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Abstract
1. Reef‐building corals are mixotrophic organisms that can obtain nutrition from
endosymbiotic microalgae (autotrophy) and particle capture (heterotrophy).
Heterotrophic nutrition is highly beneficial to many corals, particularly in times of
stress. Yet, the extent to which different coral species rely on heterotrophic nutrition remains largely unknown because it is challenging to quantify.
2. We developed a quantitative approach to investigate coral nutrition using carbon isotope (δ13C) analysis of six essential amino acids (AAESS) in a common Indo‐
Pacific coral (Pocillopora meandrina) from the fore reef habitat of Palmyra Atoll.
We sampled particulate organic matter (POM) and zooplankton as the dominant
heterotrophic food sources in addition to the coral host and endosymbionts. We
also measured bulk tissue carbon (δ13C) and nitrogen (δ15N) isotope values of each
sample type.
3. Patterns among δ13C values of individual AAESS provided complete separation between the autotrophic (endosymbionts) and heterotrophic nutritional sources. In
contrast, bulk tissue δ13C and δ15N values were highly variable across the putative
food sources and among the coral and endosymbiont fractions, preventing accurate estimates of coral nutrition on Palmyra.
4. We used linear discriminant analysis to quantify differences among patterns of
AAESS δ13C values, or ‘fingerprints’, of the food resources available to corals. This
allowed for the development of a quantitative continuum of coral nutrition that
can identify the relative contribution of autotrophic and heterotopic nutrition to
individual colonies. Our approach revealed exceptional variation in conspecific
colonies at scales of metres to kilometres. On average, 41% of AAESS in P. meandrina on Palmyra are acquired via heterotrophy, but some colonies appear capable
of obtaining the majority of AAESS from one source or the other.

5. The use of AAESS δ13C fingerprinting analysis offers a significant improvement on
the current methods for quantitatively assessing coral trophic ecology. We anticipate that this approach will facilitate studies of coral nutrition in the field, which
are essential for comparing coral trophic ecology across taxa and multiple spatial
scales. Such information will be critical for understanding the role of heterotrophic
nutrition in coral resistance and/or resilience to ongoing environmental change.
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1 | I NTRO D U C TI O N

nitrogen (δ15N) stable isotopes has been the primary tool used to
address this problem (Muscatine, Porter, & Kaplan, 1989); however,

Due to dietary flexibility, mixotrophs have become some of the most

interpreting the high degree of variability in the δ13C and δ15N val-

widespread organisms on the planet (Selosse, Charpin, & Not, 2016).

ues of coral and endosymbiont tissues is challenging (Hoogenboom,

Mixotrophy has evolved repeatedly in vascular plants and marine or-

Rottier, Sikorski, & Ferrier‐Pagès, 2015). In spite of this uncertainty,

ganisms, underscoring the value of trophic plasticity at the individual

estimates of coral heterotrophy based on bulk tissue δ13C analysis

and population levels. This dietary flexibility allows mixotrophs to

are strongly correlated with patterns of primary production across

play important roles in energy flow by creating novel linkages be-

the tropics (Fox et al., 2018), suggesting that corals increase feeding

tween trophic levels (Stoecker, Hansen, Caron, & Mitra, 2017). Some

as a function of food availability in situ. Food supply on coral reefs is

vascular plants, for example, rely on heterotrophic nutrition from

highly variable within and among islands (Gove et al., 2016; Williams

mycorrhizal fungi to sustain metabolic demands in association with

et al., 2018), which underscores the need for improved methods to

seasonal variability (Matsuda, Shimizu, Mori, Ito, & Selosse, 2012) or

quantify the contribution of heterotrophy to coral nutrition.

use carnivory to enhance productivity under nutrient‐poor condi-

Recent advancements in compound‐specific stable isotope anal-

tions (Ellison & Gotelli, 2009). Despite their integral role in ecosys-

ysis provide a powerful tool for tracing the flow of key compounds

tem functioning, our knowledge of the trophic ecology of mixotrophs

through complex food webs (McMahon, Thorrold, Houghton, &

and how they are likely to respond to environmental change remains

Berumen, 2016). Carbon isotope (δ13C) analysis of individual essential

limited because accurately disentangling the relative contributions

(AAESS) and non‐essential (AANESS) amino acids (collectively referred

of autotrophic versus heterotrophic nutrition is challenging.

to as AA δ13C analysis) is particularly powerful for partitioning re-

Reef‐building corals are globally distributed and ecologically im-

source contributions to consumer diets, as these compounds are the

portant mixotrophs, yet the importance of trophic plasticity in coral

building blocks of proteins critical for metabolism. Most animals can-

growth and survival at the population and ecosystem scales remains

not synthesize AAESS de novo and must acquire them directly from

unknown (Ferrier‐Pagès, Hoogenboom, & Houlbrèque, 2011). Corals

diet, which results in little to no carbon isotopic fractionation across

are often considered to be principally autotrophic (Muscatine &

trophic levels (Hare, Fogel, Stafford, Mitchell, & Hoering, 1991;

Porter, 1977); however, they are also voracious carnivores (Lewis &

Jim, Jones, Ambrose, & Evershed, 2006; McMahon, Fogel, Elsdon,

Price, 1975) and heterotrophy can supply up to 60% of daily met-

& Thorrold, 2010). Thus, AAESS δ13C analysis can trace the relative

abolic carbon demands in healthy corals and >100% in bleached

contribution of basal sources of production to consumers at differ-

colonies (Grottoli, Rodrigues, & Palardy, 2006; Palardy, Rodrigues,

ent trophic levels (Howland et al., 2003; Whiteman, Elliott Smith,

& Grottoli, 2008). Experimental work has shown that heterotrophic

Besser, & Newsome, 2019). Perhaps most importantly, taxa that can

nutrition can enhance coral growth and fecundity, reduce mortality

synthesize AAESS de novo can use different biochemical pathways

during bleaching and accelerate post‐bleaching recovery (Anthony,

to do so, resulting in unique patterns among AAESS δ13C values, or

Hoogenboom, Maynard, Grottoli, & Middlebrook, 2009; Baumann,

‘fingerprints’ sensu Larsen, Taylor, Leigh, and O'Brien (2009) that are

Grottoli, Hughes, & Matsui, 2014; Cox, 2007; Ferrier‐Pagès, Witting,

characteristic of each taxon (e.g. bacteria, fungi, microalgae or mac-

Tambutte, & Sebens, 2003; Tremblay, Gori, Maguer, Hoogenboom,

roalgae; Elliott Smith, Harrod, & Newsome, 2018; Larsen et al., 2013;

& Ferrier‐Pagès, 2016). In aquaria, corals increase feeding rates as

McMahon et al., 2016). Because AAESS δ13C fingerprints are typically

a function of food availability (Ferrier‐Pagès et al., 2003; Wijgerde,

multivariate representations of at least six different AAESS, they can

Diantari, Lewaru, Verreth, & Osinga, 2011), which can drive nonlin-

accurately track sources of AAESS contribution to animal diets even

ear increases in growth and survivorship (Petersen, Wietheger, &

when there is substantial overlap in δ13C values of bulk tissue or in-

Laterveer, 2008; Toh, Ng, Peh, Toh, & Chou, 2014). Thus, coral tro-

dividual AAESS among sources (Larsen et al., 2009).

phic ecology is likely an important driver of coral population dynam-

Unlike most metazoans, there is some evidence that corals and

ics and recovery from disturbances, but few studies have assessed

sea anemones are capable of synthesizing some AAESS de novo

the ecological relevance of coral heterotrophy at broader spatio-

(Fitzgerald & Szmant, 1997; Wang & Douglas, 1999). However, re-

temporal scales (Grottoli et al., 2006; Palardy, Grottoli, & Matthews,

cent genomic investigations have failed to identify synthesis path-

2005) due to the difficulties of quantifying variation in coral nutri-

ways for the six AAESS that are commonly used to characterize δ13C

tion in the field.

fingerprints, and also suggest the capacity for de novo AAESS syn-

While informative, visual observations and polyp dissections

thesis is not present in all corals and is likely limited to specific AAESS

(Porter, 1976) are not tractable methods to quantitatively study coral

(Lin et al., 2015; Ying et al., 2018). One remaining question is if coral‐

heterotrophy at broad scales. To date, analysis of carbon (δ13C) and

associated microbes contribute AAESS to the coral host. The current
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evidence shows that AAESS putatively synthesized by the coral host

well as the dominant heterotrophic food sources for corals including

and/or coral‐associated microbial communities are produced in low

zooplankton (>163 µm) and particulate organic matter (POM; n = 1

quantities relative to those contributed by the endosymbionts or

each per site). Light attenuation with depth is consistent across sites

obtained through heterotrophy (Fitzgerald & Szmant, 1997), sug-

on Palmyra's fore reef (Williams et al., 2018), and all coral samples

gesting that de novo synthesis is likely not the primary source of

were collected from the top‐centre portion of un‐shaded colonies.

