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Abstract
Sea-level rise is predicted to cause major damage to tropical coastlines. While coral
reefs can act as natural barriers for ocean waves, their protection hinges on the ability of scleractinian corals to produce enough calcium carbonate (CaCO3) to keep up
with rising sea levels. As a consequence of intensifying disturbances, coral communities are changing rapidly, potentially reducing community-level CaCO3 production.
By combining colony-level physiology and long-term monitoring data, we show that
reefs recovering from major disturbances can produce 40% more CaCO3 than currently estimated due to the disproportionate contribution of juvenile corals. However,
the buffering effect of highly productive juvenile corals is compromised by recruitment failures, which have been more frequently observed after large-scale, repeated
bleaching events. While the size structure of corals can bolster a critical ecological
function on reefs, climate change impacts on recruitment may undermine this buffering effect, thus further compromising the persistence of reefs and their provision of
important ecosystem services.
KEYWORDS

CaCO3 production, calcification rates, coral assemblages, coral juveniles, linear extension, reef
productivity, time series
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conversely, in the case of allometry, CaCO3 production rate either
accelerates or decelerates as colonies grow. While it is often as-

The Intergovernmental Panel on Climate Change (IPCC) pre-

sumed that the coral colony-level production of CaCO3 is isometric,

dicts a climate-driven sea-level rise of 0.43 m–0.84 m by 2100

recent work suggests that coral growth (expressed as an increase in

(Oppenheimer et al., 2019), thus increasing the risk of coastal flood-

planar area) is allometric, either because large colonies experience

ing, especially during tropical storms (Ellison et al., 2019; Nunn et al.,

higher rates of partial mortality (Madin et al., 2020) and/or because

2017; Tebaldi et al., 2012). Sea-level rise will be amplified in the trop-

coral colonies allocate less energy to CaCO3 production in favor

ics, where vulnerable ecosystems such as mangroves and coral reefs

of reproduction once they reach a certain size (Kayal et al., 2015).

act as natural barriers to protect more than 500 million people from

Whether coral growth is indeed isometric or allometric remains

oceanic waves (Hoegh-Guldberg et al., 2007). For coasts protected

poorly resolved, but may significantly influence our community-

by coral reefs, their future exposure to oceanic waves will largely

wide estimates of CaCO3 production (Figure 1). If corals grow allo-

depend on the ability of scleractinian corals to produce enough cal-

metrically, assuming isometry may lead to an underestimation of the

cium carbonate (CaCO3) for reefs to grow vertically at a rate equiva-

production by small colonies and significantly obscure overarching

lent to sea-level rise. However, reefs are increasingly threatened by

estimates of CaCO3 production patterns across reefscapes.

both climate change and local anthropogenic disturbances (Darling

Recent climate-driven disturbances, especially catastrophic

et al., 2019; Hughes et al., 2017). Climate-induced coral bleaching

coral-bleaching events and major storms, can substantially alter the

is expected to become an annual phenomenon for most coral reefs

size distribution of coral assemblages (Dietzel et al., 2020). Large

within the next 20 years (van Hooidonk et al., 2016), inducing a state

perturbations often remove a substantial proportion of large coral

of constant disturbance that decreases the likelihood of recovery.

colonies and leave the remaining assemblage dominated by small

Whether reefs and their services will persist is presently unknown

corals (Alvarado et al., 2016; Holbrook et al., 2018). In these situa-

and requires the assessment of reef CaCO3 production across

tions, isometric approaches may lead to a severe underestimation of

disturbance-recovery cycles (Harris et al., 2018; Perry, Alvarez-Filip,

overall CaCO3 production, thus inhibiting our ability to infer a reef's

et al., 2018).

ability to regain coral cover. Yet, the loss of large corals may also sig-

The quantification of CaCO3 production (kg m−2 year−1) for reefs-

nificantly reduce overall fecundity, leading to reduced coral recruit-

capes is traditionally based on species-specific linear extension rates

ment and thus inhibiting coral recovery (Hughes & Tanner, 2000).

