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Abstract Nutrient acquisition through heterotrophy is
critical for the health of reef-building corals. The optimi-
zation of exogenous nutrition protocols to support a diver-
sity of aquaculture corals requires improved techniques to
assess feeding rates. Here, we compared the feeding rates of
three coral species (Acropora millepora, Pocillopora acuta
and Galaxea fascicularis) fed Artemia salina through cap-
ture rate (indirect) and dissection (direct) approaches, with
direct detection and enumeration within dissected polyps
facilitated by fluorescent microbeads ingested by the Arte-
mia. When A. millepora was provided Artemia at 3 indi-
viduals m1~! for one hour, the calculated capture rates (0.7
ind. polyp~' h™!) overestimated prey ingested compared to
prey detected directly within polyps (0.2 ind. polyp™' h™),
and ingestion varied significantly between genotypes.
In contrast, for P. acuta, capture rate calculations (1 ind.
polyp~' h™!) underestimated prey detected within polyps
(3.5 ind. polyp~! h™') and ingestion did not vary between
genotypes. For G. fascicularis, the feeding rates were similar
as calculated by both capture rates (59 ind. polyp~' h~!) and
by polyp dissections (75 ind. polyp~!' h™!). Results from this
study provide valuable insights into coral feeding rates of
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different coral species that can improve prey enrichment and
feeding strategies for nutritional supplementation of corals
in captivity.
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Introduction

Coral aquaculture is expanding rapidly to supply a grow-
ing ornamental trade and to replenish reefs that have been
degraded due to anthropogenic impacts (Osinga et al. 2011;
Leal et al. 2016). Across the ornamental and hobbyist indus-
try, there are over 100 coral species collected from the wild
and propagated in relatively small-scale aquarium systems
(Borneman 2009; Tagliafico et al. 2018a). However, as the
demand for coral increases, the scale at which corals are
cultured in captivity must also expand to reduce impacts of
wild harvesting (Barton et al. 2015). Exogenous feeds are
needed to fully meet the nutritional needs of captive corals.
Our limited understanding of the nutritional requirements of
corals and their species-specific feeding abilities represent
significant hurdles for large-scale production.
Heterotrophic feeding is essential to the health of all
symbiotic, reef-building corals (Brafield & Llewellyn 1982;
Anthony & Fabricius 2000; Houlbreque et al. 2004a). Sym-
biotic corals are mixotrophs, obtaining energy through auto-
trophic assimilation of photosynthates derived from their
algal symbiotic partners (Symbiodiniaceae) and through
heterotrophic feeding (Houlbreque & Ferrier-Pages, 2009;
Ferrier-Pages et al. 2011). Although some corals can acquire
significant amounts of their energy needs from photosyn-
thates, all corals require heterotrophic inputs to survive
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(Palardy et al. 2008; Hughes et al. 2010; Ezzat et al. 2016).
Morphological characteristics can provide useful insights
into a coral species’ feeding ability. For example, a fast-
growing branching or tabulate coral colony, such as an
Acropora sp., has small polyps (<1 mm diameter) and the
high surface to volume ratios of colonies maximizes light-
acquisition which can impede capture of live prey. In con-
trast, a slow-growing massive coral colony, such as a Favifes
sp., has larger polyps (>5 mm diameter), which may have
evolved to maximize plankton-capture (Houlbréque et al.
2009; Conti-Jerpe et al. 2020).

Among a range of diets employed by aquarium facili-
ties, Artemia spp. nauplii is a cost-effective, commercially
available option. Artemia is offered to an estimated 85%
of all marine organisms in aquaculture (Trager et al. 1994;
Sebens et al. 1998; Kumar & Babu 2015) and has been dem-
onstrated to stimulate growth and improve survivability of
a range of captive corals (Osinga et al. 2012a; Tagliafico
et al. 2018a). The growth and survival of juvenile and adult
aquarium reared Pocillopora acuta (Toh et al. 2013; Huang
et al. 2020), Pocillopora damicornis (Conlan et al. 2018),
Acropora tenuis, Favia fragum (Petersen et al. 2008) and
Duncanopsammia axifuga (Tagliafico et al. 2018b) improved
significantly when fed Artemia nauplii when compared to
unfed corals.

A range of indirect and direct approaches have assessed
coral feeding abilities, each with strengths and limitations.
The capture rate approach is an indirect method of assess-
ment commonly used to select optimal feeding densities for
aquarium reared corals (Osinga et al. 2008, 2012b; Kuanui
et al. 2016). Determination of mean capture rates involves
counting prey in a fixed volume of water before and after
a feeding period and then, normalizing to a unit of coral
(e.g., surface area or polyp number). The capture of Artemia
by a range of corals, including small polyp Acropora spe-
cies (Hoogenboom et al. 2015; Kuanui et al. 2016; Taglia-
fico et al. 2018a), P. damicornis (Hoogenboom et al. 2015;
Kuanui et al. 2016) and relatively large polyp Galaxea fas-
cicularis (Hii et al. 2009; Osinga et al. 2012b; Hoogenboom
et al. 2015) and D. axifuga (Tagliafico et al. 2018a), has been
measured through this approach. However, such indirect
methods rely on problematic assumptions that prey captured
equals prey consumed and do not account for the dynam-
ics of prey capture, ingestion and release, or prey passively
caught by mucus secretions but not ingested (Osinga et al.
2012b). Additionally, the capture rate approach calculates
average capture rates per polyp based on whole fragment
measurements, although there is likely a non-uniform dis-
tribution of ingested prey across polyps within a fragment
and across the larger colony.