AAESS used by corals to maintain protein homeostasis. The fidelity of

All samples from the four sites were pooled for statistical analyses

AAESS δ13C fingerprints within producer groups is directly linked to

due to the high spatial variability of particulate resources on reefs

taxon‐specific biochemical pathways of amino acid synthesis (Elliott

and the limited time window of our sampling. Zooplankton from the

Smith et al., 2018; Larsen et al., 2013), which suggests that the δ13C

lagoon on Palmyra can be transported onto the fore reef habitat

fingerprint of AAESS synthesized by corals de novo would likely be

where they provide an additional food resource for corals that pro-

distinct from those of their primary autotrophic or heterotrophic

motes increased heterotrophy at the NW site (Figure S1; Williams et

food sources. Corals thus represent a model system to explore the

al., 2018). To account for the possibility of lagoon‐derived resources

power of AAESS isotope analysis to disentangle auto‐ versus hetero-

being consumed by corals, we collected zooplankton and POM sam-

trophic nutrition in mixotrophs and to examine the possibility of de

ples for AA δ13C analysis at four locations (n = 4 per food source)

novo AAESS synthesis in corals and other taxa.

across the lagoon.

poorly understood question in coral reef ecology: How variable is

fingerprints to those from bulk tissue δ13C and δ15N analysis, we

Here, we use AAESS δ13C analysis to address a fundamental yet

To compare estimates of coral heterotrophy using AA ESS δ13C

auto‐ versus heterotrophic nutrition among coral colonies? We col-

sampled corals, endosymbionts, and food resources from 17 sites

lected a widely distributed Indo‐Pacific coral species from Palmyra

(including the four corner sites sampled for AA δ13C analysis) that

Atoll in the central Pacific. We sampled corals and the dominant

encircled the atoll perimeter (Figure S1, Table S1). This larger sam-

coral food sources (e.g. zooplankton and particulate organic matter)

ple size helped constrain the natural variation in bulk tissue mea-

from four sites around Palmyra which differ in food supply to de-

surements. At each site, coral host and endosymbiont fractions

termine: (a) the spatial scale at which coral diets are most variable

(n = 5), along with the heterotrophic resources (zooplankton and

(within or among sites), (b) whether heterotrophic carbon from dif-

POM, n = 1 each), were analysed for bulk tissue δ13C and δ15N

ferent habitats (lagoon vs. pelagic) is distinguishable in coral tissue,

(Table S1). Collections for food resources within the lagoon were

13

(c) if AAESS δ C analysis estimates coral nutrition more precisely

also made for bulk tissue δ13C and δ15N analysis at 8 locations

than bulk tissue δ C and δ N data, and (d) if there is evidence of de

(n = 8).

13

15

novo AAESS synthesis in the coral host. Collectively, our study pro-

Reef‐associated zooplankton (>163 µm) were collected with

vides new insights into the trophic plasticity of a widely distributed

net tows 3–4 m above the benthos along the fore reef slope. All

reef‐building coral and a quantitative framework that will facilitate

tows in reef and lagoon habitats were conducted at idle speed for

future studies seeking to unravel the trophic ecology of mixotrophs

500 m, and the contents were filtered onto pre‐combusted GF/F

using AAESS δ13C analysis.

filters. Diving and boating regulations on Palmyra prohibit night‐
time sampling of zooplankton on the fore reef. However, the mean

2 | M ATE R I A L S A N D M E TH O DS
2.1 | Data collection

bulk δ13C values of our zooplankton samples are consistent with
values determined from zooplankton communities sampled over
several diurnal cycles during the same month of the year at or near
the study sites (Williams et al., 2018) and thus accurately reflect

Samples were collected from Palmyra Atoll National Wildlife

what corals may consume on the reef during the day or at night.

Refuge in the Northern Line Islands (5°53′N, 162°50′W) during

POM samples were concentrated from 4 L of water collected

September 2015. Notably, a widespread bleaching event occurred

just above the benthos onto 25‐mm pre‐combusted GF/F filters

on Palmyra in October 2015 (Fox, Carter, et al., 2019). The samples

(>0.7 µm, Whatman). All samples were frozen at −20°C until analy-

for this study were collected early in September prior to the onset

sis. In the laboratory, coral host and endosymbiont fractions were

of bleaching, and all colonies sampled were not visibly pale or dis-

separated and loaded onto pre‐combusted GF/F filters following

coloured. However, physiological responses to thermal stress that

established methods (Fox et al., 2018). All samples were briefly

did not manifest in pigmentation change could still have influenced

acidified using drop‐wise addition of 1N HCl to remove CaCO3 and

the relative degree of heterotrophy in sampled colonies (Grottoli et

dried at 60°C for 48 hr.

al., 2006). To maximize variation in isotopic values and coral trophic
strategies around Palmyra, we collected samples from the fore reef
habitat at 10 m depth at four sites on opposing corners of the atoll
(see Figure S1) that experience differences in food supply and en-

2.2 | Laboratory analysis
Bulk tissue samples for all sources were analysed for δ13C and δ15N

vironmental conditions (Gove et al., 2015; Williams et al., 2018).

with a Costech 4010 Elemental Analyzer interfaced with a Thermo

At each site, we measured AA δ13C values in coral host (consumer,

Finnigan Delta Plus XP stable isotope mass spectrometer at Scripps

n = 4–5) and endosymbiont tissues (autotrophic source, n = 3) as

Institution of Oceanography. Isotope values are expressed as delta

4
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(δ) values (δ3C or δ15N), where δ = 1,000 × [(Rsample/Rstandard) − 1] and

each other and were consistent across habitats for both AAESS (Pillai

Rsample or Rstandard are the ratio of the heavy to light isotope in parts

trace = 0.27, F(6,8) = 0.50, p = .79) and AANESS (Pillai trace = 0.71,

per thousand, or per mil (‰). The international reference standards

F(7,4) = 0.70, p = .70). Therefore, in all multivariate analyses and for

are Vienna‐Pee Dee Belemnite (V‐PDB) for δ13C and atmospheric

N2 for δ15N. Repeated measurements of internal reference materials

the classification of coral host tissue with one group or the other,
zooplankton and POM were pooled a posteriori into a single hetero-

calibrated against NBS‐18 and IAEA‐1 produced a precision (SD) of

trophic resource category (n = 17) to more accurately represent the

<0.1‰ for δ13C and <0.2‰ for δ15N.

natural variation the heterotrophic sources available to corals. Little

For AA δ13C analysis, samples were first hydrolysed with 1.5 ml

is known about the carbon isotope fractionation associated with

of 6N HCl at 110°C for 20 hr. Hydrolysates were passed through

de novo synthesis of AANESS in symbiotic cnidarians, so we focused

a cation exchange resin column (Dowex 50WX8 100–200 mesh) to

our analyses on AAESS. Lastly, statistical comparisons (ANOVA) of

isolate AAs from other metabolites (Amelung & Zhang, 2001). After

the bulk tissue δ13C and δ15N data are described in the electronic

Dowex purification, amino acids were derivatized to N‐trifluoro-

Supplementary Material.

acetic acid isopropyl esters (Newsome, Fogel, Kelly, & Martínez del

To quantify the contribution of autotrophic versus heterotrophic

Rio, 2011; O'Brien, Fogel, & Boggs, 2002). Samples were derivat-

resources to coral diets, we used linear discriminant analysis (LDA;

ized along with an in‐house reference material containing all AAs

R package MASS; Venables & Ripley, 2002). LDA provides a power-

measured for δ13C. Derivatized samples were injected into a 60 m

ful approach for maximizing separation among source groups (au-

BPX5 gas chromatograph column for AA separation (0.32 ID, 1.0 μm

totrophic vs. heterotrophic) and then classifying consumers (corals)

film thickness, SGE Analytical Science) in a Thermo Scientific Trace

as belonging more to one group than another based on the amino

1300, then combusted into CO2 with a GC Isolink II interfaced to a

acid δ13C ‘fingerprints’ of potential sources (Larsen et al., 2009).

