ABSTRACT

Anthropogenic increases in atmospheric carbon dioxide (CO2) are predicted to cause sea surface temperature to increase by 1 to 4°C and sea surface pH to decrease by 0.1 to 0.3 pH units. These ramifications of global change reduce calcification rates in a variety of coral species; however, little work has been done to investigate the underlying aspects of corallite morphology that influence observed calcification responses under these global-scale stressors. In this study, stereomicroscopy was used to investigate the independent and combined effects of ocean warming (28 and 31°C) and ocean acidification (ca. 280, 400, 700, 3200 µatm pCO2) on two aspects of corallite morphology, corallite height and corallite infilling, of Siderastrea siderea coral samples reared for 93 days in a controlled laboratory experiment. While neither corallite height nor corallite infilling were significantly impacted by elevated temperature or pCO2, trends suggest that corals in the elevated temperature show decreased height and infilling with increasing pCO2, indicating that the combination of increased temperature and pCO2 may have a greater impact on corallite infilling than either stressor alone. Corals from the inshore environment were found to have significantly taller corallite heights than those from the offshore environment in the control temperature treatments, but not at the elevated temperature; corallite infilling was not significantly different between reef environments. Together, these results indicate that S. siderea corals, especially colonies from inshore environments, may be robust and continue to calcify under projected end-of-century conditions, but that continued increases in temperature and pCO2 will ultimately decrease corallite height and corallite infilling. These changes in skeletal morphology may alter the growth patterns of S. siderea, potentially compromising skeletal function and overall reef presence. 
INTRODUCTION
The concentration of atmospheric carbon dioxide (CO2) has increased from pre-industrial levels of approximately 280 µatm to the present-day level exceeding 410 µatm [1] as a result of anthropogenic inputs. Because approximately one-quarter of atmospheric carbon dioxide is absorbed into the ocean [2], the increase in the partial pressure of CO2 (pCO2) in seawater has caused present-day ocean surface pH to decrease by 0.1 pH units from the pre-industrial level in a process termed ocean acidification [3]. Additionally, the increase in atmospheric CO2 has caused an increase in sea surface temperature by 1°C in a process known as ocean warming [4]. In the “business-as-usual” scenario, the Intergovernmental Panel on Climate Change predicts that if anthropogenic influences continue at their current level, atmospheric pCO2 may reach 700-900 µatm by the end of this century [4]. As a result, ocean surface pH will decline by as much as 0.3 pH units and sea surface temperature will rise by as much as 4°C by the end of this century [4]. These ramifications of global change are expected to impact how many calcifying marine organisms build their skeletal structures, including reef-building corals [5].
Coral calcification rates under ocean warming conditions have been well explored in controlled experiments [6]. Because moderate increases in temperature enhance the rate of biological processes, slightly elevated ocean temperatures generally increase coral calcification rates up to a species-specific threshold temperature [7]. However, much of a coral’s energy comes from the photosynthetic products of its algal endosymbionts (Symbiodiniaceae) [8] and therefore calcification rate depends on the maintenance of this relationship. Increases in ocean temperatures past species-specific thresholds cause corals to lose their algal endosymbionts in a process known as coral bleaching [9], corals do not receive as much energy, and thus calcification decreases [7]. Since many coral reefs already exist near their thermal thresholds [10], further increases in temperature are expected to have negative calcification consequences for coral species across the globe. 
Coral calcification rates have also been examined under ocean acidification conditions [11]. Increases in seawater pCO2 directly cause an increase in protons (H+), decreasing ocean pH. This decrease in pH reduces the concentration of available carbonate (CO32-) ions in seawater, which corals utilize to build their calcium carbonate skeletons [12]. Without the available carbonate ions, corals cannot calcify as well. Calcification in some species have been observed to decrease with increasing pCO2 [13], while others have shown parabolic [14, 7] or non-significant [15] responses. Coral calcification responses to ocean acidification are generally more variable than to ocean warming [11], making it important to investigate these responses more closely. 
