
 

 

 

 

UNRAVELING CORAL NUTRITION STRATEGIES IN RESPONSE TO 

NUISANCE MACROALGAE: INSIGHTS FROM AMINO ACID ISOTOPIC 

ANALYSIS IN THE NORTHWESTERN HAWAIIAN ISLANDS 

 

 

 

A THESIS SUBMITTED TO THE GRADUATE DIVISION OF 

THE UNIVERSITY OF HAWAIʻI AT MĀNOA IN PARTIAL 

FULFILLMENT OF THE REQUIREMENTS FOR THE 

DEGREE OF  

 

 

MASTER OF SCIENCE  

 

IN  

 

OCEANOGRAPHY 

 

 

JUNE 2024 

 

 

 

By Mario Kaluhiokalani 

 

 

Thesis Committee: 

Brian Popp, Chairperson 

Andrea Kealoha 

Craig Nelson 

Christopher Wall 

 

 

Keywords: Coral, isotopes, Chondria tumulosa, 

Northwestern Hawaiian Islands 
 

 



 i 

ACKNOWLEDGMENTS 

I would like to acknowledge and thank my thesis committee namely Dr. Brian Popp and Dr. 

Chris Wall. Their dedication to my success was unrelenting and I am very grateful for their 

mentorship and support. I would also like to thank members Dr. Andrea Kealoha and Dr. Craig 

Nelson for their wisdom and input to make my work strong and effective. I am grateful to have 

been afforded an opportunity to pursue research in a part of the world that few people get to see 

and experience. 

 

To the labs and people that call them home! Ford, Kira, and Josh from the Coral Resilience Lab 

helped me get my start in science and have supported me unconditionally. To Natalie 

Wallsgrove, your ability to stay on top of things while demonstrating help and patience is a real 

inspiration. Absolutely instrumental in the Popp Lab! To Bradda Cliff, JB, and Kailey out of the 

MEGA Lab! True legends of bridging science and culture acting as an accelerant to the spark of 

my scientific passion.  

 

Furthermore, I would like to dedicate this work to Jocelyn Kellogg. A woman who has raised one 

of my best friends and has gone too soon. Your determination and positive energy was 

absolutely prolific.  

 

I would like to acknowledge and thank my Mom, Julie, and all of the strong women that have 

raised me. I am eternally grateful for your love and support. To my wahine, Makena, I am 

thankful for your unwavering dedication and patience. And to my friends near and far who have 

been rooting for me all this time. Mahalo nui loa!  



 ii 

ABSTRACT 

Coral reef ecosystems are under increasing threat from local and global stressors, including the 

introduction and proliferation of invasive species. Understanding coral nutrition strategies in 

response to environmental stress is crucial for predicting reef resilience. This study investigates 

the impact of macroalgal cover, specifically the nuisance red alga Chondria tumulosa, on 

nutritional strategies of two corals (Montipora capitata, Pocillopora spp.) in the Northwestern 

Hawaiian Islands (NWHI). Coral samples were collected pre- and post-invasion of C. tumulosa, 

with bulk tissue and compound-specific isotopic analysis of amino acids (CSIA-AA) employed to 

assess coral nutrition. Bulk carbon and nitrogen stable isotopic compositions (δ13C, δ15N) 

revealed coupled nutritional reliance between coral host and symbiont with a consistent δ13C 

decrease with depth. CSIA-AA demonstrated significant separation in essential amino acid δ13C 

fingerprints between coral hosts, symbionts, plankton, and C. tumulosa relating to autotrophic 

fidelity in M. capitata and trophic plasticity in Pocillopora consistent with previous work. Trophic 

position (TPGlx-Phe) of plankton was 2.3±0.6, consistent with primary consumers, while coral TPGlx-

Phe indicate high reliance on autotrophy in M. capitata (TPGlx-Phe: 1.1±0.2) and greater heterotrophic 

feeding on plankton in Pocillopora spp. (TPGlx-Phe: 1.6±0.4). A higher-than-expected TPGlx-Phe was 

found in C. tumulosa (1.5±0.1), suggesting inclusion of heterotrophic bacteria living on or among 

the macroalgae. It is unlikely that Pocillopora spp. obtained nutrition directly from C. tumulosa, 

however, our work suggests that essential amino acid δ13C values can be used to identify 

organisms that prey on C. tumulosa. These findings underscore the importance of understanding 

coral-algal interactions in the face of environmental change and highlight the utility of CSIA-AA in 

elucidating complex trophic dynamics within coral reef ecosystems.  
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INTRODUCTION 

Scleractinian reef-building corals are the engineers of coral reefs and exist as mixotrophic 

organisms, composed of a polyp animal and a community of photosynthetic dinoflagellates 

(Symbiodiniaceae; LaJeunesse et al 2020) and microbes, collectively called the coral holobiont (Apprill 

2020). In oligotrophic tropical seas, nutritional exchanges in the coral-Symbiodiniaceae symbiosis form 

the foundation of coral reef food webs. The coral animal receives symbiont-derived photosynthates and 

amino acids from Symbiodiniaceae that support coral growth and nutrition (Wang and Douglas 1998), and 

in return, the symbiont community receives host metabolic waste that supports algae growth (Morris et al. 

2019). In addition to symbiont photosynthates as a source of autotrophic nutrition, the coral host 

possesses a diverse capacity for heterotrophic feeding, consuming an array of zooplankton, bacteria, and 

particulate organic matter (POM) in the water column (Houlbrèque and Ferrier-Pagès, 2009, Mills and 

Sebens, 2004).   

 

It is generally accepted that the symbiotic algae within the host cell can provide up to 95% of the coral’s 

energy demand (Muscatine et al. 1981). However, the ratio of autotrophy to heterotrophy varies between 

coral species, environmental conditions, and in response to environmental stress (Wall et al. 2019, 

Palardy et al. 2005, Fox et al. 2018). Stressful environmental conditions like increased sea surface 

temperature can lead to coral bleaching – a dysbiosis in which corals expel their algal symbionts, causing 

the coral tissue to turn pale or white in color (Glynn 1984). Without these symbionts, corals can become 

weakened and more susceptible to disease, predation, and other stressors (Burge et al., 2014). 

Disruptions to autotrophic nutrition – such as those caused by bleaching events, environmental stressors, 

or depth-dependent light attenuation – can result in increased coral reliance on heterotrophic nutrition and 

a greater proportion of heterotrophically-derived carbon in coral energy budgets (Grottoli 2006, Palardy et 

al. 2008, Levas et al. 2013). Research has also suggested that corals that rely more on heterotrophic 

nutrition may be better equipped to resist bleaching and survive post-bleaching stress (Conti-Jerpe et al. 

2020). 
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Coral nutrition can be assayed using a variety of methods, including respirometry to measure 

photosynthetic rates and feeding trials where zooplankton are provided to corals ad libitum (Grottoli, 

2006). In a 2006 lab experiment, the feeding rates of bleached and non-bleached Montipora capitata and 

Porites compressa were calculated, and results suggested corals modify their trophic strategy to meet 

energy needs (i.e., trophic plasticity), either by consuming energy reserves or by increasing heterotrophic 

nutrition in the form of zooplanktivory (Grottoli 2006). In the absence of zooxanthellae, M. capitata were 

able to fully transition to heterotrophic feeding, whereas P. compressa maintained natural feeding rates 

and relied on energy reserves and biomass to make up for the photosynthetic deficit (Grottoli 2006). This 

study and its experimental approach has resulted in renewed interest in the role of species-specific 

capacities for heterotrophy in coral energy budgets, as well as the influence of trophic plasticity in shaping 

coral physiological resilience in the face of local and global environmental challenges (ocean acidification, 

thermal bleaching, nutrient pollution) (Wall et al. 2019, Palardy et al. 2005, Fox et al. 2018). While the 

aforementioned measurements provide immediate estimates of production and predation, they do not 

provide time-integrated measurements of organism nutrition. Carbon (C) and nitrogen (N) stable isotope 

analysis (δ13C and δ15N values) of coral symbionts and host tissue provides insights into metabolic 

processes (Ferrier-Pagès and Leal, 2019). 

