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Abstract

Bivalve shells are increasingly used as archives for high-resolution paleoclimate analyses.
However, there is still an urgent need for quantitative temperature proxies that work without
knowledge of the water chemistry—as is required for 5'0-based paleothermometry—and
can better withstand diagenetic overprint. Recently, microstructural properties have been
identified as a potential candidate fulfilling these requirements. So far, only few different
microstructure categories (nacreous, prismatic and crossed-lamellar) of some short-lived
species have been studied in detail, and in all such studies, the size and/or shape of individ-
ual biomineral units was found to increase with water temperature. Here, we explore
whether the same applies to properties of the crossed-acicular microstructure in the hinge
plate of Arctica islandica, the microstructurally most uniform shell portion in this species. In
order to focus solely on the effect of temperature on microstructural properties, this study
uses bivalves that grew their shells under controlled temperature conditions (1, 3, 6,9, 12
and 15°C) in the laboratory. With increasing temperature, the size of the largest individual
biomineral units and the relative proportion of shell occupied by the crystalline phase
increased. The size of the largest pores, a specific microstructural feature of A. islandica,
whose potential role in biomineralization is discussed here, increased exponentially with cul-
turing temperature. This study employs scanning electron microscopy in combination with
automated image processing software, including an innovative machine learning-based
image segmentation method. The new method greatly facilitates the recognition of micro-
structural entities and enables a faster and more reliable microstructural analysis than previ-
ously used techniques. Results of this study establish the new microstructural temperature
proxy in the crossed-acicular microstructures of A. islandica and point to an overarching
control mechanism of temperature on the micrometer-scale architecture of bivalve shells
across species boundaries.
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Introduction

Seasonally to annually resolved past ocean temperature data are crucial to better understand feed-
backs in the global climate system and constrain climate simulations [1-3]. This type of information
is increasingly reconstructed from bivalve shells [4-6], specifically stable oxygen isotope (80ga)
values [7-9]. Given known limitations of this paleothermometer, i.e., vulnerability to diagenetic
overprint [10] and difficulties to obtain 8" 0\ater signatures of ancient and/or coastal water bodies,
the search for alternative temperature proxies is in full swing (Ay: [11, 12]; Agg: [13]; Mg, Sr: [14]).
A highly promising candidate is the shell microstructure [15-18]. It cannot only provide sub-sea-
sonally resolved temperature data, but is also much less susceptible to diagenetic overprint than
geochemical properties of shells [19, 20] and, contrary to the incorporation of trace and minor ele-
ments into the shells [21-23], appears to be unaffected by kinetic and vital effects [24, 25].

As demonstrated by existing studies, increasingly larger and/or more elongated biomineral
units (BMUs) are formed when temperature rises. This applies to bivalves with nacreous (Pinna
sp. and Atrina sp.: [24]), prismatic (Cerastoderma edule: [25]) and crossed-lamellar microstruc-
tures (Glycymeris bimaculata: [26]). However, in the long-lived ocean quahog, Arctica islandica,
Milano et al. [27] were unable to identify temperature-related morphological changes of individ-
ual BMUs. The reservation must be made that these authors only evaluated the microstructures
in the ventral margin by visual assessment, while placing the focus of their study on the relation-
ship between the crystallographic orientation of BMUs and environmental variables. Due to the
enormous microstructural diversity—in particular in shell portions of the ventral margin-mor-
phometric analysis of BMUs in A. islandica is a particularly challenging task. For example, the
homogeneous microstructure (HOM) in the outer portion of the outer shell layer of A. islandica
gradually merges into crossed-acicular (CA) microstructure toward the myostracum (Fig 1A-
1D) [27, 28]. In addition, the thickness of the HOM portion increases with ontogenetic age [29].
Yet, fine complex crossed-lamellar (FCCL) microstructure occurs in the inner portion of the
outer shell layer and in the inner shell layer (ISL) [28, 30]. As in almost all other mollusks, the
annual growth lines are dominated by irregular simple prismatic microstructures (ISP) [28, 31,
32]. The only region in A. islandica which is microstructurally relatively uniform is the hinge
(growth increments: predominantly CA; annual growth lines: ISP) [28, 33, 34]. Given the impor-
tant role of the ocean quahog in sclerochronology-based paleoclimate reconstructions [4, 35-37]
including the more distant past [38], the known limitations of geochemical proxies outlined
above and promising results in recent BMU studies, a more detailed assessment of the shell
microstructure of A. islandica as a possible recorder of water temperature seems overdue.

Here we investigate possible effects of temperature on microstructural properties in the
hinge plate of young A. islandica specimens. To minimize interferences with other environ-
mental variables and thus following the rationale of Milano et al. [27], we studied shell portions
that grew under controlled laboratory conditions. Our study is based on 17 specimens that
were cultured for 95 days at six different temperature regimes (1° to 15°C; Table 1). Machine
learning-assisted image segmentation was used to (reproducibly and objectively) identify indi-
vidual BMUs and pum-sized pores, a characteristic feature in A. islandica [28, 30, 39], in scan-
ning electron microscopy (SEM) images of polished shell cross-sections after immersion in
H,O0,. The size (area) of individual BMUs and pores was automatically determined by means
of image processing software. Since the individual BMUs of the CA microstructure are often
challenging to distinguish, even for currently available user-trained artificial intelligence soft-
ware, the proportion covered by the BMUs (= BMU coverage) was also determined. The new
technique presented herein not only provides more robust data than manual microstructure
analyses and visual inspection, but also vastly accelerates the measurements compared with
previously used image processing techniques. Our approach can pave the way toward
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Fig 1. Shell growth patterns and microstructure of Arctica islandica. (A) Sketch of the left valve of a juvenile specimen. Cutting axis is
indicated as orange line. (B) Radial shell section of the valve. The shell is divided into an outer shell layer (OSL; white) and inner shell layer
(ISL; gray), separated by the pallial myostracum (blue line). (C) Magnified sketch of the hinge plate showing annual growth lines (dashed) and
axis of maximum growth (black line with arrow). (D) Sketch of the microstructures of the ventral shell portion. The outer portion of the outer
shell layer (0OSL) consists of homogeneous (HOM) microstructure, which gradually merge into crossed-acicular (CA) microstructure toward
the inner portion of the outer shell layer (iOSL). Transitional fine complex crossed-lamellar (FCCL) and CA microstructures are formed in
the inner shell layer (ISL). Annual growth lines (GL) and pallial myostracum (My.) consist of irregular simple prismatic (ISP) microstructure.
(E) Sketch of the microstructures in the hinge plate. Growth increments and lines are composed of CA and ISP microstructures, respectively.
Dashed black lines represent annual growth lines. Boxes in B and C show the extent of the microstructure sketches portrayed in D and E,
respectively.

https://doi.org/10.1371/journal.pone.0247968.9001

improved high-resolution paleotemperature estimates from bivalve shells, specifically A.
islandica.

