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DISSERTATION ABSTRACT

Caitlin Q. Plowman

Doctor of Philosophy in Biology

Title: Reciprocal Subsidies: Phytodetrital Influence on the Reproduction of Methanotrophic
Mussels, and the Contribution of Mussel Larvae to Planktonic Food Webs in the Gulf

of Mexico and Western Atlantic

There is growing evidence that chemosynthesis-based ecosystems in the deep sea
influence the benthic and pelagic habitats around them, though the extent of these connections is
unknown. Bathymodiolin mussels are among the dominant fauna at deep-sea chemosynthetic
systems such as methane seeps and hydrothermal vents. Despite their symbiotic bacteria, many
species in the subfamily have shown evidence of periodic reproduction driven by seasonal
changes in surface productivity. In this dissertation, I explore the reproductive patterns of
bathymodiolin mussels from methane seeps in the Gulf of Mexico and Northwestern Atlantic
and how they contribute to connections between surface waters and the deep sea.

In Chapter II, I use gonad histology to examine how the reproductive phenology changes
with the season, ocean basin, and depth for three species of bathymodiolin mussels, Gigantidas
childressi, Bathymodiolus brooksi, and Bathymodiolus heckerae. 1 find inter- and intra-specific
variations across a bathymetric gradient and between the two ocean basins. The results further
support that surface productivity plays a role in bathymodiolin reproduction. In Chapter III, I use
carbon and nitrogen stable isotopes to investigate phytodetritus as a potential source of
supplemental nutrition for reproduction. I also compare the phenology to satellite-derived

measurements of surface productivity. Many of the sampled populations of bathymodiolin
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mussels incorporate phytodetrital nutrition, but it is not a necessary subsidy for reproduction.
The onset of gametogenesis occurs near a peak in surface productivity, and spawning occurs
during a change in surface productivity that is shortly followed by a peak. Thus, surface
productivity may be an environmental cue that helps synchronize the gametogenic phenology of
these mussels.

While Chapters II and III examine how the water column affects the reproduction of
bathymodiolin mussels, Chapter IV examines how spawned mussel eggs influence the water
column. For Gigantidas childressi from three seep sites, I used histology to estimate individual
fecundity, bomb calorimetry to measure the energy contained in an egg, and video of the sites to
determine the size of the mussel beds. All metrics vary among the sites; changes in fecundity
correspond to changes in phenology, while the nutrient density of eggs increased with depth.
Each factor affects the total energy released through spawned eggs, but the estimated values are
on par with the photosynthetic production of oligotrophic surface waters. Most of the spawned
eggs are eaten and thus may represent a critical trophic subsidy for the surrounding ecosystems.

The energy these mussels use to create gametes comes mostly from chemosynthetic
sources. Seasonal pulses of phytodetritus may then trigger the spawning of these eggs, releasing
much of that energy into the pelagic food web. This research highlights the intimate reciprocal
connection between processes in the surface ocean and the deep seafloor. This dissertation

includes previously unpublished co-authored material.
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CHAPTER I

GENERAL INTRODUCTION

1. BACKGROUND

Reproduction is a fundamental aspect of biology that ensures the continuation of life across
many ecological scales. Organisms employ many different reproductive strategies, but they can be
broadly characterized as asexual or sexual reproduction, depending on whether genetic material is
exchanged between individuals. Sexual reproduction is the ancestral trait for all eukaryotes
(Speijer et al., 2015) and is common among marine invertebrate taxa (Wangensteen et al., 2016).
Gametogenesis, the creation of sex cells, is energetically costly to individuals, and the trade-offs
between growth and reproduction are a core component of life-history theory (Audzijonyte &
Richards, 2018). The energetic cost is significantly higher for the production of eggs than sperm
and can be upwards of 300% higher than a female’s basal metabolic rate (Hayward & Gillooly,
2011).

Successful reproduction, or creating offspring, requires more than just fertilization of
gametes; the embryo must develop and survive to a juvenile stage. Benthic marine invertebrates
often have a planktonic larval phase between embryo and juvenile. Reproductive phenology is thus
optimized to ensure larval survival, and planktotrophic larvae are frequently released when larval
food is available (Crisp, 1959). The success of larvae and juveniles is also aided by maternal
effects, which are non-genetic effects of a mother’s phenotype or environment on her offspring's
phenotype (reviewed by Marshall et al., 2008). One of the most apparent maternal effects across
taxa is offspring provisioning, which includes an egg's size and energy content (Bernardo, 1996;
Thorson, 1950). An increase in egg size and energy generally leads to an increase in offspring size
and fitness (Moran et al., 2013; Moran & McAlister, 2009). While there are many interspecific
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differences in offspring provisioning, intraspecific plasticity has also been seen as a response to
different environmental factors (Marshall et al., 2008). Reproductive provisioning can thus be
variable between individuals and populations (Allen et al., 2008).

Even with adaptive changes in maternal effects to aid larval survival, most planktonic
larvae die as a result of predation or environmental stress (Morgan, 1995; Rumrill, 1990; Thorson,
1950; Young & Chia, 1987). That means that most of the energetic investment in reproduction
actually goes to the food web. Eggs are generally high in essential fatty acids, and large spawning
events create temporary nutrient subsidies for other organisms (Fuiman et al., 2015). Gametes of
both corals and fish are known to be critical trophic pathways on coral reefs (Allgeier et al., 2018;
Pratchett et al., 2001), and fish spawning aggregations benefit many pelagic organisms (Fuiman et
al., 2015). However, the role of reproductive products in trophic networks needs to be studied more
and may constitute a significant source of energy flux through marine systems. Levin et al. (2016)
suggested gametes may be an important vector for transporting energy from chemosynthetic
systems in the deep sea.

2. STUDY SYSTEM

In the deep sea, chemosynthesis occurs in specialized habitats where primary production is
driven by microbial oxidation of naturally occurring inorganic chemicals (Corliss et al., 1979;
Corliss & Ballard, 1977) rather than photosynthesis. Chemosynthetic habitats also support dense
invertebrate communities at hydrocarbon seeps, hydrothermal vents, and organic falls (Gage &
Tyler, 1991; Tunnicliffe et al., 2003), with biomasses orders of magnitude above those from the
abyssal plain (Van Dover, 2000). Communities in these habitats are often dominated by a small
number of invertebrate species with symbiotic chemoautotrophic bacteria, such as mussels,

tubeworms, and shrimp (Tyler et al., 2002).

18



The mussels in deep-sea chemosynthetic communities belong to the subfamily
Bathymodiolinae, a highly specialized group within the Mytilidae family (Gustafson et al., 1998;
Kenk & Wilson, 1985). Members of this group house chemoautotrophic symbionts in their gills,
commonly sulfur- or methane-oxidizing (Duperron, 2010). Some species have two to six different
types of symbionts as a way to cope with highly variable chemosynthetic environments (Distel et
al., 1995; Fisher et al., 1993), and some have also retained the ability to filter feed (Page et al.,
1991; Pile & Young, 1999).

Despite the varied symbioses and nutrition sources within bathymodiolin mussels, their
reproductive patterns are similar to those of their shallow-water relatives (reviewed in Laming et
al., 2018). Most species have periodic reproduction and spawning, which is thought to be tied to
surface productivity in at least two species (Dixon et al., 2006; Tyler et al., 2007) despite their
constant chemosynthetic food source. Bathymodiolin mussels are also similar to intertidal mytilids
in that they create large beds that provide habitats for many associated animals (Kennicutt et al.,
1985; MacDonald, Reilly, et al., 1990). Spawned eggs from intertidal mussel beds act as trophic
subsidies to zooplankton (Kautsky, 1982), but the potential for energetic input to the water column
from bathymodiolin eggs remains unstudied. Their prevalence, abundance, and importance to
ecosystem functioning at chemosynthetic systems make bathymodiolins a critical group to study.

3. SCOPE AND AIMS

My goals with this dissertation project were to build upon my previous work on the
reproductive patterns of bathymodiolin mussels from methane seeps (Plowman, 2017) and address
two fundamental questions: (1) to what extent is reproduction supported by constant
chemosynthetic food sources versus seasonally-pulsed phytodetritus? (2) how do reproductive

processes contribute to water column carbon flux, and how does flux vary across depth? In short,
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(1) how does the water column influence reproduction? (2) how does reproduction influence the
water column? Samples from multiple seep sites were used in each study to investigate the degree
of reproductive plasticity in bathymodiolin mussels and its potential drivers. Chapters II-IV are
currently unpublished but will include Dr. Craig Young as a co-author as he funded the research,
provided conceptual support, and will aid in preparing the final manuscripts.

In Chapter I, I start by describing the gametogenic phenology of six populations of
bathymodiolin mussels from seep sites in the Gulf of Mexico and the northwestern Atlantic.
Shallow sites (400 — 1070 m) housed beds of Gigantidas childressi, while deep sites (2160 — 3300
m) had Bathymodiolus heckerae. At one site in the Gulf of Mexico (1020 m), Bathymodiolus
brooksi co-occurred with G. childressi. My previous work showed evidence of periodic
reproduction in the same populations with changes among sites (Plowman, 2017). The population
of G. childressi from one site in the Gulf of Mexico (Brine Pool) is known to spawn roughly from
October to February (Tyler et al., 2007). I used histological examinations of gonad material from
seasonal samples to examine how reproductive phenology varied among species and across a depth
range. The results indicate that drivers of reproductive timing for these deep-sea mussels operate
on regional scales and support the idea that surface productivity plays a role in bathymodiolin
reproduction.

Chapter III then tests two hypotheses for how surface productivity may affect the
reproduction of deep-sea mussels. First, [ hypothesized that adult mussels need the seasonal pulse
of phytodetrital nutrients to build gametes. This idea has been supported in the vent mussel,
Bathymodiolus azoricus, which showed histological evidence of increased feeding during the
seasonal bloom in surface productivity (Dixon et al., 2006). I used carbon and nitrogen stable

isotope ratios from mussel tissues to look for a seasonal shift in the input of phytodetrital nutrients.
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These isotopes are commonly used in trophic studies (Hiigler & Sievert, 2011; Minagawa & Wada,
1984). Nutrients derived from chemosynthetic sources have much more depleted isotopic ratios
than those derived from photosynthetic sources (Brooks et al., 1987). I expected an increased
signal of photosynthetic nutrients in the form of enriched isotopic ratios, particularly in gonad
tissues, following the seasonal phytoplankton bloom.

Second, I hypothesized that surface productivity is a reproductive cue in seep mussels.
Marine invertebrates that reproduce periodically rely on environmental cues to keep gametogenesis
and spawning synchronized within a population (Smart et al., 2012). Therefore, if surface
productivity was a reproductive cue for bathymodiolins, I expected the gametogenic phenology
from Chapter I to correlate with peaks in surface productivity or changes therein. Surface
productivity in the waters overlying the seep sites was determined using satellite-derived data for
chlorophyll-a concentration (a proxy for phytoplankton abundance) and particulate organic carbon.
Temporal changes in productivity were determined by examining almost two decades’ worth of
monthly composite data. This chapter will be published with an additional co-author, Dr. Laura
McGee, who collaborated with me by processing the surface productivity data and will aid in
preparing the final manuscript.

The main goal of Chapter IV was to estimate how much energy is released when a bed of
bathymodiolin mussels spawn. This was done by examining one species, Gigantidas childressi,
from three seep sites with different physical attributes. To make these energy estimates, I first
needed to determine the number of eggs released, the energy content of those eggs, and the area
and density of the mussel bed. I used histological examinations of gonad material to obtain the first
quantitative fecundity estimates for any large bathymodiolin mussel. Adult mussels were injected

with serotonin to induce spawning, and then egg energy was measured with bomb calorimetry. The
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areas of each mussel bed were estimated in ArcGIS by drawing a polygon around all coordinate
points where mussels had been visually confirmed during benthic vehicle dives. My lab mate,
Avery Calhoun, conducted the work in ArcGIS as part of her graduate research. This study is the
first quantitative estimate of the energy flux from gametes in a deep-sea chemosynthetic system
and one of only a handful looking at eggs as trophic subsidies. Along with Dr. Craig Young, this
manuscript will also have Dr. Shawn Arellano as a co-author for her assistance in conceptualizing
the study, determining methodology, and collecting mussel eggs.

These chapters provide insight into the plasticity of reproductive timing and provisioning in
bathymodiolin mussels and the connection between processes on the surface and the seafloor.

Chapter V summarizes the broader patterns and implications of these results.
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CHAPTER II

GAMETOGENIC PHENOLOGY OF BATHYMODIOLIN MUSSELS

FROM METHANE SEEPS IN THE GULF OF MEXICO AND

WESTERN ATLANTIC MARGIN

This chapter contains unpublished material coauthored with Craig Young, who funded and
facilitated the study. We conceived the project together, but I was responsible for all sample
collection and processing. I also conducted all the data analyses and wrote this manuscript with
editorial input from Craig.

1. INTRODUCTION

The deep sea is generally sparsely populated with epibenthic megafauna, but dense and
complex communities are found at chemosynthetic ecosystems such as organic falls,
hydrothermal vents, and methane seeps (Corliss et al., 1979; Van Dover et al., 2002). These
reducing ecosystems provide ephemeral and relatively small habitats, often isolated from each
other but with high biomass and productivity (Girguis & Childress, 2006; McNichol et al., 2018).
Mytilid mussels in the subfamily Bathymodiolinae are often among the dominant fauna in
reducing habitats and form dense beds that are home to many other organisms (Gage & Tyler,
1991; Kennicutt et al., 1985; Macdonald et al., 1990). Their role as ecosystem engineers and
near-ubiquitous presence makes bathymodiolin mussels a crucial group for advancing our
understanding of chemosynthesis-based ecosystems.

The Bathymodiolinae at vents and seeps include three clades, each represented by a
single genus: Gigantidas, Bathymodiolus, and “Bathymodiolus” (Zhang et al., 2021). Members

of all clades obtain the bulk of their nutrition through thiotrophic and methanotrophic bacterial



symbionts living in their gills, with some species using a combination of both bacterial types
(Duperron et al., 2007; Fiala-Medioni et al., 1986; Ritt et al., 2012; Streams et al., 1997).
Supplemental filter feeding is also known to occur in one species of Gigantidas (Pile & Young,
1999) and one species of Bathymodiolus (Page et al., 1991).

Despite living in ecosystems with constant sources of chemosynthetic primary
production, most bathymodiolins studied to date show evidence of periodic reproduction
(reviewed by Laming et al., 2018). Their reproductive patterns generally resemble those of
shallow-water mytilids (Eckelbarger & Young, 1999), which typically have seasonal
gametogenic cycles, undergo broadcast spawning and external fertilization, and disperse with
planktotrophic veliger larvae (Seed, 1976). The most well-studied seep species is Gigantidas
childressi, with most studies conducted at the Brine Pool NR-1 seep site (650 m deep) in the
Gulf of Mexico. The gonad of this species starts in the visceral mass and then extends into the
mantle during a seasonal, synchronous gametogenic cycle (Tyler et al., 2007). These mussels
broadcast their gametes and have embryonic development similar to that of other mytilids
(Arellano & Young, 2009). Embryos develop into planktotrophic, swimming veliger larvae that
have been found in surface waters (Arellano et al., 2014). The closely related G. platifrons from
the Formosa cold seep (1120 m) in the South China Sea also reproduces seasonally (Zhong et al.,
2020).

Most of the studied species of bathymodiolins are from hydrothermal vents and also
exhibit seasonal reproduction (Comtet & Desbruyeres, 1998; Dixon et al., 2006; Le Pennec &
Beninger, 2000; Rossi & Tunnicliffe, 2017; Salerno et al., 2005; Tyler & Young, 1999). The one
exception to this trend is B. thermophilus, which is thought to have continuous gametogenesis

(Berg, 1985; Hessler et al., 1988). They are effectively gonochoric, though protandry has been

24



reported in B. elongatus (Le Pennec & Beninger, 2000) and protogyny in B. septemderium
(Rossi & Tunnicliffe, 2017), both of which live at hydrothermal vents. No gametogenic
information currently exists for species of the genus Bathymodiolus from methane seeps.

While there is strong evidence for seasonal reproduction across the bathymodiolins, the
drivers of seasonality still need to be better understood. Evidence suggests it may be linked to
surface productivity (Dixon et al., 2006), which is correlated with the seasonal cycles of many
abyssal plain species (Gage & Tyler, 1991). To understand potential cues, the full gametogenic
phenology needs to be understood.

Here, we examine three species of seep mussels from the Gulf of Mexico and Western
Atlantic Margin: Gigantidas childressi, Bathymodiolus brooksi, and B. heckerae. In an earlier
study of these same species from fourteen seep sites in the same areas, we found evidence of
seasonal reproduction in the two Bathymodiolus species and differences among sites (Plowman,
2017). The present study aimed to build on those results by examining fewer populations in more
seasons to estimate the gametogenic phenology for each population and how that timing changes

among species and sites.

