










Figure 2. In situ Raman spectroscopy data. Specimens 2TP4-3 (A) and 2TP4-4 (B) showing shell regions precipitated during (a), around the scar
(b), and after (c) the 1982–1983 El Niño event. Top image showing the shell with individual measurements with the shell scar (dashed lines) as a
reference, and the bottom image with the corresponding Raman shift peaks. Peaks [arrows] at 1135 cm21 and 1523 cm21, due to (n2) C-C single
bonds and (n1) C = C double bonds respectively, and the corresponding overtone bands at 2270 cm21 and 2645 cm21, disappear at the shell regions
coincident with the maximum SST anomaly until normal biomineralization conditions resume after El Niño event.
doi:10.1371/journal.pone.0054274.g002
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scar (maximum SST anomaly – MTA), and after El Niño (AEN;

post June 1983) [1]. We observed quantifiable changes in Sr/Ca

and Mg/Ca only at the location of the scar. Significant increase in

Sr/Ca (p,0.01) is observed only in one transect across the outer

layer of the specimen 2TP4-2 (Figure 3B); a Mann-Whitney

similarity test [19], with a rejection level of 95%, indicates that Sr/

Ca does not change significantly prior to and after the scar (p.0.5)

within profiles of other shell layers of the same specimen (2TP4-2)

and in a comparison among outer and middle shell layers of other

specimens (Figure 3; Figures S3 and S4). In contrast, Mg/Ca

values significantly increase (1–1.5 mmol/mol; p,0.01) at this

transition zone in all shell layers of specimen 2TP4-2 (Figure 3),

and in external and middle layers, used for comparison, of the

other two specimens (2TP4-3 and 2TP-4; see Figures S3 and S4).

Barium concentrations in these shells are much lower than

strontium and magnesium (Tables S1, S2, and S3), but a

quantifiable increase in Ba/Ca, between 0.02 and 0.05 mmol/

mol, is present in shell regions of all specimens representing growth

after El Niño (post-June 1983). In general, characteristic Ba/Ca

peaks appear in profiles after the transition zone in contrast to

Mg/Ca variations just at the location of the shell scar (Figure 3;

Figures S3 and S4).

Discussion

Our observations indicate that biomineralization changes in

these shells are associated with a clear loss of intercrystalline

organic components. Based on Raman data (Figure 2 and

references), this loss is directly related to the modification of shell

chromo-proteins at the moment of maximum SST anomaly linked

to El Niño event, which is interpreted to be triggered by the

protein denaturation connected to the significant increase of

seawater temperature [1]. However, the change in shell chromo-

proteins does not prevent these bivalves from producing

biomineral structures. A possible explanation is linked to the fact

that bivalve mollusks form their skeletons by precipitating crystals

not from saturated solutions but from amorphous calcium

carbonate (ACC) [20,21]. Commonly, ACC precipitates into

aragonite by water expulsion and the addition of proteins and

double-charged ions (e.g., Mg2+ and Sr2+) [22]. In the absence of a

fraction of the protein content, aragonite can be precipitated by

incorporation of double-charged ions directly into ACC [20,22].

Thus, these bivalves may be able to precipitate their aragonite

shells by two different mechanisms during El Niño, in particular at

the time of the maximum SST anomaly throughout the event.

This explanation is also supported because of a higher proportion

of sugars than glycoproteins in these cardioidean bivalves [23],

helping to stabilize ACC, and it may explain the mortality of other

bivalve species with a different sugar/glycoprotein proportion

even within the same biomineral structures [23]. This finding

confirms the long-established idea that the cooperation between

proteins and polysaccharides is essential for carbonate biominer-

alization [24], and that the reduction, or loss of functionality, of

only some proteins does not prevent carbonate biomineralization

in some groups of bivalves.

