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Larval dispersal is a key driver of population persistence and resilience of numerous metapopulations and
communities in marine ecosystems. Determining where and how larvae disperse in the deep sea is one of the
most vexing challenges in deep-sea ecology. Laser ablation inductively coupled plasma mass spectrometry was
used to evaluate the potential role of trace elemental fingerprints (TEFs) of deep-sea methane seep mussel
Gigantidas childressi (n = 92 valves) in discriminating among collection depths, geographic regions (Gulf of
Mexico and West Atlantic Margin; GOM and WAM), methane seep sites, and shell growth regions (larval VS
settler shell). A priori permutational analyses of variance (PERMANOVA) discriminated among mussel valve TEFs
across a depth gradient (650 m-2206 m), among eight methane seep sites, and among shell growth regions. A
priori canonical analyses of principal coordinates (CAP) generally matched and additionally discriminated TEFs
among geographic regions. Results for post-hoc analyses on individual shell growth regions varied by statistical
approach (PERMANOVA VS CAP) and by shell growth region (larval prodissoconch I and prodissoconch II VS
settler dissoconch shell). Broadly, post-hoc PERMANOVA discriminated only among sites, while post-hoc CAP
discriminated among all study factors. Discrimination among depths was mainly driven by the elemental ratio
Ba:Ca. Discrimination among geographic regions was mainly by Ba:Ca and Sr:Ca. Discrimination among sites and
shell growth regions was driven by all three elemental ratios analyzed (Ba:Ca, Sr:Ca, and Mg:Ca). Overall, shell
TEFs show potential to discern spatial distribution of larval population pools.

1. Introduction

Larval dispersal determines population connectivity in marine en-
vironments and is key to predicting the resilience of communities and
their associated metapopulations to disturbance, as well as the spatio-
temporal scales of genetic relatedness (Raimondi and Keough, 1990;
Levin et al., 2016; Mullineaux et al., 2018; Theuerkauf et al., 2021).
Population connectivity via larval dispersal influences population dy-
namics, micro-evolutionary processes, and the design of effective net-
works of marine reserves (Hilario et al., 2015; Puckett and Eggleston,
2016; Kroll et al., 2018; Taboada et al., 2018).

The need for informed conservation planning and resource
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management is demonstrated by the increase in commercial and scien-
tific interest in the deep-sea within the past decade (Van Dover et al.,
2012; Levin et al., 2016; Howell et al., 2020; Howell et al., 2021; Met-
axas and Saunders, 2009). Predictions and tests of metapopulation
connectivity that could inform management decisions in the deep sea,
however, remain limited due to a lack of empirical biological data on
larval dispersal. This lack of data is due to a combination of the difficulty
of resolving complex life histories (Arellano and Young, 2009) and larval
physiology in the deep sea (Arellano et al., 2014), as well as a lack of
information on the drivers of dispersal that are typically
better-described for estuarine and nearshore coastal settings
(Lopez-Duarte et al., 2012) and environmental gradients (Fodrie and
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Herzka, 2013; Kroll et al., 2016). This complicates the application of
biophysical transport models which simulate larval transport, as they
require oceanographic, behavioral, and physiological data (Puckett
et al., 2014; Breusing et al., 2016; Ross et al., 2016; Paterno et al., 2017)
that are limited for many deep-sea species (McVeigh et al.,, 2017).
Existing models predict that larvae spawning from certain methane
seeps could use different dispersal strategies depending on depth of
dispersal (Young et al., 2012; McVeigh et al., 2017). Particularly, larvae
drifting demersally below 600 m may not disperse long distances in the
GOM and may remain within 220 km of their natal site, whereas larvae
that combine demersal drift with near-surface dispersal or undergo the
latter for their entire planktonic duration may spread widely throughout
the GOM and may even populate WAM sites (McVeigh et al., 2017).

In support of demersal drift occurring for some mussels— though not
necessarily our study species—, a study that compared species abun-
dance with depth on the East Pacific Rise observed an exponential
decrease in abundance of larvae with increasing height off the bottom
(Mullineaux et al., 2005). A recent assessment of Gigantidas childressi
population genetic structure in the GOM suggests that the species is
panmictic in the region (Portanier et al., 2023), yet contradicting ob-
servations of genetic distinction among some subpopulations instead
suggest that G. childressi larvae may use varying dispersal strategies
(Carney et al., 2006; Faure et al., 2015; McVeigh et al., 2017; Portanier
et al., 2023). Possibly, approaches using population genetics are
complicated by signals that are the product of many generations of gene
flow over evolutionary timescales, which may not reflect short-term
dispersal patterns.

Thus, inference of larval population distribution over short time-
scales, such as larval planktonic duration, may help clarify results from
biophysical modeling and genetics studies. Such inferences may instead
be made by analyzing trace elemental ratios to bulk calcium in shell—
hereafter shell trace elemental fingerprints (TEFs)— measured by laser
ablation inductively coupled plasma mass spectrometry (LA-ICP-MS),
which enables very high spatial resolution within samples. Trace
elemental fingerprints (TEFs) are controlled by a wide array of biolog-
ical and environmental parameters, although relationships between
drivers and trace elements are usually species-specific and can even
differ among specimens of the same species (reviewed by Immenhauser
et al., 2016). Among biological parameters, shell growth rate and/or
ontogenetic age are often found to influence TEFs (Gillikin et al., 2005;
Schone et al., 2011; reviewed by Immenhauser et al., 2016), as is
metabolism (Mouchi et al., 2013) and genetics, particularly in envi-
ronmentally homogeneous environments (Norrie et al., 2019). Despite
these complex and inconsistent relationships, mussel shells are generally
good proxies for the environments in which they develop (reviewed by
Koschinsky, 2016), particularly salinity and temperature (Dodd, 1965;
Mouchi et al., 2013; Kroll et al., 2016; Durham et al., 2017), phyto-
plankton blooms (Vander Putten et al., 2000; Thébault et al., 2009;
Frohlich et al., 2022), seawater pH (Zhao et al., 2019), and tidal pressure
(Mouchi et al., 2013).

There is limited information about the relationships between bio-
logical or environmental factors and shell trace metal ratios for methane
seep mussels such as Gigantidas childressi, yet some studies have explored
relationships for rare earth elements and yttrium (REY) in Bathymodiolus
spp. shells from hydrothermal vents. For example, positive Eu anomalies
in the REY distribution patterns can be used as a tracer for hidden or
fossil high-temperature hydrothermal systems (Bau et al., 2010). Simi-
larly, iron, manganese, zinc, nickel, and cobalt contents in B. spp.
significantly vary among hydrothermal vents in the Menez Gwen
low-temperature field (Demina et al., 2012). Also, iron, copper, and zinc
content in B. azoricus from hydrothermal vents on the Mid-Atlantic
Ridge was found to reflect fluid composition (Kadar and Costa, 2006;
reviewed by Koschinsky, 2016).

With respect to bivalves from methane seeps, a connection has been
made between Ba:Ca ratios in Vesicomyid clams and methane seepage
from sites on the Cascadia margin (Torres et al., 2001). More recent
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studies have linked Sr:Ca ratios and seawater temperature for mussels
Gigantidas platifrons and G. haimaensis and the clam Archivesica mar-
issinica from Formosa and Haima cold seeps in the South China Sea (Cai
et al., 2025). Separately, Mg:Ca, Sr:Ca, Mo:Ca, and U:Ca ratios in G.
haimaensis from the same geographic region may be associated with
ontogenetic age/growth rate, and Ba:Ca with Ba-rich methane emissions
(Wang et al., 2022).

Shell trace elemental fingerprints may also be influenced by the
organic fraction within the shell matrix itself, and may particularly in-
fluence concentrations of manganese, magnesium, copper, and zinc,
while having little effect on barium and strontium concentrations
(Takesue et al., 2008 and references therein). Shell organic matter
chemistry may itself vary due to environmental or biological effects
(Schone et al., 2023 and references therein). Despite the potential in-
fluence of the organic fraction on shell TEFs, many studies have iden-
tified links between external drivers and shell TEFs and have used these
links to infer ecological patterns such as dispersal and connectivity
(Becker et al., 2005; Dunphy et al., 2011; Fodrie et al., 2011; Kroll et al.,
2016; Reis-Santos et al., 2018).

