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Abstract Reef-building corals are found across[ 30� of

latitude from tropical to temperate regions, where they

occupy habitats greatly differing in seawater temperature

and light regimes. It remains largely unknown, however,

how the demography of corals differs across this gradient

of environmental conditions. Variation in coral growth is

especially important to coral populations, because aspects

of coral demography are dependent on colony size, with

both fecundity and survivorship increasing with larger

colonies. Here we tested for latitudinal variation in annual

growth rate and survival of juvenile corals, using 11 study

locations extending from 17� S to 33� N in the West and

South Pacific. Regression analyses revealed a significant

decline in annual growth rates with increasing latitude,

whereas no significant latitudinal pattern was detected in

annual survival. Seawater temperature showed a significant

and positive association with annual growth rates. Growth

rates varied among the four common genera, allowing them

to be ranked Acropora[Pocillopora[Porites[Dip-

sastraea. Acropora and Pocillopora showed more variation

in growth rates across latitudes than Porites and Dipsas-

traea. Although the present data have limitations with

regard to difference in depths, survey periods, and repli-

cation among locations, they provide evidence that a higher

capacity for growth of individual colonies may facilitate

population growth, and hence population recovery fol-

lowing disturbances, at lower latitudes. These trends are

likely to be best developed in Acropora and Pocillopora,

which have high rates of colony growth.
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Introduction

Many reef-building corals are found in habitats character-

ized by a wide range of environmental conditions (e.g.,

temperature and irradiance) from the tropics to temperate

regions across[ 30� of latitude (Veron 1995). While the

influence of these environmental conditions on coral biol-

ogy has been a topic of research for decades (Coles and

Jokiel 1977; Jokiel and Coles 1977; Kleypas et al. 1999), it

is not well understood how the performance of different

coral taxa varies across a wide latitudinal gradient. For reef

corals, growth rates are especially important with respect to

fitness because fecundity and survivorship are largely size-

dependent in corals (Hughes et al. 1992).

Most knowledge of latitudinal variation in the growth of

corals comes from massive Porites spp. (Lough and Barnes

2000; Pratchett et al. 2015; Lough et al. 2016) (but see

Anderson et al. 2017). Analyses of growth bands in mas-

sive Porites spp. across latitudinal gradient of up to 16�
have revealed higher growth rates at lower latitudes, which

is consistent with latitudinal variation in seawater tem-

perature (Lough and Barnes 2000; Lough et al. 2016). A

limitation of using skeletal growth bands to evaluate vari-

ation in coral growth is that the method can only reliably be

applied to massive corals like Porites and Orbicella

(Pratchett et al. 2015). Therefore, for many non-massive

coral taxa (i.e., branching, tabular, and encrusting forms),

analyses of latitudinal variation in growth are mostly

informed by syntheses and meta-analyses of studies that

have measured the growth rates of coral at different lati-

tudes (Pratchett et al. 2015; but see Anderson et al. 2017).

While such analyses have aided in understanding of gen-

eral latitudinal patterns of variation in coral growth

(Pratchett et al. 2015), the usefulness of historical studies

for this purpose is limited by variation in methodology

among studies.

Among a range of environmental conditions that vary

with latitudes, seawater temperature, photosynthetic photon

flux density (PPFD), and aragonite saturation state have

been considered to be the most important factors affecting

the growth of corals (Pratchett et al. 2015; Lough et al.

2016; Anderson et al. 2017). Seawater temperature influ-

ences coral metabolism (Coles and Jokiel 1977), affecting

calcification and, therefore, coral growth (Jokiel and Coles

1977; Allemand et al. 2011); PPFD influences photosyn-

thetic activity of symbiotic algae, affecting the supply of

metabolic energy for calcification (Allemand et al. 2011),

and aragonite saturation state influences the capacity of

corals to deposit aragonite in their skeletons (Kleypas et al.

1999). Previous studies that have addressed the role of

these conditions in affecting coral growth have suggested

that seawater temperature is the primary driver of growth

over a latitudinal gradient in massive and branching corals

(Weber and White 1974; Lough and Barnes 2000; Lough

et al. 2016; Anderson et al. 2017).

