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ABSTRACT
Tracing Molecules Through Oligotrophic Marine Ecosystems: Microbial Hydrocarbon
Cycling and Coral Trophic Ecology
by

Connor R. Love

The creation, movement, and consumption of distinct biomolecules by marine
organisms has far reaching implications regarding ecosystem material and energy flow and
how we manage the marine environment. Lipids are ubiquitous, energy rich biomolecules that
are essential for all life and are used for cell membrane structure, energy storage and serve as
useful indicators for ecosystem and food web dynamics. In this dissertation, the flow of
specific lipid biomolecules through multiple marine environments is measured, explored, and
clarified to better understand biogeochemical cycles, marine food webs and ecosystem
connectivity.

In the first chapter of my dissertation, I measure, quantify, and close the loop of the
open ocean microbial hydrocarbon cycle, with implications for priming effects of the ocean
microbiome to oil spills. It is estimated that seeps, spills, and other oil pollution introduce ~
1.3 million tons (1.3 Tg) of hydrocarbons into the ocean each year. Additionally, it is known
that globally abundant marine cyanobacteria Prochlorococcus and Synechococcus which
account for ~25% of ocean net primary production also produce hydrocarbons from fatty
acids. But little is known about the size, turnover and fate of these cyanobacterial
hydrocarbons and the implications for the ocean’s microbiome response to future oil spills.
From a research expedition in the North Atlantic, I report that cyanobacteria in an oligotrophic

gyre mainly produce n-pentadecane which correlates tightly with fluorescence and

viil



Prochlorococcus abundance in oligotrophic waters. Using chemical and isotopic tracing I find
that pentadecane production and diel dynamics mainly occurs in the lower euphotic zone at
the deep chlorophyll maximum. I estimate the global flux of cyanobacteria-produced
pentadecane exceeds total oil input in the ocean by 100 to 500-fold, with cyanobacteria
producing ~ 130-650 million tons of pentadecane per year. Analysis of sinking particles at the
base of the euphotic zone show that nearly all pentadecane (<0.001 % remaining) is consumed
within the euphotic zone, suggesting near complete consumption of these hydrocarbons by
hydrocarbon degrading microbes. These findings characterize a wide-spread microbial
hydrocarbon cycle that selectively primes the ocean’s microbiome with long-chain alkanes.
In the second chapter of my dissertation, I conduct a large-scale feeding experiment
on a symbiotic reef-building coral (Stylophora pistillata) in the Red Sea to clarify fatty acid
and isotopic biomarker patterns of coral heterotrophy for use in the field. Coral heterotrophy
is an often-overlooked facet of coral nutrition that provides essential nutrients that help corals
resist and recover from thermally induced bleaching that is degrading reef ecosystems around
the world due to rising global ocean temperatures. Yet, methods for measuring coral
mixotrophy, the balance between organic matter contributions to the coral host from
autotrophic photo endosymbionts and heterotrophy on particles and plankton have typically
been too coarse to elucidate source contributions. Through my experiment I show that fatty
acids and isotopic biomarkers reliably separate experimental and reef nutritional source
groups (heterotrophic or autotrophic). I show that heterotrophic fatty acid biomarkers are
reliably recorded into coral host and symbiont tissues, with a divergent metabolic pattern of
autotrophic biomarkers as feeding increases due to positive feedback of heterotrophy on the

in hospite photo symbiont population. Additionally, I show that nitrogen and essential fatty
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acids are preferentially recorded into coral tissue while most heterotrophic carbon is respired
or exuded as mucous; this shows that the use of bulk carbon isotopes as a feeding proxy for
the last ~ 40 years is largely underestimating the contribution of heterotrophy to the trophic
ecology of reef building corals. Overall, this finding underscores a connectivity between
oceanic phyto- and zooplankton and reef-building coral.

In the third chapter of my dissertation, I explore the mixotrophic differences of
divergent bleaching responses of Acropora hyacinthus colonies on the forereef of Mo’orea
during the 2019 mass bleaching event. During this bleaching event, all colonies of 4.
hyacinthus on the deep forereef (14 m) bleached and recovered, while colonies on the shallow
forereef (5 m) near the reef crest resisted bleaching entirely, despite the same temperature
stress. Using fatty acid and isotopic biomarkers I show through several lines of evidence that
bleaching resistant colonies near the reef crest were likely consuming more particulate organic
matter than deep forereef colonies. This conclusion is supported by isotopic feeding proxies,
less isotopic niche overlap of the host and symbiont of resistant colonies, and larger
proportions of putative POM fatty acid biomarkers in the host of resistant colonies relative to
recovered colonies. This interpretation is in line with observations that benthic communities
on the reef crest are a net sink of oceanic POM and that increased reliance on heterotrophy is
associated with bleaching resistance. These data show the vital importance of reef
environment, coral heterotrophy, and planktonic subsidies in structuring bleaching response
of corals in a warming ocean and ultimately show that the reef crest may serve as a potent

zone for reseeding coral populations after marine heat waves.
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CHAPTER 1

Microbial Production and Consumption of Hydrocarbons in the Global
Ocean

This chapter was published in Love et al., 2021. I will discuss only my work on the
production, dynamics, and geochemical budget of the microbial hydrocarbon cycle but the
paper includes contributions and discoveries on microbial hydrocarbon consumption by

Eleanor Arrington who included her work in greater detail in her dissertation.

1.1 Abstract

Seeps, spills and other oil pollution introduce hydrocarbons into the ocean. Marine
cyanobacteria also produce hydrocarbons from fatty acids, but little is known about the size
and turnover of this cyanobacterial hydrocarbon cycle. We report that cyanobacteria in an
oligotrophic gyre mainly produce n-pentadecane and that microbial hydrocarbon production
exhibits stratification and diel cycling in the sunlit surface ocean. Using chemical and
isotopic tracing we find that pentadecane production mainly occurs in the lower euphotic
zone. With a multifaceted approach, we estimate that the global flux of cyanobacteria
produced pentadecane exceeds total oil input in the ocean by 100 to 500-fold. We show that
rapid pentadecane consumption sustains a population of pentadecane-degrading bacteria,
and possibly archaea. Our findings characterize a microbial hydrocarbon cycle in the open
ocean that dwarfs oil input. We hypothesize that cyanobacterial hydrocarbon production
selectively primes the ocean’s microbiome with long-chain alkanes whereas degradation of
other petroleum hydrocarbons is controlled by factors including proximity to petroleum

seepage.



1.2 Introduction

1.2.1 Marine Hydrocarbons

Hydrocarbons are ubiquitous in the marine environment and can come from a variety
of sources including natural seepage, anthropogenic spills, and biological production. Natural
seepage and spills typically release a complex mixture of hydrocarbons known as petroleum
whereas biological production typically produces only a handful of different hydrocarbons.

Petroleum (or crude oil) is formed over millions of years via geo-thermal chemical
reactions that act on biological debris from sinking organic matter in the ocean. In these
reactions biological molecules such as lipids, amino acids, carbohydrates, and nucleic acids
get stripped of their functional groups (nitrogen, oxygen, phosphorus) via sustained pressure
and heat to form hydrocarbons. Petroleum contains a complex mixture of thousands of
hydrocarbons that are highly reduced and energy rich. These hydrocarbons are then released
from their reservoirs by human extraction and natural seepage. Estimates of oil input to the
ocean via natural seeps and industrial spills associated with extraction, transportation and
consumption of oil total ~1.3 Tg per year (National Research Council, 2003). The
anthropogenic release of petroleum hydrocarbons to the marine environment has garnered
significant attention due to ecologically catastrophic and often preventable events like the
Deepwater Horizon blowout, the Exxon Valdez tanker spill, and the Kalamazoo River pipeline
breach. Consequently, the ability of native ocean microbes to catabolically break down
hydrocarbons to carbon dioxide (Prince et al., 2018) and what controls this has also gathered
significant attention and research as a potential solution to clean-up marine oil spills.

While petroleum is composed of thousands of different compounds, marine

microorganisms naturally produce a much smaller subset of hydrocarbon compounds (at



geochemically significant levels) such as methane (Repeta et al., 2016; Saunois et al., 2020),
1soprene (McGenity et al., 2018) and ethylene (Seifert et al., 1999) as well as phytoplankton
producing C15-C19 alkanes and alkenes (Coates et al., 2014; Han et al., 1968; Li et al., 2010,
White et al., 2019). While the production of small molecular weight hydrocarbons such as
methane, isoprene and ethylene have been studied extensively, the production, consumption,
and fate of medium chain (C15-C19) alkanes and alkenes produced by phytoplankton has
scarcely been studied. It is known that medium chain hydrocarbons (Cis5-Ci9) are produced by
cyanobacteria in a two-step decarboxylation of fatty acids (Coates et al., 2014) and
predominantly localize to the thylakoid and cytoplasmic membranes due to their hydrophobic
properties. Through membrane modeling and empirical observations hydrocarbons are shown
to help promote membrane curvature for tightly packed membrane structures in cyanobacteria
(Lea-Smith et al., 2016). This suggests a fundamental physiochemical role of these
compounds in cyanobacteria physiology and photosynthetic function.

To estimate the production of hydrocarbons by cyanobacteria and contribution to the
global marine hydrocarbon budget Lea-Smith et al. (2015) measured the dry weight percent
of hydrocarbons of laboratory cultures for two globally abundant marine cyanobacteria
Prochlorococcus and Synechococcus (known to account for ~25% of global ocean net primary
productivity; Flombaum et al., 2013) and scaled these estimates by known doubling times of
these cyanobacteria. The authors estimated primary production of hydrocarbons from these
two cyanobacteria, in which pentadecane (nCis) comprised ~ 85 % of total hydrocarbons,
exceeds total petroleum input to the ocean from natural and anthropogenic sources per year
(~ 1.3 Tg) by ~ two orders of magnitude (308-771 Tg; Lea-Smith et al., 2015). Importantly,

the authors note that cyanobacteria lack metabolic degradation pathways for these



hydrocarbons (Lea-Smith et al., 2015) and since these hydrocarbons are not accumulating in
the ocean, this suggests external degradation of these hydrocarbons (Valentine & Reddy,
2015).

1.2.2 Prevalence of Marine Hydrocarbon Degrading Bacteria

Hydrocarbon degrading bacteria have been found in almost every environment in the
ocean, even in waters minimally polluted by petroleum (Nie et al., 2014; Yakimov et al.,
2007). Yakimov et al. hypothesized that many obligate hydrocarbon degrading bacteria
(principally Alcanivorax, Marinobacter, Thallassolituus, Cycloclasticus and Oleispira) exist
in relatively low abundance or undetectable levels and then bloom when there is a significant
source of hydrocarbons present (oil or specific compounds; Yakimov et al., 2005). The
prevalence of hydrocarbon degrading bacteria in unpolluted waters appears to be supported
by the constant primary production of hydrocarbons by marine phytoplankton (Lea-Smith et
al., 2015; Love et al., 2021). As such, this short term hydrocarbon cycle was termed the
“cryptic” marine hydrocarbon cycle (Lea-Smith et al., 2015; Valentine & Reddy, 2015) due
to low concentrations of hydrocarbons (Gschwend et al., 1980; Love et al., 2021) and
hydrocarbon degrading microbes (Yakimov et al., 2007), but one fundamental to the role of
the oceans native ability to degrade hydrocarbons.

It has been shown clearly in the North Atlantic oligotrophic gyre that water and
particles of marine snow harbor n-alkane degrading specialists bacteria that bloom readily
when fed pentadecane (nCis), a known hydrocarbon produced by Prochlorococcus
(Arrington, 2021; Love et al., 2021). Furthermore, Arrington (2021) shows through analysis
on the North Atlantic region within the Tara Oceans dataset (Sunagawa et al., 2015) that there

is a higher abundance of alkB-like genes (which catalyzed the first step of medium-chain



alkane degradation) in the surface ocean and deep chlorophyll maximum where
Prochlorococcus resides over genes that catalyze oxidation of petroleum hydrocarbons such
as C-Cs alkanes, phenanthrene, benzene, toluene, naphthalene, xylene, cymene, and biphenyl.
Ultimately, Arrington shows the ubiquitous nature of native ocean microbes to degrade long-
chain n-alkanes made by cyanobacteria whereas model petroleum hydrocarbon degradation
of short chain alkanes, ring structures and aromatics is controlled by proximity to natural
seepage due to biogeographic priming of the native microbial populations (Love et al., 2021).

1.2.3 The Marine Hydrocarbon Cycle

The hypothesis of the latent (hidden) marine hydrocarbon cycle states that the
photosynthetic production of hydrocarbons, namely Cis-Ci9 alkanes and alkenes sustains
hydrocarbon degrading bacteria in regions where there is no natural seepage that can then
respond to oil input like a spill (Lea-Smith et al., 2015). While Arrington clearly shows the
oceans inherent ability to consume medium chain alkanes produced by cyanobacteria, the
biogeochemical production, dynamics and controls of the marine hydrocarbon cycle have not
been directly observed or closed.

In this chapter, I directly measure hydrocarbon stock and production in an oligotrophic
gyre which comprise ~ 40% of the Earth’s surface (Karl & Church, 2014; Polovina et al.,
2008). I show that pentadecane tightly correlates with cyanobacterial abundance and
fluorescence and explore the oceanographic controls of production due to dissolved nutrients
and Prochlorococcus physiology at the deep chlorophyll maximum. Lastly, I report two
different geochemical estimates derived from oceanographic measurements that both confirm
annual production of hydrocarbons by cyanobacteria exceeds total oil input from seeps, spills

and extraction by ~ two orders of magnitude.



1.3 Methods

1.3.1 in situ Sampling and Quantification of Hydrocarbon Production

Water was collected with a rosette equipped with 12 L Niskin bottles just after sunrise
(~ 8 AM) for all sampling except for the diel experiment. Salinity, density, temperature,
fluorescence, and percent photosynthetically active radiation (% PAR) were measured semi-
continuously for each hydrocast. For diel sampling, a Lagrangian framework was used by
following deployed particle traps set just below the DCM (150 m) and sampled at six-hour
intervals through a full 24-hour cycle. Sampling targeted six light-penetration levels with
depths held constant following initial collection, plus the DCM, which is a depth-variable
feature. Water was collected from the Niskin into 2 L polycarbonate bottles via a polyvinyl
chloride tube equipped with a 200 um mesh to filter out large zooplankton. Precautions were
taken to avoid contamination from the vessel and validated with controls. For example, the
entire CTD rosette was cleaned with a brush and MilliQ water before the cast and was moved
into a secure bay for sampling. To avoid exhaust and fumes, the vessel was oriented into the
wind during sampling and certain activities were disallowed during sampling (i.e. smoking
and painting). Control samples were collected by pouring clean MilliQ water into the Niskin
bottles and letting it sit for 30 minutes and then filtering the water using the same procedure
for all samples. No pentadecane of considerable quantity (> 2 ng L'!) was found in control
samples and thus validated efforts to minimize contamination. As a secondary check, we also
collected diesel from the vessel and extracted and ran the extract on the Gas Chromatograph.
This diesel had a distinct multi-hydrocarbon fingerprint that we did not observe in any of our
chromatograms. For in situ hydrocarbon concentration measurements, water in the 2 L

polycarbonate bottles was immediately filtered through a 0.22 um Teflon filter under gentle



vacuum with an oil-less vacuum pump. Captured particles (sediment trap deployed for 24 hr
at 150 m) were also filtered onto 0.22 um Teflon filters. For the hydrocarbon production
experiment '*C-bicarbonate tracer solution (with 45 g L-! NaCl to sink the tracer to the bottom
of the bottle) made from '3C-sodium bicarbonate (Cambridge Isotope Laboratories Inc., '3C
99%) was added to the 2L polycarbonate bottles to achieve a 480 %o enrichment in seawater
DIC. Dark control bottles were covered completely beforehand with aluminum foil before
tracer addition and kill control bottles were treated with Zinc Chloride to 2% ZnCl, (m/v)
before tracer addition. 2 L bottles were then immediately placed into black mesh bags to
attenuate light to the value from which it was collected (either 30%, 10% or 1% PAR) and
placed into on-board seawater incubators with a continuous flow of surface water; this was
marked as the start of incubation. No artificial light was used. Black mesh bags were made by
stitching together rolls of commercial-grade neutral-density window screen material(Reshkin
& Knauer, 1979) and photosynthetically active radiation attenuation by the bags was
quantified using a spherical quantum sensor (Licor). Bottles were harvested at O-hour (initial),
5, 10, 20 and 30-hour (final) time points for the 30% PAR light bags and at t = 0 hour and t =
30-hour final for the 10% and 1% light levels, care was taken to reduce light exposure in the
ship-board laboratory when preparing for incubation by placing bottles into covered tubs. A
2 mL aliquot was taken for '3C-DIC prior to filtration. Filters were placed into pre-combusted
aluminum foil packets and immediately frozen at -20° C for later analysis.

A preliminary culture experiment was conducted to assess the percent of all
cyanobacterial hydrocarbons within membranes, i.e. what percent of total cyanobacterial
hydrocarbons our extraction protocol was capturing. We compared two types of extractions,

the modified Bligh and Dyer used in this study (described below) to extract membrane lipids



from cells filtered on a 0.22 pm Teflon filter and an extraction of frozen cell culture that
includes cells and the culture medium. A comparison of these results provides the proportion
of hydrocarbons found within cell membranes versus total hydrocarbons inclusive of those
interior and exterior to cells. We conducted a triplicate measurement of this ratio from a
culture of Synechocystis. Of the two hydrocarbons that Synechocystis makes in abundance (n-
heptadecane and 8-heptadecene), we found that 98 + 17 % of total n-heptadecane and 82 + 9
% of 8-heptadecene were cell associated. We interpret this to mean that the majority of
hydrocarbons, particularly saturated n-alkanes, reside within the biological membranes of
cyanobacteria or adsorb to particulate matter including cellular necromass. This is further
supported by work done by Lea-Smith et al., 2016 and the low solubility of straight chain
hydrocarbons 15-17 carbons in length.

1.3.2 Hydrocarbon Extraction and Analysis

A modified Bligh-Dyer (Van Mooy et al., 2008) was used to extract hydrocarbons
from membranes of frozen cells collected on Teflon filters. Dodecahydrotriphenylene
(internal standard) and C23 ethyl ester (secondary internal standard and transesterification
standard if needed) were added to the dry filter before extraction. Two-thirds of the amounts
of each solvent was used according to Van Mooy et al. 2008 and a 10-minute sonication step
was added after addition of the first solvents. An additional extraction into 1.0 mL of DCM
was conducted after the first lower organic phase was removed to extract any remaining
hydrocarbons from the filter, this was added to the first DCM extract for a final extract volume
of 3.0 mL of DCM. Once extracted into dichloromethane, sodium sulfate was added for

drying, ~40 uL of toluene was added to prevent complete dryness of the extracts and then the

solution was rotary evaporated to ~30 uL and placed into a 2 mL GC-vial with a combusted



glass insert. Before analysis, a small volume of C23 methyl ester (external standard) was
added. All glassware and solid chemicals were pre-combusted before use. Concentration
analysis was done on a gas chromatograph flame ionization detector (GC-FID) HP-Agilent
6890 GC FID. Chromatography was performed with a 30 m x 0.25 mm ID, 0.25 um pore size,
fused silica Restek 13323 Rxi-1 MS Capillary Column with a splitless 2 pL injection. Initial
oven temperature was at 70 °C held for 2 minutes, a 3 °C min™!' ramp to 120 °C, then a 6 °C
min! ramp to the final temperature of 320 °C. A standard mix of pentadecane, heptadecane,
internal standard, external standard and transesterification standard was run to calibrate
response factors for every batch of samples (~20 per batch). Blanks were run every ~ six
samples and peaks were manually integrated, there were no co-eluting peaks for pentadecane
or heptadecane in oligotrophic samples (all stations but station 1 on continental shelf).
Comprehensive two-dimensional chromatography, GCxGC-FID and GCxGC-TOF (Time of
Flight), was used on select samples to check for other hydrocarbons, contaminants, and quality
of blank filters run through the extractive process.

GCxGC-FID and —TOF chromatographic analyses were performed on Leco systems
consisting of an Agilent 7890A GC configured with a split/splitless auto-injector (7683B
series) and a dual stage cryogenic modulator (Leco, Saint Joseph, Michigan). Samples were
injected in splitless mode. The cold jet gas was dry N chilled with liquid N»2. The hot jet
temperature offset was 15 °C above the temperature of the main GC oven and the inlet
temperature was isothermal at 310 °C. Two capillary GC columns were utilized in this
GCxGC experiment. The first-dimension column was a Restek Rxi-1ms, (60-m length, 0.25
mm [.D., 0.25 pm df) and second-dimension separations were performed on a 50% phenyl

polysilphenylene-siloxane column (SGE BPX50, 1.2-m length, 0.10 mm [.D., 0.1 um df). The



temperature program of the main oven was held isothermal at 50 °C (15 min) and was then
ramped from 50 to 335 °C at a rate of 1.5 °C min"'. The second-dimension oven was
isothermal at 60 °C (15 min) and then ramped from 60 to 345 °C at a rate of 1.5 °C min"'. The
hot jet pulse width was 0.75 seconds, while the modulation period between stages was 7.50
seconds and a 3.00 second cooling period, for the FID method, and 10.00 seconds and a 4.25
second cooling period for the TOF method. FID data was sampled at an acquisition rate of
100 data points per second, while the TOF data was sampled at an acquisition rate of 50
spectra per second in the mass range of 40 to 500 atomic mass units (amu). Different
modulation periods were used due to differences in the GCxGC instrument, for example, the
GCxGC-FID combusts the column effluent at atmospheric pressure while in the GCxGC-
TOF instrument, column effluent must move through a heated transfer line into the ion source.
Since the total distance between detector and secondary oven is different between these two
instruments, optimization of the chromatographic plane requires slight modifications to the
GCxGC methods.

1.3.3 Compound-specific and Dissolved Inorganic Carbon Isotope Measurements

Compound-specific isotope analysis was performed after concentration analysis on a
gas chromatograph combustion isotope ratio mass spectrometer (GC/C-IRMS) with a Trace
GC (Thermo Finnigan) set up to a GC-C/TC III (Finnigan™) interface and a DeltaPs XP
isotope ratio mass spectrometer (Thermo Finnigan). A J & W Scientific DB-5 Capillary
column (30 m, 0.25 mm, 0.25 um) was used with 2 uL. manual injections. Temperature ramp
was conducted starting at 70 °C and held for 2 minutes, then a 3 °C min’! ramp to 120 °C,
hold for 0 minutes, then a 6 °C min™' ramp to 185 °C, hold for 0 minutes then a 120 °C min’!

ramp to 290 °C, hold for 3 minutes. Inlet temperature was 260 °C, flow rate was held at 2.2
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mL He min! with a splitless injection held for 0.5 minutes after injection. Isotope ratio
accuracy was calibrated with a Ci4 fatty acid methyl ester Schimmelmann reference material
to Vienna PeeDee Belemnite. Precision was accounted for with a standard mix of nCis, nCie
and nCi7 at ~1.2 ng uL -' and was run between every batch of ~20 samples. Peaks were
manually integrated after establishing the baseline, analytical precision was ~0.9 %o 8'3C for
pentadecane.

Dissolved inorganic carbon '3C isotope ratio measurements were made on a Gas
Bench II (Thermo Finnigan) interfaced to the same DeltaP!"s XP isotope ratio mass
spectrometer (Thermo Finnigan) used for the compound-specific analysis. Sample
preparation and analysis were followed closely to the protocol outlines by the University of
California, Davis, Stable Isotope Facility

(https://stableisotopefacility.ucdavis.edu/dictracegas.html).

1.3.4 Cell Counts and Dissolved Nutrient Analysis

Sampling for nutrients and cell counts was conducted on the CTD cast immediately
before the casts for hydrocarbon sampling (~ 1-hour difference), these casts were all at
~sunrise. Parallel sampling was conducted with the same cast water for the diel sampling.
Flow cytometry analysis was performed by the Bigelow Laboratory for Ocean Sciences using
a slightly modified protocol from Lomas et al.,, 2010. Samples were fixed with
paraformaldehyde (0.5% final concentration) and stored at ~4 °C for 1-2 hours before long
term storage in liquid nitrogen. An Influx cytometer was used with a 488 nm blue excitation
laser, appropriate Chl-a (692 + 20 nm) and phycoerythrin (585 + 15 nm) bandpass filters, and
was calibrated daily with 3.46 um Rainbow Beads (Spherotech Inc. Lake Forest, Illinois,

USA). Each sample was run for 4-6 min (~0.2-0.3 ml total volume analyzed), with log-

11



amplified Chl-a and phycoerythrin fluorescence, and forward and right-angle scatter signals
recorded. Data files were analyzed from two-dimensional scatter plots based on red or orange
fluorescence and characteristic light scattering properties (Durand & Olson, 1996) using
FlowJo 9.8 Software (Becton Dickinson, San Jose, CA). Pico-autotrophs were identified as
either Synechococcus or Prochlorococcus, pico-eukaryotes or nano-eukaryotes based upon
cell size and the presence or absence of phycoerythrin. Nutrients were analyzed by the
University of Washington Marine Chemistry Laboratory.

1.3.5 Calculations and Analyses, Statistics and Reproducibility

All statistics and points within figures were conducted with distinct samples (not
replicated measurements of the same sample). Pentadecane production from compound-
specific isotope enrichment measurements were calculated using a published equation (Lopez-
Sandoval et al., 2018). The time duration used in the equation was from complete set up of
the incubation to completion of filtering the water through the filter. The value used for *C-
DIC was the average of the whole dataset (8'°C = 480%o) and the value used for unlabeled
pentadecane was from a non-enriched sample (8'*C = -20%o) because of variations in the time
zero values from a slight but inevitable enrichment when bottles were filtered in the laboratory
(roughly one hour to filter the whole bottle in a well-illuminated laboratory space).