Most shell geochemical studies rely on a geochemical “atlas” of po-
tential signatures across the entire study region, constructed with the
signatures of larvae outplanted at potential source sites (Cowen et al.,
2007; Fodrie et al., 2011; Cathey et al., 2012; Carson et al., 2013; Gomes
et al., 2016; Kroll et al., 2018; Bennion et al., 2019; Tripp et al., 2020).
Because such an approach requires representative sampling of larvae to
capture all potential variation in TEFs within a study area, attempts to
classify natal origin of deep-sea larvae are rare (but see Mouchi et al.,
2024). For open-water and deep-sea species, natal origin is typically not
known a priori and it is impractical to make geochemical atlases and
sample representatively over large spatial scales relevant to dispersal
given ship time and budgetary constraints. However, if TEFs are
discriminable among the spatial and bathymetric scales of the deep sea,
then LA-ICP-MS may be useful in characterizing population pools (e.g.,
larvae associated with specific depths, sites, and geographic regions) of
deep-sea larvae such as the deep-sea mussel G. childressi, and potentially
bathymodiolins and other deep-sea invertebrates that grow calcified
structures. Moreover, if larval TEFs differ by depth, then this would
suggest that larval population pools are isolated among depths, even if
these pools potentially use the same dispersal strategy; the same would
be true for variation in TEFs among sites, and so on; this is the funda-
mental concept on which our study is based.

1.1. Study system, species, and goal

The GOM and WAM are passive continental margins that contain
well-described seeps (Cordes et al., 2009; Suess, 2014; Demopoulos
et al., 2019). Seep formation occurs when hydrocarbons and brine
navigate to the seafloor through sub-seafloor fractures created by sedi-
ment loading and compaction dynamics. Cold seep communities in the
GOM and WAM are usually dominated by either Bathymodiolus spp.
mussels (and recently classified Gigantidas childressi, formerly “B”.
childressi) or siboglinid polychaete tubeworms Lamellibrachia luymesi
(Van Dover et al., 2003; Cordes et al., 2007; Fisher et al., 2007; Young
et al., 2012; Quattrini et al., 2015).

Gigantidas childressi is found in both the GOM and WAM (Carney
et al., 2006; Faure et al., 2015, Turner et al., 2019) and in a relatively
shallow-to-intermediate depth range of 400 m-2335 m. G. childressi is
gonochoric and has synchronous periodic reproduction (Eckelbarger
and Young, 1999; Laming et al., 2018), with spawning occurring be-
tween September and February (Tyler et al., 2007). Gigantidas childressi
may have high fecundity due to the abundance of small oocytes
(Eckelbarger and Young, 1999; Laming et al., 2018). Synchronicity of
gametogenesis suggests the existence of a site-independent spawning
cue, such as phytodetrital input from surface production (Tyler et al.,
2007).

A total of 40 h after spawning, fertilization and cell division occur,
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resulting in a free-swimming blastula form. The first larval shell growth
region, prodissoconch I (PD1), forms about 8 days after fertilization,
after which it grows to around 113 pm in length (Arellano and Young,
2009; Laming et al., 2018). The second larval shell growth region,
prodissoconch II (PD2) develops to a length of at least 450 pm (Arellano
and Young, 2009; Laming et al., 2018). The growth rate for G. childressi
prodissoconch growth regions is not known because the species has not
been reared beyond the straight-hinge stage (Arellano and Young,
2009). Both the PD1 and PD2 shell are composed of aragonite, while D
shell (the early dissoconch of a settled individual; D) is composed of a
calcitic exterior and nacreous aragonitic inner layer (Génio et al., 2015).
Larval dispersal lasts between 9 and 17 months (Arellano and Young,
2009; McVeigh et al., 2017). Endosymbiotic relationships with chemo-
trophic bacteria facilitate high biomasses for G. childressi upon settle-
ment (Duperron et al., 2009; Laming et al., 2018). Because of the
abundance of information on G. childressi and its wide bathymetric
distribution in both the GOM and WAM, it is a good model species for
determining if TEFs can discern larval population pools.

The goal of this ecological study is to determine if TEFs of G. childressi
significantly discriminate among: i) depths, (ii) geographic regions (Gulf
of Mexico, GOM and Western Atlantic Margin, WAM), (iii) sample seep
sites, (iv) and shell growth regions to distinguish between dispersing
larval population pools. Though we provide a preliminary character-
ization of population mixing in the GOM and the WAM, our primary goal
is to evaluate whether shell TEFs discriminate among spatial scales
whatsoever to determine the potential for use by future studies to target
deep-sea mussel larval dispersal questions.

2. Methods
2.1. Study sites and sample collection

Larval and small (<1 mm) post-settlement G. childressi mussels were
collected from 8 cold seep sites during R/V Atlantis cruises in the GOM
(AT26-15, May—-June 2014) and WAM (AT29-04, July 2015) across a
depth gradient of 650 m—2200 m (Table 1; Fig. 1). Note that although we
do analyze differences in TEFs among geographic regions, statistical
tests for that factor are confounded due to samples having been collected
in different years (GOM in 2014; WAM nearly one year later in 2015), a
limitation that was addressed through Type I SS factorial analysis (see
Section 2.6) and which is explained in more detail in the Supplemental
Material (Supplemental Section 1). Our study sites were chosen because:
(i) sampling across a depth gradient enables assessment of potential
depth-associated differences in TEFs, (ii) sampling in two distinct
oceanographic regions enables assessment of region-specific TEFs, and
(iii) these sites were those whose grab samples contained relatively
newly settled specimens. Samples were collected from the interstices of
mussel beds using a suction sampler mounted to the Deep Submersible
Vehicle (DSV) Alvin, then stored at —20 °C.

Table 1

Deep-Sea Research Part I 228 (2026) 104655
2.2. Mussel valve preparation

Valves were separated using forceps. One valve was transferred to
nuclease-free water (Ambion, Inc.) for DNA extraction with InstaGene
(Bio-Rad Laboratories, Inc.). Molecular species identification was con-
ducted on samples from sites AC645 and MC853, where species co-
occurrence is known. For all other sites species ID was assumed from
previous reports for the GOM (Faure et al., 2015) and personal obser-
vation of underwater videos and shipboard collections for the GOM and
WAM. Valves designated for analysis were sonicated in 15 % H,0; for 5
min then rinsed three times with milli-Q water. Tissue and organic
matter were scraped from the interior and exterior of each valve using a
tungsten probe. Valves were mounted inversely (valve exterior facing
upwards) on slides with double-sided tape to ablate the calcite layer first
and ordered haphazardly to prevent systematic bias in instrument drift
(Génio et al., 2015). Valves were dried overnight in a C-100 laminar flow
hood. All extraction tools were dipped in 1 % HNOj3 between each
sample and glassware was washed in 10 % HNOs for 24 h prior to use.

2.3. LA-ICP-MS analysis

Laser ablation inductively coupled plasma mass spectrometry (LA-
ICP-MS) was used to analyze TEFs of up to three shell growth regions
within each valve: (i) the larval/motile prodissoconch I (PD1), (ii) the
larval/motile prodissoconch II (PD2), and (iii) the juvenile/settler dis-
soconch (D). Laser traverses within PD1, PD2, and D shell growth re-
gions (subsamples at time of ablation; n = 266; G. childressi) within
mussel valves (n at time of ablation = 114) were analyzed for 2°Mg,
8Ca, 52Cr, 5Mn, 5Fe, 9°Co, %°Ni, ©3Cu, %8sr, 111cd, 13%Ba, 118sn, and
208p} on a Thermo-Fisher Element 2, inductively coupled plasma mass
spectrometer with a Teledyne ATLex 300si-x 193 nm Excimer laser
ablation unit on the campus of University of North Carolina at Chapel
Hill. Concentrations were measured with laser ablation traverses of 193
nm wavelength (3.11 J cm 2 energy, spot size 50 pm, scan rate 10 pm
s~1) and ablated material was transported by argon flow.

Traverses within each shell growth region were centered on the axis
of maximum growth but differed in orientation. PD1 traverses were
latitudinal (anterior to posterior) and 150 pm long when possible to
reduce the likelihood of overlapping with PD2, since the PD1-PD2
margin is difficult to discern. PD2 traverses were longitudinal (dorsal
to ventral) and varied in length depending on the length of the PD2
growth region. This was done because PD2 may develop while larvae are
dispersing into waters with different elemental signatures relative to
their natal origin, and we wanted to capture that potential exposure
rather than a discrete point in time. D shell traverses were longitudinal,
150 pm long, and positioned close to the ventral margin in order to avoid
overlapping with PD2, though this approach assumes that elemental
signatures in the settler shell are fairly consistent over time (relative to
the age of recent settlers), which is probably an oversimplification.

External standards were mistakenly bracketed only for a portion of
samples, which introduced the risk of machine drift not being corrected
during data reduction. Furthermore, samples were not randomly

Sample site, depth, geographic region, coordinates, collection year, sample size by growth region, sample size of unique valves, and mean shell length. N;
= Number of samples for prodissoconch I (PD1) larval shell; Ny = Number of samples for prodissoconch II (PD2) larval shell; N3 = Number of samples for dissoconch

(D) settler shell; N4 = Total valves.

