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Abstract

Understanding natural variations in the life history traits of reef-building corals under different

environmental conditions is an area of active research. This study compares variability in the

reproductive and genetic traits of the hermaphroditic broadcast spawning coral Acropora

hyacinthus, from the Western Pacific Region, across six different latitudes [Japan (33˚ and

31˚N), Taiwan (23˚, 22˚ and 21˚N), and Indonesia (5˚S)]. Egg sizes among corals in the low-

est latitude studied were significantly larger than those at high latitudes, while the mean num-

ber of eggs were significantly different only among high latitude and two out of the three mid

latitude locations studied. Egg numbers were significantly negatively correlated with egg and

testis volumes, indicating reproductive trade-offs across locations. Female gonad volumes

were smaller at high latitudes but significantly larger at lower latitudes, being positively corre-

lated with seawater temperatures. Furthermore, high genetic similarities among populations

suggest active gene flow among low-, mid- and high-latitude locations. An exception to this

trend, the mid-latitude location of Penghu (off western Taiwan) formed an independent

group with highly similar genetic and reproductive traits, suggesting reproductive isolation

with local adaptations. This study reports natural spatial variations in the reproductive traits

of A. hyacinthus at different latitudinal locations, which may serve as baseline information to

predict how the life histories of corals in general respond to the impacts of climate change.

Introduction

Several aquatic animals present variations in life-history strategies within and among popula-

tions [1]. For example, egg size and number (fecundity) are known to be inversely correlated.

Additionally, due to differences in female size, resource availability or spawning season, egg

size may vary within populations [2]. There is also a general trend within and among species,

known as the “Thorson-Rass” rule, in which egg size increases with latitude [3].

Reef-building corals show intraspecific variation along a latitudinal gradient in the timing

of their annual spawning, with a delay in coral spawning that is correlated to lower mean sea-

water temperatures at higher latitudes [4, 5]. There is also variation in the reproductive traits

of corals species among geographic populations [6], among genus members [7, 8], among
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cohorts within the reproductive cycle of the same species [9, 10], as well as within colonies

(i.e., inter-polyp variations) [11, 12]. However, it is still unclear if these variations are related to

local environmental pressures (e.g., local temperature and light irradiance variations) or if the

populations have genetically diverged due to either geographic or reproductive isolation.

These questions remain to be studied for most Scleractinian species. Corals such as Pocillo-
pora verrucosa [13] and Echinopora lamellosa [14] from the Indo-Pacific present larger egg

sizes at higher latitudes compared to tropical populations. This behavior suggests increased

energy investment towards larval survivorship as a response to the unfavorable environmental

conditions at higher latitudes. By contrast, octocorals present smaller egg sizes at higher lati-

tudes compared to tropical locations, which has been attributed to differences in the maternal

effects at different latitudes [15]. For example, mature oocytes of the octocoral Dendro-
nephthya hemprichi are from 260 μm to 500 μm south of Eliat (~28˚N) [16], whereas other

octocorals, including Anthelia glauca, Sarcophyton laucum, S. elegans and Lobophytum pauci-
florum, produce larger mature oocytes (>500 μm) in tropical and subtropical regions [17–19].

Acropora is the most diverse genus and one of the most abundant reef-building corals in

the Indo-Pacific [20]. This genus is known for its high levels of genetic polymorphism between

species that are influenced by widespread genetic exchange through introgression, resulting in

multiple cross-fertilizable cryptic and sister species [21–23]. Acropora hyacinthus has an exten-

sive geographic distribution [20] and different colony morphs [24], and has been identified as

part of a large syngameon (a complex network of gene flow among species) with multiple sym-

patric and allopatric cryptic species occurring in the Indo-Pacific [23] and Kuroshio Region

[21], serving as a good model for the study of spatial variations.

Major spawning events have been reported to occur for A. hyacinthus in the Western

Pacific Region, apparently following a temporal latitudinal gradient. In Karimunjawa, Indone-

sia (5˚S), annual light and sea surface temperature variations (26–31 ˚C) are low, and the

major spawning peak for the species complex is known to occur from March to April, with a

second minor spawning peak in November [25]. The southern and eastern sides of Taiwan

(21˚N—25˚N) are continually influenced by the warm Kuroshio Current, with sea water tem-

peratures ranging from 23 to 29 ˚C year-round and coral spawning events occurring from

April to May [26]. The islands west off Taiwan Island (Penghu Islands at 23˚N) present annual

sea water temperatures ranging from 18 to 30˚C, where A. hyacinthus is known to spawn in

April and May [27]. In Kochi, Japan (33˚N), the annual sea water temperatures vary greatly

(14–30 ˚C) and spawning events for A. hyacinthus have been reported to occur only during the

warm months of July and August [28].

Considering the need for further research into the spatial variations in the fecundity and

total reproductive output of corals [29], this study focuses on the spatial variability in the

genetics and reproductive traits (i.e., gonad size and number) of the A. hyacinthus complex

among a wide range of latitudinal locations (5˚S to 33˚N), with varying mean annual sea water

temperatures (~29 ˚C to ~21 ˚C) and Photosynthetic Available Radiation (PAR) (~42 to ~32

einsteins m-2 day-1) in the Western Pacific Region. The specific questions addressed are: 1.