To quantify and assess both capture and ingestion
of delivered feeds by individual coral polyps, direct
approaches must be utilized. Direct approaches can more
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accurately assess coral feeding and to date have employed
video (Wijgerde et al. 2011; Osinga et al. 2012b) and coral
polyp dissections (Hall et al. 2015; Kuanui et al. 2016;
Smith et al. 2016). For example, dissections of P. dami-
cornis, A. millepora and A. nobilis polyps have been uti-
lized to investigate the breakdown of Artemia nauplii in
fed corals as well as the composition of ingested plankton
in G. fascicularis across reef habitats (Kuanui et al. 2016;
Smith et al. 2016; Axworthy & Padilla-Gamino 2019).
However, dissections require time, refined microscopic
approaches and are complicated by small coral polyps and
cryptic prey (Trager et al. 1994; Houlbreque et al. 2004b).
Importantly, though polyp dissections are an important
tool to understand the amount and types of prey consumed,
it is not always feasible to differentiate degraded prey from
coral tissue. One approach to overcome these limitations
is visual aids (e.g., dyes, fluorescent markers) to improve
prey detection. The addition of fluorescent markers could
extend our understanding of feeding by facilitating docu-
mentation of uptake and increasing contrast between prey
and coral tissue. Visualization methods using fluorescent
polystyrene microbeads first emerged as a biomedical
diagnostic tool (Popielarski et al. 2005; Madden et al.
2013; Bott 2014) and have since been applied to investi-
gate prey preference in ornamental marine fish (Lee et al.
2018). Many zooplankton species, including copepods,
rotifers and mysid shrimp, graze on particulate matter
and inadvertently ingest microplastics. Direct detection
of microplastics ingestion in experimentally infected zoo-
plankton has been demonstrated by the application of fluo-
rescent polystyrene microbeads (Setild et al. 2014; Lee
et al. 2018; Miller et al. 2020). These studies suggest that
many zooplankton species can be readily incubated with
fluorescent microbeads (Setili et al. 2014; Lee et al. 2018,;
Miller et al. 2020).

To aid in the direct quantification of feeding rates, this
study compares the capture and ingestion abilities of three
morphologically distinct scleractinian coral species (Acro-
pora millepora, Pocillopora acuta and Galaxea fascicula-
ris) fed Artemia nauplii. Furthermore, this study compares
and develops methods that can accurately inform feeding
regimes for corals in aquaculture. The ability of these cor-
als to capture and ingest Artemia was investigated through
two experiments. The first, referred to as “the capture rate
experiment,” compared the ability of corals to capture
Artemia salina instar I nauplii supplied at different initial
densities, as measured by the number of prey items cleared
from a fixed volume of water. The second experiment,
referred to as “the ingestion experiment,” directly quanti-
fied the number of prey items ingested by coral polyps
via fluorescence microscopy detection of Artemia instar 11
nauplii, incubated with fluorescent microbeads.
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Methods
Coral collection and maintenance

Three adult colonies (genotypes) of each species (A. mille-
pora, P. acuta and G. fascicularis) were collected from
Davies Reef (lat.: 18°49'31" S, long.: 147°38'50" E) (AIMS
General Permit G12/35236.1). Following collection, corals
were transported to the National Sea Simulator (SeaSim)
located at the Australian Institute of Marine Science (AIMS,
Cape Cleveland, Australia) and acclimated to aquarium con-
ditions in outdoor tanks for two weeks, with the tempera-
ture set to emulate reef conditions (24 °C) at the time of
collection.

Adult colonies were cut into small fragments (2-5 cm
length) using a Gryphon Coral Saw then adhered to either
aragonite (capture rate experiment) or ceramic plugs with a
wax coating to prevent biofouling (ingestion experiment).
Plugs were placed on elevated PVC trays, which were moved
to 250 1 indoor holding tanks where fragments further accli-
mated for four weeks. Holding tanks were supplied with
filtered (1 um) flow-through seawater and a circulation pump
(Tunze® Turnbelle® nanostream®) for water movement.
The temperature of the holding tanks was maintained at
27+0.02 °C, and a light regime was programmed to match
the natural day and night cycle and oscillations in intensity
(maximum 200-250 pmol photons m~2 s~!). Lights were
ramped up to maximum intensity over four hours, held for
four hours then ramped down over four hours. Coral frag-
ments in holding tanks were fed low concentrations of Arte-
mia instar I nauplii and Brachionus plicatilis daily to sup-
port their nutritional health prior to experimental trials. To
control algal growth, tanks were manually cleaned weekly
as well as via herbivorous snails (Turbo spp. and Thalo-
tia strigata) and orange-shoulder surgeonfish (Acanthurus
olivaceus).

Artemia preparation

Artemia salina cysts (Sep-Art magnetic GSL Artemia cysts,
INVE, Belgium) were hatched overnight and harvested daily
(2.5 g cysts in 1 1 seawater; pH:8, salinity 25-35 ppt). A
magnetized collector tube (Sep-Art™, INVE, Belgium) sep-
arated cysts from hatched nauplii. Newly harvested instar I
nauplii were diluted with filtered seawater (1 um) and gently
aerated (~ 1:4 Artemia to seawater ratio; ~600 ind. ml™").
Repeat counts of Artemia nauplii in the diluted solution
(n=>5 or until the standard error was < 10% of the mean)
were conducted in a Bogrov counting chamber to determine
the delivered prey densities. The diluted Artemia solution
was kept at 27 £0.02 °C until the feeding trials.