Material and methods

Shells of seventeen juvenile (five years-old) A. islandica specimens were used in the present
study. Bivalves were collected alive on 8 February 1993 from the trawl site ‘Siiderfahrt/
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Table 1. Shells of Arctica islandica used in the present study.

Specimen ID: “Nioz- Specimen ID in original # LA-ICP-MS BMU morphometry Pore morphometry | Culturing temperature
TC-...” culturing study® measurements (pmz) (pmz) Q)
01-AIR 89 16 7,320 2,455 1.1+£0.2
01-A2R 71 19 1,220 720
03-AIR 69 19 13,420 10,977 32+04
03-A2R 36 23 3,660 22,555
03-A3R 20 - 10,980 20,590
06-A1R 55 29 14,640 23,274 6.2+0.5
06-A2R 32 23 3,660 39,836
06-A3R 21 22 10,980 33,764
09-A1R 113 - 13,420 6,501 9.2£0.6
09-A2R 98 21 6,100 10,541
09-A3R 58 22 4,880 9,797
12-A1R 149 - 1,220 13,505 12.0£0.8
12-A2R 70 24 8,540 47,779
12-A3R 44 21 10,980 27,566
15-A1IR 99 - 12,200 46,883 15.1 £0.4
15-A2R 93 = 1,220 36,789
15-A3R 12 - 4,880 47,422

* Consecutive numbers were assigned to each shell in the original culturing study [40]. Here, new specimen IDs were assigned (given in leftmost column, all starting
with “Nioz-TC-..”) to ease identification.

® Due to the very limited number of samples remaining from this culturing experiment, only two specimens cultured at 1°C could be used.

https://doi.org/10.1371/journal.pone.0247968.t001

Millionenviertel’, Kiel Bay, Germany, western Baltic Sea (54° 52’59”N, 010°08’00”E), at a water
depth of 20 m using a “Kieler Kinderwagen” dredge and subsequently used in a culturing
experiment [40]. After collection, bivalves were cooled, aerated and transferred to the Royal
Netherlands Institute for Sea Research, Texel (The Netherlands), where they were distributed
over different sand-filled containers supplied with filtered, constantly aerated seawater and
acclimatized to North Sea conditions. After four weeks, the experimental aquaria were
adjusted to constant temperature regimes (1°,3°,6°,9°, 12°, and 15°C; Table 1) for 95 days.
Food availability was kept ad libitum by supplying a (freshly cultured) phytoplankton mixture
of Isochrysis galbana and Dunaliella marina with cell densities maintained in the optimum
range of 10-20 x 10° cells per liter [40, 41].

Shell preparation

The right valve of each specimen was affixed to acrylic glass cubes with a quick-drying plastic
welder (WIKO Multi Power 03) and all surfaces along the axis of growth from the umbo to the
ventral margin covered with a ca. 1 cm broad and several mm-thick protective layer of metal
epoxy resin (WIKO 05 epoxy). After curing, each valve was cut along the axis of maximum growth
using a low-speed saw (Buehler IsoMet 1000) operated at 250 rpm and equipped with a diamond-
coated wafering thin blade (Buehler 15LC 11-4255, 0.4 mm thickness, low-diamond concentra-
tion). From that axis, two shell slabs (2.5-3.0 mm thick) were obtained and embedded in Araldite
2020 mixed with conductive filler (Buehler 20-8500). All slabs were ground successively with
P800, P1200 and P2500 grit SiC paper and then polished with 1.0 and 0.3 pm Al,O; suspension
using polishing cloths (Buehler MasterTex) on a rotating lap (Buehler MetaServ 2000) at 100 rpm.
After each grinding and polishing step, samples were ultrasonically rinsed in tap water for two
minutes. The final rinsing step was conducted with demineralized water to avoid precipitation of
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calcium carbonate impurities on the cross-sectioned surfaces. One shell slab of each specimen was
used for trace element and growth pattern analyses and the other one for SEM studies.

Identification of laboratory-grown shell portions

The laboratory grown shell portions appeared to be separated from the remainder of the shell
by a distinct growth check (accompanied by a change of periostracum color) that was visible at
first glance in marginal shell portions on the external surfaces of all shells. In order to confirm
which shell portions of the hinge plates formed under controlled laboratory conditions, a com-
bined geochemical, microstructural and growth pattern analysis was applied. The trace and
minor element composition of bivalve shells can serve as a provenance indicator, because the
water chemistry of the environment is partially reflected in the shells [42-45]. In particular, as
experimentally demonstrated multiple times, elevated levels of dissolved manganese in the
water are mirrored in the shell [e.g., 46, 47]. Since Mn is a redox-sensitive element, whose con-
centration increases with decreasing content of dissolved oxygen [48-50], bivalves living in
low-oxygen environments such as settings below the seasonal halocline in the Baltic Sea [e.g.,
51-54] show higher Mn concentrations than specimens from well-oxygenated waters (own
observation). Shell portions formed in tanks supplied with oxygen-rich North Sea water are
thus expected to show significantly lower Mn/Ca values than those grown in the Baltic Sea.