What is the spatial variation in egg and testis size and number in Acropora hyacinthus at differ-

ent latitudes? 2. Is the spatial variability among locations due to genetic divergence or differ-

ences in local environmental factors?

Materials and methods

Determining the ‘peak maturity month’ at each location

Based on previous spawning records at each location [25–28, 30]—and considering that Acro-
pora hyacinthus is reportedly a split spawner [4, 31], with some exceptions reported in Japan
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[30]—fertility checks of 30–40 random colonies per population started one month before the

reported ‘peak maturity month’ at each location, and were conducted for at least two consecu-

tive years before and during sample collection (2012–2015). Colony fertility was checked by

taking two branches of ~5 cm from at least three distinct locations within the colony (i.e.,

outer, mid-section and center of the colony). The species’ annual ‘peak maturity month’ per

location was defined only when more than 30 colonies per location showed evidence of mature

gonads (i.e., red or pink) in most colony sections, and when no gravid colonies were found the

following month in the same population.

Data collection

Sampling was performed 1–2 weeks before the predicted spawning period of A. hyacinthus at

each of the six locations in the Western Pacific Region (Fig 1), as defined by the previous fertil-

ity checks to determine the peak maturity month (pers. obsv.) and by previous published data

for this species [25, 28, 30]. Due to sample permit limitations at some locations, three sites

(Kochi, Japan; Lyudao, off East Taiwan; Karimunjawa, Indonesia), were sampled in 2014 and

five sites (Miyazaki and Kochi, Japan; Penghu, Wanlitung, and Lyudao, Taiwan), were sampled

Fig 1. Sampled locations in the Western Pacific Region. The locations of the sampled hermaphroditic broadcast spawner

Acropora hyacinthus in the Western Pacific Region.

https://doi.org/10.1371/journal.pone.0208605.g001
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in 2015 (S1 Table). Sampling permits at Kochi, Karimunjawa, Lyudao and Wanlitung were

issued by the National Park Services at these localities, while no sampling permit was required

at Miyazaki and Penghu as these were not protected areas.

Some fecundity variables of A. hyacinthus are influenced by colony size [12], so the sampled

colonies consisted of medium to large size classes (168–14243 cm2) from shallow areas (3–5 m

depth) and were separated by at least 3 m to avoid sampling clonal colonies. Considering col-

ony inter-polyp variations, all samples were collected from the part of the colony with the

highest fecundity (i.e., midway between the center and outer edges) [9]. A branch of ~5 cm in

length colony-1 with mature gametes, judged by the pink to wine-red color of mature oocytes

[32], was collected using a hammer and chisel. Sampled colonies were photographed from

above using a digital camera (Canon PowerShot G16, Tokyo-Japan) to define colony size. The

projected area of the colony was measured from the photographs using Adobe Photoshop CS4

software, and it is used as an index of colony size in the analyses [9]. Tissues for reproductive

analyses were fixed in a 10% formalin and seawater solution. A small tissue fragment (~0.5 cm

in diameter) was stored in approximately twice its volume of CHAOS-DNA digestive solution

(4 M guanidine thiocyanate, 0.1% N-lauroyl sarcosin sodium, 10 mM Tris pH8, 0.1 M 2-mer-

captoethanol) at room temperature [33].

Branch samples were decalcified using a solution of 10% formic acid, washed with filtered

water and stored in 70% ethanol. From each sample, 15 mature polyps were randomly selected

from the base of the branch and dissected by isolating all gonads under a stereoscope. Photo

images of polyps and gonads were taken using the ImageJ software [34] for further measure-

ments. Each polyp, egg and testis were measured (length and width) and counted. Estimated

volumes were calculated assuming an elliptical prolate (elongated) sphere equation V = 4

3
pab2,

where a is ½ x length and b is ½ x width [12]. Because similar results were found within sam-

ples, reproductive data of five polyps per colony, in a total of 15 colonies were selected at most

locations, except in Indonesia, where 12 colonies were sampled. The reproductive traits of

polyp fecundity and egg size (μm means, ±SD) from all locations have been submitted to the

Coral Trait Database.

During the year prior to sampling at each location, seawater temperatures were recorded at

1 hour intervals. In Indonesia and Taiwan, HOBO Pendant Data Loggers 64K (Onset, accu-

racy ±0.5 ˚C, resolution 0.14 ˚C) were used. In Japan, HOBO Water Temperature Pro v2 Data

Loggers (Onset, accuracy ±0.2 ˚C, resolution 0.02 ˚C) provided the data. Additionally, the

monthly composite values of the Photosynthetic Available Radiation (PAR) for the entire year

prior to sampling were obtained from ERDDAP (http://coastwatch.pfeg.noaa.gov).

Genetic analyses

Samples were processed following a method for DNA extractions modified from the DNeasy

Blood and Tissue Kit (Qiagen, Inc., Valencia, CA, USA) manufacturer’s protocol. Part of the

mitochondrial putative control region was PCR-amplified using the forward and reverse prim-

ers rns_2F: CAGAGTAAGTCGTAACATAG and block G_R: AATTCCGGTGTGTGTTCTCT,

which were used in a previous study for A. hyacinthus [21]. The basic protocol for DNA ampli-

fication was 94 ˚C for 30 s, followed by 30 cycles of 94 ˚C for 20 s, 60 ˚C for 30 s, and 72 ˚C for

90 s, with a final phase of 72 ˚C for 5 min. Post PCR sequencing was performed by Genomics-

Taipei using ABI-3730xl.