Site Depth (m) Geo. Region Coordinates Coll. Year N; Ny N3 Ny Mean length (pm)
Alaminos Canyon 645 2206 GOM 26° 21'N, 94° 29' W 2014 2 3 4 4 589
Brine Pool 650 GOM 27° 43'N, 91° 16' W 2014 12 15 14 16 665
Garden Banks 648 967 GOM 27° 20'N, 92° 21' W 2014 14 15 15 18 511
Garden Banks 907 1264 GOM 27° 5'N, 26° 64' W 2014 17 18 15 20 545
Mississippi Canyon 853 1075 GOM 28° 07'N, 89° 08' W 2014 6 11 9 12 740
New England Seep 1424 WAM 39° 52'N, 69° 17’ W 2015 2 7 6 9 1123
Norfolk Canyon 1460 WAM 36° 52'N, 74° 28' W 2015 6 7 7 7 986
Veatch Canyon 1419 WAM 39° 48'N, 69° 35 W 2015 1 6 6 6 1782
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Fig. 1. Study area map with site names and depth in meters. (A) Overview, (B) Gulf of Mexico (GOM) sites, (C) West Atlantic Margin (WAM) sites. Sites: BP, Brine
Pool; GB907, Garden Banks 907; GB648, Garden Banks 648; VEC, Veatch Canyon; NE, New England Seep; NC, Norfolk Canyon; MC853, Mississippi Canyon 853;
AC645, Alaminos Canyon 645. Map lines delineate study areas and do not necessarily depict accepted national boundaries.

ablated, and sample depth of collection correlated somewhat with
ablation order (See Limitations, Section 4.2). Use of potentially erro-
neous results was mitigated by using an extremely conservative data
reduction protocol and taking further precautions during statistical an-
alyses. These problems and their solutions are detailed below.

2.4. Data reduction

MATLAB and IOLITE (Version 4) (Paton et al., 2011) were used to
perform peak integration and calibration. Standard reference materials
NIST SRM 612 and NIST SRM 614 (National Institute of Standards and
Technology) were used to calibrate the data, as certain standards can be
better or worse for certain elements, though NIST 612 was used for
analytes ultimately included in statistical analyses (**Mg, %Sr, and
138pa) (Table 2). We used “®Ca as the internal standard. Calibrated
values were checked against accepted values for both analytical ses-
sions; ratios of calibrated to accepted values (recoveries) for NIST 612

Table 2

Analyte difference from accepted value (recovery %) metrics for LA-ICP-MS
data calibrated with standard reference materials NIST 612 and NIST 614
across both analytical sessions. Values are given as a percentage difference of
measured concentration of a given analyte in NIST 612 or NIST 614 relative to
the accepted value for that reference material. Positive values indicate a higher
concentration of analyte in the reference material relative to the accepted value;
negative values indicate a lower concentration. N/A = analyte not calibrated
using this standard.

Analyte NIST 612 NIST 614

Sess. 1 Sess. 2 Sess. 1 Sess. 2
26Mg -0.76 —0.09 N/A N/A
S2cr N/A N/A 2.56 —-0.96
S5Mn 1.24 -0.07 N/A N/A
57Fe N/A N/A 103.1 —4.09
%9Co 0.05 —-0.05 N/A N/A
SONi -0.25 —0.02 N/A N/A
%3Cu —0.66 —-0.09 N/A N/A
88gr 1.55 —-0.08 N/A N/A
Hicq N/A N/A 0.19 0.06
138B, 2.46 -0.08 N/A N/A
118gn N/A N/A 3.15 —-0.15
208pp, -1.25 -0.1 N/A N/A

were small for analytes ultimately used in statistical analyses: 2Mg,
—0.76 and 0.09 %; %8Sr, 1.55 % and —0.08 %; '*®Ba, 2.46 % and —0.08
% for the first and second analytical session, respectively (Table 2).
When evaluating recoveries for analytes not certified by NIST (e.g., Mg
and Co), we followed the standard practice of using GeoReM Preferred
Values, which are values compiled from many labs that have become
consensus values over time (Jochum et al., 2007). Precision estimates (%
relative standard deviation, RSD) and levels of detection (LOD) were
calculated and used to identify elements suitable for use in statistical
analyses (i.e., high proportion of measurements above LOD and % RSD
<15 %): 26Mg (% above LOD = 100 %; mean % RSD = 10.57), %8sr (%
samples above LOD = 81 % for analytical session 1, 100 % for analytical
session 2; mean % RSD = 10.76), and 138Ba (% samples above LOD =
100 %; mean % RSD = 10.77) (Table 3). Samples with measurements
below LOD were removed.

MATLAB software was used to convert IOLITE output (ppm data) to
elemental ratios to calcium (X:Ca) in units of mmol mol ™. We report
trace elemental ratios relative to the calcium internal standard in lieu of
reporting absolute concentrations because elemental ratios are
normalized to the amount of material (calcium carbonate) ablated—-
which influences elemental concentrations— following formulae
established by Longerich et al. (1996). Because the amount of material
ablated depends on laser settings, sample preparation, ionization effi-
ciency, and other parameters that differ among studies, reporting
elemental ratios rather than absolute concentrations improves compa-
rability of results among studies. Because this conversion step requires a
known or assumed value for the calcium concentration in the sample,
and because we are not aware of known values for G. childressi (e.g.,
measured with ICP-OES), we assumed a calcium concentration of
400,432 ppm (40.0432 wt % Ca) in samples. That is, samples were
assumed to be 100 % stoichiometrically pure CaCOs which is the con-
centration of calcium in stoichiometrically pure calcium carbonate as
calculated using published atomic weights (NIST Standard Reference
Database Number 69; https://webbook.nist.gov/chemistry/).

Subsamples flagged for imperfect post-ablation (fragmented,
partially dissolved, broken, etc.) or for which ablation likely removed
underlying tape (visible as a dramatic spike in Sn'!'® signal during
ablation) were removed. Small-scale machine drift was identified to
have potentially influenced Cu®® and Pb?%® counts (Supplemental
Table 1); these elements were not used in statistical analyses.
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Table 3
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Mean levels of detection (LOD), percentages of samples above LOD, and precision estimates (% relative standard deviation, RSD) for LA-ICP-MS analysis of
G. childressi larval and juvenile shells for the two analytical sessions (days; October 18th-19th, 2015). LOD are based on per-sample background counts and
sensitivity and are expressed as millimolar ratios to Ca. Precision estimates are based on NIST 616 as a consistency standard for elemental concentrations calibrated
with standards that most closely matched the concentration of each element in samples (NIST 612 and NIST 614 used for samples). Inf = LOD that is infinitely low for
all samples for the analytical session. Indeter. = Indeterminant % RSD due to element concentration below LOD in NIST 616 consistency standard (concentration in
sample may still be above LOD); * = Elements selected for multivariate statistical analysis due to being associated with a high proportion of samples above LOD
(relative to the individual sample's LOD; not mean LOD), minimal/no drift (see Supplemental), and % RSD below 15 % across both analytical sessions.

Analyte Mean LOD (mmol:mol X:Ca) % above LOD Reference material RSD (%)

Sess. 1 Sess. 2 Sess. 1 Sess. 2 Sess. 1 Sess. 2 Mean
26Mg* 2.28039 x (107 1) 2.61423 x (1072) 100 100 8.993 14.557 10.57
52¢r 4.75997 x (107%) 4.09359 x (10~ 100 100 27.374 34.446 30.53
S5Mn 3.06715 x (10~%) 3.04243 x (109 100 100 46.762 32.182 54.311
57Fe 5.98044 x (10°) Inf 0 0 37.308 Indeter. 37.308
59Co 3.84423 x (1072 4.98964 x (10~ 11 100 80.602 Indeter. 80.602
SONi 4.15287 x (1073) 7.83340 x (109 99 100 77.762 8.9726 78.072
%3Cu 1.14439 x (10~%) 1.70201 x (10~%) 51 100 26.872 6.0285 24.742
88gp 3.26124 x (10~%) 8.52068 x (107°) 81 100 9.8455 10.321 10.759
Meq 5.87163 x (107%) 1.72032 x (10°%) 55 100 14.924 9.8797 19.371
138pg 5.28421 x (10~) 4.45392 x (10°%) 100 100 10.204 2.0255 10.772
1185 3.27242x (1074 1.73145x (10~%) 51 100 20.535 22.45 22.578
208pp 6.91861 x (10™%) 2.03885 x (107°) 72 100 13.493 10.457 16.645

Subsamples with Sn:Ca ratios greater than 3 standard deviations from
the mean were removed due to possible tape ablation. Subsamples
across all shell growth regions but separated by analytical session (two
sessions) were removed if they possessed extreme values (greater than 5
standard deviations from the mean) for any X:Ca ratio. A more detailed
description of the data reduction process can be found in the Supple-
mental Material. Ultimately, 218 subsamples derived from 92 valves
were statistically analyzed.