Thermo Scientific Delta V Plus isotope ratio mass spectrometer at

Most importantly, LDA offers a less rigid framework than Bayesian

the University of New Mexico Center for Stable Isotopes. Samples

mixing models for examining diet contributions within undeter-

were run in duplicate and bracketed with in‐house AA reference ma-

mined mixing spaces caused by unquantified diet sources; see the

terial; within‐run standard deviations of δ13C values in this reference

Electronic Supplementary Material for a detailed comparison of the

material ranged from 0.3‰ (isoleucine) to 0.5‰ (tyrosine). We reli-

two methods (Supplemental methods and Figure S2). For exam-

ably measured δ13C values of thirteen AAs including seven consid-

ple, if the corals in our study were obtaining nutrition from a third,

ered non‐essential: alanine (Ala), aspartic acid (Asp), glutamic acid

unquantified source such as coral‐associated microbes or de novo

(Glu), glycine (Gly), proline (Pro), serine (Ser) and tyrosine (Tyr); and

AAESS synthesis by the coral animal, we would expect to find poor

six considered essential: isoleucine (Ile), leucine (Leu), lysine (Lys),

or variable classification rates of the coral host within the prescribed

phenylalanine (Phe), threonine (Thr) and valine (Val). The reagents

autotrophic or heterotrophic groups. We examined the classification

used during derivatization add carbon to AA side chains, and hence,

error rate for the autotrophic (endosymbionts) and heterotrophic

measured δ13C values reflect a combination of the intrinsic carbon in

(zooplankton and POM) sources using leave‐one‐out cross‐valida-

each AA and reagent carbon (Silfer, Engel, Macko, & Jumeau, 1991);

tion to establish whether our two sources are statistically distinct. A

see the supplementary material for the equations used to correct

high reclassification rate of samples within their own group (>80%)

each AA δ13C value.

is critical for establishing reliable separation between sources. We
then used this training dataset to predict group membership for
each coral host sample (i.e. autotrophic or heterotrophic). We exam-

2.3 | Data analysis

ined classification rates of the coral consumers using the measured

Our approach for studying coral nutrition depends on clear sepa13

AAESS δ13C data and values normalized to the sample mean (Larsen

ration between the AAESS δ C fingerprints of different nutritional

et al., 2013) to account for possible temporal variation in coral food

sources. We used MANOVA to determine separation between the

sources, growth rates or environmental conditions prior to the time

AAESS δ13C values of the putative autotrophic (endosymbionts) and

of sampling. Normalization had no effect on the results of our anal-

heterotrophic sources (zooplankton and POM) of coral nutrition

ysis; therefore, we used the measured (non‐normalized) AAESS δ13C

and between resources from different reef habitats (i.e. lagoon vs.

values (Figure S3). We investigated the strength of individual AAESS

fore reef). Individual ANOVAs were used to compare differences

in separating groups using biplots and 95% confidence ellipses and

in δ13C values for each AA between the coral host, endosymbionts

report the means and standard deviation of each AAESS (Table S5).

and heterotrophic sources. Pairwise contrasts between groups were

The binary classification of group membership (heterotrophic or

conducted using Tukey's HSD. Assumptions of normality and equal

autotrophic) within LDA is not necessarily accurate for mixotrophic

variances within and among groups were determined using the

organisms that rely on a continuum of both sources. To more ac-

Shapiro–Wilk test with quantile–quantile plots and Levene's test,

curately calculate the proportional contribution of both nutritional

respectively. Because zooplankton obtain AAESS directly from their

sources to coral diets, we modified the traditional LDA with a two‐

diet (i.e. free‐living phytoplankton), we hypothesized that POM and

part bootstrap resampling approach. First, we ran 10,000 permuta-

zooplankton AA δ13C values would be statistically similar. Indeed,
zooplankton and POM AA δ13C values were indistinguishable from

tions of the training dataset used to define the source groups and
then classify the coral host, using random draws (with replacement)
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from the distributions of AAESS δ13C within each group. Group clas-

explained the variation in our data. For future studies on other coral

sification for individual corals was determined for each permutation

taxa or for sources that separate along more than one linear dis-

of the training dataset, which provided a distribution of possible

criminant, a similar approach should be developed using Euclidian

classifications, based on subtle variations in the source group error

distance between the source centroids.

distributions. From this distribution, we calculated the global classification percentage with 95% CI to describe what percentage of the

3 | R E S U LT S

P. meandrina population on Palmyra relies more heavily on heterotrophic nutrition. Second, to more precisely quantify the contribu-

We observed significant differences in δ13C of both AAESS and

tions of both sources to individual corals, we created a continuum of

AANESS between the coral host and the autotrophic (endosymbionts)

autotrophic to heterotrophic nutrition using the first linear discrimi-

and heterotrophic (zooplankton and POM) sources (δ13CESS: Pillai

nant (LD1), which explained 98% of the variation between the source

trace = 1.11, F(12,80) = 8.40, p < .001; δ13CNESS: Pillai trace = 1.34,

groups. For each permutation of the LDA (n = 10,000), we deter-

F(14,68) = 9.87, p < .001). There was clear separation between the

mined the centroid (LD1 mean) of the source groups and calculated

AAESS δ13C values of the heterotrophic source and endosymbi-

the distance between the actual LD1 value of a given coral and the

ont with isoleucine, lysine and threonine having the greatest dif-

modelled autotrophic centroid (da). We then standardized this value

ferences (Figure 1, Tables S2 and S5). There was greater variation

to the total distance between the centroids of the autotrophic and

among AANESS δ13C values. Coral and endosymbiont AANESS δ13C

heterotrophic sources (dh−a) to obtain a scale of heterotrophic contri-

values were generally similar and more enriched than heterotrophic

bution that ranged from 0 to 1. Thus, the proportional contribution

sources with the exceptions of glycine that was most enriched in the

of heterotrophy can be calculated as:
%heterotrophy =

coral host tissue and serine, which had similar δ13C values across all

LD1coral − da
dh−a

groups (Figure 1, Table S2).
We obtained 100% successful reclassification within each of

We calculated this value for every coral in each of the 10,000

our source groups indicating highly differentiated autotrophic and

random permutations of the source data and calculated 95% CI of

heterotrophic δ13C fingerprints for AAESS . Based on the first linear

the mean per cent contribution of heterotrophy to each individual

discriminant (LD1), which explained 98% of the overall variation

(Figure 4). Importantly, this analysis is designed to identify unquan-

between groups, the most important AAESS for separating the au-

tified diet contributions (e.g. microbially or coral‐synthesized AAESS,

totrophic and heterotrophic sources were isoleucine, leucine and

as large deviations from 0 or 1 are indicative of the first linear dis-

threonine (Table S4). LDA classified 6 of 19 (32%) coral host sam-

criminant poorly constraining possible diet sources. For any coral

ples as heterotrophic (Figure 2a). The bootstrapped reclassification

with a CI that slightly overlapped 0 or 1, we are unable to distinguish

indicated 34.4% (95% CI: 21%–53%) of the coral host samples ob-

that individual from being 100% of the respective source. Notably,

tain significantly more of their AAESS from heterotrophic sources,

we developed this approach using only LD1 because of how well it

while 65.6% (95% CI: 47%–79%) relied primarily on AAESS from

δ13C (‰)

0

−10

−20

−30

Coral host
POM + zooplankton
Endosymbionts
Ala Asp Gly Glu Pro Ser

*

*

*Non-essential
* *

Tyr

*

Ile

*

Amino acid

Leu Lys Phe Thr

* *
Essential

**

Val

F I G U R E 1 Variation in δ13C values of seven non‐essential (AANESS) and six essential (AAESS) amino acids in Pocillopora meandrina relative
to endosymbiont tissue (autotrophic resource) and POM+ zooplankton (heterotrophic resource). The median for each group is indicated
with a horizontal line. Boxes encompass the first and third quartiles of the data, and the whiskers are calculated as 1.58*IQR. Points beyond
this range are plotted individually. Significant differences between the mean value of each amino acid across groups at the p < .05 level are
indicated with (*). With the exception of glycine (Gly), this difference is always between the endosymbiont and POM+ zooplankton tissues.
Differences among all three groups are denoted with (**). Please see Table S3 for pairwise contrasts
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(b)

5.0

60

0.0
40
−2.5

Mean proportion

2.5

LD2

between δ13C values of individual AAESS within a sample (finger-

80

20

−5.0
−6

−3

0

3

6

H

A

LD1

δ15N (‰)

(c)

prints) help maximize the separation of AA ESS δ13C values that truly
differ among groups (Figure 3f).