To determine the Mn content in-situ, laser ablation-inductively coupled plasma-mass
spectrometry (LA-ICP-MS) analysis was carried out on one polished slab of 11 of the studied
specimens (Table 1). Equally spaced LA spots (midpoints: 85 um apart; 65 pum diameter) were
placed along the axis of maximum growth in the hinge plates. Analyses were performed with
an Agilent 7500ce quadrupole ICP-MS coupled to an EST NWR193 ArF excimer laser ablation
system equipped with a TwoVol2 ablation cell. Pulse rate was set to 10 Hz at an energy density
of 3 J/cm®. For each measurement, pre-ablation was set to 15 seconds followed by 25 seconds
ablation time and 10 seconds wash-out time. NIST SRM 610 and 612 were used as calibration
material [55] and accuracy and precision of the analyses were assessed by measuring the qual-
ity control materials (QCMs) USGS MACS-3, JCt-1 and USGS BCR-2G. The raw data were
processed using the “LAtools” module [56] for python. For data reduction, **Ca was used as
the internal standard, applying the preferred values reported in the GeoReM database (http://
georem.mpch-mainz.gwdg.de/, application version 27; 55, 57]) for the QCMs and calibration
material. Element concentrations determined for the QCMs are given in S1 Dataset. In all
quality control materials, the average relative Mn/Ca precision (standard deviation / mean)
based on repeated measurements (n = 25) was better than 3.2%. Note that no measurements
could be performed on the specimens cultured at 15°C (Table 1), because the hinge plates
were contaminated by epoxy, which penetrated small cracks during preparation.

In addition to the microstructural analysis (see below) and the manganese method, growth
patterns, i.e., growth increments and growth lines (periodic growth lines and disturbance
lines) were studied in order to distinguish shell portions that formed in the field and under
controlled laboratory conditions (e.g., presence or absence of annual growth lines). For this
purpose, the polished section that was used for LA-ICP-MS analysis was immersed in Mutvei’s
solution [58] for 7 minutes at 38°C under constant stirring. After rinsing in deionized water
and air-drying, stained specimens were photographed using a Canon EOS 600D DLSR camera
mounted to a Leica Stemi 508 stereomicroscope with sectoral dark-field illumination.

Scanning electron microscopy and automated image analysis

The remaining polished shell slab of each specimen was analyzed by means of SEM (Phenom
Pro Desktop SEM, 3™ generation, equipped with a LaBrg source and backscatter electron
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detector). To assess the microstructural properties of the laboratory-grown shell portions of
the hinge plates, images were taken near the axis of maximum growth and calibrated for
brightness and contrast. In these images, BMU size, elongation (ratio between the longest and
shortest BMU axes) and coverage and pore size, were determined. Since the bivalves added
variable amounts of shell material at the different temperature regimes [40], the regions
selected for automated morphometric analyses varied in area between 1,218 and 47,479 um”
(Table 1). SEM imaging for pore morphometry was conducted on non-sputtered, polished
shell portions at 5 keV and 1,550x magnification. Qualitative images of the pores were taken
on a fractured hinge plate of a specimen that was not used in the quantitative analyses (# 109).

To properly identify individual BMUs, specimens were immersed in 10.5 vol% H,0, solu-
tion for 20 min to (superficially) remove the inter-crystalline organic matrix leaving behind
empty spaces between the microstructural entities [59]. Note, since hydrogen peroxide is
slightly acidic, this treatment also slightly attacked the BMUs and thus produced a three-
dimensional relief (S1 File) with shell portions more resistant against H,O, standing out of the
surface (cores of BMUs) and less resistant shell portions forming depressions (inter-crystalline
organics, pores and rims of BMUs). Thereafter, the samples were rinsed with demineralized
water, gently dried with compressed air and sputter-coated with a 5 nm-thick platinum layer.
Stitched overviews were generated from individual photographs taken at 5 keV and 3,200x
magnification. Morphometric analyses of BMU size and coverage were conducted in SEM
images taken at 10 keV and 7,700x magnification, which represented a compromise between
sufficient resolution to discern individual BMUs and extensive image processing times.

The BMU coverage-approach is based on intensity differences of the SEM backscatter
images, which result from both the sample topography and the sample material. Removal of
the inter-crystalline organic matrix by H,O, oxidation eliminated material contrast and left
behind a topographical gradient (visualized in SEM images as shadings of gray) between the
BMUs (highest points) and the inter-crystalline space (lowest points). The mean intensity (i.e.,
mean gray value) of the images was set as a threshold value to better distinguish between the
mineral phase (white) and inter-crystalline space (black) and generate black-and-white images
(binarization; Fig 2B and 2D). The relative amount of white pixels in an image times 100 repre-
sents the (minimum) area in percent covered by crystalline phases (BMUs). It should be noted
that the actual area occupied by the BMUs is larger than calculated here, because of the sample
topography and the selected threshold value of the gray scale spectrum. Thus, black pixels rep-
resent inter-crystalline space as well as a proportion of BMU edges (Fig B in S1 File).

The automated measurement of the size (= area) of BMUs and pores as well as the elongation
of BMUs required binary images, in which individual objects of interest were discretized and dis-
tinguished from the surrounding material. Recognition of these two phases (black = inter-crys-
talline spaces, pores and/or BMU rims; white = BMUs) was accomplished via machine learning—
assisted image segmentation using the computer program Ilastik [60]. Performance of the
machine learning method was evaluated by comparing the segmentation results to manually
generated ‘ground truth’ segmentations (S3 File). Subsequently, the area of pores and BMUs as
well as the elongation were automatically measured in the segmented binary images using the
image processing software Image] [61-63]. Where necessary, artifacts (e.g., fractures in the shell,
dirt particles and scratches on the sample surface) were manually excluded from morphometric
analyses and only particles larger than two pixels were used for analysis.

