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Abstract. Climate change and other anthropogenic disturbances are having dramatic impacts on tropical
coral reefs and the ecosystem services they provide. Anticipating change in ecosystem services is a pressing
challenge that requires understanding how species respond to an environmental change, and how they
contribute to ecosystem services. Building on analogous efforts by plant ecologists, we propose a trait-
based framework that aims to predict the resistance and recovery of coral ecosystem services against both
pulse and press disturbances. The framework involves identifying effect, resistance, and recovery traits
across coral species and using these to ascertain how species might (1) contribute to a service, (2) resist dis-
turbance, and (3) recover after the disturbance. By identifying trait functional overlaps and quantifying cor-
relations among the trait types, the framework can yield a better understanding of the potential
mechanistic links between community assembly, ecosystem dynamics, and ecosystem functioning. We
demonstrate the utility of the framework by applying it to a virtual scenario, implemented via simulation,
in which habitat provisioning is the focal ecosystem service, and cyclones and bleaching events are the dis-
turbances of interest. This demonstration required us to assemble an extensive dataset of relevant traits—a
process that revealed key gaps in the coral trait database and in our understanding of coral functional ecol-
ogy. The framework can provide predictive power for the resilience of ecosystem services and can also help
identify crucial knowledge gaps, research objectives, and strategies for applying a trait-based approach to
advancing coral reef science and conservation.
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INTRODUCTION

Coral reefs provide numerous ecosystem
services (Moberg and Folke 1999), the total
value of which is estimated to be more than
$352,000 ha '-yr' (Costanza et al. 2014). The
provisioning of an architecturally complex habi-
tat that supports a high diversity of fish and
macroinvertebrates (Graham and Nash 2013,
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Fabricius et al. 2014) is arguably the most impor-
tant ecosystem service provided by coral com-
munities; numerous activities, such as fishing
and tourism, are directly dependent on coral bio-
diversity (Wells et al. 2006, Teh et al. 2013,
Rogers et al. 2014). The future of coral reef
ecosystems and the habitat they provide is the
source of serious concern (Bellwood et al. 2004,
Bridge etal. 2013). Numerous pulse (e.g.,
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cyclone, bleaching, crown of thorn) and press
disturbances (e.g., fishing, pollution, acidifica-
tion) are taking their toll (Pendleton et al. 2016),
as are natural disturbance regimes (e.g., cyclones
and warm events) whose intensity is increasing
due to climate change (Hoegh-Guldberg and
Bruno 2010).

The percentage cover of corals is decreasing
worldwide (Gardner et al. 2003, Bruno and Selig
2007), and numerous reefs have been perma-
nently lost. Less exposed or more resilient reefs
potentially experience reassembly owing to
immigration, range shifts, and asymmetrical spe-
cies response to disturbances (Graham et al.
2014). Nevertheless, changes in coral species
composition likely alter the delivery of ecosystem
services because of the unique contributions of
many species (Alvarez-Filip et al. 2013). For
instance, the cumulative effects of disturbances
in the Caribbean during recent decades have
caused coral communities to switch from a domi-
nance of large and complex Acropora species to
simpler massive and small, weedy species. Con-
sequently, the architectural complexity of the
reefs is being reduced (Alvarez-Filip et al. 2009),
which in turn affects the abundance, diversity,
and trophic structure of the associated fish com-
munity (Rogers et al. 2014). Similar shifts in the
functional composition of coral communities are
observed in other parts of the globe (Darling
et al. 2013, Denis et al. 2017). Managing ecosys-
tem functions (among which are services), and in
particular the provisioning of habitat, is a press-
ing challenge that requires a better understand-
ing of the mechanisms linking disturbance,
diversity, and functions (Graham 2014, Oliver
et al. 2015).

A functional traits approach can help to estab-
lish these links (McGill et al. 2006, Cadotte et al.
2011) and has led to a better understanding of
the mechanisms determining community assem-
bly (e.g., Kraft et al. 2015), ecosystem function-
ing (e.g., Cadotte 2017), and resilience (e.g.,
O’Brien et al. 2014). It can also yield predictive
capability (Cadotte et al. 2015). Lavorel and Gar-
nier (2002), and subsequently Suding et al.
(2008), have defined the “trait-based response-
effect” framework in order to predict how
change in environmental factors can affect the
functioning of terrestrial plant ecosystems. The
framework requires identifying effect traits (i.e.,
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traits involved in ecosystem functions) and
response traits (i.e., traits implicated in response
against disturbances). If a trait is involved in
both the response and the effect, or if there is a
correlation between an effect and a response
trait, it is possible to predict the effect of a dis-
turbance on an ecosystem function. The frame-
work has been further developed to consider
multiple ecosystem functions simultaneously
(and their possible synergies or trade-offs;
Lavorel and Grigulis 2012), and multiple trophic
levels (Lavorel et al. 2013).

The consideration of functional traits for
understanding aspects of coral species ecology
has a long history (e.g., Porter 1976, Sheppard
1979, Chappell 1980, Highsmith 1981), but only
recently have coral ecologists advocated adopt-
ing a more systematic trait-based approach
(Madin et al. 2016b). We believe that adopting a
trait-based response-effect framework for coral
communities would not only advance our under-
standing of the mechanisms linking disturbances
to ecosystem functions, but would also help
identify key knowledge gaps and priorities for
research.

Here, we build on the framework developed by
Suding et al. (2008) by distinguishing between
resistance traits and recovery traits, in order to
consider these two components of resilience
(McClanahan et al. 2012). We start by presenting
our effect-resistance-recovery traits framework.
We then illustrate its applicability by focusing on
habitat provisioning, a key ecosystem service pro-
vided by corals. We review the literature to iden-
tify relevant traits, and to ascertain their influence
on (1) the habitat provisioning function, (2) the
resistance against cyclones or bleaching events,
and/or (3) in recovery processes. Based on our
findings, we assemble an extensive database of
trait data, drawing from the coraltraits.org data-
base (https://coraltraits.org; Madin et al. 2016a)
and from the primary literature. Using these data,
we then quantify correlations and overlaps (i.e.,
functional redundancies) between the effect, resis-
tance, and recovery traits. We then demonstrate
by way of a simple simulation model how these
trait correlations and our proposed framework
can be used to anticipate resilience in habitat pro-
visioning by corals. Lastly, we discuss the differ-
ent benefits the framework could provide to coral
reef science.
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THE EFFeCcT-RESISTANCE-RECOVERY TRAITS
FRAMEWORK

The effect-response traits framework defined
by Suding et al. (2008) relies on the assump-
tion that functional traits determine ecosystem
functions and community response to distur-
bances (Fig. 1, top row). In consequence, the
order in which species are extirpated due to
an environmental change is predicted with
response traits. Predictions about the effects on
the focal ecosystem function are informed by
(1) effect traits and their correlations with
response traits, and (2) traits that are simulta-
neously implicated in effects and responses, a
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overlap.” We propose to build on this frame-
work by distinguishing between resistance and
recovery traits (both being response traits;
Fig. 1), a distinction we believe instructive for
coral species as it allows for considering pulse
disturbances (see Discussion).

