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Abstract: The impact of global climate change on coral reefs is expected to be most profound 

at the sea surface, where fertilization and embryonic development of broadcast-spawning 

corals takes place. We examined the effect of increased temperature and elevated CO2 levels 

on the in vitro fertilization success and initial embryonic development of broadcast-spawning 

corals using a single male:female cross of three different species from mid- and high-latitude 

locations: Lyudao, Taiwan (22° N) and Kochi, Japan (32° N). Eggs were fertilized under 

ambient conditions (27 °C and 500 μatm CO2) and under conditions predicted for 2100 (IPCC 

worst case scenario, 31 °C and 1000 μatm CO2). Fertilization success, abnormal development 

and early developmental success were determined for each sample. Increased temperature 

had a more profound influence than elevated CO2. In most cases, near-future warming 

caused a significant drop in early developmental success as a result of decreased fertilization 

success and/or increased abnormal development. The embryonic development of the 

male:female cross of A. hyacinthus from the high-latitude location was more sensitive to the 
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increased temperature (+4 °C) than the male:female cross of A. hyacinthus from the  

mid-latitude location. The response to the elevated CO2 level was small and highly variable, 

ranging from positive to negative responses. These results suggest that global warming is a 

more significant and universal stressor than ocean acidification on the early embryonic 

development of corals from mid- and high-latitude locations. 

Keywords: fertilization; development; temperature; CO2; broadcast-spawning corals; 

latitudinal location 

 

1. Introduction 

Ocean acidification and increased seawater temperatures will continue to have an impact on coral 

reefs in the near future [1]. The effects are expected to be most profound at the sea surface, where 

fertilization and subsequent embryonic development of broadcast-spawning reef coral species takes 

place (reviewed in [2,3]). Broadcast-spawning is a reproductive mode whereby gametes are released into 

the water column and fertilization and embryonic development occurs externally. More than 80% of all 

reef coral species practice this mode of sexual reproduction, as opposed to brooding coral species, which 

produce larvae through internal fertilization [4]. Most broadcast-spawners release egg-sperm bundles 

that float to the water surface, where fertilization occurs and embryonic development proceeds for 

several days after the bundles are broken up. Since fertilization is the fundamental first step in the life 

cycle of corals, information about the influence of climate change on reproductive success is essential 

to predict the dynamics of reef coral assemblages in the future. 

Although the study of coral reproductive biology has a long history, studies focusing on the effects 

of increased seawater temperatures and, especially, ocean acidification on reproduction and recruitment 

processes of reef corals, have only recently begun. Most of these studies involved single-factor 

experiments, studying either the effect of increasing seawater temperatures (e.g., [5–9]) or decreased pH 

(i.e., acidified water) [10–21]. With respect to coral fertilization, increased seawater temperatures have 

been reported to reduce fertilization success [7] and increase abnormal development [6,7], while 

increased CO2 or decreased pH levels (relative to ambient) have been reported to reduce sperm flagellar 

motility [14,21] and fertilization success [15,17]. 

However, in the real world, the effects of increasing seawater temperature and decreased pH will  

not occur separately but together and, hence, their interactive effects need to be examined for the  

better understanding of the impact of future climate change on coral reefs. Few studies have  

investigated the interactive effects of increased temperature and ocean acidification coral reproduction 

processes [19,22–25]. In larvae of brooding corals, combined stressors either did not have an effect ([19], 

T: +1 °C, pH: −0.2–0.25 unit or +400 μatm CO2) or resulted in a temperature-driven metabolic 

depression ([25], T: +4 °C, CO2: +220 μatm CO2). With regards to broad-cast spawning corals, no effect 

of increased temperature and CO2 level were observed on the fertilization success, larval survivorship 

and metamorphosis of A. tenuis and A. millepora [23], T: +2 °C, CO2: +200 μatm CO2. However, larger 

increases in temperature and CO2 level synergistically decreased fertilization success of A. tenuis ([22],  
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T: +3 °C, CO2: +400 μatm CO2) and fertilization rate in A. digitifera ([24], T: +4 °C, CO2: +500 μatm 

CO2), although the decrease in fertilization rate in A. digitifera is fully attributed to the increased temperature. 

The response to climate stressors could be affected by the habitat or geographical location a coral 

lives in. Byrne et al. [26,27] and [28] found that marine invertebrates living in the intertidal zone were 

quite robust to climate change stressors, which could reflect an adaptation to the marked daily 

fluctuations in temperature and pH that characterize their shallow water coastal habitat. Similarly, with 

latitude, seasonal fluctuations in temperature could also affect the response of coral populations to 

increased temperatures with climate change. However, the broadening of physiological tolerance 

expected for corals at high-latitudes [29] is possibly more aimed at coping with lower thermal limits than 

upper thermal limits [30], potentially making these corals more vulnerable to increased temperatures 

than their low-latitude counterparts (e.g., [31–33], although [34]). 

In this study, a 2 × 2 factorial design was used to study the influence of elevated CO2 and temperature 

conditions (500 μatm CO2 vs. 1000 μatm CO2; 27 °C vs. 31 °C) on the fertilization success, abnormal 

development and early developmental success of broadcast-spawning reef corals at both a mid- and a 

high-latitude location in Southeast Asia (Lyduao, Taiwan (22° N) and Kochi, Japan (32° N)). The 

experimental temperature and CO2 conditions were based on local ambient averages during coral 

spawning and the atmospheric conditions predicted for 2100 in the worst-case scenario (A1FI) by the 

Intergovernmental Panel on Climate Change [35]. Mean atmospheric warming (+4 °C) and atmospheric 

CO2 levels (1000 μatm) were used, since the process of fertilization occurs in the upper sea surface layer 

of the ocean, which will be approximating the predicted atmospheric temperature and CO2 levels. The 

null hypothesis of no effect was tested for the response of fertilization success, abnormal development 

and early developmental success to temperature, CO2 level, coral species (or: single male:female cross), 

and latitudinal location.  

