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Abstract Early research into coral reproductive biology

suggested that spawning synchrony was driven by varia-

tions in the amplitude of environmental variables that are

correlated with latitude, with synchrony predicted to break

down at lower latitudes. More recent research has revealed

that synchronous spawning, both within and among spe-

cies, is a feature of all speciose coral assemblages,

including equatorial reefs. Nonetheless, considerable vari-

ation in reproductive synchrony exists among locations and

the hypothesis that the extent of spawning synchrony is

correlated with latitude has not been formally tested on a

large scale. Here, we use data from 90 sites throughout the

Indo-Pacific and a quantitative index of reproductive syn-

chrony applied at a monthly scale to demonstrate that,

despite considerable spatial and temporal variation, there is

no correlation between latitude and reproductive syn-

chrony. Considering the critical role that successful

reproduction plays in the persistence and recovery of coral

reefs, research is urgently needed to understand the drivers

underpinning variation in reproductive synchrony.
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Introduction

Many plants and animals breed seasonally during periods

that are likely optimal for fertilisation success and the early

development of offspring. In addition to reproductive

seasonality, many species exhibit marked reproductive

synchrony, i.e. reproduction occurring in tighter temporal

clusters than would be expected by seasonality alone (Ims

1990a). Some examples include species of mast-seeding

bamboos, which will grow during a species-specific period

of between 3 and 120 years, before reproducing syn-

chronously (Janzen 1976), and the Pacific Ridley turtle,

which lays eggs during synchronous mass nestings called

‘‘arribadas’’ involving tens of thousands of individuals

(Hughes and Richard 1974).

In addition to high reproductive synchrony within spe-

cies, spawning events involving multiple species occur in

fishes (Whaylen et al. 2004; Heyman and Kjerfve 2008),

polychaetes (Hardege 1999), echinoderms (Himmelman

et al. 2008) and frogs (Wilczynski et al. 1993). Multi-

species synchronous spawning is also a feature of most

species-rich coral assemblages (Babcock et al. 1986; Guest

et al. 2005; Baird et al. 2009a). Intra-specific synchrony is

likely highly adaptive for sessile, broadcast spawning

marine invertebrates as a way to maximise fertilisation
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success (Ims 1990a). The adaptive significance of numer-

ous species spawning at the same time is less clear. While

several hypotheses have been proposed (e.g. predator

satiation), the most parsimonious explanation is that spe-

cies have responded similarly, but independently, to envi-

ronmental signalling cues (e.g. sea surface temperatures

(SSTs), lunar cycles, diel cycles) (Oliver et al. 1988).

One of the early predictions relating to spawning in

corals was that multi-species spawning synchrony was

correlated with latitude, with a breakdown in spawning

synchrony near the equator, due to a lack of suitable cues

related to the annual amplitude of environmental variables

or lack of selective pressures to spawn at an optimal time of

the year (Oliver et al. 1988; Olive 1995). While later work

revealed that multi-species spawning synchrony was a

feature of most diverse coral assemblages, including those

on equatorial reefs (Guest et al. 2005), the original

hypothesis that synchrony is correlated with latitude was

never quantitatively tested on a global scale (but see Baird

et al. 2009a). Much of the confusion with respect to geo-

graphical variation in coral spawning synchrony exists

because synchrony is rarely quantified (Baird and Guest

2009). Quantitative estimates of synchrony are available

and have been widely used to quantify flowering synchrony

in plant assemblages (Post 2003; Elzinga et al. 2007;

Freitas and Bolmgren 2008).

In this study, we use data from Acropora assemblages

on 90 Indo-Pacific sites between the latitudes of 31.5�S and

27.2�N over a 20-year period and the Marquis index

(Marquis 1988) to examine synchrony at the monthly scale

within multi-species assemblages, within six individual

species, and explore patterns in synchrony across multiple

years at specific locations.

Materials and methods

The dataset

To explore patterns of coral spawning synchrony, we

compiled a dataset of coral reproductive condition for

Acropora (Fig. 1) from both published (i.e. Guest et al.

