
Frontiers in Ecology and Evolution

OPEN ACCESS

EDITED BY

Vera Tai,
Western University, Canada

REVIEWED BY

Jonathan D. Cybulski,
Smithsonian Tropical Research Institute
(Panama), Panama
Germán Zapata-Hernández,
Anton Dohrn Zoological Station Naples,
Italy
Mark McCauley,
United States Department of the Interior,
United States

*CORRESPONDENCE

Lisa J. Rodrigues

lisa.rodrigues@villanova.edu

RECEIVED 01 July 2023

ACCEPTED 24 October 2023

PUBLISHED 08 November 2023

CITATION

Jaffe MD, Padilla-Gamiño JL, Nunn BL and
Rodrigues LJ (2023) Coral trophic
pathways impact the allocation of carbon
and nitrogen for egg development after
bleaching.
Front. Ecol. Evol. 11:1251220.
doi: 10.3389/fevo.2023.1251220

COPYRIGHT

© 2023 Jaffe, Padilla-Gamiño, Nunn and
Rodrigues. This is an open-access article
distributed under the terms of the Creative
Commons Attribution License (CC BY). The
use, distribution or reproduction in other
forums is permitted, provided the original
author(s) and the copyright owner(s) are
credited and that the original publication in
this journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.

TYPE Original Research

PUBLISHED 08 November 2023

DOI 10.3389/fevo.2023.1251220
Coral trophic pathways impact
the allocation of carbon and
nitrogen for egg development
after bleaching

Melissa D. Jaffe1, Jacqueline L. Padilla-Gamiño2,
Brook L. Nunn3 and Lisa J. Rodrigues1*

1Department of Geography and the Environment, Villanova University, Villanova, PA, United States,
2School of Aquatic and Fishery Sciences, University of Washington, Seattle, WA, United States,
3Department of Genome Sciences, University of Washington, Seattle, WA, United States
The persistence of coral reefs requires the survival of adult coral colonies and

their continued sexual reproduction despite thermal stress. To assess the trophic

pathway (i.e., autotrophy and/or heterotrophy) used to develop gametes

following bleaching, we thermally stressed Montipora capitata for one month

at a time when corals in Hawai’i typically experience elevated seawater

temperatures. After six and nine months of recovery, we pulse-chased non-

bleached and previously bleached colonies using a dual-label design to compare

the allocation of carbon and nitrogen at significant stages of gamete

development. Dissolved inorganic carbon- (DI13C) and nitrogen- (DI15N)

labelled seawater or 13C- and 15N-labelled rotifers were used to assess the

autotrophic and heterotrophic pathways, respectively. At multiple time points for

up to two years later, we collected adult coral fragments and isolated host tissue,

Symbiodiniaceae cells, and developing eggs and captured gamete bundles to

analyze their carbon (d13C) and nitrogen (d15N) stable isotopes. We found that the

presence of Symbiodiniaceae was important for gametogenesis in both non-

bleached and previously bleached colonies in two main ways. First,

autotrophically-acquired carbon and nitrogen were both allocated to gametes

during development, suggesting that recovery of photosynthesis after bleaching

is critical for gametogenesis. Second, only heterotrophically-acquired nitrogen,

not carbon, was incorporated into gametes and was readily recycled between

host tissues and Symbiodiniaceae cells. This suggests that one of the purposes of

heterotrophy following coral bleaching forM. capitatamay be to supplement the

nitrogen pool, providing available nutrients for endosymbiotic algal growth.

Allocation of carbon and nitrogen to eggs coincided with the period when

vertical transmission of symbionts to gametes occurs, further supporting the

important relationship between gametogenesis and availabil ity of

Symbiodiniaceae for M. capitata.

KEYWORDS

autotrophy/heterotrophy, coral bleaching, gametogenesis, Montipora capitata, stable
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1 Introduction

Coral reefs are currently threatened by increasing sea surface

temperatures, resulting in an increased frequency and intensity of

coral bleaching events (Hughes et al., 2017; vanWoesik et al., 2022).

These are known to negatively impact coral physiology (Coles et al.,

2018), and consequently, are hypothesized to limit species

persistence and the potential for species adaptation (Torda et al.,

2017). The persistence of coral reefs requires both the survival of

adult corals and the successful establishment of new colonies

through sexual reproduction. We have recently reported that

coral adults can allocate carbon to their gametes even when the

adults have previously bleached (Rodrigues and Padilla-Gamiño,

2022). However, the cycle of gametogenesis takes several months

(Padilla-Gamiño et al., 2014; Randall et al., 2020) and gamete

development can overlap with periods of elevated sea surface

temperatures (Bahr et al., 2017; van Woesik et al., 2022).

Understanding how coral bleaching affects a full cycle of gamete

development is vital in predicting both the likelihood of successful

sexual reproduction under changing climatic conditions, the

effectiveness of reef restoration efforts, and the long-term future

of coral reefs.

Reef-building corals and their endosymbiotic dinoflagellate

algae (or Symbiodiniaceae) have a long evolutionary history that

has resulted in the wide diversity of modern coral assemblages

(LaJeunesse et al., 2018). This co-evolution has resulted in mutually

beneficial physiological and metabolic characteristics, including the

sharing of acquired nutritional resources in the form of carbon and

nitrogen (Stanley and van de Schootbrugge, 2009) supplied by

trophic strategies ranging from autotrophic, mixotrophic, or

heterotrophic (Conti-Jerpe et al., 2020). There is a growing body

of literature that supports the recycling of nutrients by partners

within the coral-algal holobiont and emphasizes the co-evolution of

both organisms (Conti-Jerpe et al., 2020; Martinez et al., 2022). The

delicate symbiosis can be disrupted with thermal stress that results

in coral bleaching and is known to alter the trophic strategy relied

upon for carbon acquisition in some species (Grottoli et al., 2006).