An initial study was conducted to determine an aver-
age time point (hours post-harvest) when all Artemia had

ingested fluorescent microbeads and their average size at this
time. For the ingestion experiment, Artemia were harvested
at this time point to ensure that they could ingest microbeads
and hence could be visualized in fed corals. At eight fixed
time points after harvest, Artemia nauplii were incubated
with fluorescent microbeads, as described below. After incu-
bations, nauplii were placed onto glass cavity slides with the
addition of a viscous solution (1% methocel) to slow down
prey movement for visualization using an inverted fluores-
cent microscope (LEICA DMI6000B, LAS-X software) with
fluorescent filters (ET-GFP, 450/490 nm) and images were
taken (AxioCam MRc Rev. 3). Lengths of nauplii (n=30)
were measured from the eye to the end of the tail (Ekono-
mou et al. 2019) using Leica Application Suite X (LAS-X)
microscope software. Larval developmental stage was deter-
mined by detection of fluorescence beads in the nauplii guts
since microbeads could only be taken up by feeding nauplii,
which occurs after their first molt into instar II nauplii, with
developed mouthparts and guts.

For the ingestion experiment’s feeding trials, prior to use,
small volumes of the microbeads stock solution (3.8 x 10'°
particles ml™!, in a 2% solids solution) were dispensed and
diluted with ultra-filtered seawater (0.22 um) at 1:1 ratio.
The diluted solution was sonicated briefly to prevent aggre-
gation, and then, 10 pl was added to 25 ml suspension cul-
ture flasks with vented caps (Sarstedt, Germany) with 7 ml
of Artemia nauplii (~600 ind. m1~!). Flasks were placed on
an orbital shaker (50 rpm) for 1 h before rinsing thoroughly
with seawater using a 250 um mesh net for 5 min. To assess
if the washing step removed microbeads from nauplii sur-
faces and the surrounding solution, aliquots of Artemia were
fixed in 4% neutral buffered formaldehyde (NBF) in sea-
water solution before and after and subsequently inspected
by fluorescence microscopy. Similarly, an Artemia aliquot
was fixed after each feeding trial to confirm gut retention of
microbeads for downstream detection.

Feeding trials

Prior to feeding trials, coral fragments were moved into 2.5 1
cylindrical acrylic feeding chambers to acclimate for 24 h
with flow-through filtered seawater set to one turnover per
hour (2.5 1h~!). Feeding chambers were placed in freshwater
baths to maintain constant temperature of 24 °C. Water pow-
ered, magnetic stirrers and a magnetic stir bar were added to
the bottom of each feeding chamber to homogenize delivered
prey and provide water movement.

Water flow to the feeding chambers was stopped and the
water volume in each chamber carefully adjusted by siphoning
to 2 1 (capture rate experiment) or 1 1 (ingestion experiment).
Feeds were delivered to the feeding chambers via syringe.
Magnetic stir bars (80 revolutions min~") ensured distribu-
tion of prey without stratification. Observations on feeding
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response indicators (e.g., polyp extension, tentacle move-
ment, formation of mucus-prey agglomerations) were taken
at 10 min post-feed delivery as well as throughout each trial.

Capture rate experiment

A drop of suspended Artemia was added to each chamber to
elicit a feeding response prior to delivering feeds. For P. acuta
and A. millepora trials, instar I nauplii were delivered to nine
chambers per species, each housing one coral fragment, per
prey density treatment (3 replicate chambers per treatment:
Low (1 ind. mI™!), Medium (2 ind. ml~!) and High (4 ind.
ml~"). For G. fascicularis trials, an additional prey density
treatment (8 ind. m1~") was added due to the high feeding rates
previously documented for G. fascicularis (Osinga et al. 2008;
2012b). For each experimental chamber with coral, there was
a corresponding control chamber without coral. Trials com-
menced at 10:00 h, during peak light intensity, on three con-
secutive mornings. This controlled for potential differences in
feeding based on light intensity fluctuations and repeat cap-
ture rate measurements over consecutive days tested satiation
effects (e.g., decreases in mean daily capture rates over time).
Initial (C,) and final (C) prey concentrations were determined
by counting 20 ml seawater aliquots collected five min after
feed delivery and again one hour later.

Upon conclusion of the third day of trials, polyp counts
were obtained for each fragment. A. millepora and P. acuta
polyp counts were derived by multiplying their respective
average number of polyps per square centimeter with their
surface area measured using a wax dipping protocol (Veal
et al. 2010). The average number of polyps per square centim-
eter for A. millepora and P. acuta fragments was estimated by
counting the number of polyps within a measured area using
ToupView software version 4.10 (ToupTek, Zhejiang, China)
from a minimum of three different sections (e.g., base, trunk,
branch) of 20 representative fragments per species. Due to
their larger size, G. fascicularis polyps were counted manu-
ally. Mean capture of Artemia per coral polyp was calculated
by the following Eq. (1):

Capture rate : (C, = C,)xV,yer/N (1)

where C,, is the initial, and C, is the final number of nauplii
in a sample volume of water at the end of an allocated feed-
ing time (1 h), V., is the volume of water in the feeding
chamber, and N is the number of coral polyps (Osinga et al.
2012b).