 

Carbon is assimilated by the holobiont from both autotrophic and heterotrophic sources with a distinct 

range of δ13C values. δ13C values are frequently utilized in coral studies to discern the proportion of 13C-

depleted heterotrophic prey compared to 13C-enriched autotrophic photosynthates (Muscatine et al. 1989; 

Laws et al. 1997). Following this approach, lower δ13C values in the host, or host values compared to 

those measured in the symbionts (referred to as host–symbiont δ13C values or δ13CH-S), are indicative of a 

higher dependence on heterotrophic nutrition (Rodrigues and Grottoli, 2006). This assay was also proven 

to work for δ15N values between hosts and symbionts (δ15NH-S) in determining trophic strategy (Conti-

Jerpe et al. 2020) as δ15N values are known to increase in consumers relative to prey items (~3.5 per mill 

(‰), DeNiro & Epstein 1981, Post 2002). As such, analyzing the δ13C and δ15N values of coral host tissue 

and symbionts separately can enhance our understanding of coral physiology, trophic ecology, and the 

degree of heterotrophic nutrition (Fox et al. 2019, Lesser et al., 2022). A recent study used δ13C and δ15N 
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values of symbionts and M. capitata and P. compressa host tissues to discern differences in physiology 

from bleached and unbleached corals in Hawai‘i conducted during and after a marine heatwave across 

shallow reef habitats. Wall et al. (2019) concluded that the composition (lipid content) and catabolism of 

coral host biomass supported coral metabolism during bleaching and recovery, with limited evidence for 

increased heterotrophic feeding. Therefore, while it is expected that some corals will exhibit trophic 

plasticity, able to acquire nutrients from multiple sources, others will demonstrate autotrophic fidelity, 

relying completely on nutrients from the photosynthetic symbiont. It is noted that the success of a 

particular coral species in a given environment may depend on both the composition and catabolism of its 

host biomass and its ability to acclimate to shifting resource landscapes (Fox et al. 2018, Wall et al., 

2021). Bulk isotope analysis has been used for decades to study dietary preferences in complex systems 

(Boecklen et al. 2011), however, the assay is limited when evaluating highly complex and variable 

nutrient sources and internal nutrient recycling in corals (Post 2002, Chikaraishi et al. 2009, Radecker et 

al. 2015, Williams et al. 2018). 

 

Recently, analysis of the carbon and nitrogen isotopic values of individual amino acids (AA) in coral host 

and symbiont tissue has proven to exhibit higher resolution in identifying coral nutrition than bulk analysis. 

This method allows for distinguishing whether mixotrophic corals obtain their amino acids directly from 

their symbionts or indirectly via heterotrophic feeding on zooplankton and particulates (Fox et al. 2019, 

Wall et al. 2021). Compound-specific isotope analysis of amino acids (CSIA-AA) focuses on the isotopic 

fractionation between individual amino acids brought on by metabolic processes to elucidate biological 

alterations in an organism's nutrition or metabolism (Ferrier-Pages et al 2021). These assays stem from a 

disparity between essential and non-essential amino acid accumulation and synthesis. This area of study 

focuses on thirteen amino acids: Alanine (Ala), Glycine (Gly), Threonine (Thr), Serine (Ser), Valine (Val), 

Leucine (Leu), Isoleucine (Ile), Proline (Pro), Aspartic acid (Asp), Glutamic acid (Glx), Phenylalanine 

(Phe), Tyrosine (Tyr), and Lysine (Lys). This study focuses on δ13C values of essential amino acids (EAA) 

Thr, Val, Leu, Ile, Phe, and Lys. EAA are almost exclusively produced by primary producers and bacteria, 

requiring most organisms to obtain essential amino acids from diet with minimal isotopic fractionation 

(Fantle et al. 1999, Reeds 2000, McMahon et al. 2010, 2016). The specific set and isotopic values of 
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essential amino acids act as an isotopic “fingerprint” that varies between organisms due to differences in 

metabolic pathways, genetic makeup, and evolutionary factors, such as dietary habits and environmental 

conditions (Hayes 2001, Larsen et al. 2009, 2013, McMahon et al. 2010, 2016). When applied to corals, 

this technique is able to trace essential amino acid δ13C “fingerprints” recorded in coral host tissue and 

determine the proportion of metabolic contribution from either of their autotrophic or heterotrophic sources 

(Larsen et al. 2009, Fox et al. 2019, Farrier-Pages et al. 2021, Wall et al. 2021). Corals feeding 

autotrophically are expected to have essential amino acid δ13C fingerprints that overlap with those of 

symbionts, whereas corals feeding more on heterotrophic sources should show greater overlap with 

planktonic/particulate endmembers. Using CSIA-AA, Wall et al. (2021) found that M. capitata grown under 

experimental conditions relied entirely on symbionts for their essential amino acids regardless of the 

mode of feeding (fed/unfed) or duration of the light/dark cycle, indicating autotrophic fidelity rather than 

trophic plasticity in this coral species. Fox et al. (2018) used CSIA-AA and found that Pocillopora 

meandrina corals in Palmyra exhibit trophic plasticity, exhibiting both autotrophic and heterotrophic 

feeding at the level of individual colonies on the reef. Thus, highlighting the varied nutritional strategies 

among coral species, and the ability for CSIA-AA to confidently measure their nutrition. 

 

Amino acid nitrogen isotope analysis (δ15NAA) allows for the estimation of the trophic position (TP) of an 

organism separate from its food source or primary producers (Chikaraishi et al., 2009 & 2014). We can 

evaluate TP due to the relative difference in δ15N values between trophic and source amino acids. 

Trophic-AAs (Ala, Asp, Glx, Ile, Leu, Pro, Val) undergo positive enrichment of 15N relative to the metabolic 

turnover time of each amino acid whereas source-AA (e.g., Lys, Phe, Tyr) δ15N values are conserved 

through the food web (McClelland and Montoya 2002, Popp et al. 2007). Therefore, the difference 

between δ15N values of Trophic-AA and Source-AA allows us to identify the TP of organisms in their 

respective food webs (McCarthy et al. 2007, Chikaraishi et al. 2009, Fujii et al. 2020). In relation, corals 

feeding autotrophically had a TP closer to those of primary producers (~1.0) whereas corals feeding 

heterotrophically exhibited a TP of consumers (~2.0) (Wall et al., 2021, Fujii et al. 2020). 
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Scleractinian corals and marine macroalgae are in direct competition for habitat and resources on 

oligotrophic reefs (McCook et al. 2001). Macroalgae can have detrimental effects on corals, such as 

inhibiting recruitment, growth, and fecundity (Barott et al. 2011 & 2012, Titlyanov et al. 2009, Tanner JE, 

1997). Chemically, macroalgae have been proven to produce secondary metabolites (allelochemicals) 

that have adverse effects on various coral life stages (Titlyanov et al 2009, Gross 2003, Bonaldo and Hay 

2014). Donovan et al. (2021) discovered reefs with higher initial macroalgal cover experienced greater 

coral mortality after bleaching events. A phase shift from a coral-dominated reef to an algal-dominated 

ecosystem can occur due to environmental change, resulting in a dramatic alteration of the reef's 

ecological composition and function (Hughes 1994, McCook 1999, Barott et al. 2012). With negative 

effects exacerbated by local impacts such as overfishing and eutrophication (Birrell et al. 2008, Hoeg-

Guldberg 1999).  