How coral bleaching affects nutrient fluxes between partners for

nitrogen acquisition and allocation of carbon and nitrogen for

gametogenesis has not been previously studied.

Carbon is required for calcification and growth (Osinga et al.,

2011), and maintenance of energy reserves, in particular lipids

(Rodrigues and Grottoli, 2007) that are incorporated into gametes

as a resource for offspring (Padilla-Gamiño et al., 2013). Sharing of

carbon within healthy coral holobionts is well known; up to 100% of

their daily energetic requirements can be met from autotrophy

alone (Muscatine et al., 1981; Grottoli et al., 2006; Palardy et al.,

2008). When light is available, autotrophic acquisition of carbon

occurs quickly by Symbiodiniaceae (Battey and Patton, 1984; Kopp

et al., 2015). Some carbon is retained for their growth and

maintenance, while the remaining is translocated to the coral

host, where it is often stored as lipids (Patton et al., 1983; Kopp

et al., 2015; Krueger et al., 2018). Host lipids containing

photosynthetic products can become depleted by more than 90%

through time (Trench, 1971; Crossland et al., 1980; Kopp et al.,

2015), indicating metabolism and/or translocation of lipid products
Frontiers in Ecology and Evolution 02
to other coral compartments. Gamete bundles acquired carbon

from adults immediately prior to spawning and are one of the

compartments known to receive allocated carbon following

autotrophy (Rodrigues and Padilla-Gamiño, 2022).

Heterotrophy is known to supplement carbon availability when

autotrophy is limited as some coral species that host

Symbiodiniaceae can acquire up to 46% of their daily metabolic

carbon requirements from heterotrophy alone (Anthony and

Fabricius, 2000; Palardy et al., 2008; Ferrier-Page s et al., 2011). In
addition, heterotrophy may be a mechanism for resilience by some

species to cope with coral bleaching events (Grottoli et al., 2006;

Hughes and Grottoli, 2013), accounting for up to 100% of the daily

metabolic requirements of bleached corals (Houlbrèque and

Ferrier-Pagès, 2009). While carbon from heterotrophy was

directly acquired by bleached and non-bleached coral hosts, it

was qu ick ly t rans loca ted to and shared wi th the i r

Symbiodiniaceae cells (Hughes et al., 2010). Thus, suggesting

strong maintenance of the host-algal relationship in some species

even when bleached. Enhanced heterotrophy has also been

hypothesized to facilitate continued gametogenesis and sexual

reproduction despite bleaching (Grottoli et al., 2006; Cox, 2007).

However, initial findings suggest that at eight months after

bleaching, heterotrophic carbon was not allocated to egg

production (Rodrigues and Padilla-Gamiño, 2022).

Nitrogen is important for protein development and the growth

and density of algal symbionts (Rädecker et al., 2015). Nitrogen is

also often limiting in tropical coral reef ecosystems. Therefore, once

acquired, it is retained and recycled within the holobiont, and excess

nitrogen is excreted (Martinez et al., 2022). In its inorganic form it

can be autotrophically acquired by Symbiodiniaceae, but over

slightly longer time periods than carbon (Kopp et al., 2013; Kopp

et al., 2015; Krueger et al., 2018). Like carbon, nitrogen is also

translocated to the coral host, where it is predominantly stored in

proteins (Trench, 1971; Kopp et al., 2013; Kopp et al., 2015; Krueger

et al., 2018). Heterotrophically-acquired nitrogen was found in host

tissue, Symbiodiniaceae, and lipids several hours after feeding,

suggesting efficient sharing of nitrogen among the holobiont

(Krueger et al., 2018). Similar to heterotrophically-acquired

carbon, nitrogen from heterotrophy has been found to be

important to the nutritional profile of Symbiondiniaceae, perhaps

having a role in stress tolerance of the holobiont (Martinez et al.,

2022). However, acquisition and allocation of nitrogen by bleached

corals or for coral egg development has not yet been

directly studied.

Here we determined the physiological pathway of

autotrophically and heterotrophically acquired carbon and

nitrogen through adult tissue compartments (Symbiodiniaceae

and coral host), and ultimate translocation to developing eggs

and gamete bundles in non-bleached and previously bleached

Montipora capitata corals. Our experiment was designed to

mimic the sequence, timing, and scale of naturally occurring

bleaching events in Hawai’i (Bahr et al., 2017) and the stages of

the gametogenic cycle of M. capitata (Padilla-Gamiño et al., 2014).

We hypothesized that there would be differences in the acquisition

of carbon and nitrogen to gametes from non-bleached and

previously bleached adult colonies; the stage of gamete
frontiersin.org
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development would be an important predictor of acquisition of

carbon and nitrogen to gametes; and both autotrophy and

heterotrophy would reflect co-evolutionary strategies of recycling

of carbon and nitrogen between endosymbiotic algae and

host tissues.
2 Methods

2.1 Coral collection and
experimental bleaching

Montipora capitata is a dominant Hawaiian reef-building coral

that is a broadcast spawner with vertical transmission or direct

inheritance of Symbiodiniaceae from parents to offspring. In

August 2017, forty colonies of M. capitata were collected from the

inner lagoon surrounding the Hawai’i Institute of Marine Biology

(HIMB) in Kāne’ohe Bay, Hawai’i (21°26.18’N, 157°47.46’W). We

collected corals on snorkel at depths up to 1 m. All colonies had a

branching morphology, were not visibly bleached and appeared

healthy, and were approximately 15-30 cm in diameter. Colonies

were divided in half using a chisel and mallet to produce two

genetically identical halves (80 total). These were transferred to

eight outdoor flow-through seawater tanks (1.4 m x 1.8 m x 0.5 m)