Site location had no consistent influence on the diets of individual corals; colonies separated by metres were just as likely
to have different diet compositions than those on opposite sides
of the atoll (Figure 4a,b). On average, the SW corner of the atoll
near the main channel into the lagoon had the highest proportion
of corals classified as heterotrophic (56.7%, 95% CI [7.4%–99.9%])
and the SE corner had the lowest (13.7%, 95% CI [0%–60.6%]).
The large confidence intervals of heterotrophic diet proportions

11.0

Coral
Endosymbionts
POM
Zooplankton

10.0
9.0

for each location were driven by high inter‐colony variation in
coral AA ESS δ13 C values at the site level. Across 19 colonies, the
relative contribution of heterotrophic and autotrophic sources
ranged from 0% to 100%, with an average of 41.34%, 95% CI
[28.93%–53.93%], indicating exceptional variation in trophic plasticity (Figure 4a).

8.0

In contrast, coral and endosymbiont bulk tissue δ13C and δ15N
values showed minimal variation on an atoll scale and provided no

7.0
−23

−21

−19

−17

−15

−13

δ13C (‰)
F I G U R E 2 A comparison between δ13C fingerprints based on six
essential amino acids (AAESS) and bulk tissue δ13C and δ15N analysis
of a mixotrophic coral and the common autotrophic (endosymbiont)
and heterotrophic (zooplankton and POM) resources on Palmyra
Atoll. (a) Linear discriminant analysis of six AAESS for coral tissue
(n = 19), endosymbionts (n = 11), zooplankton (n = 9) and POM
(n = 8). Dashed lines represent 95% confidence ellipses around
each source group. (b) The mean proportion and 95% confidence
intervals of colonies that were classified as belonging to the
autotrophic (A) versus heterotrophic (H) groups based on 10,000
random permutations of the source data. (c) Biplot of bulk tissue
δ13C and δ15N values for all coral and endosymbiont samples
collected around Palmyra (n = 87) and zooplankton samples from
the lagoon and fore reef (n = 24); data for POM are not shown for
visual clarity due to high variation among samples. For reference,
the POM means (±95% CI) are −19.9‰ (−26.6 to −13.3) for δ13C and
5.2‰ (1.9 to 8.4) for δ15N

additional insight to patterns of coral nutrition around Palmyra.
Mean (±SD) coral host δ13C values (−15.0 ± 0.4‰) were slightly
but not significantly lower than those of the endosymbionts
(−14.7 ± 0.5‰: Figure 1c, Table S3). Mean (±SD) δ15N values for
corals (9.4 ± 0.5‰) and endosymbionts (8.8 ± 0.4‰) were variable but on average differed by <1‰ (Figure 2c, Table S2). There
was substantial overlap in the 95% confidence ellipses around all
groups (Figure 2c), and the statistical separation between sources
was inconsistent (Table S3). POM samples from the lagoon and
fore reef habitats were not distinguishable and showed a high degree of variation in both mean (±SD) δ13C (−19.9 ± 3.4‰) and δ15N
(5.2 ± 1.6‰) values. Finally, the bulk tissue isotope proxy for estimating coral heterotrophy (Δ13C = δ13Chost − δ13Cendosymbiont) was

correlated with our estimates of coral nutrition using AAESS δ13C.
Corals that consumed >40% of heterotrophic carbon tended to
have lower mean (±SD) Δ13C (−0.6 ± 0.2‰) relative to those that

relied on <40% heterotrophic nutrition (−0.3 ± 2‰), but there was
high variation in Δ13C among colonies (r = −.54, p = .03, Figure 4c).
This suggests that despite high variability among colonies, Δ13C

their endosymbionts (Figure 2b). Our results suggest that the more

values of Pocillopora tend to track coarse changes in heterotrophic

individual AA ESS included in a fingerprinting framework, the more

nutrition.

robust group separation is likely to be. Indeed, group separation
was strongest using δ13C fingerprints derived from all six AAESS .

In contrast, using only the AA ESS (Ile, Lys, Thr) with mean δ13C val-
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ues that differed among the potential sources (Figure 1) provided
less statistical support for separation between the heterotrophic

The physiological benefits of heterotrophic nutrition to mixotrophic

resources and endosymbionts (Figure 3a–c). When the most infor-

corals are diverse and may be critical for survival and recovery fol-

mative linear discriminant coefficients were considered (Ile, Thr,

lowing disturbance events, yet methodological limitations have his-

Leu; Table S4), stronger separation between groups and a more

torically impeded our ability to quantify coral nutrition in situ. Here,

informative spread of the individual coral colonies was achieved

we demonstrate that AAESS δ13C analysis is a promising technique for

(Figure 3d–f). Notably, Leu δ13C values do not differ among the
three groups but Leu is more powerful in separating them than Lys,

partitioning heterotrophic and autotrophic nutrition in reef‐building corals. Our study reveals that the trophic ecology of a widely

which does have distinct values between autotrophic and hetero-

distributed Indo‐Pacific coral can be highly variable among conspe-

trophic sources (Figure 1). This illustrates that the relative spacing

cific colonies within a small area (~10 m2). These results provide a
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(Elliott Smith et al., 2018; Larsen et al., 2013; Liew et al., 2019;
McMahon et al., 2016) and our results suggest this holds true
within mixotrophic corals.
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catabolism are critical components of coral physiology that cannot
Rodrigues, 2011) and future work that combines fatty acid δ13C
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founded by other aspects of host physiology. Lipid synthesis and
be assessed with this technique (Baumann et al., 2014; Grottoli &
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|

POM and zooplankton

F I G U R E 3 Biplots of measured AAESS δ13C values displaying
the autotrophic (endosymbionts) and heterotrophic (POM and
zooplankton) resources in relation to the individual coral hosts. The
left column (a–c) shows separation patterns based on the three
AAESS (Ile, Lys, Thr) that differ significantly in raw values between
at least two groups (Figure 1). The right column (d–f) presents
group separation as a function of the three most informative
linear discriminant coefficients, which includes Leu. Note Leu δ13C
values do not differ among groups (Figure 1), but separation among
autotrophic and heterotrophic resources is greatest when all groups
are normalized to Leu (f). Dashed lines indicate 95% CI

values. Notably, patterns of AA ESS δ13 C values from 19 colonies of

P. meandrina separated cleanly (98% of variation explained) along
a one‐dimensional continuum of autotrophic and heterotrophic
nutrition, allowing for quantitative estimates of the proportion of
heterotrophic carbon incorporated by individual corals (Figures
2a and 4a). Our results support previous observations that multivariate AA ESS δ13 C fingerprints provided more robust separation
among groups than δ13 C values of individual AA ESS (Figures 2a,b

and 3) and support the quantitative power of developing source‐
specific fingerprints with LDA based on multiple AA ESS (Arthur,
Kelez, Larsen, Choy, & Popp, 2014; Elliott Smith et al., 2018;
Larsen et al., 2009, 2013, 2016; Liew et al., 2019; McMahon et
al., 2016). The definitive separation of source groups revealed by
our analysis does not strongly support a missing or unquantified
source of AA ESS in our model of coral nutrition for P. meandrina
on Palmyra. We also used a permutational LDA to explore the

much‐needed framework for rigorously investigating coral trophic

sensitivity of our analysis to variation in resource group AA ESS

δ13 C values. We found that 5 of 19 modelled coral diets had 95%

plasticity across multiple species and spatiotemporal scales.
Recent research has shown that heterotrophic nutrition is

confidence intervals overlapping 0% (n = 4) or 100% heterotrophy

more important to coral ecology than previously considered

(n = 1). For these individuals, we cannot statistically distinguish

(Ferrier‐Pagès et al., 2011) but is highly variable and difficult to

their diets from being purely autotrophic versus purely hetero-

quantify. For example, bulk tissue δ13C and δ15N data have shown

trophic. However, in both cases the mean percentages for each

that coral trophic ecology varies spatially and can be directly

individual were calculated beyond 0% or 100% for 5.5% and 3.7%

influenced by resource supply (Fox et al., 2018; Radice, Hoegh‐

of 10,000 permutations, respectively. The infrequent occurrence

Guldberg, Fry, Fox, & Dove, 2019; Williams et al., 2018). This ap-

of this statistical limitation provides confidence in our approach

proach, however, has been hindered by small (~1‰) differences in

for assessing nutritional contributions in corals that consume a

13

13

δ C values between the coral host and endosymbionts (Δ C host–

mixture of these two resource types.