Considering that 30% and 10% PAR waters were at a steady state with respect to
pentadecane concentration, we used a modified primary production calculation using '3C
enrichment from Lopez-Sandoval et al., 2018, to calculate the production of pentadecane. The
concentration of pentadecane for the 1% PAR incubation increased over the 30-hour
incubation for most oligotrophic stations (Extended Data Figure 2), violating an assumption

outlined by Lopez-Sandoval et al (2018). We thus chose to compare two approaches:
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calculation of production via concentration data only and calculation using '3C from Lopez-
Sandoval et al., 2018. Ultimately, we chose to use the isotope-predicted production rates of
pentadecane because loss processes were clearly evident from the comparison of the two
approaches.

Statistical analyses were conducted using R within RStudio version 1.2.1335.
Statistical analyses of single linear models were done using the R base stats package. Relative
importance of regressors in multiple linear models were found using the R package ‘relaimpo’
and the function ‘calc.relimp()’. Source data is provided. Reproduction of experiments at the
same station was not possible due to time constraints, space on-board and resources.

1.3.6 Quantification of global stock and production for cyanobacterial alkanes:
Method 1

Method 1 draws from direct observations of water column pentadecane stock and
production rates encountered in the North Atlantic subtropical gyre. We integrated the depth
profiles of pentadecane concentration for stations 4, 6 and 8 to calculate a mean water column
integrated stock of pentadecane with standard deviation and further integrated primary
production rates of pentadecane for stations 4, 5 and 8 from our isotope enrichment incubation
experiments, to obtain a mean water column production rate with standard deviation.
Calculation of pentadecane stock results in an average water column integrated stock of
pentadecane of 3.42 £+ 0.83 mg m?, and when scaled by the mean areal extent of the
oligotrophic ocean (estimated at 204 x 10% km?) results in a standing stock of 0.70 = 0.17 Tg
(Table 1). Calculation of pentadecane production rate results in 1.76 = 0.17 mg pentadecane
m~ d!, which multiplied by the areal extent of the oligotrophic ocean yields 131 = 13 Tg

pentadecane per year (Table 1).
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To integrate pentadecane stock in the water column we integrated station 4, 6 and 8
depth profiles because of suitable data coverage. Integration was performed by taking a data
point to be the center of a rectangle, with the ends of rectangles meeting halfway between data
points on the depth axis. For the data closest to the surface, we assume that the stock stays at
that value from the depth of collection to the surface. If the deepest data is shallower than 200
m (station 4) we assume that the pentadecane concentration attenuates to 0 ng L' at 200 m
depth and thus integrated the area from the deepest rectangle to 200 m as a triangle. If the
deepest data goes to 200 m or deeper (station 6 and 8), we integrated the height of the deepest
rectangle as the value of the data found beyond 200 m, and chose this data to be the deepest
endmember of our integration.

To integrate pentadecane production rate throughout the water column we used
“typical” oligotrophic stations that had production measurements at 30%, 10% and 1% PAR
(stations 4, 5 and 8). All three stations had a very similar trend in productivity (Figure 2A).
We integrated by taking the data to be the height (pentadecane productivity) of the rectangle
and the width of the rectangle (depth) to be the depth halfway between data points. Integration
to the surface was done by assuming that productivity remained the same from the shallowest
data point to the surface. For the deep endmember we chose to retain the distance between the
middle (10%) and deepest (1%) data points and carry the rectangle this same distance below
the 1% PAR data point depth.

1.3.7 Quantification of global stock and production for cyanobacterial alkanes:
Method 2

Method 2 draws from all samples with co-occurring measured pentadecane

concentrations as well as Prochlorococcus and Synechococcus abundance (n = 67) to establish
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average per cell quantities of pentadecane across all our stations. We then used previously
modeled global populations of Prochlorococcus (2.9 £ 0.1 x 10%7) and Synechococcus (7.0 +
0.3 x 10%%) (Flombaum et al., 2013) to scale our estimates for a global stock and utilized known
doubling rates (1-2 days for Prochlorococcus, 1-6 days for Synechococcus) (Field et al., 1998;
Liu et al., 1995; Mann & Chisholm, 2000; Vaulot et al., 1995; Zubkov, 2014) to scale the
average per cell pentadecane content from our data to estimate a global production rate.

To differentiate the pentadecane contributions from each genus in our data, we created
a multiple linear model using Prochlorococcus and Synechococcus cell counts as separate
independent variables, yielding values of 0.47 + 0.42 fg cell! for Prochlorococcus and 0.60
+0.35 fg cell'! for Synechococcus (R*> = 0.768). These values are similar to those from pure
cultures of three ecotypes of Prochlorococcus (0.49 £ 0.23 fg/cell) and are slightly higher than
reported of four strains of Synechococcus (0.25 £ 0.04 fg/cell), also from culture (Lea-Smith
et al., 2015). From this approach we estimate the global standing stock of pentadecane from
Prochlorococcus to be 1.4 £ 1.2 Tg and Synechococcus to be 0.42 + 0.25 Tg, for a total of

1.78+1.24 Tg. See Table 1 for estimates and comparisons to Lea-Smith et al. 2015.
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1.4 Results & Discussion

1.4.1 Pentadecane is abundant and vertically structured in the oligotrophic
ocean

Our efforts focus on the North Atlantic subtropical oligotrophic gyre for which
productivity is dominated by hydrocarbon-producing cyanobacteria Prochlorococcus and
Synechococcus (Chisholm et al., 1988), genera estimated to account for ~25% of the global
ocean’s net primary production (Field et al., 1998; Flombaum et al., 2013). Subtropical
oligotrophic gyres comprise ~40% of the planet’s surface (Karl & Church, 2014; Polovina et
al., 2008), tend to host predominantly cyanobacterial productivity (Flombaum et al., 2013)
(Figure 7), and are far from the continents and associated petroleum sources that could mask
the signal of cyanobacterial hydrocarbons. Here we target the primary production of
hydrocarbons by cyanobacteria in oligotrophic settings and the associated consumption by
hydrocarbon-oxidizing microbes to establish the spatial context, flux and controls on the
cycle.

To investigate the abundance pattern of cyanobacterial alkanes we quantified their
depth distribution at seven locations in the western North Atlantic, five of which represent
oligotrophic conditions and two that were more nutrient replete (Figure 1). In total, we
quantified alkane concentration in 441 particulate samples (= 0.2 um), mainly in triplicate. It
1s important to note that we measured particulate samples from a filter and pentadecane (and
heptadecane) is interpreted to reside primarily in the membranes of cells in the particulate
phase (Lea-Smith et al., 2016, see Methods section 1.3.1). Thus, these units do not represent
a truly dissolved chemical compound.

Pentadecane (nCis) was the most abundant hydrocarbon in each sample from the five

stations located in oligotrophic waters (Figure 1). Concentrations of pentadecane ranged from
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2-65 ng L' in the subtropical gyre, with maximum values of ~80 ng L™! for the Gulf Stream
(station 3) and ~130 ng L' for a Synechococcus bloom (station 9). Heptadecane (nCi7) was
found at concentrations up to 12 ng L' but was often near our detection limit of ~2 ng L*';
additionally, heptadecane was always lower in abundance than pentadecane in waters off the
continental shelf. No other hydrocarbons of measurable concentration were found in these
samples.

Depth profiles of pentadecane concentration in oligotrophic waters reveal a distinctive
subsurface maximum that coincides with both fluorescence and cyanobacteria cell counts
(Figure 1), aligning with the deep chlorophyll maximum (DCM). Concentrations above the
DCM at the surface are lower but detectable (10-15 ng L' in Prochlorococcus dominated
waters), while they become undetectable below the DCM (Figure 1) near the base of the
euphotic zone (150-200 m). The observed coupling of pentadecane concentration with cell
abundance is consistent with pentadecane occurrence primarily within cyanobacterial cells
(Lea-Smith et al., 2016) (> 98%)), a finding further supported by observations of diel cycling
(Figure 2c, d; Figure 5) and cultivation work (see Methods section 1.3.1). Heptadecane shows
no coherent spatial patterns or relationships with other variables likely due to the inability of
our analytical procedure to measure concentrations < 2 ng L' with suitable precision.

The geographic and vertical distribution of pentadecane is consistent with the ecology
of Prochlorococcus and Synechococcus. The subsurface pentadecane maximum exhibits a
decrease in magnitude and a deepening from ~50 m in the Gulf Stream, to ~100 m at the most
southerly station in the North Atlantic subtropical gyre, which 1s reflective of
Prochlorococcus and Synechococcus cell abundance distributions (Cavender-Bares et al.,

2001) (Figure 1). Pentadecane was slightly decoupled from cyanobacteria cell abundance at
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stations 6 and 7 (Figure 1), possibly due to differential cell specific hydrocarbon content for
Prochlorococcus ecotypes at different parts of the photic zone (Johnson et al., 2006; Lea-

Smith et al., 2015).
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Figure 1. Pentadecane maps onto trends in ocean fluorescence and cyanobacteria
abundance. Study area (at left) shows station coordinates mapped onto 4-km resolution
MODIS-Aqua chlorophyll concentration for 2017. Station 3 was located in the Gulf Stream
and station 9 targeted a Synechococcus bloom, all other stations captured more “typical”
Prochlorococcus dominated oligotrophic water. Pentadecane depth distributions for each
station are displayed with fluorescence (top row) and cyanobacterial abundance (bottom row).
Depth distributions are organized by descending latitude with pentadecane distribution and
station number duplicated for ease of comparison. Open black circles show biologically
independent pentadecane measurements, each data represents the contents of one distinct
sample bottle (see Methods). Replicates are sequentially moved 1-meter below the other for
visualization (water was taken from same depth, depth of top replicate), solid black circles
indicate mean of n = 2 at stations 9, 4, 8 and 6 and represent mean of n = 3 for stations 3, 5
and 7.
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1.4.2 Rapid pentadecane production in the lower euphotic zone

To quantify production patterns of cyanobacterial alkanes, we amended shipboard
incubations with 3C-enriched dissolved inorganic carbon (DIC) to 480%o and quantified
changes in hydrocarbon concentration (Figure 3 and 4) and '*C enrichment of pentadecane.
Incubations were conducted shipboard at ambient temperature and light level (see Methods).
In total, we quantified alkane production in 31 samples, from five of the seven stations, mainly
in triplicate. Pentadecane production varies between ~ 3-30 ng nCis L™ d! within oligotrophic
gyre waters (Figure 2a) and has a higher maximum (~ 50 ng nCis L' d"!) in the Gulf Stream
at the DCM. For each of the (four) oligotrophic stations tested (stations 4, 5, 7 and 8),
volumetric pentadecane production is greatest near the DCM, where approximately 1% of
photosynthetically active radiation penetrates (1% PAR) (Figure 2a). Three of these stations
(stations 4, 5 and 8) exhibit pentadecane production of 5-8 ng nCis L' d! at 30% PAR depths,
increasing with depth to ~30 ng nCys L' d! at 1% PAR. (Figure 2a). Diel variability in
pentadecane concentration is also greatest at the DCM and 1% PAR, further consistent with
hotspot production there (Figure 2c, Figure 5).

By normalizing volumetric pentadecane production to cyanobacteria abundance (Pro.
+ Syn.), we find that 1% PAR has a higher average cellular production rate of pentadecane
(0.37 £0.13 fg cell! d'!) compared to 30% and 10% PAR (0.26 +0.05 and 0.13 £ 0.05 fg cell’
'd'!, respectively) (Figure 2b), indicating that cyanobacteria at or near the DCM produce more
pentadecane per cell per unit time. Furthermore, steady state pentadecane replenishment time
(production rate divided by concentration) calculated from '3C incorporation and pentadecane
concentration, is approximately twice as rapid at 1% PAR compared to 10% and 30% PAR

(Figure 2f). It is notable that we consistently observed greater production of pentadecane in
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the lower photic zone (1% PAR, near the DCM) than the upper photic zone (30% PAR)
because depth profiles of primary production in oligotrophic gyres typically have greater
production closer to the surface (Grande et al., 1989; Karl & Church, 2017). The reason
underlying this productivity inversion is unclear, but is potentially related to a role for
pentadecane in low-light and cold adaption of cyanobacteria (Knoot & Pakrasi, 2019; Lea-
Smith et al., 2016).

Our findings of increased cell-specific pentadecane production and variability in the
lower euphotic zone for the North Atlantic subtropical gyre are informed by differences in
per-cell pentadecane content (nCis/[Pro. + Syn.]) and dissolved nitrite concentrations.
Relative importance analysis for physicochemical parameters ammonium, nitrite, depth, light
and cyanobacterial pentadecane content (stations 4, 5, 7 and 8) in determining cell-specific
production rate of pentadecane revealed that per-cell pentadecane content and nitrite are the
most powerful and only significant predictors at 33% and 34% respectively (nCis/[Pro. +
Syn.]: p <0.001, nitrite: p < 0.001; ANOVA). In addition, ammonium, depth and light have
6%, 5% and 4% predictive power respectively for a total predictive power of 80% (R? = 0.80).
A similar predictive capacity is found when the number of predictor variables was reduced to
only per-cell pentadecane content and dissolved nitrite concentration (Figure 2e). Given a
constant cell growth rate, the cell-specific production rate of pentadecane would be dependent
on cell-specific pentadecane content, logically explaining its predictive power. The reason
underlying nitrite’s predictive power is less clear, but it is possible that low-light
Prochlorococcus ecotypes can utilize nitrite more effectively than high-light ecotypes
(Martiny et al., 2009) driving production of pentadecane at the DCM via shoaling of the

nitricline.
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Figure 2. Most pentadecane production in lower euphotic zone. Pentadecane production
and diel dynamics from *C-DIC enrichments and diel sampling grouped by light penetration
depth. a-b Volumetric and cellular (cell = Pro. + Syn.) pentadecane production were
calculated using pentadecane concentration and '*C enrichment from incubation experiments
(see Methods). Data displayed as open black circles with bar representing mean production
rate, error bars show standard deviation for n = 3. ¢-d Diel change in pentadecane
concentration and pentadecane per Prochlorococcus cell show the lower euphotic zone and
particularly the Deep Chlorophyll Maximum (DCM) is most dynamic (see Figure 5-5), data
are plotted as open circles, mean of replicates are plotted as solid circles (n = 2). e Results of
a multiple linear regression (n = 31) using nitrite and per-cell pentadecane content (nCys/[ Pro.
+ Syn.]) to predict cell-specific production (blue line), gray shadings indicate 95% confidence
intervals; black line is 1:1. f A density plot overlaid on a box and whisker plot of pentadecane
replenishment time, grouped by light depth (center line, median; box limits, upper and lower
quartiles; whiskers, 1.5x interquartile range; points, outliers); replication by light depth is as
follows: 30 PAR (n=9), 10 PAR (n=11), 1 PAR (n = 11). For all panels, “n” describes the
number of biologically independent pentadecane measurements.
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Figure 3. Concentration of pentadecane at beginning and end of 30-hour light incubations
(time =0 and 30 hours) at three light penetration depths for stations 3, 4, 5, 7, 8, 9 (indicated
by number at right of each panel). Water was incubated at the light level from which it was
collected. Data are plotted as black open circles and represent biologically independent

measurements; bar indicates mean of replicates at that light depth, error bars indicate standard
deviation of n = 3 replication.
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Figure 4. Concentration of pentadecane at beginning and end of 30-hour dark control
incubations (time =0 and 30 hours) at three light penetration depths for stations 3, 4, 5, 7, 8
(indicated by number at right of each panel). Data are plotted as black open circles and
represent biologically independent measurements; bar indicates mean of replicates at that light
depth, error bars indicate standard deviation of n =3 replication.

1.4.3 Hydrocarbon production in the Gulf Stream and Continental Shelf

The sampling station located in the Gulf Stream exhibited high production at 10%
PAR (50 ng nCis L' d"), which aligned with the DCM at ~50 m (Figure 1). In contrast, the
“true” oligotrophic stations exhibited a 1% PAR depth usually aligning close to the DCM
(within ~ 15 m). Furthermore, a large Prochlorococcus population was seen with higher nitrite
concentrations at 10% PAR in the Gulf Stream compared to the “true” oligotrophic stations.

Station 7 exhibited lower production at 1% PAR (10 ng nCis L' d') compared to other

oligotrophic stations (Fig. 3a) likely due to a comparatively smaller Prochlorococcus
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population at this depth and extremely low nutrients. These anomalies are well reconciled in
the multiple linear model predicting cell-specific production rates from dissolved nitrite and
cellular pentadecane content (Figure 2¢).

Station 1 was the sole station located in eutrophic waters on the continental shelf.
These waters are dominated by eukaryotic phytoplankton and thus were not the focus of our
study. Furthermore, we did not utilize a 200 um mesh to catch large zooplankton at this station
and as a result observed variable amounts of zooplankton in our 2L samples. Additionally, we
observed a chromatographic coelution in these samples with both heptadecane and our internal
standard, DDTP. We found that heptadecane was present at higher concentrations than in
nutrient poor waters and was always higher in concentration than pentadecane at this station
(although with a similar ~3:1 ratio), consistent with eukaryotic-derived octadecanoic acid
(stearic acid) as the precursor. Additionally, heptadecane exhibited more variable
concentrations between replicates which might be related to the presence of large zooplankton
or other forms of heterogeneity in these waters. For these reasons we excluded this data from
this study and refer to the results in qualitative terms.

1.4.4 Diel patterns for pentadecane, cells and fluorescence

Pentadecane concentrations were consistent over the diel cycle for shallower depths
but not for the deep photic zone (DCM, 1% PAR and 3% PAR), which varied between 8-30%,
with the DCM displaying the greatest change (Figure 5a). Density variations were minor for
waters sampled at the DCM, 1% PAR and 3% PAR depths (Figure 6) supporting the
interpretation that observed variations reflect biological process rather than sampling bias or

physical processes.
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Like pentadecane, the abundance of Prochlorococcus remained consistent in the upper
portion of the photic zone throughout the diel cycle whereas it varied substantially (~ 50%) in
the lower photic zone (DCM, 1% and 3% PAR depths) (Figure 5b). Prochlorococcus
abundance in the lower photic zone was observed to decrease in the daylight hours by ~half,
with replenishment beginning at dusk and continuing through the night, to meet the original
concentration at dawn (Figure 5b). This behavior is reflective of previously reported doubling
patterns of Prochlorococcus in both the laboratory and in the ocean (Ribalet et al., 2015;
Zinser et al., 2009), with cell growth during the day and the peak of cell division occurring
near dusk. Syrnechococcus abundance did not follow any discernable pattern over the diel cycle
(Figure 5c) and was approximately an order of magnitude lower in abundance than
Prochlorococcus, thus we interpret pentadecane dynamics to stem primarily from
Prochlorococcus.

Combining pentadecane concentrations with Prochlorococcus abundance patterns
enables an assessment of cell-specific pentadecane variability over a diel cycle at three depths
(DCM, 1% PAR, 3% PAR). Accumulation of pentadecane preceded cell division (Figure 5e),
consistent with diurnal growth preceding nocturnal division. This pattern is also in alignment
with previous reports from laboratory knockout experiments of Synechocystis (a freshwater
cyanobacterium) indicating that hydrocarbons promote membrane flexibility and optimal cell
growth and division (Lea-Smith et al., 2016). Thus, it appears that the diel changes in the
pentadecane per Prochlorococcus cell measured here are reflective of Prochlorococcus’ cell
physiology relative to day-night cycles of growth and division. Since Prochlorococcus
abundance is a balance between cell death and cell division, cell-specific pentadecane

production rates and average cell division rates may serve as reasonable scaling factors to
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calculate hydrocarbon production in the ocean. The cell-specific content of pentadecane was
notably higher in waters at the DCM at all times in the diel cycle, compared to other depths
(Figure 5e). This observation further highlights our finding that pentadecane abundance is
proportional to fluorescence and may shed light on utilization of hydrocarbons for photo-
acclimation by cyanobacteria in low-light environments. Specifically, these results are
consistent with a model in which increased membrane stacking serves as a low-light
adaptation, housing more chlorophyll and requiring more alkane to minimize curvature stress.

We also find that 1% and 3% PAR waters exhibit an increase in
pentadecane/fluorescence during the day (Figure 5f), with a decrease at night. This
observation could be interpreted as an increase in internal membranes (scaffolding) and the
need for tight membrane curvature preceding production of chlorophyll and division,
however, an opposing trend was observed for the DCM and the topic warrants further
investigation. Regardless, it is clear that pentadecane concentrations are stable in the upper
photic zone and with lower concentrations as compared to the lower photic zone in which
there is more rapid production and utilization of pentadecane by cyanobacteria, particularly
Prochlorococcus. These results further bolster our finding that the DCM is a highly dynamic

focal point for biogeochemical cycling of pentadecane.
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Figure 5. Light depths kept constant through Lagrangian sampling framework whereas the
DCM is a depth variable feature throughout the diel cycle. The x-axis represents time of day
in hours, with gray shading representing night. Diel patterns
of a pentadecane, b Prochlorococcus, ¢ Synechococcus, d fluorescence (averaged with 1-
meter resolution data with 2 data points above and 2 data points below to smooth signal, n=15)
and e-g selected ratios. a, e, Data are plotted as open circles with n=2 biologically
independent pentadecane measurements, solid circles indicate mean.
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Figure 6. Seawater density plotted against pentadecane concentration colored by light
penetration depth and feature (DCM). In this plot, seawater density acts as a proxy for water
mass identity in diel sampling. The closer the vertical spread of points of the same color means
that samples are more likely to have originated from the same water mass, whereas the further
spread means that samples may have originated from different water masses. The horizontal
spread of points of the same color represents different concentrations of pentadecane found in
the diel cycle. 3% PAR, 1% PAR and particularly the DCM, have pronounced changes in
pentadecane over the diel cycle with minimal shifts in seawater density. We conclude this to
mean that pentadecane patterns at these depths can be attributed to biological origin, rather

than sampling of different water masses.
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1.4.5 Global geochemical budget of pentadecane

Based on our measures of productivity and concentration, we sought to quantify key
terms in the geochemical budget of cyanobacterial pentadecane — namely global standing-
stock (i.e., reservoir magnitude) and global production of pentadecane produced by
Prochlorococcus and Synechococcus (i.e., turnover rate or input). Importantly, we assume
consumption balances production (i.e., steady state) at the regional and global scale. We focus
on pentadecane production by Prochlorococcus and Synechococcus because we found them
to be the main drivers of the biological hydrocarbon cycle in the oligotrophic ocean (Figure
7). Two distinct approaches are applied for each budget term, low-end values based on
pentadecane stock and production rates encountered in the study area (Figure 1 and Figure 2a)
scaled by oligotrophic ocean area (method 1, representative of global oligotrophic ocean
contribution), and higher values based on scaling of observed cellular properties (pentadecane
content per cell) using a previous model (Flombaum et al., 2013) (method 2, representative of
global cyanobacterial contribution, both outlined in Methods). The water column integrated
approach (method 1) is representative of the pentadecane stock in the oligotrophic gyres
insomuch as the locations (North Atlantic subtropical gyre) and season are scalable;
considering population estimates (Flombaum et al., 2013) and time series data (see Figure 7)
we note that the Atlantic tends to have relatively-low cyanobacterial abundance causing a
potential low bias to method 1 (Figure 7). Additionally, method 1 does not consider regions
outside the open-ocean oligotrophic gyres, particularly for Synechococcus which is found in
both coastal oligotrophic waters and more eutrophic waters (Flombaum et al., 2013). We

propose that our method using water column integration is a reasonable representation for the
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North Atlantic subtropical gyre but our average estimate using modeled cell-specific

concentrations may be more accurate for the global stock for oligotrophic ocean regions.
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Figure 7. Depth profiles of ~20 years of data from the Bermuda Atlantic Time-series (BATS,
at top, data obtained from Bermuda Atlantic Time-series Study http://bats.bios.edu/bats-
data/), the Hawaii Ocean Time-series (HOT, in middle, data obtained from Hawaii Ocean
Time-series HOT-DOGS application; University of Hawai’i at Manoa, National Science
Foundation Award #1756517), and this study (at bottom). Data points are colored on a
gradient by the proportional contribution to the phytoplankton community
by Prochlorococcus and Synechococcus (total phytoplankton community 1is calculated
as Pro. + Syn. + pico- + nano-Eukaryotes for BATS and this study, and Pro. + Syn. + pico-
Eukaryotes for HOT). BATS and HOT data are each from a single station measured nearly
monthly for ~20 years whereas measurements from this study incorporate spatial variability
(see Fig. 1) with minimal temporal variability (all measurements taken in May 2017). The
proportional contribution of Prochlorococcus and Synechococcusis > 90 % of the
phytoplankton community at BATS 84% of the time. At HOT, Pro. + Syn. is > 90 % of
phytoplankton community ~100% of the time. For this study, Pro. + Syn. is > 90% of the
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phytoplankton community (Pro. + Syn. + pico + nano-Eukaryotes) for 80% of the
measurements, with most cases of lower proportional prokaryote abundance due to an
anomalous nutrient pulse observed at station 9 (a Synechococcus bloom) or at low absolute
abundance of Pro. + Syn.