to induce bleaching. Complete details of the experimental bleaching

are reported in (Axworthy et al., 2022). Briefly, one half of each

colony was randomly assigned to one of four tanks that were

maintained at the ambient seawater temperature (28°C) for 29

days. The other half of each colony was randomly assigned to one

of four tanks with elevated seawater temperatures for the same 29-day

period. Using aquarium heaters, we increased the temperature by 0.6°

C per day over four days to reach an average maintained temperature

of 30.4°C (Figure 1A). Each tank contained ten colony halves that

were rotated in groups among all tanks of the same treatment each

week to control for tank effects. After 29 days, corals from the

increased temperature tanks were completely white or bleached

(n=39, 2.5% mortality) and corals from the ambient tanks

remained brown (n=39, 2.5% mortality). Dead colonies were

observed without living tissue on their skeletons and were removed

from further analyses. Bleaching status for both groups was

confirmed at the end of the bleaching event with chlorophyll a

concentrations and symbiont counts (Axworthy et al., 2022). All

colonies were returned to racks near their original collection site to

recover under ambient conditions until March or June 2018 (six or

nine months after bleaching, respectively), when pulse-chase

experiments were conducted (Figure 1).
2.2 Pulse-chase experiments

Experiments occurred in two phases: a pulse phase, when

artificially increased quantities of heavy or natural abundance

(i.e., light) isotopes are introduced in a “pulse” or high quantity

to allow for uptake by the coral, and a chase phase, when they are

flushed to stop additional environmental uptake and to allow for the
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isotope to be “chased” or quantified through various coral tissue

components. To compare the uptake of carbon and nitrogen at

significant stages during egg development, we conducted pulse-

chase experiments in March, when M. capitata eggs experience

their most significant increase in growth, and in June, when eggs are

fully developed and have obtained their endosymbiotic algae

(Padilla-Gamiño and Gates, 2012; Padilla-Gamiño et al., 2014).

Colonies were collected from racks and placed in flow-through

seawater tanks in preparation for the pulse-chase experiments.

Selected colonies had both bleached and non-bleached surviving

halves and acclimated in tanks for at least 72 hours prior to

experimentation. Both halves of one colony died prior to the start

of the experiments, resulting in 19 colonies (or 38 halves) pulse-

chased in March and 20 colonies (or 40 halves) pulse-chased in

June (Figure 1B).

For the duration of each pulse-chase experiment colony halves

were isolated in chambers (22 L each) as an independent

experimental unit to avoid pseudoreplication. Isolation chambers

were placed within flow-through seawater tanks maintained at the

ambient temperature (22.45°C ± 0.6 in March, 25.89°C ± 0.5 in June)

to control the temperature of the chambers. Each chamber was

supplied with compressed air to provide water circulation and

avoid anoxic conditions. Coral halves were acclimated in chambers

for at least one hour prior to the start of each experiment. Within

each pulse-chase month, colonies were randomly assigned to be

labelled via the autotrophy or heterotrophy pathways, with nine

colonies in March and ten colonies in June for each trophic pathway.

2.2.1 Autotrophy pulse phase
The autotrophy pulse phase began on 3 March 2018 and 4 June

2018. Experiments were conducted under natural light conditions

approximately one hour after sunrise to maximize autotrophy. To

minimize heterotrophy, each chamber was filled with 0.7 mm-

filtered seawater. A total of five non-bleached and four previously

bleached colonies in each month were dual treated with heavy

carbon (13C) and heavy nitrogen (15N) stable isotopes during the 8-

hour pulse phase (Figure 1B). We followed the concentrations used

by Hughes et al. (2010). We used 0.117 M solutions each of 98 atom

% 13C enriched NaHCO3 and 98 atom % 15N enriched NaNO3 to

obtain final concentrations of dissolved inorganic carbon and

nitrogen in each chamber of 0.000026 M (referred to as treatment

samples). For the same 8-h pulse phase, control colonies (at least

four non-bleached and three previously bleached colonies each

month) were dual treated with light carbon (12C) and light nitrogen

(14N) stable isotopes. We used 0.117 M solutions each of 12C

NaHCO3 and 14N NaNO3 to obtain final concentrations of

dissolved inorganic carbon and nitrogen in each chamber of

0.000026 M (referred to as control samples). Heavy and light

isotope treatments were randomized in chambers within tanks to

control for tank effects and to ensure that each chamber was a

unique experimental unit. Paired previously bleached/non-bleached

colony halves were assigned the same isotopic treatment to

minimize genotype effects. During the 8-hour pulse phase, small

3-cm coral fragments were collected from each colony at 0, 1.5, 3,

and 8 hours and frozen at -80°C for laboratory analyses.
frontiersin.org
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2.2.2 Heterotrophy pulse phase
To prepare for the heterotrophy pulse-chase experiment, we

cultured monocultures of naturally occurring Hawaiian

phytoplankton (Nannochloropsis oculata) and zooplankton

(Brachionus plicatilis) species. Four separate phytoplankton

cultures were grown in sterile seawater containing 0.000021 M

each of 13C (98 at. % 13C enriched NaHCO3),
15N (98 at. % 15N

enriched NaNO3),
12C (NaHCO3), or

14N (NaNO3). Phytoplankton

cultures were grown with full spectrum Light Emitting Diode (LED)

grow lights and continuously supplied with air using a 1030 gallons

per hour (GPH) aquarium air pump. Isotopic additions were made

to each culture every 48 hours for four days, resulting in two dual-

labeled phytoplankton cultures (Rodrigues and Padilla-Gamiño,

2022). Two separate zooplankton cultures were grown in sterile

seawater and continuously supplied with air using two 126 GPH
Frontiers in Ecology and Evolution 04
aquarium air pumps. The populations were diluted with sterile

seawater every 48 hours to avoid population collapse. After

phytoplankton cultures had been labeled for at least 24 hours,

one zooplankton culture was fed with both 13C and 15N-labeled

phytoplankton and the other was fed with both 12C and 14N-labeled

phytoplankton at least every 48 hours for four days, resulting in two

dual-labeled zooplankton cultures.