coupled with a high degree of isotopic variation in bulk

The reliability of AAESS δ13C fingerprinting in organisms that can

tissues among coral species (Hoogenboom et al., 2015; Nahon et

synthesize their own AAESS or have complex assemblages of micro-

al., 2013). While we did observe correlation between our mod-

bial symbionts (e.g. the coral microbiome) has not been extensively

endosymbiont ),

13

elled AA ESS δ C‐based estimates of coral heterotrophy and the

tested. This may create challenges for interpreting AAESS δ13C data

commonly used bulk tissue Δ C host–symbiont metric (Figure 4c), the

for some coral species as they may be capable of synthesizing cer-

AA ESS δ13C‐based estimates of heterotrophic nutrition provided a

tain AAESS (Fitzgerald & Szmant, 1997; Ying et al., 2018). Presently,

more quantitative assessment of coral nutrition among individual

the best evidence for AAESS de novo synthesis in scleractinian

13
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F I G U R E 4 Individual variation in coral nutrition across 19 colonies from four locations around Palmyra Atoll. (a) The estimated mean
per cent contribution of heterotrophy to coral nutrition. Error bars denote 95% CI and for any individual with an error bar that overlaps 0
(100% autotrophy) or 1 (100% heterotrophy) is statistically indistinguishable from the respective source. (b) Individual coral colonies from
(a) arranged by site. Error bars denote 95% CI. (c) Δ13Chost–endosymbiont as a function of the average per cent contribution of heterotrophic
resources to coral nutrition. See the supporting information for details on calculating relative proportions of autotrophy and heterotrophy to
coral nutrition using AAESS δ13C data
corals is for histidine and it appears only to be present in corals from

de novo synthesis of AA ESS or contributions from another unknown

the Robusta clade (Ying et al., 2018). We were unable to reliably

(e.g. microbial) source.

measure histidine in this study; although considered an essential

We do not interpret our results to suggest that Pocillopora

amino acid, it is not a common constituent of AAESS δ13C finger-

colonies are persistently in a state of trophic extremes (complete

prints (Larsen et al., 2009, 2013) because of its low concentration

autotrophy or heterotrophy). Instead, our data provide compel-

in many tissues (Beach, Munks, & Robinson, 1943). Furthermore,

ling evidence that P. meandrina has the capacity to alter reliance

some corals (e.g. Acropora digitifera) are unable to synthesize ty-

on different nutritional modes and that this trophic plasticity can

rosine, which is considered an AANESS for most animals (Lin et al.,

vary widely among individuals that live only metres apart. Our sam-

2015). As such, the classical definitions of AAESS versus AANESS may

ples were collected during the onset of thermal stress and several

not be strictly applicable to corals, and we anticipate that emerg-

weeks prior to a widespread coral bleaching on Palmyra Atoll (Fox,

ing techniques in functional genomics will provide valuable insight

Carter, et al., 2019). While none of the sampled colonies were visi-

to which AAESS corals can synthesize and how widespread such

bly bleached or discoloured, it is possible that the magnitude of tro-

pathways are across taxa (Ying et al., 2018). Such studies will also

phic plasticity we measured was driven by differential responses to

help resolve the role of coral microbial communities as a possible

thermal stress among colonies. Both P. meandrina and its congener,

third source of AAESS to the coral host. To date, microbial contribu-

P. verrucosa, are efficient predators that are responsive to patterns

tion cannot be ruled out (Fitzgerald & Szmant, 1997), in large part

of resource availability (Fox et al., 2018; Radice et al., 2019; Roder

due to the difficulty of physically isolating coral host tissue from

et al., 2010; Williams et al., 2018; Ziegler, Roder, Büchel, & Voolstra,

embedded cell‐associated microbial aggregates (David, Kathleen,

2014). Our expectation was that P. meandrina would exhibit more

& Nicole, 2016; Work & Aeby, 2014). Our permutational analysis

homogenous reliance on heterotrophy within sites and that site‐

was designed to allow for evidence of such an unquantified source,

specific patterns of resource supply would be the dominant driver

which would have resulted in reduced model performance and

in trophic response (Williams et al., 2018). The overwhelming

reduced confidence around estimated mean autotrophic and het-

variability at the colony level may indicate that some colonies in-

erotrophic contributions. However, the strength of separation we

creased heterotrophy in response to thermal stress (Grottoli et al.,

obtained between our two sampled resource groups indicate that

2006), or that variation in boundary layer dynamics and flow asso-

for P. meandrina on Palmyra, we did not find compelling evidence of

ciated with reef topography or colony morphology can exert strong
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control on the trophic ecology of individual colonies (Helmuth &
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spatial scales. Reliance on heterotrophy can vary widely among species

Sebens, 1993; Sebens, Witting, & Helmuth, 1997). Analysis of sam-

(Hoogenboom et al., 2015), and the degree of trophic flexibility may

ples collected during non‐stressful environmental conditions will

be important for determining population trajectories following distur-

be valuable for evaluating the baseline reliance on heterotrophy in

bances such as bleaching events (Grottoli et al., 2006). Our findings

P. meandrina and determining if temperature stress can influence

support previous estimates of high inter‐colony variation in heterotro-

13

coral AAESS δ C values by destabilizing the coral‐algal symbiosis.

phic nutrition among three coral species in the Florida Keys (Teece,

The tight recycling of carbon and nitrogen between coral hosts

Estes, Gelsleichter, & Lirman, 2011). Individual‐ and species‐level vari-

and algal endosymbionts (Tremblay, Maguer, Grover, & Ferrier‐Pagès,

ation in nutritional strategy has largely been ignored in studies of coral

2015) and the ability of corals to translocate AAs from ingested prey to

population dynamics and community structure but is likely a critical

their endosymbionts (Piniak, Lipschultz, & McClelland, 2003) may also

driver in these processes. This is particularly relevant as allochtho-

drive variation in coral AAESS δ13C values. However, resource sharing

nous subsidies to coral reef ecosystems are increasingly recognized as

did not appear to influence the AAESS δ13C values of P. meandrina endo-

important drivers in nutrient cycling (Graham et al., 2018; Radice et

symbionts on Palmyra as the endosymbiont fingerprints and raw AAESS

al., 2019; Reid et al., 2019), coral nutrition (Fox et al., 2018; Williams

δ13C values were highly consistent across all samples and did not vary

et al., 2018) and ecosystem functioning (Gove et al., 2016; Morais &

as a function of heterotrophic nutrition across colonies. Therefore, it

Bellwood, 2019). Collectively, this evidence suggests that energy flow

is possible that carbon sharing does not strongly affect δ13C values of

in coral reef ecosystems is likely more complex and spatially variable

AAESS synthesized by the endosymbionts in P. meandrina. The same

than previously considered.

may not be true for AANESS as these are typically subjected to larger
isotopic fractionations during de novo synthesis by basal sources or
consumers themselves (Whiteman et al., 2019), but this has yet to be
investigated within a mutualistic symbiosis. We also do not know the
exact time period reflected in our samples, as turnover rates for AAESS

have not been established for mixotrophic corals. Based on δ13C analysis of several coral species, bulk tissue turnover typically occurs over
a period of 6–8 weeks (Rodrigues & Grottoli, 2006; Tanaka, Suzuki,
& Sakai, 2018; Treignier, Tolosa, Grover, Reynaud, & sa, 2009). Thus,
our estimates of Pocillopora diets on Palmyra likely reflect nutritional
inputs over at least the preceding 2 months. Future studies should
place particular emphasis on experimental validation of the AAESS
fingerprinting approach across coral species. Feeding studies will be

critical for validating patterns of carbon and nitrogen isotopic discrimination and turnover for both AAESS and AANESS as these processes can
vary among AAs (Downs, Popp, & Holl, 2014), which could impact the
temporal window reflected in our analyses. Comprehensive sampling
of local autotrophic and heterotrophic resources for corals should also
13

be prioritized to assess the spatial generality of the AAESS δ C finger-
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AAESS δ13C analysis of a ubiquitous Indo‐Pacific coral species as well
as dominant autotrophic (endosymbiont) and heterotrophic (zooplankton and POM) resources revealed that nutrition in P. meandrina
can be most variable at the level of individual colonies within a single
reef system. Our results demonstrate that AAESS δ13C analysis is capable of resolving the relative contribution of auto‐ versus heterotrophic sources to the diet of mixotrophic corals. Overall, the AAESS