Compared to growth, there is almost no information

available regarding the latitudinal variation in other key

demographic variables of coral, such as fecundity and

survival. If coral growth varies among latitudes, it is likely

that coral fecundity and survival might also have similar

latitudinal variation driven by differences in growth rate,

given that these traits are associated with colony size

(Hughes et al. 1992). The aforementioned processes sup-

port demographic mechanisms that could generate latitu-

dinal variation in the rate at which coral populations grow,

and hence their potential to recover following disturbances.

Despite the strong ecological implications of this funda-

mental mechanisms, which ultimately will affect the bio-

geography, evolution, and conservation of coral

communities at different latitudes, only limited information

is available on latitudinal growth variation in corals

(Pratchett et al. 2015; Lough et al. 2016; Anderson et al.

2017).

In this study, we tested for latitudinal variation in annual

growth rate and annual survival of juvenile corals at 11

locations across a wide latitudinal range (178 S–338 N)

mostly in 2012–2013, throughout the West and South

Pacific. The study focused on four scleractinian genera that

are common on shallow reefs throughout this region:

Acropora, Pocillopora, Porites, and Dipsastraea. Annual

average seawater temperature and annual average PPFD

were examined as environmental correlates of variation in

growth rates among latitudes. The study focused on juve-

nile corals (i.e., 1–5 cm2 or 1–2.5 cm diameter) because

they have high relative growth rates (Hughes and Connell

1987; Borgstein et al. 2020) and usually have simple

encrusting or mounding morphologies that are tractable to

measurement.

Materials and methods

Coral surveys

Data on annual growth rates and survival of juvenile corals

were obtained from shallow reefs [ca. 5-m depth, except

for Moorea (10-m depth)] in 11 locations extending from

178 S to 338 N in the West and South Pacific (Fig. 1,

Supplementary Table S1). Corals in eight locations were

surveyed for the present study with annual sampling from

2012–2013. In Amakusa (Japan), Hong Kong (China), and

Moorea (French Polynesia), results were obtained from

existing long-term monitoring studies that employed

methods comparable to those employed herein (Nozawa

et al. 2008; Tam and Ang 2008; Edmunds et al. 2018).
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Annual growth rates and survival of juvenile corals were

assessed using permanently marked quadrats in which

individual corals could be tracked over time. For the eight

locations surveyed in 2012–2013, up to 30 permanent

quadrats (50 9 50 cm) were established within a

50 9 50 m area of reef at each of 1–3 adjacent sites at each

location (Supplementary Table S1). When the study began,

quadrats were haphazardly placed on hard substrata where

juvenile corals (\ 5 cm diameter) were located and were

permanently marked (Fig. 1C). Using digital cameras with

underwater housing (Canon PowerShot G12 or G16; 10

and 12.1 megapixels, respectively), each permanent quad-

rat and individual juvenile corals were photographed in

planar view, and each image included a scale. This pro-

cedure was repeated in the second year.

Individual juvenile corals in the quadrats were evaluated

for size (planar tissue area) and status (i.e., alive vs dead)

using the photographs, and the corals were identified to

genus based on polyp morphology and color (Veron 2000;

Budd et al. 2012). It was not possible to identify most of

the corals to species, as this requires detailed examination

of corallite morphology from skeletons or genetic analyses.

Small coral fragments created by fission of colonies, which

typically occur as a group of conspecific colonies sharing

the same color and morphology, were excluded. Planar

tissue area of juvenile corals was measured from pho-

tographs by outlining them using ImageJ software

(Schindelin et al. 2015). Annual growth rates of juvenile

corals (cm2 year-1) were calculated by subtracting the

initial size in the first year from the size in the second year.