The heterotrophy pulse phase began on 6 March 2018 and 7

June 2018 one hour after sunset under natural dark conditions to

maximize heterotrophy. To minimize heterotrophy from unknown

sources, each chamber was filled with 0.7 mm-filtered seawater. 13C-

and 15N-labeled zooplankton were added to isolation chambers,

reaching a final concertation of 880 zooplankton per liter of

seawater. At least five non-bleached colonies and four previously

bleached colonies in each month were fed 13C- and 15N-labeled
A

B

FIGURE 1

Experimental design. (A) The chronology of key events during the study from Sept 2017 through July 2019, including tank and sea surface
temperature (SST) data, and the timing of predicted spawning for Montipora capitata and two pulse-chase experiments. Complete details are
provided in the text. Briefly in Sept 2017, we experimentally bleached corals in tanks by raising the temperature to 30.4°C (red line), while non-
bleached colonies were maintained in tanks at the ambient temperature of 28°C (blue line) (Axworthy et al., 2022). Available SST for a nearby reef
from the weather station at the Hawai’i Institute of Marine Biology (HIMB) is shown in green. Predicted spawning for M. capitata is shown in the pink
bars. Numbers in (A) correspond to key events depicted in more detail in (B), showing the design for thermal stress, pulse-chase experiments, and
gamete collection. Briefly, (1) healthy colonies were collected, divided in half to produce genetically identical pairs, and one of the pairs was exposed
to elevated seawater temperatures for 29 days to induce bleaching. The pairs recovered on the reef for 6-9 months. (2) In March and June, we
pulse-chased colonies with 13C-labelled and 15N-labelled dissolved inorganic carbon and nitrogen (DI13C and DI15N) to assess autotrophy, 13C-
labelled and 15N-labelled rotifers to assess heterotrophy, and controls for each using 12C and 14N labels. Sample sizes are shown. (3) We continued
to follow the colonies for two spawning seasons and collected released gamete bundles from all colonies.
frontiersin.org
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zooplankton for the 8-hour pulse phase, referred to as treatment

samples (Figure 1B). Similarly, control colonies (at least four non-

bleached and three previously bleached colonies each month) were

fed 12C- and 14N-labeled zooplankton, referred to as control

samples. Heavy- and light-labeled zooplankton treatments were

randomized in chambers within tanks to control for tank effects and

to ensure that each chamber was a unique experimental unit. Paired

previously bleached/non-bleached colony halves were assigned the

same isotopic treatment to minimize genotype effects. During the 8-

hour pulse phase, small 3-cm coral fragments were collected at 0,

1.5, 3, and 8 hours and frozen at -80°C for laboratory analyses.

2.2.3 Autotrophy and heterotrophy chase phases
After eight hours of the pulse phase in both the autotrophy and

heterotrophy experiments, the “chase” phase began when seawater

within each chamber was replaced with fresh, unfiltered and

unlabeled seawater. During the initial 72-hour period of the

chase, seawater in chambers was refreshed every 12 hour in both

autotrophy and heterotrophy experiments. In addition to the

fragments collected during both pulse phases, small 3-cm coral

fragments were collected at 24 and 72 hours during the chase phase

and frozen at -80°C for laboratory analyses. For assessment of in

situ developing eggs, additional fragments approximately 5-8 cm in

length were collected at 8 and 72 hours and stored in 0.2 mm-filtered

seawater with 1.85% formaldehyde. After the initial 72 hours of the

pulse-chase experiments, colonies were returned to the reef until

spawning was expected in summer 2018 and 2019.
2.3 Coral spawning

We collected coral gamete bundles (egg + sperm) during three

subsequent spawning periods after the pulse-chase experiments

from 12 to 17 June 2018, 7 to 16 July 2018, and 28 June to 5 July

2019 (Figure 1). All colonies that were pulse-chased in both March

and June were isolated in chambers (22 L) within flow-through

seawater tanks approximately one hour before sunset. They were

monitored for the release of gamete bundles that were collected

from the surface of the isolation chambers using pipettes,

immediately frozen in liquid nitrogen, and stored at -80°C for

laboratory analyses.
2.4 Laboratory analyses

Frozen coral fragments and gamete bundles were transported to

Villanova University and stored at -80°C. In the laboratory, coral

fragments were divided into three pieces of approximately 1 cm3

each for analyses. Different laboratory instruments and glassware

were used for heavy and light isotope samples and were thoroughly

cleaned between samples to avoid cross-contamination. The whole

tissue was removed from the skeleton with an airbrush and the

resulting tissue slurry was separated into symbiont cells and host

tissue with a tissue grinder and centrifugation. A microspatula was
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used to separate symbiont from host, and repeated tissue grinding

and centrifugation was used as needed to maintain pure samples

of each fraction. Separated cells and tissue were pipetted into

different tin capsules (EA Consumables, LLC, Marlton, NJ), and

dried at 60°C for at least 24 hours. We visually checked samples

under a microscope to ensure no skeletal pieces were in each capsule

and no symbionts were in host capsules. All capsules were folded

into small, uniform pellets in preparation for isotopic analyses.

Coral fragments collected for analysis of in situ developing eggs

were completely decalcified with Cal-Ex II Fixative/Decalcifier

containing 10.6% formic acid and 7.4% formaldehyde. Decalcified

samples were rinsed in 70% ethanol and developing eggs were

dissected from the surrounding tissue under a dissecting

microscope. Isolated eggs were similarly pipetted into separate tin

capsules, dried and folded prior to isotopic analyses. Gamete bundles

collected in the field were thawed and similarly transferred to tin

capsules, dried and folded prior to isotopic analyses.

All folded capsules were combusted in an Elementar Pyrocube

and the resulting CO2 and N2 gases were analyzed with an

Elementar Isoprime100 isotope ratio mass spectrometer at the

Academy of Natural Sciences (ANS) at Drexel University in

Philadelphia, Pennsylvania, United States or at the Stable Isotope

Ecology Laboratory, Center for Applied Isotope Studies, University

of Georgia in Athens (UGA), Georgia, United States. d13C values

are reported relative to Vienna Peedee Belemnite Limestone

Standard (vPDB) or the per mil (‰) deviation of the ratio of
13C:12C relative to vPDB. d15N values are reported relative to air or

the per mil (‰) deviation of the ratio of 15N:14N relative to air.