2.5. Unexplained data grouping and rationale for focus on Mg:Ca, Sr:Ca,
and Ba:Ca ratios

During data cleaning steps, samples appeared to be split into two
separate groups on nMDS plots and were not apparently associated with
differences among levels of any study factor (Supplemental Fig. 1); that
is, levels of each methodological and study factor existed in both arbi-
trary groups of samples. Although no factor appeared to explain the
grouping, Mg:Ca and Sr:Ca did appear to be responsible for separating
the groups (Supplemental Fig. 1). Such grouping had the potential to
confound tests of study factors by potentially capturing variation asso-
ciated with the unidentified but apparently influential factor(s). This
was addressed by generating two datasets: 1) “Inclusive”, which
included Mg:Ca, Sr:Ca, and Ba:Ca ratios and retained the aforemen-
tioned grouping, and 2) “Exclusive”, which replaced Mg:Ca and Sr:Ca
with two other elements— Cd:Ca and Sn:Ca— and dissolved the
grouping. Both datasets were analyzed and results interpreted sepa-
rately. However, we discuss only results for Inclusive data. This is
because links between temperature and Mg:Ca and Sr:Ca ratios in bi-
valves are well-established (Dodd, 1965; Mouchi et al., 2013; Kroll et al.,
2016; Durham et al., 2017; Zhao et al., 2017; Carvalho et al., 2019), and
therefore Mg:Ca and Sr:Ca ratios are likely very informative compared to
other elemental ratios. The Ba:Ca ratio remained in both datasets
because it may be associated with surface-derived carbon from phyto-
plankton blooms (Vander Putten et al., 2000; Thébault et al., 2009;
Frohlich et al., 2022) and/or methane seepage rate (Ke et al., 2024) and
Ba-rich methane emissions (Torres et al., 2001; Wang et al., 2022).
These relationships are further detailed in the Discussion. We include
Exclusive data results in the Supplemental Material.

2.6. Statistical analysis

PRIMER v7 software with the PERMANOVA + add-on was used to
log-transform and normalize (among elemental variables) Inclusive and
Exclusive datasets with all study factors pooled. The null hypotheses

tested were that TEFs do not significantly change along a depth gradient,
across geographic regions (GOM vs WAM), amonyg sites, or among shell
growth regions (or the interactions of these factors) at the 5 % signifi-
cance level. Hypotheses were tested using two multivariate statistical
analyses: permutational analysis of variance (PERMANOVA) and ca-
nonical analysis of principal components (CAP).

Growth regions were initially aggregated (i) to determine if the effect
of growth region could obscure differences among levels of other study
factors, (ii) to determine if Mg:Ca, Sr:Ca, and Ba:Ca ratios changed
significantly between growth regions, and (iii) because aggregating
growth regions facilitated larger sample sizes, better sample distribu-
tion, and improved statistical power compared to when growth regions
were controlled. However, given the expectations of mytilid and bath-
ymodiolin differences in shell microstructure (Kennish and Lutz, 1998;
Génio et al., 2012) and trace elemental fingerprints among shell growth
regions (Génio et al., 2015), three post-hoc analyses were conducted
using growth region-controlled data subsets for prodissoconch I (PD1),
prodissoconch II (PD2), and dissoconch (D) shell.

PERMANOVA tested for significant differences among groups in
multivariate space by permuting sample labels to construct dataset-
specific distributions of “pseudo”-F values (Anderson, 2017). PERMA-
NOVA tested null hypotheses using Type I SS with 9999 permutations of
residuals under a reduced model. Models were iteratively developed so
that consecutive models: (i) optimized model complexity by removing
consistently highly insignificant terms and complex interaction terms,
(ii) evaluated the sensitivity of covariate effects, (iii) tested methodo-
logical effects before main effects and kept those below a p-value
removal threshold, and (iv) tested terms in order of hypothetical
importance and ecological hierarchy. Permutational dispersion tests
(PERMDISP) were conducted with 9999 permutations to test if PER-
MANOVA tests of differences in TEFs among levels of study factors may
have been influenced by dispersion (variability in a multivariate space)
rather than centroid location effects.

CAP tested for significant differences among groups in multivariate
space via permutation, similar to PERMANOVA, and was used because it
additionally i) provided rigorous measures of distinctiveness of groups
in multivariate space, ii) displayed plots of clouds of multivariate points
that reference a specific a priori hypothesis, ii) correlated trace elemental
variables with differences among groups, iii) and detected very subtle
differences among groups, including those less likely to be observed
when considering the entire data cloud, as with PERMANOVA
(Anderson and Willis, 2003). Both PERMANOVA and CAP p-values were
adjusted for multiple comparisons using the Benjamini-Hochberg pro-
cedure, which controls for the False Discovery Rate using sequential
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Bonferroni correction while remaining less conservative than the Bon-
ferroni correction itself (Benjamini and Hochberg, 1995).

3. Results
3.1. Overview

Overall outcomes for PERMANOVA and CAP tests are summarized in
Table 4. For Inclusive data, TEFs varied significantly along a depth
gradient when shell growth region was aggregated, among sites, among
shell growth regions, and for the interaction of site and growth region
(PERMANOVA; Table 5). There were no significant differences in TEFs
among geographic regions or between larval and settler growth regions
(PERMANOVA; Table 5). CAP analyses significantly discriminated be-
tween levels of all study factors, with the highest amount of variation
explained by the first canonical axis for site (43 %), followed by growth
region (31 %) and depth (27 %), with that of geographic region being
minimal (3 %) (Table 6). While not related to a null hypothesis, indi-
vidual variability in sample TEFs was captured by the sample number
term (i.e., a unique numeric identifier for each sample; not related to
methodological factors), which was significant (Table 5) and explained
28 % of the variability in the data (Table 7).

3.2. Differences in TEFs among depths

3.2.1. Growth region-aggregated data

For growth region-aggregated data, there were significant differ-
ences in TEFs along a continuous depth gradient (650 m-2200 m) based
on PERMANOVA (Table 5), and depth explained 11 % of the variation in
the data (Table 7). CAP results agreed and the first canonical axis
explained 27 % of the variation in the data (Fig. 2a; Table 6), which
strongly correlated with Ba:Ca (r = 0.91) and weakly correlated with
Mg:Ca (r = 0.08) and Sr:Ca (r = 0.1) (Table 8). Ba:Ca and Sr:Ca ratios
were generally larger at shallower depths, while Mg:Ca ratios were
generally larger at deeper depths (Fig. 5; Table 8). Leave-one-out allo-
cation success was not calculated for depth because it was a continuous
covariate.

3.2.2. Growth region-controlled data

For each growth region-controlled data subset, there were significant
differences in TEFs along the depth gradient using CAP only (Fig. 3;
Table 6). The first canonical axis explained between 21 % and 42 % of

Table 4

Outcomes by alternate hypothesis for PERMANOVA and CAP analyses on In-
clusive data for combined and individual mussel growth regions. Y = significant
outcome at the 0.05 level; N = insignificant outcome at the 0.05 level; All =
combined growth regions; PD1 = prodissoconch I, larval; PD2 = prodissoconch
11, larval; D = dissoconch, settler. Italics indicate tests of interactions.

PERMANOVA CAP
All PD1 PD2 D All PD1 PD2 D
Depth Y N N N Y Y Y Y
Geographic reg N N N N Y N N Y
Site(Geographic reg) Y Y Y Y Y Y Y Y
Growth region Y Y
Between larval and settler Y
Geographic reg x Growth N
region
Geographic reg x Among N
larval
Geographic reg x Between N

larval and settler
Site(Geographic region) x Y
Growth region

Site(Geographic reg) x Y
Among larval
Site(Geographic reg) x Y

Between larval and settler
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Table 5

A priori and post-hoc permutational ANOVA (PERMANOVA) analysis on
Gigantidas childressi Inclusive data. (A) A priori test with growth region-
aggregated data. (B) Post-hoc test with PD1 data. (C) Post-hoc test with PD2
data. (D) Post-hoc test with D shell data. The Type I SS analysis first accounts for
variability associated with methods (Burn number and Sequence), then factors
in descending ecological hierarchical order. Depth is prioritized before other
ecological study factors. Italicized terms indicate contrasts within a study factor.
Asterisks indicate significant effects at the 5 % significance level (post-hoc sig-
nificance was adjusted for multiple comparisons). df = degrees of freedom; MS
= mean sum of squares; Pseudo-F = F value by permutation; P-perm = p-value
under permutation; Perm # = number of unique permutations (of 9999).; NT =
No Test.