In the following we consider how the existence
and nature of correlations between effect and
response traits could influence two key associa-
tions that are relevant to management strategies:
(1) the association between disturbance intensity
and the provisioning of an ecosystem function
(i.e., the degree to which the function is main-
tained); and (2) the association between time
since disturbance and the provisioning of the

scenario we refer to as “trait functional same ecosystem function.
c
s g
£ 2 58
=] Q c Qo =
o« ] S = .
£ 2 25 Assumptions
[ B S 0 S
2 w B 2?8
& g Z 8
o] g 2
&t —> - —> & —>
Effect trait Resistance trait Recovery trait
+
A 1 B 1 C o 1 AN
o o o o
= ) = =l 08
© oo o o o o © o © © Ll
vl P % ° o pir o° °.,8° = o® S
el ° ° g °o e o ©5°8 Trait
° 0 %% A . ° % correlations
> > =~
- > - > - >
Resistance or Resistance or Resistance or
recovery trait recovery trait recovery trait
N 2 4
[} I \ c c
el 185 25 o
It 2% N 2% 2
ks o c A o c I
L2 S 3 \ S 3 o
8 w \\ w v ]
o N\
> L
Disturbance intensity Disturbance intensity > Predictions
N 23 4 N 3
el iEs g5 §5
ol 183 S 2 83
[0} w V4 w w .
o / P
4 -~ >
L Ll Ll
Time after disturbance Time after disturbance Time after disturbance)

Fig. 1. The effect-resistance-recovery traits framework: Assumptions about traits” roles in an ecosystem process

(top row) and correlations between effect and resistance or recovery traits (Al, B1, C1) allow for predicting the
resistance and the recovery of the function against a disturbance. Solid lines represent the level of the ecosystem
function just after a disturbance (A2, B2, C2) or its post-disturbance recovery (A3, B3, C3); the dashed black lines
indicate null expectations (i.e., the capacity of individual colonies to respond is randomly drawn from the differ-
ent species-specific capacities of the species present in the community).
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For reference, we include in our framework
a series of null expectations, derived from a
scenario in which the response capacities of
individual colonies are drawn at random from
those of species present in the community.
This removes any correlation between effect
and response within the community (dashed
lines in Fig. 1). With no correlation between
effect and resistance traits (Fig. 1A1), the pro-
visioning of function will decline (Fig. 1A2) or
recover as expected with the null model
(Fig. 1A3). When effect and resistance traits
are positively correlated (Fig. 1B1; ie. the
most resistant species contribute most to the
function), we can expect a smaller change in
the ecosystem function (Fig. 1B2) compared to
the former scenario. The function is more
resistant to disturbance. We also expect a fas-
ter recovery of the function under the scenario
of positive trait correlation (i.e.,, the species
contributing most to the function recover fas-
ter; Fig. 1B3). In these cases, the level of func-
tion will surpass null model expectations.
When effect and resistance traits are nega-
tively correlated (Fig. 1C1; ie., the species
contributing the most to the service are the
most vulnerable), functioning is expected to
decline more rapidly in response to increasing
disturbance intensity (Fig. 1C2). The function
is considered non-resistant. We also expect a
slower recovery of function in this scenario
(Fig. 1C3), and the level of the function will
be below null model expectations.

With this framework in place, our objective is
to apply it to a coral reef example by (1) synthe-
sizing knowledge and assumptions about traits
and their respective roles in effect, resistance,
and recovery, (2) quantifying associations among
traits, and (3) demonstrating our capacity to pre-
dict the resilience of an ecosystem function using
the framework and the available data. Lastly, (4)
we discuss the benefits of applying this frame-
work and how it helps prioritize future research
efforts.

MATERIALS AND METHODS
All data processing and analysis as well as
simulations were conducted using R (version

3.4.0, R-Core Team 2017). The functional traits
data frame we compiled as well as the R scripts
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for statistical analyses, figures, and model simu-
lations are available on the Open Science Frame-
work platform (https://osf.io/b76dt).

Knowledge synthesis and evaluation of
assumptions

We first reviewed the literature about the
traits and assumptions of their involvement in
the habitat provisioning function, resistance
against cyclones and bleaching events and
post-disturbance recovery. We also documented
existing evidence of trait correlations in the lit-
erature. We used the online academic search
tool Google Scholar to search for published
peer-reviewed sources using coral traits and
processes’ names as search terms. We then col-
lected trait values from the coraltraits.org data-
base (https://coraltraits.org; Madin et al. 2016a),
and other sources from the primary literature
(Appendix S1: Table S1). We limited our analy-
sis to zooxanthellate coral species, as our main
focus is on species forming typical tropical reef
habitats (Stanley and Cairns 1988). We consid-
ered a total of 828 coral species after correcting
for nomenclature using the World Register of
Marine Species (WoRMS, http://www.marine
species.org/) as a reference. If after correcting
for names, duplicate species had highly con-
trasting trait values, we discarded the values of
species whose names had been updated. Trait
values were averaged at the species level. Data
were typically reported as single values,
means, or medians. If sample sizes were
reported alongside means or medians, we cal-
culated weighted averages, treating medians as
means for consistency. Additional trait informa-
tion is summarized in Appendix S1: Table S1.

We used the Bleaching Response Index (taxon-
BRI) to further assess the assumptions about
resistance traits in relation to bleaching response.
The taxon-BRI represents the species-specific
average percentage cover that bleached or died
during an event. It was obtained from 2036
records concerning 316 sites, 374 taxa (304 when
considering species level values and after correct-
ing for taxonomic errors), between 1982 and 2006
by Swain et al. (2016b).

Trait association analyses

We quantified associations between pairs of
traits. Substantial gaps in the trait data precluded
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creation of a single, multivariate trait model. Cor-
relations between pairs of numeric or ordinal
traits were quantified using Spearman rank cor-
relation as most bivariate relationships did not
conform to assumptions of Pearson correlation
analysis. When evaluating maximum colony
diameter in relation to mode of larval develop-
ment, which has only two possible values (broo-
der and spawner), we used a permutation test
(10,000 permutations) to test the null hypothesis
of no difference in the average maximum colony
diameter among brooders and spawners. We
used a y° contingency test to test for an associa-
tion between growth form (an ordinal variable)
and mode of larval development, and P-values
were calculated via resampling methods to cope
with the sparseness of the data in certain cate-
gories (Long et al. 2010). In order to facilitate
interpretations of graphs, traits were log-trans-
formed, or logit-transformed in case the trait is
expressed as a proportion (Warton and Hui
2011).

Virtual case study (prediction)

We illustrate our framework using simula-
tions, because key data and knowledge gaps
(see Discussion) presently limit the applicability
of our framework to real-world coral commu-
nities. Our simulation model, implemented in
R, illustrates how the assumptions we docu-
mented from the literature (Table 1) and the
trait functional overlaps and correlations we
quantified (Fig. 2; Appendix SI1: Figs. S2-54)
can be used to predict the resilience of an
ecosystem function (cf. Fig. 1). Details of the
model are presented in the Appendix. In brief,
the model represents a virtual coral commu-
nity composed of a few functionally distinct
species whose characteristics collectively reflect
the diverse associations we found between
effect, resistance, and recovery. The focal com-
munity is subjected to a pulse disturbance, to
which the constituent species respond accord-
ing to their capacity to resist. The different
populations then recover at their respective
rates. Each species contributes differently to
the habitat provisioning function. The total
amount of habitat provided by the community
at any given time emerges from the cumula-
tive contribution of the populations. In order
to consider the effect of disturbance intensity
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and larval connectivity, we simulated eight
different scenarios: two levels of larval connec-
tivity (i.e., high and low) x two different dis-
turbances (i.e., cyclone and bleaching) x two
disturbance intensities (i.e, moderate and
intense). For simplicity, we assume that (1)
the disturbances only affect the focal commu-
nity; (2) the ecosystem is far from a tipping
point so the disturbances cannot push the
ecosystem into an alternative stable state and
the community always recovers; (3) the regio-
nal pool comprises the same species as the
ones present in the focal community.