2. Material and Methods 

2.1. Study Locations 

Experiments were performed at two locations in Southeast Asia that had different periods of 

spawning: in May 2011 at the Green Island Marine Research Station, Lyudao (Green Island), Taiwan 

(22°40′ N, 121°30′ E) and in July 2011 at the Biological Institute on Kuroshio, Otuki, Kochi, 

southwestern Japan (32°47′ N, 132°44′ E) (Figure 1). Figure 2 illustrates the difference in the annual 

variation of temperature between the two locations. The annual seawater temperature at the mid-latitude 

location Lyudao in 2010 ranged from 24.6 °C in winter to 29.9 °C in summer, with the temperature 

during the May spawning ranging from 27.2 °C to 28.2 °C ([36], weekly averages). The annual seawater 

temperature at the high-latitude location Kochi between 2005 and 2009 ranged from 18 °C in winter to 

28 °C in summer, with the temperature during the July spawning ranging from 23.7 °C to 29.5 °C  

([37]: weekly averages) (see Figure 2 for 2011 data). The ambient local temperature that was used for 

our experiments was estimated at 27 °C for both locations in 2011. Four reef coral species that release 

egg-sperm bundles during the annual spawning event were examined in this study: Acropora hyacinthus 

and Favites abdita in Lyudao, (respectively 6 and 8 days after full moon: May 23 at 10:00 p.m. and  

May 25 at 12:00 a.m.) and A. hyacinthus and Platygyra contorta in Kochi (resp. 6 and 8 days after full 
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moon: July 21 at 10:00 p.m. and July 23 at 9:00 a.m.). A. hyacinthus was examined both in Lyudao and 

in Kochi, permitting comparison in response between latitudinal location. Recent information, however, 

suggests that A. hyacinthus from different geographically locations might actually be genetically 

different cryptic species [38]. In the following, the different experiments (i.e., male:female crosses) are 

referred to by the name of the coral species that was used. 

  

Figure 1. Map of the study region in Southeast Asia, including the two study locations: 

Lyudao (Taiwan) and Kochi (Japan). The black dots indicate the collection sites Da-Bai-Sa 

and Chai-Kou in Lyudao (resp. the southwest and the north) and in front of the Biological 

Institute on Kuroshio in Nishidomari, Kochi. 

 

Figure 2. Seawater temperature (weekly averages ± SD) in 2011 at the study locations in 

Lyudao (Guei-wan 5 m depth) and Kochi (Nishidomari 5 m depth). The light grey zones 

indicate the spawning periods in May (for Lyudao) and July (for Kochi). The dark grey zone 

accentuates the temperature during the main spawning period at each location  

(April–June in Lyudao; July–August in Kochi). 
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2.2. Gamete Collection 

From all coral species, except P. contorta in Kochi, fragments of 6 gravid coral colonies  

(ca. 100 cm2 each) were collected from the reef at 3–5 m depth a few days before the predicted spawning 

event. This number of fragments was chosen to increase the chance of synchronous spawning  

(i.e., asynchronous spawning occurs more frequently in corals at high-latitude and in the laboratory) and 

to decrease the impact on the reef. They were kept in large containers (400 L) with fresh aerated seawater 

that was changed every day (in Lyudao) or running seawater (in Kochi) in the laboratory and spawned 

between 3 and 5 days after collection. Collection sites of the corals were Da-Bai-Sa and Chai-Kou in 

Lyudao and in front of the Biological Institute on Kuroshio in Kochi (Figure 1). 

Each night at sunset, coral fragments were transferred to separate containers with seawater and 

monitored for spawning every 20–30 min until midnight. When spawning occurred, egg-sperm bundles 

were collected from colonies by carefully pipetting the bundles from the water surface. For P. contorta 

in Kochi, gametes were collected directly from spawning corals in the field by night scuba diving. The 

timing of spawning of these species could be well-predicted using previous spawning records [39]. For 

both species, several isolated colonies inhabiting the sea floor were selected for gamete collection. 

Inverted containers with fishing weights were directly placed on the surfaces of several colonies 

inhabiting the sea floor at 3–5 m depth just before the predicted spawning time to collect sperm-egg 

bundles of each individual colony and prevent mixing with sperm-egg bundles from other species. After 

spawning, the inverted containers with spawned gametes were closed and brought back to the laboratory. 

Coral species were identified by examining polyps, colony morphology, and coloration [40]. Skeleton 

samples were collected for verification of species identity at a later stage. 

As soon as the bundles were collected, egg and sperm were carefully separated using plankton mesh 

sieves (100 μm) and transferred into sperm-free ambient filtered seawater (1 μm) (FSW) that was freshly 

collected during the day. The eggs were washed several times to remove residual sperm. Single 

male:female crosses were performed using two conspecific colonies that spawned on the same night. 

The response to climate stressors was measured in 5 replicate vials per treatment using the same single 

male:female cross. This single-cross design allows us to focus on the response of sibling eggs and sperm 

to the experimental conditions and ignore variance related to differences in gamete quality, gamete 

compatibility and/or maternal effects that may obscure the diversity of responses when doing polyandric 

crossings [41,42]. Therefore, we expect validation from replication of the single-cross design to explore 

the response to the experimental conditions. 

2.3. Experimental Treatments and Seawater Chemistry 

Four different conditions of experimental seawater (2 temperature × 2 CO2) were prepared using the 

following method: 20 L filtered seawater (1 μm) that was freshly collected every day was divided into  

4 beakers (5L). Two of these beakers were submerged in a water-bath (90 L) whose temperature was 

adjusted to the estimated average atmospheric temperature during spawning (27 °C) and the other  

two beakers were submerged in a water-bath (90L) maintained at 31 °C (+4 °C above ambient, according 

to scenario A1FI; [42]). Seawater temperature was adjusted using an aquarium controller (AT Control 

system, AB Aqua Medic GmbH, Bissendorf, Germany, ± 0.1 °C precision) connected to two temperature 



J. Mar. Sci. Eng. 2015, 3 221 

 