2005; Baird et al. 2009b, 2010, 2011, 2015; Rosser and

Baird 2009; Hanafy et al. 2010; Raj and Edward 2010) and

original data (see Online Resource 1). Coral reproductive

condition was defined following Baird et al. (2002). To

enable a rigorous comparison of synchrony, we only

included surveys that, for each site, randomly sampled the

entire Acropora assemblage, sampled at least 30 colonies

in each month and we did not include sites with less than

50% cumulative spawning predicted in any one year,

because it was assumed that the full spawning season had

not been adequately captured. Synchrony was also

examined in six species that were surveyed on at least 25

sites (n = 25 was chosen as a minimum for statistical

robustness of correlation analyses (David 1938)), with at

least 20 colonies sampled each month, and with greater

than 50% cumulative spawning.

Species were identified in the field or from field images

following Veron (2000). Due to current uncertainties in

coral taxonomy, in particular in the genus Acropora

(Cowman et al. 2020), the main analyses were run at the

assemblage level, for which correct identifications are not

necessary. For the species analysis, we chose six species

that were common, widespread and relatively easy to

identify. Nonetheless, we accept that these are taxa in

which cryptic species are possible (Ladner and Palumbi

2012; Richards et al. 2016), suggesting these analyses

might need to be revisited in the future. Uncertainties in the

identifications are indicated by the use of a series of open

nomenclature qualifiers (Bengtson 1988; Sigovini et al.

2016) that allow the assignment of a specimen to a nominal

species with varying degrees of certainty. Specimens that

closely resemble the type of a nominal species are given

the qualifier cf. (e.g. Acropora cf. nasuta). Specimens that

have morphological affinities to a nominal species but

appear distinct are given the qualifier aff. (e.g. Acropora

aff. pulchra): these specimens are either geographical

variants of species with high morphological plasticity or

undescribed species. Species that could not be matched

with the type material of any nominal species were labelled

as sp. with the image number (e.g. Acropora sp_81-4052).

These specimens are most probably undescribed species.

No individuals identified using open nomenclature quali-

fiers were used for the spatial analyses of reproductive

synchrony within common Acropora species.

Predicting the month of spawning

In order to calculate the Marquis index, it was necessary to

convert the coral reproductive condition data into the

number of colonies spawning in each month of the year as

follows. Mature colonies observed up to 6 days after the

full moon were predicted to spawn in the same lunar month

as the sampling date. In the few cases where mature

colonies were observed 7 days or more after the full moon,

they were predicted to spawn during the subsequent lunar

month. The cut-off date was set at six nights after the full

moon given that date is the peak night of spawning in Indo-

Pacific Acropora assemblages (see Online Resource 2 for

more details). Immature colonies were assumed to spawn a

month later than mature colonies. We also considered that

mature and immature colonies would not spawn again for

up to two months after their predicted month of spawning.

Indeed, gametogenic cycles require 6 to 14 months to

complete (Baird et al. 2009a) and eggs that would be
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sufficiently mature to be released would be visible at least

two months in advance. Similarly, we considered that

empty colonies would not spawn for at least 60 days.

Quantifying reproductive synchrony: the Marquis

index

Reproductive synchrony can be defined at several temporal

levels (e.g. month, night or time of spawning) depending

on the hypothesis being tested. Here, we define synchrony

as the proportion of corals within a population or assem-

blage that are inferred to spawn in the same month based

on the presence of mature (pigmented) or immature (white)

gametes. We used the following index originally developed

for flowering synchrony by Marquis (Marquis 1988) to

quantify coral reproductive synchrony.

SM ¼ m1

Pt¼n

t¼1

mt

� p1 þ
m2

Pt¼n

t¼1

mt

� p2 þ
m3

Pt¼n

t¼1

mt

� p3 þ . . .þ mn

Pt¼n

t¼1

mt

� pn
ð1Þ

where t is the month of survey, n in the number of months

surveyed, mt is the number of coral colonies predicted to

spawn in month t, pt is the proportion of colonies examined

in month t that are predicted to spawn and
Pt¼n

t¼1

mtis the total

number of coral colonies predicted to spawn during the

period studied. The Marquis index of synchrony can take

values from 0 (spawning spread evenly across the year) to

1 (spawning involving the entire population during each

month of spawning, whether over a month or more).

Marquis’ synchrony index was calculated at the assem-

blage level SM (A) to determine the synchrony among

species and at the species level SM (S) to determine the

intra-species synchrony and compare synchrony among

species. Sites with multiple years of reproductive surveys

were analysed per year, and yearly Marquis indices were

averaged to produce one value per site unless mentioned

otherwise. In regions where two spawning seasons exist,

such as in Western Australia, Papua New Guinea,

Indonesia and Singapore, the Marquis index was calculated

based on reproductive data from the entire year, to ensure a

synchrony index based on the entire Acropora assemblage

and to avoid overestimating synchrony when different

individuals are involved in each spawning season.