2. METHODS

2.1. Sample collection and shipboard processing

Beds of bathymodiolin mussels were examined at three methane seep sites in the Gulf of
Mexico (GoM) and three on the Western Atlantic Margin (WAM) of the U.S. (Figure 2.1; Table
2.1). The sites were chosen to represent paired shallow (400 — 650 m), mid (1020 — 1070 m), and
deep (2160 — 3300 m) depths in both regions. The shallow (Brine Pool and Baltimore Canyon)
and mid-depth (Mississippi Canyon and Chincoteague) sites in both basins had beds of

Gigantidas childressi. At the mid-depth site in the GoM (Mississippi Canyon), patches of
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Bathymodiolus brooksi were among patches of G. childressi. The deepest sites (Florida
Escarpment and Blake Ridge) had beds of Bathymodiolus heckerae. Sites were examined using
either HOV Alvin deployed from R/V Atlantis II (expeditions AT24-42 and AT50-04) or ROV
Jason deployed from R/V Thomas G. Thompson (expedition TN391), in three different seasons
(spring, summer, fall) in 2020 — 2022 (Table 2.1). Adult mussels were scooped into a sealed,
insulated collection box (“biobox”) on the vehicles to keep specimens in their natural seawater

and in-situ temperatures until recovery.

Chincoteague Baltimore Canyon

Blake Ridge

Brine Pool 'Mississippi Canyon

Florida Escarpment
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|

Gigantidas childressi Bathymodiolus heckerae

5cm

Figure 2.1. Map of collection sites color-coded by study species in the Gulf of Mexico and
Western Atlantic Margin. Photos of adult mussels are all shown at the same scale.
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Table 2.1. Collection summary.

Depth  Latitude Longitude Spring (2020) Summer (2021) Fall (2022) Total Male/

Site Name (m) (°N) (°W) Species Date N Date N Date N N Female
Brine Pool 650  27.72365 9127955  G. childressi 25-Feb 50 13-Jun 50 16-Oct 60 160 0.65
Mississippi Canyon 1070  28.12204 89.13693  G. childressi 1-Mar 13 16-Jun 50 14-Oct 50 113 1.35

B. brooksi 1-Mar 26 16-Jun 10 14-Oct 5 41 1.18
Florida Escarpment 3300  26.02884 84.91049  B. heckerae 3-Mar 85 10-Jun 50 22-Oct 50 185 1.57
Baltimore Canyon 400 38.04777 73.82258  G. childressi 11-Mar 51 28-May 36 27-Oct 60 147 0.97
Chincoteague 1020  37.54144 74.10192  G. childressi 11-Mar 50 29-May 50 27-Oct 48 148 1.36
Blake Ridge 2160  32.49424 76.19087 B. heckerae 8-Mar 51 4-Jun 50 30-Oct 50 151 1.39




Upon recovery, mussels were transferred into chilled, filtered seawater and stored in a
cold room (4 °C or 7 °C) until processing. Ship-board processing occurred soon after collection
(<48 h). The maximum lengths (anterior to posterior), widths (left to right), and heights (dorsal
to ventral) of closed mussel shells were measured. For Mississippi Canyon, the anterior length
(distance between the umbo and the anterior edge) for each species was also recorded to aid in
differentiating the two co-occurring species (Gustafson et al., 1998). The shells were removed,
and individually labeled mussel bodies were preserved in 10% buffered formalin for later
histological analysis.

2.2. Histological Processing

Samples of gonadal tissue from the visceral mass and the mantle were dissected and
prepared for standard paraffin histology within 1-2 months of preservation. Samples were
dehydrated in an ethanol series (70%, 80%, 90%, 95%) for 30 min in each concentration, then
left overnight (~12 h) in 100% ethanol. They were then transferred into fresh 100% ethanol for
30 min to ensure no water was left before being transferred to toluene for 24 h of clearing.
Samples were infiltrated in paraffin for three days in a 60 °C oven and then embedded in paraffin
blocks. The blocks were trimmed by hand and then sliced at seven um thickness on an AO
Spencer 820 rotary microtome. Sections were allowed to expand in a warm water bath, then
mounted on slides and left to dry and adhere overnight. Slides were stained with a modified
version of Masson’s Trichrome (Presnell & Schreibman, 1997) that used hematoxylin to stain
nuclear material, Ponceau du xylidine to stain cytoplasmic materials, and fast green to stain
connective tissues. Coverslips were mounted using Permount® mounting medium. Two slides

from each specimen, cut 150 um apart, were examined.
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2.3. Histological Analysis

Histological sections of both tissue types (gonad and mantle) from each female were
photographed with a FLIR flea 3 camera attached to an Olympus BX50 compound microscope at
100x magnification. A stage micrometer was photographed at the same magnification as the
slides and used for size calibration. Oocytes were measured using the program Fiji (Schindelin et
al., 2012). Feret diameters were measured for 100 haphazardly selected oocytes from each
female. Only those oocytes with clear nucleoli were measured to avoid measuring portions of the
same oocyte from different sections and to standardize, as much as possible, the cross-sectional
diameter of the oocyte (Grant & Tyler, 1983). Each individual (both male and female) was also
assigned a subjective gametogenic maturity stage based on those described for Gigantidas
childressi from the Brine Pool (Tyler et al., 2007):

Stage 1: Onset. Proliferation of oogonia or spermatogonia begins around the edge of the

acinus (Figure 2.2).
Stage 2: Growth. Previtellogenic oocytes start to undergo vitellogenesis, or spermatids
start appearing in the lumen (Figure 2.2).
Stage 3: Proliferation. Proliferation of vitellogenic oocytes on the periphery of the acinus
or spermatids in the lumen (Figure 2.2).
Stage 4: Loading. Vitellogenic oocytes or spermatozoa start to fill the lumen (Figure 2.2).
Stage 5: Ripe. Lumen is packed with free oocytes or dense whorls of spermatozoa, and
the individual is ready to spawn (Figure 2.2).
Stage 6: Post-spawning. Deflated acinus is surrounded by many somatic cells and

contains a low number of un-spawned oocytes or peripheral spermatogonia

(Figure 2.2).
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Figure 2.2. Histological
photos showing the
stages of gametogenesis
in females and males of
Bathymodiolus brooksi.
Labels are: Acinus (ac),
oogonia (0g),
spermatogonia (sg),
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2.4. Data Analysis

A map of the study sites was created in QGIS version 3.34.3-Prizren (QGIS.org, 2024)
using a Google Satellite base map. All statistical analyses and graphs were made in RStudio
version 4.3.2 (R Core Team, 2023). All data were first tested for normality using the Shapirzo-
Wilk test and homogeneity of variances using Levene’s test. Mussel shell sizes from all of the
collection dates were pooled for each site. Two-sample Kolmogorov-Smirnov tests were then
used to compare the sizes of males and females to test for sexual dimorphism. Oocyte sizes were
used to generate oocyte-size-frequency distributions for each female mussel and averaged for
each collection. For each site, a Kruskal-Wallis test was used to examine population-level
differences among seasons and individual-level differences within each season. All were
followed with a Dunn’s posthoc test with Holm-adjusted p-values. In both cases, an effect size
(M*[H]) was calculated to compare the strength of seasonality between sites and the synchronicity
of individuals within sites. Oocyte distributions from visceral mass and mantle tissues were
compared within three sites with sufficient data (Brine Pool, Baltimore Canyon, and
Chincoteague), using either a t-test or Wilcoxon rank-sum test, depending on normality and
variance. Maturity stages for each sex were also compared among seasons within each site using

chi-square contingency table analyses and stacked bar plots.



3. RESULTS

3.1. Sexual dimorphism

Males of Gigantidas childressi were significantly smaller than females for all sites except
Brine Pool. Males were also significantly smaller than females for B. heckerae at both sites.
Bathymodiolus brooksi showed no evidence of sexual dimorphism, though the largest individuals

collected were more often male than female. (Figure 2.3, Table 2.2)

Table 2.2. Shell length comparison of males and females within each site. Means + standard
deviation. KS Test = two-sample Kolmogorov-Smirnov tests. Significant p-values are bolded.

Mean Length (mm) KS Test

Site Species Female Male D p-value
Brine Pool G. childressi 101 £12 96 +15 0.193 0.096
Mississippi Canyon  G. childressi 101 £17 89+ 17 0.307 0.014

B. brooksi 117 £51 164 + 50 0.479 0.063
Florida Escarpment  B. heckerae 152 +33 121 +31 0.465 <0.001
Baltimore Canyon G. childressi 887 79+ 10 0.423 <0.001
Chincoteague G. childressi 105 +20 95+ 18 0.316 0.001

Blake Ridge B. heckerae 204+ 72 150+ 53 0.537 <0.001
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Figure 2.3. Shell length distributions of all individuals collected from each site. BP = Brine
Pool; MC = Mississippi Canyon; FE = Florida Escarpment; BC = Baltimore Canyon; C =
Chincoteague; BR = Blake Ridge.
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3.2. Gametogenesis

All species examined were gonochoric, with a small number of intersexual individuals.
Mississippi Canyon had the most, with 1.9% prevalence in G. childressi and 9.7% in B. brooksi.
A single intersex individual of B. heckerae was found at Florida Escarpment (0.6%). The
expression of intersexuality varied among observed individuals (Figure S2.1).

Based on histological sections, there were no obvious differences in the process of
gametogenesis among the two genera and three species. Gonad material first appeared in the
visceral mass and spread into the mantle. Gametogenesis often varied significantly among tissue
types in B. childressi (Table S2.2). Acini, in which gametes were produced, started out fairly
dispersed and became quite dense by the completion of gametogenesis. Oogonia and
spermatogonia were found along the acinus walls, where they first divided into previtellogenic
oocytes and spermatocytes. Spermatogenesis then proceeded with the proliferation of spermatids
and spermatozoa that rapidly filled the lumen of the acinus, forming whorls (Figure 2.2).
Oogenesis continued through vitellogenesis, where previtellogenic oocytes, still attached to the
acinus wall, were packed with yolk material and increased in size. Oocytes undergoing
vitellogenesis remained connected to the periphery by a stalk that thinned until releasing the
primary oocytes into the lumen of the acinus (Figure 2.2). The spent stage of both sexes was
characterized by thinning tissue and shrinking acini, often with leftover gametes in the lumen of
some acini. In every species, some individuals were seen with both full (ready to spawn) and
empty (already spawned) acini (Figure S2.2).

3.3. Maturity Stages

All species showed seasonal differences, indicating periodic gametogenesis, in the

relative abundances of maturity stages of both sexes (Figure 2.4; Table S2.1). Gigantidas
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childressi at the Brine Pool showed the highest gametogenic maturity in the fall. Males at the
deeper Mississippi Canyon site followed a similar pattern, but the difference among females at
Mississippi Canyon was not statistically significant over time (Table S2.1). The Atlantic
populations of G. childressi were more mature in summer (Figure 2.4). Males of B. brooksi
appeared to follow the same pattern as G. childressi, with advanced maturity in the fall (Figure
2.4). There was no statistical significance among the maturity stages of female B. brooksi over
time (Table S2.1). Both the Gulf of Mexico and Atlantic populations of B. heckerae had the
highest maturity in spring (Figure 2.4).

3.4. Oocyte Sizes

All species displayed a similar range of oocyte diameters (~10 — 80 pm) and evidence of
seasonal reproduction on the level of the population, with shifting, unimodal distributions
(Figures 2.5 and 2.6). Oocyte sizes varied among seasons for all species, though the effect of
season varied among sites (Table 2.3). The largest average oocyte sizes for G. childressi were
seen in the fall for populations living in the Gulf of Mexico (Figure 2.5) and in the summer for
populations in the Atlantic (Figure 2.6). Within each basin, the effect of seasonality on G.
childressi oocyte sizes was strongest at the shallowest sites (Table 2.3). For Bathymodiolus
brooksi and B. heckerae, all populations had the largest oocyte sizes in the fall (Figures 2.5 and
2.6). The populations of these species showed smaller effects of seasonality than G. childressi,
except B. heckerae from Blake Ridge (2160 m) in the Atlantic.

The relatively narrow error in the population average oocyte size-frequency distributions
indicates a synchronous population, which was confirmed by the individual oocyte size-
frequency distributions (Figures S2.3—S2.8). There were significant differences among

individuals in each collection, but the magnitude varied among seasons (Table S2.3). All of the

35



populations with the largest oocytes in fall (Brine Pool, Mississippi Canyon, Florida Escarpment,
and Blake Ridge) had the least synchronicity among individuals in the spring (Table S2.3), when
some individuals had residual ripe oocytes while undergoing early gametogenesis, and others
were in a mid-development stage (e.g. Figure S2.7). Individuals at Baltimore Canyon showed the
least synchronicity in summer, while the individuals at Chincoteague remained fairly
synchronous in all seasons sampled.

3.5. Gametogenic Phenology

The combined data indicated different spawning seasons for each species, and within
Gigantidas childressi from different regions. The Atlantic populations of G. childressi had the
largest average oocyte sizes and highest maturity stages, indicative of the spawning season in the
summer. The populations in the Gulf of Mexico showed a projected spawning season in the fall,
with a lag in gametogenic development with depth. In every season sampled, the population
average maturity stage values and oocyte sizes were smaller for G. childressi from Mississippi
Canyon (1070 m) than those from Brine Pool (650 m). Similarly, the population of
Bathymodiolus brooksi from Mississippi Canyon lagged in development compared to G.
childressi from the same site.

Despite the regional differences, both populations of B. heckerae showed evidence of an
extended spawning period with the largest average oocyte sizes in fall and the highest maturity
stages in spring. There was a relatively low effect of seasonality on the oocyte sizes of mussels
from Florida Escarpment (3300 m, Gulf of Mexico) and no significant differences in the average
maturity stages of females among the three seasons. The slightly shallower population at Blake
Ridge (2160 m, US Western Atlantic Margin) showed a stronger effect of seasonality and more

synchronicity among individuals than those from Florida Escarpment.
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Figure 2.4. Stacked bar graphs showing the distribution of maturity stages for females (F) and
males (M) in each season at each site. BP = Brine Pool; MC = Mississippi Canyon; FE = Florida
Escarpment; BC = Baltimore Canyon; C = Chincoteague; BR = Blake Ridge.
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Table 2.3. Comparison of oocyte sizes among collections at each site by season. Medians are present with the interquartile range in
parentheses, and means are + standard deviation. KW Test = Kruskal-Wallis test; all p-values < 0.0001, including results of Dunn’s
post-hoc tests. Effect sizes (n2[H]) are an indication of the strength of seasonality at each site. Largest values for each site are bolded.

Median (IQR) Oocyte Diameter (um) KW Test Mean = SD OQocyte Diameter (um)

Site Species Spring Summer Fall H n2[H] Spring Summer Fall

BP G childressi 19.24 (9.99) 37.45 (15.51) 44.22 (17.84) 3964.2 0.49 21.01 + 8.66 38.74 £ 10.66 42.47 £11.77
MC G childressi 17.88(10.36)  29.06 (10.66)  38.2 (17.77) 661.8 0.18 19.09 + 6.82 30.17 £ 8.77 38.92 +11.69
MC  B. brooksi 16.89 (13.56)  20.51 (10.77)  27.5(10.73) 165.1 0.14 18.56 + 8.73 25.10+12.27 28.82 +7.01
FE  B. heckerae 23.42 (22.14)  27.54(11.94) 38.64 (16.56) 918.1 0.14 27.26 + 14.31 29.22 +9.64 39.20 +11.09
BC G childressi 27.94 (18.60)  40.04 (19.73)  24.81 (9.25) 1499.4 0.21 2934+ 11.94 39.76 £ 12.22 25.67+6.84
C G. childressi ~ 27.51 (15.87)  40.42 (18.22) 29.26 (11.64) 1077.3 0.18 29.75+11.35 41.28 +11.89 30.73 £8.92
BR  B. heckerae 20.14 (13.12)  24.45(17.24) 35.00 (18.25) 847.8 0.24 22.55+10.19 27.52+11.80 35.95 +11.97
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4. DISCUSSION

In this study, we demonstrated that Gigantidas childressi, Bathymodiolus brooksi, and B.
heckarae are all gonochoric with synchronous reproduction and sexual dimorphism. While the
reproduction of G. childressi has been previously characterized, here we show that the process of
gametogenesis is similar across the common bathymodiolins of the Gulf of Mexico. However,
the degree of seasonality and the timing of the reproductive season vary across a bathymetric
gradient and between populations in the Gulf of Mexico and Western Atlantic.

Sexual dimorphism with smaller males than females is a common pattern in species with
protandric hermaphroditism, but all three species in this study are functionally gonochoric. Low
levels of intersex individuals are fairly common in molluscs and other taxa and may be caused by
environmental stress (Grilo & Rosa, 2017). Females reaching larger body sizes than males may
be adaptive, given that fecundity tends to scale with body size. The well-studied intertidal
mytilid Mytilus edulis, is also known to have sexual size dimorphism, with females growing
faster per unit time and attaining a larger maximum body size (Mills & Co6té, 2003). The lack of
sexual size differences at the Brine Pool may be an artifact of sampling. The mussel bed at the
Brine Pool has a known size distribution with smaller individuals closer to the brine and larger
individuals at the edge of the bed (Arellano & Young, 2010; Macdonald et al., 1990; Smith et al.,
2000). We consistently sampled from the middle of the bed (due to logistical constraints) and
thus collected a narrow range of body sizes. The lack of sexual size dimorphism seen in B.
brooksi at Mississippi Canyon may be an artifact of the small sample sizes.