Ingestion experiment
Artemia instar II nauplii, incubated with fluorescent micro-

beads as described above, were delivered at a fixed den-
sity (3 ind. ml1™!) to four replicate feeding chambers per
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species. Each chamber housed three fragments of differ-
ent genotypes (n=12 fragments per species; four of each
genotype). To calculate capture rates for the corals in the
same chambers, initial and final prey counts were taken
from 20 ml seawater aliquots collected immediately after
feed delivery and again 70 min later, allowing 10 min for
corals to elicit a feeding response to added prey.

After feeding trials were completed, coral fragments were
fixed for 24 h in 4% NBF at 4 °C and then rinsed in ultra-
filtered seawater (0.22 pm) prior to placement in 4% formic
acid solution for decalcification for 24 h—48 h. Decalcified
fragments were rinsed in ultra-filtered seawater (0.22 um)
and placed in 2 X PBS in 50% ethanol (0.44 um syringe fil-
tered) for storage at —20 °C until dissected.

Decalcified corals were pinned to wax dissecting plates
using headless stainless-steel pins (5 mm, Cat. no. E185,
Australian Entomological Supplies®™Y 1TP) and dissected
under a dissecting stereoscope (LEICA MZ109) with an in-
built GFP long-pass filter (LEICA ET-GFP LP FLUO filter;
excitation filter: 480/40 nm, barrier filter: 254/511 nm) using
forceps, dissecting scissors, scalpels, and fine tip dissect-
ing probes (0.25 mm, product 10,140, Fine Science Tools,
Inc.). Decalcified corals were cut into tissue sections and
imaged one section at a time (Software: LAS V4, Camera:
Leica DFC450 C). After imaging, ingested Artemia were
counted within all the polyps present within each tissue sec-
tion. Lastly, tissue sections were discarded to avoid double
counting.

Acropora millepora fragments (L: ~2 cm, W:~0.5 cm)
were incised longitudinally with the axial corallites bisected.
P. acuta fragments (L: ~2 cm, W:~2 cm) were ‘unfolded’
and flattened. Each fragment was cut into 6 + 2 sections. G.

fascicularis fragments (L: ~2 cm W:~2 cm) each had four

to five polyps, which were dissected separately. The mouth
of each G. fascicularis polyp was probed to separate clumps
of Artemia from the tentacles, which auto-fluoresced. Each
polyp was then longitudinally incised, flattened and pinned
to the wax dish. The flattened sections were further divided
to avoid double counting. A series of images were taken for
all dissected samples and imported into Image J (https://
imagej.nih.gov/ij/) for analysis and annotation. In each sec-
tion, polyps were outlined and numbered with prey enumer-
ated using the multi-point tool. Correct detection of ingested
Artemia was ensured by comparison with control images
generated in pilot studies where corals were delivered (i)
Artemia without beads; (ii) Artemia incubated with beads
or (iii) beads only.

Data analysis
Statistical analyses were carried out in R-studio (version

1.4.1106, R Core Development Team, 2009) using a sig-
nificance level of P <0.05. Models that best explained
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the trends in the feeding rate data, outlined below, were
selected using Akaike Information Criterion (AIC). For
the capture rate experiment, maximum-likelihood models
were used to evaluate the effect of day and initial prey
densities (ind. mI~!) on capture rates (ind. polyp~' h™!)
(car, Ime4 R-packages). Two sets of models were fitted.
One examined the effects of coral species, day (i.e., satia-
tion) and initial prey density on the prey capture rate and
all interactions. This first model was then reduced to the
simplest model, using AIC to compare alternative mod-
els. To clarify the significant interactions identified in the
final model, each species was then analyzed separately.
Additionally, the difference in initial and final Artemia
nauplii concentrations between control chambers (Artemia
only) and experimental chambers (Artemia + corals) was
assessed by paired t tests.

For the ingestion experiment, count regression models
assessed the effect of genotype and feeding chamber on
the number of Artemia counted within polyps of each dis-
sected section of a particular species. Dissected sections
within samples were included as random effects, when
this was found to improve the model. Overdispersion
in the nauplii counts was handled by using the negative
binomial as the family for the count regression. Analyses
of deviance (car R-package) determined whether the two
main effects (genotype, chamber) influenced the number of
Artemia consumed by each species. Paired t tests assessed
differences in feeding rates as calculated by capture rate
and ingestion rate values for a given chamber. Lastly,
pairwise two-sample t tests, allowing for unequal mean
variances, were used to analyze the mean feeding rates
from both experiments where initial prey densities were
comparable to 3 ind. m1~! + 1.5 to compare results derived
from three calculations.

Results
Artemia developmental stages

For the capture rate experiment, the average length of deliv-
ered Artemia nauplii was 508 +45 um (instar I, 3 h post-har-
vest). For the ingestion experiment, Artemia were delivered
after 22 h post-harvest, as initial trials showed that all nauplii
had undergone a first molt into instar II nauplii at this time
with an average length of 735 +94 pum (Online Resource
1). Observations via fluorescence microscopy found that
Artemia instar II nauplii ingested fluorescent microbeads
and retained their gut contents 2 h post-rinsing, confirming
that the fluorescent markers were not lost through excretion
during the feeding trials.