 

sensors (AB Aqua Medic GmbH, Bissendorf, Germany) and 2 submersible heaters that were assigned 

to each of the 2 water baths. Coolers (Teco TR20 cooler, Ravenna, Italy) were only used in Lyudao, 

where we did not have access to a temperature-controlled room. Seawater CO2 was manipulated by 

bubbling CO2 and controlled by measuring seawater pH using an aquarium controller (AT Control 

system, AB Aqua Medic GmbH, Bissendorf, Germany, ± 0.01 pH precision) connected to 4 solenoid 

valves and 4 pH electrodes (Orion ROSS Ultra pH electrode, Thermo Scientific, Waltham, MA, USA, 

±0.03 pH accuracy) that were assigned to each of 4 beakers. The seawater pH was targeted to pH 8.15 

(ambient CO2) or pH 7.85 (corresponding to 1000 μAtm CO2, the atmospheric CO2 level predicted to 

occur by the end of this century based on scenario A1FI; [42]). The manipulation of seawater CO2 was 

initiated a couple of hours before starting the experiments to ensure stabilized pH conditions. All 

treatments were also aerated with ambient air at a flow rate of ~120–140 cc min−1, whose rate was 

controlled by an air flow meter (FGT, Tainan, Taiwan) to maintain saturation with oxygen. 

Seawater chemistry was measured just before and after the 3 h fertilization assay. Temperature and 

pH were measured using a TM-907A precision thermometer (Lutron, Taipei, Taiwan) with a TP-100 

platinum sensor (Pt-100 Ω, Lutron, Taipei, Taiwan, accuracy ± 0.2 °C) and pH electrode (Orion ROSS 

Ultra pH/ATC Triode, Thermo Scientific, Waltham, MA, USA, ±0.03 pH accuracy) connected to pH 

meter (Orion 5-star meter, Thermo Scientific, Waltham, MA, USA), respectively. Salinity was measured 

using a 4-electrode conductivity cell (013605MD, DuraProbe™, Thermo Scientific, Waltham, MA, 

USA) and total alkalinity (TA) of 2 replicate samples was determined by automated open-cell titration 

(100 mL, ATT-05, Kimoto Electric Co., Ltd, Osaka, Japan) using a pH sensor (Radiometer analytical, 

Lyon, France) calibrated at Total Scale. Accuracy and precision of titrations was checked against a 

certified seawater reference standard (Dickson Standard, Batch 109, A. Dickson, Scripps Institute of 

Oceanography, San Diego, CA, USA) and maintained within <1% of certified values. Oxygen saturation 

(Orion RDO® Optical Dissolved Oxygen Probe, Thermo Scientific, Waltham, MA, USA) was measured 

in Kochi to verify whether oxygen saturation was limiting during the experiment (>70% sat). The 

concentration of CO2 was calculated from measured TA, pH (NBS scale), temperature, and salinity using 

the CO2SYS program [43], Brookhaven National Laboratory; parameters: K1, K2 from  

Mehrbach et al. [44] refit by Dickson and Millero [45]); KHSO4, Dickson; pH: NBS scale  

mol·kg-H2O−1] (Supplementary Data, Table S1). 

2.4. Fertilization Assays 

For each experiment (or coral species), five replicate vials (50 mL Falcon tubes) were filled with  

50 mL experimental seawater for each treatment (27 °C × ambient CO2, 27 °C × high CO2, 31 °C × ambient 

CO2 and 31 °C × high CO2). Sperm stock density was determined using a bright-line hemacytometer 

under an optical light microscope (magnification 200×) and the volume of sperm needed to achieve a 

concentration of 105 sperm·mL−1 in experimental vials was calculated. Optimal sperm concentrations 

for broadcast-spawning corals have been reported to range between 105 and 106 sperm mL−1 [46]. Coral 

sperm was kept at high density in the sperm stock to suppress energy expenditure and increase longevity 

of the sperm [46]. Eggs were counted under an Olympus stereo-microscope and the concentration was 

adjusted with ambient seawater so that each 500 μL of egg solution would contain ca. 100 eggs. In this 

study, a separate assay was also performed to examine the optimal sperm concentrations of coral species 
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under a wide range of sperm densities (103–107 sperm mL−1) in ambient conditions (Supplementary 

Data, Figure S1). The same combination of gametes was used for F. abdita, A. hyacinthus (in Kochi) 

and P. contorta as in the experiment. For A. hyacinthus (in Lyudao) different gametes were used. The 

assays confirmed that the sperm density used in this study (105 sperm·mL−1) was optimal for all species. 

Experiments were initiated within 2 h after spawning to avoid negative side effects of gamete age on 

fertilization success [46]. Although some studies pre-treat sperm and/or eggs in experimental seawater 

prior to fertilization (e.g., [26,47], as would occur in the water column, this may not be necessary for 

detecting general trends [48]. Therefore we chose to avoid further delay in gamete contact and associated 

gamete aging and combine sperm and eggs without pre-exposure time. 

After preparation of egg and sperm stocks, first 50–200 μL sperm stock and then 500 μL egg stock 

was transferred into 5 replicate 50 mL Falcon tubes per treatment (~100 eggs and 1 × 105 sperm mL−1). 

Each vial was swirled and placed in the appropriate water bath. To each vial, the same combination of 

egg and sperm was added. Three hours after incubation, embryos were sampled and fixed in  

10% formaldehyde for later analysis of fertilization success and abnormal development. To evaluate the 

possibility of sperm contamination and self-fertilization due to insufficient washing of the egg stock, 

100 eggs from the egg stock were also examined 3 h after the initiation of the experiment. 

The CO2 of seawater was verified at the start of the experiment by measuring TA, pH, temperature 

and salinity of the experimental water in the 5L beakers before transfer to the experimental vials  

(in Lyudao, n = 1). Each experiment was done with a fresh batch of seawater that had slightly different 

TA values. To increase the accuracy of measurements in Kochi, the number of replicate measurements 

was increased and 5 replicate control vials (i.e., without eggs and sperm) were used to verify the CO2 of 

seawater by measuring TA, pH, temperature and salinity at the start of the experiments. At the end of 

each experiment (t = 3 h), the CO2 of seawater was verified by measuring TA, pH, temperature and 

salinity of the experimental vials (n = 1 in Lyudao, n = 5 in Kochi) and control vials (n = 5 in Kochi) 

and taking 2 replicate water samples for TA analysis (Supplementary Data, Table S1). 