(A) Source of variation (a df MS Pseudo- P-perm Perm
priori) F #

Burn Num 1 17.902  2.4231 0.1336 9947
Sequence 2 6.0648 1.5851 0.1618 9940
Depth 1 36.483  4.4843 0.0389* 9938
Geographic reg 1 7.4858  1.1226 0.3613 9949
Site(Geographic reg) 5 44309 23975 0.0079* 9931
Sample number(Site 82 29327 1.9076 0.0001* 9804

(Geographic reg))

Growth region 2 28.433 5.8181 0.0193* 9940
Among larval 0 NT NT NT NT
Between larval and settler 1 54.167  13.576 0.0025* 9953

Geographic reg x Growth 2 29337 0.55078 0.6792 9951
region
Geographic reg x Among 1 1.629 0.79181 0.481 9961
larval
Geographic reg x Between 1 3.3064 0.38919 0.7019 9954
larval and settler

Site(Geographic region) x 12 5.7551 3.7435 0.0001* 9894
Growth region

6 21451 3.6283 0.0038* 9925
Site(Geographic reg) x 6 9.7149  6.1907 0.0001* 9935
Between larval and settler

Residuals 109 1.5374

Total 217

(B) PD1 - Source of variation df MS Pseudo-F P-perm Perm #

Burn Num 1 53.743 12.02 0.0005 9952
Sequence 2 3.0979 1.4705 0.1964 9935
Depth 1 6.6452 1.1958 0.3517 9957
Geographic reg 1 4.7847 1.2553 0.3517 8839
Site(Geographic reg) 5 4.1314 2.3823 0.01* 9924
Residuals 49 1.7342

Total 59

(C) PD2 - Source of variation df MS Pseudo-F P-perm Perm#
Burn Num 1 45.869 8.5304 0.003 9956
Sequence 2 6.9641  2.7651 0.0192 9933
Depth 1 1479 2.7391 0.0918 9951
Geographic reg 1 0.3546  0.071586  0.9711 8831
Site(Geographic reg) 5 5.2903  2.6525 0.0037* 9924
Residuals 71 1.9945

Total 81

(D) D-shell - Source of df MS Pseudo- P-perm Perm#
variation F

Burn Num 1  25.852 6.7744 0.011 9953
Sequence 2 8.9512  3.8444 0.0077 9937
Depth 1 20.001 5.0622 0.0298* 9951
Geographic reg 1 12.852 3.6381 0.0232* 8805
Site(Geographic reg) 5 3.9099 1.9725 0.0402* 9936
Residuals 65 1.9822

Total 75

variation in the data, depending on growth region (Table 6), which was
strongly correlated with Ba:Ca (r = 0.94) and Sr:Ca (r = 0.65) for PD1,
Ba:Ca (r = 0.74) and Mg:Ca (r = 0.38) for PD2, and Ba:Ca (r = 0.88) and
Mg:Ca (r = 0.37) for D shell (Table 8). For larval shell (PD1 and PD2),
Ba:Ca and Sr:Ca ratios were larger at shallower depths while Mg:Ca
ratios were larger at deeper depths, which matched results for growth
region-aggregated data (Fig. 5; Table 8). For D shell data, Ba:Ca and Mg:
Ca ratios were larger at shallower depths while Sr:Ca ratios were larger
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Table 6

A priori and post-hoc canonical analysis of principal coordinates (CAP) of
study factors on Gigantidas childressi Inclusive data. (A) A priori test with
growth region-aggregated data. (B) Post-hoc test with PD1 growth region data.
(C) Post-hoc test with PD2 growth region data. (D) Post-hoc test with D shell
growth region data. 1st SCC (8%) and 2nd SCC (8%) = the first and second squared
correlation coefficient, which indicate the strength of the association between
the multivariate data and the first and second canonical axis; 1st SCC p = the p-
value associated with the test of the null hypothesis that the variation captured
by the first canonical axis is not related to the differences in TEFs between levels
of a given study factor; Choice of m = the number of PCO axes chosen to
maximize allocation success; Prop. G = the overall proportion of variation
explained by the first m PCO axes; Trace statistic = a measure of the degree to
which CAP is able to separate levels of a study factor; Trace statistic p = the p-
value associated with the null hypothesis that there is no significant difference in
TEFs between study factor level centroids. Asterisks for post-hoc &7 values
indicate significant effects at the 5 % significance level after adjustment for
multiple comparisons.

(A) A priori output ~ Depth Geographic Region  Site Growth Region

1st SCC (8%) 0.2714 0.0314 0.4337 0.309

1st SCCp 0.0001 0.0085 0.0001 0.0001

2nd SCC (5%) N/A N/A 0.0813 0.014

Choice of m 3 1 3 3

Prop. G 1 0.6113 1 1

Trace statistic 0.27137  0.03137 0.54671  0.323

Trace statistic p 0.0001 0.0085 0.0001 0.0001

(B) PD1 post-hoc output Depth Geographic Region Site

1st SCC (5%) 0.2135 0.0904 0.5205
1st SCCp 0.0011* 0.0554 0.0003*
2nd SCC (53) N/A N/A 0.2622
Choice of m 2 2 3

Prop. G 0.8754 0.8754 1

Trace statistic 0.21351 0.09038 0.95947
Trace statistic p 0.0011* 0.0554 0.0001
(C) D-shell post-hoc output Depth Geographic Region Site

1st SCC (89) 0.4158 0.3465 0.5862
1st SCC p 0.0001* 0.0001* 0.0001*
2nd SCC (53) N/A N/A 0.4375
Choice of m 3 3 3

Prop. G 1 1 1

Trace statistic 0.41578 0.34653 1.21558
Trace statistic p 0.0001* 0.0001* 0.0001*
(C) PD2 post-hoc output Depth Geographic Region Site

1st SCC (89) 0.301 0.0474 0.5166
1st SCCp 0.0001* 0.1449 0.0001
2nd SCC (83) N/A N/A 0.3457
Choice of m 3 2 3

Prop. G 1 0.8825 1

Trace statistic 0.30096 0.04738 0.91426
Trace statistic p 0.0001* 0.1449 0.0001*

at deeper depths (Fig. 5; Table 8).

3.3. Differences in TEFs among geographic regions

3.3.1. Growth region-aggregated data

For growth region-aggregated data, TEFs differed significantly be-
tween geographic regions (GOM and WAM) using CAP analysis only (i.
e., not PERMANOVA), and the first canonical axis explained 3 % of
variation in the data (Fig. 2b; Table 6), which most strongly correlated
with Sr:Ca (r = 0.85), though strong correlation was also observed for
Mg:Ca (r = 0.69) and Ba:Ca (r = 0.56) (Table 8). Note that although total
variation in the data along the first canonical axis was low, CAP analysis
still indicated that TEFs for each geographic region separated in a
consistently non-random manner, even though the effect was small. A
total of 72 % of samples were successfully allocated to the GOM (n =
123/170) while 44 % were successfully allocated to the WAM (n = 21/
48), resulting in an average classification success of 66.1 % (n = 144/
218) (Supplemental Table 2).
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Table 7

Effect size of individual factors calculated by a priori PERMANOVA for
Gigantidas childressi Inclusive data. Effect size is calculated as the percentage
of variation attributed to between-group variation relative to total variation
(between and within groups). The Type I SS analysis first accounts for variability
associated with methods (Burn number, Sequence), then factors in descending
ecological hierarchical order. Depth is prioritized before other ecological study
factors.

Source of variation Estimate Effect Size (%)
Burn Num 0.048228 3.04
Sequence 0.060704 3.80
Depth 0.19133 11.07
Geographic reg 0.01559 1.00
Site(Geographic reg) 0.19765 11.39
Sample number(Site(Geographic reg)) 0.60152 28.12
Growth region 0.6986 31.24

Among larval NT NT

Between larval and settler 2.2201 59.08

—0.11811 0.00
—0.031529 0.00

Geographic reg x Growth region
Geographic reg x Among larval

Geographic reg x Between larval and settler —0.16497 0.00
Site(Geographic region) x Growth region 0.56198 26.77

Site(Geographic reg) x Among larval 0.25393 14.18

Site(Geographic reg) x Between larval and settler 0.74954 32.77
Residual 1.5374 50.00

3.3.2. Growth region-controlled data

For growth region-controlled data subsets, significant differences in
TEFs among geographic regions were only observed using CAP analysis,
and then only for settler shell (Fig. 4; Table 6), for which the first ca-
nonical axis explained 35 % of variation in the data (Table 6), which was
strongly correlated with Ba:Ca (r = 0.95) and relatively weakly corre-
lated with Sr:Ca (r = 0.31) (Table 8). GOM samples generally had larger
elemental ratios than WAM samples, with the exception of Mg:Ca
(Fig. 5).