Approximately 79% of samples were measured in duplicate. At

ANS, the standards (± precision) B2150 ± 0.16‰ for d13C and ±

0.32‰ for d15N (EA Consumables, LLC, Marlton, New Jersey,

United States), internal elk tissue ± 0.11‰ for d13C and ±0.32‰ for

d15N, and DORM (fish muscle) ± 0.16‰ for d13C and ± 0.31‰ for

d15N were analyzed. At UGA, bovine liver standard (1577c-B) ±

0.07‰ for d13C and ± 0.12‰ for d15N and spinach ± 0.09‰ for

d13C and ± 0.13‰ for d15N were analyzed.
2.5 Statistical analyses

Statistically significant differences in d13C and d15N values were

determined separately for each isotope and trophic pulse-chase

experiment with mixed effects modeling. These compared the

effects of prior bleaching status (bleached, non-bleached), pulse

period treatment (13C- or 15N-labeled, 12C- or 14N-labeled), and

tissue type (symbiont, host, in situ eggs), and the repeated effect of

time during the pulse-chase (0, 1.5, 3, 8, 24, and 72 hours). Each

model included a random effect of genotype and tissue type

(symbiont, host, in situ eggs) that was nested within prior

bleaching status.

To statistically compare the isotopic enrichment of gamete

bundles, we used similar mixed effects modeling described for

adults. Statistically significant differences in d13C and d15N values

were determined separately for each isotope and trophic pulse-
frontiersin.org
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chase experiment with mixed effects modeling. These compared the

effects of prior bleaching status (bleached, non-bleached), pulse

period treatment (13C- or 15N-labeled, 12C- or 14N-labeled), and the

repeated effect of spawning month during the pulse-chase (June

2018, July 2018, or July 2019). Each model included a random effect

of genotype and spawning day was nested within prior

bleaching status.

All random and repeated effects within each model were

compared with covariance parameter estimates and the fit

statistic, -2res log-likelihood, was compared with and without

each effect to determine the significance to the model. Post-hoc

slice tests were conducted for all models except the heterotrophic

acquisition of d13C since there was a lack of statistical significance

among the main effects for that model. For all analyses, p ≤ 0.05 was

considered statistically significant. We calculated percent

enrichment values to compare average labeled values to their

respective controls for each pulse-chase experiment and isotope

for visual representation. All statistical analyses were generated

using SAS statistical software Version 9.4 of the SAS System

for Windows.
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3 Results

3.1 Autotrophically- and heterotrophically-
acquired carbon

There was significant enrichment of 13C to adult coral symbiont

cells and host tissue by the autotrophic pathway in both March and

June and a trend of 13C enrichment in developing eggs

(Supplementary Table 1). Throughout the pulse-chase, allocation

of autotrophic 13C was highest to Symbiodiniaceae, then to host

tissue, then to developing eggs (Figure 2). Furthermore, 13C

increased in gamete bundles compared to controls, with

significant 13C enrichment measured in gamete bundles from the

June pulse-chase (Supplementary Table 2). Interestingly, there was

no overall difference in the amount of carbon acquired by non-

bleached and bleached adult colonies or their developing eggs, but

the specific timing of acquisition and subsequent allocation differed

between non-bleached and bleached corals. In both March and

June, adult hosts and Symbiodiniaceae from non-bleached colonies

consistently acquired 13C earlier (at 3 hours during the pulse)
A B

DC

FIGURE 2

Autotrophic acquisition of carbon during the (A, B) March pulse-chase experiment and (C, D) June pulse-chase experiment. Values are shown as the
percent change of d13C (the average difference between the isotope value of 13C-labeled treatment samples and 12C-control samples) ± 1
propagated standard deviation for symbiont and host fractions of the adults, in situ developing eggs, and released gametes in non-bleached (A, C)
and bleached (B, D) colonies. In each case, the pulse phase ended at 8 hours, followed by the chase phase for the remainder of the study. Symbols
with a checked pattern indicate statistically significant differences between 13C-labeled treatment samples and 12C-control samples (i.e., significant
differences from zero on each graph). Filled symbols without a pattern indicate no statistical difference between treatment and control samples.
Symbols with a plus at their center indicate samples that were missing their paired control samples. In these cases for visualization and not statistical
comparisons, we calculated percent change by comparing our 13C-labeled treatment samples to natural abundance d13C reported in the literature
for Montipora capitata (Rodrigues and Grottoli, 2006; Padilla-Gamiño et al., 2013). Note that the x-axis is shown in units of hours and days, before
and after the axis break, respectively. Data are shown in Supplementary Table 11.
frontiersin.org
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compared to bleached colonies that acquired 13C at 8 hours

(Figure 2; Supplementary Tables 3, 4). These differences between

adults based on past bleaching status, also contributed to differences

in allocation of 13C to gamete bundles in June, but not March. In

June, gamete bundles from bleached colonies had significantly more
13C than those from non-bleached colonies (Supplementary

Table 4). At 72 hours, there was more variability in individual

colony responses than compared to the earlier hours of the pulse-

chase, resulting in an overall depletion of 13C from adult corals in

March (Figures 2A, B). Non-bleached corals in June maintained

significant enrichment of 13C in Symbiodiniaceae and hosts, which

likely contributed to statistically significant enrichment of 13C in

developing eggs and released gamete bundles (Figures 2C, D).