2.5. Analysis of Fertilization and Embryonic Development 

Digital images of each embryo sample were taken under a stereo microscope (magnification, 20× or 

more) and assessed for the number of unfertilized eggs, the number of normal embryos and the number of 

abnormal embryos using Image J 1.46r in combination with the Cell Counter plugin. Fertilization success 

was defined as the percentage of eggs that were fertilized (normal and abnormal embryos) divided by total 

number of eggs and embryos. As such, fertilization per se was not measured, rather the number of eggs 

developing to very early stages. Abnormal development was defined as the percentage of abnormal 

embryos divided by the total number of embryos (i.e., fertilized eggs). Early developmental success  

(i.e., 3 h post-fertilization) was defined as the percentage of normal embryos divided by the total number 

of eggs and embryos. Embryos were counted as abnormal when their development deviated from the 

normal path of developmental (e.g., [49–51]), i.e., having unequal-sized blastomeres and developmental 

aberrations due to asynchronous (i.e., irregular and disproportional) cell division [6,7,51,52]. See Figure 3 

for representative pictures of different stages of embryonic development and abnormal development of 

each species studied.  



J. Mar. Sci. Eng. 2015, 3 223 

 

 

 

Figure 3. Representative pictures showing different stages of embryonic development and 

abnormal development of each coral species studied.  

2.6. Data Analysis 

Factorial logistic regression analysis of binomial data (failure, success) was performed using the 

Generalized Linear Model (GLM) with the logit link function in R-studio 3.0.1 (R Development Core 

Team, 2013). For this analysis, data for each parameter were transformed into a 2-vector response 

variable by combining the number of failures and number of successes using the cbind command. Since 

the data of all three parameters were over-dispersed (i.e., residual deviance was significantly higher than 

the residual degrees of freedom, which is often the case when a dataset contains many low and many 

high values), the quasibinomial family was used with the logit link function to correct for over-dispersion 

of the data. Species, location, temperature, CO2 and their interactions were used as model terms. The 

significance of each model term was determined by analysis of deviance using the function anova(model, 

test = “F”): a significant decrease in deviance indicates that a model term explains the data well. 

The GLM model was first run on the complete dataset and then followed by regression analysis per 

species and then used to compare A. hyacinthus from Lyudao and Kochi. Multiple comparisons of means 

were made for each species that had significant interaction by applying user-defined linear orthogonal 

contrasts using the multcomp package [53] in R. Due to the presence of many zero counts in the dataset 

for P. contorta, the multiple comparison test could not be computed. However, this was fixed by 

adjusting the dataset and adding 1 count to each category (failure, success).  
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3. Results 

3.1. Seawater Chemistry 

The chemical and physical conditions at the start and at the end of each experiment are summarized 

in Supplementary Data (Table S1). The seawater temperature varied between 26.7 °C and 27.1 °C for 

ambient temperature and 30.5 °C and 31.0 °C for increased temperature conditions. The pH varied 

between 7.96 pH and 8.18 pH for ambient CO2 and between 7.73 pH and 7.93 pH for high CO2 

conditions. As expected, the CO2 levels in each vial increased during the three-hour incubation  

(ca. 100 μatm CO2 or 0.1 pH units at most) as a result of respiration of the eggs and sperm. However, 

there was generally not much difference (ca. 50 μatm CO2 or 0.05 pH units) between the vials that 

contained eggs and sperm (“log5”, Table S1) and the control vials (i.e., without egg and sperm) at the 

start of the experiment. Only in our first experiment, with A. hyacinthus (in Lyudao), much larger 

changes in CO2 were measured between the vials containing eggs and sperm and the control vials. Since 

the same methods and equipment were used to measure seawater chemistry in Lyudao and Kochi, the 

precision of the measurements in Lyudao (n = 1) is likely comparable to the precision in Kochi  

(n = 5). 

3.2. Ambient Fertilization Success 

Ambient fertilization success of each coral species studied was verified using a separate assay in 

which fertilization success was determined under ambient conditions and a wide range of sperm densities 

(103–107 sperm·mL−1) (see Supplementary Data, Figure S1). These assays confirmed that: 1) the sperm 

density used in this study (105 sperm·mL−1) was optimal for fertilization and 2) fertilization success in 

these assays was comparable to the ambient fertilization success measured in the experiments of this 

study for F. abdita (86.7% ± 3.5 vs. 83.6% ± 1.9 ), A. hyacinthus in Kochi (98.7% ± 0.9 vs. 97.2% ± 1.9) 

and for P. contorta (97.5% ± 1.2 vs. 93.9% ± 3.7). Different gametes were used for the fertilization assay 

of A. hyacinthus in Lyudao. Fertilization success was optimal at 105 sperm/mL, but ambient fertilization 

success in the experiments was much lower (41.9% ± 5.6 vs. 72.1% ± 3.9). Differences in genetic 

compatibility in gametes are known to influence fertilization success [41,42,54]. 

3.3. Fertilization Success in Response to Climate Change 

Fertilization success, abnormal development and early developmental success were compared 

between the different climate change scenarios for each species (see Tables 1 and 2 for statistical 

summary and Table S2 for details). Additionally, the response to climate change stressors of  

A. hyacinthus in Lyudao was compared with the response of A. hyacinthus in Kochi (see Table 3 for 

statistical summary and Table S3 for details) Average values are given as X ± SD, n = 5. 

3.3.1. Response to Climate Change for Each Coral Species 

Fertilization success (Figure 4A, Tables 1 and 2, Table S2): Fertilization success was significantly 

enhanced by the 4 °C increase in temperature in A. hyacinthus (Kochi) when comparing fertilization at 

high CO2 levels. However, the 4 °C increase in temperature significantly decreased fertilization success 
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in A. hyacinthus (Lyudao) at both CO2 levels and P. contorta (main effect). No data are available for the 

31 °C treatments of F. abdita, since distinction between normal and abnormal embryos was not possible 

due to their high vulnerability to fragmentation while handling the samples. 