Experiment I: capture rate

For A. millepora, the average surface area of fragments was
84 +4.5 cm?, with an average number of 46 + 2 polyps cm™>
(3844 +219 mean polyps fragment™!) (Table 1). There was
no significant difference in initial Artemia prey counts
between control and experimental chambers (t=— 0.75,
df=52, P=0.5) and no significant difference between ini-
tial and final Artemia counts in control chambers without
corals (t=— 0.04, df =52, P=0.96). In contrast, a signifi-
cant difference was found between initial and final Artemia
counts for chambers with A. millepora, with final counts
being lower (1=6.39, df =52, P <0.0005). The capture rates
of Artemia delivered at initial concentrations of 1, 2 and 4
ind. ml~! were 0.31+£0.08, 0.57+0.08 and 1.22+0.13 ind.
polyp™ h™!, respectively. There was a strong linear rela-
tionship between capture rate and prey density as the ini-
tial prey concentration increased (capture rate ~initial ind.
polyp~!, r»=0.88) (Fig. la). Capture rates, normalized to
polyps across chambers, on consecutive days and delivered
prey levels did not differ significantly (Analysis of Deviance,
x*=1.33, P=0.25 and x*=3.17, P=0.20, respectively).
However, coral mucus secretions were observed trapping
delivered Artemia, particularly in chambers delivered 2 or
4 ind. ml~! (Online Resource 2a). There were no significant
interactions between fixed factors (Analysis of Deviance,
x*=3.25,P=0.19).

For P. acuta, the average surface area of fragments
was 153 + 10 cm?, with an average of 70 +2 polyps cm™>
(10,762 + 748 polyps fragment™!) (Table 1). Mean P.
acuta capture rates ranged from 0 to 0.29 ind. polyp~' h™!
(Fig. 1b). Initial and final Artemia counts in the control
chambers were not significantly different (r=— 0.06, df =34,
P =0.949) though initial counts made five min after feed
delivery were higher in control chambers than in cham-
bers with corals (r=2.73, df =30, P <0.005). In chambers
with P. acuta fragments, fewer Artemia were counted at the
final compared to the initial time point (=3.69, df =22,
P <0.005). Mean capture rates when delivered Artemia
at 1, 2 and 4 ind. ml~! were 0.06 +0.02, 0.06+0.01 and
0.14+0.09 ind. polyp™ h~!, respectively. Mean capture
rates across chambers on consecutive days and delivered
prey levels did not differ significantly (Analysis of Deviance,
x*=1.73, P=0.22 and x*>=1.33, P=0.30, respectively).

Galaxea fascicularis fragments had an average of 103 +5
polyps (Table 1). Mean G. fascicularis capture rates ranged
from 1 to 110 ind. polyp~! h™! in experiments performed
on consecutive days (Fig. 1c). The initial and final Arte-
mia counts in control chambers as well as initial Artemia
counts in control and experimental chambers did not dif-
fer significantly (r=— 0.75, df =52, P=0.5 and r=— 0.04,
df=52, P=0.96, respectively). Significantly fewer Artemia
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Fig. 1 Relationship between capture rate and initial prey per polyp in »
corals fed Artemia Instar I nauplii. The x- axis shows number of prey
items normalized to polyps per coral fragment (ind. polyp~' h71),
and the y-axis is the number of prey caught per polyp over an hour
from one coral within a chamber on any given day (ind. polyp™!). In
G. fascicularis trials (c) there was an interaction between day and
level on capture rates. The (*) shows an outlier where the day one
capture rate was 110, and day three capture rate was 13.5, from the
same coral fragment

were counted for the final compared to the initial time point
for chambers containing G. fascicularis (t=2.95, df =67,
P <0.005). Delivered prey density had a significant effect on
capture rates (Analysis of Deviance, x*=25.04, P= <0.001)
and were found to be 16.15 +1.69, 26.16 +2.20, 43.67+5.01
and 47.87 +9.56 ind. polyp~! h™! for initial Artemia densi-
ties of 1, 2, 4 and 8 ind. ml~!, respectively. Capture rates
were not influenced by day (Analysis of Deviance, x>=1.58,
P=0.21), but there was a significant interaction between
day and delivered prey level indicating effects of an outlier
(Analysis of Deviance, x*=20.46, P= <0.001). Capture
rates from a single G. fascicularis fragment in one chamber
equated to 110 on day one and 13.5 prey captured per polyp
on day three.

Experiment II: ingestion

Dissection of coral polyps fed instar II Artemia nauplii with
fluorescent microbeads identified variation in prey ingestion
between coral species. For A. millepora, the total number of
polyps assessed over the 12 fragments was 477 with an aver-
age of 40 + 2 polyps per fragment. Eight of 165 polyps (5%
of total polyps) from genotype A fragments had ingested
Artemia, with between 1 and 3 Artemia detected per polyp.
Two of 150 polyps (1.3% of total polyps) from genotype
B fragments were detected to have ingested Artemia, with
2 Artemia detected per polyp. In contrast, 45 out of 162
polyps from genotype C fragments ingested Artemia, with
the number of Artemia ranging from 1 to 4 per polyp. The
fragments from genotype C were observed to have full polyp
extension at 10 min post-feed delivery and were noticeably
paler than the fragments sourced from other adult colonies.
A negative binominal count regression model was found to
be the best fit for the A. millepora dataset. Genotype signifi-
cantly influenced the Artemia counts in dissected A. mille-
pora polyps (Analysis of Deviance, x>=15.6, P <0.0005),
and there was also a significant interaction between genotype
and chamber (Analysis of Deviance, x*=298, P< 0.0005)
(Table 2) (Fig. 2a).