We estimate the global standing stock of pentadecane to be 0.70 + 0.17 Tg by method
1 and 1.78 + 1.24 Tg by method 2, the latter of which is similar to an estimate based on
laboratory cultivation (Lea-Smith et al., 2015). We further estimate the global production rate
of pentadecane to be 131 + 13 Tg pentadecane yr' by method 1 and 274-649 Tg pentadecane
yr'! by method 2 (Table 1). By comparison, the total quantity of petroleum estimated to reach
the ocean annually from all sources is 1.3 Tg (National Research Council, 2003), indicating
that biohydrocarbon input to the ocean exceeds petroleum input by a factor of ~100-500.
Interestingly, the global production rate of pentadecane by cyanobacteria is similar in
magnitude to the atmospheric release for two other important hydrocarbons: methane (Saunois
et al., 2020) and isoprene (Guenther et al., 2012; McGenity et al., 2018).

In order to assess the reasonableness of our measurements and global scaling we
further check the replenishment time of pentadecane relative to known population turnover
for wild Prochlorococcus and Synechococcus. Replenishment time of pentadecane was
calculated from independent measures of water-column integrated stock and production at 3
oligotrophic stations (see Methods), yielding a value of 1.9 + 0.5 d. This value is taken to
represent the turnover time of cellular pentadecane and is within the range of cellular turnover
time observed for environmental Prochlorococcus (1-2 days) — weighted slightly towards the
slower environmental turnover of Synechococcus (1-6 days) (Field et al., 1998; Liu et al.,

1995; Mann & Chisholm, 2000; Vaulot et al., 1995; Zubkov, 2014). Furthermore, since water

column integrated turnover aligns with 1% PAR replenishment time (Figure 2f), this further
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bolsters our finding that the low-light euphotic zone is driving most pentadecane flux, where
elevated pentadecane concentrations and rapid turnover coincide.

1.4.6 Microbial productivity from pentadecane

Based on the assumption of steady state, we estimated the magnitude for the
production rate of obligate alkane-degrading bacteria or archaea using cyanobacterial
pentadecane as sole substrate in the oligotrophic ocean. Assuming a carbon conversion
efficiency range (pentadecane to biomass) of 5-50% and a carbon mass of hydrocarbon
degrading microbes of 120 fg C cell'! (Valentine et al., 2012), pentadecane in the lower photic
zone (1% PAR) would support microbial production of the order of ~10-100 cells mI' d! with
the upper photic zone (30% PAR) supporting ~2-20 cells mI'' d"!. The size of the supported
community further depends on cellular turnover time, and an assumed turnover rate of 0.1
day! equates to a steady state population of ~10%-103 cells ml*! in the lower photic zone (1%
PAR) and ~20-200 cells ml"!' in the upper photic zone (30 % PAR) of the oligotrophic ocean
(Table 1). Additionally, geochemical analysis of sinking particles collected at the base of the
euphotic zone (150 m) shows that only ~ 1 x 10 % of pentadecane production (1.76 mg nC"
m~? d) is exported below 150 m, which suggests rapid consumption of this hydrocarbon
within the euphotic zone, further supporting the estimates in Table 1. These results underscore
the depth dependency of cyanobacterial pentadecane production, and the potential for similar
structuring for the microbial community of alkane degraders. Furthermore, we expect a
secondary structuring of alkane degradation based on phase-state of the alkanes, with particles
showing more consumption than surrounding waters, as we interpret in incubation

experiments (Arrington, 2021) and sediment trap data.
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Method 1 Method 2 | Lea-smith et al., 2015

Stock 0.70 £0.17 1.78+1.24 | 1.59
(Tg nC15)

Production 131 £13 274-649 270-583
(Tg nC15 yr!)

nCis Consuming 20-200 cells mL!

Cells (30% PAR)

nCis Consuming 100-1000 cells mL-!

Cells (1% PAR)
Table 1. Global reservoirs and fluxes of pentadecane and estimates of a supported bacterial
or archaeal community relying solely on pentadecane. We assume a conversion efficiency
range (pentadecane to biomass) of 5-50%, a dry carbon mass of hydrocarbon degrading cells
of 120 fg C/cell (Valentine et al., 2012), and a cellular turnover rate of 0.1 d°'.

1.5 Conclusion

Oceanographic measurements in the North Atlantic Oligotrophic Gyre reveal that
pentadecane is the dominant hydrocarbon produced by cyanobacteria, with pentadecane depth
profiles closely mapping onto Prochlorococcus cell abundance and fluorescence, with peak
pentadecane concentration at the Deep Chlorophyll Maximum (DCM). Through isotope tracer
experiments and compound-specific isotope ratio measurements we find that the deep
euphotic zone (1 % PAR) near the DCM produced the most pentadecane per unit time by
volume and by cell, and that production is governed by pentadecane per cell content and
dissolved nitrite. This highly dynamic production in the deep euphotic zone is also seen in
diel dynamics that reveal the DCM as a hotspot of pentadecane production. Through isotopic
and geochemical measurements, we find that pentadecane in the euphotic zone is completely
turned over in ~ 1.9 days with negligible export below 150 m, which illustrates the rapid
turnover and near complete utilization of this hydrocarbon by hydrocarbon degrading bacteria
on sinking marine particles. We estimate through several methods that cyanobacterial
hydrocarbon production dwarfs oil input into the ocean by 100 to 500-fold, supporting field

observations of low-level alkane degrading specialists found in ocean waters unpolluted by
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oil. The cryptic hydrocarbon cycling observed here is an important factor in understanding the
metabolic response of the oceanic microbiome to oil inputs and should be incorporated as a

predictive tool in oil spill response planning.
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CHAPTER 2

Fatty acid and isotope biomarker response to coral heterotrophy in
context of in situ sampling on reefs

2.1 Abstract

Reef-building corals are mixotrophic and obtain organic matter from their
endosymbiotic dinoflagellates (Symbiodiniaceae; herein ‘symbionts’) or through heterotrophy
on particulate organic matter (POM) and zooplankton in the water column. A body of work
has shown an unexpected reliance of many corals on heterotrophy and the vital role
heterotrophy plays in supplying corals with essential nutrients that help corals resist and
recover from thermally induced bleaching that is threatening coral-reef ecosystems
worldwide. Yet, we still have a limited understanding of coral feeding plasticity and trophic
ecology of reef-building corals that would help predict survivorship patterns and inform
management practices. Most current methods are either analytically or replication limited for
interpreting coral trophic ecology patterns in nature which remains challenging due to the tight
recycling of nutrients between the host and symbiont and the multi-trophic nature of corals
(detritivores, herbivores, carnivores, etc.). Only a small number of controlled feeding
experiments have been conducted to understand biomarker response to shifts in coral
heterotrophy. To fill this knowledge gap, a high replication feeding experiment (n ~ 30 per
treatment) was conducted on Red Sea Stylophora pistillata in which corals were fed along a
gradient from full autotrophy to full heterotrophy on a distinct food source (4rtemia nauplii)
to better understand fatty acid (FA), isotopic and elemental biomarker response to shifts in
coral mixotrophy. Both FA and isotope biomarkers are the most used analyses in trophic
ecology studies and when combined provide the most cost and data effective measurements

to advance understanding of coral mixotrophy and feeding ecology in nature.
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It was found that increasing coral heterotrophy provided several physiological and
molecular benefits to corals but did not offset detrimental bleaching effects and that bleached
corals generally ate less than non-bleached corals when presented with the same prey density
and feeding frequency. Experimental nutritional source groups (heterotrophic and
autotrophic) showed strong FA and isotopic biomarker separation due to significant
differences (p < 0.01) in 22 out of 30 biomarkers. Nearly all heterotrophic source biomarkers
scaled with increasing heterotrophy in the host fraction while only a smaller subset increased
in the symbionts, indicative of controlled metabolic gatekeeping by the host. A divergent
metabolic pattern was seen for autotrophic biomarkers in both the host and symbiont fractions
in which some autotrophic biomarkers were positively correlated with feeding, likely due to
increased symbiont density and chlorophyll which increases with feeding, which represents
of a “fast turnover” FA pool; while other autotrophy markers were negatively correlated with
feeding, suggesting a dilution effect, or “slow turnover” symbiont biomarkers that were
diluted with both fast turnover autotrophic biomarkers and heterotrophic biomarkers. Nitrogen
1sotope and essential fatty acid data showed clear integration of heterotrophic biomarkers in
host and symbiont tissues while carbon isotope data revealed non-significant changes to
heterotrophy, with ~ 10-60 heterotrophic nitrogen atoms recorded for every 1 heterotrophic
carbon atom, depending on tissue fraction, and feeding regime. This shows that the decades
long use of soft tissue bulk carbon isotope data to assess coral heterotrophy may be drastically
underestimating the vital contribution of heterotrophy to reef-building corals because most
heterotrophic carbon appears to be respired or exuded as mucous while nitrogen and essential
molecules (fatty and amino acids) are retained. It was found that essential FA heterotrophic

biomarkers and heterotrophic nitrogen turnover exhibit non-linear trends due to less
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heterotrophic nitrogen integration by the host of bleached corals, which suggests that FA
biomarkers may be the most responsive biomarkers on shorter time scales, particularly for
bleached corals. Lastly, the results of this experimental feeding study and particular
biomarkers are discussed in context of assessing coral mixotrophy and trophic level using just
in situ nutritional source found in the Gulf of Aqaba. Overall, findings show reliable recording
of FA, isotopic and elemental biomarkers from feeding in reef-building corals that can be used
in the field, with unique fatty acid metabolism dynamics within the coral-dinoflagellate
symbiosis with evidence that carbon isotope proxies may be vastly underestimating the
reliance of coral heterotrophy in nature. This shows that reef-building corals and
oceanographic patterns that control POM and zooplankton dynamics on reefs are likely more
intimately linked than originally thought.
2.2 Introduction

2.2.1 The coral symbiosis and heterotrophy

The ecological success of reef-building corals in oligotrophic waters has been termed
“Darwin’s paradox” in which the flourishing, colorful and biodiverse areas of coral reefs stand
in stark contrast to the low nutrient (oligotrophic) waters in which they reside. The success of
tropical reef-building corals in oligotrophic water has largely been attributed their symbiosis
with the photosynthetic dinoflagellate Symbiodiniaceae in which tight recycling of nutrients
between the animal host and endosymbiont (herein ‘symbiont’) help the coral meet its
metabolic needs. The coral animal and algal symbiont (together termed the ‘holobiont”) share
energy and nutrients in the form of organic molecules like amino acids (Ferrier-Pages et al.,
2021; Krueger et al., 2018; Martinez et al., 2022; Wall et al., 2021), lipids (Chen et al., 2017;

Radice, Brett, et al., 2019; Teece et al., 2011) and carbohydrates (Burriesci et al., 2012), as
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well as inorganic catabolic waste products such as ammonium, phosphate and carbon dioxide
that are transferred unidirectionally to the symbiont from the host (Yellowlees et al., 2008) to
be fixed back into organic biomolecules by the symbiont (Figure 8). This tight recycling of
nutrients between host and symbiont leads to a high retention, long turnover times, of essential
nutrients like nitrogen (> 1 year; Tanaka et al., 2018) which gives corals a competitive edge
in oligotrophic waters (Gustafsson et al., 2013; Muscatine & Porter, 1977) where dissolved
nutrient concentrations are very low.

Yet, even with the tight and efficient recycling of nutrients between host and symbiont,
corals do not rely entirely on their symbionts and often acquire essential biomolecules and
elements by feeding (heterotrophy) in the water column (Fox et al., 2019; Teece et al., 2011).
Corals are mixotrophic in nature and rely on a mix of autotrophy (photosynthetic products
from symbionts) and heterotrophy (feeding on organic matter in the water column) to meet
metabolic needs. While carbon acquired through photosynthesis of the endosymbionts is
typically considered “junk food” (Falkowski et al., 1984) (low in nitrogen and phosphorus)
and is turned over quickly via respiration, carbon acquired through heterotrophy is essential
(Baumann et al., 2014; Tolosa et al., 2011b) and is typically incorporated into longer turnover
pools, such as membranes and proteins (Bachar et al., 2007; A. D. Hughes et al., 2010).
Indeed, carbon, nitrogen and phosphorus acquired through feeding is necessary for biomass
growth and reproduction (Cox, 2007; Ferrier-Pages et al., 2003) and accounts for a significant
portion of a coral’s metabolic demands (Houlbréque & Ferrier-Pages, 2009; Leal et al., 2014;
Sorokin, 1991).

Corals feed heterotrophically on a variety of organic matter sources in the water using

tentacles, mucous nets, and mesenterial filaments that enable capture of a variety of planktonic
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and organic matter sources in the water column. Corals feed on zooplankton (Grottoli, 2002;
Sebens et al., 1997), detritus (Mills et al., 2004; Mills & Sebens, 2004), diatoms (Radice,
Brett, etal., 2019), bacteria (Sorokin, 1991), and flagellates (Ferrier-Pages and Gattuso, 1998).
It has been shown that some corals increase heterotrophy with primary production in the water
column (Fox et al., 2018), showing that coral mixotrophy is linked with local oceanography
such as internal waves and wind driven upwelling that drive new production (Leichter and
Genovese, 2006; Fox et al., 2018; Williams et al., 2018; Radice et al., 2019; Fox et al., in
review). Given the physiological benefits of coral heterotrophy and it’s link with local
oceanography, it is paramount to understand how flexible coral trophic strategies are and if
they can increase feeding when food is available to help remediate the effects of climate

induced ocean warming (Anthony et al., 2009; Conti-Jerpe et al., 2020; Grottoli et al., 2006).
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Figure 8. Schematic of coral mixotrophy and nutritional exchange of a symbiotic reef-
building coral. The animal host can feed on detritus, phytoplankton, and bacteria (POM here)
as well as zooplankton of various size classes, while the symbiont can access the dissolved
inorganic carbon and nitrogen in reef waters. There is a bidirectional exchange of organic
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molecules between host and symbiont and a unidirectional exchange from host to symbiont
of catabolic waste products like ammonium to be fixed back into organic nitrogen.

2.2.2 Climate driven coral heat stress and bleaching

In the past ~40 years, regional scale coral bleaching has been observed with increasing
regularity and severity (Hughes et al., 2018) due to global ocean warming (Levitus et al., 2005;
Lyman et al.,, 2010) caused by anthropogenic greenhouse gases (Barnett et al., 2005).
Bleaching occurs when high water temperatures destabilize the symbiosis between coral and
their dinoflagellate symbionts, which causes corals to expel their symbionts, revealing their
white skeleton (Hoegh-Guldberg, 1999). Once bleached, the coral animal no longer has a
steady supply of organic carbon from the symbiont to fuel metabolism and must rely on body
lipid reserves and/or heterotrophic feeding (Grottoli et al., 2006) to supply energetic demands
until temperatures cool and they can regain their endosymbionts. A body of research has
shown that heterotrophy is vital for the coral to meet metabolic requirements and recover from
bleaching (Grottoli et al., 2006; A. D. Hughes & Grottoli, 2013; Schoepf et al., 2015;
Tremblay et al., 2016). Additionally, Conti-Jerpe et al. show clear results that coral
heterotrophy positively correlates with resistance to bleaching, suggesting that autotrophic
corals will more readily bleach and lose their competitive edge as the ocean continues to
warm. As the evidence stands, the future of coral reefs will hinge largely upon the ability of
corals to resist and recover from thermally induced bleaching which is determined largely by
coral feeding plasticity and the delivery of heterotrophic subsidies to reefs via physical
oceanographic processes (Fox et al., in review; Skinner et al., 2021; Williams et al., 2018).
However, coral feeding plasticity remains poorly understood and therein exists a crucial
knowledge gap for understanding how reefs will survive climate change. The goal of this work

is aimed to ground truth a chemical approach to measure coral mixotrophy on the reef, to
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ultimately improve our understanding of coral trophic ecology, heterotrophic plasticity and
thus coral thermal resistance and bleaching recovery potential.

2.2.3 History and advances of measuring coral trophic strategies in nature

Reef-building corals can be involved in multitrophic interactions simultaneously as
primary producers, herbivores, carnivores, and detritivores (Goreau et al., 1971; Muscatine,
1973; Muscatine & Porter, 1977) which makes tracing of material flow and understanding
reef food web connectivity difficult. In an experimental setting, stable isotope labelling
(typically with enriched '*C and/or 'N) can be used effectively to trace autotrophy and
heterotrophy into different tissue fractions of the coral holobiont (host and symbiont).
However, isotopic labeling cannot be conducted on the reef and lacks applicability as a tool
to understand complex reef systems. For several decades, the natural abundance ratios of bulk
tissue carbon ('3C/'>C) and nitrogen ("’N/'N) have been used to understand coral trophic
strategies in nature.

The natural abundance of stable isotopes is used effectively in a variety of food webs
to assess the source and abundance of assimilated nutrients (Fry, 2006). However, due to the
tight recycling of material between the coral host and symbiont it is very difficult to
disentangle what source the carbon (or nitrogen) came from, as compared to an organism
without endosymbionts. The A*C value (8'Chost - 8'3*Csymbiont) has been used extensively as a
proxy for coral heterotrophy (Grottoli et al., 2006; Muscatine et al., 1989) but is sensitive to
many processes beyond heterotrophy that can influence this value and sometimes lead to
erroneous interpretations. For instance, symbiont genotype can affect carbon contribution
amounts to the host (Leal et al., 2015; Starzak et al., 2014) and variations in lipid assimilation

or consumption can easily alter A'3C values (Alamaru et al., 2009) because lipids have a strong
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(~ - 8 %o) difference from bulk tissue 8'°C values (Wall et al., 2019). Some studies have used
compound-specific amino acid isotope analysis (CSIA-AA) to clarify coral trophic strategies
(Ferrier-Pages et al., 2021; Fox et al., 2019; Martinez et al., 2022) but this approach is cost
and time intensive with a high barrier to entry due to expensive instrumentation and set up
and is thus limited to low-throughput sampling with only a small number of laboratories
consistently generating this type of data.

It is becoming more common to rely on multiple biomarkers to study trophic ecology
of organisms, often coupling fatty acids and bulk tissue stable isotopes to help enhance
separation between source groups and clarify food web contributions into consumer tissues
(Alfaro et al., 2006; Fey et al., 2021; Guerrero & Rogers, 2020; Madgett et al., 2019; Neubauer
& Jensen, 2015). Both fatty acids and bulk tissue isotopes analysis together are the two most
common type of analyses in trophic ecology based publications (Pethybridge et al., 2018) and
together combined are still greatly more cost effective than CSIA-AA, yet provide a similar
amount of data per sample (~32 for FA + bulk tissue isotope, ~ 35 for §'"°’N and 3'3C of AA).
Additionally, many more laboratories are conducting fatty acid and bulk isotope analyses at
much higher volume than CSIA-AA. However, while fatty acids have been used consistently
for marine ecology (Budge et al., 2006; Dalsgaard et al., 2003; Iverson et al., 2004; Thurber,
2007), there is a critical need for experimentation on the uptake and modification of these
trophic biomarkers in controlled feeding experiments to better scale results to populations and
ecosystems (Galloway & Budge, 2020). This is particularly true for reef-building corals in
which the endosymbionts and mixotrophy greatly complicates the fatty acid response to
feeding and in which very few feeding experiments have been conducted (Al-Moghrabi et al.,

1995a; Tolosa et al., 2011a; Treignier et al., 2008). The second chapter of my dissertation
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aims to experimentally clarify fatty acid and isotope biomarker uptake and modification due
to variations in coral mixotrophy, and how these results can be used to interpret fatty acid and
1sotope biomarker data more accurately from the field to understand coral trophic ecology.

2.2.4 Fatty Acids as Trophic Biomarkers

Fatty acids (FA) are a major component of coral lipids (up to 73%, Tolosa et al., 201 1a;
Treignier et al., 2008) and are used for energy storage, membrane structure and chemical
signaling. FA are composed of a long hydrophobic tail (usually 14-22 carbons long in the
marine environment) with a carboxylic acid functional group that enables attachments to
different headgroups. FA can be saturated with hydrogens at each carbon (SFA = saturated
fatty acid, no double bonds) or have 1-6 or even more double bonds (unsaturation, MUFA =
monounsaturated fatty acid, PUFA = polyunsaturated fatty acid) with a systematic
nomenclature. For example, 18:2n6 would denote a fatty acid with 18 carbons and 2 double
bonds with the first double bond located six carbons away from the terminal carbon in the
hydrophobic tail (the omega carbon). FA are typically found in four main forms,
triacylglycerols (TAG), wax esters (WE), phospholipids (PL) and free fatty acid (FFA); while
TAG and WE are energy storage molecules, PL create the fundamental unit of cell membrane
architecture and FFA can be used as signaling molecules and membrane energetic decouplers.

Fatty acids have been used extensively as qualitative (Dalsgaard et al., 2003) and
sometimes quantitative (Guerrero & Rogers, 2020; Happel et al., 2016; Iverson et al., 2004)
assessment of diet in the marine environment. In marine mammals this approach is particularly
useful because of high fat diets which results in a high proportion of dietary fatty acids directly
deposited into blubber with little biochemical modification before storage (Budge et al.,

2006). FA have been used sparingly as a tool to qualitatively detect trophic strategy in reet-
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building coral (Kim, Lee, et al., 2021; Mies et al., 2018; Radice, Brett, et al., 2019; Seemann
etal., 2013; Teece et al., 2011) and even less so for quantitative assessments of diet, although
Radice et al., 2019 show the potential of this tool in elucidating >2 diet sources for corals.
Due to the sparse use of FA in coral trophic ecology, there is a variety of data normalization
practices and disparity in using holobiont (Pupier et al., 2021) or separate host and symbiont
fractions (Kim, Baker, et al., 2021; Radice, Brett, et al., 2019) that make comparisons across
studies difficult.

In this second chapter I conducted a high replication feeding experiment on a common
and well-studied reef-building coral in the Red Sea (Stylophora pistilalta) to understand fatty
acid and isotopic response to a gradient in heterotrophy, from full autotrophy (unfed corals)
to ~100% heterotrophic corals (bleached + fed). This work aims to build a framework to
interpret biomarker response to a gradient in heterotrophy and better understand past and
future coral biomarker (FA + isotope) field data and heterotrophic plasticity on the reef. Since
it is known that heterotrophy aids resistance and recovery from thermally induced bleaching,
it is paramount to understand coral heterotrophic plasticity and better prepare for coral
survivorship patterns in a warming global ocean.

It is important to note that the food source used in this experiment, Artemia nauplii, is
typically used in aquarium settings and is not what corals eat in nature. This heterotrophy
source was chosen because it has a consistent biomarker “fingerprint” to clearly trace
heterotrophic nutrition through the coral symbiosis from a distinct and unchanging source.
Certainly, the distinct fatty acid and isotopic “fingerprint” of Artemia nauplii makes it such
that not all the results of this experiment can be utilized to interpret coral biomarkers and

heterotrophy in nature, however, there is considerable overlap between Artemia and natural
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zooplankton (Figure 14) in nature and overlapping biomarkers will be discussed further in the
final section of this work. This study provides, at a fundamental level, the shifts in fatty acid
and isotopic biomarkers along a heterotrophy gradient given a distinct and singular
heterotrophic source. The results from this study can be used to interpret coral mixotrophy as
it occurs in the field so long as heterotrophic sources (zooplankton and particulate organic
matter) are also collected and measured for their fatty acid and isotopic “fingerprints”.
2.3 Methods

2.3.1 Coral collection, experimental setup and feeding rate measurements

Corals were collected from Interuniversity Institute for Marine Sciences underwater
nursery on SCUBA on 11/20/19 and on 11/28/19 at ~5 m depth. Roughly sixteen ~5-8 cm
length nubbins from Stylophora pistillata colonies were taken using clippers. Corals were
taken to the Red Sea Simulator (Bellworthy & Fine, 2018) and laid into tanks, with three tanks
per experimental condition and 10-12 coral fragments per tank. The same day of collection
corals were glued to plastic bases using superglue and baking soda. Within ~2 hours of
supergluing to bases corals were visibly extending and moving their polyps to feed. Coral
fragments were randomly assigned to one of four treatments using a random number
generator: 1) bleached and fed 6x per week, 2) fed 6x per week, 3) fed 2x per week, 4) unfed
(control). The coral fragments were then left to acclimate for 10 days except for the bleached
condition. After 3 days of tank acclimation the bleaching condition corals were bleached in 8
hr menthol (0.58 uM)/ 16 hr DCMU bath (10 uM) for 4 days with menthol condition during
the 12 hr light period (as described by Matthews et al., 2016; Wang et al., 2012). Corals were
gently shaken during bleaching to ensure homogenization of bleaching agent chemicals. After

4 days, coral fragments were visibly white and appeared to have polyps fully extended within
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3 days after the last day of bleaching. Tanks were constantly circulated with seawater from
the Gulf of Aqaba (filtered through a 130 um) and a small pump was used to break surface
tension of water and improve circulation in the tank. Two tanks were also left empty with
flowing water and pumps to sample particulate organic matter that got into the RSS through
the coarse sweater filters.

Artemia nauplii were hatched near daily from a singular source of eggs (sourced from
the Eilat Underwater Observatory) at ~27.5 °C overnight and fed to corals at a density of
~1000 nauplii L'! near dusk. During feeding, flow into and out of tanks was halted and five
liters were removed to ensure that no water would spill out, however the pump remained on
for water movement and evenly circulate nauplii around the tank. The corals were fed nauplii
for one hour and checked to ensure feeding was occurring. After 2 hours of feeding the flow
to the tanks was turned back on to circulate the nauplii out of the tank. Before the flow was
turned back on, triplicate water samples were taken from each tank in which there was feeding
and the abundance of remaining nauplii was counted. The difference between initial and final
concentrations was used to calculate nauplii consumed per tank for each feeding day.