The process of gametogenesis in all three species followed the published description for
G. childressi (Tyler et al., 2007). These previous results were from the relatively shallow Brine

Pool site, and we found that reproductive patterns for G. childressi hold true across its
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bathymetric range. Our results also support previous limited evidence that the deeper living
species B. brooksi and B. heckerae follow the same patterns as G. childressi (Plowman, 2017).
The present study demonstrates that these species follow the predominant pattern of seasonal
periodicity observed for most species in the Bathymodiolus group (Laming et al., 2018). The
histological examination also provides some evidence for the possibility that individuals of these
species can spawn multiple times during a reproductive season. Iterative spawning has also been
observed in Mytilus edulis (Myint & Tyler, 1982) and has been suggested for G. childressi due to
the roughly four-month spawning period at the Brine Pool seep (Tyler et al., 2007). However,
Bathymodiolus azoicus from hydrothermal vents on the Mid-Atlantic Ridge has a single
spawning event in January (Comtet et al., 1999; Comtet & Desbruyeres, 1998; Dixon et al.,
2006). Here, all species showed periods where ovarian acini were both densely and sparsely
filled with ripe oocytes during the proposed spawning seasons. A fully spent stage, with only a
few remaining oocytes, has been seen in G. childressi in previous studies (Plowman, 2017; Tyler
et al., 2007). Together, these observations suggest an iterative spawning pattern where a single
female may spawn a portion of her total oocytes multiple times throughout the spawning season
instead of releasing them all in the same spawning event.

The similarity in synchronous reproduction we observed across two genera and three
species, as well as intertidal mytilids, suggests that reproductive periodicity may be
phylogenetically constrained for the bathymodiolins (reviewed in Eckelbarger & Watling, 1995).
For G. childressi populations, we observed a larger shift in phenology between the Gulf of
Mexico and Western Atlantic than within, suggesting that a cue operating on large regional
scales controls reproduction, with some effects of depth. The differences in estimated spawning

seasons between the shallow seep sites in the two regions could thus be due to differences in the
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seasonal cycles of surface productivity, while the slight differences between depths could be due
to the increased sinking time for phytodetritus (Gooday & Turley, 1990). Bathymodiolus
heckerae, the deepest species in this study, showed less pronounced seasonality than shallower
B. brooksi and G. childressi. If seasonality in reproduction is indeed driven by phytodetrial input,
there may be a weaker signal at depth due to less abundant and lower quality phytodetrital input.

These trends lend support to the idea that the gametogenic phenology is ultimately driven
by phytodetrital input, which has been previously suggested for multiple bathymodiolin species
(Dixon et al., 2006; Tyler et al., 2007) and is known to be the case for shallow water mussels like
Mytilus edulis (Myint & Tyler, 1982), as well as other deep-sea animals (Young, 1994). Similar
phenologic shifts in gametogenic timing have been seen among populations of M. edulis living in
areas with different surface productivity patterns (Lowe et al., 1982; Newell et al., 1982). The
observed phenotypic plasticity was later attributed to changes in cellular composition and
nutrient storage (Lowe et al., 1994). Mytilid mussels use a variety of somatic cells to store
nutrients, including adipogranular cells, which have been seen in high abundance in the inter-
acinal tissue of Gigantidas childressi (Eckelbarger & Young, 1999). These storage cells allow
mussels to store nutrients throughout the year and then use them quickly when conditions are
favorable for gametogenesis (Eckelbarger & Hodgson, 2021; Lowe et al., 1994; Mathieu &
Lubet, 1993). Some bivalves can also take advantage of increased food by transferring nutrients
straight from the digestive system to developing gametes (Beninger et al., 2003).

For species that can grow and survive using chemosynthesis, it may seem counter-
intuitive for the reproductive patterns to be set by surface productivity. However, the adults may
require more nitrogen, or different essential amino or fatty acids, than what is available from

methanotrophy alone to complete gametogenesis (Lee & Childress, 1996; Page et al., 1991; Pile
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& Young, 1999). Alternatively, synchronizing reproduction to surface productivity could be
adaptive to ensure there is enough food for planktotrophic larvae to develop, following the
classical paradigm of Crisp’s Rule (Qasim, 1956). Other potential cues for seasonality in the
deep sea include temperature (Giese & Pearse, 1974; Orton, 1920), though seasonal changes in
temperature at the depths in this study are smaller than those seen in shallow waters. There are
also lunar changes in tides and currents in the deep sea that may impact animal behavior
(Cuvelier et al., 2010; Girard et al., 2022), and more recent work has shown seasonal variations
in deep-sea soundscapes (Lin & Kawagucci, 2024). Even if food is the driving factor, mussels
may be responding to other changes in the environment that might forecast an increase in food
availability the way light often does for shallow-water species.

Phenological studies such as this one are necessary to investigate the environmental
factors driving biological patterns properly. Phenotypic data for deep-sea species, especially
those from chemosynthetic systems, is generally lacking (Girard et al., 2022). While this study
cannot elucidate definitively which cues are driving seasonal reproduction in cold-seep mussels,
the estimated phenological patterns can now be tested against specific environmental factors,
such as phytodetrital flux. Differences in phenology among species, sites, and depths observed
here also have implications for understanding larval dispersal and site connectivity, as dispersal
models on western Atlantic cold seeps typically only simulate a fall spawning (McVeigh et al.,
2017; Young et al., 2012; Zhang et al., 2021). Understanding the environmental drivers of deep-
sea reproduction will inform predicted impacts of environmental change and may become useful

for effective conservation in the deep ocean.
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BRIDGE

Chapter II showed different gametogenic phenologies between populations of seep mussels in
the Gulf of Mexico and northwestern Atlantic, with a small effect of depth. Those results lend
even more support to the idea that surface productivity plays a role in the reproduction of
bathymodiolin mussels. Chapter III explores this connection further by looking for correlations
between the observed phonologies and the patterns in productivity in the surface areas over the
studied seep sites. The role of phytodetritus as a trophic subsidy to aid reproduction is also

investigated using stable isotopes.
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CHAPTER III

PHYTODETRITUS AS A REPRODUCTIVE CUE FOR

CHEMOSYNTHETIC MUSSELS AT METHANE SEEPS

This chapter contains previously unpublished material with co-authors Laura McGee and
Craig Young. I conducted all of the mussel sampling, processing, and analysis. Laura obtained the
satellite-derived productivity data and condensed it to monthly averages. Craig acquired funding
for the project and connected me with Laura. I wrote the manuscript with editorial support from
both Craig and Laura.

1. INTRODUCTION

Cold seeps are areas of natural hydrocarbon seepage found along continental margins
worldwide (Kiel & Tyler, 2010). Many seeps host dense, endemic communities (Gage & Tyler,
1991) supported by chemosynthetic bacteria that flourish year-round by oxidizing methane
(methanotrophy) or hydrogen sulfide (thiotrophy) (MacAvoy et al., 2002). Due to the constant
nutrition source, many animals that rely on symbiotic chemosynthetic bacteria display
continuous reproduction. However, animals on the slope with planktotrophic larvae are notable
exceptions (reviewed by Young, 2003). Bathymodiolin mussels, foundation species at many
vents and seeps, display periodic reproduction over a wide depth range (reviewed by Laming et
al., 2018).

The first cold-seep community was found on the Florida Escarpment (Paull et al., 1984),
and the Gulf of Mexico seeps are the best-studied (Cordes et al., 2010; Levin et al., 2016). There

are also hundreds of methane seeps off the U.S. Atlantic Margin (Skarke et al., 2014), and many

46



of them host dense communities of bathymodiolin mussels and associated fauna (Bourque et al.,
2016; Mcveigh et al., 2018; Quattrini et al., 2015). The most common bathymodiolin mussels
(subfamily Bathymodiolinae) in both regions are Gigantidas childressi and Bathymodiolus
heckerae. A third species, B. brooksi, is also found in the Gulf of Mexico. All three species have
seasonal reproduction, though seasonality appears less pronounced in the deepest species, B.
heckerae (Chapter II). Reproductive periodicity in these mussels is thought to be driven by
surface productivity and the resulting phytodetrital flux to the seafloor (Plowman, 2017; Tyler et
al., 2007). The hydrothermal vent mussel, B. azoricus, has a seasonal cycle, where the onset of
gametogenesis follows a period of apparently increased feeding that corresponds to the surface
chlorophyll-a maximum (Dixon et al., 2006). That pattern would suggest that adult mussels rely
on seasonal phytodetrital input to obtain energy for reproduction.

The shallowest seeps in the Gulf of Mexico (GoM) and along the Western Atlantic
Margin (WAM) are dominated by Gigantidas childressi. Most populations of this species rely on
a single species of methanotrophic symbiont (Duperron et al., 2007, 2013; Kellermann et al.,
2012), though individuals in some populations may also host a thiotrophic symbiont (Assi¢ et al.,
2016; Coykendall et al., 2019). Bathymodiolus brooksi can co-occur with either G. childressi or
B. heckerae. Thiotrophic symbionts are found in both B. brooksi and B. heckerae, though the
former only hosts one phylotype while the latter hosts two, as well as a fourth methylotrophic
symbiont capable of oxidizing many C1 compounds but not methane (Duperron et al., 2007,
2009). All three species have retained the capacity to filter feed, though filter feeding has only
been experimentally demonstrated in G. childressi (Page, 1990; Pile & Young, 1999).

Isotopic studies have also shown evidence of mixotrophy for populations of G. childressi

from the Gulf of Mexico (Riekenberg et al., 2016) and the Atlantic Margin (Demopoulos et al.,
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2019). Carbon isotopic ratios (8'*C) vary with carbon source and can thus be used to identify
sources of primary production and their relative contributions to a food web (Hiigler & Sievert,
2011). Photosynthetic material from surface waters generally ranges in 8'*C from -24 to -22 %,
while chemosynthetic material ranges from -75 to -28 %o (Brooks et al., 1987; Paull et al., 1985).
The carbon isotope ratios for methane depend on how the organic material was initially degraded
into methane, ranging from -80 to -60 %o for biogenic methane and -55 to -30 %o for thermogenic
methane (Roberts & Aharon, 1994). Nitrogen isotopic ratios (8'°N) can be used to infer trophic
positions (Minagawa & Wada, 1984) and identify inorganic nitrogen sources like ammonium (<0
%0) and nitrate (5-7 %o) (Lee & Childress, 1995, 1996; Riekenberg et al., 2016). Surface-derived
nutrients have nitrogen ratios >6 %o (Saino & Hattori, 1987). Previous isotopic studies of G.
childressi showed spatial differences that can be attributed to different methane sources (Becker
et al., 2010, 2013; Cordes et al., 2005; Demopoulos et al., 2019). Riekenberg et al. (2016) also
found temporal variation in the isotopic ratios of G. childressi populations in the Gulf of Mexico.
They suggested using isotopes to look for the assimilation of detrital nutrients during surface
blooms or gametogenesis. Such a seasonal increase in nutrition from phytodetrius has been
demonstrated in the reproductive tissues of abyssal echinoids with seasonal reproduction using
stable isotopes (Stevenson & Mitchell, 2016). Continuously reproducing echinoids in the same
study did not have seasonal changes in stable isotope ratios.

The present study examines the role of phytodetrital nutrient input in the reproduction of
the three common seep mussels in the Gulf of Mexico and the U.S. Western Atlantic Margin. We
tested two hypotheses about the bathymodiolin mussels in these two regions: 1) they rely on
phytodetritus as a supplementary nutrition source for reproduction, and 2) that surface primary

production acts as a reproductive cue. To examine nutrition sources for gametogenesis, we
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quantified the carbon and nitrogen isotopic ratios in gill, foot, and gonad tissues during spring,
summer, and fall. Chemosynthetic symbionts reside in bathymodiolin gills, so this tissue was
used as a control. Isotopic ratios in gonad tissue represent nutrient uptake and energy supporting
reproduction, while those in the foot represent general somatic growth. We also examined
surface chlorophyll-a and particulate organic carbon measurements in both regions to look for
seasonal and interannual patterns that might correspond to seasonal changes in the isotopic ratios
of the mussels. If the mussels rely on phytodetritus as supplemental nutrition, we expect to see an
enrichment of 3'3C and 8!°N, especially in the gonad, following a surface phytoplankton bloom.
If surface productivity and the resulting phytodetrital flux act as a reproductive cue, a peak or
change in phytodetrital flux may trigger the onset of gametogenesis or spawning. Spawning
when productivity is high ensures that planktotrophic larvae have access to abundant food,
following the classic paradigm of Crisp’s Rule (Qasim, 1956). By relating reproductive patterns
to oceanographic factors, this study investigates the role that surface productivity plays in the

reproductive patterns of deep-sea mussels.

2. METHODS

2.1. Mussel Collection

Adult mussels were collected from three methane seep sites in the Gulf of Mexico (GoM)
and three in the Western Atlantic Margin (WAM) (Figure 3.1). While the specific depths varied,
each region had a shallow and mid-depth site with Gigantidas childressi and a deep site with
Bathymodiolus heckerae (Table 3.1A). Collections were made in the spring of 2020 using HOV
Alvin (deployed from R/V Atlantis II on expedition AT24-42), in the summer of 2021 with ROV
Jason (deployed from R/V Thomas G. Thompson on expedition TN391), and in the fall of 2022

with Alvin (expedition AT50-04).
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Mussels were collected into insulated “bioboxes” and transferred into chilled, filtered
seawater upon recovery to the ship. They were then stored in a cold room (7 °C for shallow sites
and 4 °C for mid- and deep-water sites). To investigate the sources of nutrition used for
gametogenesis, samples of gill, gonad (from the visceral mass), and foot tissues were collected
from 10 mussels at each site during each sampling expedition. These samples were flash-frozen

to -80 °C.

Species
@ G.childressi Q G. childressi &B. brooksi @ B. heckerae

Figure 3.1. Map of methane seep sites sampled in this study, color-coded by species of
bathymodiolin mussel present. Grey boxes denote the areas in the Gulf of Mexico (dashed) and
Western Atlantic (dotted) in which chlorophyll-a and particulate organic matter of the ocean
surface were evaluated. Map made in QGIS version 3.34.3-Prizren using the ESRI Ocean base
map.

50



2.2. Stable Isotope Analysis

Tissue samples were dried for 48 h using a Labconco FreeZone lyophilizer, ground into a
homogeneous powder, packaged into tin capsules, and sent to the Core Stable Isotope Laboratory
at Washington State University for carbon and nitrogen isotopic measurements. Continuous
flow—elemental analysis—isotopic ratio mass spectrometry with an ECS 4010 elemental analyzer
(Costech Analytical, Valencia, CA) and a Delta PlusXP isotope ratio mass spectrometer
(Thermofinnigan, Bremen) was used to measure the isotopic ratios. Data were calibrated to NIST
(National Institute of Standards and Technology) reference materials interspersed with sample
materials during analysis. These ratios were reported in %o, using the standard & notation
(Coplen, 2011), relative to the standards Vienna Pee Dee Belemnite for carbon (8!°C) and
Atmospheric Air for nitrogen (8'°N).

Isotope values for each site were checked for normality using Shapiro-Wilks tests and
variance with Levene’s tests. Depending on those results, either a 2-way ANOVA or a
nonparametric Sheirer-Ray-Hare test was used to look for effects of tissue type and season.
Omnibus tests were followed by a Tukey HSD or Dunn’s posthoc test to examine how isotopic
ratios compared among tissue types within and across seasons. Isotopic analyses and figures
were all made in RStudio version 4.3.2 (R Core Team, 2023).

2.3. Surface Productivity

Data for chlorophyll-a (CHL, mg m™) and particulate organic carbon (POC, mg m™) in
surface waters were retrieved from the Moderate Resolution Imaging Spectroradiometer
(MODIS) Aqua Level-3 Standard Mapped Image, monthly composite, 4 km products (NASA
Ocean Biology Processing Group, 2018b, 2018a). The data were gathered from 1 Jan 2003 to 31

Dec 2021 for the Gulf of Mexico and Western Atlantic Margin overlying the studied seep sites
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(Figure 3.1; Table 3.1B). CHL is a proxy for phytoplankton abundance and production, while
POC measures biologically available carbon and accounts for zooplankton fecal pellets (Stukel et
al., 2022; Turner, 2015).

Surface productivity data were visualized using Python’s matplotlib package. Data was
averaged spatially over each region (Table 3.1B). Since POC is more biologically relevant for
deep-sea organisms, monthly averages were plotted for all 18 years to examine seasonal and
inter-annual variation. Monthly averages from 2003, 2014/15, and 2020 were also compared to
the estimated spawning seasons for the shallow-seep mussel populations in each region (Chapter
IT). These years were chosen to correspond with data from previous studies. Sample for the first
gametogenic study of G. childressi was collected in 2003 (Tyler et al., 2007); preliminary
gametogenic studies for all three species investigated here were conducted in the Gulf of Mexico
in 2014, and the Western Atlantic Margin in 2015 (Plowman, 2017), and the first samples for

this study were obtained in 2020.
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Table 3.1. Collection information. A) Site information and sample sizes for adult mussel collections. B) Coordinates for which
surface productivity metrics were generated and averaged. GoM = Gulf of Mexico, WAM = Western Atlantic Margin. S = shallow
sites, M = mid-depth sites, D = deep sites. G.c = Gigantidas childressi, B.b = Bathymodiolus brooksi, B.h = B. heckerae.