In contrast to the autotrophic pathway, there was no significant

enrichment of 13C to adult corals by the heterotrophic pathway in

either March or June (Figure 3; Supplementary Table 5). There was

minimal difference in the incorporation of 13C between labeled and

control colonies, ranging from a difference of -8.75% to 6.43%,

representing minimal uptake of 13C. Likewise, no significant

enrichment of 13C was measured in developing eggs or in

released gamete bundles (Supplementary Table 6).
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3.2 Autotrophically- and heterotrophically-
acquired nitrogen

The overall pattern for the autotrophic acquisition of nitrogen

by M. capitata was similar to that of the autotrophic acquisition of

carbon, with no overall difference in the amount acquired due to

prior bleaching status, but differences occurred in where and when

nitrogen was allocated (Figure 4; Supplementary Table 1).

Compared to 13C, 15N accumulated more quickly in adult hosts

than Symbiodiniaceae, exhibited fewer differences in allocation

between non-bleached and bleached colonies, and was allocated

differently between March and June pulse-chases. In March, both

non-bleached and bleached hosts acquired 15N at 1.5 hours, while

Symbiodiniaceae of both types of colonies acquired 15N by 8 hours

(Figures 4A, B; Supplementary Table 7). Acquisition took longer in

June, with significant enrichment of 15N occurring in hosts and

Symbiodiniaceae of non-bleached and bleached colonies at 8 hours

(Figures 4C, D; Supplementary Table 8). Developing eggs were

enriched in 15N by more than 50‰ in non-bleached and 40‰ in

previously bleached colonies on average compared to 14N controls.

This allocation of 15N to developing eggs was maintained in gamete
A B

DC

FIGURE 3

Heterotrophic acquisition of carbon during the (A, B) March pulse-chase experiment and (C, D) June pulse-chase experiment. Values are shown as
the percent change of d13C (the average difference between the isotope value of 13C-labeled treatment samples and 12C-control samples) ± 1
propagated standard deviation for symbiont and host fractions of the adults, in situ developing eggs, and released gametes in non-bleached (A, C)
and bleached (B, D) colonies. In each case, the pulse phase ended at 8 hours, followed by the chase phase for the remainder of the study. Symbols
with a checked pattern indicate statistically significant differences between 13C-labeled treatment samples and 12C-control samples (i.e., significant
differences from zero on each graph). Filled symbols without a pattern indicate no statistical difference between treatment and control samples.
Symbols with a plus at their center indicate samples that were missing their paired control samples. In these cases for visualization and not statistical
comparisons, we calculated percent change by comparing our 13C-labeled treatment samples to natural abundance d13C reported in the literature
for Montipora capitata (Rodrigues and Grottoli, 2006; Padilla-Gamiño et al., 2013). Note that the x-axis is shown in units of hours and days, before
and after the axis break, respectively. Data are shown in Supplementary Table 11.
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bundles with statistically significant enrichment of 15N following

March and June pulse-chases (Supplementary Table 2).

In contrast to carbon, nitrogen was acquired heterotrophically

with significant differences in enrichment of 15N due to bleaching

status, timing of acquisition and compartment used for allocation

(Supplementary Table 5). Heterotrophic acquisition of 15N

occurred early in both March and June pulse-chases, beginning at

1.5 hours (Figure 5; Supplementary Tables 9, 10). At that time, host

tissues were allocated significantly more 15N than Symbiodiniaceae,

with a large enrichment of 15N by the host at 1.5 hours. At 8 hours

and for the remainder of both chases, the allocation reversed (i.e.,

symbiont > host). Enrichment of 15N was significantly higher in

bleached than non-bleached colonies in March and June. While all

Symbiodiniaceae and hosts maintained significant concentrations

of 15N at 72 hours, allocation to in situ developing eggs was minimal

during our observation times (Figure 5). Interestingly, 15N was not

significantly translocated to gamete bundles in March (Figures 5A,

B; Supplementary Table 9), but was in June (Figures 5C, D;

Supplementary Table 10). Furthermore, in June significantly more
15N was allocated to gamete bundles from bleached colonies, than

non-bleached colonies (Supplementary Table 10).
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4 Discussion

4.1 Montipora capitata relies on autotrophy
and heterotrophy to develop gametes

For adult colonies, acquisition of 13C and 15N was similar to

results of past studies, with autotrophic acquisition occurring quickly

(within 1.5 hours for M. capitata colonies) and subsequent

translocation from Symbiodiniaceae to the coral host within a

similar timeframe (Battey and Patton, 1984; Tanaka et al., 2006;

Hughes et al., 2010; Kopp et al., 2013; Kopp et al., 2015). Following

autotrophy, 13C of the Symbiodiniaceae was significantly higher than

the coral host, indicating a dilution effect of the larger coral host-

carbon pool compared to the symbiont-carbon pool (Hughes et al.,

2010). As a greater ratio of natural abundance (12C) to heavy isotopes

was available, the host-carbon pool decreased slightly or stabilized

during the chase (Hughes et al., 2010; Kopp et al., 2015). Enrichment

of 13C in Symbiodiniaceae achieved a steady state between 8 and 72

hours, supporting the hypothesis that a fraction of the carbon is

retained for symbiont growth and maintenance (Kopp et al., 2015;

Krueger et al., 2018).
A B

DC

FIGURE 4

Autotrophic acquisition of nitrogen during the (A, B) March pulse-chase experiment and (C, D) June pulse-chase experiment. Values are shown as
the percent change of d15N (the average difference between the isotope value of 15N-labeled treatment samples and 14N-control samples) ± 1
propagated standard deviation for symbiont and host fractions of the adults, in situ developing eggs, and released gametes in non-bleached (A, C)
and bleached (B, D) colonies. In each case, the pulse phase ended at 8 hours, followed by the chase phase for the remainder of the study. Symbols
with a checked pattern indicate statistically significant differences between 15N-labeled treatment samples and 14N-control samples (i.e., significant
differences from zero on each graph). Filled symbols without a pattern indicate no statistical difference between treatment and control samples.
Symbols with a plus at their center indicate samples that were missing their paired control samples. In these cases for visualization and not statistical
comparisons, we calculated percent change by comparing our 15N -labeled treatment samples to natural abundance d15N reported in the literature
for Montipora capitata (Rodrigues and Grottoli, 2006; Padilla-Gamiño et al., 2013). Note that the x-axis is shown in units of hours and days, before
and after the axis break, respectively, and the y-axis for March and June are shown with different scales. Data are shown in Supplementary Table 11.
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Autotrophically-acquired 15N was incorporated by host tissue 6.5