For reference, we also simulated communities
in which the capacity to resist the disturbance
and to recover was assigned at random among
species, and thus, any inherent covariation
between effect and response was removed. This
provides an appropriate null model against
which to compare the patterns emerging from
the main simulations. For example, if the species
contributing the most to the function are the ones
having the highest capacity to recover (Fig. 1B1),
the recovery of the function is expected to be fas-
ter, on average, than under the null model
outcomes (Fig. 1B3).

REesuLTs

Coral traits

From the literature, we identified 25 relevant
functional traits in total: two effect traits for
the habitat provisioning function, two for the
resistance against cyclones, 15 for the resis-
tance against bleaching events, and 11 recovery
traits (certain traits fall in several categories
due to trait functional overlap; Table 1). Four-
teen of the 25 traits were excluded from our
correlation analyses for one or more of the fol-
lowing reasons: (1) Data were available for too
few species (e.g., age and size at maturity, col-
ony fecundity, HSP concentration, MAAs); (2)
the values of the trait depended strongly on
other factors (e.g., colony fecundity with size
of the colony, egg size, and heterotrophic rate
with stress level); (3) the measurements were
too imprecise (e.g., generation length—out of
the 695 species for which information is avail-
able, 673 have a 10-yr generation length); (4)
no consistent methods for measuring the trait
have been established (e.g., capacity to
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Table 1. Coral functional traits involved in the habitat provisioning function, resistance,

disturbances (cyclone and coral bleaching).

CARTURAN ET AL.

and recovery against

Type

Used
Functional trait Eff. Res. Rec. Explanation No.sp  here References
Age and size Both Later maturity causes lower post- 3forage; No Hughes (1984), Hall
at maturity disturbance recruitment rates, but 7 for size and Hughes (1996)
there is a trade-off between starting
reproduction early, while being still
very vulnerable
Capacity of Cyc Reduced mortality rate, increased Proxy? No  Highsmith (1982)
fragment recovery rate
regeneration
Colony fecundity Both Higher fecundity implies higher 12 No  Alvarez-Noriega et al.
potential offspring (2016)
Corallite area Blea Proxy for energy reserves (?) 713 Yes  van Woesik et al.
(2012a), Darling et al.
(2012)
Enhance heterotrophy by Houlbreque et al.
determining the range size of prey (2009)
Colony maximum Hab Colonies with more complex 307 Yes  Darling et al. (2017)
diameter morphologies contribute more to the
architectural complexity
Cyc Colonies with more complex 307 Yes  Madin and Connolly
morphologies tend to be more (2006), Madin et al.
fragile as they grow bigger; opposite (2014)
for simpler ones
Blea Higher S/V ratio facilitates intake of 307 Yes Porter (1976), Kim and
DIC but creates a boundary layer Lasker (1998),
that reduces mass transfer and Houlbreque et al.
reduces feeding rate because of (2009), van Woesik
“shading effect” et al. (2012b),
Wooldridge (2014)
Egg size Both  Smaller eggs have a shorter time to 25 No  Figueiredo et al. (2013)
motility which favors local
recruitment
Bigger egg implies more lipid Alvarez-Noriega et al.
reserves and so higher probability of (2016) and references
recruitment (not proven for coral) therein
Energy reserves Blea Reduces coral susceptibility, increases 8 Yes  Anthony et al. (2009),
recovery rates and facilitates Grottoli et al. (2014)
acclimation
Fluorescent pigment Blea Provides photoprotection, but not 22 Yes  Salih et al. (1998),
concentration under higher temperature (?) Baird et al. (2009a),
Hidaka (2016)
Dove (2004)
Generation length Both  Older colonies are more fertile 845 No  Hall and Hughes (1996)
Shorter generation length increases Ritson-Williams et al.
recovery rate (weedy species) (2009)
Growth form Hab More complex morphologies 816 Yes  Darling et al. (2017)
contribute more to the architectural
complexity
Cyc More complex morphologies are 816 Yes  Madin and Connolly
more fragile (2006), Madin et al.
(2014)
Blea Modulates thickness of boundary 816 Yes  van Woesik et al.
layer and so mass transfer (2012b)
Modulates DIC diffusion from water Wooldridge (2014)
to symbiont
Mediates predation rate Porter (1976), Kim and
(heterotrophy) depending on S/V Lasker (1998),
ration and “shading effect Houlbreque et al.
(2009)
Growth rate Blea Both Rapid recovery of free space 125 Yes  Highsmith (1982),

Guest et al. (2016)
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(Table 1. Continued)
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Type Used
Functional trait Eff. Res. Rec. Explanation No.sp  here References
Heat-shock proteins Blea HSPs act as molecular chaperones, ? No  Baird et al. (2009a),
concentration which maintain protein structure Fitt et al. (2009)
(HSP) and cell function, particularly
following stress
Heterotrophy Bea Allows to meet the required DME Proxy? No  Grottoli et al. (2006),
despite the loss of the symbiont Houlbreque et al.
(2009), Levas et al.
(2016)
Metabolic rate Blea Corals with low growth rates and 20 Yes  Gates and Edmunds
(respiration rate) high metabolic rates acclimatize (1999) but see Jokiel
more effectively and Coles (1990)
Mode of larval Both Brooded larvae have a lower post- 313 Yes Ritson-Williams et al.
reproduction settlement mortality rate (why?) and (2016) and references
can settle on more diverse substrates therein
Brooded larvae can settle more Figueiredo et al. (2013),
rapidly, which favors local Keith et al. (2015)
recruitment
Mucus production Blea Mucus (polysaccharide) has a solar ? No  Fittet al. (2009),
screening protection role and Wooldridge (2009)
reduces photoinhibition.
MAAs Blea Absorb UV and functions as an ? No  Yakovleva et al. (2004)
antioxidant
Physiological Blea Influences the patchiness of bleaching ~ Proxy? No  Baird and Marshall
integration and induced tissue mortality on the (2002)
colony
Microscopic Blea Influences light-scattering and so the 93 Yes  Marcelino et al. (2013),
reduced-scattering endosymbiont light environment Swain et al. (2016a)
coefficient (' m)
Reproduction Both  Reproducing during one or two short ? No  Harrison and Wallace
frequency periods per year increases (1990)
fertilization rate, saturates predators
but is more risky against
environmental stochasticity
Reproductive Both Eggs with more energy reserve are ? No  Not investigated for
investment more likely to be recruited (?) corals
Symbiont Both Larvae obtaining the symbiont ? No  Baird et al. (2009b),
acquisition vertically can have more energy and Gleason and Hofmann
so can survive disperse further (2011)
Symbiont density Blea Higher amount of ROS produced in 35 Yes  Cunning and Baker
case of the disruption of (2013), Wooldridge
photosystem II (2014)
Tissue thickness Blea Mediates shading protection to 20 Yes  Stimson et al. (2002),

endosymbiont
Mediates DIC diffusion

Baker et al. (2008)
Wooldridge (2014)

Notes: The table shows the type of process (effect, Eff.; resistance, Res.; recovery, Rec.), function (habitat provisioning, Hab),
and disturbance (cyclone, Cyc; bleaching, Blea) in which each trait is implicated. A summary of the corresponding mechanisms
at play and associated references are provided, as well as the number of species for which the trait value is available. Energy
reserves and fluorescent pigment concentrations were assessed using lipid and chlorophyll a concentrations, respectively. DME,
daily metabolic energy; DIC, dissolved inorganic carbon (CO, and HCOS’); ?, data are either anecdotal, or sparse, or not avail-
able; Proxy?, data might not be quantifiable and would require finding a proxy trait; MA As, myco-sporine-like amino acids.