A Spring 2020  Summer 2021  Fall 2022
. . Depth Latitude Longitud . Total
Site Region (m) °N) e °W) Species Date N Date N Date N N
Brine Pool GoM 650 - S 27.72365 91.27955 G.c 25-Feb 13-Jun 10 16-Oct 10 26
GoM 1070 -M  28.12204 89.13693 G.c 1-Mar 16-Jun 10 14-Oct 14 29

Mississingi €
1ss155ipp1 L-anyon Bb  1-Mar 16-Jun 9 140ct 0 15

Florida Escarpment GoM 3300-D  26.02884 8491049  B.h 3-Mar 10-Jun 10 22-Oct 10 28
Baltimore Canyon =~ WAM 400 - S 38.04777 73.82258  G.c 11-Mar 10 28-May 9 27-Oct 9 28

6
5
6
8

Chincoteague WAM 1020-M  37.54144 74.10192 G.c 11-Mar 9 29-May 10 27-Oct 10 29
Blake Ridge WAM 2160 -D 32.49424 76.19087 B.h 8-Mar 10 4-Jun 10 30-Oct 11 31
B

Latitude (°N) Longitude ("W)
Region Min Max  Min Max
GoM 23.97 30.56 98.56 79.55
WAM 23.97 45.08 83.45 65.78
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3. RESULTS

3.1. Stable Isotopes

Mussels belonging to all three species had isotopic ratios indicative of biogenic
methanotrophy in gill, foot, and gonad tissues, though there were differences among sites (Figure
3.2). Isotope ratios were highly variable across sites; 5'°C ranged from -33 to -84 %o and 5'°N
from -19 to 5 %o (Table 3.2). Mussels from the U. S. Western Atlantic Margin sites consistently
had more enriched nitrogen values than those in the Gulf of Mexico (Figure 3.2A). In both
regions, the shallow and mid-depth sites were more similar to each other than either was to the
deep site. Nitrogen ratios were enriched in all tissues with increased depth in both regions. The
two areas have opposite trends in carbon ratios with depth, where the Gulf of Mexico has more
enriched carbon in the mid-depth site, while the deepest site in the Atlantic is the most enriched.

The effects of seasonality on 8'3C and §'°N also differed among sites, even within
species. Populations at the Brine Pool (650 m, GoM, G. childressi), Chincoteague (1020 m,
WAM, G. childressi), and Blake Ridge (2160 m, WAM, B. heckerae) all showed significant
seasonal changes in both carbon and nitrogen enrichment (Table 3.3; Figure 3.2B-C). Mussels at
Mississippi Canyon (1070 m, GoM) had differing trends for the two co-occurring species, with
some significant seasonal shifts in G. childressi but none in B. brooksi (Figure 3.2B; Table S3.1).
No seasonal shifts in isotopic ratios were seen for mussels at Baltimore Canyon (500 m, WAM,

G. childressi) or Florida Escarpment (3300 m, GoM, B. heckerae) (Tables 3.3 and S3.1).
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Table 3.2. Aggregated means (+ standard error), minimum, and maximum for A) §'°C and B) 8'°N for all tissue types in each
collection. G.c = Gigantidas childressi, B.b = Bathymodiolus brooksi, B.h = B. heckerae. Sites above the dotted line are in the Gulf of

Mexico, while those below are in the Western Atlantic Margin.

A Spring Summer Fall

Site Species Mean Min Max Mean Min Max Mean Min Max
Brine Pool G.c -65.89+0.62 -71.15 -62.26 -61.98+0.34  -65.67 -58.13 -60.47+0.32  -64.02 -56.9
Mississippi Canyon  G.c -5444+042 -57.21 -51.97 -60.39+0.52  -65.33  -54.31 -55.87+0.28 -59.45 -52.71
Mississippi Canyon  B.b -54.02+0.66 -57.59 -47.34 -55.99+0.53 -62.87 -51.71 - - —
Florida Escarpment ~ B.h -73.11+0.54 -77.56  -69.31 -73.77+0.86  -83.92  -65.52 -69.23+0.79  -80.05 -64.74
Baltimore Canyon G.c -64.41+0.30 -6691 -58.96 -63.79+ 042 -67.95 -59.06 -63.82+0.24 -65.77 -61.25
Chincoteague G.c -70.81+0.46  -76.19 -67.83 -69.04 £ 042 -73.29 -64.42 -65.23+042 -67.37 -63.47
Blake Ridge B.h -41.47+0.64 -52.09 -33.92 -49.68 £ 0.50  -56.78 -43.6 -48.70+0.86  -58.12  -33.23
B Spring Summer Fall

Site Species Mean Min Max Mean Min Max Mean Min Max
Brine Pool G.c -17.66 £0.14  -1897 -16.73 -17.24+0.10 -1844  -16.28 -16.82+0.12  -17.98 -15.56
Mississippi Canyon  G.c -16.37+0.20 -17.45 -15 -14.13+0.34  -17.35 -11.85 -16.65+0.11  -18.06 15.5
Mississippi Canyon  B.b -15.77+£0.24 -17.23 -13.86 -14.17+0.38 -18.12 -11.54 - - —
Florida Escarpment ~ B.h -954+034 -12.85 -6.59 -9.35+0.38 -14.25 -5.88 -9.05+033  -12.06 -6.57
Baltimore Canyon G.c -0.84 £0.14 -2.24 0.51 -1.50+0.09 -2.33 -0.15 -0.89+0.10 -2.08 -0.19
Chincoteague G.c 0.78 £ 0.13 -0.4 1.59 0.07+0.19 -1.64 2.46 -0.52+0.10 -1.65 0.37
Blake Ridge B.h 2.60 £0.22 0 4.59 1.49+0.24 -1.15 4.28 1.90£0.17 -0.59 3.72
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Figure 3.2. Carbon and nitrogen isotopic ratios. A) All data from all sites. B) Mean values +
standard deviation for sites in the Gulf of Mexico; BP = Brine Pool, MC = Mississippi Canyon,
FE = Florida Escarpment. For MC, solid shapes represent G. childressi, and open shapes
represent B. brooksi. C) Mean values =+ standard deviation for sites in the Western Atlantic
Margin; BC = Baltimore Canyon, C = Chincoteague, BR = Blake Ridge. Note differences among
axis scales at each site in panels B and C.
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In the populations with no seasonal changes, there were also no significant isotopic
differences among the three tissue types within each season. One exception was that at Baltimore
Canyon in the fall, gonad tissue was enriched in 8'* C compared to foot tissue (Tables 3.3 and
S3.1). For populations with significant seasonal shifts in isotopes, gill tissue was significantly
depleted in 3'°N compared to gonad and foot tissues in almost every season (Table S3.1).

At Brine Pool, carbon and nitrogen isotopes were steadily enriched in all tissue types
throughout the year, though the difference was only significant between spring and fall (Figure
3.3A, Table S3.1). Within each season, ratios for each tissue type did not significantly vary,
except in summer when the foot was more enriched in carbon than the gonad. In all tissue types,
the isotopic ratios between G. childressi and B. brooksi at Mississippi Canyon were similar for
8!°N in all seasons, but 8'*C was more enriched in B. brooksi in the summer (Figure 3.3A). In G.
childressi, gill was significantly enriched in nitrogen and depleted in carbon in summer
compared to fall (Table S3.1). At Chincoteague, nitrogen ratios declined throughout the year
while carbon ratios increased (Figure 3.3B). Those trends were significant in gonad tissue
between spring and fall for both isotopes and in all tissues between spring and fall for carbon
(Table S3.1). In summer, foot tissue was more enriched in 8'°C than gill. At Blake Ridge, gill
tissue was significantly depleted in 8'°N compared to gonad and foot in all seasons (Table S3.1).
None of the tissue types showed significant change in nitrogen ratios over time, but carbon was

significantly enriched in all tissue types in spring compared to summer and fall (Figure 3.4).
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Table 3.3. Results of either 2-way ANOVAs (F) or non-parametric Sheirer-Ray-Hare (H) tests on the effects of season, tissue type
(gill, foot, or gonad), and their interaction on carbon and nitrogen isotopic ratios. Bolded p-values indicate where pairwise post-hoc
tests revealed one or more tissue types that change over time or differences among tissue types in the same season.

Season Tissue Type Interaction
Site Species Isotope Test Stat p-value Test Stat p-value Test Stat  p-value
Brine Pool G. childressi Carbon F=155.13 <0.0001 F=10.567 <0.0001 F=145 0.788
Nitrogen  F=19.411 <0.0001 F=34232 <0.0001 F=0.088 0.986
Mississippi Canyon  G. childressi Carbon H=44.726 <0.0001 H=17.336 <0.001* H=0.806 0.938
Nitrogen  H =29.806 <0.0001 H=19.498 <0.0001 H =3.498 0.478
Mississippi Canyon  B. brooksi Carbon H=3.641 0.056 H=12.035 <0.01* H =0.004 0.998
Nitrogen ~ H=7.050 <0.01%* H=6.192 <0.05% H=1.231 0.541
Florida Escarpment  B. heckerae  Carbon F=11.905 <0.001* F=1.811 0.171 F=0.235 0.918
Nitrogen  F=0.575 0.565 F=1.397 0.254 F=0.312 0.869
Baltimore Canyon  G. childressi Carbon H=2.031 0.362 H=30.967 <0.0001 H=1.046 0.903
Nitrogen ~ H=20.032  <0.0001* H=28.375 <0.05* H=0.720 0.949
Chincoteague G. childressi Carbon H-52.970 <0.0001 H=15.509 <0.001 H=1.712 0.789
Nitrogen  H=17.486 <0.001 H=30.444 <0.0001 H=4.176 0.383
Blake Ridge B. heckerae  Carbon F =47.56 <0.0001 F=10.70  <0.0001* F=0.31 0.871
Nitrogen  F=11.086 <0.0001* F=31.005 <0.0001 F =0.087 0.986

* - Significance was due to non-relevant pairwise comparisons (i.e. spring gonad and fall foot)
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Figure 3.3. Boxplots of nitrogen and carbon isotopic ratios for tissues of G. childressi over three
seasons. A) Values from populations in the Gulf of Mexico. Grey boxes show the values for co-
occurring B. brooksi. B) Populations from the Atlantic. Note the change in y-axis scales between
panels A and B. F = February, J = June, O = October
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Figure 3.4. Boxplots of nitrogen and carbon isotopic ratios for tissues of B. heckerae from three
seasons. F = February, J = June, O = October.

3.2. Relationship to Surface Productivity

The Gulf of Mexico (GoM) had higher surface productivity year-round and more
interannual variability than the U.S. Western Atlantic Margin (WAM), though the latter had
more seasonal variation (Figure 3.5). There were two seasonal peaks in surface production for
the WAM in spring and fall. The spring bloom was larger than the fall bloom, and the lowest
production and available particulate organic carbon (POC) occurred in the summer. For the
GoM, production was relatively constant throughout the year, and POC started increasing in late
summer and peaked in late winter. Further examination of monthly averages across the entire 18-
year time series confirmed that the seasonal patterns were relatively constant over the two

decades examined (Figure 3.6). However, from late 2013 through early 2019, both regions
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experienced a lower magnitude of interannual variation and disruption from the previous
seasonality. Late 2020 had the highest values of the whole time series, and the next highest peak
was in early 2010. Our spring collection occurred during a peak in surface productivity, while
the summer collection was near the annual minimum for both regions. The fall collection was

after the end of the time series data.
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Figure 3.5. Monthly average (+ standard deviation) of chlorophyll-a (top) and particulate
organic carbon (bottom) from 2003-2021 for the Gulf of Mexico (left) and U.S. Western
Atlantic Margin (right).
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Figure 3.6. Monthly average particulate organic carbon values in the Gulf of Mexico and the U.S. Western Atlantic Margin from
2003 to 2021. Vertical lines denote the timing of the first two collections of this study. The last collection occurred in 2022, after the
end of time series data. Note the change in the y-axis scale between panels.
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There were no consistent patterns relating stable isotope ratios of mussel tissues and
surface productivity among sites. For G. childressi at Brine Pool, the most depleted values in
both isotopes occurred closest to the annual surface bloom. At Mississippi Canyon, the highest
nitrogen and lowest carbon values occurred in the season with the lowest surface productivity. In
the Atlantic, nitrogen was the most enriched and carbon the most depleted at Chincoteague
during the largest annual peak in surface productivity. The pattern was flipped in the fall with the
most depleted nitrogen values and most enriched carbon values. In B. heckerae at Blake Ridge,
the most enriched values in both isotopes were seen around the surface spring bloom.

The projected spawning periods for mussels at shallow seeps in both regions aligned with
changing surface productivity. In the Gulf of Mexico, POC values increased during the suspected
fall spawning season (Figure 3.7). In the Atlantic, POC values decreased after the spring bloom
during the estimated summer spawning season before increasing again in the fall (Figure 3.7).
Both regions experienced a peak in surface POC shortly after the spawning period, during early
gametogenesis. Together, the data presented here did not support our hypothesis that these
mussels rely on supplemental nutrition from phytodetritus for reproduction. The temporal
correlation between the gametogenic phenology and surface seasonal productivity cycles
provided some support for our second hypothesis that surface productivity acts as a reproductive

cuc.
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Figure 3.7. Monthly average particulate organic carbon values from three years for the Gulf of
Mexico and U.S. Western Atlantic Margin. Grey bars denote the estimated spawning season of
mussels from the Brine Pool in the Gulf of Mexico and Baltimore Canyon in the Atlantic. The
three years were chosen to represent multiple points along the timeline and correspond to
sampling efforts for reproductive studies of Gigantidas childressi.

64



4. DISCUSSION

This is the first study to look at seasonal changes in isotopic ratios in a deep-sea bivalve,
though a similar analysis has been conducted in shallow-water mussels (Ezgeta-Bali¢ et al.,
2014). Unlike many deep-sea animals, for example, deposit-feeding echinoids on the abyssal
plain (Stevenson & Mitchell, 2016), chemosynthetic mussels have a reliable, stable source of
carbon and do not necessarily need phytodetrital input to supplement the energetically costly
process of reproduction. However, they can feed on particulate organic matter (Pile & Young,
1999) and appear to use phytodetrital sources when available (Demopoulos et al., 2019;
Riekenberg et al., 2016). Surface productivity maintains a robust seasonal signal and could
provide a region-wide cue to synchronize the onset of gametogenesis or spawning. Methods for
maintaining live G. childressi in laboratory settings are improving (Hiebenthal et al., 2024), so
testing this hypothesis experimentally may soon be possible. Other drivers of seasonality in the
deep sea include tidal cycles and currents, though particle flux tends to be the most important
(Tyler, 1988).

4.1. Phytodetritus as supplemental nutrition

The isotopic ratios reported here are within the ranges previously reported for G.
childressi, B. brooksi, and B. heckerae at our study sites (Becker et al., 2010, 2013; Demopoulos
et al., 2019; Paull et al., 1985; Van Dover et al., 2003). Differences in carbon isotope ratios in
mussels among sites were expected due to differences in the methane pools that feed the sites
(Becker et al., 2013; Demopoulos et al., 2019; Riekenberg et al., 2016). Within each region, the
differing nitrogen ratios in mussel tissues are likely caused by different degrees of reliance on
ammonium among sites (Becker et al., 2010; Lee & Childress, 1995, 1996). The higher nitrogen

isotope ratios in mussels from Atlantic sites compared to the Gulf of Mexico sites may indicate a
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higher reliance on phytodetrital nutrients for populations in the Atlantic. Mussels at Baltimore
Canyon are thought to rely on phytodetrital nutrients for about 30% of their diet (Demopoulos et
al., 2019). For populations in the Gulf of Mexico, Duperron et al. (2007) concluded from stable
isotope ratios that the mussels did not obtain significant nitrogen resources from photosynthetic
matter, which is supported by the nitrogen ratios reported here. However, Riekenberg et al.
(2016) found different levels of reliance on phytodetritus between sites in the Gulf of Mexico,
with mussels at Brine Pool estimated to obtain up to 20% of their bulk nutrition from
phytodetrital sources. Spatial differences have also been reported within a seep site (Dattagupta
et al., 2004), though our seasonal samples were taken within a few meters of each other and thus
not expected to be affected by small spatial scales.

At Mississippi Canyon, the two co-occurring species had similar ranges of isotopic ratios,
which had previously been reported for sympatric populations of these species in the northern
Gulf of Mexico (Becker et al., 2010). Among tissue types, gill tissue had the lowest nitrogen
values, consistent with previous results for these species (Demopoulos et al., 2019; Van Dover et
al., 2003) and likely due to the presence of the chemosynthetic symbionts. While it was not
always significant, gonad tissues generally had lower §!3C values than other tissue types.
Depleted carbon values are often associated with a higher contribution of lipids and
carbohydrates (Post et al., 2007; Riou, Duperron, et al., 2010), which are important for the
production of gametes.

The seasonal shifts in isotopes at some sites indicate the mussels can use varied nutrient
sources at different times of the year. In contrast, the lack of seasonality at other sites implies this
is a facultative rather than a fixed strategy. Even when sites showed a significant seasonal shift in

isotopic ratios, the direction of those shifts lacked a consistent pattern among sites, indicating
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that the cause of change may not be the same at each site. Phytodetritus is one possibility, but it
could also be due to changes in fluid seepage leading to varied symbiont use (Trask & Van
Dover, 1999; Riou et al., 2010). Recent work has shown that the §'°N values of individual amino
acids can link to surface productivity more strongly than bulk 8'°N (Vokhshoori et al., 2021).
That type of analysis, conducted seasonally, along with measurements of fluid seepage and local
isotopic ratios, would help pinpoint the exact cause(s) of the observed seasonal changes.