Trace element variations in mollusk shells have been previously

attributed to kinetic effects [25–26], calcification rates [26–28],

and/or metabolic effects [27,29]. Observed Sr2+ variations, with

an increase in strontium content shown by probe mapping and Sr/

Ca in a shell transect at the location of the scar, could be explained

by lattice substitutions of Ca2+ by Sr2+, and related to the anomaly

of nearly 10uC in SST associated with the 1982–83 El Niño. Such

strontium variations are, however, difficult to quantify in these

bivalve shells and not useful to detect such maximum seawater

temperature variations linked to El Niño events. The main reason

may be that constant Sr2+ concentrations are expected for

aragonite [30]. Sr2+ is likely to be actively involved in aragonite

precipitation as the main double-charged ion associated with

proteins for ACC stabilization [20]. If a modification in shell

mineral structure occurs with El Niño, Sr+2 incorporation into

aragonite may be temporarily shifting from the lattice substitution

to crystalline faces by sorption [31], but without a major change in

strontium shell content. In contrast, predictable magnesium

variations are recorded in all the analyzed shells. As a result,

Mg/Ca can be used as a proxy to detect the timing of maximum

SST anomaly of El Niño if its magnitude is sufficient to modify the

shell organic matrix content, in particular the protein fraction.

Although Mg/Ca has been argued to serve as a paleothermometer

in calcite shells layers of some bivalves [10], the same explanation

to link Mg/Ca and changes in seawater temperature may not

apply here. A positive SST anomaly occurred throughout the

event, approximately from September-October 1982 to June 1983

[1], but the Mg/Ca variation is only located in the shell region

corresponding to the moment of maximum temperature change

(May-June 1983). Additionally, recent studies have not found a

correspondence between Mg/Ca and oxygen isotope data related

to past temperature fluctuations on the recording of El Niño [8].

Furthermore, previous studies have found that magnesium does

not seem to be a lattice component in aragonite bivalve shells [32].

However, observed biomineralization changes can explain the

behavior of magnesium in these shells. Mg/Ca shell profiles prior

to the location of the scar suggest relatively low quantities of Mg2+

that may have been incorporated into aragonite associated with

proteins [20,21]. At the scar, Mg/Ca increases, in parallel to the

disappearance of intercrystalline organic matrix and chromo-

proteins peaks in Raman spectra (Figure 2), indicating a possible

intensification of Mg2+ incorporation into ACC for its stabilization

[21], and in order to precipitate aragonite rapidly [33]. Rapid

aragonite precipitation may be responsible for the observation of

thickening in crossed-lamellar microstructures and the disappear-

ance of growth lines in the shell (Figures 1 and S1). An inter-

individual comparison of shells also demonstrates the presence of

Ba/Ca peaks, mainly present in shell regions recording growth

after El Niño (after June 1983) (Figure 3; Figures S3 and S4).

These peaks represent an increase in barium content may be

interpreted as a record in these shells of the recovery of primary

productivity or a change in the content of dissolved barium in

water on the Peruvian coast [9], after the decrease in productivity

during El Niño [1]. These changes in barium may help then to

determine the relative duration of these events as recorded in

archaeological and paleontological bivalve shells if growth history

is calculated from daily or subdaily growth increments.

Conclusions
Results herein show that environmental perturbations associated

with El Niño events can induce chemico-structural changes in

mollusk shells, demonstrating a direct link between climatic

conditions and biomineralization processes. The presence of a

dual-mechanism of carbonate shell secretion during the event

explains the survival of some bivalve taxa, while clarifying elemental

proxy signals. Sr/Ca and Mg/Ca measurements do not seem to be

useful as proxies to characterize SST anomalies related to El Niño in

these surviving taxa. Although Sr/Ca temperature-proxy is success-

fully used in corals for the reconstruction of these events [34–36], any

significant variation in Sr/Ca is difficult to detect in these bivalves.

Meanwhile, an increase in Mg/Ca associated with the timing of the

maximum SST anomaly is recorded, but related to the need of

stabilization of ACC and rapid secretion of aragonite. Nevertheless,
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Mg/Ca does serve as a SST threshold proxy. In contrast, Ba/Ca is a