Because the time between initial and second surveys varied

from 344 to 490 d among the locations (Supplementary

Table S1), the annual growth rate was proportionately

standardized to 365 d, by dividing the growth rate by the

survey interval (d) and then multiplying by 365. Annual

survival of juvenile corals was determined by the presence/

absence of the same individuals on the photographs of

permanent quadrat between the first and the second year. In

Fig. 1 A 11 study locations in

the West and South Pacific used

in the present study. Data at

Amakusa, Hong Kong, and

Moorea were obtained from

comparative monitoring studies

(green marks). Data at the other

locations were collected in this

study in 2012–2013 (orange

marks). B Annual average

seawater temperatures and

annual average photosynthetic

photon flux density (PPFD) at

the study locations (color marks

corresponding to the location

groups) are also provided. For

details, refer to Supplementary

Figure S1 and S2. C A

photographic pair image of a

permanent quadrat

(50 cm 9 50 cm) used for data

collection at Karimunjawa,

Indonesia in 2012–2013. In the

images, the permanent quadrat

was marked with two orange

tubes at the opposite corners of

the quadrat (upper left and

lower right)
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Amakusa and Hong Kong, the same methods were used for

the measurement of annual growth rate and annual sur-

vival. In Moorea, because coral size was recorded as the

average of two major diameters perpendicular to one

another (Edmunds et al. 2018), annual growth of juvenile

corals was estimated from geometrically calculated planar

areas assuming they were circular in shape. Survivorship

was not measured in Moorea. As the growth and survival of

corals is typically size-dependent (Hughes and Connell

1987; Hughes et al. 1992), we focused on measuring the

growth rates and survival of juvenile corals in a narrow

range of initial sizes [i.e., 1–5 cm2 (1–2.5 cm diameter)],

and the initial size of individual juvenile coral was used as

a covariate (control variable) in statistical analyses.

Environmental data

Seawater temperature (8C) was obtained from loggers

(accuracy of\ ± 0.53 �C: HOBO Pendant Temperature/

Light Data Logger 64 K or HOBO Water Temperature Pro

V2; Onset Computer Corporation, Bourne, MA, USA) that

recorded at intervals of 0.5 or 1 h at each site. PPFD

(Einstein m-2 d-1) was obtained for each site using remote

sensing data obtained from NOAA (http://coastwatch.pfeg.

noaa.gov/erddap/index.html) to provide monthly averaged

surface PPFD from Aqua MODIS satellite at 4-km reso-

lution. For GPS coordinates and monitoring durations of

each survey site, refer to Supplementary Table S1. For

seawater temperature and PPFD, we initially considered

four descriptive statistics: annual cumulative of daily or

monthly average, annual maximum, annual minimum, and

annual average (after Lough et al. 2016). However, as these

metrics were collinear (Pearson’s correlation coefficients,

mostly r[ 0.7; Supplementary Fig. S1 and S2) only the

annual average values were used in the analyses. Seawater

temperature and PPFD were averaged among individual

study sites at which corals were surveyed in the 8 locations

censused over 2012–2013, or over all years of monitoring

period for the three locations from the comparable studies

(Supplementary Table S1).

Statistical analysis

We conducted regression analyses using generalized linear

mixed models (GLMMs) to test associations between the

annual growth rate or the annual survival of juvenile corals

and latitudes. For the GLMM for the annual growth rate, a

gamma distribution with a log link function was chosen,

and growth rates (response variable) were upwardly

adjusted with a constant of ? 5 to remove negative values

(the minimum value of - 5 cm2 year-1) in the gamma

distribution. For the GLMM for the annual survival, data

on survival of individuals were used as a response variable

with a binomial distribution and a logit link function. For

both GLMMs, absolute values of latitude at the study

locations and the four coral genera were considered as two

fixed factors. The interaction term of genus 9 latitude was

included in both models to examine variation among gen-

era in the effect of latitude on the annual growth rate or the

annual survival. The initial size of juvenile coral was

included as a control factor (covariate). Study locations,

each including 1–3 adjacent sites (Supplementary

Table S1), were incorporated as random factors, with the

sites nested within the locations. Following the analyses

with data pooled among genera, genus-level analyses were

completed using a subset of data for each genus to test the

association between annual growth rate or annual survival

and latitudes; the GLMMs was identical to that used for

annual growth rate or annual survival for the pooled data,

without the fixed factor, genus and the interaction term

genus 9 latitude. For all the models, collinearity of fixed

factors was examined using the variance inflation factor

(\ 2.5) and Pearson’s correlation coefficient (r\ 0.09).