For P. acuta, data were collected from 1443 polyps within
72 sections of 12 fragments, with an average of 3.3+0.1
Artemia per polyp. A negative binomial mixed-effects
model with genotype and chamber as fixed effects was
found to be the best fit for the P. acuta dataset. Effects of
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chamber and genotype did not improve the model, however
adding in section as a random effect did (Car package R)
(Table 2) (Fig. 2b). This is consistent with the observation
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Table 1 Summary of mean

i Species® Surface area (cm?) No. Polyps Conc. of Capture
surface area, polyp number - - nauplii (ind. rate® (ind.
and capture rates of corals fed cm fragment -1 —1 -1
o - ml ™) polyp™ h™)
Artemia instar I nauplii
Acropora millepora 84+4.5 46+2.4  3844+219 1 0.31+0.08
2 0.57+0.08
4 1.22+0.13
Pocillopora acuta 153+10 70+2 10,762 +748 1 0.06+0.02
2 0.06+0.01
4 0.14+0.09
Galaxea fascicularis n/a n/a 103+5 1 16.15+1.70
2 26.16+£2.20
4 43.67+5.01
8 47.87+9.56

Individual corals were placed in triplicate chambers per prey concentration level (ind. ml™!) and fed over

three successive days

PCapture rates are expressed as Mean+S.E

that Artemia were clumped within polyps and that polyps
closer together consumed similar numbers of Artemia prey.
Artemia clusters were typically present in the polyps furthest
away from the fragment’s point of attachment to the ceramic
plug (Online Resource 2b).

For G. fascicularis, strong auto-fluorescence in replicate
fragments taken from two out of the three adult colonies
(i.e., two out of three genotypes) prevented enumeration
of ingested prey because Artemia was unable to be distin-
guished from the coral tissue. However, in four replicate
fragments taken from a third adult colony (i.e., one geno-
type), Artemia was able to be enumerated without auto-flu-
orescence interfering. The average prey counts within these
replicate fragments were 75+ 13 ind. polyp~' h™! (n=20

polyps).
Comparison of capture and ingestion rates

Both capture rates and ingestion rates were determined in
experiment II to enable direct comparison between these
two measures of coral feeding. When normalized to the
total number of polyps in the chamber (i.e., across three
fragments), the measured capture and ingestion rates dif-
fered significantly for A. millepora and P. acuta but were
similar for G. fascicularis (Fig. 3). For A. millepora, cap-
ture rates were higher than ingestion rates (¢,,. 1, =2.99,
df=4, P<0.05), while the opposite was seen for P. acuta
(tonerain = — 14.84, df =4, P <0.0005). For G. fascicularis,
capture and ingestion rates were not significantly different
(tonerain =— 0.83, df =6, P=0.21). For the latter coral spe-
cies, the measured rates were based on counts from only one
fragment per chamber due to tissue auto-fluorescence in the
fragments from the other two genotypes.

Discussion

Most aquarium-based feeding studies have calculated coral
feeding rates from indirect capture rate methods (Petersen
et al. 2008; Osinga et al. 2012b; Tagliafico et al. 2018a).
However, direct approaches, such as calculating ingestion
rates from prey enumerated in polyp dissections, produce
more accurate feeding rates and provide insights into how
prey is ingested across the entire coral (Sebens et al. 1998;
Kuanui et al. 2016). Ingested prey is often difficult to dif-
ferentiate from coral tissue, and visual markers are one way
of mitigating this constraint. Here, visualization of ingested
prey was achieved by incubating them with fluorescent
microbeads prior to feeding the corals.

Cross-species and cross-study capture rate comparisons

Results from the capture rate experiment suggest that differ-
ent coral species have varying abilities to capture delivered
Artemia salina instar I nauplii. The capture rates increased
with prey density level for A. millepora and P. acuta; how-
ever, for these coral species the trend was only significant
when capture rates were normalized to polyps per fragment.
In contrast, for G. fascicularis, the delivered prey density
treatment was found to be a significant factor for Artemia
capture rate, without normalization based on polyp number.
The fixed density levels were relatively similar (1-4 ind.
ml~"), which partly explains why normalization was required
for the resulting capture rates to display significant differ-
ences. Our results confirm previous studies where capture
rates of Artemia by corals increased with higher initial prey
densities, normalized to polyps per fragment (Petersen et al.
2008; Osinga et al. 2012b; Tagliafico et al. 2018a). Further-
more, given the large number of polyps per A. millepora
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Fig. 2 Mean Artemia instar 11 (a) Acropora millepora Chamber
nauplii per (a) Acropora mflle— o S — —_—
pora (n=477) and (b) Pocillo-
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Table 2 Analysis of Deviance table for the best fit fixed and mixed
effect models of the number of Artemia salina instar II nauplii
ingested by Acropora millepora and Pocillopora acuta

X2 df p value®
Acropora millepora
Genotype 15.6 2 <0.0005 ***
Chamber 2.05 3 0.56
Genotype x chamber 29.8 6 <0.0005%**
Pocillopora acuta
Genotype 4.54 2 0.1
Chamber 2.83 3 0.4
Genotype x chamber 7.29 6 0.3

Signif. codes: 0 “**** 0.001 “*** 0.01 “** 0.05 *” 0.1 1

@ Springer

(x=3844) and P. acuta (x=10,762) fragments, satiation was
not reached at these low-density levels.