3.4. Differences in TEFs among sites

3.4.1. Growth region-aggregated data

For growth region-aggregated data, TEFs significantly differed
among sites based on PERMANOVA (Table 5) and the site term
explained 11.39 % of variation in the data (Table 7). However, the
PERMANOVA analysis may have been confounded by dispersion among
samples (PERMDISP; Supplemental Table 3). Significant differences in
TEFs among sites were observed using CAP analysis, and the first ca-
nonical axis explained 43 % of variation in the data (Fig. 2c; Table 6),
which most strongly correlated with Ba:Ca (r = 0.98), strongly corre-
lated with Sr:Ca (r = 0.75), and weakly correlated with Mg:Ca (r = 0.09)
(Table 8). Mean allocation success was 27 %, with the largest percentage
of samples having been successfully allocated for Brine Pool (73 %) and
Veatch Canyon (46 %), while allocation was below 34 % for other sites.
Allocation was least successful for Norfolk Canyon (10 %) and New
England Seep (0 %) (Supplemental Table 2).

3.4.2. Growth region-controlled data

Results were similar for growth region-controlled data. For each
subset, TEFs differed significantly among sites based on PERMANOVA
(Table 5) and CAP (Fig. 6; Table 6). The first canonical axis explained
between 51 % and 59 % of the variation in the data (Fig. 6; Table 6),
which most strongly correlated with Ba:Ca (r = 0.93) and Sr:Ca (r =
0.74) for PD1, Mg:Ca (r = 0.96) and Ba:Ca (r = 0.89) for PD2, and Ba:Ca
(r = 0.96) for D shell. (Table 8). For PD1 shell, MC853 had larger Ba:Ca
ratios, BP had larger Mg:Ca and smaller Sr:Ca ratios, and AC645 had
relatively large Sr:Ca ratios (Figs. 5 and 6). For PD2, BP had relatively
large Ba:Ca ratios compared to VEC, GB648, and NC, while MC853 had
relatively large Mg:Ca ratios compared to other sites (Figs. 5 and 6). For
settler shell, three groups of sites were apparent based on CAP plots: 1)
VEC and AC645, with larger Ba:Ca ratios, 2) BP and MC853, with
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Fig. 2. Canonical analysis of principal coordinates (CAP) of Inclusive TEFs for G. childressi to assess differences in TEFs between levels of study factors for combined
growth regions. For one-dimensional CAP (a-b), the canonical axis represents the first and only constrained component and the second axis represents the levels of the
categorical (as for geographic region) or continuous (as for depth) study factor. For two-dimensional CAP (c-d), axes represent the first and second constrained
component and the percentage of variation explained by the linear combination of selected elemental ratios. The overlain circle and lines represent spearman rank
correlations of elemental ratios as a proportion of 1 (circle radius). (A) CAP of samples analyzed against depth as a continuous variable, labeled by site: BP, Brine
Pool; GB907, Garden Banks 907; GB648, Garden Banks 648; VEC, Veatch Canyon; NE, New England Seep; NC, Norfolk Canyon; MC853, Mississippi Canyon 853;

AC645, Alaminos Canyon 645. (B) CAP of geographic region: GOM, Gulf of Mexico; WAM, West Atlantic Margin. (C) CAP of site. (D) CAP of shell growth region:
prodissoconch I (PD1); prodissoconch II (PD2); dissoconch (D).

Table 8

Spearman rank correlations with CAP axes and overall vector lengths associated with elemental ratios for Gigantidas childressi Inclusive data with growth
regions combined and separated. Vector length = a measure of the explanatory power of the elemental ratio considering both canonical axes, calculated as the sum
of the squared canonical coefficients or the value of the canonical coefficient when CAP is one-dimensional. Positive and negative signs indicate the direction of the
relationship with respect to the canonical axis for Depth (negative = left and generally deeper depths; positive = right and generally shallower depths) and Geographic
Region (negative = left and generally associated with the WAM; positive = right and generally associated with the GOM). Single asterisks indicate a correlation (r) >
0.3. Double asterisks indicate a correlation (r) > 0.7. Signs (+& -) indicate whether the correlation is negative or positive with respect to depth.

Study factor Elemental ratio (mmol:mol, X:Ca) Vector length (PD1, PD2, D) Vector length (PD1) Vector length (PD2) Vector length (D)
Depth Mg:Ca —0.08157 —0.15371 —0.38164* +0.37014*
Sr:Ca +0.09517 +0.65307* +0.10743 —0.10999
Ba:Ca +0.90602* +0.94460** +0.74236%* +0.88022*
Geo. reg. Mg:Ca —0.69272* 0.06624 0.17380 0.19584
Sr:Ca 0.84783* 0.52654* 0.51217* 0.30751**
Ba:Ca 0.55987 0.97788%* 0.94179%* 0.94843**
Site Mg:Ca 0.09240 0.53047* 0.95704* 0.56038*
Sr:Ca 0.75386** 0.73512%* 0.14590 0.41514
Ba:Ca 0.97916** 0.93041** 0.89128** 0.95602**
Growth region Mg:Ca 0.73169**
Sr:Ca 0.92804**
Ba:Ca 0.79247%*

smaller Mg:Ca and Sr:Ca ratios, and 3) GB648 and GB907, with larger confounded the PERMANOVA analysis. Significant differences in TEFs

Mg:Ca and Sr:Ca ratios (Figs. 5 and 6). Overall, the size of elemental among shell growth regions were also observed based on CAP analyses
ratios varied among sites, with no clear pattern across all sites with the and the first canonical axis explained 31 % of variation in the data
exception of Ba:Ca, which appeared to decrease if site was ordered by (Fig. 2d; Table 6), which most strongly correlated with Sr:Ca (r = 0.93)
depth (Fig. 5). and strongly correlated with Ba:Ca (r = 0.79) and Mg:Ca (r = 0.73)

(Table 8). Mean allocation success was 61 %, with 25 % of PD1 samples,
83 % of PD2 samples, and 66 % of D-shell samples having been suc-
cessfully allocated (Supplemental Table 2).

Overall, clear differences in TEFs among growth regions were
observed for each elemental ratio. Mg:Ca ratios were similar in size
between larval shell growth regions PD1 and PD2 but were markedly
larger for settler shell. Likewise, Sr:Ca ratios were similar in size among

3.5. Differences in TEFs among shell growth regions

There were significant differences in TEFs among shell growth re-
gions (PERMANOVA; Table 5) and growth region explained 31 % of the
variation in the data (Table 7). Significant dispersion among points was
significant (PERMDISP; Supplemental Table 3) and so may have
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Fig. 3. Canonical analysis of principal coordinates (CAP) of Inclusive shell composition for G. childressi shell analyzed against depth as a continuous variable for
individual growth regions. (A) PD1 shell, (B) PD2 shell, (C) D shell. The canonical axis represents the first and only constrained component. BP, Brine Pool; GB907,
Garden Banks 907; GB648, Garden Banks 648; VEC, Veatch Canyon; NE, New England Seep; NC, Norfolk Canyon; MC853, Mississippi Canyon 853; AC645, Alaminos
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Fig. 4. Canonical analysis of principal coordinates (CAP) of Inclusive TEFs for
G. childressi shell to assess differences in TEFs between geographic regions for D

shell. The canonical axis represents the first and only constrained component.
GOM, Gulf of Mexico; WAM, West Atlantic Margin.

larval shell growth regions but were smaller for settler shell. Ba:Ca ratios
were roughly the same size for each growth region, though appeared to
shrink slightly with later growth regions (Fig. 5). TEFs of larval and
settler shell growth regions differed significantly based on the PERMA-
NOVA test of the contrast (Table 5), which explained 59 % of the vari-
ation in the data (Table 7).

Regarding interactions, differences in TEFs were detected among i)
all growth regions, ii) only larval growth regions, and iii) larval and
dissoconch growth regions among sites, or vice-versa (Table 5), and
these interactions explained 27 %, 14 %, and 33 % of variation in the
data, respectively (Table 7). We discuss interpretation of interactions in
Supplemental Material (Supplemental Section 4).