Machine learning-based image segmentation

In order to perform automatized recognition of BMUs and pores in the SEM images of etched
and chemically untreated shell portions, respectively, we used the (bio)image analytical
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Fig 2. Image segmentation of hinge plate SEM backscatter images. (A-C) Morphological analyses were conducted
on SEM backscatter images. BMU size and coverage were analyzed in the same image (A,C), taken after oxidation of
the organic matrix by immersion in 10.5 vol% H,O, for 20 minutes (image A magnified for visual clarity). Images for
pore morphometry (B), in contrast, were taken in a polished and chemically untreated shell slab. (D-F) Binary images
(objects of interest = white; remainder = black) used for the automated image segmentation process. Individual BMUs
(D; here shown in various colors to allow discrimination of the individual entities) and pores (E, white) were
recognized by the machine learning—based image segmentation process and separated from the remainder of the
images (black). (F) For the calculation of BMU coverage a threshold based on the average gray value of the image series
was applied. Values above this threshold were assigned to the crystalline (white) phase, those below the threshold to the
inter-crystalline phase (black).

https://doi.org/10.1371/journal.pone.0247968.9002

software Ilastik [60]. This program utilizes supervised machine learning [64] to sort image por-
tions into certain categories (i.e., image segmentation) based on user-supplied training data.
Ilastik was successfully applied in two- and three-dimensional pore space reconstructions of
sedimentary rocks [65, 66]. In the present study, we employed the toolkit to classify each pixel
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of the SEM images by backscatter electron categories, whereby bright pixels reflected high-
density mineral phases and black pixels empty spaces. In other words, the gray values of the
SEM images were used as height indicators of the studied shell surfaces. The Ilastik workflow
was supplied with training images (Fig 2A and 2C) and user-defined ‘labels’ (n > 10 per
image), with areas that belong to the class of interest (e.g., BMU, pore). The machine learning-
based classifier also considers the image texture, gradients and edges [60] and thus has the
potential to outperform solely intensity-based approaches. It produced binary images, where
objects of interest (mineral phases and pores) were assigned the value 1 (white) and the
remainder 0 (black; Fig 2D and 2E; BMUs shown in various colors instead of white to allow
discrimination of the individual entities).

Results
Naturally and laboratory-grown shell portions

All samples showed a prominent growth band (ca. 84.5 + 32.2 um broad) that divided the
hinge plates into two zones which formed under natural and laboratory conditions, respec-
tively. This growth band was also visible on external shell surfaces after the specimens were
transferred to controlled-temperature tanks, but had not developed previously when collected
in the field, confirming the assumption that the band formed during the one-month acclimati-
zation phase. The two zones that were separated by this ‘acclimatization growth band’ were
characterized by unique shell growth patterns and microstructural features (Fig 3A-3C). The
ontogenetically younger zone before the acclimatization band, which formed in the Baltic Sea,
occupied the largest proportion of the studied hinge plates (Fig 3A). In all studied specimens,
this shell portion revealed four annual growth increments (predominantly CA microstructure;
Fig 3C) which were delimited by distinct annual growth lines (ISP) with strong backscatter
intensity and thus bright appearance (Fig 4A). The annual lines were in most cases followed by
ca. 10-20 um broad FCCL fringes composed of small acute crystallites that gradually increased
in size along the growth direction (Fig 4B). We also observed several, erratically distributed,
fainter growth lines, aka disturbance lines (reflecting physiologically stressful conditions [67-
69], consisting of spherical prismatic (SphP) and fibrous prismatic microstructures (Fig 4A).
These growth lines thus differ microstructurally from periodic growth lines (made of ISP),
such as annual growth lines [28, 31].

The acclimatization band was developed shortly after the most recent annual growth line
(Fig 3A and 3B). In Mutvei-stained specimens, it showed an internal color gradient from dark
to light blue in the direction of growth (Fig 3A). At higher magnification, two—potentially fort-
nightly-growth increments became apparent within this growth band which were further sub-
divided into even narrower, up to 6.5 pum broad microgrowth increments (Fig 3B), likely
resembling daily or circalunidian (lunar daily) growth increments. Considering that the
bivalves were supplied with North Sea water during the acclimatization phase, the presence of
tide-controlled growth patterns was expected.

Under the SEM, the acclimatization band appeared as a protruding ridge composed of
FCCL microstructure which was delimited by a disturbance line made of SphP microstructure.
The aforementioned color change in Mutvei-stained sections was associated with a gradually
rising gray value (i.e., increasing backscatter electron intensity, brighter) in the SEM images
resulting from increasingly larger FCCL BMUs that progressively merged into triangular
patches (Fig 3C). Overall, the acclimatization band consisted of very thin, highly elongated,
needle shaped BMUs that were aligned in two predominant dip directions (open angle in the
direction of growth; Fig 4C and 4D). In growth direction, the acclimatization band ended with
another disturbance line followed by a shell portion (representing the 95 days under controlled
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Fig 3. Growth patterns, Mn/Ca values and microstructures in the hinge plate of the studied Arctica islandica. (A) Mutvei-stained hinge plate of specimen
Nioz-TC-12-A2R when viewed under a stereomicroscope with sectoral dark-field illumination. LA-ICPMS analysis was conducted prior to the immersion in
Mutvei’s solution. Black dashed lines denote annual growth lines. Red solid lines = disturbance lines. These lines reflect handling stress (collection in the
Baltic Sea, transferal to NIOZ, transferal to experimental tanks) and delimit the growth band that formed during the 4-week acclimatization phase. (B+C)
Magnifications of (A): light microscopy (B) and SEM (C). (B) Portions formed during the acclimatization phase showed faint microgrowth patterns (the most
defined ones indicated in yellow) possibly corresponding to circatidal or circalunidian increments and lines. Portion formed in tank was devoid of annual or
disturbance lines. (C) Shell microstructures. Shell portions formed in the Baltic Sea consisted predominantly of crossed-acicular (CA) microstructure and
exhibited variable sizes of the BMUs. The beginning of the experimental period is marked by a prominent spherulitic prismatic (SphP) disturbance line (red)
followed by a zone of fine complex crossed-lamellar (FCCL) microstructure during the acclimatization phase. After another disturbance line, uniform CA
microstructure is visible which formed in the experimental aquaria. (D) Ontogenetic changes of shell Mn/Ca ratios. Gray lines denote the different studied
specimens; boxplots show distribution of manganese in shell portions formed in nature and during artificial tank environments.