of corals combined with the proportional substratum cover of the

This negative feedback loop can diminish the overall productivity of

species. In most cases, this is applied to each colony regardless of

reefs over time (Hughes et al., 2019). According to recent estimates,

their size (Perry et al., 2018). Depending on the coral growth form,

most coral reefs have a net production of CaCO3 close to zero (Perry,

this scaling process relies on the assumption that species-specific

Alvarez-Filip, et al., 2018; Woodroffe & Webster, 2014). Therefore,

CaCO3 production rates are constant throughout coral ontogeny.

even slight differences in CaCO3 production may have major impli-

However, this may not always be the case as CaCO3 production

cations for the capacity of reefs to survive despite sea-level rise.

rates may be either allometric or isometric (Figure 1). In the case

Here, we estimate CaCO3 production rates of three prominent

of isometry, CaCO3 production rate scales linearly with colony size;

coral genera over a range of colony sizes and test whether CaCO3

F I G U R E 1 Conceptual diagram
describing isometric versus allometric
CaCO3 production curves. Size-dependent
metabolic production characterized
by (a) a linearly increasing model with
coral surface area (isometric metabolic
curve in orange; equation y = ⍺x + 0), and
(b) a logarithmic asymptote (allometric
metabolic curve in blue; equation
y = ⍺x β + 0). The dashed line indicates the
size at which the two curves cross (i.e.,
this threshold point depends on both
the intercepts and the allometric scaling
slopes). Compared to the allometric
model, the isometric model may
underestimate CaCO3 production below
this threshold and overestimate CaCO3
production at lager coral sizes
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production follows an allometric or isometric growth pattern. We
then use an empirical time-series dataset from French Polynesia

3

2.2 | CaCO3 production using alkalinity anomaly ex
situ incubations

that reports the size of individual coral colonies across 10 years of
disturbance–recovery cycle to examine whether the conventional

To characterize CaCO3 production in smaller colonies, for which the

isometric approach leads to an incorrect estimation of community-

Alizarin red-S approach was not feasible, we removed 96 coral colo-

level CaCO3 production. Finally, we evaluate the outcome of large-

nies [A. hyacinthus (n = 25), P. verrucosa (n = 25), and P. lutea (n = 46)]

scale disturbances, such as a major bleaching event, simulating the

with surface areas of 35–1000 cm2 (i.e., ~3–15 cm diameter) from the

effect of recruitment loss on CaCO3 production over 5 years.

north shore of Mo'orea (depth = 12 m) using a hammer and chisel.
Before each collection, we recorded relevant environmental param-

2
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eters (mean ambient seawater temperature, salinity, and photosyn-

M E TH O D S

thetically active radiation). Upon return to the surface, we placed

2.1 | CaCO3 production using in situ alizarin red-S
staining

colonies in seawater tanks under the same environmental conditions for recovery and acclimation. Sponges, crustose coralline algae
(CCA), macro-algae, epiphytes, and small crustaceans were carefully
removed from the corals. We measured the length, width, and height

