ERA NHEF, and NEMOMED12 values
of SSTN and SSSN). Multiple stepwise linear regressions were also used to test whether the chronology was a
function of a single environmental driver or a combination of drivers. Some variables contained autocorrelation,
which can inflate levels of significance in correlation and regression analysis. To address this issue, all autocorre-
lation was removed from the chronology and environmental variables and the regression analysis was repeated.
Although this may under-estimate the strength of the true relationship, it provides evidence that the relationship
is robust.
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