Using MEGA 7 [35], the following sequences were aligned with MUSCLE and used to con-

struct a Maximum Likelihood (ML) tree: all sequences from the present study, the sequence

region from the A. hyacinthus complete mitochondrial genome from Taiwan (accession num-

ber KF448531) and the sequence of the distantly related coral Isopora cuneata (outgroup)
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mitochondrial control region (small subunit ribosomal RNA accession number AY026429),

found in the National Center for Biotechnology Information (NCBI). The H-K-Y model was

selected based on the best DNA model substitution test in MEGA. Partial deletion and 1000

bootstrap replicates were selected. All positions with less than 95% site coverage were elimi-

nated. Pairwise genetic distances among and within locations are reported (S2 Table). All

DNA sequences analyzed here were submitted to the DDBJ database (accession numbers

LC306704—LC306784).

Additionally, four sequences per cryptic lineage (Hya A, Hya B, HyaC and Hya D) from the

different clades in the [21] study were downloaded as a blastn database from NCBI. Sequences

from each phylogenetic group from the present study were used to query the blastn, and the

hits of the maximum identity score and length are reported. A new phylogeny combining the

sequences from both studies is also reported.

Furthermore, the entire sequence dataset was arranged using DNASP v.5 [36], and a haplo-

type network was developed using Pop.ART (http://popart.otago.ac.nz). For regional compari-

sons, haplotype groups for each location are presented in a haplotype distribution map.

Statistical analyses

The means (±SD) and ranges (minimum-maximum) of annual seawater temperature, Photo-

synthetic Available Radiation (PAR), and raw data of all measured reproductive traits were

calculated for each location. Two years of data are included for Kochi and Lyudao; the other

locations include one year of data (n = 117).

For the overall statistical analyses, the median values of reproductive traits [egg number,

median egg volume, total egg volume (sum of all eggs polyp-1), total testis volume (sum of all

testes polyp-1), total gonad volume (sum of total egg volume and total testis volume)] from five

polyps per colony [12] were averaged and used as a proxy for colony values [9] at each location.

All data were checked for normality (Histograms and Q-Q plots) and standardized to meet

the assumptions for homogeneity of variances using the statistics software R v. 3.1.1 [37]. The

regional reproductive trait variability was initially assessed by a 2-dimensional Principal Com-

ponent Analysis (PCA) ordination map of the combined reproductive traits for all years and

locations using the ggbiplot function. Differences in environmental variables and reproductive

traits among locations were evaluated using one-way ANOVA tests in conjunction with Tukey

Honestly Significance Difference (HSD) multiple comparisons of means tests with significant

values of p< 0.001 (Kochi and Lyudao include two years of data, other locations include one

year of data). Coefficient of variation percentage values were calculated, including one year of

data per location (n = 81), using the mean and standard deviation for each reproductive trait

[38]. A Spearman’s rank correlation coefficient was used to assess the relationships (trade-off)

between egg numbers and separate female and male gonad volumes across locations using one

year of data per location, as all variables met the test assumptions (continuous, monotonic var-

iables) [39]. In the case of median egg numbers, standardization was performed by expressing

median egg numbers in relation to polyp volume (egg number per mm3).

Relationships between response variables (egg number per mm3, egg volume, total egg and

testis volume and total gonad volume) and explanatory variables (numerical haplotype codes,

temperature, colony area and PAR) were evaluated with a multivariate linear mixed-effect

model (LMMe) using the AICcmodavg, car, lme4, MASS and MuMIn R packages [37]. Biolog-

ical and physical data from the collection year were included per location (n = 81). To assess

linearity and collinearity among explanatory variables, pairwise scatterplots, correlation coeffi-

cients and Variance Inflation Factor (VIF) analyses were performed with a cut-off VIF value of

3 [39]. As no collinearity was found, all explanatory variables were included in all models and
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dropped when found to be non-significant (p> 0.05). Explanatory variables were standardized

with the R function ‘poly’. ‘Location’ was used as the random effect in all models. Models that

fit the restricted maximum likelihood (REML) were considered significant for fixed effect cor-

relation analysis. Final models were selected using the lowest Akaike Information Criterion

(AIC) value. Normality of the residuals was checked using Shapiro-Wilk tests at p> 0.05 and

the bell curve in a histogram [39]. Aiming to summarize the amount of variance explained by

the fixed and the random factors in the models, coefficients of determination marginal and

conditional R2 were calculated using the R package r.squaredGLMM. Marginal R2 (R2m) is

concerned with the variance explained by the fixed factors (explanatory variables), and condi-

tional R2 (R2c) is concerned with the variance explained by both fixed and random factors

(entire model) [40].

Results

Significant differences in the reproductive traits of A.hyacinthus were observed among loca-

tions in the Western Pacific Region (one-way ANOVA tests, p< 0.05; Tukey HSD tests,

p< 0.001; Fig 2; Table 1; S3 Table). The 2-dimensional Principal Component Analysis (PCA)

of the combined traits explained 71% of the total variation. The first component PC1 (49%)

presented high- and low-latitude locations distributed along the PC axis in a scattered fashion.