4. Discussion
4.1. Overview

We discuss here differences in TEFs among depths and sites with
respect to larval shell only (prodissoconch; PD1 and PD2), as larval shell

develops during dispersal and so provides insight on population mixing
prior to settlement. We discuss results for settler shell (dissoconch; D) for

these terms in Supplemental Material (Supplemental Section 2). Addi-
tionally, due to sampling the GOM and WAM in different years (see
Limitations, Section 4.2), differences in TEFs among geographic regions
for all shell growth regions are discussed in Supplemental Material
(Supplemental Sections 2.2 and 3).

Overall, we found that: (1) Inclusive data with Mg:Ca, Sr:Ca, and Ba:
Ca elemental ratios is a somewhat more sensitive indicator of depth and
site-related trends in TEFs in G. childressi than Exclusive data that
replaced Mg:Ca and Sr:Ca ratios with Cd:Ca and Sn:Ca ratios, (2) Type I
SS PERMANOVA may be more conservative and less able to detect subtle
differences in TEFs between factor levels than CAP analyses, (3) for
Inclusive data, factors influencing TEFs may include depth, geographic
region, methane seep site, and growth region, and (4) the effect of site
depends on shell growth region, or vice-versa.

Trace metal uptake is not a straightforward process with universally
clear biological and environmental explanations, nor have relationships
between biological and environmental factors and shell elemental con-
centrations for Gigantidas childressi been examined in controlled exper-
iments due to the difficulty and limited success of rearing seep bivalves
in the laboratory (e.g., Arellano and Young, 2009; Hiebenthal et al.,
2024). Also, high-resolution seawater composition and temperature
data are not available for our study area. Therefore, we are forced to
speculate on the specific links between G. childressi shell TEFs and
environmental conditions or biological factors (e.g., metabolism and
growth rate) that may vary bathymetrically or spatially. Moreover, the
goal of this study was to determine if shell trace elemental fingerprinting
has potential to differentiate among spatial scales rather than to
explicitly identify drivers of fingerprint variability. To our knowledge,
this is the first assessment of methane seep larval bivalve shell trace
elemental fingerprints at not only the site scale, but also at the depth and
geographic region scale, and the first effort to infer deep-sea larval pools
using this method when larval origin and timing of spawning is
unknown.

4.2. Limitations

This study has limitations with respect to study design, LA-ICP-MS
analytical methodology and statistical analyses:
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Fig. 5. Natural log ratios of magnesium, strontium, and barium to calcium (mmol:mol). Boxplots show data for each study factor: values among growth regions: PD1,
prodissoconch I, larval; PD2, prodissoconch II, larval; D, dissoconch, settler. Values among sites ordered by shallowest to deepest: BP, Brine Pool (650 m); GB648,
Garden Banks 648 (967 m); MC853, Mississippi Canyon 853 (1075 m); GB907, Garden Banks 907 (1264 m); VEC, Veatch Canyon (1419 m); NE, New England Seep
(1424 m); NC, Norfolk Canyon (1460 m); AC645, Alaminos Canyon 645 (2206 m). Values among geographic regions: GOM, Gulf of Mexico; WAM, West Atlantic
Margin. (A) Magnesium:Calcium ratio. (B) Strontium:Calcium ratio. (C) Barium:Calcium ratio. Boxplots show the median (horizontal bar), o5th percentile, and 75t
percentile of the transformed and normalized dataset; whiskers show minimum and maximum values.
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i) 48 subsamples (22 % of the data) were from the WAM, reducing
the reliability of our results for that geographic region compared
to the GOM

ii) The GOM and WAM were sampled in May and June 2014 and
July 2015, respectively, confounding results of differences in
TEFs among geographic regions versus among sampling years
The depth term somewhat correlated with the order of ablation
(burn number; R? = 0.28) and tray loadings (sequence; R? =
0.31) (Supplemental Fig. 2). PERMANVOA controlled for meth-
odological factors prior to tests of depth, but CAP did not so may
have captured variation for depth that belonged to methodolog-
ical factors

Nearly all PERMANOVA tests were determined to be liberal based
on post-hoc PERMDISP tests (Supplemental Table 3)

External standards were mistakenly not bracketed for about half
of the samples; correct bracketing involves ablating external
reference standards every 15-30 samples to reduce the chance of
instrument drift to affect measurements over the course of
analytical sessions

iif)

—

iv

—

v

These limitations were addressed by steps previously described in
Methods (Section 2.4). Critically, machine drift was not detected for
analytes used in statistical analyses, which protected against the possi-
bility that machine drift may have influenced CAP tests of depth.

A natural limitation is that site and depth are perfectly nested factors
and are therefore confounded, although this limitation is minor because
the statistical tests of these two factors were not equivalent: the depth
term was a constrained, ordered version of the site term; the site term
was an unordered version of the depth term. Furthermore, PERMA-
NOVA tested for linear differences in TEFs along the depth gradient,
whereas it tested for any differences in TEFs among sites— and only
after testing for depth (i.e., Type I SS).

Two important considerations regarding the use of TEFs to infer
dispersal are that i) recent unpublished data suggest that G. childressi do
not demersally drift (C. Young, University of Oregon, personal
communication), and that ii) dispersing larval pools could use the same
dispersal strategy yet pass through different water masses (e.g., if ver-
tical migration occurs for both deep and shallow populations) and ac-
quire different larval shell TEFs, or vice-versa. However, our
interpretations are not strictly focused on dispersal strategies but rather
spatial mixing and isolation of larval population pools.

These limitations mean that our results and interpretations should be
considered exploratory rather than as definitive evidence of ecological,
physiological, environmental, or other underlying drivers of shell TEFs
and how TEFs may reflect dispersal patterns. Nonetheless, there is
inherent value in samples collected from these unique deep-sea com-
munities and we observed significant differences in TEFs among depths,
sites, and mussel shell growth regions. To surpass these limitations in the
future, studies should aim to improve data collection methodology and
increase sample sizes.

Note that results for PERMANOVA and CAP occasionally disagree,
although such disagreement is not necessarily a limitation. Instead, this
may occur because CAP is more capable than PERMANOVA of detecting
very small effect sizes or effects out of alignment with the dominant
direction of variation (Anderson and Willis, 2003).

4.3. Differences in TEFs among depths

4.3.1. Overview

TEFs differed significantly among depths only based on CAP, not
PERMANOVA. Results suggest that depth may weakly affect TEFs and
that larval pools are somewhat isolated among depths, possibly due to
differences in environmental conditions, seawater chemistry, shell
growth rates, or other vital effects among depths, although all of these
factors likely co-vary (Smith et al., 2000). In particular, Ba:Ca ratios
strongly correlated with depth, implying a shift in nutritional sources or

11

Deep-Sea Research Part I 228 (2026) 104655

availability, or perhaps a temperature gradient among depths. Yet,
depth affected TEFs only subtly, as only CAP (not PERMANOVA)
detected significant differences in TEFs among depths.

4.3.2. Larval shell

Significant differences in TEFs among depths may indicate that some
proportion of G. childressi larvae migrate vertically to shallow depths in
the water column while another proportion undergoes demersal
dispersal, assuming larval pools pass through different environmental
regimes. In support of this idea, depth and Ba:Ca ratios strongly corre-
lated for both PD1 and PD2 data, and larvae from deeper depths
generally had smaller Ba:Ca ratios than those from shallower depths.
Because Ba:Ca ratios may be associated with Ba-rich phytoplankton
uptake (Vander Putten et al., 2000; Thébault et al., 2009; Frohlich et al.,
2022), larvae from shallower depths may have had better access to such
surface-derived nutrition than deeper larvae. Ba:Ca ratios could also be
related to shifts in temperature with depth, as for a freshwater bivalve
(Zhao et al., 2017) or could be indirectly influenced by the effect of
temperature on seawater pH as for the Manila clam (Zhao et al., 2019).

The strong correlation between Sr:Ca and depth for PD1 may imply
that larvae that recruit to shallower versus deeper depths experience
different temperatures or that vital effects differ among depths during
PD1 development. However, the opposite appears to be true for PD2
data. This could be explained by shell growth rate, metabolism, or some
other vital effect being higher or lower during PD1 formation for larvae
that recruit to shallower versus deeper depths. Likewise, one or more
vital effects experienced during PD2 formation may be similar or differ
in magnitude among larvae at different depths. This could be the case
even while factors driving Ba:Ca ratios still prevail.