Statistical analyses

Pearson’s correlation tests were conducted to examine the

relationships between latitude and reproductive synchrony

at both the assemblage level and at the species level. A

one-way analysis of variance (ANOVA) was used to test

for any difference in reproductive synchrony among

Acropora species. Data were log-transformed where
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0°

10°N

20°N

30°N
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assemblage data source species data source

Fig. 1 Location of sites used in this study. Nearby sites may not be distinguishable due to overlap

Coral Reefs (2021) 40:1411–1418 1413

123



necessary to meet normality assumptions. Normality of

residuals was verified visually or with a Shapiro–Wilk

normality test. All statistical analyses were conducted in R

(R Core Team 2019), with the R packages car (Fox and

Weisberg 2019), dplyr (Wickam et al. 2019), ggplot2

(Wickham 2016), rcompanion (Mangiafico 2019), rnatu-

ralearth (South 2017) and sf (Pebesma 2018).

Results

Reproductive synchrony of the Acropora assemblages was

not correlated with latitude (Pearson’s correlation,

r = 0.02, t(75) = 0.22, p = 0.83; Fig. 2), even when exam-

ined per year (Online Resource 3). High synchrony was

found at both high latitudes (e.g. SM(A) = 0.89 at Ndigoro

Reef in New Caledonia, 22.11�S) and low latitudes (e.g.

SM(A) = 0.75 at Ahus 8 Reef, in Papua New Guinea,

1.91�S). Similarly, low synchrony was found at both lati-

tude ranges (e.g. SM(A) = 0.28 at North Molle Reef,

Whitsundays, Australia, 20�S, and SM(A) = 0.31 at Pulau

Weh, Indonesia, 5.87�N).
Reproductive synchrony was not correlated with latitude

in any of the six species examined (Fig. 3, Table 1). Both

high and low reproductive synchrony was found at all

latitudes, and within a given latitudinal range, there was

high variability in reproductive synchrony (Fig. 3). For

example, reproductive synchrony ranged between 0.36 and

0.85 in A. digitifera at 20�S (± 0.5�) and between 0.33 and

0.69 in A. hyacinthus at 20�S (± 0.5�). Average synchrony
was similar across species (one-way ANOVA,

F(5,197) = 1.55, p = 0.18, Fig. 3).

Reproductive synchrony was also variable on a temporal

scale (Fig. 4). For example, at Magnetic Island (Australia),

synchrony ranged from 0.37 (2005) to 0.50 (2017), at

Orpheus Island (Australia), reproductive synchrony ranged

from 0.24 (2012) to 0.70 (2016), and at Raffles Lighthouse

(Singapore), reproductive synchrony ranged from 0.42

(2002 and 2011) to 0.68 (2009). Nonetheless, temporal

variability in reproductive synchrony (can be quantified

here by the standard deviation from the mean Marquis

index at each location) did not follow any latitudinal trend

(Pearson’s correlation, r = 0.34, t(7) = 0.95, p = 0.37).

Discussion

No relationship was found between latitude and Acropora

coral reproductive synchrony at the lunar month level.

Instead, reproductive synchrony was highly variable on

both spatial and temporal scales. These results support the

only quantitative study of reproductive synchrony to date

(i.e. Baird et al. 2009a), which found no consistent pattern

between synchrony and latitude.

Our definition of reproductive synchrony is based on the

proportion of mature colonies within each month of the

year. We here define synchrony at a monthly scale given

reproductive sampling efforts are currently mostly con-

ducted on a monthly (lunar calendar) basis and because the

resolution is sufficient to examine latitudinal patterns. Once

reproductive patterns are better understood at the monthly

level, similar indices for spawning synchrony, i.e. the

proportion of individuals that spawn on any night, could

also be determined. This will require extensive data on

in situ spawning times (and absence of spawning) over an

entire reproductive period but will allow for a deeper

understanding of reproductive synchrony at a resolution

that will provide insights into reproductive success or

isolation among genotypes within a given species.

Recent work suggests a breakdown in spawning syn-

chrony occurred over the last decades (Shlesinger and Loya

2019), with potential implications for fertilisation success.