generate viable fragments, mucus production,
physiological integration); or (5) the trait is

assumed to be associated with another trait,

but the information is rarely available at the
species level (e.g., reproduction frequency and
symbiont acquisition with mode of larval

reproduction).

function

RevieEw oF FUNCTIONAL TRAITS AND
ASSOCIATED ASSUMPTIONS

Effect traits involved in the habitat provisioning

Structural complexity is a key reef attribute

and is estimated either visually (Wilson et al.
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Effect traits
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Fig. 2. Associations between effect, resistance, and recovery traits. The colored circles with a blue positive or
an orange negative sign, respectively, refer to a positive or a negative relationship between effect and resistance

or recovery and correspond to the color system in Fig. 1. For example, the positive correlation between maxi-

mum colony diameter and growth rate implies a negative correlation between effect and bleaching resistance
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(Fig. 2. Continued)

(H): Species reaching bigger sizes contribute more to the habitat complexity, and species with faster growth rates
are more bleaching sensitive (Table 1; Appendix S1: Fig. SID). There is trait functional overlap when a trait is
involved in both the effect and the response (A, D). The gray circled X refers to multidirectional relationship
between effect and resistance (C, D). Growth forms are ranked from the most complex to the simplest: branching,
table/plate, corymbose, digitate, laminar, columnar, massive, encrusting long upright, encrusting. Each gray cir-
cle represents the trait value averaged by species, the black point is the averaged trait value over all the species
by category, and the error bars extend to + one standard error (SE). Statistical tests used are as follows: Spear-
man’s rank correlation (r,) (B, C, E, F, G, H); contingency test (%) (I); permutation test (J). Asterisks indicate the

test statistics’ significance: *P < 0.05; **P < 0.01; ***P < 0.001.

2007), with the rugosity index (Risk 1972), or by
measuring the number and size of holes (Fried-
lander and Parrish 1998). Greater structural
complexity provides a greater combination of
microhabitats (Holbrook et al. 2002), which in
turn reduce competition and predation rate, pro-
tect against currents, increase the amount of prey
for predators (Graham and Nash 2013), and pro-
vide more recruitment sites for plankton (Gra-
ham et al. 2006). Consequently, reefs with
greater structural complexity support greater
richness and abundance of fish species (e.g., Hol-
brook et al. 2002, Plass-Johnson et al. 2016) and
macroinvertebrates (Fabricius et al. 2014, Nelson
et al. 2016). We focus on growth form and colony
maximum diameter (i.e.,, the maximum colony
diameter observed for a given species) as two
effect traits directly involved in the habitat provi-
sioning function (Table 1). Complex growth
forms are particularly important for juvenile and
small size fish species (Wilson et al. 2006, Emslie
et al. 2008) because reef fish occupy refuges cor-
responding to their body size (Hixon and Beets
1993). The size of the colony, on the other hand,
contributes to the reef rugosity (Alvarez-Filip
et al. 2011, Newman et al. 2015). We assumed
that complex colonies contribute more than sim-
pler ones to the structure of the habitat and con-
sidered growth form as an ordinal trait, ranking
values from the most to least complex as follows:
branching (open, closed, and hispidose), table or
plate, corymbose, digitate, laminar, columnar,
massive (massive and submassive), encrusting
long upright, and encrusting. Similarly, we
assumed that species with greater maximum col-
ony diameter contribute more to the function
habitat provisioning.
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Resistance traits

Cyclones.—Cyclones (storms and hurricanes
are included in the term) generate immediate col-
ony breakage and dislodgement, increase sedi-
mentation, turbidity, lower salinity, and change
the sea level (Harmelin-Vivien 1994). For simplic-
ity, we only consider breakage and dislodge-
ment. Cyclones affect coral colonies differently
depending on the strength of attachment to the
substrate (Massel and Done 1993) and on the col-
ony’s growth form and size (Madin and Con-
nolly 2006). We selected growth form and colony
maximum diameter as the two major resistance
traits involved in the response against a cyclone
(Table 1) based on the colony shape factor (CSF)
established by Madin and Connolly (2006). The
CSF is a dimensionless measure of mechanical
vulnerability to hydrodynamic disturbance
specific to coral colony’s morphology and size.
The CSF shows that branching morphology is
the most vulnerable, followed by plate/tabular,
then digitate, corymbose, and finally massive. In
addition, it shows that more complex colonies
(i.e.,, branching, plate/tabular and digitate)
become more vulnerable as they grow bigger, in
contrast to simpler morphologies (i.e., corymbose
and massive), which become more resistant.

Coral bleaching.—Coral bleaching is a more
complex process than mechanical breakage and
is most commonly triggered by a combination of
high temperature and radiation, and low water
current (Brown 1997, Hidaka 2016). The latter
conditions simultaneously increase the demand
in CO, of the zooxanthellae and reduce the exter-
nal supply of dissolved inorganic carbon (i.e.,
CO, and HCO’~; Wooldridge 2014). An insuffi-
cient provisioning of CO, to the symbiont
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disrupts its photosystem, which generates reac-
tive oxygen species (ROS) that are harmful for
the host’s cells and lead to cellular metabolism
dysfunction, arrest of proliferation and eventu-
ally apoptosis (Baird et al. 20094). To protect
itself, the host expels its symbiont, but risks
dying from nutrient deficiency when bleaching
lasts too long (Hidaka 2016). The bleaching
response varies considerably among species
(McClanahan 2004, Swain et al. 2016b) due to the
different strategies corals have to exploit and
manage their symbiotic relationship (Wooldridge
2014), including (1) increasing the heterotrophic
carbon supply to the symbiont, (2) protecting the
symbiont against radiation in order to reduce its
demand in CO,, (3) reducing symbiont density,
(4) increasing heterotrophy to compensate for the
loss of the symbiont, and/or (5) actively repairing
the damage caused by ROS. Correspondingly,
numerous functional traits are potentially
involved (Table 1), and estimating their respec-
tive importance in the bleaching response is chal-
lenging.

The relationship with the symbiodinium is
another important bleaching resistance trait. For
instance, different lineages show contrasting
types of symbiotic interactions (i.e., mutualistic
vs. parasitic; Stat et al. 2008) and thermotoler-
ance (Swain et al. 2017), both of which can influ-
ence short-term responses and acclimation
(Berkelmans and van Oppen 2006, Grottoli et al.
2014). We were unable to explore these issues in
more detail first because of inconsistency in the
nomenclature associated with a high diversity of
thermotolerance capability among closely related
phylotypes (Howells et al. 2012, Swain et al.
2017), which precludes the merging of different
datasets. Second, coral species show different
degrees of symbiotic fidelity and we have limited
understanding of the functional consequences of
these unique associations (Hidaka 2016). Third, a
single colony can show a high rate of symbiotic
turnover because of seasonality (Hume et al.
2015) and post-disturbance reshuffling (Silver-
stein et al. 2015), which precludes the definition
of a symbiotic functional diversity trait aggre-
gated at the coral species level.