Galaxea fascicularis has larger polyps and lower surface
area to volume ratios than the other coral species in this
study. G. fascicularis fragments in the capture rate experi-
ment had on average of 103 polyps per fragment, and the
delivered prey density was found to be a significant fac-
tor of Artemia capture rate. G. fascicularis is a fast-feeding
coral which requires high numbers of Artemia for satiation
(Osinga et al. 2012b; Tagliafico et al. 2018a), and, except for
one fragment that consumed a mean 110 ind. polyp™' h™! on
day one and 13.5 ind. polyp~! h™! on day three, satiation was
not observed here (see Fig. 1¢). The differences in Artemia
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Fig. 3 Cross-study and cross-
species comparison of mean
feeding rates in corals derived
from feeding chambers. Mean
capture rates from chambers
with initial instar I nauplii

prey counts of 3+ 1.5 ind.

ml~! are included from the

first experiment (Capture Rate
Experiment). Mean capture
rates and mean ingestion rates
from chambers delivered instar
II nauplii and 3 ind. m1~! are
included from the second
experiment’s chambers (Inges-
tion Experiment). Significant
values adjusted from pairwise
Welch two-sample t tests to
account for unequal variance of
mean feeding rates per chamber.
For Pocillopora acuta and Gal-
axea fascicularis, an additional
four chambers from experiment
2 pilot studies (*) were included
for this analysis
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capture rates across our three experimental species are con-
sistent with other aquarium-based studies. For example,
fast-feeding corals, such as G. fascicularis and Duncanop-
sammia axifuga, have been observed to consume over one
hundred Artemia nauplii per polyp compared to autotrophic
dominant, smaller polyp corals, such as A. millepora, or H.
rigida, which may consume one nauplii per every ten polyps
at the same prey densities (Kuanui et al. 2016; Tagliafico
et al. 2018a).

In the capture rate experiment, the lower mean cap-
ture rates per delivered prey treatments (1, 2 and 4 ind.
ml~!), observed in P. acuta trials as compared to A. mille-
pora trials, was unexpected. Pocillopora spp. have been
documented to consume significantly more Artemia instar
I nauplii than Acropora spp. (Latyshev et al. 1991; Toh
et al. 2013; Hoogenboom et al. 2015; Conlan et al. 2018;
Geertsma et al. 2022). However, true P. acuta capture rates
in this experiment were likely higher than calculated due
to prey capture occurring between the time of delivery,
and before initial counts were made five minutes later.
This is suggested by significantly fewer Artemia counted
in initial prey counts from experimental chambers than
in control chambers. Additionally, given the significantly

Pocillopora acuta Galaxea fascicularis

higher mean polyp counts per P. acuta fragments than A.
millepora, calculated capture rates may not be a suitable
measure for the comparison. At a delivered Artemia den-
sity of 1 ind. ml~! or less, A. millepora and P. acuta corals
in this study captured 0.31 ind. polyp~ h™! and 0.06 ind.
polyp~! h™!, respectively, similar to 0.13 ind. polyp™' h™!
and 0.05 ind. polyp™' h™! corals reported by Kuanui et al.
(2016). A study by Hoogenboom et al. (2015) reported
similar capture rates of Artemia nauplii delivered to
Acropora sp., as reported in this study, though in contrast
recorded higher capture rates for P.acuta at 188 nauplii
cm~2 h~! (approx. 18 ind. polyp~! h~! based on average
polyp density per cm? calculated here). The difference in
the P.acuta capture rates reported between studies could
be attributable to differences in experimental factors, such
as flow rates, recently shown to significantly affect prey
capture rates in Caribbean species (Geertsma et al. 2022).
However, variable Artemia capture rates have previously
been documented for Pocillopora sp. with capture rates
from fragments within the same experiment varying signif-
icantly based on the collection location; thus, differences
could also be attributed to feeding variability between
Pocillopora spp. or genotypes. (Kuanui et al. 2016).
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Regardless, studies repeatedly show that Pocillopora spp.
readily feed and derive physiological benefits from Arte-
mia as compared to unfed counterparts (Raymundo &
Maypa 2004; Toh et al. 2013; Huang et al. 2020).

In general, capture rates estimated using the initial prey
density per milliliter of seawater result in inconsistent
measures across studies. For example, capture rate calcula-
tions of G. fasicularis delivered Artemia instar I nauplii at
2 ind. ml~! produced rates of 9 ind. polyp~' h™! (Osinga
et al. 2008), 26 ind. polyp~! h™! (this study) and 51 ind.
polyp~' h™! (Ferrier-Pages et al. 2010). Similarly, when
prey was delivered at 4 ind. ml~!, capture rates recorded
in this study were 44 ind. polyp~' h™! compared to 93 ind.
polyp™ h~! in a study by Wijgerde et al. (2011). However,
normalizing the initial prey densities to the individual unit
of the polyp results in more consistent capture rates across
studies. For example, the capture rate calculated for G.
fasicularis delivered Artemia instar I nauplii at a density of
between 40 and 100 ind. polyp~!, fell between 10 and 70 ind.
polyp~' h™!in this study, which is consistent with capture
rates of 15 and 75 ind. polyp~! h™! by G. fascicularis in a
different study, using the same initial density range (Osinga
et al. 2012b). Delivered prey density does significantly affect
capture rate calculations, though normalizing prey densities
to individuals per polyp are likely to produce more compara-
ble results across studies looking at multiple species (Online
Resource 3).

Use of visual tools to assess prey ingestion

Determining the ingestion rate of Artemia through gut dis-
sections facilitated by fluorescent markers provides a more
accurate assessment of feeding. This study confirmed that
different coral species have different feeding rates on the
same prey (A. millepora, 0.2; P. acuta 3.5; G. fascicularis,
75 ind. polyp~' h™! at 3 ind. m1~!) and showed species-spe-
cific patterns in how prey is ingested across the fragment,
such as the non-homogenous distribution of ingested prey
between polyps observed in P. acuta.