 

A new species of “nuisance” red alga, Chondria tumulosa was recently documented at Manawai (Pearl 

and Hermes) and Kuaihelani (Midway) atolls in the Northwestern Hawaiian Islands (NWHI) within the 

Papahānaumokuākea Marine National Monument (PMNM). The term ‘nuisance’ is used in place of 

‘invasive’ due to the lack of knowledge of this alga’s origin. There is a possibility that this alga is a native 

inhabitant of the atolls and that due to changing oceanic conditions, is acting as an invasive. C. tumulosa 

can form thick (up to 18 cm) mats/mounds overgrowing coral reefs, killing living native corals, algae, and 

other organisms (Sherwood et al. 2020). Covering several thousand square meters of substrate and 

exhibiting “tumbleweed” fragmentation, branches can detach from the main growth and inhabit new areas 

with ocean currents, this alga has the potential to spread and adversely affect other reefs in the PMNM. 

Since the first documentation at Manawai in 2016, C. tumulosa has rapidly spread with increasing 

abundance in 2019 and 2021 surveys (Sherwood et al. 2020). The confirmation of C. tumulosa on 

Kuaihelani reefs occurred during the 2021 survey with confirmed increased abundance in 2022 (Lopes et 

al. 2023). These surveys highlight the potential for this alga to further spread across atolls and negatively 

impact reefs throughout the Hawaiian Island archipelago.  
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This study aims to understand the physiological changes of coral host and symbionts as influenced by 

macroalgal cover in the NWHI, using state-of-the-art CSIA-AA. We hypothesized that the presence and 

abundance of C. tumulosa on NWHI reefs would affect the physiology of corals, evident in shifts in their 

resource assimilation and use, which we infer from changes in bulk tissue and AA carbon and nitrogen 

isotope values. To investigate this, we designed a sampling plan to collect corals across Manawai and 

Kuaihelani at varying gradients/abundances of C. tumulosa cover, including archived M. capitata samples 

from Manawai collected in 2015, prior to the C. tumulosa invasion, along with Montipora capitata and a 

species complex of Pocillopora meandrina and Pocillopora ligulata (Pocillopora spp.) corals from 

Manawai in 2021 and Kuaihelani in 2022. By filling major knowledge gaps about how potentially harmful 

algae affect coral species in the NWHI, this study will contribute to conservation efforts aimed at 

mitigating reef degradation. 
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METHODS 

Sample Collection  

Coral fragments (ca. 3-6 cm) were collected at Manawai atoll and Kuaihelani atoll in the 

Papahānaumokuākea Marine National Monument in the Northwestern Hawaiian Islands at depths 

ranging from 0.61 to 19.5 meters in the Summers of 2015, 2021, and 2022. In 2015, before the discovery 

of C. tumulosa, samples of Montipora capitata (n = 29) were collected from Manawai. In 2021, coral 

samples of Montipora capitata (n = 4), and Pocillopora spp. (n = 25) were collected from Manawai, and, in 

2022, Pocillopora spp. corals (n = 52) were collected from Kuaihelani. Samples were collected with a 

hammer and chisel/pruning shears, stored at -20˚C on site, then stored at -80˚C until analysis. Post-

invasion (2021, 2022) coral samples were taken alongside Chondria reef surveys, with % C. tumulosa 

coverage data ranging from none to high (0-100%) based on visual inspection and estimation of 

coverage. In addition, we collected environmental metadata (depth, latitude/longitude, benthic type, and 

reef area) at each site (Table S1). Zooplankton tows were conducted at 6 sites at Kuaihelani using a 30 

cm diameter plankton tow (80 µm mesh size) behind a small boat at 5 knots for 10 minutes or until ample 

material was collected. Contents of the cod end were vacuum filtered onto 80 µm 27mm nylon mesh 

filters and stored at -20˚C on site, then frozen at -80˚C until analysis. Clean C. tumulosa samples (n = 21) 

from Manawai and (n = 5) from Kuaihelani in 2021 were collected. Each sample was checked for 

encrusting vertebrates, rinsed with 35% sterile artificial seawater to remove loosely attached epibionts 

and sand, and vigorously rubbed in distilled H2O before analysis (Kuba et al., 2021). 

 

Laboratory Analysis 

Bulk tissue stable isotope analysis 

Coral tissues were removed from the skeleton using an airbrush filled with 0.7 µm filtered seawater 

attached to a compressed air cylinder. The coral slurry (host and symbiont) was briefly homogenized 

followed by 53 µm nylon mesh filtration to remove skeletal debris (Wall et. al. 2020). Symbiont cells were 

separated from solution using centrifugation and host cells were decanted from the symbiont pellet. 

Symbiont pellets were washed with distilled H2O and frozen for later analysis (Muscatine et al. 1989). The 

host tissue slurry was then filtered onto pre-burned (550˚C) 0.7 µm GF/F filters, rinsed with distilled H2O, 
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and frozen. Host filters, symbiont pellets, zooplankton, and Chondria samples were lyophilized, pulverized 

by mortar and pestle (if necessary), weighed to ca. 0.5 mg, and stored at -20˚C until analyzed. Isotopic 

values are reported in delta values (δ) using per mill (‰) notation relative to standard materials: Vienna 

Pee-Dee Belemnite (V-PDB) and atmospheric N2 standards (Air) for δ13C and δ15N, respectively. Bulk 

δ13C and δ15N values and C:N ratios of coral host, symbiont, algae, and plankton tissues were measured 

using a Costech elemental combustion system coupled to a Thermo-Finnigan Delta Plus XP isotope ratio 

mass spectrometer on samples packed into tin capsules (Price et. al. 2020). 

 

Individual amino acid isotope analysis 

Approximately 10 mg of coral host, symbiont, Chondria algae, and plankton tissues were hydrolyzed, and 

trifluoroacetyl/isopropyl ester derivatives were created using the methods of Popp et al. (2007) and 

Hannides et al. (2009). Briefly, samples were hydrolyzed (trace-metal grade 6M HCl, 150°C, 70 min) and 

the hydrolysate was filtered using low protein-binding filters and purified using cation exchange 

chromatography. Purified samples were esterified using 4:1 isopropanol:acetyl chloride and derivatized 

using 3:1 methylene chloride:trifluoroacetyl anhydride. Trifluoroacetyl/isopropyl ester derivatives were 

also purified using solvent extraction. Samples were prepared with an additional vial containing a mixture 

of 15 pure AAs purchased commercially (Sigma Scientific). We measured the δ13C values of six AAs 

considered essential (EAA) for animals—Thr, Val, Leu, Ile, Phe, and Lys—and seven non-essential AAs 

(NEAA)— Ala, Gly, Ser, Pro, Asp, Glx, and Tyr (Figures S3). Tyr δ13C values were measured but not 

included in the analysis as it exhibited poor peak shape or coelution with other peaks; Tyr was excluded 

from data analysis. 