hours earlier than Symbiodiniaceae in March; however, labelled

nitrogen was only available as nitrate (15NO3
-), a dissolved

inorganic form, available for uptake by autotrophs, typically not

heterotrophs (Grover et al., 2003; Krueger et al., 2018; Ferrier-Pagès

and Leal, 2019). One possibility is that 15N acquired by

Symbiodiniaceae was immediately and rapidly translocated to the

host to result in significant enrichment of host tissues before long-

term allocation by Symbiodiniaceae. Rapid turnover between

symbiont and host is not likely (Tanaka et al., 2006). Alternatively,

relatively high concentrations of nitrate used as part of our pulse

phase and not typically found in oligotrophic waters may have

impacted host uptake of nitrate. By 8 hours, Symbiodiniaceae had

accumulated a large 15N pool that remained relatively stable (Kopp

et al., 2013; Kopp et al., 2015) and that continued to be cycled

between Symbiodiniaceae and host tissues (Tanaka et al., 2006). In

June, translocation of 15N from symbiont to host also occurred, but

up to 6.5 hours slower than in March. These differences between

acquisition in March and June may represent seasonal shifts in

symbiont requirements for nitrogen. In June, when levels of solar

radiation are higher than in March (Padilla-Gamiño et al., 2014),
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symbiont demand for nitrogen is also likely higher due to the greater

opportunity to photosynthesize. Dissolved inorganic 15N was taken

up and used by the symbiont in June, then, when excess was available

8 hours later both host and symbiont fractions stored 15N. Conversely

in March, symbiont demand for nitrogen was likely lower, and

available 15N was shared more quickly with hosts within just 1.5

hours. Our results for heterotrophically-acquired 15N in M. capitata

further support the hypothesis that there are seasonal shifts in

symbiont demand for nitrogen and strong coupling of host-

symbiont nitrogen pools. We observed a large influx of

heterotrophically-acquired 15N by the host at 1.5 months,

particularly in March. This pool of 15N was then translocated to

the Symbiodiniaceae as the dominant storage location for nitrogen

(Kopp et al., 2013; Kopp et al., 2015). As demand for nitrogen by

Symbiodiniaceae increased in June, the influx of 15N by non-bleached

hosts was dampened and sharing with Symbiodiniaceae occurred

more quickly than in March (Figure 5C).

Significant acquisition of 13C by gamete bundles following

autotrophy and 15N following both autotrophy and heterotrophy

indicates that M. capitata uses both trophic strategies to develop

eggs and gamete bundles. Carbon acquired by heterotrophy was not
A B

DC

FIGURE 5

Heterotrophic acquisition of nitrogen during the (A, B) March pulse-chase experiment and (C, D) June pulse-chase experiment. Values are shown as
the percent change of d15N (the average difference between the isotope value of 15N-labeled treatment samples and 14N-control samples) ± 1
propagated standard deviation for symbiont and host fractions of the adults, in situ developing eggs, and released gametes in non-bleached (A, C)
and bleached (B, D) colonies. In each case, the pulse phase ended at 8 hours, followed by the chase phase for the remainder of the study. Symbols
with a checked pattern indicate statistically significant differences between 15N-labeled treatment samples and 14N-control samples (i.e., significant
differences from zero on each graph). Filled symbols without a pattern indicate no statistical difference between treatment and control samples.
Symbols with a plus at their center indicate samples that were missing their paired control samples. In these cases for visualization and not statistical
comparisons, we calculated percent change by comparing our 15N -labeled treatment samples to natural abundance d15N reported in the literature
for Montipora capitata (Rodrigues and Grottoli, 2006; Padilla-Gamiño et al., 2013). Note that the x-axis is shown in units of hours and days, before
and after the axis break, respectively, and the y-axis for March and June are shown with different scales. Data are shown in Supplementary Table 11.
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relied upon for gamete development byM. capitata, confirming our

prior study (Rodrigues and Padilla-Gamiño, 2022). For the first

time we show that 15N was translocated by both trophic sources

from adults to developing eggs and gamete bundles, indicating that

nitrogen is an important resource that adults share with their

offspring. Adult translocation of 13C to gametes was similar

during different stages of the gametogenic cycle. For example, the

transfer of 13C did not change when developing eggs experienced

their most significant increase in growth rate in March or when they

obtained their symbiotic algae in June (Padilla-Gamiño and Gates,

2012; Padilla-Gamiño et al., 2014). Physiological demand for

carbon may remain consistent as eggs develop and grow.

Alternatively, since M. capitata is a split spawner with fully

developed and underdeveloped eggs occurring simultaneously

within colonies throughout the gametogenic cycle (Padilla-

Gamiño et al., 2014), our findings may represent the average

amount of carbon translocated to all in situ eggs present.
15N enrichment to gametes preferentially occurred in June by

both trophic strategies with significant allocation to gamete bundles

that probably coincided with symbiont transmission to eggs

(Padilla-Gamiño et al., 2014). Since Symbiodiniaceae are

primarily responsible for the uptake of dissolved inorganic

nitrogen for the holobiont (Rädecker et al., 2015), co-allocation of
15N and Symbiodiniaceae from parents to gametes is likely. Given

the extended period between the pulse phase and collection of

gametes (i.e., hundreds of days), it is probable that 15N incorporated

by the holobiont during the pulse phase has been assimilated into

biomolecules before being used for gamete production (Martinez

et al., 2022). Similarly, the recycling of 15N-rich biomolecules may

have occurred prior to gamete development.
4.2 Heterotrophy by previously bleached
Montipora capitata supplies the
nitrogen pool