The analysis reveals four weak but significant
correlations with the taxon-BRI: (1) a positive
correlation with maximum colony diameter
(Appendix SI1: Fig. S1B; Spearman rs = 0.34;
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n =155; P <0.001), which could be explained
by a decrease in the surface-to-volume ratio as a
colony grows bigger (except for branching spe-
cies), which reduces mass transfer and conse-
quently increases the propensity for bleaching
(van Woesik et al. 2012b); (2) a negative correla-
tion with corallite area (Appendix S1: Fig. S1C;
Spearman ry = —0.23; n = 294; P < 0.001), which
represents polyp size and could be positively
associated with energy reserves (van Woesik
et al. 20124) and diversity of prey (Table 1); (3)
a positive association with growth rate
(Appendix S1: Fig. S1D; Spearman r, = 0.38;
n = 104; P < 0.001), which is in accordance with
the commonly observed higher bleaching sus-
ceptibility of fast growing species (Marshall and
Baird 2000, Graham et al. 2006). Gates and
Edmunds (1999) suggested that a potential
trade-off between growth rate and metabolic
rate would be involved in the species-specific
beaching susceptibility: Species with faster
growth rates and low metabolic rates have a
lower capacity to adapt to stressful conditions
because of a poorer investment in protein meta-
bolism involved in repairing and/or stabilizing
impacted physiological processes. Although we
did not find a significant association between
metabolic rate (using dark respiration rate as a
proxy) and growth rate (Appendix S1: Fig. S5;
Spearman rs = —0.22; n = 17; P = 0.399) or with
the taxon-BRI (Appendix S1: Fig. S1E; Spearman
rs = 0.06; n =19; P =0.792), which would also
support this hypothesis, we lacked statistical
power due to limited sample size (Appendix S1:
Table S1). Lastly (4), and in contrast to expecta-
tions, we observed only a weak association
between growth form and the taxon-BRI
(Appendix S1: Fig. S1A; Spearman r, = 0.12;
n = 304; P = 0.042). Branching and plating spe-
cies are often reported as more bleaching sensi-
tive compared to massive and encrusting
species (Baker et al. 2008). Explanations sup-
porting these observations are as follows: (1)
More complex colonies have lower predation
rate due to self-shading (i.e., certain parts of the
colony cannot access prey because of the
obstruction of other parts; Porter 1976, Kim and
Lasker 1998), though some field observations
conflict with this (Houlbreque et al. 2009); (2)
more complex colonies have thicker boundary
layers, which limit the access to both prey and
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dissolved CO, (van Woesik et al. 2012b). The
weak association documented here potentially
results from the influence of other resistance
traits confounding the association between
growth form and taxon-BRI (see Quantifying
trait associations). In any case, we caution that
growth form may not constitute a reliable single
predictor of bleaching susceptibility.

The microscopic reduced-scattering coefficient
(Ws,m) was not correlated to the taxon-BRI
(Appendix S1: Fig. S1H; Spearman rs = —0.08;
n =78; P = 0.492). This is surprising considering
this trait characterizes the capacity of the superfi-
cial layer of the coral skeleton to reduce the scat-
tering of light within the skeleton, allowing
species with a higher coefficient to be less sensi-
tive to bleaching (Marcelino et al. 2013, Swain
et al. 2016a).

The other resistance traits did not yield signifi-
cant correlations, though sample sizes were lim-
ited (<30; Appendix S1: Fig. S1).

Recovery traits

Recovery involves a combination of sexual and
asexual reproduction of the remaining, eventu-
ally fragmented, coral colonies and surviving
fragments, as well as external larval supply from
undisturbed connected reefs. Species differ in the
way they invest in the process of recovery and
several traits are involved (Table 1).

Recovery  via  asexual  reproduction.—Coral
regrowth can allow for faster recovery than sex-
ual reproduction (Highsmith 1982, Guest et al.
2016). Indeed, surviving corals might not be able
to reproduce sexually during the months or years
after a disturbance because the polyps must
repair and maintain their own integrity, and
smaller colonies (including those that have been
reduced in size) are usually less fecund (Hughes
1984, Ritson-Williams et al. 2009). Whether a col-
ony is partially or fully damaged can depend on
the species and the disturbance type. Those that
are partially damaged can sometimes regenerate
more rapidly from remaining structures. Growth
of damaged colonies and fragments is the pri-
mary means of post-cyclone recovery for many
species (Harrison and Wallace 1990, Hughes
et al. 1992), allowing them to recover freed space
relatively fast (e.g., 5-10 yr). This mode of repro-
duction is observed in species belonging to dif-
ferent morphological groups (Highsmith 1982),
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but predominates among large and complex spe-
cies. Indeed, small colonies are more vulnerable
to partial mortality (Meesters et al. 1996) and
morphological characteristics of certain branch-
ing species allow them to reduce their mortality
rate (Madin et al. 2014). Similarly, the colony of
certain coral species only partially bleaches and
(or) dies, as opposed to sharing the stress over
the entire colony. Polyp physiological integration
is the functional trait potentially involved in the
patchiness of the response (Baird and Marshall
2002). This allows the surviving colony to regrow
tissue on the dead portion of its colony, a
phenomenon named the “phoenix effect” (Roff
et al. 2014). We could not include this trait in our
analysis because no measure has been defined
for it.

Recovery via sexual reproduction.—Sexual recruit-
ment can be decomposed into three successive
phases: (1) larval production, (2) settlement suc-
cess, and (3) post-settlement survival and growth
(Ritson-Williams et al. 2009). Recruitment suc-
cess varies greatly between species (Hughes and
Connell 1999) due to the different strategies cor-
als have to complete these three stages.

Species differ in the number of oocytes they
produce by colony (i.e., colony fecundity; e.g.,
Hall and Hughes 1996) and the amount of
energy invested in each egg (Harrison and Wal-
lace 1990). Recently, Alvarez-Noriega et al.
(2016) have found trade-offs among species
belonging to four functional groups (two species
per group): Massive species have a higher colony
fecundity but a smaller colony reproductive
investment (i.e., total amount of carbon invested
in all the eggs produced by one colony) than
plating or digitate species. The implication of this
trade-off for larval settlement and recruitment is
unknown, but potentially of importance because
many species produce lecithotrophic larvae (i.e.,
they rely solely on maternal energy reserves).

Mode of larval development is associated with
other recovery traits and is consequently
involved directly or indirectly in larval produc-
tion, settlement success, and post-settlement sur-
vival. There are two main modes of larval
development: the broadcast spawners and the
brooders, depending if fertilization happens
externally or internally (Baird et al. 2009b). The
extent to which each mode facilitates recovery is
difficult to determine as it results from the
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combination of life-history strategies, suitable
substrate availability (Vermeij 2005), habitat type
(Doropoulos et al. 2015), species-specific larval
preference for substratum (Golbuu and Rich-
mond 2007), larval connectivity and scale of
disturbances (Underwood et al. 2007), and com-
position of the species pool (Glynn and Colley
2008). Under unfavorable conditions (i.e., stress-
ful environment, isolation), brooders are consid-
ered better suited for local sexual recruitment
(Szmant 1986, Edinger and Risk 1995, Keith et al.
2015). First, brooder populations are facultatively
closed: Brooder larvae reach competency a few
hours after release and often recruit close to par-
ental colonies (Underwood et al. 2007) but also
have the capacity to disperse over longer dis-
tances (Vermeij 2005, Jones et al. 2009, Figueir-
edo etal. 2013, Torda etal. 2013) whereas
broadcast spawner populations are considered
open (Doropoulos et al. 2015). Second, most of
the brooded larvae become autotrophic via verti-
cal inheritance of the symbiont (Baird et al.
2009b), which provides them with an early
source of energy and potentially enhances
survival. Third, they tend to have more repro-
ductive cycles throughout the year (Ritson-Wil-
liams et al. 2009), which stabilizes recruitment
rate (Vermeij 2005) and reduces the risk of
recruitment failure in case of synchrony between
the timing of reproduction and a disturbance
(Harrison and Wallace 1990). Fourth, brooders
have a shorter life cycle and reproduce earlier
(Darling et al. 2012), which favors recovery.
Finally, Ritson-Williams et al. (2016) have shown
that brooder larvae are potentially less depen-
dent on the presence of certain crustose coralline
algae (CCA) species to settle compared to
spawners. Their observation, however, cannot be
generalized due to the small number of species
considered (three brooding and four spawning
species) and contrasting results (Golbuu and
Richmond 2007).