 

Figure 4. The effect of temperature (27 °C vs. 31 °C) and CO2 level (400 vs. 1000 μatm 

CO2) on (a) the fertilization success, (b) abnormal development, and (c) early developmental 

success of different species in Lyudao and Kochi. Values are mean ± SD. Means lacking a 

common superscript differ significantly (p < 0.05). Asterisks with bars mark significant main 

effects of temperature, whereas different capital letters mark significant main effects of CO2 

level. In those cases where a significant interaction between temperature and CO2 level was 

detected, individual significant effects are marked by different lower case letters (p < 0.05). 

See Table 1, 2, S2 and S3 for an overview of the statistics. 
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Table 1. Table showing a summary of the results of logistic regression using GLM for 

fertilization rate, abnormal development and early developmental success of (1) the full 

model and (2) the different coral species. NS = not significant, * means p < 0.05, ** means 

<0.01 and *** means <0.001. See Table S2 for the Analysis of Deviance tables. 

 
Fertilization  

Success 

Abnormal  

Development 

Early Developmental  

Success 

 p-value  p-value  p-value  

GLM Per Coral Species 

A. hyacinthus (Kochi)       

CO2 0.49 NS 2.10 × 10−3 ** 0.19 NS 

T 5.60 × 10−10 *** 5.00 × 10−10 *** 1.30 × 10−12 *** 

CO2:T 9.40 × 10−5 *** 0.25 NS 1.20 × 10−3 ** 

F. abdita       

CO2 0.86 NS 0.05 NS 0.66 NS 

A. hyacinthus (Kochi)       

CO2 4.50 × 10−8 *** 0.72 NS 0.24 NS 

T 9.30 × 10−4 *** 3.30 × 10−15 *** 3.20 × 10−15 *** 

CO2:T 0.06 NS 4.80 × 10−3 ** 0.03 * 

P. contorta       

CO2 3.70 × 10−4 *** 2.20 × 10−16 *** 9.70 × 10−16 *** 

T 5.60 × 10−11 *** 2.20 × 10−16 *** 2.20 × 10−16 *** 

CO2:T 0.7 NS 1.10 × 10−10 *** 4.10 × 10−11 *** 

Table 2. Table showing the results (p-values) of the multiple comparison test of interactive 

effects for fertilization rate, abnormal development and early developmental success of the 

different coral species. Additionally, in the case of a significant difference, it is indicated 

whether there is a positive (+) or negative (-) effect. NS = not significant. (n = 5 per species). 

 Effect of Temperature Effect of CO2 

 At Ambient CO2 At High CO2 At 27 °C At 31 °C 

Fertilization Success 

A. hyacynthus (Lyudao) <0.001 - <0.001 - 0.287 NS <0.001 - 
 F.abdita         

A. hyacynthus (Kochi) 0.998 NS <0.001 + <0.001 - <0.001 - 
 P. contorta         

Abnormal Development 

A. hyacynthus (Lyudao)         
F.abdita         

A. hyacynthus (Kochi) <0.001 + <0.001 + 0.5816 NS <0.05 + 
P. contorta <0.001 + <0.001 + <0.001 - <0.001 - 

Early Developmental Success 

A. hyacynthus (Lyudao) <0.001 - <0.001 - 0.16 NS <0.05 - 
F. abdita         

A. hyacynthus (Kochi) <0.001 + <0.001 + 0.4791 NS <0.05 + 
P. contorta <0.001 + <0.001 + <0.01 - <0.001 - 
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Elevated CO2 levels (1000 μatm CO2) had no significant effect on the fertilization success of  

F. abdita at 27 °C and A. hyacinthus (in Lyudao) at 27 °C. However, elevated CO2 levels significantly 

enhanced fertilization success in P. contorta (main effect) and significantly decreased fertilization 

success of A. hyacinthus at 31 °C in Lyudao and in Kochi. 

Abnormal development (Figure 4B, Tables 1 and 2, Table S2): The increased temperature significantly 

increased abnormal development in all coral species studied: A. hyacinthus in Lyudao (main effect),  

A. hyacinthus in Kochi (main effect) and P. contorta (main effect). No data are available for F. abdita. 

Elevated CO2 levels had a variable effect on abnormal development. While the elevated CO2 level did 

not affect abnormal development in most cases, it slightly, but significantly, increased abnormal 

development in A. hyacinthus (in Kochi) at 31 °C and a significantly decreased abnormal development 

in P. contorta at both temperatures. 

Early developmental success (Figure 4C, Tables 1 and 2, Table S2): Early developmental success 

was significantly reduced by the 4 °C increase in temperature in all species examined: A. hyacinthus in 

Lyudao at both CO2 levels, (<10%) A. hyacinthus in Kochi (main effect, <10%) and P. contorta at both 

CO2 levels (0% at ambient CO2, but 71.7% at high CO2). 

Elevated CO2 levels had a variable effect on early developmental success. While the elevated CO2 

level had no significant effect on early developmental success of F. abdita and A. hyacinthus (Lyudao) 

at 27 °C, it decreased early developmental success in A. hyacinthus from Lyudao at 31 °C and  

A. hyacinthus from Kochi (main effect) and significantly enhanced early developmental success of  

P. contorta at both temperatures. The large increase in early developmental success of P. contorta at  

31 °C (0.0 ± 0.0 vs. 71.7 ± 4.8, n = 5) coincided with a significant decrease in abnormality of embryos 

with increasing CO2 level (100 ± 0.0 vs. 14.8 ± 2.0, n = 5). 

3.3.2. Comparison of A. hyacinthus from Lyudao and Kochi 

The effect of different climate change scenarios on the fertilization success, abnormal development 

and early developmental success was compared between latitudinal location for A. hyacinthus from 

Lyudao and from Kochi. Average values are given as x ± SD. See Table 3 and S5 for statistics overview. 

Fertilization success (Figure 4A, Table 3, Table S3): A significant interaction was detected between 

the effect of location and temperature on fertilization success. Fertilization success significantly 

increased with temperature in Kochi, but decreased with temperature in Lyudao. CO2 level had no 

significant main effect on fertilization success at either location. 