In June 2018, we used the approach described by Dustan (1975) to

of each colony, then tagged and kept the corals in the acclimation

stain 175 coral colonies of Acropora hyacinthus (n = 50), Pocillopora

tank for 7 days. 73% of the colonies (n = 70) did not show any obvi-

verrucosa (n = 75), and Porites lutea (n = 50) in situ at a depth of 10–

ous adverse reactions to collected and handled, so we retained them

15 m on the outer reef slopes around the island of Mo'orea (French

for CaCO3 production measurements. Coral colonies were grouped

Polynesia, Figure S1). Before staining, we measured the length,

into three different size classes (<100 cm2, 100–4 00 cm2, and 400–

width, and height of each coral colony. We stained colonies with a

1000 cm2—see Section 2.3). Size selection for the incubation cham-

surface area ranging from 140 cm2 (i.e., ∼5 cm diameter) to 3850 cm2

bers was based on providing sufficient water volume for each coral

(i.e., ~80 cm diameter), which broadly matches the range of coral col-

colony, while ensuring traceability of changes in water chemistry

ony sizes observed in Mo'orea (Kayal et al., 2018; coral colonies ob-

(Kolb, 2018). Consequently, colonies were incubated in chambers of

served in situ ranged from <1 cm2 to ~5000 cm2). We enclosed each

three different volumes (0.5, 1, and 4 L, respectively) to maintain a

coral in a 5, 10, or 20 L transparent plastic bag, filled with 10 mg/L

relatively constant incubation volume to colony size ratio. Four addi-

of alizarin red-S, for 72 hours. All colonies were tagged and mapped

tional incubation chambers were used as blank controls. Each week,

for future retrieval. To minimize the confounding effects of competi-

we assessed four controls and four corals of each size class. Water

tion on growth, we chose colonies that were not in direct contact

samples of 50 mL were collected from the incubation controls and

with other corals. In December 2018, 74% of colonies (n = 130) were

each chamber after 3 hours of incubation for total alkalinity analysis.

recovered and three fragments were collected from each coral for

We made sure that coral colonies did not experience O2 reductions

growth measurements. We reasoned that a period of 6 months was

of more than 80% (Kolb, 2018), in which case observations were

representative of the mean annual growth rate, since it covered

removed from the dataset. We defined net CaCO3 production by

the average temperatures typical for the cooler (26°C) and warmer

assuming a mole of CaCO3 is produced when the alkalinity measure

(29°C) seasons in Mo'orea (cf. Smith et al., 2007). Samples were

(∆AT) drops by two moles for a fixed time (∆t) (S. V Smith & Key,

dried for 48 hours and placed into transparent epoxy for 24 hours

1975). By multiplying these parameters (−∆AT/2.∆t) by seawater

before slicing three 0.7 mm thick slices from each colony using a

density (ρsw), we defined the global CaCO3 production rate, which

diamond-tipped saw, perpendicular to the major axis of growth. We

was then normalized with live coral surface area and converted to

took high-resolution photos of each colony slice using fluorescence,

g cm−2 year−1 based on the molar CaCO3 mass (Dickson et al., 2007).

and calculated linear extension as the average of three measurements (i.e., length, width, and height) per colony (Figure S2). We also
measured the longest linear extension from the edge of the stain to
the periphery of the skeleton to the nearest 0.1 mm using Image J

2.3 | Photogrammetry-based size–area
relationships

software (Schneider et al., 2012). Finally, we calculated the CaCO3
production rate using the equation C = (LE × D) × AC, where C rep−2

resents the CaCO3 production rate (g cm

−1

To examine the relationship between CaCO3 production and col-

year ), LE represents the

ony size, we used a 3D surface area to avoid underestimating coral

linear extension (cm/year), D represents the skeletal density, meas-

CaCO3 production, as surface folding and branching increase the

ured by the buoyed weight displacement method (respectively, 1.4,

coral surface area. Following the coral incubation protocol, 100–

1.5, and 1.3 g/cm3 for A. hyacinthus, P. verrucosa, and P. lutea), and AC

200 overlapping high-resolution photos were taken for each colony

represents the adjustment coefficient (between 0 and 1), depending

(Figure S3). The photos were used to construct 3D models using

on the growth form of the colony (Morgan & Kench, 2012). We used

Agisoft PhotoScan (Agisoft LLC, 2016). We defined volume and live

an AC of 0.4, 0.5, and 1 for A. hyacinthus, P. verrucosa, and P. lutea,

surface area from the final 3D model (i.e., outside area of the coral

respectively.

minus the base). We fitted a power-law regression between coral

4
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colony mean diameter (i.e., mean of the three dimensions defined
2

iterations of each chain. We verified chain convergence with visual in-

for each colony) and coral live surface area (R = 0.97) (Kayal et al.,

spection and confirmed that Rhat (the potential scale-reduction factor)

2015). This relationship was used to estimate the surface area of the

was less than 1.05. Using the model summary parameters, we then

coral colonies measured during the alizarin red-S staining, incubation

predicted both CaCO3 production and area-normalized CaCO3 pro-

experiments, and size distribution surveys.

duction rates (±95% Bayesian credible interval).