Model validation was completed using visual assessment of

residual plots. Because of the significant association of

growth with latitudes, the annual growth rate of corals was

examined for associations with seawater temperature and

PPFD. The two environmental factors were examined

separately due to the collinearity between them (Pearson’s

correlation coefficient, r = 0.71) (Dormann et al. 2013).

We used the same GLMM for the annual growth rate, in

which latitude was replaced with either annual average

seawater temperature or annual average PPFD. The anal-

ysis of deviance based on the Wald Chi-squared test was

used to test for significance (p\ 0.05) of latitude in the

models. Post hoc pairwise comparisons for the factors,

genus (four levels) and the interaction of genus 9 latitude

were performed using Tukey tests. All analyses were per-

formed in R v.3.5.3. (R Core Team 2019); with the glmer

function of package lme4 v.1.1–21; the vif and Anova

functions of package car v.3.0–2; the emmeans function of

package emmeans v. 1.4.3.01; the ggpredict function of

package ggeffects v.4.1–4; and the chart.Correlation

function of package PerformanceAnalytics v.2.0.4.

Results

We analyzed 870 juvenile corals for annual growth rates,

and 1106 for annual survival (Supplementary Table S2, S3,

S4). Median and maximum of annual growth rates (cm2

year-1) recorded at each location were summarized for

each genus in Table 1. Median growth rates ranged from

3.1–15.0 cm2 yr-1 for Acropora, 1.0–14.2 cm2 yr-1 for

Pocillopora, - 0.1–5.3 cm2 yr-1 for Porites, and 0.4–2.5

cm2 yr-1 for Dipsastraea. The GLMM indicated a
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significant negative association between annual growth

rates and latitude (v2 = 28.6; p\ 0.001) (Table 2). In the

genus-level analysis, the significant negative association

was also detected in Acropora (v2 = 7.3, p = 0.007),

Pocillopora (v2 = 26.5, p\ 0.001), and Dipsastraea

(v2 = 11.8, p\ 0.001), expect for Porites (v2 = 3.7,

p = 0.054). Growth rate differed among genera

(v2 = 156.4, p\ 0.001) (Table 2), with post hoc analyses

revealing a hierarchy of declining growth (Fig. 2): Acro-

pora[Pocillopora[Porites[Dipsastraea (pairwise

comparisons by the Tukey test: Porites vs. Dipsastraea,

p = 0.008; all others contrasts, p\ 0.001). The degree of

change in annual growth rates as a function of latitudes

(i.e., the slope of regression line) varied among genera

(v2 = 22.5, p\ 0.001) (Table 2), and pairwise compar-

isons of slopes by the Tukey test divided them into two

groups: Acropora and Pocillopora[Porites and Dipsas-

traea (Acropora vs. Pocillopora, p = 0.95; Porites vs.

Dipsastraea, p = 0.95; all other contrasts, p\ 0.006)

(Fig. 2). The GLMMs also revealed a significant and

positive association of annual growth rates with annual

average seawater temperature (v2 = 7.3, p = 0.007), but

not with annual average PPFD (v2 = 3.2, p = 0.075)

(Table 2).

The range of annual survival rates among the locations

was 53–82% for Acropora, 39–93% for Pocillopora,

53–93% for Porites and 72–100% for Dipsastraea

(Table 3). In contrast to the growth rate, the analysis of

annual survival using the GLMM did not show a significant

association with latitude (v2 = 1.4, p = 0.24) (Table 4).

The GLMM for the genus-level analysis also did not show

any significant association between them for Acropora

(v2 = 3.8, p = 0.052), Pocillopora (v2 = 3.7, p = 0.055),

Porites (v2 = 1.7, p = 0.20), and Dipsastraea (v2 = 2.7,

p = 0.10). However, annual survival varied among genera

(v2 = 21.3, p\ 0.001) (Table 4), and pairwise compar-

isons showed significant differences in Dipsas-

traea[Acropora (p\ 0.001) and Dipsastraea[Porites

(p = 0.003) (Fig. 3). The extent to which annual survival

varied as a function of latitude (i.e., the regression slope)

also varied among genera (v2 = 13.8, p = 0.003) (Table 4),

and pairwise comparisons showed a significant difference

between Acropora and Pocillopora (p = 0.002; all other

contrasts, p[ 0.08).

