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Abstract

Climate change is transforming coral reef structures, with important yet largely unknown
consequences for reef food webs. Crustaceans, molluscs, polychaetes, and other small motile
invertebrates living as epifauna on coral habitats represent an essential trophic link between
primary producers and a diverse and abundant invertivorous fish fauna. Here, we investigate
variation in assemblages of motile epifaunal invertebrates on live coral and dead coral
heavily overgrown by turf algae. Sampling was conducted 23 years following mass
bleaching within the study region at four locations broadly spanning the distribution of corals
on the eastern seaboard of Australia — along the northern and central Great Barrier Reef, and,
adjacent to the central east coast, the Solitary Islands and offshore Elizabeth and Middleton
Reefs (>2000km total distance). Epifaunal assemblages differed significantly between live
and dead ‘turf-covered’ coral habitats, with overall density, biomass, and productivity of
epifauna more than an order of magnitude greater on dead than on live coral. The size
structure and composition of assemblages also differed: turf-covered dead coral supported
greater abundances of small animals than live coral, notably harpacticoid copepods, while
live coral assemblages had proportionately greater abundances of larger decapods. A ten-fold
increase in secondary productivity of motile invertebrates is predicted as live corals are
replaced by turf-covered dead coral, however this productivity will predominantly be
available as small harpacticoid copepod prey (size range: 0.125-0.25 mm). Associated flow-
on effects through reef food webs are likely, as changes to epifauna will directly affect
invertivore communities, which in turn potentially influence larger carnivores and other

functional groups.
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Introduction

Climate change is transforming coral reef ecosystems worldwide through increasing
frequency and severity of heat-induced coral bleaching events (Hughes et al. 2017b) and
increasing intensity of tropical storms (Cheal et al. 2017). Corals that do not recover from
bleaching become overgrown with turfing algae and break down into turf-covered rubble
(Nelson et al. 2016; O’Brien and Scheibling 2018), a process accelerated by storm
disturbance (Kobluk and Lysenko 1987; Cheal et al. 2017). Climate change predictions
suggest coral reef degradation will continue to increase (Hughes et al. 2017a; Bindoff et al.
2019), with significant implications for reef fauna, food webs, and ultimately reef ecosystem

structure.

Small motile invertebrates comprise the highest density and diversity of animals directly
associated with coral reef substrates (Plaisance et al. 2011), providing substantial biomass
and productivity to reef food webs (Kramer et al. 2017). Epifaunal invertebrates, ranging in
size from macroscopic (i.e. >1 cm) to microscopic (<1 mm), are ubiquitous inhabitants of the
surfaces of reef structures, while another group — the cryptobenthic invertebrates — inhabit the
interstices within the coral reef framework (Enochs and Hockensmith 2008). Live, healthy
corals support abundant assemblages of epifauna including obligate symbionts and associates
(Glynn 2011). Structurally diverse species of live coral often host taxonomically distinct
epifauna (Stella et al. 2010), with greater variation observed among individual coral heads
than among reef sites (Counsell et al. 2018). Dead coral structures also host abundant
assemblages of epifauna, however the taxonomic composition of assemblages inhabiting
dead coral can differ considerably from those inhabiting live coral (Kramer et al. 2014;
Nelson et al. 2016; Gonzalez-Gomez et al. 2018; Fraser et al. 2020c). The fine-scale structure
of the immediate habitat is a major driver of variation in epifaunal assemblages (Kramer et al.

2014; Fraser et al. 2020a; Fraser et al. 2020c), often due to a combination of complexity
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(Enochs et al. 2011; Enochs 2012), surface area (Preston and Doherty 1994), and the
diversity of ‘nano-habitats’ at scales available to invertebrates across a range of body sizes

(Klumpp et al. 1988; Glynn and Enochs 2011).