We expected isotopic ratios to change in relation to surface productivity, but that was not
the case. Nor were there consistent trends between seasonal shifts in isotopic ratios and
gametogenic staging or depth. At Brine Pool, the population of G. childressi experienced a slight
yet significant increase in both carbon and nitrogen isotopic ratios during gametogenesis. The
gametogenic phenology for mussels at Mississippi Canyon is less clear but appears to be like that
of the mussels at Brine Pool, although delayed by a few months (Chapter II). However, the
seasonal changes in the isotope ratios for G. childressi at the two sites differed. The lack of
seasonal variability in the isotope ratios for B. brooksi could be because its thiotrophic symbiont
provides the extra nutrients that G. childressi procures through filter feeding. The lack of
seasonal changes in the isotopic ratios of mussels from Baltimore Canyon could be attributed to
a relatively constant uptake of surface-derived nutrients throughout the year, as submarine
canyons are known to accumulate macroalgal detritus (Beaulieu, 2002). The seasonal isotopic
shifts seen at Chincoteague do not support the enrichment of both isotopes throughout
gametogenesis. The population of G. childressi from the nearby Norfolk Canyon (~1600 m) was
recently discovered to house an additional thiotrophic symbiont (Coykendall et al., 2019). If the
population at Chincoteague also has this extra symbiont, variable symbiont reliance could mask

any effects of phytodetritus.
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The population of B. heckerae at Florida Escarpment (3300 m) has the most
asynchronous gametogenesis, with only a weak seasonal signal, which is stronger at Blake Ridge
(2160 m) (Chapter II). Both sites showed a wide range of 3'3C values throughout the study,
likely due to the increased symbiont diversity. If we consider spring to represent the end of the
spawning season at Blake Ridge, then both isotopes were enriched throughout gametogenesis,
like the pattern seen at Brine Pool. The depth of the site should mean a weaker signal of lower-
quality phtodetritus. The mussels at this site are thought to obtain about 60% of their nutrients
from their thiotrophic symbionts and the other 40% from the methanotrophic symbiont (Van
Dover et al., 2003). However, phytodetrital input was assumed to be negligible and thus not
included in their isotope mixing model. It is unclear if the variability seen here is caused by
phytodetrital influence or other factors.

The isotopic turnover time for G. childressi is estimated to be a little over one year
(Dattagupta et al., 2004), though turnover rates vary among tissue types (Deudero et al., 2009).
However, variations in isotopic ratios within a year have been reported for G. childressi from
WAM sites (Demopoulos et al., 2019). Here, the relationship among tissue types within a sample
remained relatively consistent throughout the year, suggesting similar turnover rates for each
tissue type. Turnover time may mean the isotope values measured here do not actually reflect the
sampling time but instead reflect the year prior. However, differences are seen between
Baltimore Canyon and Chincoteague, which have very similar gametogenic timing (Chapter II),
suggesting seasonal changes in nutrition are not solely driven by reproductive needs. While our
seasonal samples are confounded with inter-annual variation, the patterns seen in isotopic ratios
from mussels at different sites still support plasticity in nutrient acquisition within G. childressi

and B. heckerae.
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4.2. Surface productivity as a reproductive cue

While there are differences between the Gulf of Mexico and the U.S. Western Atlantic
Margin, both regions show evidence of a link between mussel reproductive cycles and surface
productivity. Phytodetridal aggregates can sink about 125 m per day (Gooday & Turley, 1990).
At this rate, detritus would reach the shallower sites in this study within a week of leaving the
surface, while the deeper sites would have to wait up to a month. This could explain the apparent
lag in the spawning seasons of Gigantidas childressi at Mississippi Canyon compared to that of
Brine Pool. In the Gulf of Mexico, the main driver of seasonality in surface productivity is
riverine input from the Mississippi Atchafalaya River System (Biggs et al., 2008). Though most
of those nutrients are entrained on the continental shelf (Howe et al., 2020), eddies created by the
Loop Current can entrain that water offshore and disrupt the seasonal particle flux to deep waters
(Biggs et al., 2008; Damien et al., 2021). The increasing surface productivity in winter may be
triggering the onset of gametogenesis as there is no long rest phase between gametogenic cycles
in this species (Chapter II). Conversely, spawning occurs as levels of surface POC start
increasing, so this may be a classic case of Crisp’s Rule (Qasim, 1956), as some larvae would
feed in surface waters while productivity is high (Arellano et al., 2014; Arellano & Young,
2009).

In the U.S. Western Atlantic Margin, the spawning seasons for Baltimore Canyon and
Chincoteague began as surface productivity decreased following a spring peak but before the
larger fall peak in productivity. The Northwestern Atlantic experiences lateral transport of
particulate organic carbon through intermediate nepheloid layers from the continental shelf and
bottom nepheloid layers resulting from the south-flowing Deep Western Boundary Current

(Hwang et al., 2009). The lateral flux peaks in April and October, similar to surface POC, at
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shallower depths and maintains a seasonal signal down to 2900 m, but with only a single peak in
October (Hwang et al., 2009). This lateral POC transport may be responsible for the seasonal
signal seen in the population of Bathymodiolus heckerae at Blake Ridge, which could also
explain why the gametogenic phenology was more similar to that of mussels from Gulf of
Mexico sites, which were also responding to a single peak in particle flux in late fall to early
winter. The population at Florida Escarpment showed the least synchronicity among individuals,
suggesting the cue used to synchronize the population is not very strong. At over 3000 m deep,

this site would receive very little, low quantity phytodetritus compared to shallower sites.

5. CONCLUSIONS

Our results do not support the hypothesis that phytodetritus is a necessary source of
supplemental nutrition for reproduction in any of the studied species; however, we do show that
flux of particulate organic carbon could serve as a reproductive cue to help synchronize
gametogenesis and/or spawning. Given that these mussels have a constant source of nutrition
from their chemosynthetic symbionts, it is not unexpected that they do not require surface
nutrients. If neither the adults nor the larvae require photosynthetic nutrients to live, it may be
that using surface productivity as a cue to synchronize periodic reproduction within a population
is a phylogenetically constrained trait (Eckelbarger & Watling, 1995). Alternatively,
phytodetrital flux may be the most reliable seasonal cue these mussels experience.

These results support the existence of an essential link between surface processes and
deep-sea chemosynthetic communities. As seasonal patterns in shallow waters change with

climatic forcing, bathymodiolin mussel populations could be affected. Bathymodiolin mussels
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continue to serve as a model group for understanding deep-sea dynamics and pelagic-benthic
coupling.
BRIDGE

Chapter III further supports the hypothesis that surface productivity and the resulting flux
of particulate organic carbon influences the reproductive patterns of bathymodiolin mussels and
that some populations obtain nutrition from phytodetrital sources. Chapter IV examines the flow
of reproductive energy from the opposite direction and estimates the magnitude of the nutritional

subsidy to pelagic systems created by the spawning of deep-sea mussel beds.
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CHAPTER IV

FIRST ESTIMATES OF GAMETE SUBSIDIES FROM A DEEP

CHEMOSYNTHETIC ECOSYSTEM TO THE PELAGIC FOOD WEB

This section includes unpublished work co-authored with Craig Young and Shawn
Arellano, who were both principal investigators on the grant that funded the research. I designed
the study with their input and based on Shawn’s previous (unpublished) work. Shawn also assisted
with spawning mussels and collecting eggs. I processed all the samples, analyzed the data, and
wrote this manuscript with editorial support from Craig.

1. INTRODUCTION

Hydrocarbon seeps, hydrothermal vents, and organic falls are all habitats in the deep sea,
where primary production is driven by microbial chemosynthesis (Tunnicliffe et al., 2003).
These habitats host dense macrofaunal communities dominated by endemic invertebrates (e.g.,
tube worms, shrimp, snails, clams, and mussels) supported by chemosynthetic symbionts (Gage
& Tyler, 1991; Kennicutt et al., 1985). Despite only covering a small fraction of the vast abyssal
plain (Ramirez-Llodra et al., 2010), there is growing evidence that these reducing systems impact
their surrounding habitats and play a key role in global biogeochemical cycling (reviewed by
Levin et al., 2016). Their relatively recent discovery (~50 years), coupled with the need for
limited and expensive equipment to observe or sample these habitats, means there is still a lot to
learn about the biology and ecology of these communities (Van Dover, 2014). The deep sea, and
chemosynthetic systems in particular, are facing increasing threats from anthropogenic impacts
(reviewed by Ramirez-Llodra et al., 2011), which underscores the need to advance our

understanding of these communities and their sphere of influence (Levin et al., 2016).
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Mussels belonging to the subfamily Bathymodiolinae are often among the dominant
fauna at vents, seeps, and organic falls around the world (Gustafson et al., 1998; Kenk & Wilson,
1985; Laming et al., 2018). There have been many studies on bacterial symbionts (reviewed in
Duperron, 2010), evolutionary history (Miyazaki et al., 2010), phylogeny (Zhang et al., 2021),
population connectivity (e.g., Portanier et al., 2023), and life cycle ecology (reviewed by Laming
et al., 2018) of many bathymodiolin species from a variety of habitats. One of the most common
species at methane seeps in the Western Atlantic and Gulf of Mexico is Gigantidas childressi
(Gustafson et al., 1998; Portanier et al., 2023). While it is a large mussel, G. childressi has
smaller body sizes than Bathymodiolus brooksi, with which it can co-occur, or B. heckerae,
which has the deepest depth range of the three species (Gustafson et al., 1998). The two
Bathymodiolus species can be found together, but G. childressi does not extend into the depths of
B. heckerae.

Gigantidas childressi, like shallow-water Mytilids, tend to form dense, sometimes patchy
beds at seeps (Cordes et al., 2010; MacDonald, Russell Callender, et al., 1990). Larval G.
childressi acquire methanotrophic symbionts as they transition from a planktonic to a benthic
lifestyle (Franke et al., 2021). Though the bulk of adult mussel nutrition comes from their
symbionts, they retain the ability to filter feed (Pile & Young, 1999), and stable isotope mixing
models show they rely on a mixotrophic diet that also incorporates phytodetritus (Demopoulos et
al., 2019; Riekenberg et al., 2016). Surface productivity also serves as a reproductive cue for the
vent mussel Bathymodiolus azoricus (Dixon et al., 2006) and likely plays a role in determining
the gametogenic phenology of G. childressi (Chapter I1I). Gametogenesis in G. childressi is
similar to shallow-water Mytilids (Tyler et al., 2007; Chapter II). The species is gonochoric and

undergoes broadcast spawning with external fertilization and embryonic development, typical of
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other mytilid mussels (Arellano & Young, 2009). Egg and larval sizes indicate that larvae of G.
childressi are planktotrophic. While no feeding was observed in lab-cultured larvae (Arellano &
Young, 2009), wild-caught larvae have been found in surface waters where planktonic food is
abundant (Arellano et al., 2014). Larvae appear long-lived and capable of long-distance dispersal
(Arellano & Young, 2009; Young et al., 2012).

Despite being well-studied, the reproductive investment for G. childressi is unknown.
There are no reports of fecundity for any large bathymodiolin mussels, though it is considered
high (Laming et al., 2018). Maternal investment includes not only the number of eggs produced
but also the size and energy content of each egg. Fecundity generally increases with increased
body size but decreases with increased egg size. An increase in egg size typically leads to more
energy (Moran et al., 2013). Across taxa, maternal investment is adapted to optimize either
offspring or maternal fitness in response to environmental conditions (Marshall et al., 2008).
Asteroids, for example, exhibit many examples of interspecific changes from producing high
numbers of relatively low-energy eggs and planktotrophic larvae to low numbers of energy-rich
eggs and lecithotrophic larvae (Prowse et al., 2008). Intraspecific plasticity in maternal
provisioning has also been observed in many species, with an increase in egg nutrients generally
leading to improved larval and juvenile fitness (Allen et al., 2008; Marshall et al., 2008)

The high biomass and ubiquitous nature of bathymodiolin mussels, coupled with their
high fecundity, suggest that the energy contained in their spawned eggs may be significant. In
marine invertebrates with planktotrophic larvae, very few of the released eggs survive to
metamorphose into benthic juveniles, as larval mortality in the plankton is high (Morgan, 1995;
Rumrill, 1990; Thorson, 1950; Young & Chia, 1987). Some of the energy from bathymodiolin

eggs must thus be lost to the surrounding benthic and pelagic systems. Marine animal eggs are
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known to have high concentrations of essential fatty acids, and the “egg boons” following
spawning events are a significant pathway for redistributing nutrients in the opposite direction of
most trophic flow (Fuiman et al., 2015). Leven et al. (2016) also suggested that gametes could
represent an essential and currently unquantified energy flux out of chemosynthetic systems.
Here, we sought to answer two questions: i) What is the maternal investment of G.
childressi, and is there intraspecific variation? ii)) How much energy is released in the form of
eggs when beds of this species spawn? We used histology to measure individual fecundity and
bomb calorimetry to measure the energy content of spawned eggs. We then used the observed
area, density, and sex ratio of a mussel bed to scale fecundity and energy to the level of the
whole bed. To examine how bed characteristics (location, depth, size, density) might affect these
values, we sampled three different mussel beds: Brine Pool in the Gulf of Mexico (650 m deep),
Baltimore Canyon (400 m), and Chincoteague (1020 m) along the U.S. Western Atlantic Margin.
Our previous work has shown that populations in the two ocean basins have different
reproductive phenologies (Chapter II), which may be driven by changes in the flux of particulate
organic carbon (Chapter III). We expect these patterns will translate into differences in maternal

investment between populations at Brine Pool and the Atlantic sites.

2. METHODS

2.1. Mussel Beds
Three methane seep sites, with known beds of Gigantidas childressi mussels, were
studied: Baltimore Canyon (400 m), Brine Pool (650 m), and Chincoteague (1020 m). The seep
sites were explored with ROV Jason in May-Jun 2021 and HOV Alvin in Feb-Mar 2020 and Oct
2022 (Figure 4.1, Table 4.1). Images with a visible mussel bed were plotted in ArcGIS Pro 2.8

using the associated coordinate data captured by the vehicles (Frame Grabber and Sea Log). A
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polygon was fitted around the points from all expeditions and measured to obtain the estimated
area (4) of each mussel bed (Figure S4.1). Standard errors (2.25%) for the area estimations were
calculated using the 0.15 m uncertainty reported by ArcGIS.

Mussels were transported to the surface in insulated boxes, then transferred into chilled,
filtered seawater and stored in a 4 °C cold room for <48 h. Counts of mussels collected were
standardized to an area of one square meter to estimate the density of each mussel bed. The body
length (anterior to posterior; L) was measured for all collected mussels. Mean counts per body
size class were calculated for each site by averaging the counts m from the three collections.
Using the proportion of females from Chapter II, the average counts were converted into the

average number of female mussels in each size class per m? (C, Table 4.2).

Chincoteague & ,
@

Figure 4.1. Map of study sites with scaled outlines and areas of the mussel beds at each site (see
Figure S4.1).
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Table 4.1. Site locations with collection dates and sample sizes. Expeditions beginning with AT were aboard the R/V Atlantis Il using
HOV Alvin. TN391 was aboard the R/V Thomas G. Thompson using ROV Jason. Values under “Measured” indicate the number of
mussels from which body size data were obtained, and values in parentheses indicate the number of quadrats (0.25 m?) sampled.
“Fecundity” is the number of individuals histologically analyzed for fecundity estimates. “Eggs” refers to the total number of spawned
eggs combusted for calorimetry, and the number in parentheses lists the total number of combustions performed.

Metadata Collection Numbers
Depth  Latitude  Longitude
Site (m) (°N) (°W) Expedition Date Dive# Measured Fecundity Eggs
Baltimore 400 38.04777  -73.82258 AT24-42 11-Mar-20 AL-5054 306 (2) 0 0
Canyon TN391 28-May-21  J2-1323 335(2) 3 27970 (1)
ATS50-04 27-Oct-22 AL-5119 72 (2) 0 0
Total 713 (6) 3 27970 (1)
Brine Pool 650 27.72365  -91.27955 AT24-42 25-Feb-20 AL-5057 795 (4) 0 0
TN391 13-Jun-21 J2-1334 211 (2) 0 0
ATS50-04 16-Oct-22 AL5112 196 (2) 3 338067 (6)
Total 1202 (8) 3 338067 (6)
Chincoteague 1020 37.54144  -74.10192 AT24-42 11-Mar-20 AL-5065 282(1) 0 0
TN391 29-May-21  J2-1325 143 (1) 3 7148 (2)
ATS50-04 27-Oct-22 AL-5120 71 (1) 0 29000 (4)
Total 496 (3) 3 36148 (6)
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2.2. Fecundity

During the collections at Baltimore Canyon (May 2021), Chincoteague (May 2021,
October 2022), and Brine Pool (October 2022), about 50 randomly selected mussels (> 10 mm
body length) were removed from their shells. A small snip of gonad material from the visceral
mass was examined via squash mount with an Olympus BX50 compound microscope. After a
visual inspection, each individual was assigned a sex and preliminary reproductive stage (no
gametes, developing, ripe). Three female mussels (70 to 130 mm body length) with ripe gonads
were randomly chosen from each site for histological processing to measure fecundity. These
mussels were preserved in 10% neutral buffered formalin for one to three months before being
transferred into 70% ethanol and further dissected for analysis. A sample of gonad material from
the visceral mass and the mantle was taken from each female using a 5 mm biopsy punch. The
visceral mass was dissected, and all gonad material was removed from other tissue types, such as
the digestive tract. The biopsied sample and all of the gonad material from the visceral mass
were weighed on a BSM-120.4 electronic precision balance with a 0.033% uncertainty. Surface
area was used to obtain the subsampled ratio of gonad tissue from the mantle. To do this, the
mussel was laid flat, with the biopsy next to it, and photographed with a ruler. The surface areas
of the biopsied sample and the total extent of gonads in the mantle were measured in the program
Fiji (Schindelin et al., 2012).