δ13C fingerprinting approach applied here offers a novel framework

for quantifying trophic plasticity within scleractinian corals and refining the drivers of variation in coral trophic ecology. Such studies have
the potential to advance our understanding of spatial and taxonomic
variation in coral survival and recovery following disturbances and
reveal fundamental patterns in coral trophic ecology across environmental gradients.

prints for different endosymbionts groups within the Symbiodiniaceae
and planktonic communities on coral reefs. We found that AAESS δ13C
fingerprints did not differ between POM and zooplankton communi-

AC K N OW L E D G E M E N T S

ties from the lagoon and fore reef habitats, which suggests that the

We are grateful to the U.S. Fish and Wildlife Service, Palmyra Atoll

planktonic communities in these two habitats may be taxonomically

Research Consortium (PARC) and The Nature Conservancy for logis-

similar or have similar amino acid synthesis pathways. The similarity

tical support and access to the refuge. This research was conducted

between our lagoon and fore reef samples is consistent with the ob-

under special use permits #12533‐14016 and #12533‐14012. We

servation that pelagic and lagoon zooplankton on Palmyra have similar

thank the Scripps Family Foundation and several other private do-

bulk tissue δ13C and δ15N values and can only be distinguished isoto-

nors for financial support. We are grateful to Brian Stock, Brice

pically by the more deplete δ S values of lagoon plankton (McCauley

Semmens and Stuart Sandin for discussions that improved this man-

34

et al., 2014). Therefore, the combination of AAESS δ13C analysis with

uscript. We also thank Jessica Glanz, and Spencer Breining‐Aday

additional isotopic tracers may be a powerful approach for quantifying

for assistance in the laboratory. We are grateful to two anonymous

spatial variation in heterotrophic resource supply to corals (McCauley

reviewers for their thoughtful comments. M.D.F. was supported

et al., 2014; Vander Zanden, Soto, Bowen, & Hobson, 2016).

by a NOAA Nancy Foster Scholarship. Graphics used in the figures

The variation in heterotrophic nutrition we observed among in-

are courtesy of the Integration and Application Network, Univ. of

dividual colonies of P. meandrina reveals the potential for an unex-

Maryland (copepod – Dieter Tracey, sun – Jane Thomas, ian.umces.

pected degree of trophic plasticity among coral colonies at small

edu/imagelibrary/).

10

|

Functional Ecology

FOX et al.

C O N FL I C T O F I N T E R E S T
The authors declare no competing interests.

AU T H O R S ' C O N T R I B U T I O N S
All authors conceived the study; M.D.F. collected the samples;
M.D.F., E.A.E.S. and S.D.N. conducted laboratory work and analysed
the data; M.D.F. led the writing of the manuscript. All authors contributed to revisions and gave final approval for publication.

DATA AVA I L A B I L I T Y S TAT E M E N T
Data and code are deposited in the Dryad Digital Repository: https://
doi.org/10.5061/dryad.tv8v6k3 (Fox, Elliott Smith, Smith, &
Newsome, 2019).

ORCID
Michael D. Fox

https://orcid.org/0000-0002-5004-1025

Emma A. Elliott Smith
Seth D. Newsome

https://orcid.org/0000-0002-3221-0737
https://orcid.org/0000-0002-4534-1242

REFERENCES
Amelung, W., & Zhang, X. (2001). Determination of amino acid enantiomers in soils. Soil Biology and Biochemistry, 33, 553–562. https://doi.
org/10.1016/S0038-0717(00)00195-4
Anthony, K. R. N., Hoogenboom, M. O., Maynard, J. A., Grottoli, A.
G., & Middlebrook, R. (2009). Energetics approach to predicting mortality risk from environmental stress: A case study of
coral bleaching. Functional Ecology, 23, 539–550. https://doi.
org/10.1111/j.1365-2435.2008.01531.x
Arthur, K. E., Kelez, S., Larsen, T., Choy, C. A., & Popp, B. N. (2014).
Tracing the biosynthetic source of essential amino acids in marine
turtles using δ13C fingerprints. Ecology, 95, 1285–1293.
Baumann, J., Grottoli, A. G., Hughes, A. D., & Matsui, Y. (2014).
Photoautotrophic and heterotrophic carbon in bleached and non‐
bleached coral lipid acquisition and storage. Journal of Experimental
Marine Biology and Ecology, 461, 469–478. https://doi.org/10.1016/j.
jembe.2014.09.017
Beach, E. F., Munks, B., & Robinson, A. (1943). The amino acid composition of animal tissue protein. Journal of Biological Chemistry, 148,
431–439.
Cox, E. F. (2007). Continuation of sexual reproduction in Montipora
capitata following bleaching. Coral Reefs, 26, 721–724. https://doi.
org/10.1007/s00338-007-0251-9
David, G. B., Kathleen, M. M., & Nicole, S. W. (2016). Insights into the
coral microbiome: Underpinning the health and resilience of reef
ecosystems. Annual Review of Microbiology, 70, 317–340. https://doi.
org/10.1146/annurev-micro-102215-095440
Downs, E. E., Popp, B. N., & Holl, C. M. (2014). Nitrogen isotope fractionation and amino acid turnover rates in the Pacific white shrimp
Litopenaeus vannamei. Marine Ecology Progress Series, 516, 239–250.
Elliott Smith, E. A., Harrod, C., & Newsome, S. D. (2018). The importance
of kelp to an intertidal ecosystem varies by trophic level: Insights
from amino acid δ13C analysis. Ecosphere, 9, e02516.