Table 1 Annual growth rates

(cm2 year-1) of juvenile corals

(initial size; 1–5 cm2) recorded

at 11 study locations in the West

and South Pacific. Median

(bold) and maximum values of

annual growth rate and sample

size in parentheses are shown.

Blank cells denote no, or sparse

data (i.e., n\ 5 individuals)

Latitude Location Acropora Pocillopora Porites Dipsastraea

Annual growth rate (cm2 year-1)

2� N Manado 3.3, 8.9 (30) 2.5, 8.2 (35)

3� N Tioman 10.7, 138.2 (9) 13.5, 24.6 (6)

6� S Karimunjawa 15.0, 125.7 (60) 10.3, 54.2 (11)

9� N Dumaguete 1.2, 22.5 (17) 2.5, 5.4 (9)

16� N Bolinao 14.2, 23.3 (6) 1.6, 10.4 (45) 1.3, 11.9 (39)

17� S Moorea 3.1, 4.8 (9) 5.0, 17.1 (29) 2.3, 19.1 (56)

22� N Taiwan 4.4, 33.5 (14) 3.2, 22.9 (92) 2.1, 20.0 (101) 2.0, 10.0 (23)

23� N Hong Kong 5.3, 20.2 (15) 1.6, 7.3 (31)

26� N Okinawa 6.7, 16.0 (25) 4.4, 14.0 (14) 1.1, 7.3 (43) 1.4, 4.5 (22)

32� N Amakusa 5.8, 21.7 (18) 1.0, 3.4 (13) 1.8, 7.9 (23) 1.2, 3.5 (13)

33� N Kochi 3.2, 10.8 (15) - 0.1, 3.0 (15) 0.4, 5.4 (17)

Range of median 3.1–15.0 1.0–14.2 - 0.1–5.3 0.4–2.5

Table 2 Analysis of deviance table using type II Wald Chi-squared

tests for the three generalized linear mixed models (a–c) estimated for

annual growth rates of juvenile corals

Fixed factor v2 Df Pr ([ v2)

(a)

Latitude 28.6 1 \ 0.001

Genus 156.4 3 \ 0.001

Size 59.9 1 \ 0.001

Latitude 9 Genus 22.5 3 \ 0.001

(b)

Temperature 7.3 1 0.007

Genus 127.0 3 \ 0.001

Size 56.2 1 \ 0.001

Temperature 9 Genus 8.2 3 0.042

(c)

PPFD 3.2 1 0.075

Genus 126.0 3 \ 0.001

Size 58.6 1 \ 0.001

PPFD 9 Genus 12.3 3 0.007
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Fig. 2 Variation in annual

growth rates (cm2 year-1) of

juvenile corals at the 11

locations across latitudes in the

West and South Pacific.

Generalized linear mixed

models were used for the

estimation, based on a variable

of growth value ? 5. The

estimated exponential

regression line, 95% confidence

intervals, and data of

growth ? 5 (dots) are shown for

the four common coral genera

separately. Absolute latitudes

are used in the x-axis. For

details of sample number and

actual data analyzed, refer to

Supplementary Table S2 and

S3, respectively

Table 3 Annual survival rates

(%) of juvenile corals (initial

size; 1–5 cm2) recorded at 11

study locations in the West and

South Pacific. The samples

number is shown in parentheses.