QUANTIFYING TRAIT ASSOCIATIONS

Effect and resistance traits

Growth form and colony maximum diameter
are two key traits implicated in both the habitat
provisioning function and the resistance against
cyclones and coral bleaching (Table 1, Fig. 2A,
D). For cyclones, simpler morphologies tend to
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become more resistant as they grow bigger, as
opposed to more complex growth forms, which
tend to become more vulnerable (Fig. 2A, C, D).
Consequently, the part of the habitat provision-
ing function supported by large complex colo-
nies is not resistant, as opposed to the part of the
function supported by large massive colonies.
Growth form is also significantly associated with
four resistance traits: (1) maximum colony diam-
eter (Fig. 2B, C; Spearman r, = 0.29; n = 306;
P < 0.001)—more complex morphologies tend to
reach bigger diameters; (2) corallite area (Fig. 2E;
Spearman r, = —0.50; n = 713; P < 0.001)—more
complex morphologies have smaller corallites;
(3) tissue thickness (Appendix S1: Fig. S2B;
Spearman ry = —0.60; n = 20; P = 0.005)—more
complex morphologies have thinner tissue; (4)
growth rate (Fig. 2G; Spearman r = 0.75; n = 125;
P < 0.001)—more complex morphologies grow
on average faster than simpler ones. Microscopic
reduced-scattering coefficient (Appendix SI:
Fig. S2E; Spearman rs = —0.11; n = 93; P = 0.298)
and symbiont density (Appendix S1: Fig. S2C;
Spearman r, = —0.23; n = 35; P = 0.183) do not
show a correlation with growth form complexity.
The small sample sizes (usually less than 10 spe-
cies per morphological group) associated with the
remaining three resistance traits—respiration rate,
chlorophyll a concentration, and lipid content—
preclude meaningful analysis (Appendix S1:
Fig. S2A, D, F).

Maximum colony diameter is significantly
negatively correlated with corallite area (Fig. 2F,
Spearman rs = —0.294; n =295; P <0.001) and
growth rate (Fig. 2H; Spearman r, = 0.33; n = 72;
P < 0.001). The rest of the traits are either not sig-
nificantly correlated: Microscopic reduced-scat-
tering coefficient (Appendix S1: Fig. S2K;
Spearman s = 0.22; n = 51; P = 0.115); symbiont
density (Appendix S1: Fig. S2I, Spearman
rs = 0.10; n = 23; P = 0.634), or not enough data
were available for the analysis to be informative
(Appendix S1: Fig. S2G, H, ], L).

Effect and recovery traits

Growth rate and mode of larval development
are the only two recovery traits for which sample
sizes permitted correlation analysis. Mode of lar-
val development is significantly associated with
maximum colony diameter: Brooding species
are on average smaller than spawning species
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(Fig. 2J; permutation test; 10,000 permutations; (Fig. 2C; Appendix S1: Fig. S3B), smaller polyps
P <0.001). We found no differences between (Fig. 2E, F; Appendix S1: Fig. S3A, C), and faster
spawners and brooders for growth form (Fig. 2I; growth rates (Fig. 2G, H; Appendix SI:
x> contingency test; Monte Carlo resampling: Fig. SID). As a consequence of the latter, it is the
x> =12.20; n =313; P = 0.142). As seen in the fastest of the three species to recover free space
previous section, growth rate is significantly through vegetative growth. It is a broadcast
associated with growth form and colony maxi- spawner (Fig. 2J; Appendix S1: Fig. S4A) and

mum diameter (Fig. 2G, H). consequently contributes less to local recruitment

but benefits more from regional input of larvae
PREDICTIONS FOR THE RESILIENCE OF THE compared to brooding species. Species 2 con-
HABITAT PROVISIONING FUNCTION tributes moderately to the habitat because it pro-

vides rugosity but no small-scale complexity. It is

We now illustrate how the combination of cer-  very resistant to cyclones, but bleaching sensitive
tain assumptions and trait associations (docu- because of its larger size (Fig. 2B; Appendix SI:
mented above) can be used to assess the Fig. S3B) and its smaller polyps (Appendix SI:

resilience of the habitat provisioning function. Fig. S3A, C). Compared to Species 1, Species 2
recovers much more slowly via vegetative
Description of the simulated coral community growth (Fig. 2G; Appendix S1: Fig. S3D) but

The information described above informed the equally via larval recruitment because it too is a
parameterization of our simulation model (see spawner (Appendix S1: Fig. S4B). Species 3 is
Appendix S1), including the trait characteristics small in size and intermediately complex in
of the three virtual coral species, which are visu- shape. Its small size contributes little to the com-
alized in Fig. 3. Species 1 (left panel) has a com-  plexity of the habitat compared to the two other
plex morphology (i.e., branching or plating species, but it provides resistance against
colonies). Its population contributes the most to  cyclones. It is the most bleaching resistant species
the complexity of the habitat, but is the most vul- due to its small size (Fig. 2C; Appendix SI:
nerable against cyclones and the most bleaching Fig. S1B) and larger corallites (Fig. 2F;
sensitive because of the larger size of the colonies Appendix S1: Fig. S1C). It has a faster growth

Species 1: large complex Species 2: large massive Species 3: small
habitat habitat habitat
0 0
rd ~ rd ~
” ~ ” ~ ~
Cka)ne, - +a|Q/aeregional Cka)ne - ] +a|Q/aerc-:‘gicm'al CyCIOne, - ] ialQ/aeregional
~ g N g ~ N g
~ s | ~ s | I~ L BN s |
N 7 N7 N7 N 7 7

PARS ~ PARS PR ~
~ rd ~ | - ~ - ~
e > g N > g N >
bleaching~ - _ darvae,,., bleachings - | _ 4arvae ., bleaching- - | _ darvae,
~ } -, ~ } -,
e ~
sl sl
growth growth

Fig. 3. Functional characteristics of the three species defined in the model. Each vertex of the web corresponds
to a process: contribution to the habitat provisioning function, capacity to recover via recruitment of larvae
regionally and locally produced and via vegetative growth, resistance to bleaching events and cyclones. The col-
ored polygons represent the abilities of the species to perform in each process, with highest capacity at the
extremities and no capacity at the center of the web. The positions reached on each axis correspond to the nor-
malized parameter values used in the simulation model (Appendix S1: Table S4) and reflect our qualitative
assessment based on our review of assumptions and trait associations. Values for the three recovery processes
are comparable with one another and between species.
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rate than Species 2 but slower than Species 1
(Fig. 2G). Finally, it is a brooding species (Fig. 2])
and is consequently better at recruiting larvae
locally than the two other species.

Coincidentally, the virtual species we describe
align well with the three life-history strategies
identified by (Darling et al. 2012). Importantly,
our framework can be used to explore any com-
bination of ecosystem functions and/or distur-
bances, and does not require the adoption of any
pre-defined functional groups.