Coral mortality and the transformation of coral reef-scapes from live coral dominance
towards turf-covered dead coral and coral rubble will likely have substantial impacts on
epifaunal invertebrate assemblages. Coral mortality has been shown to affect the ecological
interactions among obligate live coral-associated decapods large enough for in-situ or
aquarium-based visual census and observation (Stella et al. 2014), resulting in decreased
density and fecundity of some species (Stella et al. 2011) and potentially leading to
extinctions (Glynn 2011). Epifaunal assemblages associated with living corals are often
characterised by these macroscopic decapods (Abele and Patton 1976; Stella et al. 2010;
Kramer et al. 2014). In contrast, dead coral and coral rubble tend to host assemblages
characterised by a greater diversity of taxa, including amphipods, decapods, cumaceans,
tanaids and harpacticoid copepods (Klumpp et al. 1988; Kramer et al. 2014). Assemblage-
based studies have suggested dead coral can support significantly higher abundances of
epifauna than live coral, despite relatively few visible decapod species (Kramer et al. 2014;

Nelson et al. 2016).

Epifaunal invertebrates play a crucial secondary productivity role in shallow reef food webs
(Edgar 1990b), by which they link benthic primary producers and invertivores (Edgar and
Moore 1986; Taylor 1998; Kramer et al. 2013). Epifauna are amongst the most prolific
trophic groups at some coral reef sites (Kramer et al. 2015). As such, it is important to
quantify epifaunal assemblages using metrics that represent their availability as a food
source. Epifaunal density, biomass and productivity provide useful metrics for understanding
energy transfer via benthic pathways. These metrics alone, however, are inadequate for

accurate predictions of energy transfer via epifauna, as predation and consumption patterns
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vary considerably depending on epifaunal body size, behaviour, and palatability (Edgar and
Aoki 1993; Kramer et al. 2015). Epifaunal crustacean taxa have been examined in relation to
variation in density, biomass and productivity among coral reef habitats (Kramer et al. 2014),
and biomass and productivity calculations are generally based on some measure of body size
multiplied by abundance (Edgar 1990b). Community size structure itself, however, may
provide a more broadly applicable indication of availability of epifaunal assemblages as prey,
and may differ markedly between live and dead coral. Community size structure is often
quantified by the slope of the size spectrum: the linear relationship between log abundance
(or log biomass or log productivity) and body size, regardless of taxonomic identity (White et
al. 2007; Edwards et al. 2017). The steepness of the slope indicates variation in abundance (or
biomass or productivity) within the assemblage attributed to larger versus smaller animals
(Trebilco et al. 2015). Understanding the contribution of different sized epifauna to density,
biomass and productivity of assemblages is critical for predicting variation in the availability
of food for benthic invertivores on coral reefs, given species-specific variation in food-size

preferences among invertivorous fishes (Kramer et al. 2015).

Here we compare epifaunal invertebrate assemblages (0.125 — 22 mm body size) associated
with live and dead scleractinian coral from four locations broadly spanning the distribution of
corals along the eastern seaboard of Australia. Given our overarching aim of understanding
consequences of the loss of live corals, we test the hypotheses that: 1) turf-covered dead coral
generally supports significantly higher density, biomass and productivity of epifaunal
invertebrates than live coral; and 2) the composition of the epifaunal assemblage and its size-
structure differs between turf-covered dead coral and live coral, with live coral hosting
proportionally more larger decapods and shallower size spectrum slope, and turf-covered
dead coral hosting proportionally more smaller taxa such as amphipods and harpacticoid

copepods and a steeper size spectrum slope.
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Materials and methods

Study area and sample collection

Shallow reefs were sampled during the period February to November 2018 at four distinct
locations across the range of coral reefs in eastern Australia, including Lizard Island on the
northern Great Barrier Reef (GBR), Whitsunday Islands on the central GBR, the offshore
subtropical Elizabeth and Middleton atolls, and inshore subtropical Solitary Islands (Fig. 1).
These sampling locations spanned a distance greater than 2000km. A total of 40 epifaunal
samples sourced from live and dead coral were collected. Additional epifaunal samples were
collected in association with other habitat types (e.g., macroalgae, sponges), as analysed and
discussed elsewhere (Fraser et al. 2020a; Fraser et al. 2020b; Fraser et al. 2020c). Samples
from both live and dead coral were collected haphazardly across a depth range of 1 — 10 m.
Sampling was conducted in relatively sheltered zones (e.g., lagoonal reefs, leeward reef
slopes, and off island shores sheltered from the prevailing swell direction). The most recent
mass bleaching and mortality of corals across the study locations prior to sampling was in
2016, hence we assume that most mortality of collected dead coral samples occurred during

that event (Hughes et al. 2017b; Kim et al. 2019).
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Fig. 1 Map of eastern Australian sampling locations showing month sampling was performed

during 2018

Sampling involved haphazard SCUBA-based collection of epifauna associated with 6
different live and dead coral microhabitats. Samples were categorised into microhabitats
according to taxonomy and morphology (Table 1), following previous studies to classify reef
habitat types (Cresswell et al. 2017) and by the CATAMI scheme (Althaus et al. 2015).
CATAMI provides an Australian national standard for benthic habitat classification.
Microhabitats were selected for sampling as they were sighted, ensuring samples were
separated by >5 m on the reef. Each microhabitat was categorised dichotomously as either

live or dead coral (Table 1).