Ellison, A. M., & Gotelli, N. J. (2009). Energetics and the evolution of
carnivorous plants—Darwin's ‘most wonderful plants in the world’.
Journal of Experimental Botany, 60, 19–42. https://doi.org/10.1093/
jxb/ern179
Ferrier‐Pagès, C., Hoogenboom, M., & Houlbrèque, F. (2011). The role
of plankton in coral trophodynamics. In Z. Dubinsky & N. Stambler
(Eds.), Coral Reefs: An ecosystem in transition (pp. 215–229). Dordrecht,
the Netherlands: Springer.
Ferrier‐Pagès, C., Witting, J., Tambutte, E., & Sebens, K. P. (2003). Effect
of natural zooplankton feeding on the tissue and skeletal growth of
the scleractinian coral Stylophora pistillata. Coral Reefs, 22, 229–240.
https://doi.org/10.1007/s00338-003-0312-7
Fitzgerald, L. M., & Szmant, A. M. (1997). Biosynthesis of ‘essential’
amino acids by scleractinian corals. Biochemical Journal, 322, 213–
221. https://doi.org/10.1042/bj3220213
Fox, M. D., Carter, A. C., Edwards, C. B., Takeshita, Y., Johnson, M. D.,
Petrovic, V., … Smith, J. E. (2019). Limited coral mortality following
acute thermal stress and widespread bleaching on Palmyra Atoll,
central Pacific. Coral Reefs, 38, 701–712. https://doi.org/10.1007/
s00338-019-01796-7
Fox, M. D., Elliott Smith, E. A., Smith, J. E., & Newsome, S. D. (2019). Data
from: Trophic plasticity in a common reef‐building coral: Insights
from δ13C analysis of essential amino acids. Dryad Digital Repository,
https://doi.org/10.5061/dryad.tv8v6k3
Fox, M. D., Williams, G. J., Johnson, M. D., Kelly, E. L. A., Radice, V. A.,
Zgliczynski, B. J., … Smith, J. E. (2018). Gradients in primary production predict trophic strategies of mixotrophic corals across spatial
scales. Current Biology, 28, 3355–3363.e4. https://doi.org/10.1016/j.
cub.2018.08.057
Gove, J. M., McManus, M. A., Neuheimer, A. B., Polovina, J. J., Drazen,
J. C., Smith, C. R., … Williams, G. J. (2016). Near‐island biological
hotspots in barren ocean basins. Nature Communications, 7, 10581.
https://doi.org/10.1038/ncomms10581
Gove, J. M., Williams, G. J., McManus, M. A., Clark, S. J., Ehses, J. S., &
Wedding, L. M. (2015). Coral reef benthic regimes exhibit non‐linear threshold responses to natural physical drivers. Marine Ecology
Progress Series, 522, 33–48. https://doi.org/10.3354/meps11118
Graham, N. A. J., Wilson, S. K., Carr, P., Hoey, A. S., Jennings, S., &
MacNeil, M. A. (2018). Seabirds enhance coral reef productivity and
functioning in the absence of invasive rats. Nature, 559, 250.
Grottoli, A. G., & Rodrigues, L. J. (2011). Bleached Porites compressa and
Montipora capitata corals catabolize δ13C‐enriched lipids. Coral Reefs,
30, 687–692. https://doi.org/10.1007/s00338-011-0756-0
Grottoli, A. G., Rodrigues, L. J., & Palardy, J. E. (2006). Heterotrophic
plasticity and resilience in bleached corals. Nature, 440, 1186–1189.
https://doi.org/10.1038/nature 04565
Hare, P. E., Fogel, M. L., Stafford, T. W. Jr, Mitchell, A. D., & Hoering,
T. C. (1991). The isotopic composition of carbon and nitrogen
in individual amino acids isolated from modern and fossil proteins. Journal of Archaeological Science, 18, 277–292. https://doi.
org/10.1016/0305-4403(91)90066-X
Helmuth, B., & Sebens, K. (1993). The influence of colony morphology and
orientation to flow on particle capture by the scleractinian coral Agaricia
agaricites (Linnaeus). Journal of Experimental Marine Biology and Ecology,
165, 251–278. https://doi.org/10.1016/0022-0981(93)90109-2
Hoogenboom, M., Rottier, C., Sikorski, S., & Ferrier‐Pagès, C. (2015).
Among‐species variation in the energy budgets of reef‐building corals: Scaling from coral polyps to communities. Journal of Experimental
Biology, 218, 3866–3877. https://doi.org/10.1242/jeb.124396
Howland, M. R., Corr, L. T., Young, S. M. M., Jones, V., Jim, S., Van Der
Merwe, N. J., … Evershed, R. P. (2003). Expression of the dietary
isotope signal in the compound‐specific δ13C values of pig bone lipids and amino acids. International Journal of Osteoarchaeology, 13,
54–65.

FOX et al.

Jim, S., Jones, V., Ambrose, S. H., & Evershed, R. P. (2006). Quantifying
dietary macronutrient sources of carbon for bone collagen biosynthesis using natural abundance stable carbon isotope analysis. British
Journal of Nutrition, 95, 1055–1062. https://doi.org/10.1079/BJN20
051685
Larsen, T., Taylor, D. L., Leigh, M. B., & O'Brien, D. M. (2009). Stable isotope fingerprinting: A novel method for identifying plant, fungal, or
bacterial origins of amino acids. Ecology, 90, 3526–3535. https://doi.
org/10.1890/08-1695.1
Larsen, T., Ventura, M., Andersen, N., O'Brien, D. M., Piatkowski, U., &
McCarthy, M. D. (2013). Tracing carbon sources through aquatic
and terrestrial food webs using amino acid stable isotope fingerprinting. PLoS ONE, 8, e73441. https://doi.org/10.1371/journ
al.pone.0073441
Larsen, T., Ventura, M., Maraldo, K., Triadó‐Margarit, X., Casamayor, E.
O., Wang, Y. V., … O'Brien, D. M. (2016). The dominant detritus‐feeding invertebrate in Arctic peat soils derives its essential amino acids
from gut symbionts. Journal of Animal Ecology, 85, 1275–1285. https
://doi.org/10.1111/1365-2656.12563
Lewis, J. B., & Price, W. S. (1975). Feeding mechanisms and feeding strategies of Atlantic reef corals. Journal of Zoology, 176, 527–544. https://
doi.org/10.1111/j.1469-7998.1975.tb03219.x
Liew, J. H., J Chua, K. W., Arsenault, E. R., Thorp, J. H., Suvarnaraksha, A.,
Amirrudin, A., & Yeo, D. C. J. (2019). Quantifying terrestrial carbon in
freshwater food webs using amino acid isotope analysis—Case study
with an endemic cave fish. Methods in Ecology and Evolution. https://
doi.org/10.1111/2041-210X.13230
Lin, S., Cheng, S., Song, B., Zhong, X., Lin, X., Li, W., … Morse, D. (2015).
The Symbiodinium kawagutii genome illuminates dinoflagellate gene
expression and coral symbiosis. Science, 350, 691–694. https://doi.
org/10.1126/science.aad0408
Matsuda, Y., Shimizu, S., Mori, M., Ito, S. I., & Selosse, M. A. (2012).
Seasonal and environmental changes of mycorrhizal associations and
heterotrophy levels in mixotrophic Pyrola japonica (Ericaceae) growing under different light environments. American Journal of Botany,
99, 1177–1188. https://doi.org/10.3732/ajb.1100546
McCauley, D. J., DeSalles, P. A., Young, H. S., Papastamatiou, Y. P., Caselle,
J. E., Deakos, M. H., … Micheli, F. (2014). Reliance of mobile species
on sensitive habitats: A case study of manta rays (Manta alfredi) and
lagoons. Marine Biology, 161, 1987–1998. https://doi.org/10.1007/
s00227-014-2478-7
McMahon, K. W., Fogel, M. L., Elsdon, T. S., & Thorrold, S. R. (2010). Carbon
isotope fractionation of amino acids in fish muscle reflects biosynthesis and isotopic routing from dietary protein. Journal of Animal Ecology,
79, 1132–1141. https://doi.org/10.1111/j.1365-2656.2010.01722.x
McMahon, K. W., Thorrold, S. R., Houghton, L. A., & Berumen, M. L.
(2016). Tracing carbon flow through coral reef food webs using a
compound‐specific stable isotope approach. Oecologia, 180, 809–
821. https://doi.org/10.1007/s00442-015-3475-3
Morais, R. A., & Bellwood, D. R. (2019). Pelagic subsidies underpin fish
productivity on a degraded coral reef. Current Biology, 29, 1521–1527.
e1526. https://doi.org/10.1016/j.cub.2019.03.044
Muscatine, L., & Porter, J. W. (1977). Reef corals: Mutualistic symbioses
adapted to nutrient‐poor environments. BioScience, 27, 454–460.
https://doi.org/10.2307/1297526
Muscatine, L., Porter, J. W., & Kaplan, I. R. (1989). Resource partitioning by reef corals as determined from stable isotope composition. I
δ13C of zooxanthellae and animal tissue vs depth. Marine Biology, 100,
185–193. https://doi.org/10.1007/BF00391957
Nahon, S., Richoux, N. B., Kolasinski, J., Desmalades, M., Pages, C. F.,
Lecellier, G., … Lecellier, V. B. (2013). Spatial and temporal variations
in stable carbon (δ13C) and nitrogen (δ15N) isotopic composition of
symbiotic scleractinian corals. PLoS ONE, 8, e81247. https://doi.
org/10.1371/journal.pone.0081247