Penghu had the least within-location variation (on PC1) among items clustered closer to each

other (S1 Fig).

The results from the multiple comparisons of means tests indicated significant differences

in egg numbers only among the two high-latitude (Kochi and Miyazaki) and two mid-latitude

(Lyudao and Wanlitung) locations (Tukey HSD test, p< 0.001; Fig 2a). Samples from one

high-latitude location presented the highest egg number coefficient of variation (Kochi, 33˚N;

CV = 34%), while the lowest was found at the lowest latitude (Indonesia, 5˚S; CV = 24%),

among all locations (Table 2).

Significant differences in egg volume among high-, mid- and low-latitude locations are

reported (Tukey HSD test, p< 0.001; Fig 2b). The largest mean egg volume values were

observed in Indonesia and the smallest in Kochi and Miyazaki (Table 1). Samples from two

mid-latitude locations had the highest coefficient of variation (Lyudao, 22˚N; CV = 46%) and

the lowest (Penghu, 23˚N; CV = 13%) for egg volume among all locations (Table 2).

The total egg volume significantly varied among both high- and mid-latitude locations and

the lowest latitude location (Tukey HSD test, p< 0.001, Fig 2c). Indonesia (the lowest latitude

location, 5˚S) had the largest total egg volume mean value and Kochi (a high-latitude location,

33˚N) had the smallest (Table 1), although the latter location was not significantly different in

total egg volume when compared to Lyudao and Wanlitung (two mid-latitude locations, 22˚N

and 21˚N, respectively). One mid-latitude location had the highest total egg volume coefficient

of variance (Lyudao, 22˚N; CV = 63%), whereas one mid-latitude (Penghu, 23˚N) and one high-

latitude location (Miyazaki, 31˚N) shared the lowest values, respectively (CV = 24%; Table 2).

There were no significant differences in total testis volume among high-latitude and two

mid-latitude locations. However, a mid-latitude location (Penghu, 23˚N), was significantly dif-

ferent from the two high-latitude (Kochi, 33˚N and Miyazaki, 31˚N) and one mid-latitude

(Lyudao, 22˚N) locations, but the total testis volume at this location was similar to other mid-

latitude location (Wanlitung, 21˚N) and to the lowest latitude location (Indonesia, 5˚S) (Tukey

HSD test, p< 0.001, Fig 2d). The largest mean total testis volume value was observed for Indo-

nesia and the smallest for Lyudao (Table 1). Two mid-latitude locations had both the highest

total testis volume coefficient of variance (Lyudao, 22˚N; CV = 86%) and the lowest (Penghu,

23˚N; CV = 28%) among all locations (Table 2).
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Fig 2. Regional variability in the reproductive traits in Acropora hyacinthus from the Western Pacific Region. Box plots

represent latitudinal variations starting at the top with Kochi (33˚N) and ending at the bottom with Indonesia (5˚S). Box plots
show all percentiles. The median (50th percentile) is highlighted with a thick bar. Different lowercase letters (a, b, c, d) indicate

significant results of Tukey HSD tests among locations, with values at p< 0.001. Kochi and Lyudao include two years of data;

other locations include one year of data.

https://doi.org/10.1371/journal.pone.0208605.g002
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Finally, total gonad volumes varied significantly between Indonesia and all other latitude

locations (Tukey HSD test, p< 0.001, Fig 2e). Penghu was statistically different from Lyudao

(another mid-latitude location, 22˚N) and to Kochi (a high-latitude location, 33˚N), but not to

Wanlitung (a mid-latitude location, 21˚N) and Miyazaki (a high-latitude location, 31˚N). The

highest mean total gonad volume value was found in Indonesia, whereas the smallest value

was found in Kochi (Table 1). Lyudao (a mid-latitude location, 22˚N) had the highest total

gonad volume coefficient of variance (CV = 66%), while Miyazaki (a high-latitude location,

31˚N) had the lowest (CV = 21%) among all locations (Table 2).

There was a significant negative correlation between egg number per mm3 and both

median egg volume (Spearman correlation coefficient, rs = -0.6675, p< 0.05; Fig 3a) and total

testis volume (Spearman correlation coefficient, rs = -0.5985, p< 0.05; Fig 3b), indicating

reproductive trade-offs.

Relations between reproductive traits and haplotype, temperature, colony

area and PAR

The results from the linear mixed models indicated that haplotype had a significant relation

with both egg number per mm3 (square root transformed LMMe, p < 0.05) and egg volume

Table 1. Means and ranges of all measured reproductive and environmental variables. Summary of the means (±SD) and ranges (minimum-maximum) of annual

mean sea water temperature and Photosynthetic Available Radiation (PAR), as well as the raw data of all measured reproductive traits of Acropora hyacinthus per location.

Number of colonies per location is included (n). Lyudao and Kochi include two years of data; other locations include one year of data. Largest and lowest mean values are

in boldface.