Gonad subsamples were dehydrated using an ethanol series of 70%, 80%, 90%, and 95%
for 30 min each, then left overnight (~12 h) in 100% ethanol. Dehydration was ensured by
another 30 min soak in fresh 100% ethanol. Samples were then transferred to Toluene for 24
hours of clearing. Samples were infiltrated in paraffin for three days in a 60 °C oven and then

embedded in paraffin blocks. The blocks were hand-trimmed, and the entirety of the sample was
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serially sectioned at seven um thickness using an AO Spencer 820 rotary microtome. Every four
sections were isolated into a separate ribbon that was allowed to expand in a warm water bath,
then mounted on a slide, and allowed to dry for at least 24 hours. Slides were stained using
Masson’s Trichrome (Presnell & Schreibman, 1997) modified with Mayer’s hematoxylin. Slides
were viewed using an Olympus BX50 compound microscope, and the total number of ripe and
developing oocytes was counted in the first section of every other slide (every 56 pm).

To estimate the total number of oocytes from each block, the average values from two
measured sections were applied to the missing seven sections in between. The values for each
section were then summed to obtain values for the whole sample. The number of ripe oocytes
was considered a metric of instantaneous fecundity, and the total fecundity of each subsample
was calculated by including the number of developing oocytes that were likely to be released
later in the same spawning season. The instantaneous and total fecundities of each subsample
were then scaled based on the proportion of the subsample to total gonad tissue. The
instantaneous fecundity (Frsan:) of each female was calculated by adding the total number of
ripe oocytes from the visceral mass (Ry) and mantle tissues (Ry, Equation 1a). The total
fecundity (F'rowa) Was the sum of ripe (R) and developing oocytes (D) from both tissue types
(Equation 1b). Instant and total fecundities for each individual were standardized to values per
mm of body length (IF, Equation 2) and then averaged for site-level fecundities (IF). The
average fecundity per site values were combined with the average size-frequency counts per m?
(C) and scaled to the average instantaneous and total fecundity per m? for each site (BF, Table
4.2). Bed fecundity calculations excluded the counts for mussels with body lengths below 30 mm

as they are unlikely to be reproductively mature (Plowman, 2017).
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(161) Flnstant = RV + RM

(1b) Frotat = Ry + Ry + Dy + Dy

(2) IF=F/L

2.3. Egg Energetics

Mussels were injected with 1.0 ml of 2 mM serotonin hydrochloride into the anterior
adductor mussels to induce spawning (Arellano & Young, 2009). Approximately 15 mussels
from Baltimore Canyon and Chincoteague were injected in May 2021, and an additional 20 from
Chincoteague and 60 from Brine Pool were injected in Oct 2022. Mussels were scrubbed clean
before injection and left in bins of 0.2 um filtered seawater with two other individuals (three
mussels per bin) after injection. The bins were kept in a 4 °C cold room and checked for
spawning every hour. When observed, eggs were collected and gently passed into a new dish of
filtered seawater through a 210 um sieve to remove mucus. Eggs were then manually pipetted
into an isosmotic solution of 0.2 um filtered ammonium formate (3% w/v). Eggs went through
three washes of ammonium formate to remove salt. All egg processing occurred in a 4 °C cold

room or with the samples on ice.
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Table 4.2. Summary of data and equations used to estimate the total fecundity of each mussel bed. Variables that were directly
measured are bolded. Size classes started at 30 mm as mussels below that body size are unlikely to be reproductively mature

(Plowman, 2017).

Description Variable Equation Error Equation
Size classes (mm) b 30-140; bins = 10
2020 scaled counts x Raw counts / quadrats
2021 scaled counts y Raw counts / quadrats
2022 scaled counts b4 Raw counts / quadrats
Mean counts per size class = _ (x+y+2) x=X)2+ @y —-X)?%+ (z-X)?
(m2) Xy  X)= g Sxw) = - V3
Percent female P (Chapter II) Sp
Mean counts of females per i S#\2  (Sp\?
size class (m? ) €)= X=P Sewy = C(0) j<7) * <F)
_ _ _ oy n (IF, - [F)°
Iy _ 1=1""1 —
Mean fecundity (mm™) lF IF = - S = \[ i=1 Tll / N
. . T Sl_ 2 Sﬁ * b z
Fecundity per size class F(b) F(b) = IF «b = C(b) Sewy = F(b) * (T) + ( 0 )
l
Total bed fecundity (m?) ~ BF BF = z F(b) S = /z Srny?

* Sample sizes are given in Table 4.1. The general equation for the standard error of a mean was used since it resulted in a higher relative error
than that from propagated errors.
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Drops of the final suspension were added to a well plate and photographed under a Zeiss
Stemi 508 dissecting microscope with an attached Axiocam 208 color camera. The number of
eggs in each photo was counted in Fiji by manually adjusting the image thresholds and then
using the Analyze Particles feature. Counts were confirmed by visually comparing the count
masks to the original photos. Egg Feret diameters were also measured in Fiji from 100 spawned
eggs per site (20 eggs each from five different images). For Chincoteague, 200 eggs were
measured, 100 each from the summer 2021 and fall 2022 samples. Feret diameters were used to
calculate egg volumes using the equation for a sphere (1/6nd?).

For the Baltimore Canyon sample from summer 2021, all collected eggs went into a
single 2 ml cryovial. For all other samples, collected eggs were spread into multiple cryovials,
with about five to ten of the photographed wells going into each 2 ml cryovial. Excess
ammonium formate was removed, and cryovials were flash-frozen and stored at -80 °C. Within
one month of freezing, samples were dried for 48 hours using a Labconco FreeZone Lyophilizer.
Once dry, samples were weighed on a BSM-120.4 electronic precision balance with a 0.033%
uncertainty (m). Contents of multiple cryovials were combined and weighed, and benzoic acid
was added as a spike material until the total weight was ~0.15 g. Samples were pressed into
pellets and combusted using a Parr 6725 Semi-micro Oxygen Bomb Calorimeter, and results
were calculated with a Parr 6772 Precision Thermometer using default and factory-
recommended settings (Table S4.1). The sulfur content in eggs spawned by mussels from Brine
Pool was less than 1% (Plowman and Young, unpublished data), so no sulfur correction was
applied.

The results were reported for each combustion as cal/g with a relative error of 0.138 %

(7). The reported values were divided by the total number of eggs combusted (O) to calculate the
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nutrient density (cal/g) of an individual egg (D). Sample nutrient density was then divided by the
mass of the combusted sample (m) to calculate the amount of energy (mJ) in a single egg (£,
Equation 3). Energy units were converted from calories to millijoules using 1 cal = 4186.8 mJ.

Mean energy values per egg were calculated for each site (E, Table 4.3).

(3) E= (%) 41868 = (W%) + 4186.8

2.4. Data Analysis

Average fecundity values per m? for each site (BF) were multiplied by the corresponding
value for energy contained in a single oocyte (E) to estimate the total amount of energy (MJ)
released per m? at each mussel bed (BE). Those values were then multiplied by the area (4) of
each bed to calculate the total number of eggs released by each mussel bed (TE, Equation 4).
Both bed (BE) and total energy (TE) were calculated using instantaneous (IFj,s¢qn¢) and total
fecundity values (IFy,.q;) to act as a minimum and maximum estimate, respectively.
Measurement error was propagated according to standard estimation methods (Taylor &
Thompson, 1982).

(4) TE=A*BE = (BF+E)*A
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Table 4.3. Summary of data and equations used to estimate the total energy released through spawning for each mussel bed. Variables
that were directly measured are bolded.

Description Variable Equation Error Equation
Total eggs combusted 0
Sample mass (g) m Sm = 0.033% *m
Total combustion energy T S, = 0.138% * T
(cal/g)
Nutrient density of sample _ _
(cal/g) D b=T/0 Sp = S¢/0

D So\2  /Sm\?
Energy per egg (mJ) E E = <—) * 4186.8 Sg= | E~* (—) + (—) * 4186.8

m D m

Il = Zn= E 1.1_ E —_ E_' 2
Mean energy per egg (mJ)* E E=2=11 Sz = iz rll i) /\/ﬁ
2

Energy released through _ = _ Sgr\* | (Sg*b
spawning (MJ/m?) BE BE = (BF » E)/1e9 Ser = | BE * <ﬁ) +< E ) /1e
Grand total energy released S \2 52
through spawning of cach  TE TE = (BE * 4)/1000 Sop=| TE (ﬂ) + (f) / 1000
bed (GJ) BE

* Sample sizes are given in Table 4.1. The general equation for the standard error of a mean was used since it resulted in a higher relative error

than that from propagated errors.
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All statistical analyses and data visualization were conducted in RStudio version 4.3.2 (R
Core Team, 2023). The underlying assumptions of normal distributions and homogenous
variances were tested for all data types using the Shapiro-Wilk and Levene’s tests, respectively.
The effects of site and date on mussel body length were examined using a non-parametric
Sheirer-Ray-Hare test, followed by Dunn’s pairwise tests with p-values using the Holm method.
The estimated body size frequency distributions were analyzed using a chi-square contingency
table to compare the counts per size class. The estimated fecundity of each measured individual
was plotted against its body length, with linear regression lines for each site. Standardized
fecundities per mm of body length were compared among sites using an ANOVA followed by
Tukey HSD pairwise tests. Volumes and Feret diameters of spawned eggs were compared
between sites with a Kruskall-Wallis test. Linear regressions on log-log transformed data from
all sites were used to investigate the relationship between egg energy and egg size for G.
childressi. Energetic values were only statistically compared between Brine Pool and
Chincoteague since only one combustion was used to obtain the values for Baltimore Canyon.
Nutrient density (cal/g) and total energy (mJ) of an egg were compared using t-tests. Bed-level
values (mussel density, fecundity/m?, and spawning energy (GJ and MJ/m?) were compared
using 95% confidence intervals (SE*1.96), with significance determined when there was no

overlap in confidence intervals between values.

3. RESULTS

3.1. Mussel Bed Characteristics

The characteristics and estimated areas of mussel beds differed among sites (Table 4.4;
Figures 4.2 and S4.1). Brine Pool had the smallest mussel bed, which formed a ring around the
edge of the brine, while the bed at Chincoteague was almost 22 times larger. The mussel bed at
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Baltimore Canyon occupies about six times more area than the bed at Brine Pool and about one-
third of the bed at Chincoteague (Table 4.4). The density of mussels appeared to increase with
depth, though the differences were not significant based on 95% confidence intervals. All sites
contained about 500 mussels per square meter, with error rates of around 100 mussels (Table
4.4). The density of female mussels in each bed differed from the total density; Chincoteague
had the lowest proportion of female mussels, while Brine Pool had the highest (Table 4.4).

Baltimore Canyon was the closest to an equal ratio of male and female mussels in the bed.

Brine Pool

100 m

Chincoteague

Figure 4.2. Representative photos and scaled area polygons of each mussel bed. Images taken by
HOV Alvin. Polygons are from Figure S4.1.
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Brine Pool had more estimated female mussels per quadrat, though all sites had female
densities within the bounds of the standard error of the other sites (Figure 4.3). However, the size
distribution of the estimated females per quadrat differed among sites (3?22 = 66.46, p < 0.01;
Figure 4.3). The bed at Baltimore Canyon had significantly more female mussels in the 80- and
90-mm size classes (z > 2.54, p < 0.01 for both) and fewer in the 110- (z =-2.42, p < 0.05) and
120-mm (z = -2.16, p < 0.05) size classes. Chincoteague had significantly more large females
(120 mm size class: z = 2.78, p< 0.01; 130-mm size class: z= 2.1, p < 0.05), while the
distribution at Brine Pool was not statistically different from the other sites. The variance in
estimated counts (~20% relative error around the means) was driven by differences in the
original collections. With all measured adults, mussel body sizes varied among sites (H = 15.40,
p <0.001), across collections (H=401.59, p < 0.0001), and within sites across collections (H =
163.69, p < 0.0001). Overall, the mussels from the Brine Pool were significantly smaller than
those at the other two sites, which had similar body sizes (Table 4.4). Mussels from

Chincoteague showed the most variation among collections (Table S4.2).

Table 4.4. Mussel bed characteristics for each site. Values listed are means =+ standard error.

Site Area (m2) Density (#/m2?) % Female* Body length (mm)
Baltimore Canyon 4912 + 110 475 £ 83 53.0+7.6 61.3+1.0
Brine Pool 786 + 18 536 +104 60.9+2.3 51.0+0.9
Chincoteague 16942 + 381 661 + 136 44.0+5.8 61.4+1.8

* Data from Chapter 11

87



100 {1 Baltimore Canyon

N =252+ 46

0 20 40 60 80 100 120 140

100 1 Brine Pool

NT\ 80 -
e
% 60
S5 40
(@)
O
20 -
0 o

0 20 40 60 80 100 120 140

100 1Chingoteague
80 -
60 -

40 N=290+61

20 -

0 T
0 20 40 60 80 100 120 140

Body Size (mm)

Figure 4.3. Estimated average size frequency distributions of mussels per m? at each site. N =
total number of mussels (sum of counts) = the propagated standard error. Only the mussels in
sexually mature size classes were used in bed fecundity estimates.
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3.2. Fecundity

Mussels from Brine Pool had higher fecundity than those from the other two sites, while
those at Baltimore Canyon had the lowest (Figure 4.4). All individual fecundity counts had a
relative uncertainty of 1-2%. The differences in the ratios of developing to ripe oocytes were
significant among all sites (F = 22.27, p < 0.01, Figure 4.4A). Females from Brine Pool had the
highest number of ripe oocytes, or instantaneous fecundity (F =24.39, p <0.01, mean + SE =9.7
+ 0.3 million eggs). In comparison, there was no statistical difference between the two Atlantic
sites (Baltimore Canyon = 1.3 + 0.2 million eggs, Chincoteague = 3.5 + 1.5 million eggs). There
were also significant differences in total fecundity (ripe plus developing oocytes) across the three
sites (F = 10.47, p < 0.05, Figure 4.4B), which ranged from 2.7 + 0.5 million eggs per individual
at Baltimore Canyon to 11.6 + 0.4 million eggs per individual at Brine Pool. All sites showed a
generally positive relationship between fecundity and body size, though linear regressions of
total fecundity against body size were not statistically significant (Table S4.3). Small sample
sizes for each site (n = 3) preclude robust modeling. Still, the regression with the worst fit used
the data from all three sites (n =9, R?> = 0.16 Table S4.3), indicating variation in how fecundity
scales with body size across sites.

The mussels from Brine Pool had significantly higher instantaneous (F = 19.78, p < 0.01)
and total (F = 12.87, p <0.01) fecundity estimates than those from Baltimore Canyon or
Chincoteague, while the latter two sites were similar (Figure 4.5A). The same patterns were seen
in the fecundity estimates per square meter of each mussel bed, though the values were six orders
of magnitude higher (Figure 4.5B). Based on 95% confidence intervals, there were no significant

differences in the instant and total fecundity per square meter in the Brine Pool mussel bed. The
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instantaneous bed fecundity from Brine Pool is more than double Chincoteague's total bed

fecundity value.
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Figure 4.5. Average fecundity at each site for A) per mm of body length for a single female
mussel and B) per square meter of each mussel bed. Error bars represent standard error. Note that
the y-axis scale in B is six orders of magnitude higher than that of A.
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3.3. Egg Sizes and Energy

Roughly 25% of the mussels we injected at sea and about 80% of the mussels that
spawned were female (n = 22). The average Feret diameters of spawned eggs varied across sites
(H=1243.67, p<0.0001). The smallest diameters (mean + SE) were spawned by mussels from
Baltimore Canyon (65.56 + 0.24 um). Spawned oocyte diameters were slightly larger from Brine
Pool (66.56 £ 0.34 um), though the difference was not significant (p > 0.05). Mussels from
Chincoteague spawned the largest eggs (73.51 £ 0.23 um), which were significantly larger than
those from the other two sites (p < 0.001 for both). There was no significant difference in Feret
diameters between eggs from Chincoteague spawned in May 2021 and October 2022 (H = 0.20,
p>0.05).