 

δ13C values of individual amino acid trifluoroacetyl/isopropyl ester derivatives were determined using an 

IRMS (MAT 253) interfaced with a Trace GC Ultra via a combustion furnace (1000 °C) and ConFlo IV 

interface (Thermo Scientific). Samples were injected using a PTV (pressure/temperature/volume) injector, 

held at 40°C for 3 s, heated to 87°C (400°C min−1), heated again to 200 °C and transferred at 200°C 

using a 1:10 split or splitless for the few samples that were material limited. Helium (1 mL min−1) was 

used as the carrier gas. The gas chromatograph was fitted with a BPX5 forte capillary column (30 m × 
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0.32 mm internal diameter with 1.0 μm film thickness; SGE, Inc.). The oven temperature for the GC 

started at 40°C and was held for 1 min before heating at 15°C min−1 to 120°C, then 3°C min−1 to 190°C, 

and finally 5°C min−1 to 300°C where it was held for an additional 10 min. Isotope values are reported in 

standard δ-notation relative to V-PDB. Each sample was analyzed in at least triplicate with a 

perdeuterated n-C20 alkane with a well-characterized δ13C value co-injected as an internal reference. The 

15 AA reference suite was analyzed every three injections, and sample δ13C-AA values were corrected 

relative to this AA suite following Silfer et al. (1991). 

 

The δ15N values of AA trifluoroacetyl/isopropyl ester derivatives were determined using gas 

chromatography combustion isotope ratio mass spectrometry (GC-C-IRMS, Hayes et al. 1990). The 

isotope ratio mass spectrometer (IRMS; Thermo Scientific Delta V) was interfaced to a gas 

chromatograph (Trace GC and GC-C III Interface; Thermo Scientific) fitted with a 60 m BPX5 forte column 

(0.32 mm internal diameter with 1.0 μm film thickness; SGE, Inc.) through a combustion furnace (980°C), 

reduction furnace (650°C), and liquid nitrogen cold trap. Helium (1.2 mL min-1) was used as the carrier 

gas. Before analysis, samples were dried and redissolved in an appropriate volume of ethyl acetate. Each 

sample was analyzed in triplicate when possible, with norleucine and aminoadipic acid internal reference 

compounds co-injected in each run. The suite of 15 pure amino acids was also analyzed every 3 

injections to provide an additional measure of instrument accuracy. The δ15N values of all pure amino 

acid reference compounds were previously determined using the bulk isotope technique described above. 

 

Data Analysis 

Bulk δ13C and δ15N values were compared between M. capitata and Pocillopora spp. host and symbiont 

fractions to analyze the effect of the independent variable (% C. tumulosa cover) and abiotic variables 

(depth, year) unsing analysis of covariance (ANCOVA). δ13CH-S values were calculated for host/symbiont 

pairs to discern the estimated trophic strategy and used as the basis for choosing samples for CSIA-AA. 

Percent C. tumulosa coverage was binned based on various levels of substrate coverage: Pre-invasion 

(0%), <1%, 1-20%, 21-70%, and 71-100%. We focused on the carbon isotopic values of essential amino 

acids as little is known about the isotopic fractionation associated with de novo synthesis of non-essential 
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amino acids for symbiotic cnidarians. δ13CEAA values were normalized to their respective sample means 

(δ13CN = AA δ13C – sample mean AA δ13C) to reduce spatiotemporal and environmental variability in 

carbon isotope values at the base of the food web and allow for comparisons across groups. Normalizing 

δ13C values of AAs to the within-sample mean aligns samples with a common reference point by 

centering the data around zero (Larsen et al. 2013). Of the 109 coral samples with available bulk 

host/symbiont isotope values, 11 host (Montipora capitata. n = 4, Pocillopora spp. n = 7) and six of their 

symbionts were chosen for δ13CEAA analysis alongside zooplankton (n = 3) and C. tumulosa (n = 4) 

samples. For AA-N analysis, six coral hosts (Montipora capitata n = 2, Pocillopora spp. n = 4), three 

zooplankton, and four C. tumulosa samples were analyzed. Due to low sample mass of symbionts 

associated with Montipora and documented similarities in δ13CEAA values of Symbiodiniaceae (Larsen et 

al. 2013, Wall et al. 2021, Stahl et al. 2023), symbiont fractions from both holobionts (Montipora and 

Pocillopora hosts) were pooled as one endmember in comparative analysis. Similarly, to increase sample 

size and resolution of heterotrophic sources, we include a pooled zooplankton sample (63–250 μm) from 

Kāne‘ohe Bay, O‘ahu (Wall et al. 2021), and the average δ13CEAA values for zooplankton (n = 9; > 163 

μm) collected from Palmyra (Fox et al. 2019). Wall et al. showed that planktonic endmembers between 

Palmyra and Oʻahu had overlapping δ13CEAA fingerprints that allowed for the addition of literature data into 

analysis without adding substantial variation. Individual analysis of variance (ANOVA) tests were used to 

determine the differences in δ13C values for each EAA between groups: C. tumulosa, M. capitata, 

Pocillopora spp., symbionts, and plankton.  

 

Statistical analysis was performed in R (Version 2023.03.0+386). We performed pairwise PERMANOVA 

(permutational multivariate analysis of variance) to assess differences in multivariate δ13CEAA values 

between pairs of sample types. Pairwise comparisons were conducted using the pairwise.adonis function 

in the pairwiseAdonis package (Martinez Arbizu, 2020). Euclidean distance was used to calculate 

dissimilarities between samples. Significance was assessed through 999 permutations at p < 0.05. 

Principal component analysis (PCA) was used to identify patterns, detect outliers, and visualize 

relationships between variables. PCA works by condensing high-dimensional data into fewer dimensions, 

allowing for the interpretation of data. Principal component 1 and 2 were plotted with 95% confidence 
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interval ellipses, and plots were used to infer trends in the data. We incorporated linear discriminant 

analysis (LDA) to complement our analytical approach. While PCA primarily captures the variation within 

the data, LDA focuses on maximizing separation between predefined groups. By integrating LDA 

alongside PCA, we not only explore the overall structure of the dataset but also gain insights into how 

well-defined groups are discriminated within the multidimensional space. The data was divided into coral 

host and their autotrophic symbiont and heterotrophic (plankton and potentially C. tumulosa) sources. An 

LDA was trained in the absence of coral host δ13CEAA isotope data where source classifications were 

checked with cross-validation techniques applied to assess model performance. Coral host AA-δ13C data 

was then re-introduced to the model using symbiont, plankton, and C. tumulosa δ13CEAA values as 

predictors to classify coral host samples as either of the three sources based on their mean-normalized 

amino acid carbon isotopic composition. Classification accuracy was evaluated by comparing predicted 

classifications with true labels, and the contribution of individual amino acids to group separation was 

examined through coefficient analysis. 

 

TPGlx/Phe = (δ15NGlx-δ15NPhe-b)/TDF + 1          (Equation 1) 
 

b = -3.4 +/- 0.9 ‰ for aquatic cyanobacteria and algae 
TDF = trophic discrimination factor = 7.6 +/- 1.2‰ 

 

Amino acid-based trophic position (TPGlx/Phe) was used as a quantitative estimation of where an organism 

is on the trophic chain using the nitrogen isotopic composition of trophic and source amino acids. 

Equation 1 describes the basis for this estimation to be made, using a b value of 3.4 and trophic 

discrimination factor (TDF) of 7.6 for glutamic acid and phenylalanine consistent with ocean food webs 

(Chikaraishi et al. 2009).  
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RESULTS 

Bulk isotopes 

Bulk tissue δ13C and δ15N values ranged from -20.9 to -12.0 ‰ and 0.4 to 5.7 ‰, respectively (Fig. 1). In 

the analysis of covariance (ANCOVA; Table S2), depth (p < 0.001) and fraction (p < 0.001) significantly 

influenced δ13C values (Fig. 2). However, genus (p = 0.409), year (p = 0.261), and the % C. tumulosa 

coverage (p = 0.212) were not significant. For δ15N values, fraction, genus, and year (p < 0.001) had 

significant effects, where depth (p = 0.575) and C. tumulosa abundance (p = 0.713) were not significant. 