potentialproxy for the recording of primary productivity or the

amountofdissolvedbariuminwater,anduseful todetect theduration

of El Niño, including the possibility of detecting the onset of these

events when neither visible changes in shell structure nor other

chemical changes consistently record that stage. Overall, our study

Figure 3. Profiles of Mg/Ca, Sr/Ca and Ba/Ca variability in shell transects of 2TP4-2 specimen during (DEN), at the transition zone –
scar (MTA), and after (AEN) the 1982–1983 El Niño event. (A) Image of the shell in longitudinal section showing the location of transects, and
some individual measurements as a reference, for each transect. (B) outer layer transect; (C) middle layer transect; (D) inner layer transect. [Sr/Ca -
black solid line, Mg/Ca - grey solid line, and Ba/Ca – grey dashed line; number of individual measurements marked by solid squares (transect 1– outer
layer), solid diamonds (transect 2– middle layer), and solid circles (transect 3– inner layer) for Mg/Ca and Sr/Ca, and solid triangles for Ba/Ca in all
transects; mmol/mol units in all ‘y’ axes; error is ,0.6% for all elemental ratios].
doi:10.1371/journal.pone.0054274.g003
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contributes to a better understanding of marine invertebrate

biomineralization under rapid environmental modifications associ-

ated with climate change, and the interpretation of elemental proxies

recorded in bivalve shells. Further research may indicate that the

dual-mechanism for carbonate shell secretion identified here arose as

an evolutionary adaptation to temperature stress for some molluscan

species [37]. As a consequence, a better understanding of evolution,

latitudinal distribution, and past migration pathways of mollusk

faunas along the Pacific coast of South America could be achieved in

relation to El Niño events [37–39].

Finally, our results are also important in maximizing the utility

of archaeological and paleontological bivalve specimens as

paleoclimate archives. The Peruvian coast is a core region for

observing the El Niño phase of ENSO (El Niño/Southern

Oscillation), which plays a critical role in the interannual climatic

variability. As a tropical desert coast fronted by a cool water

current, this region lacks more usual sources of medium to high

resolution paleoclimatic records; for example, lakes and corals are

absent while deep ice from the high Andes responds to multiple

climatic signals [40]. Biogeographic and isotopic data on mollusks

from natural and cultural deposits, particularly over the ,14,000

years people have inhabited Peru, provide the most detailed local

records of near shore marine conditions [41]. While SST

reconstructions from stable isotopes have provided conflicting

values [42], the analysis of elemental proxies presented here will

significantly aid in assessing the intensity and duration of paleo- El

Niño events. Systematically employed, such analyses may help

understand not only the past but also the future evolution of the

ENSO system.

Supporting Information

Figure S1 T. procerum shells and detailed structure
observations by scanning electron microscopy (SEM). (A)

Images of T. procerum valves with white arrows indicating the

location of the scar associated to El Niño maximum SST anomaly

[scale bar = 4 cm]. (B) Detail SEM image of the scar (white

arrows) of the valve 2TP4-4 [scale bar = 10 mm]. (C) Cross-

lamellar aragonite in the outer layer of the valve 2TP4-4 before

the scar [scale bar = 10 mm]. (D) First and second order lamellae,

without detail of characteristic cross-lamellar aragonite structure

because of the high content in organic components, in the middle

layer of the valve 2TP4-4 before the scar [scale bar = 10 mm]. (E)

First and second order lamellae in the innermost layer of the valve

2TP4-4 before the scar [scale bar = 10 mm]. (F) Detail of (E)

showing the lamellae coated with intercrystalline organic compo-

nents [scale bar = 1 mm] (see also Figure 1 in the main text for

comparison with data from the valve 2TP4-2). (G) First and

second order lamellae in the innermost layer of the valve 2TP4-4

after the scar [scale bar = 10 mm]. (H) Detail of (G) showing the

lamellae, without the coating of intercrystalline organic compo-

nents as in (F) [scale bar = 1 mm] (see also Figure 1 in the main text

for comparison with data from the valve 2TP4-2). (I) Example of

the distribution of LA-ICP-MS individual spot analyses (arrows) in

reference to shell layers and microstructure at the interface

between the outer (OL) and middle (ML) layers, precipitated

before the scar, in specimen 2TP4-2 [scale bar = 400 mm].

(TIF)

Figure S2 Example of EPMA elemental maps along a
longitudinal section of the valve 2TP4-4, with similar
data obtained for valves 2TP4-2 and 2TP4-4 across the
shell scar. (A, D) BSE images showing the microstructure in the

outer (A) and inner (D) shell regions and the location of the scar

(dark line). (B, E) corresponding Sr maps to (A) and (D). (C, F)

corresponding Mg maps to (A), (D), (B) and (E).