However, among other potential issues (see Guest et al.

2020 for more detail), no quantitative estimate of repro-

ductive synchrony was used. The potential effects of cli-

mate change on coral reproduction are worrying (Mendes

and Woodley 2002; Levitan et al. 2014; Hagedorn et al.

2016), but whether or not reproductive synchrony is

affected will require the use of comparable quantitative

data, such as is proposed here.

The lack of correlation between reproductive synchrony

and latitude suggests that variation in synchrony is also not

correlated with factors that vary predictably with latitude,

such as range and amplitudes of SSTs and day length,

which are marked at high latitudes and decrease towards
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Fig. 2 Reproductive synchrony in 77 Acropora assemblages in the

Indo-Pacific as a function of latitude. Pearson’s correlation, r = 0.025,

p = 0.827
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the equator. This supports previous observations of marked

reproductive synchrony in equatorial regions, where envi-

ronmental variables show less variability throughout the

year (Guest et al. 2005). We know that the range of change

in temperature is a strong predictor in the peak month of

spawning (Keith et al. 2016) but the driving forces

responsible for variation in synchrony will most probably

be challenging to identify, and might involve a combina-

tion of environmental constraints and adaptive strategies

(Ims 1990a; Koenig et al. 2003). Similar challenges have

been identified in ecological studies of large-scale masting

synchrony in long-lived plant species (e.g. Koenig et al.

2003; Kelly et al. 2013; Pearse et al. 2014). For example,

while the benefits of synchronising mast seeding in plant

assemblages include predator satiation (Janzen 1971; Ims

1990b) and increased pollination efficiency in wind-polli-

nated species (Smith et al. 1990; Moreira et al. 2014), the

proximate drivers remain elusive and challenging to iden-

tify (Kelly et al. 2013; Pearse et al. 2014).

Temporal variability in reproductive synchrony at any

one site was considerable, and that variability was not

linked with latitude. Nonetheless, that variability did not

hide any latitudinal patterns in reproductive synchrony,

which would have been visible when reproductive syn-

chrony was examined in single years. The month(s) of

spawning of different coral species in each region is gen-

erally reliable from one year to the next, but the exact dates

of spawning vary as they are aligned with the lunar cycle.

As such, in some years, instead of the peak spawning

occurring within a single month, spawning can be split over
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Fig. 3 Left: Reproductive synchrony in six Acropora species. Pearson’s correlations, p[ 0.05 for all species. Right: Boxplot of reproductive
across all latitudes, showing the median and distribution range of reproductive synchrony in the six Acropora species examined

Table 1 Summary of Pearson

correlation tests between

reproductive synchrony within

Acropora assemblages/species

and absolute latitude

Taxon r t-value df p value adjusted p valuea

Acropora assemblageb 0.025 0.220 75 0.827 n/a

Acropora species

A. digitiferab 0.060 0.356 35 0.724 1.000

A. gemmiferab 0.283 1.618 30 0.116 0.696

A. humilisb -0.257 -1.481 31 0.149 0.894

A. hyacinthusb -0.196 -1.213 37 0.233 1.000

A. millepora 0.002 0.011 25 0.991 1.000

A. nasuta -0.005 -0.026 33 0.979 1.000

aThe adjusted p-value includes a Bonferroni correction
bLog-transformed to fulfil normality assumptions where required
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two consecutive months (i.e. split spawning, Foster et al.

2018), thus decreasing spawning synchrony for that year.

Some yearly variability in reproductive synchrony can be

explained by the presence of a split spawning event, but

other ecological factors are likely to be involved as well.

For example, decreases in spawning synchrony may also

occur in response to stress, such as following coral

bleaching (Baird and Marshall 2002), or cyclones (Baird

et al. 2018) disrupting timing cues and reducing repro-

ductive output sometimes for years. Temporal variability in

reproductive synchrony at each reef is likely further com-

plicating the task of identifying the driving forces respon-

sible for variation in spatial synchrony across the Indo-

Pacific region. Further work is needed to identify temporal

variability in other reefs and to determine how to incor-

porate annual variability in spatial analyses of reproductive

synchrony.

Considering the importance of reproductive success to

reef recovery and persistence, it is critical to examine

spatial and temporal patterns in reproductive synchrony

using quantitative approaches. In particular, long-term

reproductive synchrony surveys are required to understand

the possible long-term effects of climate change on

spawning synchrony.
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