Variables Kochi Miyazaki Penghu Lyudao Wanlitung Indonesia

N 30 15 15 30 15 12

Temperature ˚C 21.30 ± 3.66

(14.71–29.72)

23.11 ± 3.12

(16.72–30.52)

24.41 ± 2.80

(18.30–29.71)

26.72 ± 2.40

(20–31.37)

26.60 ± 2.83

(20.10–31.88)

29.51 ± 0.82

(26.13–31.55)

PAR einsteins m-2 day-1 36.12 ± 11.47

(18.91–52.60)

32.32 ± 8.72

(21.33–47.12)

38.72 ± 9.87

(21.91–53.43)

37.71 ± 13.30

(14.71–58.14)

42.40 ± 8.32

(23.42–54.35)

42.53 ± 6.57

(34.12–54.45)

Egg number 8.81 ± 3.30

(0–19)

9.48 ± 2.28

(4–17)

8.25 ± 2.18

(2–13)

6.78 ± 2.41

(3–14)

6.42 ± 1.61

(4–11)

7.55 ± 2.07

(4–13)

Egg size volume mm3 0.05 ± 0.01

(0–0.10)

0.06 ± 0.01

(0.04–0.12)

0.08 ± 0.01

(0.04–0.16)

0.08 ± 0.03

(0.03–0.19)

0.09 ± 0.03

(0.03–0.23)

0.11 ± 0.02

(0.06–0.17)

Total egg volume mm3 0.44 ± 0.19

(0–1.35)

0.63 ± 0.19

(0.25–1.57)

0.66 ± 0.20

(0.21–1.26)

0.58 ± 0.30

(0.21–1.72)

0.53 ± 0.17

(0.21–0.95)

0.88 ± 0.34

(0.29–1.82)

Total testis volume mm3 0.24 ± 0.13

(0.02–0.63)

0.21 ± 0.13

(0–0.59)

0.39 ± 0.17

(0.10–1.01)

0.18 ± 0.13

(0.04–0.97)

0.29 ± 0.15

(0.04–0.67)

0.56 ± 0.28

(0.12–1.61)

Total gonad volume mm3 0.69 ± 0.24

(0.15–1.68)

0.84 ± 0.24

(0.28–1.77)

1.05 ± 0.29

(0.49–1.69)

0.77 ± 0.41

(0.27–2.44)

0.83 ± 0.27

(0.31–1.44)

1.44 ± 0.52

(0.50–2.96)

https://doi.org/10.1371/journal.pone.0208605.t001

Table 2. Annual variations in the reproductive traits of Acropora hyacinthus across locations.

Latitude Reproductive traits Kochi

33˚N

Miyazaki

31˚N

Penghu

23˚N

Lyudao

22˚N

Wanlitung

21˚N

Indonesia

5˚S

Egg number per mm3 34 25 24 29 26 23

Egg volume 35 16 13 46 37 16

Total egg volume 32 24 24 63 27 32

Total testis volume 52 57 28 86 46 31

Total gonad volume 27 21 23 66 25 25

The Coefficient of Variance (CV%) of all measured reproductive traits per location was calculated using the mean and standard deviation value. Biological data of the

collection year were included per location (2014 = Indonesia; 2015 = Kochi, Miyazaki, Penghu, Lyudao and Wanlitung). Highest and lowest values in boldface.

https://doi.org/10.1371/journal.pone.0208605.t002
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(log-transformed LMMe, p< 0.05); however, in both models the haplotype effect accounted

for less than 1% of the variation (R2m). In the case of the fecundity model (egg number per

mm3), R2m (all fixed factors included) explained 23% of the variation in the model, and

this value increased to 45% when the random factor of ‘location’ was included (R2c). On the

other hand, in the egg volume model, R2m values (haplotype and annual mean temperature

together) explained up to 52% of the variance, with a small increase to 54% when the random

factor (R2c) was included. This indicates a very large effect by the fixed factors (i.e., Haplo-

type = 3%, Temperature = 49%) in the egg volume model, and agrees with the significantly

positive relation between annual mean seawater temperature and both individual egg volume

and total egg volume (log-transformed LMMe, p< 0.001). However, only 19% of the variation

is explained by annual mean temperature (R2m) in the total egg volume model, while a larger

effect is observed when the random factor of location is added (R2c = 41%).

Lastly, there was a significant positive relation between total testis volume and colony area

(square root transformed LMMe, p< 0.05). However, in this model, the fixed factor effect of

colony area accounted for only 5% of the variance in the total testis model, while a very large

effect was observed when the random factor of location was added (R2c = 57%). PAR had no

significant relationship with any one reproductive trait (S4 Table).

Genetic analyses

The sampled A. hyacinthus were classified into three distinct groups (bootstraps > 80) in the

maximum likelihood (ML) tree (Fig 4). Group One was a mixture of samples from all loca-

tions, except Penghu. Group Two included two samples from Lyudao, and Group Three

included all samples from Penghu and one sample each from Lyudao and Miyazaki. Addition-

ally, the sequences from all three groups in the present study showed similarities to the cryptic

lineages Hya A, B, C and D previously reported for the Kuroshio Region [21] (S2 Fig and S5

Table).