Blank cells denote no, or sparse

data (i.e., n\ 5 individuals)

Latitude Location Acropora Pocillopora Porites Dipsastraea

Annual survival rate (%)

2� N Manado 58 (52) 73 (48)

3� N Tioman 60 (15) 43 (14)

6� S Karimunjawa 69 (87) 69 (16) 67 (6)

9� N Dumaguete 44 (9) 53 (32) 90 (10)

16� N Bolinao 39 (18) 69 (65) 78 (50)

17� S Moorea

22� N Taiwan 82 (17) 82 (112) 71 (142) 72 (32)

23� N Hong Kong 93 (29) 97 (32)

26� N Okinawa 56 (45) 88 (16) 84 (51) 85 (26)

32� N Amakusa 53 (34) 93 (14) 72 (32) 100 (13)

33� N Kochi 63 (24) 54 (28) 86 (18)

Range 53–82 39–93 53–93 72–100
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Discussion

The present study demonstrates that the annual growth rate

of juvenile corals on shallow coral reefs differs over 31� of
absolute latitude in the West and South Pacific. The

regression models and empirical data indicate a consistent

pattern of faster growth rates at lower latitudes in juvenile

corals of the four coral genera examined. The fast-growing

genera, Acropora and Pocillopora, exhibited greater vari-

ation in growth across latitudes than the slow-growing

genera, Porites and Dipsastraea. Higher growth rates at

low latitudes reported in the present study align with

previous studies, notably those obtained through analyses

of growth bands in massive corals, mostly Porites spp.

(Lough and Barnes 2000; Pratchett et al. 2015; Lough et al.

2016) and analyses of linear extension in branching corals

such as Acropora muricata, Pocillopora damicornis, and

Isopora palifera (Anderson et al. 2017).

Seawater temperature and PPFD have often been con-

sidered as primary environmental factors influencing lati-

tudinal variation in coral growth (Kleypas et al. 1999;

Pratchett et al. 2015). However, the strong correlation

among these environmental factors often makes it difficult

to separate the magnitude of their relative influences on the

latitudinal growth pattern of corals (Lough et al. 2016; this

study). In the present study, we observed a significant and

positive association of seawater temperature with the lati-

tudinal growth variation. This agrees with previous studies

that indicate a predominant influence of seawater temper-

ature on latitudinal coral growth variations (Grigg 1982;

Lough and Barnes 2000; Lough et al. 2016; Anderson et al.

2017), in situ measurement of seasonal calcification

(Courtney et al. 2017), decadal growth trends (Cooper et al.

2012), and the global distribution pattern of coral reefs

(Couce et al. 2012, 2013; Jones et al. 2019). This could be

because seawater temperature directly influences both the

Table 4 Analysis of deviance table using type II Wald Chi-squared

tests for the generalized linear mixed model for annual survival of

juvenile corals

Fixed factor v2 Df Pr ([ v2)

Latitude 1.4 1 0.24

Genus 21.3 3 \ 0.001

Size 7.9 1 0.005

Latitude 9 Genus 13.8 3 0.003

Fig. 3 Variation in annual

survival rates (%) of juvenile

corals at the 11 locations across

latitudes in the West Pacific. A

generalized linear mixed model

was used to estimate the logistic

regression line and 95%

confidence intervals. Results are

shown for the four common

coral genera separately, with

binomial survival data (top

dots = alive, bottom

dots = dead) used for the

estimation. Absolute latitudes

are used in the x-axis. For

details of sample number and

actual data analyzed, refer to

Supplementary Table S2 and

S4, respectively
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metabolism of corals (Jurriaans and Hoogenboom 2019)

and photosynthesis of Symbiodiniaceaen symbiotic algae

(Oakley et al. 2014). In contrast, PPFD influences only the

photosynthesis of Symbiodiniaceaen symbiotic algae (au-

totrophic nutrition), and not heterotrophic feeding of coral

that can account for up to 66% of carbon incorporated into

coral skeletons (Goreau et al. 1971; Houlbrèque and Fer-

rier-Pagès 2009).

Contrary to the latitudinal variation in growth rates, we

did not find a significant association with latitude in the

annual survival of juvenile corals over the same gradient

for all taxa combined and for each genus. This was unex-

pected given the positive effect of increasing colony size

on coral survival (Hughes and Connell 1987; Hughes et al.

1992; Nozawa et al. 2008; Madin et al. 2020), even within

the more restrictive size range of small colonies

(i.e.,\ 100 cm2) (Vermeij 2006; Vermeij and Sandin

2008). There are several possible explanations for the

absence of a latitudinal effect on survivorship as shown in

the present results. The most likely explanation is that

survivorship is colony size-dependent, but this effect is

hidden by strong local-scale stressors that kill juvenile

corals regardless of size. If mortality effects were con-

centrated at the initial period of the present study when

juvenile corals were small across latitudes (i.e., mortality

was strong size-dependent: Vermeij 2006; Vermeij and

Sandin 2008), no latitudinal survival pattern would occur.