Abnormal development (Figure 4B, Table 3, Table S3): A significant interaction was detected 

between the effect of location and temperature on abnormal development. Abnormal development was 

not significantly different between locations at ambient temperature, but Kochi had a significantly higher 

percentage of abnormal development at high temperature (31 °C) compared to Lyudao. 

Early developmental success (Figure 4C, Table 3, Table S3): No significant effect of location was 

detected on the response of early developmental success to climate stressors. In general, taking the data 

from both locations together, temperature significantly decreased early developmental success. 
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Table 3. Table showing a summary of the results of logistic regression using GLM for 

fertilization rate, abnormal development and early developmental success of the comparison 

between A. hyacinthus in Lyudao and Kochi. NS = not significant, * means p < 0.05,  

** means <0.01 and *** means <0.001. See Table S3 for the Analysis of Deviance tables.  

 Fertilization Success Abnormal Development Early Developmental Success 

  p-Value  p-Value   p-Value  

GLM comparing A. hyacinthus from Lyudao with Kochi 

location 2.2 × 10−16 *** 3.1 × 10−12 *** 2.6 × 10−12 *** 

T 2.2 × 10−14 *** 2.2 × 10−16 *** 2.2 × 10−16 *** 

CO2 2.6 × 10−4 *** 0.30 NS 0.20 NS 

location:T 9.8 × 10−11 *** 7.5 × 10−5 *** 2.1 × 10−7 *** 

location:CO2 1.5 × 10−6 *** 0.75 NS 0.01 ** 

T:CO2 7.8 × 10−6 *** 1.2 × 10−3 ** 1.6 × 10−4 *** 

location:T:CO2 1.2 × 10−3 ** 0.16 NS 0.89 NS 

4. Discussion 

The data presented here on fertilization success, abnormal development and early developmental 

success demonstrate that the response to elevated temperature and CO2 levels varies between different 

species (i.e., single male:female crosses) and latitudinal location. The predicted atmospheric warming 

for the year 2100 under the A1FI scenario (+4 °C) had a much stronger effect on these three parameters 

than the predicted atmospheric increase in CO2 level for the year 2100 under the A1FI scenario  

(1000 μatm CO2). 

In this paper, we first attempt to interpret the responses by developing hypotheses about differences 

in sensitivity to climate stressors and/or differences in the physiological mechanisms governing the 

reproductive ecology of corals. Then, we discuss the ecological implications of our results and the future 

prospects of broadcast-spawning corals under the predicted future hostile environment. 

4.1. Temperature Effect: Physiological Mechanisms 

The 4 °C increase in temperature (from 27 °C to 31 °C) significantly affected early developmental 

success as a result of a decreased fertilization success (A. hyacinthus (Lyudao) and P. contorta) and/or 

an increased abnormal development (all species examined). 

The different responses to temperature are consistent with the hypothesis that there are  

species-specific differences in temperature tolerance [55,56], i.e., that temperature optima for 

fertilization and successful embryonic development differ between species. Negri et al. [7] reported a 

negative effect of a 4 °C temperature increase (from 28 °C to 32 °C) on the fertilization success and 

early development of A. millepora, while F. chinensis, F. abdita and Mycedium elephantotus were not 

affected. Chua et al. [23] reported that a smaller increase in temperature (+2 °C) only increased 

developmental rate in A. millepora and A. tenuis and did not affect abnormal development. 

Temperature optima also differed between fertilization and embryonic development within the same 

species. For example, in A. hyacinthus (in Kochi) fertilization success was not compromised at 31 °C, 

but >90% of embryos developed abnormally at this temperature. However, in A. hyacinthus (in Lyudao) 
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and P. contorta the optimum temperature for both fertilization and for development was exceeded, since 

fertilization was compromised at 31 °C and >70% of embryos developed abnormally. 

In all species examined, the optimum temperature for abnormal development was exceeded at 31 °C. 

Nevertheless, increased temperature had a greater impact on the abnormal development of  

A. hyacinthus from the high-latitude location Kochi compared to the mid-latitude location Lyudao. 

Although abnormal development was not significantly different between locations at ambient temperature, 

the increased temperature (31 °C) resulted in a significantly higher percentage of abnormal development 

in A. hyacinthus in Kochi (>90%) compared to A. hyacinthus in Lyudao (70%). Nevertheless, early 

developmental success was significantly decreased at both locations (≤10%) due to differences in 

fertilization success. Higher vulnerability of the development of coral species from high-latitude 

locations to increased temperature could be explained by differences in thermal tolerance due to variation 

in annual temperature variation between the locations (see Figure 1). High-latitude corals have been 

reported to be more sensitive to temperature stress than low-latitude corals (e.g., [31–33]), presumably 

because their upper thermal limits are lower than those of low-latitude corals. Additionally, corals in 

Lyudao are living closer and for a longer period of time near the 31 °C experimental temperature, which 

might allow them to adapt to these temperatures. However, it remains to be determined whether the 

measured effect is truly an effect of latitudinal location or possibly due to variability between genetic 

crosses [41,42] or the use of genetically different cryptic species of a Acropora syngameon [38]. 

Woolsey et al. [34] were able to compare abnormal development of A. spathulata between a low-latitude 

and mid-latitude location along the Great Barrier Reef (resp. Lizard Island (14.7° S) and One Tree Island 

(23.5° S)). In their study, a 4 °C temperature increase resulted in a significant increase in abnormal 

development compared to ambient at both locations (low lat.: 90% vs. mid lat.: 70%). However, a 2 °C 

temperature increase only increased abnormal development at the low-latitude location, presumably 

because corals from these low-latitude reefs are living closer to their upper thermal limit.  

Possibly, the discrepancy between studies may be attributed to: (1) differences in temperature at the time 

of spawning and therefore differences in absolute experimental temperatures; (2) differences in seasonal 

temperature variation, the minimum temperature during winter and the potential for acclimation to high 

temperatures [57]; and/or (3) differences between species. More research is needed to detect patterns of 

thermal thresholds of a single reef coral species living at different locations along a latitudinal gradient 

(i.e., having different seasonality). 