Predictions

The part of the habitat created by the large
complex species is not resistant to cyclones, con-
trary to the part supported by the large massive
species (Fig. 4A, G). The habitat provisioning
function decreases faster in relation to distur-
bance intensity than expected based on the null
model outcomes (Fig. 4A, G). This is because the
colonies contributing the most to the function
have a higher probability of being extirpated
(case corresponding to Fig. 1C2). In the case of a
medium sized perturbation, we can expect the
habitat to recover rapidly due to the high growth
rate of the surviving Species 1 colonies (Fig. 4E,
F). Larval connectivity has only a small influence
on the recovery rate (Fig. 4B, C). In the case of a
more intense perturbation, most of the remaining
habitat is supported by Species 2 (Fig. 4G, ]J). The
recovery of the function starts more slowly
because the population recovery of Species 1 is
first happening mostly via regional larval input
(Fig. 4H, K). In consequence, the rate of recovery
of the function is strongly influenced by connec-
tivity (Fig. 4H, L). In contrast, species 3 is less
affected by isolation (Fig. 4K, L) because its sur-
viving population is large enough to recover
both via vegetative growth and local larval
recruitment—two processes of similar efficiency
for this species (Fig. 3; Appendix S1: Table S3). In
these four different scenarios, the recovery rate
of the function increases more rapidly than
observed in the null model when the Species 1
population becomes large enough to rapidly
recover empty space predominantly via vegeta-
tive growth (Fig. 1B3).

The major difference of the bleaching response
compared to a cyclone scenario (Appendix Sl:
Fig. S8) is the low resistance of Species 2,
which results in a higher vulnerability of the
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habitat (only Species 3 colonies are resistant;
Appendix S1: Fig. S8A, D). Species 2 has the low-
est capacity to recover vegetatively due to its
slow growth rate and is less efficient than Species
3 at self-recruiting larvae (Fig. 3; Appendix S1:
Table S3). Consequently, Species 2 almost fails to
recover in the case of high disturbance intensity
and low larval connectivity (Appendix SI:
Fig. S8L).

DiscussioN AND CONCLUSION

Suding et al. (2008)’s framework has proven to
be successful in quantitatively predicting the
effect of an environmental change on ecosystem
functions, and in yielding a better mechanistic
understanding of the processes at play (e.g.,
Klumpp and Soussana 2009, Solé-Senan et al.
2017). Their framework also enabled prediction
of the functional composition of a community in
response to a long-lasting change in environmen-
tal conditions (i.e., long enough for the commu-
nity to reach functional equilibrium). While
developed and applied principally in terrestrial
plant ecosystems, similar trait-based frameworks
have been used for other organisms or systems,
including ectomycorrhizal fungi (Koide et al.
2014), beetles (Fountain-Jones et al. 2015), bees
(Forrest et al. 2015), soil invertebrates (Pey et al.
2014), and birds (Davies et al. 2010, Luck et al.
2013). It is time to apply an analogous frame-
work for corals. Here, we built on the work of
Suding et al. (2008) by distinguishing between
resistance and recovery traits. This enabled us to
consider the temporal aspect of a response after a
pulse disturbance. This distinction is especially
important for coral reef ecosystems because they
are naturally embedded within intense pulse and
press disturbance regimes (Connell et al. 1997),
which leads species to develop very distinct
response strategies (Darling et al. 2012) and com-
munities to show high species turnover (Connell
et al. 2004) and succession (Tanner et al. 1994).
By considering recovery as an aspect of response,
one can better anticipate the expected time to
recovery for a function.

We illustrated the application of the frame-
work with a virtual community. For real coral
communities, trait information is missing for
numerous species and/or traits (Tables 1 and 2)
and the relationships between many traits and
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Fig. 4. Expected resistance (left column) and recovery rate (middle and right columns) of the coral community
defined in the model, expressed as population size (panels D, E, F, ], K, L) and the habitat provisioning function
it provides (panels A, B, C, G, H, I) against cyclone disturbances, under different scenarios of disturbance inten-
sity and reef connectivity. The initial (disturbance intensity = 0) habitat provisioning values of each species in the
left-hand panels (A, G) reflect the values assigned to species and depicted in Fig. 3. The vertical red lines (left col-
umn) represent the disturbance intensity used to evaluate community recovery (middle and right column) for a
moderate (two-first rows) and intense (two last rows) perturbation. Thicker lines are the averaged response over
40 replicates (thinner lines) of the three species (see Appendix S1: Qualitative mechanistic model). The magenta line
represents the cumulative habitat provisioning provided by the whole community; the black dashed line repre-
sents the cumulative and averaged habitat provisioning provided by the null model communities. In our focal
virtual communities, the habitat provisioning function is less resistant (panels A and G) and recovers faster (pan-
els B, C, H, I) than in the null model communities (dashed black lines), in which an individual’s capacity to
respond is randomly drawn from the three species-specific capacities.
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Table 2. Summary of the associations of effect traits with resistance and recovery traits related to the habitat
provisioning function, cyclone, and coral bleaching disturbances.

Effect traits

Functional traits Resistance Recovery Growth form Maximum colony diameter
Growth form Yes Negative (C2, cyclone) Negative (C2, cyclone)
Negative (C2, Bleaching) Negative (C2, Bleaching)
Colony maximum diameter Yes Dual (B2, C2, cyclone)t Dual (B2, C2, cyclone)t
Negative (C2, Bleaching) Negative (C2, Bleaching)
Corallite area Yes Negative (C2, Bleaching) Negative (C2, Bleaching)
Chlorophyll a concentration Yes Not enough data (Bleaching) Not enough data (Bleaching)
Dark respiration Yes Not enough data (Bleaching) Not enough data (Bleaching)
Lipid content Yes Not enough data (Bleaching) Not enough data (Bleaching)
Microscopic reduced-scattering Yes None (A2, Bleaching) None (A2, Bleaching)
coefficient (W's m)
Symbiont density Yes Not enough data (Bleaching) Not enough data (Bleaching)
Tissue thickness Yes Not enough data (Bleaching) Not enough data (Bleaching)
Growth rate Yes Yes Negative (C2, Bleaching) Negative (C2, Bleaching)
Growth rate Yes Positive (B3) Positive (B3)
Mode of larval development Yes None (A3) Negative (C3)

Note: The sign of the correlation corresponds to the relationship between the species’ contribution to the function and their
response (e.g., if species contributing the most to the function are the most resistant, the relationship is positive; cf. Fig. 1).
+ Combination of a positive and a negative correlation: Larger massive colonies are more resistant to cyclone, as opposed to

colonies with complex growth forms.

processes have not been quantified. The veracity
of the trait associations we quantified depends
on the number of species sampled and consis-
tency in measurement protocols. Adopting a
framework such as the one proposed here helps
clarify the key knowledge and data gaps, and
advance coral research in general. In particular,
such an approach could inform the following
four research objectives: (1) to gain a better
understanding of relationships between traits
and processes, (2) to make accurate, quantitative
predictions about ecosystem functioning, (3) to
identify key traits for gap-filling the coral trait
database, and (4) to improve management of
coral communities.