https://doi.org/10.1371/journal.pone.0247968.9g003
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Fig 4. Microstructures in the hinge plate of the studied Arctica islandica specimens. (A) Hinge portions formed in the Baltic Sea
predominantly exhibited crossed-acicular (CA) microstructure. Annual growth lines (black line) consisted of irregular simple
prisms (ISP), often followed by 10-20 um-broad fine complex crossed-lamellar (FCCL) fringes, as shown here. Numerous faintly
visible disturbance lines (red line) consisted of fibrous prismatic (FP) or spherulitic prismatic (SphP) microstructures. (B)
Magnified image of the CA microstructures formed in the Baltic Sea. BMUs consist of a few elongated crystallites, which merged
with each other and were loosely aligned in two predominant directions (open angles in direction of growth). (C) Microstructures
of shell portions formed in the Baltic Sea (B.S.; leftmost image portion) and the early acclimatization phase (rightmost image
portion). A prominent disturbance line (red) composed of SphP microstructure delimits the two shell portions. During the
acclimatization phase, FCCL microstructures were produced. (D) Magnified image of the FCCL microstructures formed during the
acclimatization phase. Compared to CA microstructures, the FCCL BMUs are even more elongated, strictly aligned in two dip
directions and intersect with their neighboring units. (E-F) The CA microstructures formed under controlled temperature in the
laboratory exhibited a rather uniform appearance along the growth axis. Dip directions of the needle shaped BMUs varied more
strongly than those formed in the Baltic Sea, leading to a looser arrangement and a less organized appearance. All microstructures—
except ISP-contained nm- to um-sized pores (yellow arrows). Black arrows indicate direction of growth.

https://doi.org/10.1371/journal.pone.0247968.9004

temperature conditions) composed of CA microstructure. The CA microstructure precipitated
during the experimental phase differed from that in ontogenetically younger portions preced-
ing the acclimatization band by more equally sized and rounder BMUs (Fig 4E and 4F). This
more uniform CA microstructure dominated the remainder of shell up to the margin of the
hinge plate, i.e., the date of death of the animals (Fig 3A-3C). Individual BMUs of the CA
microstructure typically consisted of (two to four) fused needles (Fig 4F). Like the naturally
formed shell portion, the laboratory-grown zone contained a considerable number of um-
sized pores that were often filled with granular (Fig 5E) and/or fibrous (Fig 5F and 5G) crystal-
lites. Fractured shell portions demonstrated that the pores were originally coated by and
infilled with organic material (Fig 5A-5C).

The change in microstructure in the direction of growth was accompanied by a marked
change in shell Mn/Ca values. Within the acclimatization band, Mn/Ca ratios abruptly
decreased in all specimens, from 502.39 + 377.24 umol mol™ to merely 4.26 + 2.40 umol mol*
(median + 1 inner quartile range; Fig 3D, S1 Dataset). Mn/Ca provided additional evidence for
which shell portions formed in the Baltic Sea and during the 95 days spent under temperature-
controlled conditions in laboratory tanks.

Microstructure morphometrics of shell portions grown at constant
temperature regimes

BMU and pore sizes exhibited logarithmic distributions with a distinct predominance of very
small entities (99.9% of values fell below 3.13 and 2.79 um?, respectively; Fig 6). The size of the
BMUs ranged from 0.0005 to 18.70 um? (Fig 6A), while that of the pores varied between 0.003
and 14.04 um? (Fig 6B, S2 Dataset). Distribution curves of BMU and pore sizes revealed statis-
tically significant differences between culturing temperatures in all cases, except for pore sizes
between 1 and 3°C (two sample Kolmogorov-Smirnov tests, p < 0.05; Fig 6, S2 Dataset).
Thereby, the largest BMU and pore size values increased most strongly with culturing temper-
ature, whereas the large amount of smaller BMUs and pores remained largely invariant. In
other words, when considering increasingly large data subsets of the largest pores and BMUs,
the correlation to water temperature decreases (S2 File). To balance between explanatory
power and sufficient sample size, a subset of the 15 largest BMUs and pores of each tempera-
ture setting was considered for the construction of the predictive models. These data subsets
revealed statistically significant positive correlations to culturing temperature (Fig 7, S2 Data-
set). The size of the 15 largest BMUs increased from 2.79 + 0.74 um? at 1°C to

10.42 + 2.74 pm? at 15°C (Spearman’s r = 0.82, r* = 0.67, p < 0.05; Fig 7A). Linear and expo-
nential models between BMU size and temperature exhibited a near complete overlap. There-
fore, linear models were chosen (Fig B in S2 File). The size of the 15 largest pores, in contrast,
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Fig 5. Pores of Arctica islandica shells. (A-C) Pores viewed on an untreated, fractured surface of a hinge plate. Insets in (A) and
(C) depict an overview of the fractured shell. Yellow crosses within the insets denote the location of the respective images. (B,C)
Higher magnification reveals the presence of shriveled organic envelopes (Org.) surrounding the partially void pores. (D-G) Pores
viewed in a polished hinge surface after oxidation of the organic matter by immersion in 10.5% H,O, for 20 minutes. Direction of
growth is to the right. (D) Pores were aligned with their longest axis parallel to the growth front, as shown here near an annual
growth line (black dashed line). (E) A pore filled with co-aligned, fibrous particles facing the same direction. (F,G) Pores partially
filled with granular, spherical particles and remnants of organics.

https://doi.org/10.1371/journal.pone.0247968.g005
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increased exponentially from 0.68 + 0.09 um® at 1°C to 10.13 + 2.41 um” at 15°C (r = 0.92, r* =
0.77, p < 0.05; Fig 7D). Here, linear models produced negative values and non-randomly dis-
tributed residuals. These problems did not occur when exponential regressions were computed
(see Fig B in S2 File). Although BMU coverage did not require thresholding, respective data
showed the same trend as BMU size, i.e., a statistically significant positive linear coupling with
water temperature (r = 0.78, r* = 0.54, p < 0.05; Fig 7B). The area covered by BMUs increased
linearly from 55.4 + 0.5% at 1°C to 63.0 £ 1.7% at 15°C. No correlation was found between the
elongation of the 15 largest BMU and temperature (Fig 7C).