Table 1 Microhabitats sampled, with live or dead coral classification, sample size

(parentheses contain the number of total samples collected at each location; LI = Lizard

Island, Whit = Whitsundays, EMR = Elizabeth and Middleton Reefs, Sol = Solitary Islands),

description, and example genera

Microhabitat Live or Number of Description Example genera
category dead coral samples
Pocillopora Livecoral 9 (LI=3, Whit Stony corals Pocillopora
=2,EMR =2, forming branching
Sol =2) colonies, genus
Pocillopora
Branching Live coral 6 (Whit=1, Stony corals Acropora
Acropora EMR =3, Sol  forming branching
=2)* colonies, genus
Acropora
Tabula Live coral 3 (EMR=3)* Stony branching Acropora
Acropora corals forming
tabular colonies,
genus Acropora
Other Live coral 8 (LI=2, Whit Fine or robust Seriatopora,
branching/erect =1, EMR =4) branching, columnar Stylopora
coral or foliaceous stony
coral colonies
Erect dead coral Dead coral 9 (LI=3, Whit Dead erect coral Acropora (dead),
=2,EMR =3, skeleton overgrown  Pocillopora
Sol=1) predominantly by (dead)
fine filamentous
turfing algae
Coral rubble Dead coral 5 (LI=3, Broken dead coral Acropora (dead),
EMR =2) rubble overgrown Pocillopora

predominantly by
fine filamentous
turfing algae

(dead), Porites
(dead)

* Permit conditions prevented collection epifauna on live Acropora sp. from Lizard Island

Prior to collection, a 25 cm x 25 cm grid-subdivided quadrat was placed over the selected

sample and photographed to quantify the planar area of sampled habitat. Erect live and dead
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corals were enclosed in plastic 22 x 22 cm zip-lock bags, chiselled off the reef, and bags
immediately sealed following Stella et al. (2010). Coral rubble was collected by hand by
placing a zip-lock bag over the hand, collecting coral rubble, and immediately sealing the
bag. All samples within sealed zip-lock bags were transported to a boat, where they were
flushed three times in fresh water to remove motile invertebrates. Flushing involved placing
samples in a sorting tray, covering with fresh water and agitating for 1 minute, following
Stella et al. (2010), before the water and dislodged invertebrates were poured through a 125
um sieve. This method excluded boring invertebrates; therefore, complete coral-associated
invertebrate assemblages are likely to differ from those discussed here. After three flushes,
invertebrates retained on the sieve were transferred to a 70 mL sample jar and fixed in 5%
buffered formalin solution. Dead coral and coral rubble samples were returned to the reef and
placed within rubble beds. Live coral samples were re-immersed in seawater after the
epifaunal wash, and re-attached to their colonies where possible (or to nearby substrate) using

marine epoxy putty following Stella et al. (2010).

Laboratory processing

Invertebrates from each sample were washed of formalin and passed through a nested series
of 12 sieves stacked in descending order of mesh size, following a logy» series (5.6, 4.0, 2.8,
2.0,1.4,1.0,0.71, 0.5, 0.355, 0.25, 0.18, 0.125 mm). Animals retained on each sieve were
washed into petri dishes for identification and counted under a dissecting microscope, with
data binned by sieve mesh size. Soft-bodied animals may disintegrate during the sieving
process, therefore data presented may under-represent some taxa, albeit with consistent biases
between sample treatments. Identification of epifauna was performed to order-level where
possible, otherwise to phylum (<2% of animals). Animals retained on the 5.6 mm sieve were
measured with calipers at their widest dimension and counts placed into additional logy: size

bins (8, 11, 16, 22 mm).
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Data analysis