2.3.2 Particulate organic matter and zooplankton sampling

Particulate organic matter (POM) samples from the reef were sampled with 5 L Niskin
bottles at the IUI coral nursery where coral fragments were taken from (~ 5 m depth) and
filtered onto pre-combusted 0.7 um GF/F filter, with ~10 L filtered per filter. POM samples
from two adjacent mesocosm tanks without coral were also taken to constrain the chemical
and isotopic fingerprint of 130 um filtered POM entering the tank from the 30 m depth that
supplies the mesocosm, with ~10 L of total volume per filter as well.

Zooplankton was collected in two ways: one set of samples was collected from the TUI

pier adjacent to the collection site of the underwater nursery and from net tows in deeper water
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near the middle of the Gulf of Agaba. Zooplankton collection from the pier involved a 200
um pore size net. The pier experiences a prevailing north to south current and because the
underwater nursery is just north of the pier, this would theoretically collect all the plankton
that these corals would have been encountering. The collection of zooplankton from the pier
was conducted overnight with samples collected the next morning to best mimic the known
coral feeding times and high densities of plankton on the reef due to diurnal migration.
Samples were not sorted due to time constraints but were typically red in color, likely
revealing a majority of copepods captured during most sampling times. After collection,
samples were immediately frozen at -80 °C for later lyophilization.

The second set of zooplankton samples were collected in the middle of the gulf to
represent a pelagic plankton source. Net tows were conducted behind a boat using a 100 pm
pore net at 350 m from the bottom, tows were done in 7—10-minute pulls at a depth of 20 m
at ~ 2:00 PM. Trichodesmium colonies and pelagic foraminifera were picked out of these net
tows before later freezing and lyophilization.

2.3.3 Coral Fragment Processing

Corals were flash frozen in liquid nitrogen and later airbrushed with 10 mL of cold
phosphate buffer (0.1 M) with EDTA (0.1 mM) (pH =7.0) at 4 °C and manually homogenized.
Buffer volumes added and returned were recorded. A fraction of homogenized holobiont
tissue (10%, 1 mL) was saved and stored in the freezer as backup, while another 10% (1 mL)
of homogenate was allocated to physiology measurements including symbiont counting,
Chlorophyll extraction and total soluble protein analysis. The remaining 80% of homogenate
was used for fatty acid and isotope analysis. Separation of the host and symbiont fractions for

physiology measurements and fatty acid and stable isotope analysis was conducted as follows:
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the homogenate was centrifuged at 5,000 rpm for 5 min at 4 °C, the host fraction (supernatant)
was decanted while the endosymbiont pellet was resuspended in 25% of the original volume
of phosphate buffer and centrifuged again. The supernatant of this second centrifuge step was
added to the host fraction and this was centrifuged again to remove any remaining
endosymbiont cells. Both the endosymbiont and host fractions were immediately lyophilized
at -80 °C until each sample was completely dry. These freeze-dried samples were then taken
to UC Santa Barbara and later stored in a -80 °C freezer under N> gas for preservation of
polyunsaturated fatty acids (PUFA).

2.3.4 Fatty Acid Extraction and Analysis

Fatty Acid extraction and analysis was performed on the previously freeze-dried host
and symbiont fractions as separate samples (they were not extracted together as a holobiont).
Symbiont samples were weighed out at ~3-5 mg per sample and host fraction samples were
weighed out at ~15 mg per sample. Samples were extracted using a modified Folch method
(Folch et al., 1957) following Taipale et al., 2013. The fatty acid extraction was followed
closely to Radice et al., 2019 but with slightly different volumes for the final extract (500 uL
for symbiont and 300 uL for host). For most samples, two internal standards were used: 2-
methyldodecanoic acid (C12- methyl branched) and nonadecenoic acid (C19:1). Due to
constraints, some samples only had 2-methyldodecanoic acid as an internal standard while
others only had nonadeconic acid, although most had both. When available, the percent
recovery of nonadecenoic acid was used to calculate percent recovery of total fatty acids and
only samples with this internal standard were used to calculate mass normalized fatty acid
concentrations because it represented a more realistic mass and degree of unsaturation of the

fatty acids of interest (C14-C22 with varying degrees of unsaturation).

48



Fatty acids were analyzed with a Gas Chromatograph equipped with a Flame
Ionization Detector (GC-FID, Hewlett Packard HP5890) and a Supelco Omegawax 250
Column (30 m x 0.25 mm ID x 0.25 um film thickness) with a 1 uL injection and a 30 second
splitless hold time. Temperature ramp was conducted as follows: 50 °C hold start temp, hold
for 1 minute, 10 °C/min ramp to 150 °C, hold for 0 min then a 4 °C/min ramp to 265 °C. Flow
rates were as follows: 60 mL/min He flow into inlet, 3.5 mL/min He out of septum purge, 54
mL/min He out of split vent, 2.5 mL/min He flow through FID (column flow). Detector flow
rates were 475 mL/min air, 60 mL/min N2, and 120 mL/min H2 at FID. Fatty acids were
identified by a mixture of techniques; comparison of retention times and peak area to a
certified reference material (Supelco 37 component FAME mix, FAME-37), spiking
experiments with known compounds, and by analyzing a representative subset of samples on
a gas chromatograph equipped with a mass spectrometer (GC-Ms) using similar GC run
parameters. The mass of each fatty acid on column was calculated by dividing peak area by
the response factor (area/ mass) for that fatty acid on that day (FAME-37 reference material
was run on the GC-FID each morning to check the instrument and get response factors for
each fatty acid). If the fatty acid of interest was not in the FAME-37 mix a response factor
was generated by the next closest fatty acid with the same carbon length tail and the same or
similar number of double bonds. This was possible because the response factor followed a
linear trend, decreasing systematically throughout the chromatographic run time as carbon
number and degree of unsaturation increased. Analytical precision for relative abundance data

(calculated from FAME-37) was + 0.04% and precision for mass normalized data was ~ 0.1

ngg'.

2.3.5 Isotope Ratio Measurements
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Freeze-dried tissue samples were dried at 60°C for a minimum of 48 h to ensure
dryness and later acidified with a minimum of 190 pul 6% sulfurous acid or more until bubbles
ceased forming to remove any inorganic carbonates. Samples were analyzed for 6'3C and 6'°N
using a Thermo Finnigan Delta-Plus Advantage isotope mass spectrometer coupled with a
Costech EAS elemental analyzer in the University of California Santa Barbara Marine Science
Institute Analytical Laboratory. Instrument calibration was conducted using acetanilide
reference standards run at the beginning of each set of 35 samples and tested every 5 samples
within each set. Instrument precision, determined using replicate analyses of L-glutamic acid
USGS40, was £ 0.12 for '3C and + 0.06 for '’N. The abundances of '3C and "N are expressed

in standard o notation and calculated as follows for element X:

Rsam e—Rs andar
§Xn = 1000 x —ampe— Tsandar

Rstandard

where R = X,/X,-1, expressed as per mil (%o) relative to the PDB standard for carbon and
atmospheric N, for nitrogen.

2.3.6 Physiology Measurements

Skeletal growth measurements and Pulse Amplitude Fluorometry (PAM)
measurements were taken during the experiment to non-destructively assess coral physiology.
Skeletal growth measurements were taken using the buoyant weight method (Jokiel et al.,
1978). Fragments were taken from their tanks and skeletal mass was measured three times
during the experiment using water of a known temperature and salinity to calculate the mass
difference when the coral fragment was dipped into the water on a mass balance. After the
experiment was completed, brushed coral skeletons were dried and their surface area

determined by wax dipping (Stimson & Kinzie, 1991).
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For pulse amplitude fluorometry (PAM) measurements during the experiment, coral
fragments were dark-acclimated for 20 min in their respective treatment and rapid light curves
were generated (RLC, 0-701 pmol m—2s—1PAR, 20 s intervals), using an Imaging-PAM
fluorometer (MI3, SI 10, gain 2, damp 2, saturating width 0.8 s; Heinz Walz GmbH,
Effeltrich, Germany). All PAM measurements were conducted between 8:00 and 10:00 PM.
Calculations for maximal photosynthetic yield and maximum relative electron transport rates

were calculated according to Krueger et al., 2017.

For symbiont densities, 90 uL. of homogenate (host + symbiont fraction) was fixed
with paraformaldehyde to 4% and stored at 4 °C until counting. Symbiont density was
determined by placing homogenate onto a hemocytometer grid and counting symbiont cells
with a Zeiss Axioskop binocular microscope at 10-40x magnification. Cells were counted in
8 grids and total symbiont count for the coral fragment was calculated by multiplying by
fractional volume used and any dilution factors. Measurements were conducted at 8x
replication for each sample. Symbiont chlorophyll was analyzed by extraction of a portion
of the symbiont fraction in 1 ml of 90% acetone in the dark (24 h, 4°C). Samples were
centrifuged (5000xg, 4°C) and the concentration of chl a and c2 and total chlorophyll in the
supernatant was spectrophotometrically determined (Jeffrey & Humphrey, 1975). The total
soluble protein content of host and symbiont was determined with the improved Bradford

protocol, using bovine serum albumin as the protein standard (Bradford, 1976).

2.3.7 Statistical Methods
Statistical analyses were conducted in R (version 4.2.1) and R studio (version
2022.12.0+353). ANOVA tests were run using the ‘aov()’ function within R and non-linear

modes were fit using the ‘nls()’ function. Reef and pelagic zooplankton were assessed for
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statistical differences in FA profile using PERMNOVA (non-parametric multivariate
ANOVA) using the ‘adonnis2’ within the ‘pairwiseAdonnis’ package function in R and
showed p > 0.01, thus we pooled both pelagic and reef zooplankton for the remainder of

analyses.
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2.4 Results & Discussion

2.4.1 Corals scale feeding with food availability, bleached corals eat at slower
rates than unbleached counterparts

Experimental treatment coral fragments of Stylophora pistillata were fed freshly
hatched nauplii at ~ dusk. Two treatments, Fed 6x (F_6x) and Bleached/Fed 6x (B_F 6x)
were fed six times a week, while another treatment, Fed 2x (F_2x) was fed two times per week
and the control treatment was unfed for the entirety of the acclimation and the experiment (~
4 weeks). These treatments represent a gradient in heterotrophy where control corals represent
a full autotrophic endmember (0% heterotrophy), F 2x and F_6x treatments represented
sequential increases in heterotrophy (between 0-100% heterotrophy) and B_F 6x corals
represent a fully heterotrophic endmember (100% heterotrophy). It is important to note that
due to the level of experimental replication (n ~ 30 per treatment), with near daily feeding, it
was not possible to measure feeding rate for each fragment and thus feeding rate was measured
at the tank level (n ~10 per tank, 3 tanks per condition, Figure 9). We would expect some
intra-specific variation in heterotrophy of different colonies, as has been shown for another
branching coral, Pocillopora meandrina (Fox et al., 2019).

There was considerable variation in cumulative nauplii captured per tank within
treatments (Figure 9), likely due to variation in cumulative feeding rates of the corals in each
tank given that each tank was fed the same nauplii density on a given day (with variation
between days). Control corals were fed no nauplii during the experiment and have a
cumulative capture of 0 nauplii cm?, F_2x tanks fed on an average of 973 + 260 nauplii cm
2. while F_6x tanks fed on roughly double the nauplii of the Fed 2x corals, but with larger
variation between tanks at 2066 + 499 nauplii cm™. On average, B_F_6x tanks fed on less

nauplii over the course of the experiment (1675 £ 329 nauplii cm™?) although one tank did feed
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on 2052 nauplii cm™. Although bleached corals fed on less nauplii than unbleached corals we
would expect them to be more heterotrophic (acquiring a larger % of biomass from
heterotrophy) than F_6x corals because of the significant loss in symbiont density and
chlorophyll (Figure 11, Table 2) that reveals minimal autotrophic influence from the
symbionts. Altogether, these results indicate that a gradient in heterotrophy was captured

during the experiment.

treatment °
Bleached/ Fed 6x o _A*

o Fed 2x

- Fed 6x o o *

== Control (unfed)

cumulative nauplii captured (10°cm )

0 5 10 15 20
day

Figure 9. Cumulative nauplii capture per tank (n = 3 per condition), plot shows raw data and

smoothed line with standard error for cumulative nauplii capture for each tank over the

course of the experiment.
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Due to slight variation in water temperatures during daily Artemia cyst hatching, corals
were fed nauplii at a range of densities (between 175 — 1407 nauplii L!) throughout the
experiment, this enabled a prey-density versus prey consumption rate plot to understand prey
capture and consumption efficiency of the different experimental treatments (Figure 10), data
were fit to a logarithmic equation with a non-zero intercept according to Ferrier-Pages et al.,
2003. Logarithmic regressions per treatment (y = a + b*x) show that F_2x corals exhibited
the highest consumption rates (a =-275.7, p < 0.001; b = 54.4, p < 0.001; Fy, ;6= 40.61; R> =
0.70), over the F_6x condition (a = -209.1, p < 0.001; b=41.0, p < 0.001; F ss=57.37 R? =
0.50) suggesting that Red Sea Stylophora pistillata may reach a feeding “limit” in which
feeding declines as number of prey captured per day increases, although this limit is likely not
reached on in nature where planktonic densities are much lower (~ 1-2 orders of magnitude
lower in biomass m™ in oceanic water, ~ 2-3 orders of magnitude lower in lagoonal reef
waters; Hamner et al., 2007). Interestingly, bleached corals (B _F 6x) exhibited the lowest
feeding efficiency of all treatments (a =-177.1, p < 0.001; b =33.8, p < 0.001; Fy,55=41.09;
R? = 0.42; Figure 10) suggesting that there may be an energetic cost to feeding that is
supplemented by the symbionts. It has been shown that Stylophora pistillata release hydrogen
peroxide into the water at site of physical and chemical stimulus during feeding (the polyp) in
bleached and non-bleached corals (Armoza-Zvuloni et al., 2016) which may require energy
for maintenance and hydrogen peroxide generation due to inhibited symbiont photosynthesis
(Lesser, 2006; Venn et al., 2008). This result has further implications for corals in the face of
a warming global ocean such that if bleached corals consume less plankton than unbleached
corals given the same heterotrophic supplies, their ability to supplement energetic reserves

with feeding and recover from bleaching may be more hindered than previously thought.
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Figure 10. Logarithmic models of feeding rate as a function of prey density following the
model function of Ferrier-pages 2003 et al. All logarithmic model coefficients (a and b) are
significant to the p < 0.001 level. Bleached corals show lowest feeding rates, whereas

unbleached corals fed six times a week show slightly faster feeding rates and corals fed

twice a week show the fastest feeding rates, suggesting that there may be an energetic cost to
feeding.
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2.4.2 Feeding induces physiological and molecular benefits to corals but does
not offset bleaching effects

During the feeding experiment, non-destructive measurements were taken to assess
skeletal growth and photosynthetic efficiency of corals. Photo-physiological measurements
taken every five days during the experiment revealed that bleached and fed corals (B_F 6x)
had significantly reduced maximum photosynthetic yield and relative maximum electron
transport through the duration of the experiment (Table 2, Figure 12, Figure 11 F and G; p <
0.001; ANOVA), revealing that bleaching was effective in drastically reducing symbiont
density (Figure 11B and E) and chlorophyll (Figure 11A) and thus the photosynthetic
contributions of symbionts to the host within these corals. Bleaching induced a significant
decline of every holobiont physiology metric that was measured (p < 0.001, one-way
ANOVA, Table 2). Interestingly, the high feeding treatment (F_6x) of non-bleached corals
showed small but sometimes significant declines in photo-physiological parameters on certain
days of the experiment (Figure 11G, Table 2, Figure 12). However, these changes were
relatively subtle when considering the relative change between bleached and non-bleached
corals.

Feeding increased mean treatment surface area normalized symbiont density and host
protein, although non-significantly (Figure 11B and E, Table 2) and significantly increased
chlorophyll a (p < 0.001; ANOVA), total chlorophyll (Figure 11A; p <0.001; ANOVA) and
aragonite growth (Figure 11C; p <0.01; ANOVA). Feeding increased mean host protein per
treatment (normalized to surface area or symbiont cell, Figure 11D, Table 2) and showed
considerable variation within treatments. Across all treatments, skeletal growth rate plotted
against total chlorophyll appears to fit a logarithmic function (Figure 111; R>=0.66; p <0.001)

exhibiting an upper limit reached at about 2.5 mg d*' cm™ for S. pistillata. This data suggests
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that symbionts are facilitating holobiont skeletal growth and that even with high feeding and
capture rates (Figure 9 and 10), bleached corals still struggle to grow their skeleton (Figure
11C and I). Overall, this data shows that feeding incurs physiological benefits to the coral
holobiont and that even feeding on large amounts of nutritionally rich Arfemia nauplii,

bleached corals are unable to offset the detrimental effects of bleaching.
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Figure 11. Physiology multiplot, all figures show physiological response variables from
feeding experiment, with bleached and fed corals in pink, control corals (unfed) in green,
corals fed twice a week in yellow, and corals fed six times a week in blue. A shows surface
area normalized chlorophyll, B shows surface area normalized symbiont density, C shows
aragonite (skeletal) growth throughout the experiment, D shows surface area normalized
host protein, E shows symbiont count normalized to host protein, F shows relative
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maximum electron transport rate calculated according to Krueger et al., 2017, G shows
maximum photosynthetic yield (ref), H shows surface area normalized total fatty acid and I
shows aragonite growth plotted with chlorophyll density fitted to a logarithmic curve of the

equation y = 0 + a*In(x).

feeding | bleach
Physiology metric control F_2x F_6x B_F_6x effect | effect
skesksk
symbiont density (x 10° cm “2) 4.96 +4.02 6.44 £4.96 7.02 £4.1 0.5+0.77
skesksk
host protein (mg cm 2) 0.91 +0.37 1.18 +0.74 1.19+0.59 0.63 +0.31
sksksk skesksk
Chlorophyll a (ug cm 2) 4.32 £1.81 6.29 +2.88 8.55 +4.03 0.69 +£0.58
skesksk
Chlorophyll ¢2 (ug cm %) 1.56 £1.26 2.6 £2.05 2.59+2.01 0.68 £0.71
sksksk skesksk
Chlorophyll total (ug cm %) 5.88 £2.69 8.89 £4.25 11.14 £5.51 1.37£1.15
K3k skesksk
aragonite growth (mg cm 2d")| 0.98 £0.54 1.54 £0.96 1.62 £0.73 0.11 +0.58
K3k skesksk
F./Fn day 4 0.6 0 0.6 +0 0.5+0.1 0.2 0.1
skesksk
Fy/Fm day 9 0.6 0 0.6 +0 0.6 +0.1 0.3 0.1
skesksk
F,/Fn day 16 0.6 0 0.6 +0 0.6 +0.1 0.3 0.1
skesksk
F./Fm day 21 0.6 0 0.6 +0 0.6 =0.1 0.4 +£0.1
k skesksk
rETRuax day 4 235452 27 £5.7 27.8 +8 1.6 £1.9
k skesksk
rETRpax day 9 24.7+£7.5 36.8 £25 33.8+13.9 4.1+72
K3k skesksk
rETRuax day 16 243 +8.5 26.8+2.9 30.6 +7.3 5.7+4.1
skesksk
rETRuax day 21 29.8 +14.7 31.9+11.7 30.9 +6.7 84454

Table 2. Physiology metrics summary table. Feeding effect significance results from one-

way ANOVA between control condition, fed 2x per week and fed 6x per week condition [*
(p <0.05), ** (p <0.01), ***(p<0.001)]. Bleaching effect results from one-way ANOVA
between fed 6x per week condition and bleached and fed 6x per week condition.
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Figure 12. Boxplots of Coral photosynthetic measurements separated by treatment group
from four equally spaced days during the 3-week experiment. Top plot shows maximum

photosynthetic yield, bottom plot shows maximal relative electron transport rate calculated
according to (Krueger et al., 2017).
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2.4.3 Heterotrophy significantly alters biomarkers in both host and symbiont

Changes in coral heterotrophy of non-bleached corals (control, F 2x, F_6x) elicited
significant changes in a larger number of fatty acids (FA) in both the host and symbiont
fraction when considering relative abundance data (% of total fatty acids; for p < 0.05, one-
way ANOVA; host = 20, symbiont = 16, Table 3) than mass normalized fatty acid data (ug g
I dry tissue; for p < 0.05, one-way ANOVA; host = 3, symbiont = 9, Table 4) and showed
more significant change (smaller p-values) than mass normalized data (Table 3 and 4).
Although some argue that for corals, “calculating FA compositions ... as a percentage risks
greatly under- or overestimating their true amounts” (Kim, Lee, et al., 2021) these data suggest
that relative abundance data best captures shifts in coral heterotrophy over a mass normalized
calculation. Additionally, the coral animal-dinoflagellate symbiosis often exhibits positive
feedback loops (Tremblay et al., 2016) in which the tight recycling of nutrients between the
host and symbiont results in the symbiont benefiting from host heterotrophy (Figure 8). For
example, feeding increases symbiont density and chlorophyll (Figure 11A and B) as well as
symbiont photosynthesis (Dubinsky et al., 1990; Grottoli, 2002; Houlbreque et al., 2003; E.
Titlyanov et al., 2000; E. A. Titlyanov et al., 2001) and may increase symbiotic biomarker
concentrations in the host (Seemann et al., 2013). Additionally, for Stylophora pistillata, mass
normalized total fatty acid concentration remained unchanged with increased heterotrophy for
non-bleached corals (p = 0.861; one-way ANOVA; Table 4). Total lipid content is known to
also remain constant for Stylophora subseriata along eutrophication gradients in Indonesia in
which heterotrophy increases with increasing eutrophication (Seemann et al., 2013),
suggesting that these corals maintain tight levels of total FA via a balance of deposition,

anabolism and catabolism (Chen et al., 2017). This may explain why mass normalized fatty
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acid data does not perform as well in capturing shifts in coral heterotrophy as compared to a
“fingerprinting” measurement (unitless) such as relative abundance data. Additionally, since
fatty acid relative abundance is an internal metric within each sample extract these data are
likely more robust to human error, normalization practices across laboratories and are more
comparable across studies since relative abundance values have classically been used for fatty
acid feeding and comparative studies (Al-Moghrabi et al., 1995b; Bachok et al., 2006; Imbs,
Latyshev, et al., 2010; Iverson et al., 2004). Thus, moving forward, we will consider only fatty
acid relative abundance data along with other frequently used biomarkers (5'*C, §'"°N and
C:N) to strengthen source group separation and tissue level responses to changes in
heterotrophy (biomass acquired through heterotrophy).

Corals were fed freshly hatched Artemia nauplii as their singular heterotrophic source
which exhibited significant differences in most biomarkers (22 out of 30 biomarkers, p <0.01,
one-way ANOVA; Figure 13) when compared to the autotrophic source (symbionts of control,
unfed, corals). These data show that for this experiment, there were significant chemical and
1sotopic differences between source groups that would enable capture of differences in relative
heterotrophy of coral fragments. It is important to recognize two possible sources of variation
in the experiment that may complicate the biomarker signal in coral tissues: 1) possible
carryover of biomarker signals from heterotrophy on the reef before the experiment and 2)
ingestion of non-nauplii sources during the experiment (i.e particulate organic matter in the
tanks). Considering the possibility of carry-over of heterotrophy biomarkers into the
experiment (biomarkers from feeding on the reef), some of this variation may in fact be
captured by the vertical spread (PC2 axis) in the autotrophic source (i.e. more or less

“heterotrophic” symbionts; Figure 13), while the horizontal axis (PC1) appears to capture
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almost entirely the difference between autotrophic or heterotrophic source. To explore this
further nauplii were plotted with in-situ food sources (Gulf of Agaba zooplankton, pom, and
control coral symbionts) using a principal component analysis which shows that Artemia
nauplii still exhibit a unique biomarker “fingerprint” that enables tracking of this heterotrophy
source into host tissues (Figure 14). While it is possible that some corals were feeding on
particulate organic matter in the tanks during the experiment, it has been shown that
Stylophora pistillata does not feed readily on microalgae (Leal et al., 2014), which is a
significant mass fraction reef POM (~ 30-45% for pelagic/non-lagoonal POM, Wyatt et al.,
2013). Additionally, corals scale heterotrophy with increased prey density (Ferrier-Pages et
al., 2003, Figure 10) and POM in the tanks exhibited a mass density 124.2 + 43.7 ug C L
while Artemia nauplii was fed to corals at densities of ~ 10,000 prey L' for a mass density of
1.28 x 10* ug C L' (3.2 pg nauplii -!; Peykaran et al., 2011; ~40% C nauplii’!, this study),
showing that Artemia nauplii carbon concentrations were roughly 1-2 orders of magnitude
higher. This indicates that most change in biomarkers of coral tissues was from the symbiont

fraction and/or feeding on Artemia nauplii (Figure 13).
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Figure 13. Principal component analysis of biomarkers of two nutritional sources during
feeding experiment, autotrophic source represented by unfed coral symbionts in green and
heterotrophic source represented by Artemia nauplii in orange, ellipses represent 95%
confidence intervals. Vectors in which biomarker had p > 0.01 (one-way, ANOVA)
significant difference between source groups were excluded. Biomarker vectors included in
plot all have p <0.01 (one-way, ANOVA) significant difference between source groups.
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Figure 14. Principal component analysis of in sifu nutritional sources (zooplankton,
particulate organic matter [pom] and control coral symbionts) and experimental nauplii source
showing complete separation and a distinct biomarker “signature” for artemia nauplii. Ellipses
are 95% confidence ellipses showing complete separation of all in situ and experimental
sources. Some biomarker vectors omitted for clarity.