The weak correlation of Mg:Ca ratios with depth for both PD1 and
PD2 shell contradict interpretation of Ba:Ca and Sr:Ca results, and
instead imply that either i) temperatures are homogeneous among
depths or ii) temperatures are heterogeneous among depths but larvae
are well-mixed during dispersal. Because Sr:Ca and Ba:Ca ratios suggest
depth-associated isolation of larval pools, it seems more likely that
temperature may not reliably influence Mg:Ca ratios in G. childressi
shell. Instead, Mg:Ca could reflect unidentified biological (e.g., vital
effects; the organic fraction in the shell matrix) or unidentified envi-
ronmental factors that may be homogeneous among larval pools at
different depths. While TEFs appear to discriminate among deep and
shallow depths, TEFs from intermediate depths are visually clumped,
suggesting that larval pools are more thoroughly mixed at intermediate
depths than depth endmembers. This could be explained by the utili-
zation of both dispersal strategies (i.e., demersal drift and vertical
migration) by larvae that recruit to intermediate depths.

4.4. Differences in TEFs among sites

4.4.1. Overview

Results suggest that i) differences in TEFs among sites are larger than
those among depths and ii) that larval pools may be somewhat isolated
among sites within the GOM and WAM, which is not entirely explained
by the effect of depth. This may be due to site-specific methane seep
chemistry or geology, genetic isolation, or differences in vital effects
among sites. Methane seep chemistry in particular may explain why Ba:
Ca ratios are strongly correlated with differences in TEFs among sites, as
these have been linked to methane emissions for other bivalves (Torres
et al., 2001; Wang et al., 2022).

4.4.2. Larval shell

Significant differences in TEFs among sites for larval shell were
detected for each growth region by both PERMANOVA and CAP. Results
suggest that i) differences in TEFs among sites are larger than those
among depths and ii) that larval pools in the GOM and WAM are at least
somewhat isolated, and that this pattern is not entirely explained by the
effect of depth, possibly due to methane seep chemistry, underlying site
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geology, genetic isolation, or differences in vital effects among pop-
ulations. CAP plots for PD1 shell TEFs showed relative separation of
sample sites BP (650 m), MC853 (1075 m), and GB648 (967 m) driven
by all three elemental ratios (Mg:Ca, Sr:Ca, and Ba:Ca). Separation of
MC853 and GB648—primarily based on Sr:Ca ratios— was not expected
because these sites are only ~300 km apart and differ in depth by only
100 m. Distance and depth differences among sites may also not explain
differences in TEFs among sites. For instance, PD1 TEFs from MC853 in
the GOM were similar to those NC (1460 m) on the WAM, which is
nearly 400 m deeper. Thus, results suggest that some larval pools that
recruit to certain sites have unique dispersal trajectories, though this
may not be true for all sites. For instance, TEFs from AC645 and GB907
were dispersed relative to other sites.

Local methane seep chemistry and/or geology could contribute to
differences in TEFs among sites because methane concentrations in
seepage vary among seeps (Smith et al., 2000; Bergquist et al., 2004), as
do methane flux rates (Chen et al., 2024). For instance, Brine Pool has
high methane concentrations, low sulfide concentrations, and low levels
of crude oil (Smith et al., 2000; Nix et al., 1995). The Ba:Ca ratio could
particularly reflect these effects, such as observed for Vesicomyid clams
(Torres et al., 2001) and G. haimaensis (Wang et al., 2022). Local
methane seep chemistry could influence larval shell TEFs if larvae
remain in the vicinity of natal sites during their planktonic duration or if
larvae vertically migrate and acquire methane-influenced TEFs from
oil-coated bubbles, which are known to carry methane through the
entire water column (Hu et al., 2012; Romer et al., 2019).

The discriminability of TEFs from MC853 relative to other sites may
be due to genetic isolation of the recruited larval population pool(s),
which could be caused by pre-settlement selection on genetics as for
some Mytilids (Bierne et al., 2003). Larval behavior influencing
dispersal patterns and consequent larval shell TEFs may also differ
among populations due to genetics (reviewed in Raimondi and Keough,
1990). Alternatively, larvae genetics and consequent larval shell TEFs
may vary among sites even if our study area is environmentally homo-
geneous (e.g., Norrie et al., 2019). However, genetic variation among G.
childressi populations appear minimal (Carney et al., 2006 and refer-
ences therein). Therefore, TEFs from MC853 may reflect the influence of
other previously described factors.

Differences in TEFs among sites may be due to differences in vital
effects among larval population pools such as shell growth rate, onto-
genetic age, and metabolism. Strong correlation of Mg:Ca for PD1 and
PD2 data, and strong correlation of Sr:Ca for PD1 data, suggests that
vital effects may vary among sites more than they do among depths. As
previously explained, the specific drivers and directions of relationships
of vital effects and trace elemental ratios are unspecified for G. childressi
and often unclear among and even within species. Nonetheless, larval
pools appear to be somewhat isolated among sites. In terms of in-
teractions, differences in TEFs among sites did seem to change
depending on shell growth region-both among larval shell growth re-
gions and between larval shell and settler shell, which emphasizes the
importance of controlling for shell growth region.

4.5. Differences in TEFs among shell growth regions

4.5.1. Overview

Significant differences in TEFs among shell growth regions were
detected using PERMANOVA and CAP. Generally, Sr:Ca ratios were
larger and Mg:Ca ratios were smaller for larval shell (PD1 and PD2),
while the inverse was true for settler D shell. Ba:Ca ratios separated PD1
and PD2 samples: PD1 had larger Ba:Ca ratios than PD2. Results may be
explained by trace elemental uptake slowing with animal age or shell
growth rate (Smith et al., 2000), changes in environmental conditions
between dispersal in the water column and settlement at seeps, and
mineralogical and microstructural differences between larval and settler
shell (Kennish and Lutz, 1998; Génio et al., 2012).
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4.5.2. Larval shell

With respect to the effect of shell growth rate, trace elemental uptake
may be higher in larval shell than settler shell due to slower shell growth
rate with age for G. childressi (Smith et al., 2000) and other bivalves
(Carré et al., 2006; Durham et al., 2017). However, the link between Sr
uptake and bivalve age is not consistent among species (Zhao et al.,
2017), and some studies have observed a positive rather than negative
relationship (Carpenter and Lohmann, 1992; Carré et al., 2006); the
same is true for Ba uptake (Zhao et al., 2017). If Sr:Ca and Ba:Ca in G.
childressi are positively related to calcification rate, then trace elemental
uptake may reduce as the mussel ages as water pumping requirements or
metabolic activity and ionic flux decline (Carré et al., 2006).

From an environmental perspective, shifts in conditions between
dispersal and settlement could influence shell TEFs and would pre-
sumably occur if larvae spent most of their planktonic duration away
from natal sites with lower temperatures (than surface waters) and
elevated methane and sulfide concentrations, as they necessarily return
to such environments upon settlement. Our observation of Sr:Ca ratios
changing between larval and settler shell may support the idea that
larvae disperse closer to warmer surface waters prior to settling, as
observed for some species (Schleinkofer et al., 2021; Schone et al.,
2023). Our observation of a shift in Ba:Ca between shell growth regions
may have the same explanation as differences in Ba:Ca among depths;
shift or diminishment in phytoplankton resources as larvae ascend and
descend in the water column throughout dispersal (Vander Putten et al.,
2000; Thébault et al., 2009; Frohlich et al., 2022).

Firm ecological interpretation of differences in TEFs among shell
growth regions is limited, however, by mineralogical and microstruc-
tural differences among growth regions; prodissoconch I and II are
aragonitic, and dissoconch is bimineralic (calcitic and aragonitic)
(Kennish and Lutz, 1998; Génio et al., 2012). Shell microstructure is
known to influence trace element incorporation in bivalves (Génio et al.,
2015).

5. Conclusion

Overall, all three elemental ratios (Ba:Ca, Sr:Ca, and Mg:Ca) corre-
lated with separation among levels of each study factor— Ba:Ca most
strongly. Therefore, it seems most likely that larval shell TEFs capture
shifts in nutritional sources as larvae disperse, although the general
observation that shell TEFs do vary among spatial scales suggests that a
combination of environmental and biological factors drive shell TEFs.
Ultimately, results suggest that although larval pools may be well-
mixed, especially early in dispersal, some populations or sites may re-
cruit from somewhat isolated larval pools, allowing TEFs to weakly
discriminate among depths and strongly discriminate among sites.
Therefore, measurement of Gigantidas childressi shell trace elemental
fingerprints via LA-ICP-MS and analysis with multivariate statistics ap-
pears to be a promising approach to discern larval population pools
among spatial scales, despite previously described limitations. Future
studies should i) utilize a refined LA-ICP-MS and data reduction meth-
odology, ii) conduct more intensive sampling to increase sample size and
improve sample distribution across spatial scales, and iii) incorporate a
temporal scale to explore how G. childressi TEFs may vary
spatiotemporally.
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