Preliminary analyses contrasted order-level taxonomic composition among microhabitats
nested within coarse categories ‘live coral’ and ‘dead coral’ using the PERMANOVA add-on
in Primer 7 (Clarke and Gorley 2015). Results indicated relative homogeneity in epifaunal
communities associated with the different coral microhabitats grouped as live or dead coral
(PERMANOVA; df =4, 23, Pseudo-F = 0.85, P >0.05; Table 2), with significant variation
between coarse categories ‘live coral’ and ‘dead coral’ (P <0.001; Table 2). Larger sample
sizes within live and dead coral categories provided greater statistical power than when
samples were separated according to finer microhabitats, consequently microhabitats have
not been considered further. Moreover, previous field research has identified similar
assemblages of epifaunal crustaceans associated with erect dead coral and coral rubble

(Kramer et al. 2014).
Density, biomass, and productivity

Given that strong relationships exist between epifaunal biomass and light (Edgar 1993),
which is ultimately a planar metric, epifaunal abundance by taxa and size were standardised
to 1 m? planar seabed area (density) (Fraser et al. 2020c), accounting for the area of sampled
microhabitat photographed underwater prior to collection. Standardisation by planar area also
allows comparison of epifaunal assemblage metrics to densities of other trophic groups (e.g.,
primary producers, benthic invertebrates, fishes), which are typically expressed per square
metre of seabed. Moreover, standardisation of habitats in other ways generates bias towards

species that respond to a particular habitat feature (Edgar 1983).

Epifaunal biomass as ash-free dry weight (AFDW) of individuals within each size bin was

derived from published estimates of mean biomass across macrofaunal taxonomic groups

10
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(Edgar 1990b). Productivity estimates of individuals within each size bin were calculated

using the general allometric equation given by Edgar (1990b):

P = (10~((~2.31 + 0.8 * log10(B * 1000) + 0.89 * 1og10T)))/1000

where P is productivity of an individual (mg AFDW d!), B is the biomass of an individual
(mg AFDW), and T is water temperature (°C) at the time of sampling. Biomass and
productivity estimates of individual animals were then summed to provide total biomass (mg
AFDW m™) and total productivity estimates (mg AFDW m™ d!) for each sample. We note
that this method was originally established for estimating biomass and productivity for

individuals =0.5 mm; here we assume the equations by Edgar (1990b) also apply to smaller
individuals (=0.125 mm) based on linear extrapolation of well-supported trends (i.e. R?

ranging from 0.87 to 0.98 (Fraser et al. 2020b)).

The influence of habitat (live vs. dead coral) and location on total density, biomass and
productivity per m? of epifaunal assemblages was assessed using univariate permutational
analyses of variance in Primer 7 (PERMANOVA; (Anderson 2001; McArdle and Anderson
2001; Clarke and Gorley 2015; Anderson 2017)) on Euclidean distance resemblance matrices
of log(x+1) transformed density, biomass, and productivity data. Use of Euclidean distance
results in F-values similar to those calculated by traditional analysis of variance, but with

probability values calculated through permutation rather than Gaussian expectations.

Assemblage size spectra

Density, biomass, and productivity data for each sample were partitioned into sieve mesh size
bins. For each sample, the slopes for density, biomass, and productivity size spectra were
calculated using linear regression (logio(density, biomass, or productivity) against logio(mid-
point of each size bin)) in R (R Core Team 2019) and the tidyverse package (Edwards et al.

2017; Wickam et al. 2019). Mean size spectra were plotted for live coral and dead coral using

11
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the same packages, with R? values indicating the consistency in size spectra among samples.
Variation in R? values for each size spectrum represents a general ecological indicator of
consistency among samples, rather than a statistical measure given the points related to each
sample are not independent. Zero counts in larger size bins affected the linear fit of data,

therefore data were included up to the largest size bin in which animals were present.

Variation in sample-level size spectra slopes between live coral and dead coral was examined
using univariate permutational analysis of variance (PERMANOVA; (Anderson 2001;

McArdle and Anderson 2001; Anderson 2017)).

Taxonomic composition

Multivariate community analyses were conducted using PRIMER 7 (Clarke and Gorley
2015). A permutational analysis of variance (PERMANOVA; (Anderson 2001; McArdle and
Anderson 2001; Anderson 2017)) was conducted on a Bray-Curtis resemblance matrix of
logio (x+1) transformed density, biomass, and productivity data by taxa to test for assemblage
differences between live and dead coral. In order to visualise similarity among epifaunal
samples according to taxonomic composition, a cluster analysis was undertaken using the

Bray-Curtis resemblance matrix of logjo (x+1) transformed density data by taxa.