2.4 | Bayesian CaCO3 production models

2.5 | Coral community CaCO3 production

To test whether CaCO3 production of the three coral genera fol-

We used both isometric and allometric functions for quantifying

lowed an allometric or isometric pattern, we first verified that the

community wide CaCO3 production to test whether the two ap-

CaCO3 production from in situ alizarin red-S staining and ex situ in-

proaches yielded different results when coral size distribution

cubations was analogous. Alizarin red-S staining has the advantage

changes over time. Between 2005 and 2016, Mo'orea experienced

of providing data from corals in situ (i.e., growing under normal en-

an outbreak of the predatory sea star Acanthaster cf. solaris (2006–

vironmental conditions). However, given the potential for toxicity

2009), followed by a cyclone (2010). The two disturbances reduced

in juvenile corals (Dustan, 1975), CaCO3 production of juveniles is

live coral cover from approximately 50% in 2005 to 3% in 2010

better estimated with ex situ incubations. In our study, alizarin red-S

(Carlot et al., 2020; Kayal et al., 2012). Following the disturbances,

staining and alkalinity anomaly incubation yielded similar results for

coral cover recovered to predisturbance levels by 2016 (Kayal et al.,

CaCO3 production (Figure S4); therefore, we merged the datasets to

2018; Figure 2). The change in coral cover was accompanied by

estimate isometric and allometric relationships with Bayesian infer-

considerable variations in coral size distributions. Large colonies

ence as follows:

were dominant in 2005 (Table S1) but were dramatically outnumbered by small recruits in 2011 (Adjeroud et al., 2018). We applied

(
)
β
Ci ∼ N μi , σ2 , Allometric model: μi = αxi

both CaCO3 production models (i.e., isometric versus allometric)
at the community level by combining data from three studies that

Isometric model: μi = αxi + β

recorded temporal changes in size distributions of the three major
reef-building corals around Mo'orea. The first study evaluated coral

where Ci is the CaCO3 production rate (g/year) and xi the live coral

size distributions in 2005 (Adjeroud et al., 2015), the second study

surface area (cm2). We specified the same priors for both models ( ~

took place from 2008 to 2010 (Kayal et al., 2015), and the third

Normal (10,10) and β ~ Normal (0.5,0.5)) with a weakly informative

study was conducted from 2011 to 2016 (Kayal et al., 2018) as part

variance (σ ~ Student (3,0,450)). We fitted our models with 3000

of the Mo'orea Coral Reef Long Term Ecological Research program

iterations across four chains, and discarded the first 1500 warm-up

(LTER; http://mcr.lternet.edu). All surveys were conducted at a

2

F I G U R E 2 Average live coral cover in
Mo'orea, French Polynesia, from 2005 to
2016. Perturbations included a predatory
sea star (Acanthaster cf. solaris) outbreak
from 2006 to 2009 and a cyclone in 2010.
Photographs illustrate the reefscape in (a)
2006, (b) 2010, and (c) 2015

|
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minimum of three different sites around Mo'orea at a depth of ap-

the observed values (scenarios R × 0.75, R × 0.5, and R × 0.25, re-

proximately 12 m.

spectively). The model was implemented with estimates of coral de-

Due to heterogeneity among datasets (i.e., differences in survey

mographic parameters based on empirically measured coral survival,

protocols, efforts, sites, and observers), we standardized the data by

growth, and recruitment rates on the north shore of Mo'orea, where

pooling all transects for a given year to obtain an island-scale coral

coral recruitment and recovery achieved maximum levels in 2010–

size distribution for each taxon, from which we estimated population

2015 (Kayal et al., 2018). Finally, the allometric Bayesian model

abundances matching the percent cover of the species at each site.