4.2. Effect of CO2 Level: Physiological Mechanisms 

The response of fertilization and development to elevated CO2 levels was variable, ranging from 

negative to neutral and even positive effects. The negative effect on fertilization success and early 

developmental success is in agreement with results obtained for other coral species using comparable 

sperm densities: A. palmata ([15]; 3.20 × 105 and 6.41 × 105 sperm·mL−1), O. faveolata ([17]; sperm 

density unknown) and A. tenuis ([22]; up to 5.84 × 104 sperm·mL−1). A negative effect of the elevated 

CO2 level on fertilization success is likely the consequence of the inhibiting effect of elevated CO2 on 

sperm motility [14,21] and the consequential decrease in effective sperm density. On the other hand, a 

positive effect of elevated CO2 level on fertilization success and early developmental success, as 

observed for P. contorta at high temperature, is hypothetically possible when elevated CO2 levels offset 
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mechanisms that otherwise decrease fertilization success ([58]; first scenario). For example, by decreasing 

the amount of active sperm, elevated CO2 levels could potentially increase fertilization success by 

decreasing polyspermic fertilization. 

In most species, abnormal development was not affected by the elevated CO2 level and even 

decreased in P. contorta at 31 °C (Figure 4B). In other broadcast spawning marine invertebrates, elevated 

CO2 levels increased abnormal development (mollusk, pH 7.4, [59]; sea urchin, 1800 μatm, [58]; scallop, 

pH <7.5, [60]; brittlestar, <7.9, [61]; mollusk, pH 7.7, [62]). In sea urchins, increasing CO2 levels 

increased polyspermic fertilization and the proportion of abnormal embryos by interfering with the fast 

block to polyspermy [58]. In corals, the existence of mechanisms to prevent polyspermy (e.g., egg block 

to polyspermy, fertilization membrane) has not yet been confirmed [63]. However, the absence of a 

negative effect of elevated CO2 neither denies nor supports the existence of a fast block to polyspermy 

in corals. Nevertheless, no abnormal development has been reported as a result of exposure to increased 

CO2 levels in of A. palmata ([15]: +200 μatm CO2), Orbicella faveolata ([17]: +114 μatm CO2), Oculina 

patagonica and Madracis pharensis ([10]: −1 pH), A. tenuis and A. millepora ([23]: +200 μatm CO2), 

A. tenuis ([22]: +400 μatm CO2) or A. digitifera ([24]: +500 μatm CO2). 

It should be noted that ambient CO2 values in this study were higher than 380 μatm CO2 (indicated 

as “ambient CO2 today” for open oceanic waters [35]) because of diurnal fluctuations in atmospheric 

CO2 due to the photosynthetic uptake of CO2 and respiratory release of CO2 of the surrounding 

vegetation respectively during the day and at night [64]. As a result, the ambient CO2 values in this study 

reflect the CO2 values during the night when coral spawning and fertilization take place [17]. In the 

future, therefore, the CO2 values at night are expected to be higher than the predicted 1000 μatm CO2 as 

well, although we did not correct for that. In addition, it is interesting to note that the decrease in pH in 

each vial during the three hour incubation (at most −0.1 pH or +100 μatm CO2) was much higher 

compared to diurnal oscillations of pH as measured on two reefs in the Florida Keys by Albright [17]: 

0.05–0.06 pH. Despite these higher changes in pH under experimental conditions, we did not find any 

correlation between the extent of decrease in pH during incubation and the intensity of the treatment 

response. Changes in pH during fertilization assays have not been commonly measured, however 

Albright and Mason [22] measured a 0.6 pH decrease during a 3 h incubation with a sperm density of 

107 sperm/mL without a noticeable effect on fertilization. 

4.3. Synergistic Effect of Temperature and CO2 Level 

Combined exposure to the elevated temperature and CO2 level significantly reduced early 

developmental success compared to ambient conditions in all species studied. The contribution of each 

factor (i.e., interactive effect) and the processes affected (i.e., fertilization vs. developmental processes) 

varied between species and also between A. hyacinthus from Kochi and A. hyacinthus from Lyudao. 

Interactions resulted from distinct effects of elevated CO2 at ambient and high temperature. These 

effects could be related to its effects on sperm motility and the different mechanisms of response to 

increased temperature: enhancement of sperm motility and enzyme impairment [7]. It is postulated that 

elevated CO2 levels could either decrease or increase fertilization success and early developmental 

success depending on whether sperm is limiting or in excess. In the case of P. contorta, the elevated CO2 

level increased fertilization success and early developmental success and reduced abnormal development 
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at 31 °C, possibly due to the narcotic effect of CO2 on sperm motility [14,65,66]. However, when 

increased temperatures have impaired enzymes and/or proteins involved in fertilization and/or 

development, no additional effect is expected due to changes in sperm motility. This is a possible 

scenario for A. hyacinthus (Lyudao and Kochi) at increased temperature. Besides sperm motility, other 

processes that are susceptible to ocean acidification could play a role in this response to elevated CO2, 

including the initiation of sperm motility [67], sperm chemo taxis [68] and/or sperm attraction by the 

egg [67,69]. All these processes are controlled by an increase in intracellular pH and therefore 

susceptible to ocean acidification. Sperm chemotaxis of Acropora spp. has been demonstrated to be 

susceptible to low pH [68]. 

To provide more insight into the mechanisms behind the response to increased temperature and CO2 

levels, future studies should measure the response of fertilization success to climate change under a  

range of sperm densities (e.g., 102 to 107 sperm mL−1), similar to Reuter et al. [58] and Albright and 

Mason [22]. Reuter et al. [58] postulated different scenarios for the effect of pH on the fertilization of 

sea urchins that should be reflected by changes in the shape of the fertilization curve. Such scenarios can 

also be postulated for coral fertilization and tested by observing changes in the fertilization curve. 