Relative heterotrophy of non-bleached corals significantly altered the abundance of
several FA and elemental biomarkers in both the host and symbiont fraction (Table 3, Figure
15). In the host fraction, 18:0, 18:2n6, 18:3n3, 20:5n3, 22:5n3 and §'°N significantly increased
(p < 0.001, one-way ANOVA) with several other biomarkers increasing at lower levels of
significance (p < 0.01 or p < 0.05, one-way ANOVA; Table 3). Nauplii were significantly
higher in a specific suite of FA and isotopic biomarkers compared to symbionts (cluster of
PC1 negative vectors in Figure 13) that all exhibited significant (p < 0.001) increases in coral
host tissue except for 22:0 and 18:1n7. Interestingly, increasing biomass sourcing from
heterotrophy on nauplii elicited an increase in some fatty acids that were lower in the
heterotrophic source and higher in the autotrophic source. For example, 22:5n3, a fatty acid
that was higher in the autotrophic source (Figure 13), significantly increased in the host
fraction with increased feeding (p < 0.001; one-way ANOVA). It is known that 22:5n3 is a
diagnostic marker of dinoflagellates/ autotrophy (Mies et al., 2018; Papina et al., 2003;
Treignier et al., 2008) and that heterotrophy tends to increase symbiont density, chlorophyll
(Figure 11) and photosynthesis (Dubinsky et al., 1990; Grottoli, 2002; Houlbreque et al., 2003;
E. Titlyanov et al., 2000; E. A. Titlyanov et al., 2001), which is in alignment with 22:5n3
exhibiting significantly lower values in bleached corals (p < 0.001; one-way ANOVA; Table
3, Figure 15). Given that heterotrophy provides positive feedbacks on symbiont density and
transfer of photosynthates like 22:5n3 from symbiont to host, considering singular biomarker
field data in isolation may lead to erroneous interpretations of coral heterotrophy which may
be misinterpreting increases in 22:5n3 as a relative increase in autotrophic source contribution
when it may be due to increased heterotrophy. This underlines the importance of considering

many biomarkers at once when considering coral mixotrophy. Overall, this data shows that
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both essential (18:2n6 and 18:3n3; Table 3, Figure 16; Dunn et al., 2012) and non-essential
fatty acids are reliably recorded into host tissues after feeding and would likely be of great use
when considered alongside isotopic and elemental biomarkers.

While some biomarkers in the host fraction increased due to increased heterotrophy,
several biomarkers in the host significantly decreased with increased heterotrophy, such as
18:1n9, 18:3n6, 20:3n6, 22:1n9, 23:0 and C:N (p < 0.001, one-way ANOVA) whereas other
biomarkers showed significant decreases at p < 0.01 or p < 0.05 levels (one-way ANOVA;
Table 3). All p < 0.001 biomarker declines in the host fraction with increasing heterotrophy
were autotrophic markers (Figure 13), except for 18:1n9 (interestingly, a similar decline in
18:1n9 was seen in Turbinaria reniformis fed natural zooplankton; Treignier et al., 2008).
When considering all autotrophic biomarkers found in the host fraction, some were positively
or negatively correlated with heterotrophy, suggesting divergent metabolic patterns. A
possible interpretation of this pattern is that those biomarkers that were higher in the
autotrophic source and were positively correlated with heterotrophy (16:0, 18:4n3, 22:4n6,
22:5n3; Table 3, Figure 15) could be due to feeding increasing the symbiont density (Figure
11) and photosynthesis of the symbionts (Grottoli, 2002), thus increasing symbiont biomarker
influence. These FA could likely be a part of a “shorter turnover pool” of autotrophic
biomarkers that are relayed to the coral host from the endosymbiont and respond quickly to
changes in coral mixotrophy. For those FA that were higher in the autotrophic source but
decreased with increasing heterotrophy (14:0, 16:1n7, 18:3n6, 20:3n6, 22:1n9, 22:6n3), this
pattern suggests a “dilution effect” in that these fatty acids may be a part of a longer turnover
pool of molecules that the host received from the symbiont but is not readily mobilized and

thus got diluted by the unique fingerprint of biomarkers of the nauplii. Interestingly, the
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carbon to nitrogen ratio (C:N) showed a strong and significant response to heterotrophy (p <

0.001, ANOVA) and may serve as a useful tool to accompany fatty acid and isotopic data.

68

Biomarker HOST SYMBIONT
Feed |Bleach Feed

control F 2x F_6x B_F 6x |effect|effect control F 2x F 6x effect
C12:0 0.1+0.1 0.2 £0.1 0.3+0.3 0.3 £0.2 0.3+0.3 0.2 £0.2 0.2 0.1
C14:0 | 1.440.2 | 1340.2 | 1.3 +0.2 | 0.5+0.2 |[*  |*xx 54412 | 4509 | 42407 [*e
C14:1 | 0.1+0 | 0.1+0 | 0.1+0 | 00 | *rh 05+0.1 | 0.6+0.1 | 0.7+0.1 |**x
C16:0 | 22542 | 22.542.2 | 2442 | 22743 |** 23142 | 218+17 | 21.6+2.9 |*
C16:1n9 | 00 | 00 | 00 | 0.1+0.2 | 0.9+0.5 1+0.4 | 14206 |**
C16:1n7 | 3.440.5 | 3.1+0.4 | 32404 | 09206 |* |*x 74+17 | 6.1%1.1 | 5841 | ek
C16:2 | 0.1+0 | 0.1+0 | 0.1+0 | 0.1£0.1 [* |* 0.6+0.2 | 0.4+02 | 0.520.2 |
C18:0 | 13319 | 13.6+1.5 | 15.4+1.7 | 3L1265 [Fxx | wnx 6415 | 63+1.2 | 6:+1.2 |
C18:1n9 | 10.5+1.6 | 9.7+1.6 | 8.442 | 46414 |rex [wnx 7242 6.1£1.5 | 55423 |*
C18:1n7 | 3.140.5 | 3.340.5 | 31205 | 27205 | *x 12404 | 15404 | 14+03 |*
C18:2n6 | 0.8 0.1 | 0.9 £0.1 | 1£0.1 | 1.540.4 |#0r [wxx 16402 | 1402 | 14402 |**
C18:3n6 | 1.4+0.4 | 1.140.3 | 1+0.3 | 0.6+0.3 [#rx |wnx 55412 | 3.8+0.9 | 34409 |
C18:3n3 | 0.1+0.1 | 0.6 £0.1 | 0.5 0.1 | 0.9+0.5 [k [Hxx 0.1+0.1 0.5 £0.1 | 0.4 £0.1 | ***
C18:4n3 | 1.8 40.8 | 1.7 £0.9 | 2+1.1 | 0.3 0.2 | ok 14.3 £3.1 18.9+4.3 | 221459 |***
C20:0 | 0.7 £0.1 | 0.6 £0.1 | 0.7 £0.1 | 1.1+0.3 | ok 0.3+0.1 0.3 0.1 | 0.3 +0.1 |
C20:1n9 | 32408 | 3+40.8 | 2508 | 1L.640.5 |**  [*#x 18414 | 1614 | 1.6+1.7 |
C20:2 | 0.7+0.1 | 0.8+0.3 | 0.7 0.1 | 1.1+0.2 | . 03+0.1 | 0403 | 0.3 £0.1 |
C20:3n6 | 4.5 +1 | 3.6 +0.9 | 2.7 40.6 | 0.8+0.5 [k s 1.5 +0.6 1.3+0.4 | 1+0.5 *k
C20:4n6 | 8.6+1.5 | 9.5+1.4 | 8.9 +1.4 | 12.142.4 | wrx 48415 | 47+14 | 39409 [**
C20:4n3 | 2.240.6 | 1.9+0.4 | 1.7+0.4 | 03£0.2 |[** ok 0.7 0.3 0.7 0.3 | 0.6 £0.3 |
C20:5n3 | 21404 | 27404 | 3.440.7 | RS I Rk 2609 | 27407 | 2.9+0.8 |
C22:0 | 0.3 £0.1 | 0.3 £0.1 | 0.3 £0.1 | 0.7 £0.2 | ok 0.1+0.1 0.2 £0.1 | 02+0 |***
C22:1n9 | 0.7 +0.1 | 0.7 +0.2 | 0.6 0.1 | 0602 |** 0402 | 0502 | 0.520.2 |
C23:0 | 0.7 £0.2 | 0.7 £0.2 | 0.6 £0.1 | 0.3£0.1 [*xx %5 0.2 £0.1 0.2 £0.1 | 0.2 0.1 |
C22:4n6 | 6.2 +1 | 6.7 +1.1 | 7.1 +1.1 | 9.2£1.9 |** HHE 3.3 +] 3.2+l 3+0.6
C22:5n3 | 1.240.2 | 13202 | 1.4+0.2 | 11403 |#ex [#e 0.6£02 | 07402 | 0702
C22:6n3 | 10.3 £1.7 | 9.9+1.7 8.9+1.7 1.8£1.3  ** HHE 8.9+1.9 10.3 £2 104 £2.1 | **
5N (%o) | -0.35 +0.36 | 1.73+0.77 = 3.39+0.63  3.3240.76 *** -1.49+40.41 | 0.61 0.6 | 1.95+0.56 |***




-17.45 ‘

BC (%0) | -17.04 £0.98 | -17.51£1.27 -17.46 +0.8 +1.15 ‘ -15.98 +0.8 ‘ -16.05 +0.75 ‘—16.22 i0.98‘

C:N | 5.06+0.16 | 48940.16 476022  441£0.15 xr |wex | 5.79 £0.36 | 5.48 £0.29 | 5.16+0.37 |**x
Table 3: Biomarker summary table including fatty acid relative abundance (% total FA),
isotopic (%o vs. N2 for ’'N and VPDB for '3C) and elemental (C:N) data with associated
averages and standard deviations for each treatment condition and for each fraction of the
coral holobiont (host + symbiont, bleached corals had no symbionts for analysis). Statistical
tests (one-way ANOVA) were conducted to assess biomarker change due to feeding or
bleaching. Feeding effect on biomarker was assessed by comparing control, F 2x and F_6x
treatments and bleaching effect was assessed by comparing F_6x and B_F_6x conditions (host
only). Significance levels are denoted by stars with the following pattern: [* (p < 0.05), ** (p
<0.01), ***(p<0.001)].
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Figure 15. Heatmap of relative biomarker response in host tissue (min/max normalized) of
all coral fragments during the experiment with increasing relative heterotrophy (% biomass
acquired through feeding) on the y-axis and biomarkers on the x-axis. Biomarkers in purple
represent a statistically significant feeding effect at the p < 0.01 level (one-way ANOVA),
while biomarkers in green represent a statistically significant feeding effect at the p < 0.001
(one-way ANOVA) level showing that these biomarkers are highly responsive to changes in
coral heterotrophy of nauplii. Biomarkers that are underlined and italicized represent
significant bleaching effect (p < 0.001; one-way ANOVA). Note variation within treatments.
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Figure 16. Increased feeding of Artemia nauplii which is high in essential fatty acids 18:2n6
and 18:3n3 shows a subsequent increase in the relative abundance of these two fatty acids in
coral host tissue. Bleached and fed corals represent a ~full heterotrophic endmember,
suggesting maximal values. The right plot shows nitrogen from feeding cooccurs with
essential fatty acids in repeatable patterns.

In the symbiont fraction, four biomarkers that were significantly higher in the nauplii

increased with increasing heterotrophy (18:3n3, 8'°N, 22:0, p < 0.001; 18:1n7, p < 0.05; one-

way ANOVA; Table 3) which is representative of translocation of these biomarkers from host
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to symbiont. The essential fatty acid 18:3n3 which cannot be made by the host de novo, (Dunn
et al., 2012), heterotrophically acquired in by the host in this study (Figure 16, Table 3), was
likely transferred to the symbiont from the host, perhaps for the construction of other n-3
PUFA like the symbiont marker 18:4n3 (Figure 17). Indeed, it has been shown that 18:3n3 is
often close to or undetectable in starved corals (Table 3, Bachok et al., 2006; Radice et al.,
2019), while in heterotrophic corals it becomes detectable and exhibits identical isotopic ratios
to the food source (Al-Moghrabi et al., 1995; Tolosa et al., 2011), suggesting that this FA may
be sourced entirely from heterotrophy. However, it has also been shown that some species of
Acropora exhibit remarkably high 18:3n3 values as the most predominant PUFA, suggesting
chemotaxonomic differences between Stylophora and Acropora (Kim, Baker, et al., 2021).
The low relative abundance of 18:3n3 in S. pistillata even in high feeding treatment corals (<
2 % of total FA) is indicative that this is a vital metabolic precursor molecule that is rapidly
modified into other FA once it is consumed, such as 22:6n3 or 20:5n3, which collectively
represent ~ 10% of total FA. This work stands in line with the literature by showing significant
increase in both host and symbiont fractions of 18:3n3 with increased feeding and a near zero
value in unfed corals (Table 3). This data further shows that this essential FA is a highly
limiting resource for some coral and may be sourced almost exclusively from heterotrophy
for some coral species.

Overall, there were fewer significant changes of biomarkers in the symbiont fraction
and less strong correlations with increasing heterotrophy compared to the host fraction (Table
3, Figure 15), suggesting that there is either more de novo synthesis of FA in the symbiont
and/or that the host may be gate-keeping heterotrophically acquired FA that are vital for

metabolism, this is in line with the literature reports that the host can exert nutritional control
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over the symbionts and does not transfer every metabolite (Xiang et al., 2020). Interestingly,
some biomarkers in the symbiont fraction significantly decreased with increasing
heterotrophy like 18:1n9 and 18:2n6 (p < 0.01, p < 0.001, respectively, one-way ANOVA)
even though they were heterotrophic markers (Figure 13), although the reasons for this pattern
are unclear.

In the symbiont fraction, some autotrophic biomarkers significantly increased in
relative abundance (14:1, 18:4n3, p < 0.001; 22:6n3, p < 0.01; one-way ANOVA, Table 3)
while others significantly decreased (14:0, 16:1n7, 18:3n6, C:N, p <0.001; 20:3n6, p < 0.01;
16:0, p < 0.05; one-way ANOVA; Table 3). Considering the significant increase in the
essential FA 18:3n3 in host and symbiont tissues which is a building block for other n-3 PUFA
(Dunn et al., 2012; Imbs, Yakovleva, et al., 2010), this may explain the increase in 18:4n3 and
22:6n3 in the symbiont fraction, although the increase of 14:1 with heterotrophy is less clear.
The decline in C:N ratio in the symbiont fraction with increasing heterotrophy can be
explained by the high nitrogen content of nauplii compared to unfed coral symbionts, such
that symbionts in more heterotrophic corals are benefitting from more available nitrogen
translocated from the host through feeding on nauplii, as is evidenced by '’N isotope data
(Table 3, Figure 17, Figure 19). The reasons for the decline in autotrophic biomarker FA in
the symbiont fraction from increasing heterotrophy are not clear, but may be partially
explained that these FA (interestingly, two of which are n-6 PUFA) are part of a slower
turnover pool or are less physiologically essential, such that they are “diluted” in the relative
abundance calculation by the other “fast turnover” FA like 18:4n3 and 22:6n3 that increased
with increasing heterotrophy. Overall, fewer heterotrophic biomarkers were effectively

recorded into the symbiont fraction but the decrease in relative abundance of slower turnover
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autotrophic biomarkers may provide useful information on short versus long time scale

feeding behavior of coral on the reef.

Symbiont fraction biomarker response to increased heterotrophy
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Figure 17. Heatmap of relative biomarker response in symbiont tissue (min/max
normalized) of all coral fragments during the experiment with increasing relative
heterotrophy (% biomass acquired through feeding) on the y-axis and biomarkers on the x-
axis. Biomarkers in purple represent a statistically significant feeding effect at the p < 0.01
level (one-way ANOVA), while biomarkers in green represent a statistically significant
feeding effect at the p <0.001 (one-way ANOVA) level showing that these biomarkers are
highly responsive to changes in coral heterotrophy of nauplii. Note variation within
treatments.

Bleached corals exhibited significant declines in many FA (14:0, 16:1n7, 18:1n9,
18:3n6, 18:4n3, 20:1n9, 20:3n6, 20:4n3, 23:0, 22:5n3, 22:6n3; Table 3, Figure 15), suggesting
that these FA are at least partially from symbiotic origin. Particularly, 16:1n7, 18:1n9, 18:4n3,

20:4n3, 20:3n6 and 22:6n3 show a dramatic decrease in relative abundance that suggests that

73



these FA come are translocated from the symbiont to the host in significant quantities, all
these FA are in fact symbiont (autotrophic) biomarkers (Figure 13) during the experiment.
Several FA also showed significant increases in bleached + fed corals like 18:0, 18:2n6,
18:3n3, 20:0, 20:2, 20:4n6, 22:0, 22:4n6 (Table 3), suggesting that these FA are strong
indicators of heterotrophy for this experiment or that the host made these FA de novo. Due to
the typical loss of PUFA from coral bleaching (Bachok et al., 2006, Table 3, Figure 15), the
increase of relative abundance of saturated hydrocarbons may in fact be from loss of PUFA
offsetting the balance of relative abundance calculations, although, 18:0 and 22:0 are both
heterotrophic biomarkers (Figure 13). The FA 20:4n6 and 22:4n6 have been detected in both
aposymbiotic and symbiotic anemones (Dunn et al., 2012) which indicates that the coral host
is likely able to produce these FA given appropriate precursor molecules for anabolic
construction. Due to the high relative abundance of essential FA 18:2n6 and 18:3n3 (FA that
the host cannot make de novo) in nauplii and bleached + fed corals (Table 3, Figure 15 and
16) these FA appear to be directly deposited into coral host tissue from heterotrophy as
metabolic precursors for construction of other n-3 and n-6 PUFA.

Overall, nearly all nauplii biomarkers increased within the host fraction with
increasing heterotrophy, showing reliable recording of FA and elemental biomarkers in host
tissues. Fewer heterotrophic biomarkers significantly increasing in the symbiont fraction with
increased feeding, which may reflect a selective translocation from host to symbiont of
heterotrophically acquired nutrients. Autotrophic biomarkers either significant increased or
decreased in the host fraction with increased feeding. Positive correlation of symbiont
biomarkers with feeding in the host fraction may be reflective of fast turnover FA translocated

from the symbiont to the host and increase due to the increased symbiont density and
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photosynthesis associated with increased heterotrophy (Grottoli, 2002). A decrease in
symbiont biomarkers associated with increased heterotrophy in the host fraction may be
reflective of a slower turnover pool of FA that was “diluted” by the FA acquired through
feeding. In the symbiont fraction, select nauplii biomarkers positively correlated with feeding,
suggesting translocation from host to symbiont while autotrophic markers either increased or
decreased with feeding in the symbiont fraction, further suggesting a metabolic divergence of
fast and slow turnover FA pools. Bleached + fed corals showed dramatic increases in some
biomarkers suggesting that these are either sourced from heterotrophy and/or made de novo,
while dramatic declines in biomarker with bleaching was interpreted to mean that these FA
come primarily from the symbiont, with further evidence that these FA were all markers of
the autotrophic source during experimentation (Figure 13). This technique (coupling of FA
with isotopic and elemental biomarkers) would likely capture much smaller changes in
heterotrophy than were detected in this experiment. Considering that 973 nauplii cm?
consumed over a 3-week experiment for the F2x condition, this still elicited notable changes
in several biomarkers in the host fraction, this experimentally confirms the use of fatty acids
as mixotrophic biomarkers, especially when considered in combination with isotopic and

elemental ratio tracers as a tool for understanding coral mixotrophy.

75



Fatty

Acid HOST SYMBIONT
pg/ g dry feeding feeding
tissue B_F_6x control F_2x F_é6x effect |control F_2x F_é6x effect
c12:0 | 0.01<001 | 0.01+0.01 | 0.012001 | 0.022002 | 0.19£0.19 | 0.1620.11 | 0.1220.07 |
C14:0 | 0.01+0.01 | 0.1240.09 | 0.12+0.06 | 0.12+0.07 | 3.64+0.82 | 3.01+0.66 | 2.77+0.72 |***
Cl4:1 | 0+0 | 0001 | 0.01+001 | 0+0 | 0.34+0.07 | 0.43+0.09 | 0.44+0.1 |***
C16:0 | 0.54+026 | 1.87£1.15 | 2.03+0.85 | 2.09+1.08 | 15.8942.59 | 15.15+3.71 | 14.89+4.12 |
Cl6:n9 | 0+0 | o0+0 | o0x0 | o0=0 | 0.56+0.29 | 0.63+0.28 | 0.87+0.39 |**
C16.1n7 | 0.02+0.02 | 0.29+0.21 | 0.28+0.13 | 0.29+0.19 | 5.04+1.31 | 4.15+0.95 | 3.95+0.93 |**
C16:2 | 00 | 001001 | 0010 | 0.01+0.01 | 0.36+0.15 | 0.31+0.14 | 0330.17 |
C18:0 | 074025 | 1.09+0.65 | 1.240.5 | 1.32+0.61 | 438+1.13 | 438+1.03 | 42094 |
C18:1n9 | 0.12+0.11 | 0.91+0.65 | 0.92+0.5 | 0.77+0.53 | 5114221 | 4374198 | 399424 |
C18:1n7 | 0.07+0.05 | 0.27+0.21 | 0.3120.17 | 0.29+0.21 | 0.85+0.29 | 1.032029 | 0.94+0.26 |
C18:2n6 | 0.04+0.03 | 0.06+0.04 | 0.08+0.04 | 0.09+0.05 | 1114025 | 1.01£0.28 | 0.95+031 |
C18:3n6 | 0.01+0.01 | 0.11+0.08 | 0.1+0.04 | 0.08+0.04 | 3.76£1.05 | 2.76+1.01 | 2.49+0.96 |***

*kk

|
|
|
|
|
|
|
|
|
|
|
C18:3n3 | 0.03+0.03 | 0.01+0.01 | 0.05+0.03 | 0.040.02 | 0.11£0.07 | 03301 | 0.26+0.06
C18:4n3 | 0.01+0.01 | 0.15+0.1 | 0.15+0.07 | 020.19 | | 9.59+1.85 | 13.14+2.69 | 14.74 +4.44
|
|
|
|
|
|
|
|
|
|
|
|
|

*kk

C20:0 | 0.03+0.01 | 0.06+0.04 | 0.06+0.03 | 0.06+0.03 | 0.1940.07 | 0.2+0.08 | 0.17+0.06

|
C20:1n9 | 0.04=0.04 | 0.28+0.24 | 029+02 | 0.24+0.19 | 0.8+0.46 | 078038 | 0.63+035 |
C20:2 | 0.03+0.02 | 0.06+0.05 | 0.0740.04 | 0.06+0.04 | 0214008 | 0.2940.26 | 02+0.07 |
C20:3n6 | 0.02+0.02 | 0.38+0.24 | 0.35+0.17 | 0.25+0.17 |* 1.05+0.58 | 0.96+0.46 | 0.73+0.46 |
C20:4n6 | 0314021 | 0.72+0.4 | 0.86+0.39 | 0.82+0.57 | 335131 | 337+L11 | 25706 |
€20:4n3 | 0.01 £0.01 | 02+0.18 | 0.1940.12 | 0.17+0.13 | 0.47+0.19 | 0.514+0.26 | 0.43+021 |
€20:5n3 | 0.08+0.07 | 0.18+0.11 | 0.2540.13 | 0.31+0.23 |* 1.81£0.71 | 2.01£0.72 | 2.07+0.69 |
C22:0 | 0.02+0.01 | 0.02+0.02 | 0.02+0.01 | 0.02+0.01 | 0.0840.03 | 0.12+0.03 | 0.1+0.03 |***
C22:1n9 | 0.01 001 | 0.06+0.04 | 0.07 £0.03 | 0.05+0.03 | 0.31+0.14 | 0.32+0.13 | 0310.13 |
C23:0 | 0.01+0.01 | 0.06+0.04 | 0.0740.04 | 0.05+0.04 | 0.14£0.09 | 0.16=0.1 | 0.12+0.07 |
C22:4n6 | 0.2320.16 | 0.52£0.28 | 0.61+0.28 | 0.64+0.43 | 23409 | 224074 | 2.0120.59 |
C22:5n3 | 0.03+0.02 | 0.1£0.05 | 0.12+0.05 | 0.13+0.09 | 046402 | 0.47+0.17 | 0.46+0.16 |

|

€22:6n3 | 0.05+0.06 | 0.87+0.5 | 0.9420.44 | 0.85+0.64 | 6324234 | 7.44+3.01 | 7.5142.65
total_FA | 2424132 | 841524 | 9.17+4.11 | 898+539 |  |6842+10.81]69.73 +14.66 | 68.04+13.5 |
Table 4: Biomarker summary table including fatty acid mass normalized abundance (%
total FA with associated averages and standard deviations for each treatment condition and
for each fraction of the coral holobiont (host + symbiont, bleached corals had no symbionts
for analysis). Statistical tests (one-way ANOVA) were conducted to assess biomarker
change due to feeding or bleaching. Feeding effect on biomarker was assessed by comparing
control, F 2x and F_6x treatments. Significance levels are denoted by stars with the
following[* (p < 0.05), ** (p <0.01), ***(p<0.001)].
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host biomarker correlation matrix
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Figure 18. Global correlation matrix of entire feeding experiment of FA biomarkers (%
total) and elemental biomarkers for the host and symbiont fraction for entire feeding
experiment. Correlation values (R) are colored by a gradient, with positive correlations in

blue, and negative correlations in red, darkness of color indicates strength of correlation,
with transparent color indicating ~ no correlation between the two fatty acids.
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2.4.4. Nitrogen and essential fats from heterotrophy integrate into host biomass
while heterotrophic carbon is respired

The biomarkers with the strongest positive correlations with heterotrophy from this
experiment were the essential fatty acids 18:2n6, 18:3n3 as well as the heterotrophic source
tracer 20:5n3, and 8'°N and the C:N ratio (Table 3), all of which showed directional trends
towards the heterotrophic source with increased heterotrophy (Figure 19a-c, Figure 16)
showing that these biomarkers are well recorded into coral tissues. The symbiont fraction of
control corals (autotrophic source) exhibited a "N = -1.4 £0.36 %o, while the heterotrophic
source signature (nauplii) had an isotopic ratio of a 9.57 +1.13 %o, revealing an 11 %o
difference between the two experimental nutritional sources (Figure 19a). If we assume a
trophic enrichment factor of 0 %o (Reynaud et al., 2009) because of high nitrogen retention in
symbiotic corals (Tanaka et al., 2006) and thus very little loss of catabolized '“N, then B F _6x
and F_6x coral hosts turned over 33.5 + 7.5 % and 38.1 £+ 7.3 %, respectively, of their total
nitrogen with heterotrophically acquired nitrogen from nauplii in the host fraction. Given
these same assumptions, F_6x symbionts turned over ~ 31 % of the nitrogen pool with
heterotrophic nitrogen. F 2x corals turned over 22.4 + 5.0 % of nitrogen with
heterotrophically acquired nitrogen for the host fraction, while F_2x symbionts turned over ~
19% as well. Additionally, there was no significant effect of feeding on the difference between
host and symbiont nitrogen isotope ratios 8'*Nhost - 6" Nsymbiont (p = 0.991, ANOVA) although
the host fraction did always exhibit a ~ 2 %o larger §'°N than the symbiont fraction which is
common to find in symbiotic corals (Price et al., 2021; Reynaud et al., 2009). These data align
with the well-established pattern that heterotrophically acquired nitrogen is shared generously
with the symbionts (Houlbréque & Ferrier-Pages, 2009). As an extension of this phenomenon,

the carbon to nitrogen ratio (C:N), which was significantly lower in nauplii than control
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symbionts also served as a useful indicator of heterotrophy in both the host and symbiont
fraction (Figure 19¢), with significant negative correlation with !N and 18:2n6 (Figure 19d).
Additionally, bleached and fed corals exhibiting nearly identical C:N value as the
heterotrophic (4.41 £0.15 for B_F_6x and 4.48 & 0.13 for nauplii), showing a convergence of
this biomarker with its source contribution. Interestingly, zooplankton from the Gulf of Aqaba
had statistically similar C:N values as nauplii (4.41 £0.15 vs. 4.61 £0.33; p = 0.5, one-way
ANOVA) with fairly large spread among control corals (5.06 +0.16 for host and 5.79 +0.36
for symbiont) suggesting that C:N may be a useful biomarker in tracing nutritional
contributions into coral tissue.