Discussion
Water temperature control on microstructural properties

As revealed by the findings of this study, several microstructural properties in the hinge plate
of laboratory grown Arctica islandica specimens were statistically significantly linked to water
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Fig 6. Empirical cumulative distribution functions of (A) BMU size and (B) pore size. The majority of BMUs and pores
incorporated in the shells were small, whereas only few large entities existed. Small insets depict magnifications of the smallest 1%
of the values and the large insets depict the largest 2% of the values (dashed lines). Ranges of the 15 largest values (solid lines) are
shown as horizontal lines. The maximum size of pores and BMUs increased with culturing temperature. Detection limit of the
analytical method (2 pixels) is indicated represented by vertical gray line.

https://doi.org/10.1371/journal.pone.0247968.9006
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Fig 7. Quantitative microstructural data of hinge plate grown under temperature-controlled conditions. (A) The
size of the 15 largest BMUs of each temperature treatment and (B) the space occupied by crystalline phase (BMU
coverage) displayed a statistically significant linear increase with culturing temperature. Note, the relationship between
BMU size and temperature was stronger than that of the BMU coverage values (r* = 0.67 vs. 0.54). Large inter-
individual variability was observed among the BMU coverage values of specimen cultured at 3°C. (C) BMU elongation
did not exhibit any significant link with culturing temperature. (D) The size of the largest 15 pores increased
exponentially with rising temperature. Shaded areas represent + 2 standard errors of each parameter of the respective
models. Model equations and r* goodness-of-fit values are annotated in the graphs. For justification of the choice of
sample size (15 largest values) and type of model see S2 File.

https://doi.org/10.1371/journal.pone.0247968.9007

temperature. Specifically, the size of the largest BMUs and pores as well as the relative propor-
tion of the shell occupied by biominerals increased with temperature (Fig 7). The correlation
between BMU size and temperature was also highlighted in other existing studies on biomin-
erals of mollusks [16, 24-26] pointing to an overarching control mechanism. Such a concept
was recently outlined by Milano et al. [25] and will be briefly rehearsed in the following. As in
abiogenic systems [e.g., 70], rising water temperature can promote the amount and rate of
CaCQOj precipitation. This requires sufficient availability of calcium and bicarbonate ions. In
bivalves, these building materials are transported from seawater across epithelial membranes
to the site of biomineralization, for example, via passive diffusion through ion channels and
actively via ion pumps [71, 72]. Both transport mechanisms proceed faster at higher tempera-
ture [71, 72]. If species-specific optimum growth temperatures are exceeded, the rate of trans-
membrane ion transport via ATPase Ca**-pumps [71] decreases and can potentially result in
reduced biomineralization rates.

However, this model does not seem to be directly applicable to the CA microstructural enti-
ties in A. islandica shells. Actually, the overwhelming majority of BMUs and pores seemed to
remain largely unaffected by the prevailing temperature regime (Fig 6). One possible explana-
tion for this surprising observation is the morphology of the BMUs. The majority of angles at
which the long, needle shaped (acicular) objects of CA microstructure can be sectioned pro-
duce cutting patterns with small areas. This cut-effect bias explains the shape of the size distri-
bution curve in Fig 6. Significant correlation existed also between the size of (more elongated)
BMUs which were cut parallel to the longest axes, but fell below the selected threshold (15 larg-
est BMUs of each temperature regime; Fig A in S2 File). Respective cutting planes may be iden-
tified through a study of the crystallographic orientation, since EBSD (Electron Backscatter
Diffraction Analysis) results demonstrated that the a- and b-axes of the BMUs can assume
multiple orientations [33] and do not always coincide with the same morphological axis Future
studies should implement EBSD analyses.

The reservation must be made that the elongation of the 15 largest BMUs of each tempera-
ture setting was uncoupled from temperature, i.e., in the studied specimens of A. islandica,
higher temperature did not favor the growth of more elongated CA needles. It is therefore
likely that the same applies to the remaining BMUs and elongation is not tied to temperature.
Since this observation contradicts previous observations by Milano et al. [25] on BMUs in the
nondenticular composite prismatic microstructure of naturally-grown Cerastoderma edule, it
is hypothesized here that the shape of BMUs, at least the largest ones, is more strongly affected
by other environmental variables which were successfully precluded in controlled laboratory
conditions. Perhaps, the temperature control on BMU shape is also species-specific and/or
microstructure-specific. More detailed investigation of this matter would certainly be useful.

An alternative, more likely explanation for the relationship between temperature and
microstructural properties in studied shell portions of A. islandica is that the growth of most
BMUs was strongly biologically limited, whereas only a few entities were allowed to grow
larger. These few BMUs were governed to a larger degree by thermodynamic processes and
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thus carried a stronger temperature signal than the smaller ones. Perhaps, a clear dominance
of small BMUs was required for biomechanical reasons, because the hardness of shell material
decreases with increasing BMU size [73]. Interestingly, the size of the smallest BMUs (repre-
sented by the lower end of the size distribution curve; magnified portion in Fig 6) remained
close to the detection limit of two pixels, irrespective of different growth temperatures. This
either suggests that the number of BMUs in a given area of the growth front remained
unchanged, or that noise in the SEM backscatter images was erroneously detected as tiny
BMUs. In case of the latter, the effect could be counteracted by using longer pixel integration
times during SEM imagery, or, as in our case, by applying an analysis threshold (S1 File).

A strong biological control also appears to have limited the size of pores. As in the case of
BMUs, the relationship between pore size and water temperature was most pronounced when
only a few of the largest pores were considered (Fig 7D, Fig A in S2 File). In order to interpret
why temperature dependence amplifies at larger pore sizes, more investigation is needed on
the function of the pores, which as yet remains unresolved [28, 30, 31]. The exponential nature
of the temperature relationship of pore size (Fig B in S2 File) possibly suggests a strong influ-
ence of metabolic processes, because these also accelerate exponentially in warmer tempera-
tures [74]. Furthermore, the orientation of the pores’ long axes along the growth front (Fig
5D) might indicate an interrelation with biomineralization processes. In accordance with pre-
vious studies [33], the pores were coated and filled with organic components and contained
mineral precipitates. Other than the tubules in, e.g., arcoid bivalves [75-77], the pores in A.
islandica shells were only a few micrometers in size, irregular in shape and often elongated,
but spatially highly confined. Although many pores were cross cut at arbitrary angles, none
was observed that showed a tube-like morphology. Hence, the pores are not tubular channels
(as stated in [30, 39]), precluding a sensory function.