Pairwise PERMANOVA was used to make comparisons between epifauna associated with
live and dead coral. Similarity percentages analysis (SIMPER; (Clarke 1993)) of density data
was used to identify taxa most influential to dissimilarity among epifauna associated with the
two habitats. Mean percent composition of these influential taxa (with additional taxa
grouped as ‘other’) inhabiting live and dead coral was visualised using stacked bar charts in

R (R Core Team 2019) and the tidyverse package (Wickam et al. 2019).

12
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Results

Epifaunal communities associated with live versus dead coral

No significant variation was evident in epifaunal assemblages among sampling locations,
with regards to overall density, biomass, productivity, or taxonomic composition
(PERMANOVA; density: df =3, 32, Pseudo-F' = 0.44, P >0.05; biomass: df = 3, 32, Pseudo-
F=0.33, P>0.05; productivity: df = 3, 32, Pseudo-F = 0.17, P >0.05; taxonomic
composition: df = 3, 23, Pseudo-F' = 1.04, P >0.05; Tables 2, 3, Fig. 2). Thus, local scale
variation associated with location characteristics (e.g., depth, currents, wave exposure, habitat
structure) was apparently very low relative to live/dead coral differences. Location was
consequently omitted from all subsequent analyses by testing hypotheses based on data
pooled within live or dead coral across all locations. Epifaunal assemblages associated with
live and dead coral were significantly different, with overall density, biomass, and
productivity of epifauna more than an order of magnitude greater on dead than on live coral

habitat (Fig. 2; Table 3).

13
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Fig. 2 Mean (a) density (abundance m™), (b) estimated biomass (mg AFDW m™), and (c)

estimated daily productivity (mg AFDW m d!) of epifauna within 1 m? planar area

associated with live coral and dead coral at the four sampling locations: Solitary Islands,

Elizabeth and Middleton Reefs, Whitsundays, and Lizard Island. Error indicates standard

deviation

Table 2 Multivariate PERMANOVA assessing effects of live vs. dead coral, location,

microhabitat (nested within live vs. dead coral), and interactions between live vs. dead coral

and location, and microhabitat (nested with live vs. dead coral) and location on the order-

level composition of epifaunal assemblages. Effects highlighted in bold were significant at o

<0.05

Source of variation Degrees of Mean square Pseudo-F'ratio P-value (by
freedom permutation)

Live/Dead 1 9248 7.51 <0.001
Microhabitat (Live/Dead) 4 923 0.85 0.632
Location 3 1072 1.04 0.459
Live/Dead x Location 3 818 0.79 0.618
Microhabitat x Location 5 1054 1.70 0.056
Residual 23 619
Total 39

14
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Table 3 PERMANOVA table assessing differences in overall assemblage density, biomass,
and daily productivity on live and dead coral habitats, among sampling locations, and under
the interacting effects of live vs. dead coral and location. Live vs. dead coral habitat is a fixed

factor, location is random. Effects highlighted in bold were significant at o <0.05

Source of variation Degrees of Mean square Pseudo F-  P-value
freedom value

Density
Live/Dead 1 110.87 52.70 <0.05
Location 3 1.48 0.44 0.707
Live/Dead x Location 3 1.76 0.52 0.621
Residuals 32 3.36

Biomass
Live/Dead 1 55.73 105.17 <0.05
Location 3 0.77 0.33 0.784
Live/Dead x Location 3 0.05 0.02 0.995
Residuals 32 2.31

Productivity

Live/Dead 1 42.49 161.22 <0.01
Location 3 0.17 0.17 0.920
Live/Dead x Location 3 0.06 0.06 0.977
Residuals 32 1.00