(TIF)

Figure S3 Profiles of Mg/Ca, Sr/Ca and Ba/Ca vari-
ability in shell transects of 2TP4-3 specimen during
(DEN), at the transition zone – scar (MTA), and after
(AEN) the 1982–1983 El Niño event. (A) Image of the shell

longitudinal section showing the location of transects, and some

individual measurements as a reference, for each transect. (B)

Outer layer transect. (C) Middle layer transect. (D) Inner layer

transect. [Sr/Ca - black solid line, Mg/Ca - grey solid line, and

Ba/Ca – grey dashed line; number of individual measurements

marked by solid squares (transect 1– outer layer), solid diamonds

(transect 2– middle layer), and solid circles (transect 3– inner layer)

for Mg/Ca and Sr/Ca, and solid triangles for Ba/Ca in all

transects; mmol/mol units in all ‘y’ axes].

(TIF)

Figure S4 Profiles of Mg/Ca, Sr/Ca and Ba/Ca vari-
ability in shell transects of 2TP4-4 specimen during
(DEN), at the transition zone – scar (MTA), and after
(AEN) the 1982–1983 El Niño event. (A) Image of the shell

longitudinal section showing the location of transects, and some

individual measurements as a reference, for each transect. (B)

Outer layer transect. (C) Middle layer transect. [Sr/Ca - black

solid line, Mg/Ca - grey solid line, and Ba/Ca – grey dashed line;

number of individual measurements marked by solid squares

(transect 1– outer layer) and solid diamonds (transect 2– middle

layer) for Mg/Ca and Sr/Ca, and solid triangles for Ba/Ca in all

transects; mmol/mol units in all ‘y’ axes].

(TIF)

Table S1 LA-ICP-MS data for transects in shell 2TP4-2.

(DOCX)

Table S2 LA-ICP-MS data for transects in shell 2TP4-3.

(DOCX)

Table S3 LA-ICP-MS data for transects in shell 2TP4-4.

(DOCX)
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biological controls on Sr/Ca in aragonite marine bivalve shells. Geochemistry,

Geophysics, Geosystems 6: Q05009.

29. Purton LMA, Shields GA, Brasier MD, Grime GW (1999) Metabolism controls

Sr/Ca ratios in fossil aragonitic mollusks. Geology 27: 1083–1086.

30. Pokroy B, Quintana JP, Caspi EN, Berner A, Zolotoyabko E (2004) Anisotropic

lattice distortions in biogenic aragonite. Nature Mat 3: 900–902.

31. Menadakis M, Maroulis G, Koutsoukos PG (2009) Incorporation of Mg2+, Sr2+,

Ba2+ and Zn2+ into aragonite and comparison with calcite. J Mathem Chem 46:

484–491.

32. Foster LC, Finch AA, Allison NA, Andersson C, Clarke LJ (2008) Mg in

aragonitic bivalve shells: Seasonal variations and mode of incorporation in Arctica

islandica. Chem Geol 254: 113–119.

33. Nebel H, Epple M (2008) Continuous preparation of calcite, aragonite and

vaterite, and of magnesium-substituted amorphous calcium carbonate (Mg-

ACC). Zeitschrift für anorganische und allgemeine Chemie 634: 1439–1443.

34. Tudhope AW, Chilcott CP, McCulloch MT, Cook ER, Chappell J, et al. (2001)

Variability in the El Niño southern oscillation through glacial-interglacial cycle.

Science 291: 1511–1517.

35. Cobb KM, Charles CD, Edwards RL (2003) El Niño/Southern oscillation and

tropical Pacific climate during the last millennium. Nature 424: 271–276.

36. Abram NJ, McGregor HV, Gagan MK, Hantoro WS, Suwargadi BW (2009)

Oscillations in the southern extent of the Indo-Pacific Warm Pool during the

mid-Holocene. Quatern Sci Rev 28: 2794–2803.

37. Urban H-J (1994) Upper temperature tolerance of ten bivalve species off Peru

and Chile related to El Niño. Mar Ecol Prog Ser 107: 139–145.

38. Olsson AA (1961) Mollusks of the tropical eastern Pacific, Panamic Pacific Pelecypoda.

Paleontological Research Institute, Ithaca, New York, 575 p.
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