Linking traits to processes

Comprehensively linking traits to processes
requires understanding the mechanisms at play
and identifying the associated traits. Qualifying
traits as effect, resistance, or recovery necessi-
tates careful consideration of the mechanisms
and associated traits involved in the processes.
Once reviewed, traits and processes can be
linked in a conceptual, correlative, or mechanis-
tic model. For instance, Figueiredo et al. (2013)
modeled species-specific coral larval retention
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implementing egg size; Madin and Connolly
(2006) and Hoogenboom and Connolly (2009)
established mechanistic models, respectively,
determining the hydrodynamic vulnerability
and the daily photosynthetic energy acquisition
of colonies depending on their size and growth
form. Processes such as bleaching or recruit-
ment are more complex and involve numerous
aspects of coral physiology. Efforts to combine
mechanisms and associated traits to disentan-
gle the complexity of these processes (e.g.,
Baird et al. 20092, Wooldridge 2014) and to
quantify relationships between traits and pro-
cesses (e.g., Swain et al. 2016a) would benefit
from a systematic and more rigorous trait clas-
sification scheme. For instance, we identified 15
bleaching resistance traits and 11 recovery
traits (Table 1), and yet rarely do models imple-
ment more than one coral trait to predict
species bleaching response (e.g., Swain et al.
2016a) or recruitment (e.g., Kubicek et al. 2012,
Magris et al. 2015), if they consider traits at
all. The framework highlights the traits and
mechanisms  that require investigating
(Tables 1 and 2) such that multi-trait models
can be developed to better predict species-
specific performance.
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Integrative quantitative modeling of ecosystem
functioning

The framework is especially suitable for pre-
dicting the effects of disturbances on ecosystem
functioning (e.g., the delivery of a service), as
trait correlations and functional overlaps link
together processes related to ecosystem function-
ing and resilience (i.e., resistance and recovery).
We have illustrated this with a simple simulation
model, but other approaches are possible. Min-
den and Kleyer (2011) implemented Suding et al.
(2008)’s framework in structural equation models
(SEM) to quantify the indirect effects of abiotic
factors (e.g., salinity, nutrient availability) on pro-
ductivity in salt marshes through the causal rela-
tionships with response and effect traits (e.g.,
stem biomass, specific leaf area). Subsequently,
SEMs have been used to expand on the frame-
work by considering multiple ecosystem func-
tions and their trade-offs (Lavorel and Grigulis
2012) and additional trophic levels (Lavorel et al.
2013). Agent-based models (ABMs) are another
appropriate modeling approach as they can sim-
ulate the dynamics of a community from the
individual’s response, growth, and reproduction
(Grimm and Railsback 2005) and can incorporate
any number of mechanisms and agent-specific
features (DeAngelis and Grimm 2014). Bozec
et al. (2015) and Kubicek and Reuter (2016) have,
for instance, developed ABMs to quantify the
effect of disturbances (i.e., cyclone, bleaching,
fishing) on the rugosity of the reef through the
effect on coral cover and diversity using coral
functional traits. Finally, Edmunds et al. (2014)
advocated for the use of integral projection mod-
els (IPMs) to quantitatively predict the structure
of a coral population (e.g., size class distribution)
under different environmental scenarios. We
suggest using IPMs’ outputs to further quantify
an ecosystem service provided by a population
by using the appropriate effect traits.

Identify key traits and gap-filling the trait
database

Filling gaps in the trait database is a pressing
challenge if we wish to adopt a trait-based
approach to advance coral science (Madin et al.
2016b). Measuring all functional traits on all coral
species is not feasible so we must define a strat-
egy for (1) selecting a set of relevant and easy to
measure functional traits, and (2) extrapolating
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trait values to the rest of the coral phylogeny.
Qualifying traits as effect, resistance, or recovery
would provide a strategy for selecting suitable,
representative, and measurable traits. For
instance, among the 15 bleaching resistance traits
we highlighted (Table 1), five are difficult to
measure (e.g., heterotrophy, physiological inte-
gration), and another five have been measured
on an insufficient number of species (Table 2).
Before investing in measuring these traits on a
larger number of species, we should first deter-
mine whether the trait data we have in hand (i.e.,
growth form, colony maximum diameter, coral-
lite area, W', growth rate) can be used as reli-
able proxies for other traits according to the type
(s) of process(es) they influence. For instance, (1)
corallite area is potentially related to processes
involved in the use of heterotrophic energy and
could consequently be correlated to lipid content,
heterotrophy, and tissue thickness; (2) the micro-
scopic reduced-scattering coefficient is impli-
cated in autotrophic energy regulation and is
therefore a good proxy candidate for symbiont
density, tissue thickness, and pigment concentra-
tion; (3) growth rate and dark respiration repre-
sent potential trade-offs in energy investment
and could consequently directly influence meta-
bolic cellular processes such as Heat-shock pro-
teins (HSPs) and myco-sporine-like amino acids
(MAAs) production. Defining these key proxy
traits might require conducting experiments on a
subset of coral species in order to ascertain their
correlation with traits that have been insuffi-
ciently surveyed or are challenging to measure,
and to confirm their influence on the process of
interest (if not already demonstrated experimen-
tally). Once a key proxy trait is defined, its value
can be extrapolated to the rest of the unmeasured
coral phylogeny. For instance, Madin et al.
(2016b) used multiple regression to predict
growth rate using colony morphology and
molecular families as predictors. Growth rate has
been measured on 125 species (Table 1) dis-
tributed among most of the coral families. Many
of the potential key proxy traits have been mea-
sured on an insufficient number of species
(Table 1), preventing the possibility of predicting
trait values to unmeasured parts of the phy-
logeny. We believe that agreeing on a set of coral
species on which to measure the selected key
traits is necessary, considering the important
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gaps present in the database (Madin et al. 2016a).
We further propose to strategically select these
species in reference to their position in the coral
phylogeny (i.e., the set of coral species should
cover the whole phylogeny) in order to better
quantify phylogenetic conservatism in traits and
achieve better prediction. In addition, we high-
light alternative phylogenetically informed
imputation methods such as phylogenetic gener-
alized linear models, phylogenetic eigenvectors
(Swenson 2014), multivariate imputation by
chained equations (MICE), missForest (Penone
et al. 2014), and the hierarchical Bayesian
approach BHPMF (Schrodt et al. 2015).

Informing active restoration strategies

Maintaining reefs in their pristine state is an
unrealistic goal regarding current trends in
human development and associated disturbances
(Graham et al. 2014). Managing for the services
reefs provide and their resilience requires com-
bining adaptive ecosystem-based (e.g., McCook
et al. 2010) and resilience-based (Anthony et al.
2015) approaches, so we can intervene on the
appropriate drivers and processes at the suitable
scales to maintain or place individual reef sys-
tems within a safe operating space (Hughes et al.
2017). A better theoretical understanding of
ecosystem dynamics (Scheffer et al. 2001) has
brought new management options: In addition to
act on the drivers themselves, measures aiming at
manipulating thresholds and feedback processes
are now considered (Hughes et al. 2017). One
promising approach consists of combining the
gardening concept (i.e.,, importing farmed colo-
nies into local reefs) (Rinkevich 2014) with
assisted evolution methods (e.g., preconditioning,
epigenetic programming, selective breeding of
colonies; van Oppen et al. 2015, 2017) so that the
imported colonies are more resilient and eventu-
ally increase the genetic diversity of local popula-
tions. This approach requires identifying the
traits that provide resilience to coral populations
and their heritability (van Oppen et al. 2015).
Meanwhile, this approach should also satisfy the
need to preserve ecosystem functions and struc-
ture (van Oppen et al. 2017), an objective
impeded by important knowledge gaps concern-
ing the effect of community change on ecosystem
functions (Hughes et al. 2017). The framework
we propose here can help reach these two
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objectives by identifying appropriate resistance
and recovery traits, and by yielding qualitative
predictions about how the enhancement of cer-
tain trait configurations in local communities can
affect ecosystem functions. In other words, it
would help with selecting the best candidate spe-
cies for farming and for assisted evolution
depending on their contribution to ecosystem ser-
vices, their resilience (i.e., resistance and recov-
ery), and their complementarity with the other
species already present locally.
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