Mean host C:N ratios were similar between genera and ranged from 7.5 to 10.7 ‰ for M. capitata and 5.7 

to 15.9 ‰ for Pocillopora spp. Symbiont C:N ratios ranged from 7.2 to 14.8 ‰ for M. capitata and 5.6 to 

15.1 ‰ for Pocillopora spp. related symbionts. Linear analysis showed no difference in C:N ratios 

between host depth, year, and the interaction between fraction and genus to be significant on C:N ratios. 

C. tumulosa abundance, genus, and host and symbiont fractions did not differ in C:N values (p ≥ 0.265).  

 

The ANCOVA test on δ13C H-S values showed Montipora did not change with depth or by year sampled (p 

≥ 0.749). Tests showed Pocillopora δ13CH-S values increase significantly with depth (p = 0.003) and 

between sampling years (p = 0.002) with the relationship of the two factors also showing significance (p = 

0.043, Fig. 3). Mean δ13CH-S values between the two genera where similar when combined with the effect 

of depth (p = 0.233). δ15NH-S values were different between years and across depth (p < 0.001) but not 

different across genera (p = 0.066, Fig. S1). Analysis of δ13CH-S and δ15NH-S values showed the % 

coverage of C. tumulosa did not have an effect on the relative proportion of heterotrophy to autotrophy 

between years (p ≥ 0.628, Fig. 4, Fig. S2). Corals sampled post-invasion also had no change in δ13CH-S 

values associated with % C. tumulosa coverage. 

 

δ13C AA analysis 

δ13C values of thirteen amino acids were extracted from coral host and symbiont tissues, plankton, and C. 

tumulosa (Table S1). For raw values of all thirteen AAs, coral hosts were on average 1.38 ‰ lower than 

those of the symbionts and the difference in their δ13CAA values ranged from −3.84 to 1.42 ‰. Both 

plankton and C. tumulosa mean δ13CAA values were generally lower than the coral fractions in at least 
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8/13 amino acids. On average across AAs, plankton δ13CAA values were 0.59, 2.20, and 3.58 ‰ lower 

than C. tumulosa, hosts, and symbiont values respectively. Mean-normalized EAA: Thr, Leu, Ile, and Phe 

had significantly different δ13C values between groups (p ≤ 0.047) with Val and Lys showing no distinction 

(p ≥ 0.056; Fig. 5, Table S2). Leucine was the most different between tissue types (p < 0.001). Mean-

normalized δ13CEAA values are mainly separated by genus (p = 0.001) and between years (p = 0.017; 

Table 1). From herein, all references of δ13CEAA values refer to mean normalized values. 

 

PCA of δ13CEAA values showed two principal components explained 71.5% of the variance in amino acid 

values between coral host and symbiont fractions, plankton samples, and C. tumulosa samples with 95% 

confidence (Fig 6). PCA ellipses followed pairwise PERMANOVA results where we observed significant 

differences in multivariate patterns between our two coral genera, pooled symbionts, plankton, and C. 

tumulosa (Table 2). Endosymbionts, plankton, and C. tumulosa were all different from each other (p ≤ 

0.025), representing distinct coral nutritional endmembers. When testing differences of δ13CEAA 

fingerprints on genera, host fractions of Montipora and Pocillopora overlapped (p = 0.757). Montipora was 

not different from the symbionts (p = 0.204) but different from the plankton (p = 0.018). Conversely, 

Pocillopora was marginally different from the symbionts (p = 0.078) and not different from the plankton 

end member (p = 0.239). Most notably, all our groups (coral hosts, symbiont algae, plankton) were 

significantly different from C. tumulosa (p ≤ 0.026). 

 

Linear discriminant analysis 

Linear discriminant analysis cross-validations identified nutritional source class membership 60% of the 

time, with 80% success rates for plankton, but less so for the symbiont (50%) and C. tumulosa (50%). 

Based on the first linear discriminant (LD1), Leu and Phe were the most important EAA for separating the 

autotrophic and heterotrophic sources whereas Lys and Phe were the primary separators of LD2 (Table 

S4). The results of the training LDA predictions categorized 3/11 coral samples as the symbiont fraction 

including two Montipora and one Pocillopora samples. The remaining 8/11 (two Montipora and six 

Pocillopora) samples were categorized as the plankton endmember. None of our coral samples were 

categorized as the C. tumulosa source (Fig 7).  
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Chondria tumulosa effect 

The presence (none vs any) and % coverage (binned: none, low, moderate, high) of C. tumulosa 

coverage on reef sampling sites was compared with δ13CEAA values of coral hosts and their symbionts 

(Table 3). Comparisons were made to test the effect of C. tumulosa on corals sampled before discovery 

(2015) and after (2021, 2022) to determine if the presence of this alga had a direct effect on coral’s 

physiological uptake of nutrients. Overall, the presence and abundance level of C. tumulosa did not affect 

the δ13CEAA values of our data. 

 

The % coverage of C. tumulosa did not affect Pocillopora and Montipora host δ13CEAA values sampled 

post-discovery (p ≥ 0.170). Results of PERMANOVAs on δ13CEAA values indicate the pooled host fractions 

were marginally indistinct (p = 0.067) whereas symbiont fractions were not (p = 0.950) across C. tumulosa 

cover bins (Table 3). Additional ANOVA analyses conducted on the δ13CEAA values in pooled host 

fractions reveal notable distinctions in Ile, Phe, and Lys among different % coverage bins of C. tumulosa. 

These specific amino acids appear to be the primary contributors to the observed separation (Table 4, Fig 

8). Montipora δ13CEAA values were similar between pre- and post-invasion of C. tumulosa (p = 0.667) and 

Pocillopora showed significant difference in Lys δ13CEAA values between % coverage bins.  

 

δ15N AA analysis 

δ15N values were analyzed for 12 AAs on samples of C. tumulosa, plankton, and host tissue fractions 

excluding the symbiont (n = 13; Figure. 8). Average host δ15NAA values ranged from -3.45 to 8.65 ‰. C. 

tumulosa δ15NAA values ranged from -3.97 to 6.26 ‰ and plankton values exhibited the largest range of -

7.14 to 11.59 ‰. C. tumulosa values were lower than corals and plankton by 2.46 ‰ on average (Table 

S1). There was high separation between fraction (p = 0.001) and genera (p = 0.039; Table 1). The 

pairwise PERMANOVA between paired hosts, plankton, and C. tumulosa found variation in δ15NAA values 

between all fractions (p ≤ 0.033; Table S5) and analysis on genera showed distinction in C. tumulosa and 

Pocillopora (p = 0.034) as well as C. tumulosa and plankton (p = 0.034). Montipora was indistinct from 

Pocillopora, plankton, and C. tumulosa (p ≥ 0.200; Table S6). Trophic δ15NAA values showed significant 
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separation between genera (Fig. 9) and the fractionation we observed between source and trophic AA 

δ15N values allowed for successful quantification of the trophic level of our groups. 