It appears unlikely that the pores represent dump sites for organic matrices that were pro-
duced in excess of demand during biomineralization, because the production of organics is very
energy-consumptive [78]. However, the pores could represent the remains of failed attempts to
form BMUs. This hypothesis would take up the ACC-mediated biomineralization hypothesis
according to which organic envelopes (compartments) are produced, which are subsequently
filled with amorphous carbonate that later transforms into a crystalline phase [79-81]. However,
this type of biomineralization occurs in mollusks with nacro-prismatic shells [81, 82] with high
organic content (ca. 3.5 wt%, [83]) and likely does not play a major role in A. islandica shells
with much lower amounts of organics (1.65 wt%, [83]). Furthermore, nacro-prismatic shells
contain sheets of B-chitin and silk-like proteins [84], which are required for the building of such
organic envelopes. Shell organics of A. islandica, on the contrary, contain less of these compart-
ment-forming molecules, but more polar and soluble organic components, which closely resem-
ble the composition of the organic matter in the crossed-lamellar microstructure [83, 85].
Actually, the nucleation of crossed microstructures has been shown to be largely unaffected by
organic scaffolding [79]. Presumably, organic compounds of A. islandica shells predominantly
provide the nucleation sites for the shell carbonate, control the biomineral precipitation rate, and
the trace metal composition. In conclusion, the function of pores in A. islandica remains enig-
matic, but a role in biomineralization appears likely. As such their sizes are largely governed by
biological processes and partly by thermodynamic processes.

Data quality and method evaluation

Given the novel analytical approaches used in the current study to assess the link between tem-
perature and microstructural properties, an appraisal of the working principles and image pro-
cessing techniques seems justified.
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At the outset we wish to emphasize the importance of conducting controlled laboratory
experiments when it comes to assess new proxies for environmental variables. Only under
such conditions it is possible to study the link between a specific environmental variable and
microstructural properties because growth conditions can be selectively modified. On the
other hand, an artificial growth environment may evoke the formation of untypical micro-
structural patterns [86]. As demonstrated here, shell portions in the hinge plate formed under
laboratory conditions deviated from those grown in nature. The CA microstructure of the lab-
oratory-grown shell portions appeared more uniform with rounder and more equally sized
BMUs than in the shell portion that formed in the Baltic Sea (Fig 4). Therefore, the results
achieved herein need to be tested in the future using field-grown specimens. Obviously, this
requires detailed and high-resolution monitoring of a variety of environmental properties,
which were not available in the present study for the shell portions produced in the Baltic Sea.

In this study, the discrimination and recognition of microstructural entities was based on
gentle variations in surface topography and as such intensity variations caused by electrons
backscattered by the shells. Because of the fixed position of the backscatter electron detectors,
such variations depend on the orientation of the studied surface in the SEM. The largest num-
ber of backscatter electrons is detected when the sample surface is in horizontal position, and
values progressively decrease with increasing sample tilt [87]. Accordingly, backscatter inten-
sity in a mineralogically uniform material, e.g., an aragonitic shell, can be used to trace changes
in surface height. Thereby, polished surfaces of individual BMUs form elevations that emit
high backscatter intensity (high gray values, light gray to white), whereas depressions (such as
the pores or the inter-crystalline space; here produced by immersion in H,0,) are detected as
areas of reduced to zero emission (low gray values, dark gray to black) (Fig 2, S1 File). Such
topographic principles are well understood [88] and have been employed in several existing
studies to assess the microstructural properties of bivalve [26] and gastropod shells [89] as well
as other calcium carbonate materials [90].

A reliable automated image segmentation process represents a fundamental step to identify
individual BMUs and pores and subsequently conduct morphometric analyses. Because of the
large gray value contrast between the polished shell surface and the pores, segmentation of
these microstructural entities did not require intensive image pretreatment or training of the
(bio)image software Ilastik. The precise identification of pore boundaries was occasionally
complicated by the presence of particles inside the pores (Figs 2 and 5E-5G). However, when
supplied with additional training data to segment these structures, the classification algorithm
overcame such bias and produced reliable pore space reconstructions (Fig 2). The automated
segmentation process of the pores allowed use of a lower magnification (1,550x) than required
for the BMUs, which considerably reduced the acquisition and processing time while main-
taining an adequate spatial resolution.

On the contrary, training of the software for BMU recognition turned out more challeng-
ing. A major prerequisite to use automatized image segmentation is that all images have uni-
form characteristics, e.g., comparable surface topography generated by etching (of the mineral
phase) or oxidation (of the organic phases) and comparable image resolution. To assess the
BMU size and coverage, the polished shell surfaces were immersed in H,O, to reveal bound-
aries between the microstructural units. We decided to treat the sample with an oxidative
agent to remove organic matrices located between the BMUs (inter-crystalline organics) with-
out completely dissolving the mineral phase of the shell. In preparation for the present study,
however, we experimented with different chemical treatments of A. islandica shells to identify
the most suitable method. Among others, different types and concentrations of acids and oxi-
dation agents were explored (Fig A in S1 File). According to these tests, immersion in formic
or hydrochloric acid, even at very low concentration (< 0.01 vol%), resulted in micrometer-
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scale to nanometer-scale dissolution of the polished BMU surfaces. These areas were then erro-
neously detected by the segmentation software as BMU boundaries. Furthermore, the etching
affected the individual BMUs differently, probably related to minute variations in density and/
or intra-crystalline organic content. The degree of etching also varied considerably among
specimens. A solution of 10.5 vol% H,O, for 20 minutes turned out to provide the best results
for the scope of the present study. Hydrogen peroxide solution has been used in the past to
remove organic matter from biogenic carbonates [59, 91, 92]. It reacted well with the organic
matrices of the shell, which consist mostly of non-acidic, polar proteinaceous materials [83].
According to high-resolution images, BMUs remained largely unaltered by treatment with
H,O0, (Fig 2A), except for the rims (Fig B in S1 File), and consistent results were achieved
within and among specimens. These assets were prerequisite for a reproducible segmentation
process. Note, that the large inter-individual variability observed in the BMU coverage values
of specimens cultured at 3°C (Fig 7) does likely not result from the chosen preparation and
etching method, because those specimens were embedded in the same batch of epoxy and thus
prepared in exactly the same manner.