If local-scale stressors have stronger effects on survival

than colony size, then an effect of latitude on survival

might have been obscured. Previous studies demonstrated

the positive effect of colony size on survival of juvenile

corals at a single location under the same local stressors

(Vermeij 2006; Vermeij and Sandin 2008). To our

knowledge, no studies have examined the extent of positive

colony size dependency on coral survival against stressors

of various types and magnitudes across multiple locations.

Therefore, we infer that mortality probably had a stronger

effect over the early study period, and/or local-scale

stressors varying in types and magnitude could possibly

counteract the effects of colony size on the annual survival

of corals in the present study.

Given colony size dependency in coral demography

(Hughes et al. 1992), latitudinal variation in growth rates

creates a mechanism by which population growth could be

affected. As most corals are colonial, and their fecundity is

a function of polyp fecundity and the number of polyps

(Hall and Hughes 1996), fast growth enhances coral

fecundity through increasing number of polyps (Hughes

et al. 1992; Hall and Hughes 1996; Sakai 1998). Fast

growth could also accelerate the survival probability of

corals by shortening time to attain a larger body size at

which survivorship is elevated (Hughes et al. 1992).

Therefore, higher growth may result in higher fecundity

and higher survival, enhancing population growth at lower

latitudes. Faster rates of population growth could result in a

higher potential for coral populations to recover following

disturbances. Given taxonomic variation in the latitudinal

growth pattern, fast-growing genera such as Acropora and

Pocillopora could have a greater advantage at lower lati-

tudes. This hypothesis, involving cascading effects of lat-

itudinal growth variation on development and recovery of

coral population, could have important implications not

only in biogeography and evolution, but also conservation

and management of corals in the face of unprecedented

disturbance.

While the aforementioned mechanism could support a

latitudinal gradient of population development and recov-

ery throughout the tropical Pacific Ocean, the ongoing

effects of ocean warming are increasing thermal stress on

coral reefs at lower latitudes (Couce et al. 2013; Jones et al.

2019), which is likely to offset the capacity of coral growth

to mediate latitudinal variation in the growth of coral

populations. Further research is needed to examine how

ongoing climate change (notably rising seawater tempera-

ture and the implications for coral bleaching) will affect

latitudinal variation in coral growth and its consequences

for coral population growth. Further testing of the present

hypothesis is warranted given the limitations of our study,

in which we only recorded growth over a single year and

augmented our empirical data with results drawn from

existing studies. Comprehensive demographic studies (i.e.,

focusing on the full size range of colonies) that can

quantify vital rates (growth, survival, fecundity) at multiple

latitudes are likely to be effective to testing the central

hypothesis of the present study.

Supplementary Information The online version contains

supplementary material available at https://doi.org/10.1007/s00338-

021-02169-9.

Acknowledgements We appreciate volunteers, students, and assis-

tants for data collection. Y.N. especially thank H.-S. Hsieh and C.-H.

Liu for data measurement, and V. Denis for his comments on the

manuscript. Comments from two anonymous reviewers improve our

manuscript greatly. The study was funded by the thematic research

grant of Academia Sinica (23-2g) and an internal research grant of

Biodiversity Research Center, Academia Sinica to Y.N. The Okinawa

survey was partly supported by the Japan Society for the Promotion of

Science through NEXT Program #GR083. Temperature data for the

Okinawa site were provided by the coral reef survey of Monitoring

Sites 1000 Project, operated by the Ministry of the Environment,

Japan. Temperature data for Moorea were provided by the Moorea

Coral Reef LTER, funded by the US National Science Foundation

(OCE-0417412).

Declarations

Conflict of interest On behalf of all authors, the corresponding

author states that there is no conflict of interest.

Coral Reefs

123

https://doi.org/10.1007/s00338-021-02169-9
https://doi.org/10.1007/s00338-021-02169-9


References
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