A total of 20 haplotypes were found in mixed fashion at all locations except Penghu, where

four unique haplotypes were identified (Fig 5). The other 16 haplotypes were scattered among

Fig 3. Reproductive trade-offs in Acropora hyacinthus from the Western Pacific Region. a. The relations of egg numbers per mm3 vs median egg volume (mm3)

b. The relations between egg numbers per mm3 vs total testis volume (mm3). The results of the Spearman’s rank correlation coefficient are reported. One year of

data (n = 81) is included per location (2014 = Indonesia; 2015 = Kochi, Miyazaki, Penghu, Lyudao and Wanlitung).

https://doi.org/10.1371/journal.pone.0208605.g003
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Indonesia (5 haplotypes), Wanlitung (5 haplotypes), Lyudao (9 haplotypes), Miyazaki (4 hap-

lotypes) and Kochi (6 haplotypes). Only one haplotype (Hap 5) was found in common at all of

these five locations. High genetic distances were found among haplotypes, even from the same

location (S3 Fig).

Discussion

This study reports the spatial variability in the reproductive traits of Acropora hyacinthus
among six different latitudinal locations in the Western Pacific Region. Egg volumes were

larger at the lowest latitude location—significantly decreasing as the location latitude

increased—and were significantly positively correlated with annual mean seawater tempera-

ture. Consequently, egg number was significantly negatively correlated with both gonad

volumes across locations, indicating reproductive trade-offs. These results suggest that the

gametic biology dynamics of A. hyacinthus are strongly influenced by some selective pressure

(s) that varies with latitude, such as sea water temperature. To my knowledge, this is the first

report of a coral species producing smaller egg sizes at higher latitudes and larger egg sizes as

latitude decreases.

It is not immediately clear from these results why the coral produces significantly smaller

egg sizes at the highest latitude, medium sizes at mid-latitudes and larger sizes at the lowest

Fig 4. Genetic and reproductive traits in Acropora hyacinthus from the Western Pacific Region. The evolutionary

history was inferred based on 767 bp of the putative mitochondrial control region (mtCR) of Acropora hyacinthus
using the maximum likelihood method based on the H-K-Y model and 1000 bootstrap replications. The bootstrap
support value is shown next to the branches, and 3 groups were found. Acropora hyacinthus (acc. Number KF448531)

was included, and Isopora cuneata (acc. number AY026429) was used as an outgroup. Next to each sample location,

colored squares indicate the calculated size class—small (black),medium (green) and large (red)—for the locations of

main reproductive traits using the formula: max measurement � min measurementþ1

size class categories ð3Þ .

https://doi.org/10.1371/journal.pone.0208605.g004
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latitude location. However, since both gonad volumes decrease with latitude (linear regression

p< 0.001; S5 Fig), the non-significant difference in egg numbers at high and low latitudes can-

not be explained by latitudinal variations in the total energetic investment in eggs and testes,

but rather by a trade-off between gonad size and egg number, as has been reported in other

aquatic animals (e.g., Fish [41]). Indeed, the significant negative correlations between egg

numbers and both female and male gonad volumes is strong across locations, but no signifi-

cance was found within some locations (S6 Fig). Thus, the implication of a trade-off among

egg numbers and both gonad volumes across locations, as well as the overall higher contribu-

tion of the random effect (i.e., location) in most statistical models, implies differences in local

parental effects (e.g., parental investment), phenotype (e.g., colony structure) and genotype

(e.g., hybridization) under prevailing local environmental conditions [42].

Even though total testis volume was significantly positively correlated with colony area (S4

Table), agreeing with a previous study of the species from a high-latitude location [9], much of

the variability resided in the location effect (R2c = 57%). Additionally, all measured reproduc-

tive traits varied greatly, even among colonies of similar sizes from the same and different lati-

tudinal locations (S4 Fig). Hence, considering this study sampled sexually mature colonies, the

differences in reproductive traits (i.e., spatial variability) among locations was not a function

Fig 5. Haplotype distribution of the Acropora hyacinthus species complex in the Western Pacific Region. The distribution of the 20 haplotypes found at the six

sampled locations.

https://doi.org/10.1371/journal.pone.0208605.g005
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of different colony sizes, but possibly of non-measured site-to-site differences, as has been

reported in brooding species [10]. These may or may not have involved climatic variables. Fur-

thermore, higher variability was found in both gonad volumes at one mid-latitude location

(i.e., Lyudao, Table 2, S5 Fig). Overall, this suggests that, regardless of their location, reproduc-

tive mother colonies of the broadcast spawner A. hyacinthusmay maximize their own and

their offspring’s fitness, considering their unpredictable future environment [38], by increas-

ing the intra colony variation in trait phenotypes within a gametogenic cycle. Future studies,

including the analyses of consecutive reproductive cycles and seasonal changes (e.g., environ-

mental color [43]) at different locations with similar latitude, may assist in understanding the

reported spatial variations.

A plausible explanation for the regional differences in both gonad volumes is that there is a

negative relationship between latitude and sea water temperature, which coincides with the

significant positive relationship between female gonad volumes and seawater temperature

(S7 Fig). Because corals are poikilotherms, variations in the mean sea water temperature are

known to affect the energy available for reproduction [44]; for example, high sea water temper-

atures have been correlated with a reduction in larval production in brooders such as Acropora
palifera from a tropical location [11] and Porites astreoides from a high-latitude reef [45], while

an increase in gonad development associated with an increase in sea water temperatures has

been reported in tropical gonochoric broadcasting corals [46]. Previous studies on high lati-

tude coral reproduction have suggested that lower mean seawater temperatures delay the rate

of coral gamete maturation (e.g., Alveopora japonica [47]), a characteristic that has also been

found in soft corals [48]. This may partially explain why the single annual gametogenic cycle

of A. hyacinthus was reported at higher latitudes (e.g., Japan [28]), while in Indonesia it occurs

twice per year [25], but it does not explain the significant correlation between the production

of larger female gonad volumes at tropical locations and sea water temperature, as reported in

the present study. A comparative study in gametogenic cycle lengths and metabolic costs of

reproduction at different latitudes is still needed.