In contrast to past studies of bleachedM. capitata (Hughes et al.,

2010; Hughes and Grottoli, 2013; Baumann et al., 2014), prior

bleaching status did not affect the overall pattern of carbon

allocation by adults or gametes in either month. This may be due

to differences in the severity of the stressor, the time elapsed since

bleaching stress, and/or the extent of physiological recovery since

bleaching (Rodrigues and Grottoli, 2007; Schoepf et al., 2015;

Leinbach et al., 2021). Our pulse-chase experiments occurred at six

(i.e., March) and nine (i.e., June) months after bleaching stress when

bleached and non-bleached colonies had similar chlorophyll

concentrations and number of symbiont cells (Padilla-Gamiño

et al., in prep). Therefore, by six months, these colonies may have

recovered most of their pre-bleaching physiological processes that

involve the carbon pool (Rodrigues and Grottoli, 2007). However, the

timing of acquisition and translocation of carbon differed through the

chase because of prior bleaching status, suggesting some underlying

longer-term impacts of bleaching on physiological recovery.

In both March and June, adult hosts and Symbiodiniaceae from

non-bleached colonies consistently acquired 13C about five hours

earlier than bleached colonies (Figure 2; Supplementary Tables 3, 4).
Frontiers in Ecology and Evolution 10
This difference suggests some underlying physiological consequence

of bleaching that has a delayed impact on carbon acquisition up to

nine months post-bleaching. Symbiodiniaceae may continue to

experience photosystem II damage for several months after

bleaching in M. capitata (Rodrigues et al., 2008), which could

contribute to a delay in carbon acquisition. While previously

bleached adults were slower to acquire carbon in both months, in

June gamete bundles from bleached colonies acquired significantly

more 13C than gamete bundles from non-bleached colonies. Since we

followed spawning one week after the pulse-chase in June and one

month later in July, higher concentrations of 13C may have been

readily available following the June pulse-chase for incorporation into

gamete bundles. This suggests that the weeks leading up to spawning

are critical for allocation of resources to gametes (Padilla-Gamiño

and Gates, 2012; Padilla-Gamiño et al., 2013; Padilla-Gamiño

et al., 2014).

Carbon acquired by heterotrophy was not relied upon for gamete

development byM. capitata even when previously bleached (Rodrigues

and Padilla-Gamiño, 2022). Although M. capitata is known to

significantly increase the contribution of heterotrophically acquired

carbon to daily animal respiration (CHAR) immediately after

bleaching, when non-bleached the species also had the lowest CHAR

(Grottoli et al., 2006) with the lowest feeding rate (Palardy et al., 2008)

of the three Hawaiian species tested. Carbon allocation to adult

colonies and gametes of M. capitata supports earlier work on this

species, suggesting that reliance on heterotrophy for carbon acquisition

decreases in favor of autotrophy once concentrations of chlorophyll

concentrations have recovered (Grottoli et al., 2006; Rodrigues and

Grottoli, 2007; Palardy et al., 2008). The dual label design of our study

and clear incorporation of heterotrophically-acquired 15N (Figure 5)

indicates that both previously bleached and non-bleached colonies

were feeding. Therefore, negligible 13C enrichment from heterotrophy

by Symbiodiniaceae and host tissue is likely due to translocation and

storage of 13C to the coral skeleton, limited heterotrophic feeding and

subsequent rapid respiration of 13C, and/or excretion of 13C in mucus.

In each of these scenarios, some enrichment of 13C in Symbiodiniaceae

and/or host tissue would be expected (Hughes et al., 2010; Krueger

et al., 2018). Previous heterotrophic pulse-chase studies found almost

no 13C enrichment in the skeleton and qualitatively low enrichment in

Symbiodiniaceae and host tissue (Hughes et al., 2010). Rapid

respiration of heterotrophically-acquired 13C is the most likely

scenario (Martinez et al., 2022). Future studies should assess carbon

acquisition and translocation to gametes throughout the gametogenic

cycle, including immediately after bleaching to assess the contribution

of elevated rates of heterotrophic carbon to gamete development. In

Kaneohe Bay, bleaching events due to thermal stress generally occur at

the same time as the early stages of gametogenesis of M. capitata

(Padilla-Gamiño et al., 2014; Bahr et al., 2017). Here we show that

bleached M. capitata recovers after the thermal stress and continues

gametogenesis by relying primarily on carbon from autotrophy, not

heterotrophy. Thus, indicating that recovery of photosynthesis after

bleaching is critical for gametogenesis in M. capitata.

While bleaching did not influence the autotrophic acquisition of
15N, heterotrophic acquisition of 15N was higher in bleached than

non-bleached colonies. This suggests that one purpose of increased

heterotrophy by M. capitata following bleaching may be to increase
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the amount of nitrogen available to the coral holobiont, especially in

oligotrophic tropical environments (Tanaka et al., 2006; Kopp et al.,

2013; Krueger et al., 2018). Nitrate in low concentrations is likely to

enhance recovery, acquisition and/or both of Symbiodiniaceae and

chlorophyll following coral bleaching (reviewed inMorris et al., 2019)

and also seems to have positive implications for gametogenesis inM.

capitata. Gamete bundles from previously bleached colonies had

higher concentrations of 15N than non-bleached colonies in June

only, most likely associated with transmission of 15N-enriched

Symbiodiniaceae at that time. Therefore, species like M. capitata

with vertical transmission of Symbiodiniaceae (Padilla-Gamiño et al.,

2014) may prioritize heterotrophic acquisition of nitrogen following

bleaching to have a ready supply of Symbiodiniaceae for their

gametes. Observations of continued reproduction by M. capitata

despite bleaching (Cox, 2007) may be more dependent on nitrogen

acquisition, than carbon as previously hypothesized.
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