Carbon isotope ratios showed a slight decline towards the heterotrophic source ratio
of 8'3C = -20.5 +1 %o (Figure 19b) but with non-significant differences for feeding effect and
bleaching effect (Table 3) and much larger variation than nitrogen isotope data (Table 3,
Figure 19b). Given that the autotrophic source carbon isotope ratio is -16.07 +0.86 %o and the
heterotrophic source ratio is -20.5 +1 %o, this results in a difference of ~ 4.4 %o between
nutritional sources. Assuming a trophic enrichment factor of 0 %o this would result in a
turnover of ~ 9.5 % of host carbon with heterotrophically acquired carbon for F_6x and
B _F 6x corals. The symbiont fraction of F_6x turned over less carbon than the host with only
~ 5.4 % of its carbon biomass replaced with heterotrophically acquired carbon. For the F 2x
treatment, there was a similar ~ 9.5 % of host carbon replaced with heterotrophically acquired
carbon and a ~ 1.5 % replacement of symbiont carbon with heterotrophic carbon. These data
show that the deposition of heterotrophically acquired elemental carbon (which includes
carbohydrates, lipids, proteins, and nucleic acids) into coral biomass is less than that nitrogen

(proteins, nucleic acids) and heterotrophic source fatty acids (a subset of the lipid pool).
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Considering the C:N ratio of ~ 4.5 for the heterotrophic source (9 atoms of carbon for every
2 atoms of nitrogen), this results in a preferential integration of nitrogen into biomass by a
factorof ~ 16 for F_ 6xand B _F 6x host (i.e. ~ 16 atoms of heterotrophic nitrogen are recorded
into host biomass for every 1 atom of heterotrophic carbon), a factor of ~ 26 for F 6x
symbionts, a factor of ~9 for F_2x host and a factor of ~ 60 for F_2x symbionts. Interestingly,
this shows that when corals are fed less (the F_2x treatment) they might translocate less
nitrogen to their symbionts. Altogether, this shows that most heterotrophic carbon is
preferentially respired or exuded as mucus (not recorded into biomass) compared to
heterotrophic nitrogen which has been observed in the field for several coral species (Conti-
Jerpe et al., 2020; Price et al., 2021). The use of bulk tissue carbon isotope ratios in assessing
heterotrophy of reef-building corals may be vastly underestimating the importance of coral
feeding outlined here, which is to capture and store limiting nutrients like elemental nitrogen
(Figure 19a; Houlbréeque & Ferrier-Pages, 2009) and specific essential carbon molecules
required for metabolism like essential fats (Figure 16; Tolosa et al., 2011) and amino acids

(Fox et al., 2019; Martinez et al., 2022).
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Figure 19. Isotopic and elemental multiplot. A, B show nitrogen and carbon isotope ratio and
boxplots; C shows carbon to nitrogen ratio boxplot, nauplii are plotted on the far right as the
main heterotrophic source, with treatments groups ordered from left to right as increasing
relative heterotrophy. D shows nitrogen isotopes plotted with carbon to nitrogen ratio, colored
by relative abundance (% total) of essential fatty acid 18:2n6. E shows a boxplot of carbon
isotope ratio difference between host and symbiont (a classic proxy for coral heterotrophy
(Muscatine et al., 1989) by treatment group. F shows carbon isotope ratio difference between
host and symbiont plotted against host carbon isotope ratio of the host fraction, colored by
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To further explore this trend, the difference in carbon isotope ratio of host and
symbiont (A'3C = §3Chost - 8"3Csymbiont) Which has been used as a classic proxy for coral
heterotrophy (Grottoli et al., 2006; Muscatine et al., 1989), was calculated and plotted per
treatment (Figure 19¢). The effect of feeding on A'3C value did show an decrease in mean
value per treatment with increasing % heterotrophy but the effect was non-significant (p =
0.473, F = 0.756, df = 88, ANOVA) showing that this classically used proxy did not
effectively capture changes in coral heterotrophy even with a 4.4 %o difference between
autotrophic and heterotrophic source groups that ~ matches the difference between corals and
zooplankton in the Gulf of Aqaba (Figure 20). Additionally, A'3C did not strongly correlate
(R? < 0.16) with any other measured parameters other than §'*Chost (R? = 0.52), showing that
a few fragments with very low 6'3Chost values (< - 2 %o) were driving most of this trend (Figure
19f). Changes in heterotrophy were tracked better by many other biomarkers, such as §'°N,
C:N and many essential and non-essential fatty acids (Table 3). This has been seen in the
literature that A'3C is sometimes less reliable than nitrogen isotopes (Conti-Jerpe et al., 2020;
Hoogenboom et al., 2015; Price et al., 2021). The strong correlation of A’C with §'3Chost
(Figure 19f) shows that corals with large differences between host and symbiont are driven
by the host feeding on nauplii (~ 4.4 %o more negative &'3C ratio relative to autotrophic source)
and not sharing carbon resources with the symbionts and instead recording it into biomass on
the time scales of this experiment (~ 1 month). Figure 19f shows that while A'3C does track
heterotrophy for a couple fragments, it might be better suited as a proxy for how much
translocation of heterotrophic carbon there is from host to symbiont (Price et al., 2021). This
long-used proxy captures heterotrophy in only a small fraction of colonies, 13 % of fragments

in this experiment. Given its long usage, recent studies in the literature, and the results in this
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experiment, this proxy for coral heterotrophy may be very misleading and has likely
contributed to our underestimation of the importance of heterotrophy for reef-building corals.
There appears to be a fundamental decoupling between elemental nitrogen and elemental
carbon for most corals in which nitrogen and essential fats and amino acids (Fox et al., 2019)
are reliably recorded into host tissue, but elemental carbon is mostly respired or exuded as
mucous. Indeed, it appears heterotrophy of reef-building corals is suited mainly to supplement
the holobiont with essential elements (nitrogen, phosphorus, etc.) and essential molecules that

cannot be made de novo in significant quantities, with minimal contribution towards elemental

carbon.
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2.4.5 Nitrogen and heterotrophic fatty acids correlate non-linearly

The turnover of the host nitrogen pool due to heterotrophy and heterotrophic fatty acid
markers within the host showed a strong non-linear trend for all coral fragments (Figure 21b-
d). Percent of host nitrogen turned over with heterotrophic nitrogen was calculated by
assuming no trophic enrichment (Reynaud et al., 2009) and subtracting mean control 5'’N
values (unfed) from each colony from the 3'°N values of fed fragments from the same colony,
then dividing this number by the total difference between nauplii and average control coral
85N (~ 11 %o). The maximum host nitrogen turnover was 52.6 %, with both mean F_6x and
B_F_6x treatments revealing N turnover with heterotrophic nitrogen at 38.1 + 7.3 % and 33.5
+ 7.5 %, respectively, while F 2x showed an average 22.4 = 5.0 % N turnover and control
corals showed 0 + 1.7 %.

When plotted with cumulative nauplii capture, N turnover data follow a near linear
trend with R? = 0.84, but with a logarithmic model fitting better (R? = 0.94) suggesting that
corals may have been declining heterotrophic nitrogen incorporation into biomass due to high
food availability and/ or high feeding rates (Figure 9 and 10). When plotting N turnover data
with heterotrophic source markers 18:2n6, 18:3n3 and 20:5n3, data follow a stronger non-
linear trend that appears to have a maximum N turnover at ~ 45-50 % with increasing values
of % total FA (Figure 21b, ¢ and d). While fitting of linear and logarithmic models to these
data revealed logarithmic models showing larger R? values for all three FA, the data appear to
exhibit a “saturation effect” for nitrogen in which even with more heterotrophic fatty acid
incorporation, nitrogen turnover did not exceed ~ 45-50 %. As such, from a mechanistic point
of view, a hyperbolic Michaelis-Menten was chosen to better capture the nitrogen ““saturation”

effect that is seen in these data (Figure 21).
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All data except for cumulative nauplii capture data were fitted to a modified Michaelis-
Menten curve in which there was an additional term (‘c’ in Figure 19) that allowed the curve
to cross at a non-zero point along the x-axis, because these FA were already found at
measurable amounts in the unfed corals. In this experiment and in Red Sea S. pistillata it
appears 18:3n3 is the strongest heterotrophic marker since unfed corals exhibit extremely low
values of this essential FA (as has been seen in the literature for some corals; Tolosa et al.,
2011) and shows a strong incorporation signal into the host tissues. This model fit revealed
statistically significant estimates for all model coefficients (p < 0.001; Figure 19c), with the
‘a’ term estimated at 49.4 % N turnover, and the ‘b’ term estimated at 0.29 % of 18:3n3. The
‘a’ term 1in this model is analogous to Vmax (maximal enzyme reaction velocity) from the
Michaelis-Menten enzyme kinetics equation in which the curve asymptotes and the ‘b’ term
represents the K term (distance value on x-axis from where the curve crosses x-axis to where
the curve reaches one-half of Vimax). It appears that most of the high FA abundance values that
are driving this non-linearity (Figure 21c¢) are due to bleached and fed corals (B_F_6x). This
trend, driven largely by these corals, leads to the hypothesis that in this experiment, some
bleached corals are continuing to incorporate essential FA 18:3n3 into tissues while slowing
down heterotrophic N incorporation.

For the FA 18:2n6 and 20:5n3, both heterotrophic markers in this experiment, the same
trend is observed although with larger horizontal data spread (more variation in FA) and less
significant model coefficient estimates for 20:5n3 (Figure 21d). This appears to be driven by
the horizontal spread of the control coral data (variation in FA relative abundance), with
18:2n6 exhibiting larger variance than 18:3n3 and 20:5n3 exhibiting a larger variation than

18:2n6 (Table 3, Figure 19b, c and d). The larger variation in control coral FA values seems
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to indicate that these FA, and particularly 20:5n3, may be sourced from both autotrophic and
heterotrophic sources or that they turn over slower than the duration of coral starvation (4-
weeks) and have been retained from feeding on the reef. The fatty acid 20:5n3 has been known
to be both a marker of symbiont autotrophy and zooplankton (Kim, Baker, et al., 2021; Kim,
Lee, et al., 2021), and while it records well into host tissues, shows much larger variation than
essential FA 18:3n3 and 18:2n6, which is suggestive of two sources.

The mean soft tissue nitrogen density (ug cm?) for each fragment was calculated using
measured total fragment host soft tissue mass and dividing by surface area; this was then
multiplied by % N from elemental analysis data. Additionally, the total heterotrophic nitrogen
consumed during the experiment (ug cm2) was calculated using an average nauplii mass of
3.2 pg nauplii -' (Peykaran et al., 2011) and average % N of nauplii from elemental analysis
(~8.64 %, n =5). The ratio of soft tissue nitrogen mass density to total nitrogen consumed per
cm? was then multiplied by percent nitrogen turnover to give the proportion of
heterotrophically acquired nitrogen that was incorporated into host tissues. It is important to
note that every fed treatment consumed enough nauplii to completely recycle host nitrogen,
so it was plausible for every fed treatment to completely turn over its nitrogen pool (Table 5).

F 2x and F_6x corals both incorporated ~16% of heterotrophically acquired nitrogen
into host tissues, while the rest was presumably transferred to endosymbionts (Figure 19a) or
respired, this shows that for non-bleached corals, N incorporation rates remains unchanged
even with dramatic increases in feeding, showing perhaps an upper limit of heterotrophic
nitrogen incorporation into host tissues in this experiment. Interestingly, B F 6x corals
incorporated only ~10% of heterotrophically acquired nitrogen in soft tissues which may

partially explain the “saturation” trends seen in Figure 19. Given that these corals consumed
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less cumulative nauplii than F_6x corals (Figure 9) and have minimal endosymbionts, yet
exhibited nearly identical nitrogen isotope values (Table 3), this is suggestive that a larger
portion of the heterotrophic nitrogen acquired by bleached corals was respired which likely
enriched the 3N values of these corals due to catabolic release of N (Fry, 2006).
Additionally, since % heterotrophically acquired N incorporation was calculated using % N
turnover, in which it is assumed no trophic enrichment, it is likely that bleached and fed corals
incorporated actually showed < 10% incorporation of heterotrophic nitrogen and likely have
lower % N turnover rates than those calculated in Figure 21. A larger trophic enrichment of
nitrogen for bleached corals makes sense because bleached corals have very few symbionts
(an order of magnitude lower than non-bleached corals in this experiment, Table 2, Figure
11B) and this significantly impairs the ability to recycle and retain essential nutrients like
nitrogen. Because of this, an increased proportion of heterotrophic nitrogen respired would
lead to respiration of the lighter isotope, thus retaining the heavy '’N isotope and artificially
“inflating” the "N signal when compared to non-bleached corals.

Overall, these data show that that corals may reach a limit of heterotrophic N
incorporation, particularly for bleached corals due to more respiration (and subsequent loss)
of this heterotrophic nitrogen that cannot be recycled back to the host via symbionts. Since
heterotrophic fatty acid biomarkers (especially 18:2n6 and 18:3n3) still increased even with ~
equivalent % N turnover this indicates that these fatty acids are recorded and retained in host
tissues even when nitrogen incorporation reaches its maxima. This may be extremely useful
in assessing mixotrophy on time scales smaller than estimated N turnover rates for corals (>
1 year) and may be particularly useful for assessing heterotrophic sources of bleached or

previously bleached corals in the field.
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parameter
% N host tissue
mg host tissue cm?
ng host N em™
cumulative nauplii eaten cm?
ng N consumed cm™
% host N turnover

N turnover potential

% heterotrophic N integrated

control [F 2x |F 6x
1.62 | 1.74 | 2.18
10.34 | 11.2 | 12.14
156.88 |185.63| 232.87
NA [918.04]|1996.81
NA |253.82] 552.08
~0 |2245| 38.09
NA | 137 | 237
NA [1642] 16.07

B F 6x
1.58
8.78

132.71

1609.64

445.03
33.59
3.35
<10.02

Table 5. Treatment averaged soft tissue nitrogen data with associated nitrogen mass

consumption data. ‘N turnover potential’ represents the number of times the coral host could

have completely turned over its nitrogen pool with heterotrophic nitrogen.
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2.4.6 Contextualizing experimental results with environmental sampling

As stated previously, the food source fed to corals during the experiment (Artemia
nauplii) is not a natural food source of corals in nature, but the results of this study can be
used to better understand the biomarker changes one might see in nature depending on the
biomarker profiles of various nutritional source groups (symbionts, POM and zooplankton,
Figure 22). For reef-building corals, the translocation of fatty acids between host and symbiont
complicates the delineation of source contributions for coral nutrition and virtually eliminates
the possibility of using single fatty acids as trophic biomarkers (Dalsgaard et al., 2003;
Mocking et al., 2012; Monroig et al., 2013). Thus, small changes in several biomarkers
towards a source group identified by a multivariate reduction analysis (principal component
analysis, non-metric multidimensional scaling or linear discriminant analysis) is likely better
suited in qualitatively (sometimes quantitatively) detecting shifts in coral heterotrophy (Fox
et al., 2019; Radice, Brett, et al., 2019) rather than one or a few biomarkers. Implicit in this,
given the large chemotaxonomic variation in coral fatty acid profiles (Imbs et al., 2007; Kim,
Baker, et al., 2021) and planktonic variability in reef environments (Hamner et al., 2007),
singular biomarkers or indices (ratios) of corals in nature without measurements of source
groups in the same reef environment should be interpreted with extreme caution. Here 1
present a framework to approach and interpreted fatty acid + isotopic biomarker data from the
reef environment.

A particularly helpful approach used in this study that may help provide context to
coral heterotrophy for future studies is keeping several coral fragments in closed or semi-
enclosed aquaria without feeding for several weeks or months (or until the full symbiont

community is turned over). In this way coral symbionts will be closer to representative of a
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“fully autotrophic” source with no heterotrophic biomarkers that could be translocated from
the host to symbiont, thus “diluting” the autotrophic source signature. In theory, the
endosymbiont biomarker profiles of similar coral species and symbiont clades that are unfed
for > 1 month should converge towards a fully representative autotrophic source group that
can then be used to interpret the mixing of biomarkers into coral host tissues of coral colonies
on the reef. In this study, corals were starved for ~ 4 weeks in semi-enclosed aquaria (130 pm
filtered water from the Gulf of Aqgaba), with carbon turnover estimates for holobionts
estimated at ~37 days (Tanaka et al., 2018), this suggests that most of the carbon was turned
over without heterotrophic feeding (although it is likely that some POM was consumed on
that made it through the 130 pm filter). Thus, moving forward, the endosymbionts of unfed
control corals will act as a representative “fully autotrophic™ source group while zooplankton
and particulate organic matter collected from the Gulf of Agaba represent two distinct
heterotrophic source groups that corals in the Gulf of Agaba would consume (Figure 22). The
biomarker response in corals from increased feeding on Artemia nauplii and the overlap in
biomarkers of this source with Gulf of Agaba food sources and nauplii will be analyzed and
discussed to enhance understanding of a theoretical biomarker response to heterotrophy on
the reef.

A principal component analysis of in situ nutritional sources shows that zooplankton,
POM and symbionts of unfed corals separate completely with 95% confidence ellipses (Figure
22). Horizontal separation along the PC1 axis show that autotrophic and heterotrophic sources
(POM + zooplankton) separate by several biomarkers, with 18:3n3, 20:0, 18:0, and 18:1n7
showing strong and significant heterotrophic source separation (Table 6, Figure 22) and

18:4n3, 22:4n6, 20:1n9, 18:2n6, §'3C, 20:3n6, and 22:1n9 showing strong separation for the
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autotrophic source along the PC1 axis (Table 6, Figure 22). Statistical analysis of biomarkers
for the three source groups (POM, zooplankton, symbionts from starved corals) showed
significant differences between source groups with a p < 0.001 statistical difference between
sources for 26 out of 30 biomarkers (Table 5). The PC2 axis revealed separation between
POM and zooplankton source groups such that more positive values appear to exhibit higher
trophic level markers (zooplankton), with biomarkers like 20:5n3, 22:6n3 and 3'°N aiding
separation for positive PC2 values. Negative PC2 values were more associated with POM and
were distinguished by characteristic biomarker C:N with some increased separation by both
14:0 and 16:1n7, both of which are found in smaller microbial phytoplankton and bacteria
(Dalsgaard et al., 2003). Given these data, dimensional reduction analysis of the three
potential source groups for coral host nutrition appear to have separation for both autotrophy/
heterotrophy (PC1) and trophic level (PC2). This result may in large part be possible by the
addition of elemental biomarkers 5'°N and C:N to FA biomarkers, which can help indicate the
trophic level at which corals are feeding. This shows the importance of adding elemental and
1sotopic markers to FA analysis to enhance source group separation and elucidation of trophic
levels.

Comparison of biomarkers that separated source groups of in situ reef sources and
those that separated experimental source groups (Figure 13) indicates several overlapping
biomarkers that aid in autotrophic and heterotrophic source separation and significantly
change with increasing heterotrophy. These biomarkers include 18:3n3 and 18:0
(heterotrophic markers) that would theoretically increase in the host fraction with increasing
heterotrophy on the reef, while 22:0 and 18:1n7 would theoretically increase in the symbiont

fraction with increasing heterotrophy. Interestingly, 18:1n7 is typically thought of as an
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autotrophic marker (Graeve et al., 1997) and has been used in indices for photosynthetic vs.
animal derived input into coral tissues (Radice, Brett, et al., 2019) but data from the Gulf of
Aqaba shows that this FA is an indicator of heterotrophy in this reef environment (Figure 20).
This could be because 16:1n7, which is a precursor to 18:1n7 via elongation, contributes to
the negative direction of the PC2 axis (low trophic level POM), is a strong biomarker for
diatoms and bacteria (Dalsgaard et al., 2003) and POM (De Goeij et al., 2008; Duan et al.,
1997) and is present in significantly higher quantities than the symbionts (Table 6).
Interestingly, several studies have shown that coral heterotrophy relies on diatom supported
food webs (Radice, Brett, et al., 2019; Stahl, 2021) more than previously expected and this
may be a useful biomarker alongside other biomarkers for tracing that support. Overlapping
autotrophic biomarkers from in situ sources and experimental sources that exhibit significant
changes with heterotrophy include 20:3n6, 22:1n9 and 22:4n6 in the host fraction and 14:1,
18:4n3, 20:3n6 for the symbiont fraction.

For trophic level biomarkers (PC2 axis, Figure 20), 20:5n3 and 8'°N are two of the
three contributors towards zooplankton separation from POM and these biomarkers also
significantly change with increased feeding during the experiment, with 33N significantly
increasing in both host and symbiont fraction and 20:5n3 only increasing in the host fraction
(Table 3). While !N is a somewhat obvious trophic level indicator due to isotopic enrichment
factors of ~ 3 %o per trophic level (Post, 2002), 20:5n3 is less obvious. It has been shown that
20:5n3 is often used as a marker for symbiont autotrophy contributions to cnidarian hosts
(Revel et al., 2016) although recent work has shown that 20:5n3 and 22:6n3 (both of which
aid in separation of zooplankton, Figure 22) were both enriched in zooplankton from Hong

Kong waters (Kim, Lee, et al., 2021), which is exactly in line with these results.
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The C:N ratio was the only biomarker that indicated strong separation of lower
planktonic trophic levels (POM) and significantly changed in the feeding experiment (Table
3). 14:0 and 16:1n7 showed less strong correlation with the PC2 axis but helped separate POM
from zooplankton, which is in accordance that both of these FA have been used as bacterial
and phytoplankton biomarkers (Dalsgaard et al., 2003; Thurber, 2007). The use of C:N ratio
may be fundamental to understanding trophic level of corals (Figure 19c), given that
zooplankton have a significantly lower C:N ratio than coral symbionts (Table 6). However,
the use of C:N amongst other biomarkers must be exercised with caution as it has been shown
that the C:N ratio can vary with symbiont clade type (Ezzat et al., 2017) such that comparisons
of heterotrophy of different species, or the same species across a range of depths in which
major symbiont types change must be exercised with caution. Still, the use of C:N within same
coral species, same clade types, may be a highly useful indicator of trophic level of corals.