While the interactions reported in this study do not necessarily prove causality, seawater

temperature has a well-documented negative correlation with egg size. Marine animals that

live at low temperatures often produce larger eggs compared to their tropical congeners [13,

14, 49], and those exposed to high temperatures produce smaller eggs (e.g., Dinophilus gyroci-
liatus [50]). Nevertheless, there are cases of positive correlations between egg size and tempera-

ture in octocorals [15, 48], and these correlations have been attributed to differences in the

energy available to the mother colony during gametogenesis.

Annual mean PAR did not correlate with any one trait, but the potential light effect (e.g.,

environmental color [51]) on the total energetic proportion invested by mother colonies

throughout the gametogenetic cycle at a particular location [52] cannot be discarded. Consid-

ering that tropical waters are known to be less productive [53], which may compromise post-

spawning development, eggs produced by colonies exposed to higher light conditions may

have increased amounts of biochemical components—such as wax esters [54]—resulting in

larger gonad sizes that may favor adaptations for better post-settlement performance in A. hya-
cinthus larvae. Likewise, factors such as heterotrophic energy acquirements [55, 56] and the

type of endolithic algae at each location or in parts of the colony [57] may also reflect variations

in the net values of the biochemical components that will be translated into the total energy

allocated for reproduction in A. hyacinthus.
On the other hand, the reproductive benefit for the increased variance in egg numbers of

small sizes at high latitudes may represent a better chance for fertilization and wide dispersal,

considering extreme local conditions [58] or the higher environmental seasonality [43] at

these locations. Such a strategy may favor the restriction of A. hyacinthus to marginal locations

History traits variability in Acropora hyacinthus

PLOS ONE | https://doi.org/10.1371/journal.pone.0208605 January 29, 2019 12 / 20

https://doi.org/10.1371/journal.pone.0208605


with high environmental instability, allowing it to successfully reproduce and thrive, and con-

tributing to the maintenance and proliferation of local marginal populations [59]. Likewise,

considering the unpredictable environments of A. hyacinthus offspring, the benefits of the pro-

duction of large and low egg numbers and sizes produced at the lowest latitude location may

correspond to higher energetic lipid reserves in the higher coral cover populations [29] of A.

hyacinthus found in the tropical Indo-Pacific, reflecting strategies of increased resource alloca-

tion in increasing fecundity and diversifying phenotypes (i.e., bet-hedging strategy [38], but

see [43]); this may, in turn, improve the chances for fertilization [60] and survival at a specific

location [61]. Furthermore, larger eggs may carry greater nutrient stores and thus result in

longer-lived larvae [62]; thus, the production of larger egg sizes in the tropics may be actively

contributing to the wide distribution of the species complex at latitudinal and longitudinal

dimensions in the Indo-Pacific Ocean [20]. Future latitudinal comparative studies in the larval

developmental mode of the species may help explain the spatial variations reported here.

Further research monitoring sea water temperature and light irradiance at the colony depth

using reciprocal transplantation experiments of mother colonies would help further analyze

phenotypic plasticity in A. hyacinthus. By examining maternal age, size and the biochemical

compositions of original and transplanted colonies, data on the egg volumes during sequential

gametogenic cycles in cold/warm environments will assist in understanding the benefits of the

observed latitudinal variations related to coral reproductive success.

Differences in the reproductive traits among locations are not because of genetic diver-

gence. The genetic composition of A. hyacinthus, as determined using the mitochondrial con-

trol region (mtCR), was similar among low-, mid- and high-latitude locations (except for

Penghu), suggesting ongoing gene flow from tropical to marginal locations. This gene flow

may be due to the continual northward Kuroshio Current, which is known to act as a conveyor

for larval transport from tropical to subtropical and temperate corals [63], and assists in the

occurrence of the widely dispersed syngameon of A. hyacinthusmorph-species in the Western

Pacific Region [23].

The present study was not definitive on specific cryptic lineages at each location, but a

similar colony morph structure may mask the occurrence of sympatrically distributed cryptic

species within the A. hyacinthus complex. Lyudao had the highest variability among most

reproductive traits and number of haplotypes; also, two samples were grouped independently

from the other two groups in the present study and to previously reported sequences [21]. The

possibility that these two samples came from the same individual (genets) cannot be dismissed

considering the relatively high occurrence of typhoons in the area, which may allow for a high

local clone dispersion. A thorough examination of these two colonies confirmed that both

sequences, although short in length, presented high identity proportions with the A. hyacin-
thusHyaC cryptic lineage in the [21] study. They also have similar colony morphs, reproduc-

tive structures and spawning times (author pers. obsv.) in comparison to other colonies from

the same area, which, grouped in a mixed fashion (Groups One and Three) in the phylogeny,

suggest no reproductive isolation within colonies at this location. However, the occurrence of

these two genetically unique, highly genetically variable samples alongside the physiological

similarities with all of the other sampled colonies at this location, suggest sympatric subdivi-

sions (“endemic singameons”) among cryptic Acroporamorph-species [21, 23, 64]. Further

genetic analyses in combination with reproductive and cross fertilization studies will help

reject or support this hypothesis.