was applied to the distribution of the coral colonies' surface area

To do so, we assumed that the planar shape of our three species is

predicted under the four recruitment scenarios (Figure S6) to esti-

approximated by a circle when observed from above. We then calcu-

mate CaCO3 production rates (Figure 4). All statistics and predictive

lated individual colony planar areas from visually determined length

models were run using the brms and nlme packages (Bürkner, 2017a,

and width (i.e., ((length + width)/4)2π). In some of the studies, coral

2017b; Pinheiro et al., 2013) in R version 3.5.3 (R Core Team, 2019).

size distribution was evaluated without recording the sampling effort (e.g., by recording the size of the 50 first colonies intercepted
along a transect). Therefore, we evaluated coral density per 10 m2

3
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substrate by randomly sampling individuals from our island-scale size
distribution dataset until matching the percent cover of the species in

All three coral species exhibited an allometric linear extension

each year. We repeated this process 100 times to obtain an average

pattern, with small coral colonies producing disproportionately

island-scale coral size distribution per taxon per year. We compared

larger amounts of CaCO3 per unit surface area than larger colonies

our coral size distribution estimates with empirical data collected in

(Figure 3). For example, a fivefold increase in colony surface area

2009 by Kayal et al. (2015) for the three coral species and found no

from 100 to 500 cm2 led to a 26% decline in linear extension for

significant difference (Figure S4). Annual changes in coral cover for

Acropora and Pocillopora and a 10% decrease for Porites.
According to the isometric model, reef-s cale CaCO3 production

the three coral genera were estimated as part of the “Service d'Observatoire CORAIL” monitoring (SO CORAIL monitoring; http://obser

per unit area remained relatively constant (~7 kg CaCO3 m−2 year−1;

vatoire.criobe.pf). We then assigned CaCO3 production to each col-

Figure 4 and Table S1) across 10 years of study period, despite

ony and summed them to yield total production per 10 m2 of reef.

fluctuations in coral cover (Figure 2). In contrast, the allometric
model revealed marked variation in reef-s cale CaCO3 production

2.6 | Recruitment loss model

over the same period. CaCO3 production per unit area increased

from 9 kg CaCO3 m−2 year−1 during pre-disturbance in 2005 to
17 kg CaCO3 m−2 year−1 in 2010 and 22 kg CaCO3 m−2 year−1 in

To estimate how large-scale disturbance events may impact reef

2013 during reef recovery (Figure 4a and Table S1). These peaks

CaCO3 production, we used a multi-species, open-population, inte-

co-o ccurred with the recolonization of juvenile corals (Adjeroud

gral projection model (IPM) developed to characterize coral commu-

et al., 2018), initiated in 2006 in response to the Acanthaster out-

nity dynamics around Mo'orea (Kayal et al., 2018). The IPM predicted

break, but it was interrupted by the cyclone in 2010 (Kayal et al.,

recovery dynamics in the abundance, composition, and size distribu-

2012). After 2013, coral colonies grew steadily, leading to a grad-

tion of coral assemblages (i.e., Acropora, Pocillopora, and Porites) after

ual decline in the production of CaCO3 per unit area. Overall,

the 2006–2010 disturbances (Figure S6). For each population, the

the isometric model led to a 40% underestimation of the total

model is governed by the following:

CaCO3 produced over 10 years compared to our allometric model
(Figure 4b).
To test how reduced coral recruitment impacts reef-scale CaCO3

Up

n ⋅ (z�, t + 1) =

∫

s(z)G (z, z�) n(z, t)dz + R (𝛾, z�)

Low

production, we simulated coral community composition and size
structure across 5 years of recovery period under four different
scenarios of decline in coral recruitment (0%, 25%, 50%, and 75%

where the distribution of individuals n (z′, t + 1) of final size z′ at time

declines). Recruitment declines dramatically reduced CaCO3 pro-

t + 1 is predicted as a function of the distribution of the individuals n

duction, with a 68% reduction in CaCO3 production when recruit-

(z, t) of sizes z, bounded to the size-range interval [Low, Up], at time

ment is reduced by 75% (Figure 5). Even a moderate decline of 25%

t. The functions s, G, and R describe empirically estimated size (z)-

in recruitment reduced post-disturbance CaCO3 production by

dependent survival and growth, and density (γ)-dependent recruit-

~30% over 5 years.

ment, respectively.
We used the IPM to simulate the recovery of coral assemblages
from 2010 to 2015 according to different recruitment scenarios.