Assemblage size spectra

The epifaunal size spectra slopes were also significantly different between live and dead
corals (PERMANOVA; density: df =1, 38, Pseudo-F' =21.4, P <0.001; biomass: df=1, 38,
Pseudo-F = 14.7, P <0.001; productivity: df =1, 38, Pseudo-F' = 29.8, P <0.001). The two
density size spectra both had negative slopes, indicating higher densities of smaller animals
within assemblages (Fig. 3). However, densities on dead corals showed a much steeper slope
than on live coral (Fig. 3), indicating the dominance of small animals and increasingly similar
densities of larger individuals. R? values suggest dead coral density and productivity size
spectra were more consistent than the live coral equivalents, while the live coral biomass size

spectrum was more consistent among samples than the dead coral equivalent (Fig. 3).
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productivity (mg AFDW m™ d!) in association with live coral and dead coral. Grey shading
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Epifaunal biomass and productivity were also consistently higher on dead coral than on live

coral. However, in contrast to densities, trends in biomass and productivity across size spectra

were either not as pronounced (dead coral) or reversed, i.e., positive (live coral). The

invertebrate body size distribution on dead coral was relatively flat for biomass and negative

for productivity. Both biomass and productivity showed a positive trend across size spectra

on live coral. Again, these results indicated that the higher productivity of dead coral-

associated epifauna was largely driven by the smallest size classes.

Taxonomic composition

Epifaunal assemblages associated with live and dead coral were further analysed for the

relative contribution of major invertebrate taxa to overall density, estimated biomass, and

16
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estimated productivity. Pairwise PERMANOVA indicated that live and dead coral supported
distinct epifaunal assemblages (PERMANOVA; density: df = 1/38, t=2.7, P <0.001;
biomass: df = 1/38, t = 2.4, P <0.01; productivity: df = 1/38, t = 2.6, P <0.001). The
dendrogram grouping samples by faunal similarity identified three clear clusters of samples
with <60% similarity: one cluster comprising all the dead coral samples, and two clusters

grouping live coral samples (Fig. 4).
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Fig. 4 Cluster dendrogram showing live and dead coral samples, clustered according to
similarity in the contribution of different taxa to the overall density of animals in each
sample. The Dead coral cluster comprised all the dead coral samples, while live coral samples

were distributed between Live coral clusters 1 and 2
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On both live and dead coral, harpacticoid copepods comprised most invertebrate individuals
(Fig. 5). By contrast, decapods occurred at low densities, but dominated biomass estimates in
both live and dead coral (Fig. 5). Decapods also contributed most productivity to live coral-
associated assemblages, but harpacticoid copepods were most important for productivity in

dead coral assemblages (Fig. 5).

a) Density b) Biomass ¢) Productivity
100- S - C —
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c
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Fig. 5 Percent contribution to (a) overall epifaunal density (abundance m2), (b) estimated
biomass (mg AFDW m), and (c) estimated daily productivity (mg AFDW m d!) of the
taxa identified by SIMPER analysis as most influential to dissimilarity between live- and
dead coral-associated assemblages. Data showing the contribution of decapods are included
given their importance to biomass and productivity. Additional taxa grouped as ‘other’
comprise: Anthozoa, Bivalvia, Chitonida, Gastropoda, Holothuroidea, Mysida, Nematoda,

Nemertea, Ophiuroidea, Platyhelmithes, Polychaeta, Pycnogonida, Sabellida, Terebellida
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Harpacticoid copepods were more abundant on dead than on live coral and accounted for

80% of the dissimilarity in epifaunal density between live and dead coral (Table 4).

Differences in epifaunal biomass between live and dead coral were primarily driven by
harpacticoid copepods, amphipods, tanaidaceans, ostracods, and isopods, which together

accounted for 74% of dissimilarity (Table 4). In terms of daily productivity, harpacticoid

copepods, amphipods, tanaidaceans, and ostracods together accounted for 77% of

dissimilarity between live and dead coral (Table 4).

Table 4 Results of SIMPER analysis showing epifaunal taxa (by order-level identification)

contributing to 70% of dissimilarity between samples of live and dead coral. Density values

are expressed as abundance m-2, biomass as mg AFDW m, productivity as mg AFDW m

d-l
Live coral Dead coral
Taxa Average Average Average Dissimilarity/ Contribution  Cumulative
values values dissimilarity SD (%) (%)
Density
Harpacticoida 11692 231906 73.55 4.41 80.41 80.41
Biomass
Harpacticoida  19.46 387.65 36.76 2.08 40.60 40.60
Amphipoda 10.02 123.78 11.31 1.40 12.49 53.09
Tanaidacea 1.39 132.51 8.74 1.05 9.65 62.74
Ostracoda 0.52 66.42 6.25 1.60 6.90 69.65
Isopoda 0.59 44.05 431 1.11 4.76 74.41
Productivity
Harpacticoida  1.32 27.79 47.88 2.58 52.59 52.59
Amphipoda 0.28 4.66 7.88 1.24 8.65 61.24
Tanaidacea 0.06 6.25 7.40 0.95 8.13 69.37
Ostracoda 0.04 4.35 7.09 1.94 7.78 77.15
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Discussion