Penghu presented higher genetic and reproductive similarities compared to the other loca-

tions, implying reproductive isolation possibly due to vicariant allopatric subdivisions (e.g.,

influenced by ocean currents). A. hyacinthus from Penghu formed an independent group in

the phylogeny, exhibited a low and “unique” haplotype composition, had the smallest within-
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location genetic distances, had the highest among-locations genetic distances (S2 Table), and

presented high identity proportions with the cryptic lineage HyaC reported for this area by

[21]. Additionally, a higher similarity of factors in the PCA analysis and low proportions in

coefficient of variance values indicated higher similarity in reproductive traits at this location.

The evidence of low genetic distances within this group, in contrast to the large genetic dis-

tances among colonies from all other locations, suggest restricted gene flow between this and

the other sampled locations, possibly indicating a greater potential for endemic syngameon

lineage/s of sympatric cryptic and/or sister species within A. hyacinthus [23].

The differences mentioned in A. hyacinthus from Penghu and the other locations may be

explained by historical events, such as exposure to low winter seawater temperatures in the

Penghu Islands due to the cold (~16 ˚C) Southward China Coastal Current [65], which may

seasonally diminish the intensity of the warm Kuroshio Current that continually runs north-

ward along the east coast of Taiwan, limiting gene flow between the eastern and western sides

of the island. Additionally, there is geologic evidence that a residual land bridge connected Tai-

wan to mainland China until ~7500 years ago [66], which may have acted as a partial barrier

for gene flow between this location and the other sampled locations. The reproductive and

genetic similarities within Penghu colonies, accompanied by the high genetic distance, differ-

ent colony morphologies [24] and spawning time with all other locations, suggest the potential

for local adaptations of A. hyacinthus to the distinctive local environmental conditions of Pen-

ghu Islands, further supporting the concept of reproductive isolation in the A. hyacinthus spe-

cies complex in Penghu previously reported by [27].

Conclusions

Overall, this study reports spatial variations in the reproductive traits of gonad size and num-

ber in A. hyacinthus in the Western Pacific Region. The maximum egg numbers and mini-

mum egg sizes were observed at high latitudes, which also presented the highest variability

in egg numbers (i.e., Kochi). However, there were no significant differences in egg number

between the two high-latitude locations, one of the mid-latitude locations (Penghu), and the

lowest latitude location. Eggs were significantly smaller in number between two mid-latitude

locations (i.e., Lyudao and Wanlitung) and the two high-latitude locations.

The lowest latitude location (Indonesia) had significantly larger egg sizes, total egg and total

gonad volumes compared to all other locations. Indonesia also presented the largest total testis

volume among all locations, but the mean volume values were not significantly different to

two mid-latitude locations (Penghu and Wanlitung). Although the causes for the observed

regional variations have not been defined, considering the active gene flow reported from low-

to high-latitude locations, natural selection is thought to modify those life history traits, which

may provide a fitness advantage under local environmental conditions [67, 68]. Hence, the

reported significant positive interactions between female gonad volumes and seawater temper-

ature, the significant negative relations among egg numbers and both gonad volumes across

locations indicating reproductive trade-offs, as well as the large effects of the random factor of

‘location’ in all statistical models, suggest that the combination of colony energetics and envi-

ronmental conditions at a local level are likely to contribute to the observed spatial variability.

Finally, the combination of genetic and reproductive similarities implies that the isolated pop-

ulation of A. hyacinthus from Penghu has the potential for local adaptations to the conditions

(e.g., low winter sea water temperatures) of this location. Since the species complex is widely

distributed from tropical to high-latitude locations in the Indo-Pacific Region, the reported

regional variations and local similarities in the reproductive and genetic traits, suggest differ-

ential advantages and adaptive potentials within the species complex. Furthermore, and
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especially in consideration of current, rapid climate change scenarios, A. hyacinthus’ apparent

adaptive potentials make it an important species candidate in coral reef restoration practices,

and as such demand our heightened attention.
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S3 Fig. Acropora hyacinthus haplotype network in the Western Pacific Region. Colors indi-

cate the sampled location. The size of each pie represents the number of similar haplotypes.
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S4 Fig. Reproductive traits and colony area relations. The relations between all reproductive
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include two years of data. Colored icons indicate the sampled location. When significance was

detected, linear regression results of p, F and R2 values are included.

(PDF)

S5 Fig. Latitudinal variability in the reproductive traits in Acropora hyacitnhus. Results of

the linear regression analyses are included. Shaded area = 95% confidence interval.
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S6 Fig. Reproductive traits correlations in Acropora hyacinthus at all sampled locations in

the Western Pacific Region. a. The relations of Egg numbers per mm3 vs median egg volume

(mm3) b. The relations between Egg numbers per mm3 vs total testis volume (mm3). The

results of the Spearman’s rank correlation coefficient are reported. One year of data is included
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tung (n = 15 per location)].
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S7 Fig. Reproductive traits and annual mean sea water temperature relations. The relations

between all reproductive traits and sea water temperature at all locations using non-trans-
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