4
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DISCUSSION

Specifically, we compared reef recovery under the observed recruitment rates (present-day scenario R × 1) versus different scenarios of

Our study demonstrates that three major reef-building corals in

decline where recruitment was restricted to 75%, 50%, and 25% of

Mo'orea (Acropora hyacinthus, Pocillopora verrucosa, and Porites lutea)

6
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F I G U R E 3 CaCO3 production rates
of the three reef-building coral species.
On the left, changes in linear extension
for the coral species A. hyacinthus, P.
verrucosa, and P. lutea as a function of
colony size. On the right, changes in
CaCO3 production rates as a function
of colony size. CaCO3 production was
estimated using two growth measurement
methods (in situ alizarin red-S staining
and ex situ metabolic incubations)

show allometric linear extension and CaCO3 production patterns.

Thus, allometric growth likely results from shifts in the energy

Using the allometric patterns to quantify reef-scale CaCO3 produc-

allocated to CaCO3 production across the colony size gradient.

tion from coral size structure time series in Mo'orea indicates that

Indeed, larger colonies may invest substantial energy in repro-

the conventional isometric approach leads to a 40% underestimation

duction, which might reduce the energy available for calcification

of CaCO3 production over 10 years. Our results imply that recover-

(Kayal et al., 2015).

ing reefs have exceptionally high calcification rates due to the fast

Our findings also have important implications for our under-

growth of juvenile corals. Thus, static metrics of coral community

standing of system-wide reef accretion rates under climate change.

assemblages (e.g., percentage of live coral cover, may mask dynamic

Indeed, reef accretion depends on the net community production

processes that underpin the functioning of reefs (Brandl, Tornabene,

of CaCO3 (Perry et al., 2012) and our results suggest that, after a

et al., 2019; Morais & Bellwood, 2019).

perturbation, small colonies may greatly bolster community-level

Over a 10-year-p eriod in Mo’orea, assumption of isometry

CaCO3 production (see also Gilmour et al., 2013). However, the

resulted in an average underestimation of 3 kg m−2 year−1 , which

presence of juvenile corals strongly depends on the reproduc-

equals approximately half of the bioerosion caused by sea urchins

tive capacity of mature coral colonies (Edmunds, 2017; Holbrook

and parrot fishes around Mo'orea per year (i.e., ~6 kg m−2 year−1;

et al., 2018; Vercelloni et al., 2019). Severe, large-scale, and re-

Alvarado et al., 2016; Peyrot-C lausade et al., 2000). Although al-

peated disturbances can dramatically erode the supply of coral

lometric growth, when expressed as an increase in planar area,

recruits to large swaths of reefs. For example, coral recruitment

has been documented for corals (Dornelas et al., 2017), this pat-

on the Australian Great Barrier Reef in 2018 declined by 89% in re-

tern most likely arose from the higher probability of partial mor-

sponse to the loss of corals during 2016 and 2017 bleaching events

tality in larger colonies, and thus lower increases in planar area

(Hughes et al., 2019). Our results indicate that disruption and de-

(Kayal et al., 2015; Madin et al., 2020; Pratchett et al., 2015),

cline of coral recruitment may lead to a decrease in the production

rather than inherent differences in growth rate across ontogeny.

of CaCO3 with a potentially profound impact on reef accretion.