Epifaunal assemblages differed markedly between samples of live and dead coral, with dead
coral hosting 1-2 orders of magnitude more epifauna when quantified in terms of overall
density, biomass, or productivity. This outcome was consistent at four locations spanning
over 2000 km distance. For dead coral-associated assemblages, biomass and productivity size
spectra were distinctly flatter than the corresponding density size spectrum. This result is
consistent with metabolic theory, whereby much of the energy available to small animals is
lost due to metabolic and ecological inefficiencies with each step up the food chain into
larger size classes, while turnover rate is slower for larger animals (Sheldon et al. 1972;
Sprules and Barth 2016). Epifaunal assemblages, however, cannot necessarily be represented
by a simple food chain in which larger epifauna consume their smaller counterparts. While a
large proportion of epifaunal taxa are herbivores, depending on microphytobenthos as a food
resource (Edgar 1993), small invertebrates on coral reefs represent a wide range of trophic
groups, including predatory or opportunistic carnivores, detritivores, filter-feeders (Glynn and
Enochs 2011; Poore et al. 2012; Kolasinski et al. 2016) and obligate coral-associates that
consume live coral mucus or particles trapped by coral polyps (Galil 1987; Stella et al. 2011).
Hence, the relatively shallow slopes of biomass and productivity size spectra may be driven
by turnover rate relative to body size, under an assumption that absolute consumption per size
class is relatively stable, with more small animals consuming comparable amounts of a food

resource to fewer large animals.

In contrast, biomass and productivity in live coral assemblages were higher among larger size
classes, and a considerably smaller contribution was made by smaller epifauna to overall
density, biomass, and productivity than in assemblages associated with dead coral. This may
be explained by the reduced availability of microphytobenthic and detrital food sources on

live corals, resulting in less food available for small herbivorous and detritivorous epifauna
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(Edgar 1993; Poore et al. 2012). Some larger decapod crustaceans rely on basal food sources
directly associated with live coral, such as coral mucus or particles trapped by coral polyps
(Galil 1987; Stella et al. 2011; Stella et al. 2014). Predation may also influence size structure,
for example, the relative paucity of smaller epifauna, predominantly harpacticoid copepods,
on live coral may be related to consumption of very small invertebrates by coral polyps

(Goreau et al. 1971; Gochfeld 2004; Houlbréque and Ferrier-Pagés 2009).

Moreover, structure and shelter are key physical components of coral reef ecosystems, with
the size of available shelter or refugia correlating with the size structure of associated fauna
(Klumpp et al. 1988; Moran and Reaka 1988; Rogers et al. 2014). While we did not quantify
the availability and size of refugia among coral habitats, the hard structure of live branching
coral may be decrease the ability of invertivorous fishes — a prolific trophic group on coral
reefs (Williams and Hatcher 1983) — to penetrate in order to extract prey, particularly
compared with coral rubble (Hixon and Jones 2005). Hence, live branching coral may serve
as prey refugia for larger decapods, making live coral habitats favourable to these particular

taxa and size classes of invertebrates (Rogers et al. 2014).

The abundance of epifaunal invertebrates on coral reefs has been shown to relate more to the
density of turfing algae than to the structural complexity of the coral substratum (Klumpp et
al. 1988). This may be explained in part by the increased availability of detrital and algal food
sources in turfing algae habitat, but turfing algae may also provide substantial shelter for

small invertebrates from visual predators and environmental stress (Klumpp et al. 1988).