The patterns in egg diameters among sites were also seen in egg volumes (H = 243.67, p
< 0.001), where eggs spawned by mussels from Chincoteague had about 35% more volume than
those spawned by mussels from Brine Pool and Baltimore Canyon (Figure 4.6A). Changes in the
volume of eggs among sites corresponded to a change in egg energy content (Figure 4.6B).
Baltimore Canyon had the lowest egg energy (1.35 mJ, n = 1), markedly lower than that of eggs
from Brine Pool (7.25 + 1.8 mJ). Eggs from Chincoteague had significantly higher energy
content (18.8 = 3.5 mJ) than those from Brine Pool (t = -2.89, p < 0.05). Egg energy scaled with
egg size (Figure 4.7, F = 12.11, p < 0.01), and the slope of the regression line was 4.4 (R> =
0.48). The nutrient density of eggs from Baltimore Canyon (9.14 mJ/nl) was about five times
lower than that of eggs from Brine Pool (46.6 + 11.8 mJ/nl). Eggs spawned by mussels from
Chincoteague had by far the largest nutrient density (86.64 = 16.9 mJ/nl), though the large errors

mean it was not statistically different from that of eggs from Brine Pool (t =-2.09, p > 0.05).
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Figure 4.6. Boxplots showing the distribution of measurements for A) volume in nanoliters and
B) energy in millijoules of spawned eggs from each site.

3.4. Mussel Bed Spawning Energy

When individual fecundity and the energy within an egg were scaled up based on the
characteristics of each bed, the results were highly variable (Figure 4.8). The total amount of
energy released through spawned oocytes, reported in gigajoules, increased by an order of
magnitude with increasing depth among the seep sites examined (Figure 4.8A). The estimated
total amount of energy released at Chincoteague (264.4 + 84.7 GJ) was 80 times higher than that
of Baltimore Canyon (3.3 £+ 0.8 GJ) and 20 times higher than that of Brine Pool (13.1 = 3.9 GJ).
The minimum energy calculated using instantaneous fecundity at Chincoteague (165.5 +43.1
GJ) is still seven times higher than the maximum energy from Baltimore Canyon. The relative
nutrient density of each bed, which standardized the energetic values per square meter, followed

similar trends, though Brine Pool and Chincoteague were on the same order of magnitude
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(Figure 4.8B). The total spawning of the mussel bed at Chincoteague (15.61 + 5.0 MJ/m?) was
close to that of the Brine Pool bed (16.71 + 5.0 MJ/m?) and about 23 times more than the mussel

bed at Baltimore Canyon (0.67 + 0.2 MJ/m?, Figure 4.8B).
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Figure 4.7. The natural log of energy content (mJ) against volume (mm?) for spawned eggs at

each site. Points represent the mJ/egg values from each calorimetry combustion against the
average egg volume for that site. Scaling exponent (line) = 4.4, R* = 0.48.
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4. DISCUSSION

This study provides the first estimates of energy flux through reproductive products for a
chemosynthesis-based ecosystem while highlighting wide variations in reproductive parameters.
We present the first quantitative estimate of fecundity and egg energy for a large bathymodiolin
mussel. Our results indicate plasticity in maternal investment in eggs by Gigantidas childressi
mussels living in different environments. Depth is an important factor, given the increased egg
sizes and energy at the deepest seep site. Overall, G. childressi eggs appear to be more nutrient-
rich than those of shallow-water mytilids. The high individual fecundity and egg energy, coupled
with the large area covered by the mussel beds at these sites, lead to large amounts of energy
released into the surrounding benthic and pelagic environments.

4.1. Fecundity

The fecundity of Gigantidas childressi is high yet variable (~5 — 11 million eggs/female/
year). Vesicomyid clams (Calyptogen spp.) from Sagami Bay in Japan are thought to have a
continuous breeding cycle and spawn about 5.8x10% eggs m-? each year (Fujikura et al., 2007).
The estimates presented here for total fecundity (m2) of the bed at Baltimore Canyon are similar
(5.0x10% eggs m2 yr *), while all fecundity estimates for Chincoteague and Brine Pool exceed
this value. The seasonal reproductive cycle of the bathymodiolins also means their spawned eggs
would be present in higher concentrations for shorter timescales than those of Calyptogena.
Populations of the related intertidal mussel, Mytilus edulis, living in the Baltic Sea produce an
estimated 8x107 eggs m yr'!, and the resulting carbon flux (g C) accounts for about half of the
total zooplankton production in the area (Kautsky, 1982). Increased age of an individual is
known to decrease fecundity by up to 80% in M. edulis from the White Sea (Sukhotin &

Flyachinskaya, 2009). The overall longevity and relationship of age to body size for G. childressi

96



are unknown (Laming et al., 2018), so we could not account for possible reproductive
senescence.

We reported high intraspecific variability in individual fecundity across sites and within a
single bed at Chincoteague. Intraspecific spatial variability in reproductive output has also been
described for intertidal populations of M. californianus from California (Phillips, 2007a) and
subtidal populations of M. edulis in the UK (Bayne et al., 1983). Phillips (2007a) also reported
variability in the relationship of fecundity to body size in conspecifics from different beds, likely
driven by changes in temperature among sites. The high instantaneous fecundities in mussels at
Brine Pool compared to the Atlantic sites is likely a reflection of the single spawning period for
Gulf of Mexico populations (Chapter II). This is further supported by the higher ratio of
developing to ripe oocytes in mussels at the Atlantic sites since those populations spawn twice a
year.

The larger egg size seen in mussels from Chincoteague would generally lead to lower
fecundity values than those seen at Brine Pool with smaller eggs (Smith & Fretwell, 1974), but
eggs from Baltimore Canyon were the same size as those from Brine Pool. Increased temperature
is known to slow rates of gametogenesis in Mytilus galloprovincialis (Fearman et al., 2009).
Within the genus Mytilus, the effects of temperature often have a complex interaction with
nutrient availability (Oliveira et al., 2021; Zippay & Helmuth, 2012). No evidence exists that any
seep sites studied here are nutrient-limited, though Baltimore Canyon would experience the
highest temperatures as the shallowest site. The samples used to measure fecundity at Baltimore
Canyon were collected in June 2021, but when we revisited the site in October 2022, many of the
mussels were dead. The bed at that site may have been experiencing some environmental stress,

which is known to lead to lower reproductive output in M. edulis (Myint & Tyler, 1982). Our
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results for Baltimore Canyon could thus be impacted by environmental stress on mussels at this

site.
4.2. Egg Energy

The variability in egg energy content between the shallower sites (Baltimore Canyon —
400 m and Brine Pool — 650 m) and the deepest site (Chincoteague — 1020 m) further supports
the plasticity of maternal investment in G. childressi. The eggs at Chincoteague were not only
larger but also more nutrient-dense. The energy content of an egg is generally thought to scale
isometrically with egg size, though changes in egg composition can disrupt that pattern
(McAlister & Moran, 2012; Moran et al., 2013). In Echinoderms with planktotrophic larvae, egg
size is increased without any change in egg composition, which leads to lower nutrient density in
larger eggs (Moran et al., 2013). (Moran et al., 2013)The increase in nutrient density with egg
size seen here indicates that the composition of eggs from mussels of Chincoteague is likely
different than that of eggs from the other sites. This could be confirmed by comparing the types
and ratios of the biochemical components of eggs from mussels at various sites.

Further investigation into the causes of the change in egg energy among sites may also
help elucidate why the mussels at Chincoteague create more nutrient-rich eggs. Given that
mussels at all three of these sites have constant access to chemosynthetic nutrition and regular
access to phytodetritus (Becker et al., 2010; Demopoulos et al., 2019; Chapter III), it is unlikely
that adaptive pressure would favor conserving energy for the mother. Increasing egg size and
energy with depth is, therefore, more likely an adaptive strategy to aid larvae. Studies of
geminate species in multiple phyla show a trend of larger eggs in the low-food western Atlantic
and smaller eggs in the comparatively food-rich eastern Pacific (Lessios, 1990; Moran, 2004).

The deeper water around Chincoteague would have less phytodetritus available to larvae than at
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Baltimore Canyon. Larvae from Chincoteague may thus require more energy to swim greater
distances to shallow depths with planktotrophic food than larvae from shallower sites (Young et
al., 2012). Studies on sea urchins have found that the effects of exogenous food availability are
smaller for larvae from energy-rich eggs than those from low-energy eggs (McAlister & Moran,
2013). The plasticity seen in egg energy within G. childressi would thus allow for deeper
populations to provision their larvae in such a way as to buffer them from the lower nutrients in
the deep pelagic realm compared to near-surface waters. Increased egg nutrients have also been
shown to increase the post-settlement survivorship in juvenile asteroids (Emlet & Hoegh-
Guldberg, 1997), which could be advantageous for new G. childressi recruits as they gain their
symbionts and transition to a reliance on chemosynthesis.

Like fecundity, our results for energy per egg were highly variable across and within
sites. Female Mytilus californianus from California exhibit about a 57% difference in egg
volume and 116% in egg energetic content (ug C) among individuals (Phillips, 2007b). The eggs
from Baltimore Canyon that were combusted to measure energy content came from a single
female. In contrast, the Brine Pool and Chincoteague data include eggs from multiple females,
which may account for the within-site variability (~25 %). Estimates of the energy content based
on the biochemical composition of eggs of M. galloprovincialis range from 0.4 mJ egg™' to 2.5
mJ egg! depending on environmental health and food availability (Bayne et al., 1979; Sanchez-
Lazo & Martinez-Pita, 2012). Our values for eggs from mussels at Baltimore Canyon (1.35 mJ
egg!) are within that range, while the values for Brine Pool (7.25 mJ egg'!) and Chincoteague
(18.76 mJ egg™') are much higher. They are also much higher than those reported for echinoids
with planktotrophic larvae (McAlister & Moran, 2012). However, they are much lower than the

values reported for eggs of abalone Haliotis rufescens (42.35-47.60 mJ egg™!), which produces
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lecithotrophic larvae (Jaeckle & Manahan, 1989). Our results and previous knowledge of
bathymodiolin reproduction (reviewed in Laming et al., 2018) align with a nutrient-rich egg to
provision a planktotrophic larva.

4.3. Bed Spawning Energy

The mussel bed at Chincoteague dwarfs the other two examined here in terms of total
energy output through spawning, which is driven by the larger area of mussels and higher
nutrients per egg. However, per unit area, the smallest bed at Brine Pool releases just as much, if
not more, energy than the other two sites. The increased density of female mussels and
individual fecundity at Brine Pool is thus enough to match the large increase in egg energy seen
at Chincoteague. The low fecundity and egg energy in mussels at Baltimore Canyon,
compounded by low density, led to bed energy values that were orders of magnitude lower than
those at the other two sites despite the moderate bed size. We suspect these low values result
from greater environmental stress at Baltimore Canyon than at the other sites, supported by the
mussel die-off between our second and third collections.

The estimates presented here for the mussel bed area and density do not account for
patchiness, known to occur in beds of Gigantidas childressi at other seep sites (Macdonald et al.,
1990). Brine Pool has previously been reported to have a uniform density over an area of 540 m?
(MacDonald et al., 1990), which is smaller than our value of 786 m?. The smaller bed area would
decrease the estimate of the total energy released when the bed spawns to about 9 GJ annually
but would not affect our reported MJ/m? values. The beds at Baltimore Canyon and
Chincoteague have been reported as “extensive,” with rough area estimates larger than those
reported here (Turner et al., 2020). Even with the uncertainty in bed size, the three sites studied

represent a small fraction of the total number of seep communities in the Gulf of Mexico (Cordes
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et al., 2009) and along the U.S. Atlantic Margin (Bourque et al., 2016) and are thus
underestimates of the total area covered by bathymodiolin mussel beds. The differences seen
among our collections show that both the density and body size of individual mussels change
throughout the beds. More detailed descriptions of bed dynamics and individual fecundity at
more body sizes would be needed to fully understand how mussel density and size affect total
reproductive output.

The implications of the total energy flux from spawning at each site are hard to understand
without detailed energy budgets and knowledge of how flows through these systems. However,
there is growing evidence that trophic subsidies from seeps (and vents) influence fisheries,
though the extent has yet to be quantified (Grupe et al., 2015). Baltimore Canyon and
Chincoteague are known to be important feeding and reproductive grounds for the commercially
important red crab, Chaceon quinquedens (Turner et al., 2020). In the North Pacific Gyre, the
largest pelagic habitat on Earth, the gross primary production from photosynthesis in surface
waters has been estimated as 33 kJ m day!(Grabowski et al., 2019). That value is equal to ~12
MJ m?2 yr'!, which is less than our estimated values for energy released through spawning using
the total fecundity estimates for the mussel beds at Chincoteague (15.6 MJ m yr'!) and Brine
Pool (16.7 MJ m yr!). The bed at Chincoteague still exceeds the surface production of the
North Pacific Gyre if the lower egg energy value of 7.25 mJ egg! (measured in eggs from Brine
Pool) is used in the calculations.

New seep sites are still being discovered, often in large numbers (Skarke, 2014). While there
are likely more chemosynthetic communities than are currently known, phytoplankton
production in the surface ocean undoubtedly covers orders of magnitude more surface area than

bathymodiolin beds. However, typically < 3% of surface production reaches depths > 1000 m
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(Turner, 2015). Different types of microalgae (e.g., diatoms and dinoflagellates) have minimal
energy stores and varying amounts of macromolecules and chemical energy (Finkel et al., 2016),
and the quality of the resulting phytodetritus when it arrives on the seafloor is also variable
(Beaulieu, 2002). Spawned eggs would constitute a high-quality source of chemosynthetically
derived nutrients to higher trophic levels than the original photosynthetic nutrients (reviewed in
Fuiman et al., 2015). While the chemosynthetic influence of seeps is thought to be mostly
retained in the seep system, larval dispersal models show propagules can reach further into non-
seep systems (reviewed by Levin et al., 2016). At cold seeps around 1000 m deep in the Gulf of
Mexico, the planktonic microbial community appears to be influenced by chemosynthesis from
the seabed to the euphotic zone (Rakowski et al., 2015). The Gulf of Mexico and the U.S.
Western Atlantic Margin both experience particle resuspension events at small scales and in
larger benthic nepheloid layers that transport material more than 100 m above the bottom
(Diercks et al., 2018) and allow for lateral movement of organic matter in deep water (Hwang et

al., 2009).

5. CONCLUSION

This study serves as a first step toward understanding the plasticity of maternal
investment in a chemosynthetic species and how reproductive output may contribute to the
export of nutrients from the seep system. While the estimates provided here could be more
precise, the results support the idea that gametes are likely an important part of energy flux from
chemosynthetic systems to deep pelagic food webs and should not be overlooked (Levin et al.,
2016). Continued investigation of fundamental biological processes and their plasticity with
response to environmental factors, especially for dominant fauna, are crucial for adequately

understanding the complex ecology of these chemosynthetic systems, which will, in turn, be
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necessary for effective management and conservation (Ardron et al., 2011; Van Dover, 2014).
Our findings also support that chemosynthetic production may be more important for pelagic

systems than previously thought (Ricci & Greening, 2024).

CHAPTER V

GENERAL CONCLUSION

This dissertation shows a strong bidirectional coupling between water column carbon and
bathymodiolin reproduction, highlighting the intimate connection between processes in the
surface ocean and the deep seafloor. I have also provided evidence of plasticity in many
reproductive patterns in bathymodiolin musses, particularly Gigantidas childressi, and the first
estimates of spawned eggs as a trophic subsidy in the deep sea.

Chapter II described the reproductive phenology of multiple populations across three
species (G. childressi, Bathymodiolus brooksi, and B. heckerae) and found regional differences
in spawning times and patterns. Shallower populations in the Gulf of Mexico experienced a
spawning peak in fall, which followed what had previously been described for mussels at Brine
Pool (Tyler et al., 2007). Populations at corresponding depths along the U.S. Western Atlantic
Margin instead had a spawning peak in summer. There was also an effect with depth where the
deeper populations seemed to experience a lag in development, less of a seasonal signal, and less
synchronicity among individuals. These regional and depth-related differences provided further
evidence in support of surface productivity as a reproductive cue in this mussel.

Chapter III examined this possibility with two lines of inquiry: phytodetritus as a
nutritional subsidy and an environmental cue. Stable isotopes revealed that some sites

experienced seasonal nutritional shifts, but there was no consistent pattern between those shifts
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and the timing of surface blooms. Some adult mussels used phytodetrital nutrients, but that
subsidy was not essential for successful reproduction as not all populations showed evidence of
phytodetrital input. However, the patterns of surface productivity aligned well with the
gametogenic phenology in both basins, which supports the hypothesis that the flux of particulate
organic carbon acts as an environmental cue to synchronize reproduction in these seep mussels.
Responding to phytodetritus may be a phylogenetically ingrained trait from their intertidal
relatives (Eckelbarger & Watling, 1995), an adaptive trait to aid larval survival (Qasim, 1956), or
it may be the strongest or most consistent seasonal signal available to them.

In Chapter IV, estimations for energy released through spawned eggs (m yr!) were
greater than those created by phytoplankton photosynthesis in the North Pacific Gyre
(Grabowski et al., 2019). While phytoplankton cover significantly more surface area than
bathymodiolin mussel beds, spawned eggs provide an input of similar levels of primary
productivity, at higher trophic levels, to the deep-water systems around seeps. These results
supported the idea that gametes are an overlooked source of energy flux out of chemosynthetic
systems that may provide important subsidies to adjacent ecosystems. Chemosynthetic
production may thus be more important for pelagic organisms than previously thought (Ricci &
Greening, 2024). However, overall bed size, density, and egg energy content affected the
energetic values of whole mussel beds. These results showed large intraspecific variances in egg
size, nutrient density, and fecundity. The amount of energy within a single egg, especially at the
deepest site, was greater than what is typically provisioned for planktotrophic eggs.