Our ex situ estimates of CaCO 3 production were not sensitive to

In fact, because juvenile corals play a disproportionate role in

the potential effects of partial mortality for two reasons. First,

CaCO3 production, reductions in coral recruitment following dis-

they are nearly instantaneous measures (Gattuso et al., 1998) on

turbances, such as extensive coral bleaching, may undermine the

small colonies in which partial mortality is less prevalent. Second,

capacity of reef ecosystems to recover and, ultimately, endanger

partial mortality is often due to predation or overgrowth, which

the persistence of reefs that protect tropical coasts (Oppenheimer

is easily excluded in controlled ex situ experiments. Although

et al., 2019).

alizarin red-S staining was conducted in the field, where par-

Area-normalized CaCO3 production showed a nearly inverted

tial mortality can be observed, we carefully selected healthy

profile (Figure 4a) compared to coral cover, emphasizing the deep

branches that did not show signs of predation or overgrowth.

divide between metrics of ecosystem function (e.g., growth, CaCO3

|
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Normalized CaCO3 production rate

1.00

0.75

Coral recruitment
reduction
00%
25%
50%
75%

0.50

0.25

0
Year 0

Year 1

Year 2

Year 3

Year 4

Year 5

F I G U R E 5 Normalized CaCO3 production trajectories according
to four scenarios of coral recruitment over 5 years during reef
recovery. A multispecies, open-population integral projection
model was used to predict the recovery dynamics of an assemblage
of three coral genera (Acropora, Pocillopora, and Porites) based
on coral demographic performance (in recruitment, growth, and
survival) measured in Mo'orea. The four scenarios predicted
different rates of coral recruitment reduction as compared to
current levels (0%, 25%, 50%, and 75% reductions). CaCO3
production rates were estimated from model predictions of coral
abundance, composition, and size distribution (Figure S5, combined
with the allometric CaCO3 production functions estimated in
Mo'orea; Figure 1). CaCO3 production rates were normalized
relative to the highest value (scenario 0% reduction at year 5; green
curve
(Brandl, Rasher, et al., 2019; Darling et al., 2012; Edmunds & Riegl,
2020; Madin et al., 2016).
Overall, we provide a novel perspective on coral reef CaCO3
production that has direct implications for the security of coastal
populations throughout the tropics (Arkema et al., 2013; Perry,
Alvarez-Filip, et al., 2018). With current projections of global change,
reefs will face disturbances such as coral bleaching at increasing freF I G U R E 4 Coral community CaCO3 production estimates
of a 10 m2 portion of reef substrate in Mo'orea from 2005 to
2016 according to the isometric versus allometric coral CaCO3
production models. (a) CaCO3 production rate (kg m−2 year−1), (b)
cumulative CaCO3 production (kg/year). Estimates are bounded by
a 95% confidence interval. Coral symbols on top indicate changes
in average coral colony size, and numbers indicate coral colony
density per 10 m2 of reef surface area

quencies. After these disturbances, juvenile corals can buffer the
decrease in community CaCO3 production caused by live coral loss
through their rapid growth. However, reductions in coral recruitment, as recorded after large-scale disturbances, will undermine this
buffering capacity, ultimately hampering vertical reef accretion and
consequently the protection of tropical coasts from oceanic waves.
The buffering capacity of small colonies provides only a short-term
boost (until colonies grow bigger) that may support a faster return to

production) and their outcomes (e.g., coral cover, structural com-

pre-disturbance levels of coral cover and reef structural complexity.

plexity). As a consequence, much of coral reef monitoring is likely

Yet, vertical reef accretion happens over a much longer time frame

to evaluate outcomes of past reef configurations rather than current

and relies on several other factors such as substrate cementation by

levels of functioning. To efficiently monitor and protect coral reefs

coralline algae and sediment input (Perry et al., 2012; Perry, Lange,

in times of unprecedented anthropogenic and climatic impacts, our

et al., 2018). Thus, despite the capacity of juvenile corals to tem-

results emphasize the need to move beyond ecosystem assessments

porarily accelerate reef recovery through rapid growth, long-term

based solely on static surveys (e.g., coral cover or fish biomass) and

persistence of coral reefs and their services inevitably hinge on the

consider metrics that quantify reef functioning as a dynamic process

preservation of coral populations across size classes.
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