Overall, these results indicate that there are several biomarkers in the experiment and
within Gulf of Aqgaba food sources that overlap and respond to coral heterotrophy. While
much of the data stands in line with literature FA data, there are a couple fatty acids that
exhibit inverse trends to their expected source groups (such as 18:1n7) within the Gulf of
Aqgaba and highlight the importance of measuring biomarkers of source groups when
interpreting coral biomarker data from the field. These results show that there are many
biomarkers that respond well to heterotrophy of S. pistillata within the experiment that also
significantly separate source groups in the Gulf of Aqgaba, indicating useful mixotrophic and

trophic level biomarkers for the most studied coral species in the Red Sea.
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Figure 22: Principal component analysis of in situ nutritional sources that a coral in nature
would experience. Groups are separated by source type, with control coral symbionts (corals
unfed for 3 weeks), zooplankton (collected from both the pier and mid-gulf) and particulate
organic matter (collected above nursery where corals were collected). Arrows show PCA
weightings of select biomarkers. Axis 1 mainly separates autotrophic and heterotrophic
sources while axis 2 mainly separates along plankton trophic level (phytoplankton give
negative PC2 value, while zooplankton give a positive PC2 value).
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biomarker symbiont POM zooplankton significance

C12:0 0.28+0.27 0.15+0.12  0.14£0.12

C14:0 54+1.16 11.4342.01 6.17+£2.65 ***
C14:1 0.51+0.14 0.31£0.1 0.02 +£0.02  ***
C16:0 23.07+2 4633 +£2.44 31.98 £9.39 ***

C16:1n9  0.94+0.49 09+0.34 = 0.31+0.12  ***
C16:1n7 7.41+7 | 747+£1.12  3.07+0.54  F**
C16:2 0.56+0.22 0.21+0.13 = 0.39+0.18 ***
C18:0 6.37+1.45 16.01£3.29 14.7+4.74 ***
C18:1n9  7.22+1.96 7.06+2.6 6.8 £1.34

C18:1n7 1.24+04  2.69+1.18 224 +0.69 ***
C18:2n6 1.6+0.25  1.07+0.38 = 0.9+0.41  ***
C18:3n6  5.48=+1.17 0.07+0.08  0.26£0.4  ***
C18:3n3  0.14+0.08 0.95+0.31 0.75+0.45 ***
C18:4n3  14.27+3.1 0.78+0.3 = 0.86+0.68  ***

C20:0 0.29+0.1 0.64+0.11 0.63+0.18 ***
C20:1n9  1.81+1.35 0.17+0.24 0.48 +0.18  ***
C20:2 0.3+0.08 0.25+0.39  0.19+0.09

C20:3n6  1.51+0.56 0.08£0.18 = 0.14+0.13  ***
C20:4n6 477+1.5  0.08+£0.09 491492 *

C20:4n3  0.69+0.28 0.11+0.16 0.28+0.21 ***
C20:5n3  2.59+0.86 0.69+0.41 5.114+4.36 ***
C22:0 0.12+0.05 0.31+0.16 = 0.36+0.34 ***
C22:1n9  0.43+0.19 0.06+0.06 0.1 £0.05  ***
C23:0 02+0.12  0.11+0.09 0.46+0.22 ***
C22:4n6  3.27+1.03 0.06+£0.09 0.86+1.87 ***
C22:5n3 0.65+0.2 041402  0.35+0.23 ***
C22:6n3 8.88+1.9 1.43+0.99 17.54+12.62 ***
5N (%0)  -1.4920.41 -5.06+2.74 0.65+0.79 ***
BC (%)  -15.98 £0.8 -23.3540.58 -20.66 £0.59 ***

C:N 5794036 7.31%0.67 4.61 £0.33 ***

Table 6. In situ source data summary table including fatty acid, isotopic and elemental data
of potential autotrophic (symbiont) and heterotrophic sources of nutrition (particulate
organic matter collected from the Gulf of Aqaba and zooplankton collected from the IUI
pier and open water Gulf) with mean and standard deviation described. These sources
represent the typical sources that corals would be eating in the Gulf of Aqaba, with
significance results from one-way ANOV A between all source groups listed [* (p < 0.05),
** (p <0.01), ***(p<0.001)].
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2.5 Conclusion

Overall, the data show reliable recording of fatty acid and nitrogen biomarkers from a
heterotrophic source group into coral tissues in predictable patterns. Nearly all heterotrophic
source biomarkers significantly scaled with feeding in the host, showing that the use of FA
and 1sotopic biomarkers together provide strong response to feeding, with only a small subset
of these increasing in the symbiont fraction, which may indicate metabolic gatekeeping by the
host. Some autotrophic markers increased with feeding in the host and symbiont fraction due
to increased symbiont density, chlorophyll and likely photosynthesis (Grottoli, 2002)
associated with feeding, representing a “fast turnover” pool of FA, while some decreased with
feeding, representative of a dilution of “slower turnover” FA with the fast turnover autotrophic
biomarkers and heterotrophic biomarkers. It was also found that carbon isotopes did not
reliably scale with heterotrophy, while nitrogen and heterotrophic source FA did such that ~
10-60 nitrogen atoms derived from feeding were recorded for every 1 atom of carbon derived
from feeding, the variation in integrated heterotrophic nitrogen was dependent on the tissue
type (host or symbiont) and feeding regime. It is hypothesized that since corals are typically
not carbon limited, much of this heterotrophically acquired carbon is likely respired or exuded
as high C:N mucous. Thus, the long-used proxy for coral heterotrophy (A'*C = §"3Chost -
813 Csymbiont) is likely not adequately capturing the vital contributions of heterotrophy to reef-
building corals. It was found that only ~10 % of corals in this study scaled A'3C with
heterotrophy and may be more accurately measuring biomass growth (heterotrophic carbon
retention) and the degree of resource sharing with the symbiont. From this data it appears the
vital function of feeding for reef-building corals is mainly to acquire nitrogen and essential

biomolecules like fats (Figure 16) and amino acids (Fox et al., 2019), not elemental carbon.
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The non-linear correlations of nitrogen turnover and essential heterotrophic fatty acid
markers show that bleached corals continue to deposit and record the fatty acid signature of
the heterotrophic source even when nitrogen incorporation may have reached its limit. This
means that fatty acids, especially for bleached corals, may provide the most reliable short-
term estimations of diet such as seasonal shifts due to local oceanography to study reef-ocean
connectivity. Lastly, the overlap of responsive heterotrophic source biomarkers in this
experiment and Gulf of Agaba sources (zooplankton and POM) are discussed to create
understanding of how biomarker shifts of corals on the reef may be interpreted and which
biomarkers may be reliable recorders of mixotrophy while others appear to be reliably record
trophic level (22:6n3, 22:5n3, 6'SN and C:N). The best circumstances for reliable
interpretation of shifts in select biomarkers is also discussed.

These data show the role of heterotrophy for reef-building corals and that it may be
vastly more important than previously thought. The flexibility for corals to feed when food is
available and the overlooked reliance on feeding for nitrogen and essential biomolecules
firmly ties reef-building corals into the food webs and biogeochemical cycles of coastal reef
environments such that physical oceanographic forcing which modulates planktonic
concentrations on overlying reef waters may govern coral survivorship in a warming global

ocean.
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Chapter 3

Heterotrophy of particulate organic matter subsidies contributes to
divergent bleaching responses of Acropora hyacinthus in Mo’orea

3.1 Abstract

Heterotrophy on plankton and particulate organic matter (POM) by tropical
scleractinian corals is known to help corals resist and recover from thermally induced
bleaching. However, the relative importance of heterotrophy of the same species of coral in
different reef environments in context of oceanographic forcing is limited. In 2019 the island
of Mo’orea experienced a widespread marine heat wave with mass coral mortality. Due to
limited internal wave forcing, extreme temperatures were nearly constant down to 30 m on
the reef slope. During this mass bleaching event it was observed that Acropora hyacinthus
colonies on the shallow forereef (5 m) near the reef crest were resistant to bleaching, while
colonies on the deeper forereef (14 m) bleached and subsequently recovered (by colored
bleaching score), despite similar thermal stress. The role of heterotrophy in this divergent
bleaching response was investigated using fatty acid, isotopic and elemental biomarkers. Data
reveal through several lines of evidence including feeding proxies, isotopic niche overlap and
putative POM fatty acid biomarkers that bleaching resistant colonies near the reef slope were
likely consuming more POM than their bleached and recovered counterparts. Additionally, it
was found that although visually recovered, the host of recovered colonies was still
compromised and exhibited proportionally less mono- and polyunsaturated fatty acids than
resistant colonies. These result stands in line with previous studies, showing the long-term
costs of bleaching and that benthic communities at the reef crest are a net sink for oceanic
POM due to wave forcing, further showing the vital role of oceanographic forcing and

particulate subsidies in structuring coral bleaching response.
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3.2 Introduction

3.2.1 Barrier Reefs and Oceanography of Mo’orea, French Polynesia

The island of Mo’orea located in the central South Pacific (17°30'S, 149°50'W) is a
1.5-2-million-year-old (Neall & Trewick, 2008) volcanic island surrounded by barrier reefs ~
0.5 — 1.5 km from shore. Mo’orea’s barrier reefs creates distinct reef habitats that are shaped
be oceanographic forcing, water transport and retention processes (Leichter et al., 2013;
Figure 23). The forereef composes the ‘outward’ side of this barrier reef which steeply slopes
down to ~ 500 m within 1 km offshore of the reef crest (James et al., 2020; Nelson et al., 2011)
and faces oceanic waters (Figure 23). The shallowest part of the forereef creates the reef ‘crest’
in which wave breaking results in unidirectional water flow of oceanic waters over the reef
crest and onto the back reef (Hench et al., 2008). The backreef of Mo’orea is the land-ward
side of the reef crest (Figure 23) and is typically a shallow water (< 3 m) lagoon partially
protected from oceanographic processes, with wave forcing over the reef crest as a significant
driver of water movement on this reef habitat (Leichter et al., 2013; Monismith et al., 2013).
The back reef is characterized by relatively slower flow rates and longer water retention times
than the forereef habitat (hours to tens of hours, dependent on wave forcing; Hench et al.,
2008). The fringing reef flanks the lands edge within the reef lagoon (Figure 23) and is most
influenced by land-based processes such as terrestrial runoff (Adam et al., 2021; Donovan et
al., 2020). The barrier reefs around Mo’orea are broken by several deep passes such that wave-
driven water flow over the reef crest and onto the back reef is balanced by transport out of
these passes (Hench et al., 2008). There are several factors that modulate water flow rates over
the reef crest but are primarily driven by wave forcing from significant swell events (swell

period > 16 s) and trade-wind driven short period swell (swell period < 9 s) dependent on
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season and side of the island. The northern side of Mo’orea where this study was conducted
experiences long-period high energy waves during austral summer (December - February) and
more short period trade-wind driven swell from the north-east in the austral winter (May —

September) that drive wave breaking and water movement over the reef crest.

MOOREA

e i Lagoon —H
Reéf Crest
' Back Reef
Fringing

sReefi Fore Reef

Figure 23. Schematic figure of Mo’orea from Leichter et al., 2013. Top panel shows a map
of Mo’orea in the central South Pacific showing Mo’orea Coral Reef Long Term Ecological
Research (MCR-LTER) on the middle panel, with sites around the island. The bottom panel
shows a schematic view of the different reef environments: fore reef, reef crest, back reef,
lagoon and fringing reef.
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The forereef and backreef habitats show distinctive chemical and biological
characteristics when compared to oceanic waters (> 5 km offshore; James et al., 2020). Reef
associated waters consistently present higher POC, PON, chlorophyll ¢ and DOC
concentrations than oceanic waters (Alldredge & Carlson, 2011; Leichter et al., 2013) and
chlorophyll a concentrations have been shown to slowly attenuate until ~10 km offshore
(James et al., 2020), suggesting an island mass effect (Doty & Oguri, 1956) in which the island
of Mo’orea strongly influences the biogeochemistry of nearby waters (James et al., 2020;
Johannes et al., 1972; Odum & Odum, 1955). Indeed, coral reef organisms interact with and
influence the biogeochemical characteristics of the overlying waters (Nelson et al., 2011;
Patten et al., 2011; Wyatt et al., 2013). Wyatt et al., 2013 show with multiple lines of evidence
that the reef crest of a model barrier reef (unidirectional flow over crest onto backreef) is a net
sink of oceanic POM (phyto- and zooplankton; 4 to 30 mmol N m d-!' and 6 to 130 mmol C
m? d') with this same reef showing sharp declines of oceanic picophytoplankton
(Prochlorococcus, Synechococcus, and picoeukaryotes) as water flowed over the reef crest
(Patten et al., 2011), showing the reliance of benthic reef communities on oceanic POM
subsidies. This observation is further supported via theoretical modeling and field
observations of coral bleaching events in Japan, which show that at higher flow rates the
diffusive boundary layer around coral colonies is smaller and allows for quicker uptake or
release (mass transfer) of dissolved components such as dissolved nutrients, gasses, and
metabolites (Nakamura & Van Woesik, 2001). There is a growing body of evidence showing
a high reliance of reef communities on dissolved and particulate oceanic subsidies (Fox et al.,

in review; Radice, Hoegh-Guldberg, et al., 2019; Skinner et al., 2021; Wyatt et al., 2010)
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particularly at the reef crest where water flow rates are high and water depth is shallow, such
that benthic communities can more easily access oceanic subsidies.

The island of Mo’orea presents a representative case study for other Pacific Islands
with barrier reefs or atolls in which the movement of oceanic water and thus dissolved and
particulate components influence the benthic reef communities of fore- and backreef
environments. Given that Mo’orea has been a Long-Term Ecological Research (LTER) site
for close to 20 years, the abundance of oceanographic and ecological data from prolonged
surveys and studies can provide context to how similar organisms in different reef
environments around the island are responding to ocean warming, oceanographic forcing, and
ocean weather (i.e. internal waves; Wyatt et al., 2023)

3.2.2 The 2019 bleaching event and Acropora hyacinthus bleaching patterns

The island of Mo’orea experienced a prolonged marine heatwave (MHW) from
December 2018 until ~ May 2019 which resulted in island-wide mass coral bleaching and
mortality (Speare et al., 2022). The north shore of Mo’orea has experienced 16 local-scale
(0.1° x 0.1°) MHW with differing severities and characteristics since 1985 (Wyatt et al.,
2023). The 2016 and 2019 bleaching events in Mo’orea provide an interesting point of contrast
because both events showed similar temperature metrics and bleaching predictions but
exhibited contrasting ecological responses (Burgess et al., 2021; Hédouin et al., 2020), with
the 2019 bleaching event being more severe. Wyatt et al. (2023) show that variations in
mesoscale (10s to 100s of km) eddy fields around Mo’orea drove variations in internal waves
around the island. During the 2019 bleaching event, they show that internal wave cooling on
the forereef was reduced while in 2016 it was enhanced, resulting in negligible bleaching

stress below ~20 m during the 2016 event (Wyatt et al., 2023). Without internal wave cooling,
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the 2019 bleaching event showed a persistent subsurface marine heat wave down to ~ 40 m,
with depth integrated heat accumulation estimates ~ 5- to 150-fold greater than 2016 (Wyatt
et al., 2023). This means that thermal stress was near constant down to depths of ~ 30-40 m
on the forereefs of Mo’orea.

While island-wide coral bleaching and mortality was observed along the 10 m isobath
of the fore-reef habitats of Mo’orea during the 2019 bleaching event (Speare et al., 2022),
marked colony level differences were observed in Acropora hyacinthus on the forereef near
LTER site 2 just north-east of Cooks Bay (Figure 23). At this site, some individuals of
Acropora hyacinthus remained unbleached throughout the 2019 MHW (“resistant” colonies)
while other individuals bleached but later recovered after the thermal stress subsided
(“recovered” colonies) (Leinbach et al., 2021). Acropora is a key reef-building coral in the
Indo-Pacific and is known to be highly sensitive to climate change (Baird & Marshall, 2002;
Vernon, 2000), thus this divergent bleaching pattern presents a unique investigative
opportunity to disentangle why this phenomenon was observed. Leinbach et al. documented
the differences between symbiotic microalgae of resistant and recovered colonies, noting that
resistant colonies typically were dominated by the genus Symbiodinium (formerly referred to
as clade A) symbionts during and after bleaching, while recovered colonies mainly harbored
the genus Cladocopium (formerly referred to as clade C), with no evidence of symbiont
shuffling after bleaching (shifts in dominant Symbiodiniaceae type over time). Another
covariate with bleaching response observed was depth, such that nearly all resistant colonies
were found at < 5 m depth on the shallow forereef (adjacent to the reef crest), while recovered
colonies were found at 14 m depth, deeper on the forereef. The authors also show that of the

shallow forereef colonies that did bleach, these corals had a mixture of Symbiodinium and
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Durisdinium (formerly referred to as clade D) or Cladocopium symbionts, whereas the
shallow forereef colonies that did not bleach harbored ~100% Symbiodinium, showing that
symbiont clade type and proportions are large determinants of bleaching response of the same
coral species and the same reef environment (Leinbach et al., 2022). In contrast, Bowden-
Kerby & Carne (2012) showed the vital role of the coral host in thermal tolerance in a
restoration project in Belize in which several Acropora genotypes hosting Symbiodinium
symbionts in the same reef environment bleached while others did not, which suggests that
the host is also playing a vital role in bleaching resilience. This is further supported by
experimental work showing high genetic variability within the host of Acropora results in
thermal tolerance variability (Yetsko et al., 2020). Overall, this paints a picture that both
Acropora host and symbiont as well as environment play fundamental roles in coral thermal
tolerance and bleaching response.

The notable differences in oceanographic forcing of the deep and shallow forereef
(reef crest) rests on theoretical and empirical data such that the high flow rates on the reef
crest may aid corals in accessing dissolved nutrients (Nakamura & Van Woesik, 2001) and
that benthic communities at the reef crest may be consuming more particulate oceanic
subsidies (Patten et al., 2011; Wyatt et al., 2010, 2013) than colonies on the deep forereef.
Since it is known that heterotrophy confers resistance to thermally induced bleaching (Conti-
Jerpe et al., 2020) this leads to the question: did bleaching resistant colonies of Acropora
hyacinthus on the shallow forereef consume more oceanic subsidies than their deeper fore reef
counter parts? To answer this question, I will present work in collaboration with the authors
of Leinbach et al., 2022 that sampled colonies during the 2019 bleaching event.

3.2.3 Acropora physiology, trophic ecology, and photo symbiont diversity
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Acroporid corals are common and often major reef-building corals found in in the
Indo-Pacific (Veron, 2000), Caribbean (Baums et al., 2006) and the Red Sea (Ziegler et al.,
2016). Acroporids are known to be highly sensitive to rising global ocean temperatures (Baird
& Marshall, 2002), high genetic (Richards & van Oppen, 2012) and endosymbiont diversity
(Crabbe & Carlin, 2009; Leinbach et al., 2022) of this genus results in varied thermal tolerance
and bleaching responses at the species and even colony level (Bowden-Kerby & Carne, 2012;
Leinbach et al., 2022; Yetsko et al., 2020). It has been shown that Acropora recover quickly
from bleaching and can increase thermal tolerance with up to 50% mortality reductions after
successive bleaching events (Maynard et al., 2008), which suggests that this genus of coral
may be suited to survive warming ocean temperatures.

Acropora corals are known to harbor multiple genera of photo symbionts (Crabbe &
Carlin, 2009; Van Oppen et al., 2001). It is generally understood that Durisdinium symbionts
are more thermally tolerant than other symbionts, offering up to 1.5 °C increased thermal
tolerance when compared to Cladocopium (Berkelmans & Van Oppen, 2006). This thermal
tolerance comes at a cost though, with Durisdinium symbionts photosynthesizing less than
Cladocopium, resulting in up to 40% slower growth of the coral holobiont (A. Jones &
Berkelmans, 2010). Stat & Gates reviewed the global distribution of Durisdinium symbionts
and concluded that these were generalist opportunistic endosymbionts that outcompete and
replace optimal symbionts (Cladocopium mainly) in health-comprised corals and even
propose monitoring Durisdinium symbionts as indicators of habitat degradation. Symbiont
shuffling from Cladocopium to Durisdinium has been noted in Acropora corals (A. M. Jones
et al., 2008) although was not observed in Mo’orea following the 2019 bleaching event

(Leinbach et al., 2022). Symbiodinium symbionts are also found in Acropora, with Stat et al.
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(2008) concluding that these symbionts may represent parasitic rather than a mutualistic
endosymbiosis. Symbiodinium symbionts have been shown to transfer less photosynthate to
the coral host and are shown to be basal to the other symbiont types (Stat et al., 2008),
suggesting that these symbionts were the first group to form a symbiosis with invertebrates.
Often, Symbiodinium symbionts are found in high light environments whereas Cladocopium
symbionts which exhibit higher photosynthetic efficiency are found in deeper waters (Coope
etal., 2011; Eckert et al., 2020; Wall et al., 2020; Ezzat et al., 2017). As such, Symbiodinium
symbionts offer UV protective mechanisms and produce less hydrogen peroxide than
Cladocopium, a product known to induce coral bleaching (Suggett et al., 2008; T. Banaszak,
et al., 2000). Interestingly, although Symbiodinium symbionts are thought to be more
metabolically ‘selfish’ than Cladocopium symbionts (Stat et al., 2008) and can sometimes
show less thermal tolerance (Mieog et al., 2009), many of them are found in more thermally
tolerant Acropora and Porites (Camp et al., 2020; Grottoli et al., 2014; Schwiesow et al.,
2021). This shows that Durisdinium is not the only determining factor in coral thermal
tolerance and that Symbiodinium symbionts can also be associated with high thermal tolerance
(Leinbach et al., 2022). Colony level variability of thermal tolerance of Acropora harboring
Symbiodinium symbionts in the same reef environment (Bowden-Kerby & Carne, 2012) also
shows that the host plays a large role in thermal tolerance, perhaps due to control of the
symbiont population and/or from heterotrophic feeding.

The family Acropora are generally thought of as more autotrophic corals due to tight
overlap of isotopic niche between host and symbiont (ellipse overlap of *C and >N of both
fractions) (Conti-Jerpe et al., 2020) but as was shown in chapter 2 (Figure 19) this is often a

colony-specific response of resource sharing, rather than heterotrophy itself. It has been shown
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that Acropora grow best on a phytoplankton diet rather than zooplankton and tend to prefer
natural diets which would undermine the efficacy of feeding experiments using Artemia
nauplii (Conlan et al., 2019). Acropora corals show reliable increases in select heterotrophic
FA biomarkers such as 18:2n6, 18:1n9, 18:3n3 and 22:4n6 with feeding on phytoplankton
(Conlan et al., 2019) showing that corals are benefiting from phytoplankton subsidies and
altering FA proportions with feeding. The preference of Acropora corals for consuming
phytoplankton rather than zooplankton and the often-small differences between isotope ratios
of host and symbiont fraction which may not capture heterotrophy (Figure 19), suggests that
the literature may be underestimating the reliance of Acropora on heterotrophic subsidies. The
strong variability of thermal tolerances (Bowden-Kerby & Carne, 2012; Yetsko et al., 2020)
and growth (Baird & Marshall, 2002) due to host genotype, not symbiont type, hints that the
host is playing a vital role in trophic and metabolic processes of the holobiont. In this work I
use the same combination of fatty acids, isotopic and elemental biomarkers used in Chapter 2
to elucidate if there were differences in relative contributions of heterotrophy associated with
divergent bleaching responses of Acropora hyacinthus seen on the north shore of Mo’orea
during the 2019 bleaching event. Namely, I aim to address if resistant colonies consumed
more particulate organic matter (POM) subsidies than colonies that bleached and recovered.

3.2.4 Addressing Fatty acid oxidation during sample storage

Due to limitations from the COVID-19 pandemic, coral samples which were intended
for compound-specific isotope analysis of amino acids (CSIA-AA, Fox et al., 2019) were
analyzed for fatty acid (FA) proportions instead. After coral collection, host and symbiont
separation, corals were dried in a 60 °C oven overnight and then stored in a -80 °C freezer for

~ 1.5 years. For isotopic analysis, this approach is commonly used, however for fatty acid
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analysis this approach is typically avoided because increased temperatures and exposure to
oxygen greatly increases the probability of acyl bond hydrolysis and oxidation of double
bonds of fatty acids. The combination of hydrolysis and double bond oxidation can lead to
lipid degradation that alters fatty acid profiles (Rudy et al., 2016). In live tissues, the oxidation
of double bonds on fatty acids is typically controlled by antioxidants, but this function can
decrease significantly after death (Petillo et al., 1998). Additionally, lipids are typically
hydrolyzed by lipases (broken from acyl bonds into free fatty acids) in live or dead tissues so
long as water is present for correct protein folding and function of the lipases. As such,
researchers often try to limit water exposure by freezing samples or freeze-drying tissues
immediately or soon after collection to avoid hydrolysis (Ingemansson et al., 1995) and store
samples with antioxidants (Budge et al., 2006; Hixson et al., 2013) or under nitrogen gas to
avoid double bond oxidation.

Since all samples were exposed to oxygen at high temperatures during oven drying it
is likely polyunsaturated fatty acids were oxidized (Fu et al., 2016) and/ or hydrolyzed.
Because of this, it is important to note that using the proportions of FA measured here should
not be compared across studies. However, since it is known that lipid oxidation and hydrolysis
rates during storage are species-, tissue- and temperature-dependent (Ingemansson et al.,
1995; Nazemroaya et al., 2011; Rudy et al., 2016) and all samples were of the same species
and received the same handling, treatment, and storage it is reasonable to make comparisons
within this study and between the same tissue type (host to host, or symbiont to symbiont,
POM to POM). Thus, a comparative approach used for this study between tissue types is valid
and can still allow for assessment of relative differences in heterotrophy on POM seen in the

FA and isotope data.
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3.3 Methods

3.3.1 Sampling site and details

Samples were collected during a field campaign during the 2019 bleaching event in
Mo’orea by the authors of Leinbach et al., 2021, 2022; there is greater detail found in those
publications. However, replication of sampling details from these publications will be
provided here for ease of reading.