 

Amino acid trophic position 

From the difference in AAs Glx and Phe (δ15NGlx - δ15NPhe) Trophic position (TPGlx-Phe) means were 

calculated for Montipora, Pocillopora, plankton, and C. tumulosa. Montipora showed a mean TPGlx-Phe of 

1.09±0.19, Pocillopora of 1.60±0.37, C. tumulosa of 1.53±0.07, and plankton of 2.34±0.57.  
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DISCUSSION 

We looked to understand the nutritional strategies of corals as influenced by C. tumulosa using state of 

the art CSIA-AA. We hypothesized that the presence and abundance of C. tumulosa on NWHI reefs 

would impact coral physiology, evident through shifts in resource assimilation and use, which would be 

reflected in changes in bulk tissue and amino acid carbon and nitrogen isotope values. However, with 

little evidence to support our hypothesis, we choose to accept the null hypothesis. This study found 

differences in resource allocation between coral species and colonies, and identified coral and algal 

isotopic fingerprints to be used to further the study of tropical ecology in the NWHI. 

 

Analysis of bulk tissues revealed differences between host and symbiont δ13C and δ15N values as we 

investigated the effects of environmental and biological factors on isotopic composition. Furthermore, 

depth was found to significantly influence δ13C values in both host and symbiont groups, suggesting a 

previously observed effect of isotope fractionation relative to light attenuation (Wall et al. 2020). δ13CH-S 

values were expected to decrease relative to depth supporting the idea of an increase in heterotrophic 

feeding (or decrease in autotrophic C sharing from symbionts) under lower light. However, with Montipora 

samples only taken at <12m, and Pocillopora trending in the opposite direction, this conclusion is not 

supported by our data. The increase of Pocillopora δ13CH-S with depth could be due to the collection of 

deeper samples in 2021 relative to 2022 relating to variations in sampling techniques and environmental 

conditions between years. Perhaps the δ13CH-S trends that we see regarding heterotrophy/autotrophy are 

not coupled to light availability with depth in this case, as highly oligotrophic waters in this area allow light 

to be used more efficiently in photosynthetic processes, thus increasing autotrophy in deeper water. The 

bulk δ13CH-S values are subject to higher variability and thus were used as a proxy to choose samples for 

amino acid compound-specific isotope analysis. We found no effect of % C. tumulosa coverage on δ13CH-

S values between sampling years and depths. We have found no evidence that the amount of C. tumulosa 

on a reef is affecting how corals are getting their nutrition and whether they are changing their trophic 

strategy based on δ13CH-S values. 
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CSIA-AA exhibited significant differences in δ13C values with all essential amino acids, except Val and 

Lys. We tested whether the host and symbiont δ13CEAA isotopic compositions in Montipora and 

Pocillopora were different. While we found there was no difference between δ13CEAA fingerprints between 

Montipora and Pocillopora hosts, our analysis revealed significant differences in how these corals obtain 

nutrition. The overlap in δ13CEAA fingerprints between Montipora and symbionts confirms the reliance of M. 

capitata on autotrophic nutrition whereas the overlap of δ13CEAA fingerprints between Pocillopora and both 

the symbiotic and planktonic sources confirms trophic plasticity of Pocillopora spp. in concurrence with 

Wall et al. (2021) and Fox et al. (2019).  

 

A second LDA was constructed using our δ13CEAA fingerprints alongside Pocillopora host (n = 14), 

symbiont (n = 11), and plankton (n = 9) data from Palmyra (Fox et al. 2019) and Montipora host (n = 6), 

symbiont (n = 6), and plankton (n = 1) data from Kāneʻohe Bay (Wall et al. 2021) data to increase sample 

sizes of corals and their endmembers. Comparatively, the sources used to train the LDA had a much 

higher reclassification totaling 88% with 91% for symbionts, 87% for plankton, and 75% for C. tumulosa. 

Based on these new parameters, we again tested to see which of our coral host δ13CEAA fingerprints 

overlapped with symbiont, plankton, and C. tumulosa. Again, we found that 8/11 of our corals were 

categorized as the plankton endmember and 3/11 as the symbiont endmember. This second assessment 

supports the efficacy of this study using LDA and furthers our suggestion of increased resolution into 

coral nutrition with an increased coral sample size.  

 

We compared our groups with studies that quantify the δ13CEAA fingerprints of similar tissue types. This 

allows comparison of the NWHI-specific δ13CEAA fingerprints of corals, plankton, and algae to datasets 

from other areas of the Pacific. Coral host δ13CEAA fingerprints of Montipora capitata in Oʻahu and 

Pocillopora meandrina in Palmyra were different than what we quantified (Table 5). We suspect that the 

tight niche of M. capitata δ13CEAA fingerprints from Kāneʻohe Bay act as a small target for statistical 

similarities where M. capitata in the NWHI showed more variability possibly due to varying nutrient pools 

between locations and/or differences in their symbiont clade populations which can affect nutrient transfer 

between the host and their symbionts (Wall et al. 2020). An increase of NWHI M. capitata data could be a 
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solution to observing higher overlap here. Pocillopora fingerprint divergence of NWHI and Palmyra data is 

more expected due to their known trophic plasticity evident in variable EAA fingerprints. NWHI plankton 

and M. capitata symbiont fingerprints were similar compared to those found in Oʻahu whereas NWHI 

plankton and Pocillopora symbiont fingerprints were different compared to those of Palmyra. As 

mentioned, the average δ13CEAA values of plankton from Palmyra were similar to what we observed in the 

NWHI.  

 

Comparison of δ13CEAA fingerprints of plankton with C. tumulosa before adding outside data revealed 

overlaps in fingerprints with no significant differences (p = 0.06) between the two groups, suggesting 

potential interactions such as planktonic grazing on C. tumulosa in the NWHI. However, significant 

differences emerged when considering additional δ13CEAA fingerprints for plankton from Oʻahu (Wall et al. 

2021) and Palmyra (Fox et al. 2019). We are justified in pooling these data since there is significant 

overlap between δ13CEAA fingerprints of phytoplankton/POM with zooplankton (Fox et al. 2019) and the 

overlap of Oʻahu plankton with plankton from Palmyra (Wall et al. 2021). We further support this 

assumption with a PERMANOVA of planktonic δ13CEAA fingerprints between sites (p = 0.200).  

 

Like plankton, we compared our C. tumulosa δ13CEAA fingerprints to that of Elliott-Smith et al. (2022) for 

other Pacific red and green algae. We found separation between red algae and green algae fingerprints 

supported by the literature. Chondrus spp. was the only red algae with statistically similar δ13CEAA 

fingerprints to C. tumulosa (p = 0.200), where other red alga genera: Plocamium spp. and Neorhodomela 

spp. were distinct from C. tumulosa (p = 0.004, 0.032) regardless of apparent overlap within PCA space 

(Figure S4). It is worth it to note that these red algae we compare C. tumulosa to are residents of sites 

along the coast of the Americas ranging from Alaska to Chile. The sampling of green and red algae from 

the NWHI to use as a solid comparison to C. tumulosa fingerprints we found here would greatly benefit 

the tropical biogeochemistry field as these studies have yet to be accomplished. 

 

δ15N AA analysis of NWHI corals and C. tumulosa has confirmed trends of coral nutrition and exposed 

differences of the nuisance red alga within iso-space. As PERMANOVA analysis held significant 
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separations between fractions, only mild separation was observed between C. tumulosa and both 

Pocillopora and plankton. Montipora showed similarity with all groups primarily due to the lack of 

resolution with only one data point. This study is limited in its ability to draw conclusions based on δ15N 

AA analysis in the same techniques used for δ13C analysis due to limited data, thus we look to trophic 

position. 