4.4. Ecological Consequences 

Climate change will likely affect multiple stages of the life cycle of broadcast-spawning marine 

invertebrates such as corals. Once sperm-egg bundles break and sperm and eggs are exposed to the 

surrounding seawater, the process of fertilization is the first bottleneck in the life cycle and therefore 

critical to the reproductive success of broad-cast spawning corals in the future hostile environment. 

Increased temperature had a much stronger effect on fertilization success and early development than 

elevated CO2 levels. Possibly, corals are more robust to changes in pH, since coral cells undergo daily 

changes in external pH as a result of photosynthesis and dark respiration [70–72] that can be larger than 

those expected for 2100. Although the sperm densities used in this study are likely not representative of 

natural sperm densities during a spawning event, the results of this study did indicate that high 

temperature significantly decreases early development success, while increased CO2 levels have a 

variable effect and can sometimes even off-set the negative effect of high temperature. Nevertheless, the 

combined exposure to elevated temperature (+ 4 °C) and elevated CO2 levels (1000 μatm CO2) will have 

a net negative effect on fertilization success and early development, regardless of the mechanisms that 

play a role. The extent of the effect is expected to exacerbate under natural oligospermic conditions (i.e., 

lower sperm densities). Nevertheless, the experimental outcome for P. contorta seems promising, since 

the cross of P. contorta still had an early developmental success of >70% after combined exposure to 

elevated temperature and CO2 levels. However, future studies should confirm whether this is a true 

species-specific response using polyandric crosses (i.e., using a gamete mixture from multiple colonies) 

or a larger number of different single male:female crosses. Comparison of responses at species level was 

not the aim of this study. In addition, it is very difficult to meet the requirements of such a study  

(i.e., synchronous, abundant spawning of multiple colonies) when working at high-latitude locations and 

depending on spawning of corals in the laboratory. No differences in the number of successfully 

developing embryos are expected between our latitudinal locations in the near future, since the net effect 

on early developmental success was comparable despite differing sensitivities of fertilization and 
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development to temperature. Differences in reproductive success between low- and high-latitude coral 

populations might, however, arise due to limited genetic and genotypic diversity in marginal coral 

populations, such as at high-latitudes [73]. Limited genetic compatibility might act as an additional factor 

decreasing reproductive success by further decreasing fertilization success. However, as mentioned 

before, the differences found between A. hyacinthus from Kochi and Lyudao could be a result of 

latitudinal location, but also variability between genetic crosses [41,42] and/or the use of genetically 

different cryptic species of a Acropora syngameon [38]. Nevertheless, data on the response of  

broad-casting corals from mid-and high-latitude locations to climate stressors are crucial for comparison 

with their low-latitudes counterparts. 

The response of the earliest life stages of broad-cast spawning corals to climate change stressors  

(i.e., fertilization and embryonic development, measured only 3 h after fertilization) is important, since 

these processes represent one of the first bottlenecks of starting a new life cycle. After overcoming these 

bottlenecks, successful sexual recruitment of corals relies on the completion of three other important 

phases in the life history of corals: the larval phase, the settlement phase and the post-settlement  

phase [15]. Until now, several studies have identified the effects of increased temperature or elevated CO2 

levels on different stages in the early life cycle of corals that occur after fertilization, including (in 

chronological order) embryonic development (Temp.: [6,7], Temp. and CO2: [23]), larval survivorship 

(Temp.: [5,8,9,74,75], CO2: [16,20], Temp. and CO2: [23]), settlement (Temp.: [8,9,76–78],  

CO2: [11,18,79–81]), metamorphosis (CO2: [20], Temp. and CO2 : [22,23]), establishment of symbiosis 

(CO2: [16]), post-settlement survivorship and recruitment (Temp.: [9,78], CO2: [12]) and early  

post-settlement growth (CO2: [11,15,16,18,80,82]). Although the extent of these effects depends on 

treatment level and exposure time, both temperature and CO2 level predicted for the year 2100 in the 

worst case scenario (A1FI) [35] negatively affected many of these early life history stages. Therefore, 

due to their cumulative effect (i.e., by impacting multiple sequential life history stages), increasing 

seawater temperature and CO2 levels together have the potential to significantly affect the sexual 

recruitment of broad-cast spawning corals in the future (e.g., see Albright et al. [15] for cumulative 

effects of CO2). 

There is a need to investigate the potential of corals to acclimatize and/or adapt to elevated 

temperature and CO2. Most experiments so far have been done using corals with mature gonads growing 

under ambient conditions, only exposing their gametes or larvae to stressful conditions (i.e., exposing 

them to “acute stress”). The results of these experiments might therefore be more extreme than would 

occur if the spawning adult colonies would already have been adapted or acclimatized to higher 

temperature and/or CO2 levels—as could occur in the near-future. In fact, Jokiel et al. [12] studied the 

effect of prolonged exposure of corals to elevated CO2 levels (ambient vs. +365 μatm CO2) on gamete 

production and recruitment in a mesocosm experiment. No effects were found. Additionally, a more 

recent study by Putnam [83] suggests that prior exposure of adult brooding corals to climate change 

conditions may have played a role in shaping the physiology of larvae and their subsequent success 

under climate change conditions. Similarly, adult broadcast-spawning corals might invest more in their 

sperm and eggs when exposed to climate change conditions and spawning season might occur earlier in 

the year in the future due to higher average sea temperatures [37,84]. Theoretically, if a specific 

temperature threshold would exist for each species, the response to increased temperature (ambient +4 °C) 

could be different depending on the average ambient temperature during the month of spawning [51]. 
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Future studies should evaluate this possibility for acclimatization and evaluate the effect on fertilization 

success of broadcast-spawning corals. 

5. Conclusion 

Our results suggest that increased seawater temperatures will have detrimental effects on the initial 

development and early developmental success of broadcast spawning corals from mid- and  

high-latitude locations. Although elevated CO2 levels did not produce a strong effect in this study, the 

inhibiting effect of elevated CO2 levels on sperm motility [14,21] is expected to exacerbate under natural 

oligospermic conditions. Together, these environmental stressors will have significant ecological 

ramifications for sexual recruitment of broadcast spawning corals and the maintenance of genetic 

diversity of reef coral assemblages in the near future. 
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