In May 2019, during the height of the bleaching event, SCUBA divers surveyed one
site on the north shore of Mo’orea (17.4731° S, 149.8176°W (forereef) and 14.4751° S,
149.8170° W (backreef)) to identify bleached and healthy Acropora hyacinthus coral colonies
in three reef habitats: backreef (~ 3 m depth), shallow forereef (~ 5 m depth), and deep forereef
(~ 14 m depth). For context, the forereef site maintained ~47% live coral cover (mean of six
outer reef sites at 10 m depth) as of January 2019 (Edmunds, 2020). Colonies from the shallow
and deep forereef habitats were tagged for future sampling. On the deep forereef in May 2019,
no A. hyacinthus colonies without some degree of bleaching could be found (Leinbach et al.,
2021). By August 2019, all the previously tagged bleached colonies in the deep forereef had
died. Despite this high mortality, August surveys on the deep forereef (~ 14 m depth), which
occurred after the period of accumulated thermal stress, identified previously bleached,
untagged colonies that were observed to be visibly recovering from bleaching (Figure 24b and
d; Leinbach et al., 2022). These new colonies were photographed, tagged, and sampled. Due
to the high prevalence of bleaching at this site in May (53.2% severely bleached and 46.8%
partially bleached; Leinbach et al., 2021), it is maintained that these previously untagged
colonies were bleached during the bleaching event (Leinbach et al., 2021). In October 2019,

30 and 28 previously tagged colonies at ~ 5 and 14 m, respectively, were found, photographed,
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and sampled via SCUBA for physiological metrics and/or reproductive histology (Leinbach
etal., 2021). For all corals sampled, bleaching severity and colony area were determined using
standardized photographs. Each colony was assigned a score from 1 to 5 according to the
bleaching severity the colony experienced, with a 1 indicating stark white bleaching and a 5
indicating no visible bleaching (Figure 24b). Colony area was estimated by tracing the outline
of each colony and calculating the planar surface area using ImageJ (Schneider et al., 2012).
Particulate organic matter was sampled by filtering 4 L of seawater from the collection
site (deep forereef, shallow forereef, or backreef (“lagoon”)) over pre-combusted 0.7 um
Whatman glass fiber filters. Zooplankton was sampled using a 30 cm 200 um pore-size net
for a 150 m tow at the approximate depth of coral sampling (14 m for deep forereref, ~ 5 m
for shallow fore reef, ~ 3 m for backreef). Any chunks of macroalgae or sediment were

removed prior to filtering over a pre-combusted glass fiber filter.
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Figure 24. Sampling Scheme and bleaching response from Leinbach et al., 2021. A shows the
2019 thermal anomaly relative to a long term average. B shows the proportion of colonies
with various bleaching scores. C shows a photo sequence of resistant colonies from May —
October. D shows a photo sequence of recovered colonies from August - October.
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3.3.2 Sample processing

Coral fragments of approximately 2 cm were collected from each colony. Fragmented
samples were then frozen at - 40°C to facilitate later removal of tissue. Using filtered seawater
coral fragments were airbrushed to remove coral tissue and algal cells (blastate) from the
calcium carbonate skeleton. The blastate was then homogenized using an electric
homogenizer and added to a 15-mL tube. The volume of the homogenized blastate was noted,
and 200 ul of the sample was collected and fixed using Z-fix for algal symbiont counts.

The remaining volume of homogenized blastate was then centrifuged (2,000 x g for 2
minutes) to separate animal tissue from endosymbiont cells, where animal tissue remains in
the supernatant while the endosymbiont pellets out. The animal fraction was pipetted out into
a separate 15-mL tube. With the supernatant removed from the tube, the endosymbiont pellet
was then resuspended in 2 mL of FSW and centrifuged an additional time to separate out any
remaining animal tissue. The supernatant from this centrifugation was subsequently removed
and combined to the 15-mL tube containing animal tissue from the original separation event.
The animal fraction was centrifuged an additional time to pellet any endosymbiont cells
remaining in solution. The supernatant collected from this additional centrifugation was
considered our “pure” animal fraction to be used for later analysis. The endosymbiont fraction
was cleaned six times to ensure the removal of animal tissue from the pellet. Cleaning of the
algal pellet involved repeating the following steps: resuspension in 5 mL of FSW,
centrifugation, and removal of the supernatant. All supernatants from this cleaning process
were discarded. After cleaning was complete, the algal pellet was resuspended one final time

in 5 mL of FSW and put through filter for stable isotope analysis (see below).
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Following separation of animal tissue and endosymbiont cells, each fraction (and
zooplankton and POM samples) was filtered through a 25mm GF/F filter. Samples were then
rinsed with ImL of 1N HCI to remove any residual calcium carbonate from the coral skeleton,
then rinsed once more with 1mL of deionized water. Filters were placed in a drying oven
overnight set at 60 °C and kept dry until transportation to UC Santa Barbra. Upon arrival at
UC Santa Barbara, samples were immediately placed into a -80 °C freezer until analysis.

3.3.3 Fatty Acid and Stable Isotope analyses

Coral host, symbiont, POM and zooplankton samples were analyzed for fatty acid
relative abundance and stable isotope ratios of carbon and nitrogen according to Chapter 2.

3.3.4 Statistical analyses

Statistical analyses were conducted in R (version 4.2.1) and R studio (version

2022.12.0+353). ANOVA tests were run using the ‘aov()’ function.
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3.4 Results and Discussion

3.4.1 Coarse biomarker differences between divergent bleaching response

Colonies of Acropora hyacinthus on the forereef showed significant differences in
several biomarkers with respect to bleaching response (resistant or recovered) in both tissue
fractions (p < 0.05; host = 11; symbiont = 9; Table 7). In general, the host of resistant colonies
exhibited significantly more (p < 0.001; ANOVA) mono- and polyunsaturated fatty acids
(MUFA + PUFA) (15.8 = 5.7 %) than recovered colonies (9.1 £ 1.2 %) and with larger
variation, while the host of recovered colonies consequently had larger proportions of
saturated fatty acids (SAFA; resistant = 90.9 £ 1.2 %, recovered = 84.2 = 5.7 %; p < 0.001,
ANOVA, Figure 25). In the symbiont fraction, a similar trend is seen although with smaller
differences, with the symbionts of resistant colonies showing higher MUFA + PUFA (15.2 +
4.0 %) than recovered colonies (13.0 £ 6.6 %) (p < 0.001, ANOVA, Figure 25). The same
trend for saturated fatty acids seen in the host is also seen in the symbionts (recovered = 87.0
+ 6.6 %, resistant = 84.8 £ 4.0 %; p < 0.001, ANOVA; Figure 25). Interestingly, an inverse
relationship in data variability is found in the symbiont fraction such that there is larger
variation in major FA classes (MUFA + PUFA) in symbionts of recovered colonies relative
to symbionts of resistant colonies (Figure 25), while in the host fraction this trend is inverted
and there is more MUFA + PUFA variation found in the host of resistant colonies than
recovered colonies (Figure 25, Table 7). More FA variability in the symbionts of recovered
colonies could be explained at least partially by recent (< 2 months, Figure 24) horizontal
transmission of symbionts from the environment during bleaching recovery (Buddemeier &
Fautin, 1993) or variability in repopulation dynamics of the small photo symbiont community

after bleaching. For the host, increased MUFA + PUFA variability in resistant colonies
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relative to recovered colonies (and their own symbionts) may be due to colony-level
differences in nutritional sourcing that would cause a divergence in FA profiles from their
symbionts such as differences in trophic strategy (see section 2.4.3) which has been seen
readily in nature (Fox et al., 2019). Since all resistant colonies were found near the reef crest
which is known to be a net sink of oceanic POM (Wyatt et al., 2013), colony-level variability
in consumption of these particulate subsidies would cause more FA variation in the host of
resistant colonies relative to the host of deeper colonies on the reef slope (recovered colonies)

and to their own symbionts, as was seen here (Figure 25).
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Figure 25. Left panel shows boxplot of sum of mono- and polyunsaturated fatty acids (MUFA
+ PUFA) separated by bleaching response and tissue type (host or symbiont). Right panel
shows boxplot of saturated fatty acid (SAFA). Brackets show significance level test between
same tissue type with bleaching response as the independent variable [* (p < 0.05), ** (p
<0.01), ***(p<0.001)].

The shift in the FA profile balance seen in recovered colonies towards SAFA has been

seen during thermal stress of Acropora digitifera in which it is hypothesized that MUFA and
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PUFA may act as the last line of defense for oxidative stress (Safuan et al., 2021). Considering
that bleached corals were visibly “recovered” from bleaching during sampling and exhibited
statistically similar symbiont densities (Leinbach et al., 2021) these data confirm the
physiological and molecular effects of bleaching last beyond visual recovery not only for
protein and carbohydrates (Leinbach et al., 2021) but also for fatty acids (Figure 25).
Interestingly, the mean difference of PUFA + MUFA between host and symbiont fractions
(hostmura+pura - symbiontmura+pura) of the two bleaching responses was considerably larger
and negative for recovered colonies (-3.8 %) than for resistant colonies (0.6 %) (Figure 25).
This suggests that in resistant colonies, fatty acids are readily being shared between host and
symbiont (hostmura+pura - symbiontmura+pura ~ 0) while in recovered colonies the host still
had not acquired sufficient MUFA + PUFA from their symbionts to converge the relative
abundance of these coarse biomarkers. The trend seen for resistant colonies stands in contrast
to some literature that Symbiodinium symbionts are more parasitic than mutualistic (Stat et
al., 2008), with evidence here showing convergence of coarse FA biomarkers of
Symbiodinium symbionts (resistant colonies) with the host relative to Cladocopium symbionts
(recovered colonies, Figure 25), although bleaching effect must be considered.

Even though symbiont densities were statistically similar for recovered and resistant
colonies (Leinbach et al., 2021), the recent reestablishment of the symbiont community in
recovered colonies before sampling with Cladocopium symbionts (fully bleached 2 months
before sampling, Figure 24) reveals that this symbiont which is known for its high
photosynthetic efficiency (A. Jones & Berkelmans, 2010; Stat et al., 2008) had not yet
translocated enough FA to the host for recovery of the host lipid pool from bleaching (Figure

25). Overall, the significant decrease in MUFA + PUFA in the host of recovered colonies
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despite larger proportions found in their symbionts exemplifies the metabolically
compromised state that recovered colonies were even after visual recovery from bleaching.

3.4.2 Isotopic and elemental ratios of divergent bleaching response

The divergent bleaching response of Acropora hyacinthus revealed distinct patterns in
isotopic and elemental ratios. §'*C was significantly lower for both the host and symbiont
fraction in recovered colonies (p < 0.001, ANOVA, Table 7, Figure 26) while the C:N ratio
was significantly higher in recovered colonies (p < 0.01 for host, p < 0.001 for symbiont,
ANOVA, Table 7, Figure 26). §'°N was slightly higher (+ 0.4 %o) in the host of resistant
colonies than recovered colonies, although this was non-significant due to high variability in
the resistant colonies (Figure 26d). 3'°N in the symbionts was lower in resistant colonies than
recovered colonies (- 0.7%o) which was also non-significant due to high variability in both
bleaching response types (Table 7).

The strong carbon isotope difference between bleaching response types (~ 3%o0 lower
in recovered colonies of both host and symbiont, Figure 26a) is very likely due to irradiance
and depth being large covariates in bleaching response, with recovered colonies at 14 m depth
and resistant colonies at ~ 5 m depth. This isotopic effect has been readily observed in coral
isotope studies along depth gradients (Alamaru et al., 2009; Muscatine et al., 1989; Wall et
al., 2020) and is nearly identical to the observations from Wall et al., 2020 despite different
photo symbiont communities, showing that this trend is irradiance driven. The physiochemical
explanation underlying this response was formulated by Muscatine et al. and is known as the
“depletion-diffusion hypothesis”. This explanation primarily notes that under high irradiance
and high rates of photosynthesis the fixation of internal CO:. by Rubisco (Ribulose

biphosphate carboxylase) is faster than what can be refilled by seawater bicarbonate, thus the
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internal CO; pool becomes enriched in '*C (and §'*C) and this is seen in the photosynthetic
products relative to corals under low light conditions where carbon fixation rates do not
outpace bicarbonate diffusion into the organism.

The C:N ratio of the host of recovered colonies exhibited remarkably high values
relative to their symbionts and with large variation (Figure 26c¢, Table 7). This is likely due to
catabolism of protein reserves from bleaching (Figure 11d) that had not yet been replenished
(Leinbach et al., 2021). The larger difference in the C:N ratio (AC:N = C:Nnost — C:Nsymbiont)
of recovered colonies (AC:N = 4.9) relative to resistant colonies (AC:N = 2.7) suggests that
the symbionts of recovered colonies were either passing off less organic nitrogen products to
the host and/ or that there was not enough time after bleaching and the sampling time point (~
2 months) for full translocation and replenishment of the host nitrogen pool. The lower C:N
ratio of resistant colony symbionts relative to recovered colony symbionts observed here
(Figure 26c¢) has been observed between Symbiodinium (resistant colonies) and Cladocopium
symbionts (recovered colonies); with Symbiodinium symbionts typically showing lower C:N
ratios relative to Cladocopium symbionts due to faster inorganic nitrogen assimilation rates
(Ezzat et al., 2017). This is the exact pattern that is seen here (Figure 26¢). This effect may
have been further amplified by relatively higher flow rates found at the shallower forereef
(reef crest) relative to the deeper forereef which makes the diffusive boundary layer smaller,
resulting in faster diffusion of dissolved inorganic nitrogen across the boundary layer to the
coral holobiont (Nakamura & Van Woesik, 2001) that would ultimately decrease C:N ratios.

The difference in carbon isotope ratios (A'*C = §"3Chost - 8'3Csymbiont), Which has
classically been used as a proxy for coral heterotrophy (Grottoli et al., 2006; Muscatine et al.,

1989) was lower in resistant colonies than recovered colonies (Figure 26b), although non-
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significantly. While larger (more negative) A'3C values do capture relatively more
heterotrophy (Fox et al., 2018), the lack thereof does not exclude heterotrophy as an
explanation since heterotrophically acquired nitrogen (Price et al., 2021), essential fats (Figure
16, 19 and 21) and amino acids (Ferrier-Pages et al., 2021; Fox et al., 2019) are preferentially
retained in host tissues over elemental carbon, most of which is likely catabolized or exuded
as mucous, as was demonstrated in Chapter 2 (Figure 19). Still, the relatively lower A'3C
values of resistant colonies (Figure 26b) points towards relatively more heterotrophy in
resistant colonies, but not as the only line of evidence. An isotope biplot of carbon and
nitrogen grouped by tissue type and bleaching response shows that the host recovered colonies
exhibited more isotopic niche overlap (Newsome et al., 2007) with their symbionts than did
resistant colonies (Figure 26d) which is an indicator of increased reliance on heterotrophy for

resistant colonies (Conti-Jerpe et al., 2020).
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Figure 26. Isotopic and elemental ratios of divergent bleaching response of Acropora
hyacinthus. Panel A shows 6'3C of both host and symbiont fraction grouped by bleaching
response. B shows A3C = §!3Chost - 8'3Csymbiont grouped by bleaching response. Panel C shows
carbon to nitrogen ratio of host and symbiont fraction grouped by bleaching response. D
shows isotope biplot of corals with 95% confidence ellipses, colored by bleaching response,
with point shape representing tissue fraction.

3.4.3 Biomarker differences suggest heterotrophy on POM for resistant colonies

The differences between biomarkers in the same tissue type (host or symbiont) of
resistant and recovered colonies was calculated to compare divergent bleaching response of
Acropora hyacinthus (Table 7, Figure 27). The difference in individual biomarkers of the
symbiont fraction (resistantsymbiont — recoveredsymbiont), Which yielded a positive or negative
value (green or orange), was typically mirrored in the host fraction (Figure 27). This signifies
translocation of most FA within the symbiosis and convergence of most of the FA profile
between the host and symbiont, which has been observed in Acropora corals (Kim, Baker, et
al., 2021). However, there were select biomarkers that exhibited an inverse trend in which
biomarker difference was negative in the symbiont (lower in resistant colony symbionts) but
positive in the host fraction (higher in resistant colony host; Figure 27). While many of these
biomarkers exhibited only a small and non-significant inverse trend, several exhibited
significant trends in the host fraction (p < 0.05, ANOVA) such as 14:1, 16:1n7 and 18:2n6.
These FA were found in significantly larger proportions in the host fraction of resistant
colonies than recovered colonies but were found in smaller proportions in the symbiont
fraction of resistant colonies than recovered colonies (Table 7, Figure 27), which suggests
alternate or supplemental sourcing of these FA for the host of resistant colonies.

Analysis of POM collected at the study site reveals that two of these FA, 18:2n6 and

16:1n7, were found in larger proportions than the host or symbiont of any corals sampled

(except for one symbiont sample higher in 16:1n7, Figure 28a and b) and are thus
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characteristic biomarkers for heterotrophy of POM at this site. This is in line with literature
that these two FA are typically found in high proportions in oceanic POM and marine
phytoplankton (Dalsgaard et al., 2003; Wyatt et al., 2013). In particular, the essential FA
18:2n6, which is known to be sourced through heterotrophy for corals as a building block for
other n-6 PUFA (Imbs, Yakovleva, et al., 2010) has been shown to decline rapidly in POM as
oceanic water flows over the reef crest (Wyatt et al., 2013) and benthic communities consume
the POM (Wyatt et al., 2010, 2013). This is consistent with the observations that resistant
corals adjacent to the reef crest have relatively higher 18:2n6 than deep fore reef colonies
(recovered colonies) despite their symbionts having less 18:2n6 (Figure 27 and 28a, Table 7).
Additionally, 18:2n6 is shown to reliably track coral heterotrophy in host tissues but not
symbiont tissues (Figure 16, Table 3), which is the pattern seen here for resistant colonies

(Figure 27 and 28a).
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The trend found in 18:2n6 was also found for 16:1n7, with POM exhibiting a larger
proportion of this FA than all coral samples, except for one symbiont tissue sample (Figure
28b). While 16:1n7 is often found in large quantities in coral endosymbionts, it is also found
in marine bacteria and phytoplankton and is known to increase in the tissues of consumers fed
a diatom rich diet (Dalsgaard et al., 2003); this FA has also shown to be a tracer for low trophic
level heterotrophy (i.e. consumption of smaller phytoplankton rather than zooplankton; Figure

22). Interestingly, 8'°N also exhibits a similar inverse trend as seen in these select FA, whereby

average 8'°N was higher in the host of resistant colonies than recovered colonies, but lower
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in the symbiont fraction of resistant colonies relative to recovered colonies (Figure 27, Table
7), although the effect was non-significant due to high variability. 3'°N is a reliable tracer of
heterotrophy (Figure 19a; Conti-Jerpe et al., 2020; Price et al., 2021) and this pattern, although
non-significant adds some support to the fatty acid biomarker patterns seen here.

To further distinguish relative contribution of POM subsidies to coral host tissues, the
sum of distinct POM biomarkers (18:2n6 + 16:1n7) was calculated for the host and symbiont
fraction of each coral. The difference of this POM metric between the host and symbiont
fraction was then plotted and grouped by bleaching response type (Figure 28c) such that
values ~ 0 are indicative of convergence of these biomarkers with the symbiont, values > 0
are indicative of heterotrophic sourcing of POM biomarkers and values < 0 are indicative of
reduced translocation of these FA from symbiont to host and little heterotrophic reliance on
POM. The data reveal that most resistant colonies (except for 4 colonies) had positive values
of these biomarkers, indicating principal reliance on POM in this reef environment, whereas
recovered colonies typically exhibited values at ~ 0 or < 0, indicating convergence of these
FA with the symbiont profile or reduced translocation of these FA from their symbionts,
respectively. There was a significant effect of bleaching response type on this POM feeding
metric (p < 0.01; ANOVA), showing that resistant colonies were very likely feeding on more
POM in the water column relative to bleached and recovered colonies.

Overall, the host of resistant colonies of Acropora hyacinthus exhibited larger
proportions of POM biomarkers than the host of recovered colonies despite their symbionts
having lower quantities of these FA than symbionts on the deep reef slope. This supports the
hypothesis that colonies on the reef crest were consuming more POM than recovered colonies.

This data further exemplifies the role that reef habitat and oceanic subsidies have in structuring
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bleaching response. This same bleaching pattern has been observed on Mo’orea before, in
which shallower corals on the reef slope bleached less than their deeper counterparts (Penin
et al., 2007) despite increased irradiance stress. This data, in conjunction with Leinbach et al.,
2022 show that the synergistic effects of reef habitat, heterotrophy on particulate organic
matter and symbiont clade type were likely factors in determining bleaching resistance of

Acropora hyacinthus at the reef crest (Wyatt et al., 2023).
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HOST HOST SYMBIONT SYMBIONT
biomarker recovered resistant p-value recovered resistant p-value
C12:0 0.07+0.05 0.21 +0.13  ** 0.16 +0.1 0.16 0.19
C14:0 6.41+091 7.22+2.4 8.09+0.68 9.3+2.12 *
C14:1 0.02+0.01 0.11+0.15 * 0.52+0.28 0.27+0.19 *
C16:0 69.5+3.41 59.81 £7.41 *** 66.45+546 61.87+28 *
C16:1n9  0.03+0.02 0.06 +0.06 0.14+0.45 0.15=0.1
C16:1n7 2.58+0.51 3.26+0.82 * 3.23+091 3.19+0.69
C16:2 0.01 £0.01 0.07 £0.05  *** 0.05+0.05  0.07 +0.06
C18:0 12.27 £2.66 13.63 +4.75 10.2 £2 12.11 +2.85
C18:1n9  3.32+0.69 7.52+4.74 ** 4.02+£1.75 5.8+0.45 *
C18:1n7 0.23+0.05 0.5+036 * 0.16+0.08 0.25+0.12 *
C18:2n6  0.05+0.05 0.13+0.07 ** 0.17+0.19 0.1=+0.11

C18:3n6 0.11+0.2 0.14+0.18 0.46 £0.8 0.14 £0.21
C18:3n3  0.03+0.03 0.04 +0.05 0.01+0.02 0.07 0.1
C18:4n3 0.29+0.2 0.93 +1.41 0.85+1.67 1.11+£1.01

C20:0 2.07+0.39 2.49+0.73 1.61£0.33  1.55+0.42
C20:1n9 1.68+0.35 1.95+0.46 0.92+0.25 1.53+0.16  ***
C20:2 0.05+0.07 0.09 £0.1 0.06 £0.1 0.01 £0.02
C20:3n6 0.07 +0.06 0.05+0.04 0.08+0.08 0.09 +0.08
C20:4n6  0.06 +0.05 0.07 +0.1 0.05+0.05 0.07£0.05
C20:4n3  0.06£0.04 0.07 +£0.09 0.05+0.05 0.14+0.16 *
C20:5n3 0.07+0.13 1 0.14+0.14 0.89+1.97 0.18=+0.15

C22:0 0.43+0.19 0.59+0.22 0.47+0.19 0.42=+0.26
C22:1n9 0.29+0.14 0.61+0.39 * 0.56+0.24 0.79+0.4

C23:0 0.08 £0.04 1 0.04 +£0.03 0.07 £0.1 0.09 +£0.16
C22:4n6 0.1 £0.1 0.05+0.04 0.17+0.48  0.06 £0.03
C22:5n3  0.05+0.04 0.04 +£0.04 0.12+0.08 0.21£0.22
C22:6n3  0.07+0.07 0.17+0.24 0.46+1.07 0.24+0.23

5N (%0)  4.88+£0.94 5.2+£1.89 4.93+1.85 4.22+1.08

BC (%) -17.230.78 -15.010.76 *** -17.26 0.73  -14351.15  ***
C:N 11.56 £2.96 7.58 £0.77 ** 6.68 £0.77 1 4.89£0.55  ***

Table 7. Data summary table for divergent bleaching responses of Acropora hyancithus in
Mo’orea, French Polynesia. Data including fatty acid, isotopic and elemental ratios of the
host and symbiont fraction with significance results from one-way ANOV A between
bleaching response of same tissue type [* (p < 0.05), ** (p <0.01), ***(p<0.001)].
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3.5 Conclusion

The bleaching response patterns of Acropora hyacinthus observed on the northern
forereef of Mo’orea reveal that colonies on the shallow forereef near the reef crest were likely
consuming more POM than colonies that bleached and recovered on the deep forereef. Several
lines of evidence converge on this interpretation including high variation in MUFA + PUFA
in the host of resistant colonies (Figure 25), larger and more negative A'3C values in resistant
colonies (Figure 26b), less isotopic niche overlap of the host and symbiont of resistant
colonies (Figure 26d) than recovered colonies, and larger proportions of putative POM fatty
acid biomarkers 18:2n6 and 16:1n7 in the host of resistant colonies relative to recovered
colonies. This interpretation stands in line with evidence that that benthic communities on the
reef crest are a net sink of oceanic POM (Patten et al., 2011; Wyatt et al., 2010, 2013) and that
increased reliance on heterotrophy is associated with bleaching resistance (Conti-Jerpe et al.,
2020). These data show the vital importance of reef environment, oceanographic forcing and
planktonic and particulate organic matter subsidies in structuring bleaching response of corals
in a warming ocean and ultimately show that the reef crest may serve as a potent zone for

reseeding coral populations after marine heat waves.
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