 

The trophic position (TPGlx-Phe) of C. tumulosa at 1.53 raises questions, as marine primary producers 

typically exhibit a TPGlx-Phe of about 1.0, however, some red algae analyzed has a TPGlx-Phe of as high as 

1.2 (Chikaraishi et al. 2009). This discrepancy may be attributed to processes such as nitrogen 

remineralization beneath C. tumulosa mats from smothered decaying material or sample contamination 

brought on by metazoans/epiphytes living within the C. tumulosa mat. However, sample collection 

focused on material well above the bottom of the mat and was extensively cleaned of 

metazoans/epiphytes (H. Spalding, pers comm.). The most likely reason is the presence of 

Gammaproteobacteria; a heterotrophic bacteria that was found to be associated with C. tumulosa (Kuba 

et al. 2023). Inclusion of heterotrophic bacterial biomass could raise the average TPGlx-Phe of the sample 

(Jassey et al. 2013, Steffan et al. 2015). Coral TPGlx-Phe values, particularly for Montipora capitata at 1.0 

and Pocillopora spp. at 1.5, support previous research suggesting autotrophic fidelity and mixotrophic 

capabilities, respectively (Wall et al. 2021, Fox et al. 2019). Plankton TPGlx-Phe values aligned closely with 

literature findings, indicating consistency in their isotopic niche as primary+ consumers (Hannides et al. 

2009).  

 

The presence and abundance of C. tumulosa did not have a significant effect on coral bulk, δ13CEAA, and 

AA δ15N values between samples. However, linear models comparing mean host δ13C EAA values exposed 

variation in Ile, Phe, and Lys between C. tumulosa % coverage bins. C. tumulosa may affect the δ13C 

values of individual AAs but we do not have enough evidence to deduce an overall effect on coral 

nutrition and the potential for compounding factors within our dataset may the result of this variation.  

 



 26 

This study has quantified overlap of both coral genera with autotrophic symbionts combined with the 

separation of heterotrophic source zooplankton, and nuisance red algae, Chondria tumulosa. The 

separation we see between groups confirms the effectiveness of CSIA-AA as a tool to understand 

ecological and organismal interactions. The reason for lack of taxonomic delineation of species comes 

from the misidentification of Pocillopora coral species in the NWHI. As the target species was Pocillopora 

meandrina, it has been shown that Pocillopora ligulata exhibits a similar morphology and thus common 

misidentification occurs in the literature (Johnston et al. 2018). We also targeted Montipora capitata 

during the 2022 sampling effort but none were identified during collection across Kuaihelani. We believe 

this to either be due to extreme cryptic behavior or an extreme decline of this species' abundance due to 

major bleaching events (Couch et al., 2017). Limitations of this study include variations in environmental 

conditions, sample collection procedures, and species identification errors, necessitating caution in data 

interpretation. Future research should focus on increasing AA-CSIA sample sizes, particularly those 

involving coral, zooplankton, and algal communities, to enhance resolution and provide robust 

conclusions regarding ecological interactions within coral reef ecosystems. 
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CONCLUSION 

For the first time, we have quantified the carbon and nitrogen amino acid isotope values of Montipora and 

Pocillopora corals as well as plankton and macroagla C. tumulosa in the NWHI representing a significant 

advancement in the study of tropical coral reef ecosystems. Our study confirmed that there is variation of 

nutritional strategies between coral species and between coral colonies. The overlap of Montipora δ13CEAA 

fingerprints with those of their symbiotic endmember as well as the overlap of Pocillopora with both the 

symbiont and plankton fingerprints suggest corals of particular genera assimilate nutrition in ways that are 

consistent with those in other tropical reef ecosystems. The δ13CEAA fingerprint overlap is thus supported 

by δ15N TPGlx-Phe outlining the benefit of multiple isotopic assessment within a study. We suggest 

increasing the number of coral samples processed to have better resolution and backing for trends we 

begin to see regarding the effect of C. tumulosa on the reef. The δ13CEAA fingerprints of C. tumulosa offer 

valuable insights into the composition of and provide a foundation for future investigations involving this 

red algal genus. Moreover, they serve as a benchmark for studying the evolutionary dynamics of C. 

tumulosa within marine environments. Interestingly, our findings suggest that the presence of C. tumulosa 

may not directly influence the physiological carbon input of corals in the NWHI. Instead, our observations 

support that the physical overgrowth of C. tumulosa poses a greater threat to coral colonies and reef 

ecosystems. Additionally, the deviation of zooplankton and C. tumulosa amino acid δ13C values away 

from the comparative Palmyra values towards those associated with C. tumulosa in principal component 

analysis and linear discriminant analysis space implies potential grazing on C. tumulosa tissue by 

zooplankton. However, more sampling and assessment is needed to understand coral-macro algae 

interactions and trophic connections. This study underscores the importance of CSIA-AA as a powerful 

tool for distinguishing intra-ecological groups. Furthermore, it marks the inaugural application of CSIA on 

corals, algae, and zooplankton in the NWHI, further enriching our understanding of these intricate marine 

ecosystems. 
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Table 1. Results of PERMANOVA testing effects of tissue fraction†, genus, site, and C. tumulosa 

abundance* on amino acid carbon and nitrogen isotope values. df indicates the degrees of freedom 

for the model terms. SS shows the sum of squares for each term. R2 is the proportion of variance 

explained by each term. F is the F-statistic for each term. p represents the p-value associated with 

each term. 

AA Isotope Analysis Effect df SS R2 F p 

Mean-Normalized 
δ13CEAA values 

Fraction† 3 524.61 0.496 9.751 0.001 

 Genus 1 12.49 0.012 0.697 0.489 

 Site 3 121.00 0.114 2.249 0.058 

 Year 1 94.45 0.089 5.267 0.017 

 Residual 17 304.86 0.288   

 % Chondria* 4 114.87 0.260 1.492 0.121 

 Residual 17 327.19 0.740   

AA δ15N values Fraction† 2 1000.71 0.859 31.542 0.001 

 Genus 1 63.24 0.054 3.987 0.039 

 Site 1 6.33 0.005 0.399 0.723 

 Residual 6 95.18 0.082   

 % Chondria* 2 29.50 0.099 0.221 0.946 

 Residual 4 267.36 0.901   

† ‘Fraction’ compares tissue types: coral host, symbiont, plankton, and C. tumulosa. 

* ‘%Chondria’ analysis is carried on out on data in the absence of C. tumulosa as not to skew 

comparisons. Significant p-values (p < 0.05) are in bold. 
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Table 2. Results of pairwise PERMANOVA testing the effect of tissue fraction interactions on amino 

acid carbon isotope values. 

Tissue comparison df SS R2 F p 

Chondria vs Montipora 1 119.567 0.794 23.112 0.026 

Chondria vs Pocillopora 1 103.850 0.408 6.212 0.006 

Chondria vs Plankton 1 32.708 0.373 4.169 0.025 

Chondria vs Symbiont 1 190.075 0.623 13.241 0.004 

Montipora vs Pocillopora 1 6.815 0.047 0.439 0.757 

Montipora vs Plankton 1 35.153 0.443 5.559 0.018 

Montipora vs Symbiont 1 17.389 0.143 1.335 0.204 

Pocillopora vs Plankton 1 22.706 0.122 1.387 0.239 

Pocillopora vs Symbiont 1 49.151 0.180 2.418 0.078 

Plankton vs Symbiont 1 77.477 0.377 5.445 0.006 
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Table 3. PERMANOVA results comparing δ13CEAA to the % C. tumulosa coverage. %C. tumulosa 

coverage binned into none, low, moderate, and high abundance. Pr>F represents the p-value 

associated with each term. 