Through the use of novel analytical techniques, we were able to automate the recognition of
microstructural entities as well as the morphometric analyses, which hitherto had to be per-
formed manually or semi-automatically with manual corrections [89, 93]. Previous morpho-
metric studies of BMUs included only few SEM images representing relatively small shell areas
(e.g., 19 images in [25], 64 images in [94]) in order to compensate for the excessively long ana-
Iytical times. With such reduced sample sizes, the chances of finding relevant relationships
between microstructural properties and environmental variables diminish, as shown by the
extraordinarily high threshold that had to be chosen in the present study in conjunction with
the logarithmic particle size distributions (Fig A in S2 File; Fig 6). The technique used here,
however, reduced the time for measurement significantly and facilitated the analysis of large
shell regions (Table 1) without sacrificing analytical precision or requiring manual interven-
tion (S3 File). Accordingly, the sample size and spatial coverage (total number of
BMUs = 699,587) substantially exceeded those of previous studies (e.g., ca. 2,170 BMUs in
Milano et al., 2017a). These large sample sizes enabled us to detect subtle temperature-induced
variability of the shell microstructural properties that previously remained unnoticed, empha-
sizing the importance of comprehensive shell imaging and highlighting the potential of auto-
mated image processing techniques combined with machine learning algorithms.

Focusing on a specific subset (thresholding) can serve as an efficient means to detect unno-
ticed signals in large datasets. This approach has been successfully applied in a previous study
of the crossed-lamellar microstructure of Glcymeris bimaculata [26], in which only the largest
10% of the biominerals were taken into consideration. The appropriate threshold value most
certainly varies among different microstructures due to differences in the degree of hierarchi-
cal organization, complexity, the morphology of individual BMUs and fusing of discrete
BMUs to larger units. For example, in the crossed-lamellar microstructure, stacks of the small-
est building blocks, elongated rods of a few hundred nm diameter, so-called 3" order lamellae,
form 2™ order lamellae, which are assembled into 1* order lamellae. The latter can attain
widths of ca. 28 um and are alternatingly arranged in a rustic fence-like manner [89, 95-97].
The CA microstructure, in contrast, lacks such a hierarchical organization into larger struc-
tural units. Their BMUs consist of acicular units, which are only co-aligned morphologically
in two dominant dip directions (ca. 30-40° off the growth surface) and fused together in plate-
lets [95, 98]. EBSD experiments performed on shell hinges of Arctica islandica confirmed that
the morphologically co-aligned acicular units also share a common crystallographic orienta-
tion (thus forming a BMU) [33]. The crystallographic c-axes of all BMUs are aligned roughly
parallel to the direction of growth, but other than that, no overarching crystallographic
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alignment seems to persist [33]. In conclusion, the BMUs of the CA microstructure are much
smaller and less complexly arranged than the BMUs of the crossed-lamellar microstructure.
Cross-sections of the CA microstructure reveal more irregularly shaped BMUs than those of
other microstructures (i.e., nacre tablets [24], prisms [25], 3" order lamellae of the cross-
lamellar microstructure [26]). Therefore, a much higher size threshold was required than in
previous analyses (S2 File). The same issue arose in the case of pores, which were likewise
irregular in shape.

The BMU coverage analysis followed a more simplistic approach than the segmentation
analysis and was based on the proportion of shell covered by crystalline phases relative to such
largely occupied by organic phases plus downward dipping edges of BMUs. The gray value of
each pixel of the binarized image indirectly provided height information over an area of ca.
0.0003 um” (= the same resolution as used for BMU size analysis), spanning a total topographi-
cal height of ca. 6 um. The production of binary images depended strongly on the uniformity
of the gray scale balance among all studied SEM images. The latter is a measure of the emitted
backscatter electrons during acquisition and can strongly vary between specimens, depending
on subtle differences in thickness of the platinum coating, orientation of the studied surface or
density of the aragonite. Since the individual images used in this study exhibited similar gray
value distributions, the average gray value of all studied images was chosen as the threshold to
distinguish BMUs from the inter-crystalline space. In other words, the BMU coverage serves
as a measure of surface area above the average height of all samples, inferred from backscatter
intensities (gray values; Fig B in S1 File). In turn, this means that the BMU coverage value is no
exact measure of the actual proportion occupied by BMUs (see section 2.3). The BMUs stand
out from the surface as plateaus, but the angle at which their rims dip downward is shallower
than 90°. Due to the selected gray value threshold, some portions of these gently descending
BMU edges were assigned to the depression zones and became black in the binarized image.
Hence the BMU coverage values cannot be used to quantify the actual proportion of inter-
crystalline space or BMUs. However, it can be used to rapidly detect differences in the relative
proportion of crystalline phase in different shell portions. BMU coverage results agreed with
that obtained from segmented BMU analysis documenting the validity of the method.

Conclusions

Variations in water temperature resulted in subtle microstructural changes in the hinge plate
of A. islandica grown under controlled laboratory conditions. The size of the largest biomin-
eral units and pores as well as the relative proportion of crystalline components in the crossed-
acicular microstructure increased with water temperature. Since only a very small proportion
of the microstructural units was affected, the subtle changes would have remained unnoticed
without the use of automated image processing techniques and machine learning-assisted
object recognition. While it may be challenging to reliably reconstruct small (1°C) changes of
long-term ocean climate from these minute microstructural variations, they can prove useful
to assess seasonal temperature variations and extremes or serve as a source of temperature
information when geochemical proxy signals have vanished due to diagenetic overprint. Fur-
ther using fossil shells collected from different localities and environmental regimes will shed
light on the applicability and sensitivity of the new microstructure-based temperature proxies.
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