Pocillopora acuta fragments had clusters of ingested prey
in polyps located in the branch tips, and fewer clusters were
found in polyps near the point of adhesion to the coral plug,
although the mean number of prey ingested per polyp did
not differ across replicate fragments. Previous studies have
demonstrated that polyps in different colony branch posi-
tions exhibit significantly different nutritional profiles with
high-energy nutrients catabolized more readily at the edges
of colonies, such as branch tips (Conlan et al. 2018). A simi-
lar mechanism could be at play in the P. acuta fragments,
where the polyps at the tips need to consume more prey to
meet the higher nutritional demands of proliferating cells.
However, if this were the case, actively growing polyps at
the base of the fragment, adjacent to the site of excision
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from the adult colony, would similarly need to consume
more prey. Alternatively, polyps within the tips may benefit
from higher surface area exposed to prey, increasing chances
of an encounter. This clumped distribution pattern of prey
ingestion cannot be observed by capture rate methods, which
assume an even consumption of prey by polyps across a
fragment, yet this observation has important implications.
For example, it may be important to maximize the number
of branch tips that have unrestricted exposure to the water
column and maximize the vertical height of each fragment
when arranging and attaching P. acuta fragments to a sub-
strate in aquaculture.

This study further highlights that factors such as geno-
type and environmental conditions can influence ingestion
rates. Here, this was particularly apparent for A. millepora,
with two of the three A. millepora genotypes not displaying
feeding responses such as extended tentacles. In these two
genotypes, few dissected polyps (10 out of 315) contained
ingested prey. In contrast, 45 out of 162 polyps from the
third genotype (genotype *C’ in Fig. 2a) contained ingested
prey although the proportion of polyps with and without
prey varied between fragments, likely explaining the signifi-
cant interaction between genotype and chamber on Artemia
counts. Notably, this third genotype contained fragments that
were visually paler, indicating a possible stress response.
Additionally, these A.millepora fragments were the only
ones observed to have fully extended tentacles at 10 min
post-delivery. Stressed corals displaying bleaching signs
may compensate for lowered autotrophic energetic acquisi-
tion through increasing heterotrophic feeding (Hughes &
Grottoli 2013). Increased assimilation of heterotrophic car-
bon has been observed in bleached Montipora capitata and
Porites lobata compared to unbleached controls (Hughes &
Grottoli 2013), and a similar mechanism may be at play here.
Low feeding rates of Acropora spp. on Artemia instar I nau-
plii have been postulated to be due to their higher depend-
ence on autotrophic carbon and small polyp size (Tagliafico
et al. 2018a, b). By this reasoning, A. millepora corals would
be less capable of ingesting larger instar II nauplii. Our
results indicate that, although possible for A. millepora to
consume the larger Artemia instar II nauplii, ingestion rates
are variable and depend on complex genotype and holobiont
health factors, such as the need to compensate for lost nutri-
tion during times of stress.

Development of feeding assessment methods

Whereas the capture rate approach is a quick and effi-
cient metric, a coral’s feeding behavior can influence the
efficacy of this assessment method. In this study, capture
and ingestion rates were calculated from the same feed-
ing event enabling side-by-side comparison, with the
mean values calculated by the two approaches differing
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significantly for A. millepora and P. acuta. For A. mille-
pora, secretion of high volumes of mucus, which capture
and cause agglomeration of Artemia (Huettel et al. 2006;
Naumann et al. 2009), could explain why the calculated
capture rates were significantly higher than the ingestion
rates. In contrast, P. acuta capture rates were lower than
ingestion calculations, though the reason for this pattern
is unclear. It may be associated with uneven distribution
of feeding polyps across the colony, resulting in a bias
dependent on which polyps were chosen to be dissected.
For G. fascicularis, there was no significant difference
between the capture rate and ingestion rate calculations.
This could be related to the low sample size for the inges-
tion rate calculations resulting from the high auto-fluores-
cent tissues of two of the three G. fascicularis genotypes.
Because the auto-fluorescence overlapped with the signal
emitted from the microbeads, it obscured differentiation
between ingested prey and coral tissue and therefore pre-
vented accurate counts of ingested prey. These observa-
tions highlight the need to select markers that maximize
contrast with auto-fluorescent pigments present in the
coral species and genotypes under study.

Understanding species-specific feeding behavior and
the amount of prey corals ingest is critically important
for the development of improved feeding regimes in coral
aquaculture. We recommend that future coral feeding stud-
ies utilize visual markers to assess feeding rates in corals
fed live prey items. The potential health benefit derived
from enriching live feeds depends on the ability of a coral
to capture, ingest, digest and furthermore, assimilate nutri-
ents from the feed. Therefore, this approach is particularly
suitable for live feeds that are also suitable for nutritional
enrichment. Here, we were able to confirm and compare
the capture and ingestion rates of Artemia salina nauplii
using fluorescent microbeads allowing for the direct detec-
tion of prey within individual polyps which allowed stand-
ardization across studies and comparison between coral
species. Corals possess diverse feeding strategies, physi-
ologies and varying degrees of reliance on autotrophic and
heterotrophic nutrient acquisition pathways as seen in here
and other studies. Future studies could expand the proto-
cols established herein to assess feeding abilities and prey
preferences to cater to the nutritional needs of different
corals and develop appropriate nutritional supplementation
regimes, required for the expansion of coral aquaculture.
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