Analysis Group df SS R2 F Pr>F 

δ13CEAA Pooled Host 3 80.426 0.478 2.138 0.080 

 Montipora 1 4.934 0.407 1.372 0.667 

 Pocillopora 3 95.431 0.658 1.927 0.151 

 Post-invasion 3 95.431 0.658 1.927 0.178 

 Symbiont 3 35.723 0.327 0.324 0.950 

δ15N AA Pooled Host 2 26.862 0.377 0.303 0.833 

 Plankton 1 52.274 0.715 0.715 0.333 
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Table 4. ANOVA results of individual EAA δ13C values comparing the effect of % C. tumulosa on 

pooled host samples. Results show Ile, Phe, and Lys having mean separation between factor groups. 

Amino Acid term df SS MS statistic p 

Thr Bin 3 0.903 0.301 0.096 0.960 

Val Bin 3 9.450 3.150 0.622 0.623 

Leu Bin 3 3.454 1.151 1.786 0.237 

Ile Bin 3 11.681 3.894 5.445 0.030 

Phe Bin 3 8.120 2.707 6.512 0.020 

Lys Bin 3 46.817 15.606 6.091 0.023 

 

  



 32 

Table 5. PERMANOVAs of mean-normalized δ13CEAA values between like tissue types of samples 

comparing this study’s data to previous literature. 

Location Group df SS R2 F Pr>F 

Palmyra* Pocillopora 1 129.350 0.260 6.678 0.001 

 Symbiont 2 66.673 0.291 2.467 0.023 

 Plankton 1 23.325 0.404 4.749 0.010 

Oʻahu† Montipora 1 51.229 0.597 11.833 0.009 

 Symbiont 1 23.279 0.526 5.548 0.163 

 Plankton 1 11.683 0.466 1.747 0.250 

*  Fox et al. (2019). Functional Ecology, 33(11), 2203–2214 
†  Wall et al. (2021). Limnology and Oceanography, 64(5), 2011–2028.  
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Fig. 1. Bulk δ13C and δ15N values of Montipora and Pocillopora coral host and symbiont tissue. 95% CI 

ellipses drawn around host and symbiont values to show separation of groups  
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Fig. 2. Bulk δ13C values with depth (m) between Montipora and Pocillopora coral hosts and symbionts. 

Samples collected in years 2015, 2021, and 2022 are colored accordingly. 
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Fig. 3. Bulk host δ13C values minus δ13C symbiont values for Montipora and Pocillopora relative to depth 

(m) of the colony sampled. Points are colored by sampling year and trendlines are drawn to visualize the 

relationship between δ13CH-S values and depth with error included. 
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Fig. 4. Bulk δ13CH-S values as a function of varying % C. tumulosa cover.  
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Fig. 5. δ13C values of essential amino acids between pooled coral hosts, pooled symbionts, plankton, and 

C. tumulosa. Values listed are mean normalized 
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Fig. 6. Principal component analysis from δ13CEAA values of corals: Montipora capitata & Pocillopora spp., 

symbionts, plankton, and C. tumulosa. 
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Fig. 7. Linear discriminant analysis of δ13CEAA for Montipora (n = 4) and Pocillopora (n = 7) corals, 

symbiont (n = 6) and zooplankton (n = 5) endmembers with C. tumulosa (n = 4) included. Lines represent 

95% confidence ellipses around each group.   
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Fig. 8. Boxplot of host δ13CEAA values of each AA. Mean and standard deviation is plotted for host 

samples taken under various % C. tumulosa coverage binned into none, low, moderate, and high. Results 

of PERMANOVA show significant differences in Ile, Phe, and Lys between binned % cover. 
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Fig. 9. δ15NAA values of Trophic and Source* AA for Montipora and Pocillopora corals, plankton, and C. 

tumulosa. Values are normalized to the δ15N value of Phe in the plot for easy viewing (McCleland and 

Montoya 2002). ‘*’Gly, Thr, Ser are considered by some to be metabolic AA (McMahon & Newsome, 

2019). 
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Fig. 10. Boxplot of trophic position (TPGlx-Phe) of groups: Montipora, Pocillopora, plankton and C. 

tumulosa. 
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SUPPLEMENTAL MATERIAL 

Table S1. Sample collection/analysis metadata link 

Master datasets available 
on Zenodo 

Kaluhiokalani, M. (2024). Coral-Chondria dataset [Data set]. 
Zenodo. https://doi.org/10.5281/zenodo.12193848 
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Table S2. ANOVA tests of mean-normalized essential amino acid δ13C values between coral hosts, 

symbionts, plankton, and C. tumulosa.  

Amino Acid term df SS MS F-statistic p value 

Thr Type 3 69.224 23.075 7.470 0.001 

Val Type 3 23.685 7.895 2.936 0.056 

Leu Type 3 82.630 27.543 23.550 0.001 

Ile Type 3 45.482 15.161 7.201 0.002 

Phe Type 3 9.460 3.153 3.110 0.047 

Lys Type 3 17.432 5.811 1.726 0.191 
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Table S3. Individual ANOVA results comparing Montipora and Pocillopora essential amino acid δ13C 

values.  

Amino Acid term df SS MS statistic p 

Thr Genus 1 3.652 3.652 1.820 0.210 

Val Genus 1 1.566 1.566 0.418 0.534 

Leu Genus 1 0.711 0.711 1.019 0.339 

Ile Genus 1 0.677 0.677 0.599 0.459 

Phe Genus 1 0.134 0.134 0.113 0.744 

Lys Genus 1 0.075 0.075 0.011 0.919 
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Table S4. Results of linear discriminant analysis comparing EAA of genera: Montipora, Pocillopora, 

Symbionts, Plankton, and C. tumulosa. Leu, Ile, and Thr are the primary drivers separating in LD1 

respectively. LD2 is separated by Phe and Lys respectively. 

AA LD1 LD2 

Thr 0.192 -0.127 

Val -0.181 -0.230 

Leu -0.432 0.028 

Ile 0.222 0.076 

Phe -0.601 -0.458 

Lys -0.137 0.762 
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Table S5. Pairwise PERMANOVAs of δ15N values between fractions. 

Comparison df SS F R2 p 

Host vs Alga 1 536.703 35.123 0.854 0.036 

Host vs Plankton 1 152.619 5.291 0.514 0.033 

Alga vs Plankton 1 806.551 43.092 0.896 0.026 
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Table S6. Pairwise PERMANOVAs of δ15N values between genera. 

Comparison df SS F R2 p 

Pocillopora vs Montipora 1 63.241 15.955 0.889 0.250 

Pocillopora vs Chondria 1 569.125 100.048 0.952 0.034 

Pocillopora vs Plankton 1 95.125 4.698 0.540 0.100 

Montipora vs Chondria 1 112.544 16.458 0.846 0.200 

Montipora vs Plankton 1 171.826 4.703 0.702 0.250 

Chondria vs Plankton 1 806.551 43.092 0.896 0.034 

 

  



 49 

 

 

Fig. S1. δ15NH-S values of M. capitata and Pocillopora spp. corals over a depth gradient between years 

2015, 2021, and 2022. 
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Fig. S2. Bulk δ15N host minus symbiont values as a function of varying % C. tumulosa cover for M. 

capitata and Pocillopora spp. corals. 
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Fig. S3. Raw amino acid δ13C values found from CSIA-AA of M. capitata, Pocillopora spp., pooled 

symbionts, plankton, and C. tumulosa.  
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Fig. S4. PCA of δ13CEAA values of Chondria compared to other genera of Pacific red algae reported by 

Elliott Smith (2022). 
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