Functional Ecology

|

11

Newsome, S. D., Fogel, M. L., Kelly, L., & Martínez del Rio, C. (2011).
Contributions of direct incorporation from diet and microbial amino
acids to protein synthesis in Nile tilapia. Functional Ecology, 25, 1051–
1062. https://doi.org/10.1111/j.1365-2435.2011.01866.x
O'Brien, D. M., Fogel, M. L., & Boggs, C. L. (2002). Renewable and nonrenewable resources: Amino acid turnover and allocation to reproduction in Lepidoptera. Proceedings of the National Academy of Sciences of
the United States America, 99, 4413–4418. https://doi.org/10.1073/
pnas.072346699
Palardy, J. E., Grottoli, A. G., & Matthews, K. A. (2005). Effects of upwelling, depth, morphology and polyp size on feeding in three species of
Panamanian corals. Marine Ecology Progress Series, 300, 79–89. https
://doi.org/10.3354/meps30 0079
Palardy, J. E., Rodrigues, L. J., & Grottoli, A. G. (2008). The importance of
zooplankton to the daily metabolic carbon requirements of healthy and
bleached corals at two depths. Journal of Experimental Marine Biology and
Ecology, 367, 180–188. https://doi.org/10.1016/j.jembe.2008.09.015
Petersen, D., Wietheger, A., & Laterveer, M. (2008). Influence of different food sources on the initial development of sexual recruits of reefbuilding corals in aquaculture. Aquaculture, 277, 174–178. https://doi.
org/10.1016/j.aquaculture.2008.02.034
Piniak, G. A., Lipschultz, F., & McClelland, J. (2003). Assimilation and partitioning of prey nitrogen within two anthozoans and their endosymbiotic zooxanthellae. Marine Ecology Progress Series, 262, 125–136.
https://doi.org/10.3354/meps262125
Porter, J. W. (1976). Autotrophy, heterotrophy, and resource partitioning
in Caribbean reef‐building corals. American Naturalist, 110, 731–742.
https://doi.org/10.1086/283100
Radice, V. Z., Hoegh‐Guldberg, O., Fry, B., Fox, M. D., & Dove, S. G. (2019).
Upwelling as the major source of nitrogen for shallow and deep reef‐
building corals across an oceanic atoll system. Functional Ecology,
33(6), 1120–1134. https://doi.org/10.1111/1365-2435.13314
Reid, E. C., DeCarlo, T. M., Cohen, A. L., Wong, G. T. F., Lentz, S. J.,
Safaie, A., … Davis, K. A. (2019). Internal waves influence the thermal and nutrient environment on a shallow coral reef. Limnology and
Oceanography. https://doi.org/10.1002/lno.11162
Roder, C., Fillinger, L., Jantzen, C., Schmidt, G. M., Khokiattiwong, S., &
Richter, C. (2010). Trophic response of corals to large amplitude internal waves. Marine Ecology Progress Series, 412, 113–128. https://
doi.org/10.3354/meps08707
Rodrigues, L. J., & Grottoli, A. G. (2006). Calcification rate and the stable carbon, oxygen, and nitrogen isotopes in the skeleton, host tissue, and zooxanthellae of bleached and recovering Hawaiian corals. Geochimica Et Cosmochimica Acta, 70, 2781–2789. https://doi.
org/10.1016/j.gca.2006.02.014
Sebens, K. P., Witting, J., & Helmuth, B. (1997). Effects of water flow and
branch spacing on particle capture by the reef coral Madracis mirabilis
(Duchassaing and Michelotti). Journal of Experimental Marine Biology and
Ecology, 211, 1–28. https://doi.org/10.1016/S0022-0981(96)02636-6
Selosse, M.‐A., Charpin, M., & Not, F. (2016). Mixotrophy everywhere on
land and in water: The grand écart hypothesis. Ecology Letters, https
://doi.org/10.1111/ele.12714
Silfer, J. A., Engel, M. H., Macko, S. A., & Jumeau, E. J. (1991). Stable carbon isotope analysis of amino acid enantiomers by conventional isotope ratio mass spectrometry and combined gas chromatography/
isotope ratio mass spectrometry. Analytical Chemistry, 63, 370–374.
https://doi.org/10.1021/ac0000 4a014
Stoecker, D. K., Hansen, P. J., Caron, D. A., Mitra, A. (2017). Mixotrophy
in the Marine Plankton. Annual Review of Marine Science, 9, 311–335.
https://doi.org/10.1146/annurev-marine-010816-060617
Tanaka, Y., Suzuki, A., & Sakai, K. (2018). The stoichiometry of coral‐dinoflagellate symbiosis: Carbon and nitrogen cycles are balanced in
the recycling and double translocation system. The ISME Journal, 12,
860–868. https://doi.org/10.1038/s41396-017-0019-3

12

|

Functional Ecology

Teece, M. A., Estes, B., Gelsleichter, E., & Lirman, D. (2011). Heterotrophic
and autotrophic assimilation of fatty acids by two scleractinian
corals, Montastraea faveolata and Porites astreoides. Limnology and
Oceanography, 56, 1285–1296.
Toh, T. C., Ng, C. S. L., Peh, J. W. K., Toh, K. B., & Chou, L. M. (2014).
Augmenting the post‐transplantation growth and survivorship of
juvenile scleractinian corals via nutritional enhancement. PLoS ONE,
9(6), e98529. https://doi.org/10.1371/journal.pone.0098529
Treignier, C., Tolosa, I., Grover, R., & Reynaud, S. (2009). Carbon isotope composition of fatty acids and sterols in the scleractinian coral Turbinaria
reniformis: Effect of light and feeding. Limnology and Oceanography, 54,
1933–1940. https://doi.org/10.4319/lo.2009.54.6.1933
Tremblay, P., Gori, A., Maguer, J. F., Hoogenboom, M., & Ferrier‐Pagès, C.
(2016). Heterotrophy promotes the re‐establishment of photosynthate translocation in a symbiotic coral after heat stress. Scientific
Reports, 6, 38112. https://doi.org/10.1038/srep38112
Tremblay, P., Maguer, J. F., Grover, R., & Ferrier‐Pagès, C. (2015). Trophic
dynamics of scleractinian corals: Stable isotope evidence. Journal
of Experimental Biology, 218, 1223–1234. https://doi.org/10.1242/
jeb.115303
Vander Zanden, H. B., Soto, D. X., Bowen, G. J., & Hobson, K. A. (2016).
Expanding the isotopic toolbox: Applications of hydrogen and oxygen stable isotope ratios to food web studies. Frontiers in Ecology and
Evolution, 4. https://doi.org/10.3389/fevo.2016.00020
Venables, W. N., & Ripley, B. D. (2002). Modern applied statistics with S
(4th ed.). New York, NY: Springer.
Wall, C. B., Ritson‐Williams, R., Popp, B. N., & Gates, R. D. (2019). Spatial
variation in the biochemical and isotopic composition of corals
during bleaching and recovery. Limnology and Oceanography. https://
doi.org/10.1002/lno.11166
Wang, J. T., & Douglas, A. E. (1999). Essential amino acid synthesis and
nitrogen recycling in an alga–invertebrate symbiosis. Marine Biology,
135, 219–222. https://doi.org/10.1007/s002270050619
Whiteman, J. P., Elliott Smith, E. A., Besser, A. C., & Newsome, S. D.
(2019). A guide to using compound‐specific stable isotope analysis to
study the fates of molecules in organisms and ecosystems. Diversity,
11, 8. https://doi.org/10.3390/d11010 008

FOX et al.

Wijgerde, T., Diantari, R., Lewaru, M. W., Verreth, J. A. J., & Osinga, R.
(2011). Extracoelenteric zooplankton feeding is a key mechanism
of nutrient acquisition for the scleractinian coral Galaxea fascicularis. Journal of Experimental Biology, 214, 3351–3357. https://doi.
org/10.1242/jeb.058354
Williams, G. J., Sandin, S. A., Zgliczynski, B., Fox, M. D., Furby, K., Gove,
J. M., … Smith, J. E. (2018). Biophysical drivers of coral trophic
depth zonation. Marine Biology, 165, 60. https://doi.org/10.1007/
s00227-018-3314-2
Work, T. M., & Aeby, G. S. (2014). Microbial aggregates within tissues infect a diversity of corals throughout the Indo‐Pacific. Marine Ecology
Progress Series, 500, 1–9. https://doi.org/10.3354/meps10698
Ying, H., Cooke, I., Sprungala, S., Wang, W., Hayward, D. C., Tang, Y., …
Miller, D. J. (2018). Comparative genomics reveals the distinct evolutionary trajectories of the robust and complex coral lineages. Genome
Biology, 19, 175. https://doi.org/10.1186/s13059-018-1552-8
Ziegler, M., Roder, C. M., Büchel, C., & Voolstra, C. R. (2014). Limits to
physiological plasticity of the coral Pocillopora verrucosa from the
central Red Sea. Coral Reefs, 33, 1115–1129. https://doi.org/10.1007/
s00338-014-1192-8

S U P P O R T I N G I N FO R M AT I O N
Additional supporting information may be found online in the
Supporting Information section at the end of the article.

How to cite this article: Fox MD, Elliott Smith EA, Smith JE,
Newsome SD. Trophic plasticity in a common reef‐building
coral: Insights from δ13C analysis of essential amino acids.
Funct Ecol. 2019;00:1–12. https://doi.org/10.1111/13652435.13441