The consistency in patterns evident among the four reef locations, despite variability in local-
scale factors (e.g., season, nutrient availability, wave exposure, depth, and fish/predator
biomass), indicates that environmental effects had far less influence on epifaunal assemblages

than the differences between live coral and dead coral. This aligns with results of previous
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research investigating small invertebrates associated with one species of live coral across
spatial scales and environmental gradients (Counsell et al. 2018). Variation in assemblage
abundance and species richness was greatest at the scale of the individual coral colony and
lowest among sites (Counsell et al. 2018). An associated study comparing the taxonomic
composition of epifaunal assemblages among diverse benthic microhabitats (e.g.,
taxonomically and morphologically distinct algal, sponge, and coral microhabitats) on
temperate to tropical reefs also found strong correlations with habitat structure that were
largely independent of sampling location (Fraser et al. 2020c). Similarly, when the influence
of environmental variables on the productivity of epifaunal assemblages was explicitly tested
using a continental-scale dataset (Fraser et al. 2020a), productivity was largely invariant to
environmental influences, instead relating primarily to the immediate habitat (e.g., live coral,

macroalgae, and turfing algae (including dead coral and coral rubble)).

Secondary productivity on changing reefs

Despite the limited breadth of this study, the pronounced and consistent difference in
secondary productivity of small motile invertebrates between live and dead coral samples has
notable implications in the context of climate change and changing reefs. Our results suggest
that secondary productivity of motile epifauna in coral reef ecosystems may increase with
further loss of live coral, with a shift from larger decapods to small harpacticoid copepods.
Such a shift will affect the flow of energy in reef food webs and the structure of other faunal
communities directly and indirectly. Biomass of benthic invertivores and richness of small
cryptobenthic fish have been shown to increase following heatwaves and coral bleaching
(Stuart-Smith et al. 2018), at least in the short term, with these changes potentially influenced
by an increase in secondary productivity and availability of smaller prey. Thus, an increase in
dead coral habitat within reef systems has the potential to substantially shift the amount of
energy transferred through basal levels of reef food webs.
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Thus, the effects of coral mortality on reef food webs are likely to involve complex
interactions involving changing food resources, habitat structure and temperature. While live
coral loss may lead to higher availability of food for small fishes, degradation of reef
structural complexity, most notably the loss of small refugia in the reef matrix, can
potentially expose small fishes to increased predation risk (Nash et al. 2013). Habitat
structural complexity has been positively correlated with density, biomass, and productivity
of epifauna (Edgar 1990a; Edgar et al. 1994; Taylor 1998; Kramer et al. 2014; Kramer et al.
2017). Following coral death, coral skeletons become overgrown with turfing algae, then
break down into turf-covered rubble, and eventually degrade further into gravel and sand

(Moran and Reaka 1988).

The structural complexity of turf-covered erect coral skeletons and coral rubble sampled here
is probably even higher than that of branching live coral habitats at the tiny scales to which
small epifaunal invertebrates respond (Kramer et al. 2014). Sand, however, has much less
structural complexity for small epifauna, and supports invertebrate communities with
generally lower density, biomass and productivity (Kramer et al. 2014; Nelson et al. 2016).
Over time, and without recovery of live corals, the secondary productivity supporting critical
functions on healthy reefs may therefore be lost resulting in declines in species dependant on
this food source and associated effects throughout reef food webs (Enochs and Manzello

2012; Kramer et al. 2015).

Thus, invertebrate productivity appears to be affected by trade-offs involving benefits from
increased resources associated with turfs and costs of declines in refugia within the reef
matrix, with net outcomes affecting invertivorous fish biomass (Rogers et al. 2018a). If reefs
continue to erode, structural complexity will be lost at scales providing refugia for both small
epifaunal prey and larger invertivores, likely leading to declines in ecosystem biomass and
productivity (Rogers et al. 2018b).
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In summary, the differences observed in epifaunal assemblages associated with live coral and
turf-covered dead coral suggest increased secondary productivity is possible in the short-term
with widespread loss of live coral. Such a shift would likely enhance resource availability for
benthic invertivores, particularly those specialising on small harpacticoid copepod prey. The
consequences of live coral loss, however, can be expected to accentuate over time, as dead
corals progressively degrade towards structurally simple sand habitats (Enochs and Manzello
2012). Similarly, effects of live coral loss on fish productivity will reflect trade-offs between
potential increases in epifaunal prey availability and progressive decline in structural
complexity (Rogers et al. 2014). Critically, the spatial scale over which coral loss occurs will
play a key role in framing the cascading impact of live coral loss on trophic dynamics of reef

ecosystems.
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