The plasticity seen in the reproductive traits of bathymodiolin mussels in this study is
likely an adaptive response to environmental conditions. While high plasticity generally leads to

better resiliency in the face of changing environments (reviewed in Ross et al., 2023). The
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different responses of G. childressi from the two ocean basins suggest the species may be able to
adapt their gametogenic phenology to anticipated changes in surface productivity (Hieronymus
et al., 2024). Excessive offspring provisioning could aid in larval dispersal (Marshall et al., 2008)
and thus help ensure species’ longevity in changing environmental conditions.

This body of work serves as a step toward understanding the plasticity of maternal
investment in a chemosynthetic species and a first look at how reproductive output may
contribute to the export of nutrients from the seep system. The dynamic interplay of systems and
nutrients seen here also highlights the need for more trophic studies to consider the energy
contained in free-spawned gametes. These results also add to the growing body of evidence that
chemosynthetic systems provide provisioning services to surrounding habitats. However, the
magnitude of these services is different at each seep site. The data and findings herein may be

useful for conservation and management efforts in the deep sea.
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SUPPLEMENTAL FILES
CHAPTER II

Table S2.1. Summary of chi-square contingency table tests on maturity stages. Z-score interpretation lists where the differences are: 1
indicates more of a given stage than expected and | is less than expected. Ns indicates non-significate z-scores. Means are displayed +
standard deviation. Significant p-values and the highest means are bolded. Sites abbreviations: BP = Brine Pool, MC = Mississippi
Canyon, FE = Florida Escarpment, BC = Baltimore Canyon, C = Chincoteague, BR = Blake Ridge.

Chi-Squared Test Z-Score Interpretations Population Means
Se Spring Summer
Site  Species X %2 value Df p-value 2020 2021 Fall 2022 Spring Summer Fall
BP G childressi  F 72.52 6 <0.0001 1315 14;15 14,15 34+£06 40+04 4.6%0.7
M 4281 8 <0.0001 12;13 NS 15 32+1.0 40+06 43%05
MC G. childressi  F 18.03 10  0.0544 - - - 3000 30+12 3.8+0.8
M 2599 10  0.0037 NS 14 14 3.1+1.1 32+14 39+04
MC  B. brooksi F 444 3 0.217 - - - 26+13 27+11 25+0.7
M 2751 8  0.0006 NS 12 14 22+14 23+05 3.0x1.1
FE  B. heckerae F 19.46 8  0.0126 NS NS NS 39+0.6 3.8+1.2 35+05
M 79.15 8 <0.0001 12 12;176;]4 14 41+08 38+19 3.8%0.6
12-3; | 4
BC G childressi  F 5590 6 <0.0001 14 rs 5 41+05 45+£06 29+0.6
M 39.89 10 <0.0001 14,16 16 12;14 40+0.7 48+12 34+18
C G. childressi  F 61.64 8 <0.0001 13;14 NS NS 42+04 4.6+09 35+05
M 71.54 8 <0.0001 14 14,156 13 41+05 52+04 34+05
BR  B. heckerae F 26.13 8 0.001 11 NS NS 40+14 3.0+1.5 28+1.5
M 34283 10  0.0002 11516 NS NS  48+16 24+16 28+14




Table S2.2. Summary of statistical comparisons of Gigantidas childressi between oocyte sizes in the visceral mass and the mantle for
each collection season. Either a t-test or a Wilcoxon rank-sum test was used, depending on the results of a prior Levene’s test. Means

are presented + standard deviation. Significant p-values are bolded.

Site Season Visceral Mean Mantle Mean Test Stat Df p-value
Brine Pool Spring 2020 20.65 + 8.63 22.03 + 8.68 =-3.81 1409 0.0001
Summer 2021  37.91 +10.39 39.57+10.86 t=-4.21 2892 <0.0001
Fall 2022 42.09+11.28 4293 +£12.33 W =568260 0.0324
Baltimore Canyon  Spring 2020 28.53 £11.77 3456 +£11.76 t=-894 465 <0.0001
Summer 2021  38.32 +12.20 43.85+11.32 W =520322 <0.0001
Fall 2022 25.63 £6.85 26.09 + 6.82 t=-0.79 179 0.4304
Chincoteague Spring 2020 3032+ 11.78 27.63 £9.31 W =417847 <0.0001
Summer 2021  48.89 + 14.26 5140+ 16.11 W =448144 0.0003
Fall 2022 37.57+11.57 3643 +1420 W=101070 0.0382




Table S2.3. Summary of Kruskal-Wallis tests used to compare the synchronicity between individual oocyte sizes for each collection.
Results of all Dunn’s post-hoc tests were p<0.0001, and n?[H] measures effect size: 1 = fully asynchronous, 0 = fully synchronous.
Test not performed when the sample size was smaller than 5 individuals.

Site Species Collection H Df p-value n?[H]
Brine Pool G. childressi  Spring 2020 3000 29 <0.0001 0.24
Summer 2021 213 28 <0.0001 0.06
Fall 2022 489 21 <0.0001 0.16
Mississippi Canyon G. childressi  Spring 2020 - - - -
Summer 2021 454 19 <0.0001 0.22
Fall 2022 149 15 <0.0001 0.08
Mississippi Canyon B. brooksi Spring 2020 229 7 <0.0001 0.34
Summer 2021 - - - -
Fall 2022 - - - -
Florida Escarpment B. heckerae  Spring 2020 925 29 <0.0001 0.30
Summer 2021 259 20 <0.0001 0.08
Fall 2022 288 13 <0.0001 0.09
Baltimore Canyon G. childressi  Spring 2020 230 25 <0.0001 0.08
Summer 2021 778 26 <0.0001 0.28
Fall 2022 294 16 <0.0001 0.10
Chincoteague G. childressi  Spring 2020 229 20 <0.0001 0.10
Summer 2021 201 19 <0.0001 0.09
Fall 2022 317 18 <0.0001 0.14
Blake Ridge B. heckerae  Spring 2020 298 14 <0.0001 0.19
Summer 2021 297 7 <0.0001 0.19
Fall 2022 226 12 <0.0001 0.14
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Figure S2.1. Histological sections from intersex individuals. Evidence of simultaneous hermaphroditism, oogenesis and
spermatogenesis in the same stage, in both A) G. childressi and B) B. brooksi. C) Prodandry, advanced spermatogenesis, and early
oogenesis, in B. heckerae. D) Protogyny, residual oocytes and early spermatogenesis, in B. brooksi. All scale bars are 50 um. Labels
are: spermatid (sd), previtellogenic oocyte (pv), spermatozoa (sz), and residual oocyte (ro).



Figure S2.2. Histological photos showing evidence of iterative spawning. A) A series of micrographs from the same female
Gigantidas childressi collected at Baltimore Canyon showing different acini in the same individual with decreasing densities of free
oocytes. B) A single section of a male B. heckerae from Florida Escarpment showing acini with different densities of spermatozoa.
Both individuals were collected in the summer of 2021. All scale bars are 50 um.
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Figure S2.3. Oocyte diameter distributions for all sampled females from Brine Pool. Individuals are arranged from smallest to largest
within each collection. Horizontal dashed lines denote the mean oocyte size. Numbers in the upper right are n?[H] effect sizes of a
Kruskal Wallis test comparing synchronicity among individuals.
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Figure S2.4. Oocyte diameter distributions for all sampled females from Mississippi Canyon. Individuals are arranged from smallest
to largest within each collection. Horizontal dashed lines denote the mean oocyte size. Numbers in the upper right are n?[H] effect
sizes of a Kruskal Wallis test comparing synchronicity among individuals.
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Figure S2.7. Oocyte diameter distributions for all sampled females from Florida Escarpment. Individuals are arranged from smallest
to largest within each collection. Horizontal dashed lines denote the mean oocyte size. Numbers in the upper right are n?[H] effect
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CHAPTER III

Table S3.1. P-values from the pairwise post-hoc tests of the effects of season and tissue type (see Table 2) on §13C (below the grey
diagonal) and 615N (above the grey diagonal). Tukey’s HSD was used after a 2-way ANOVA and Dunn’s test after a Sheirer-Ray-
Hare. Significant p-values are bolded. The mussel species represented is listed in the upper left corner.

Brine Pool
G. childressi Spring_ Spring_  Spring_ Summer_ Summmer_  Summer_
foot ill gonad foot gill gonad Fall foot Fall gill Fall gonad
Spring_foot 0.2251 0.9918 0.7890 0.9082 0.0588 0.0125 1.0000 0.0004
Spring_gill 0.8491 0.0243 0.0009 0.8541 0.0000 0.0000 0.0478 0.0000
Spring_gonad 0.5051 0.9997 0.9995 0.3127 0.4658 0.1776 0.9992 0.0109
Summer_foot 0.0073 0.0000 0.0000 0.0255 0.7122 0.3093 0.8718 0.0158
Summmer_gill 0.0851 0.0005 0.0000 0.9843 0.0001 0.0000 0.5548 0.0000
Summer_gonad 0.9955 0.2440 0.0591 0.0217 0.2508 0.9994 0.0493 0.6439

Fall_foot 0.0001 0.0000 0.0000 0.8635 0.2610 0.0002
Fall_gill 0.0026 0.0000 0.0000 1.0000 0.9059 0.0072 0.9708

0.0078 0.9477

0.0001

Fall _gonad 0.0571 0.0003 0.0000 0.9958 1.0000 0.1739 0.3594 0.9570
Mississippi Canyon
G. childressi Spring_ Spring_  Spring_ Summer_  Summmer_  Summer_
foot ill gonad foot gill gonad Fall foot Fall gill Fall gonad
Spring_foot 1.0000 1.0000 1.0000 1.0000 0.0439 1.0000
Spring_gill 0.0022 0.0892 0.0064 1.0000 1.0000 0.4442
Spring_gonad 0.7209 1.0000 1.0000 1.0000 1.0000 0.1746 0.9506
Summer_foot 0.0059 0.0945 1.0000 1.0000 1.0000 0.0702 0.0000 0.4361

Summmer_gill 0.0005 0.0014 0.8296 1.0000
Summer_gonad 0.0000 0.0002 0.0692 0.7561 1.0000
Fall_foot 1.0000 1.0000 1.0000 0.0619 0.0041 0.0000
Fall_gill 1.0000 1.0000 1.0000 0.0808 0.0059 0.0000 0.9077
Fall_gonad 0.0133 0.1785 1.0000 1.0000 1.0000 0.1463 0.1313 0.1690

1.0000 1.0000 0.0006 1.0000
0.1844 0.0000 0.9633
0.1072 1.0000

0.0081

Mississippi Canyon



B. brooksi Spring_ Spring_  Spring_ Summer_ Summmer_  Summer_
foot ill gonad foot gill gonad

1.0000 1.0000 0.8729 1.0000

0.8838 0.0250 0.3200 0.0089

Spring_foot
Spring_gill

Spring_gonad 1.0000 1.0000 1.0000
Summer_foot . 1.0000 1.0000
Summmer_gill 0.1266 1.0000 0.8246 0.9315 1.0000

Summer_gonad 0.0075 0.5596 1.0000 0.1033 1.0000

Florida Escarpment
B. heckerae Spring_ Spring_  Spring_ Summer_ Summmer_  Summer_
foot gill gonad foot gill gonad Fall foot  Fall gill Fall gonad

Spring_foot
Spring_gill
Spring_gonad
Summer_foot

Summmer_gill . 0.9515

Summer_gonad 0.8864 0.9913 1.0000 0.8646 1.0000

Fall_foot 0.6554 0.3306 0.0432 0.5574 0.0495 0.0239

Fall_gill 0.8726 0.5778 0.1151 0.8143 0.1364 0.0730 1.0000

Fall_gonad 0.8948 0.6150 0.1307 0.8436 0.1554 0.0845 0.9999 1.0000

Baltimore Canyon
G. childressi Spring_ Spring_  Spring_ Summer_ Summmer_g Summer_
foot ill gonad foot ill gonad Fall foot Fall gill Fall gonad

Spring_foot 1.0000 0.7208 0.0275 1.0000  1.0000 1.0000 1.0000
Spring_gill 0.7855 1.0000 1.0000 1.0000  1.0000 1.0000 1.0000
Spring_gonad 0.0623  1.0000 0.0939 0.0015 0.7140  1.0000 1.0000 1.0000
Summer_foot 0.9872  0.6578  0.0404 1.0000 1.0000  0.3728 1.0000 0.4858
Summmer gill | 1.0000  1.0000  1.0000 1.0000 1.0000  0.0101 0.3451 0.0148
Summer_gonad | 0.1666  1.0000  1.0000 0.1191 1.0000 1.0000 1.0000 1.0000
0.002632 0.0089588

Fall_foot 1.0000  0.0876 244 1.0000 0.3576 6 1.0000 0.9182
Fall_gill 1.0000  1.0000  0.5293 1.0000 1.0000 1.0000  1.0000 1.0000
Fall_gonad 0.1314 10000 1.0000 0.0955 1.0000 1.0000 _ 0.00769 0.9223

Chincoteague
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G. childressi Spring_ Spring_  Spring_ Summer_ Summmer_g Summer_
foot ill gonad foot ill gonad Fall foot Fall gill Fall gonad
Spring_foot 0.9764 1.0000 0.8453 0.0007 1.0000 0.3967 0.0001 0.2475
Spring_gill 1.0000 0.3991 1.0000 1.0000 0.6631 1.0000 1.0000 0.9631
Spring_gonad 1.0000 0.8539 0.1992 0.0000 1.0000 0.0575 0.0000 0.0280
Summer_foot 0.6464 0.1643 0.0121 0.0380 0.4126 1.0000 0.1011 1.0000
Summmer_gill 1.0000 1.0000 1.0000 0.0482 0.0001 0.8589 1.0000 1.0000
Summer_gonad 1.0000 1.0000 1.0000 0.3315 1.0000 0.1565 0.0000 0.0833
Fall_foot 0.0005 0.0007 0.0000 0.3211 0.0000 0.0001 0.3309 1.0000
Fall_gill 0.0844 0.0310 0.0004 1.0000 0.0022 0.0303 1.0000 0.4706
Fall _gonad 0.2989 0.0826 0.0030 1.0000 0.0143 0.1320 0.7287 1.0000
Blake Ridge
B. heckerae Spring_  Spring Spring_  Summer_ Summmer_g Summer_
foot ill gonad foot ill gonad Fall foot Fall gill Fall gonad

Spring_foot 0.1251 0.0000 0.5375 0.4927 0.0000 0.8978
Spring_gill 1.0000 0.9880 0.1367 0.7630 0.6865 0.8402 0.2555
Spring_gonad 0.6574 . 0.0668 0.0000 0.3759 0.3294 0.0000 0.7724
Summer_foot 0.0009 0.0014 0.2000 0.0095 0.9982 0.9964 0.2407 0.8548
Summmer_gill 0.0000 0.0000 0.0073 0.9491 0.0011 0.0004 0.9222 0.0000
Summer_gonad 0.0000 0.0000 0.0000 0.0931 0.7118 1.0000 0.0494 0.9986
Fall_foot 0.0013 0.0021 0.2713 1.0000 0.8666 0.0455 0.0273 0.9986
Fall_gill 0.0006 0.0010 0.1791 1.0000 0.9397 0.0774 1.0000 0.0029
Fall _gonad 0.0000 0.0000 0.0001 0.2406 0.9393 0.9997 0.1317 0.2088
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Figure S4.1. Polygons for each site which
were used to measure the area of each
mussel bed. Dark dots represent visual
confirmation of mussels. Labels of cruise
codes denote where adult mussels were
collected. These figures were created in
ArcGIS by Avery Calhoun.

Table S4.1. Details on the settings used for
calorimetry with Parr 6772 Precision
Thermometer and 6725 Semi-micro
calorimeter.

Name Value

Relative error 0.1383%
EE value 482.7445
Fuse correction 15
Acid correction 10
Sulfur correction 0
Bomb pressure (O2) 32 psi
Spike Material Benzoid Acid




Table S4.2. P-value results from Dunn’s post-hoc tests following a Sheirer-Ray-Hare test for the effects of site and date on mussel
body length. BC = Baltimore Canyon, BP = Brine Pool, C = Chincoteague. Significant values are bolded.

BC -20 BC-21 BC -22 BP - 20 BP - 21 BP —22 C-20 C-21 C-22
BC-20 -
BC-21 1 -
BC -22 1 1 -
BP -20 0.0001 0.0001 0.0001 -
BP -21 0.0001 0.0001 0.01 0.0001 -
BP - 22 0.0001 0.0001 0.06 0.0001 0.9 -
C-20 0.0001 0.0001 0.001 0.001 0.0001 0.0001 -
C-21 1 0.0001 0.7 0.001 0.001 0.04 0.0001 -
C-22 0.0001 0.0001 0.0001 0.0001 0.01 0.0001 0.0001 0.0001 -

Table S4.3. Results of linear regression on annual fecundity with body size at each site. Atlantic represents a model run on the
combined data for Baltimore Canyon and Chincoteague.

Site Equation F statistic R squared p-value
Baltimore Canyon y=60591x - 2600415 2.052 0.345 0.388
Brine Pool y=26165x + 8926905 44.87 0.956 0.094
Chincoteague y=657611x - 65271510 9.749 0.814 0.197
Atlantic y=128009x — 8880031 7.049 0.548 0.057

All y=93383x — 2885919 1.321 0.159 0.288