While the individual effects of ocean warming and acidification generally decrease coral calcification, the conditions may also have additive effects. Corals reared in combinatory treatments of high pCO2 and high temperature have been observed to show more deleterious responses than those raised in either stressor alone [16, 17].  However, the measured calcification rates of the S. siderea samples used in this experiment were not significantly affected by the combination of ocean warming and acidification [18]. As the world’s coral reefs will continue to experience the combination of ocean warming and acidification, it is important to understand corals’ responses to their concurrence. 
Coral calcification responses to ocean warming and acidification may also vary between natal reef environments. Inshore reef environments are historically more variable in environmental conditions, largely due to their shallow depth [19]. Inshore corals have been observed to be less susceptible to the effects of ocean warming and acidification than offshore corals [20]. This may arise from larger daily and seasonal fluctuations in temperature and acidification in inshore environments [21], suggesting that corals in these environments are acclimatized or adapted to environmental stress. Corals that have adapted or acclimated to strong environmental variation may not be as sensitive to ocean warming or acidification. Determining what reef environments may be most affected by global change can lend insight into the geographic locations that corals may be most at risk.
While many studies have documented the overall calcification response to ocean warming and acidification, few have examined the specific aspects of skeletal morphology that influence calcification. Changes in morphology are manifested within individual corallites, the skeletal cup produced by the coral where a living coral polyp resides. Alterations of corallite morphology can change the overall structure of coral colonies, which may lead to ecological and functional consequences [22]. Corallite height, the vertical distance between the basal plate and the septal ridge of a single corallite [23], may serve as a proxy for the linear extension of the coral skeleton. Corallite infilling, the percentage of a single corallite occupied by skeleton [23], may serve as a proxy for coral density. It has been suggested that some species are able to either linearly extend or increase their density, but not both [24]. Therefore, these two growth parameters may shed light on how coral colony structures change.  Corallite height and corallite infilling have been found to decrease in high pCO2 but not high temperature treatments, suggesting that ocean acidification alone may be altering the corallite morphology of scleractinian corals [23]; however, corallite morphological changes are severely understudied. 
Here, we present the results of a 93-day controlled laboratory experiment to assess the effects of ocean warming (28 and 31°C), acidification (ca. 280, 400, 700, 3200 µatm pCO2), and natal reef environment (inshore and offshore) on the corallite height and infilling of Siderastrea siderea, an abundant and widespread Caribbean reef-building coral. 
METHODS
(a) Coral sample collection and acclimation
Twelve colonies of the reef-building coral Siderastrea siderea were collected from the southern portion of the Belize Mesoamerican Barrier Reef System by members of UNC-Chapel Hill’s Castillo Lab with research permits from the Belize Fisheries Department in 2015. Six colonies were collected from an inshore environment (Port Honduras Marine Reserve, 16°11’23.5314”N, 88°34’21.9360”W) and six colonies from an offshore environment (Sapodilla Cayes Marine Reserve; 16°07’00.0114”N, 88°15’41.1834”W) (Figure 1). Colonies were transported to Northeastern University’s Marine Science Centre in Nahant, Massachusetts, where each was sectioned into eight similarly-sized fragments and fixed to a petri dish. Fragments were placed into aquaria for a 23-day recovery period under control conditions. After recovery, water temperature and pCO2 were incrementally adjusted over a 20-day period until target conditions were reached to avoid shock. Following adjustment, the coral fragments were acclimated to the target conditions for 30 days before the 93-day experiment began.
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Figure 1: Sampling sites from the southern coast of Belize. S. siderea samples were collected from inshore and offshore environments from the Belize Mesoamerican Barrier Reef System. The inshore environment, Port Honduras Marine Reserve (PHMR), is represented by the orange dot. The offshore environment, Sapodilla Cayes Marine Reserve (SCMR), is represented by the green dot.


(b) Experimental design 
Eight experimental treatments were created by crossing two temperatures (28 and 31°C) with four target pCO2 levels (ca. 280, 400, 700, 3200 μatm pCO2) for a fully-factorial ocean acidification and warming experiment. The two target temperatures were chosen to represent the present-day average summer temperature of Southern Belize (28°C) and the projected end-of-century average summer temperature (31°C) [20]. The four target pCO2 concentrations were selected to represent pre-industrial (280 μatm), present-day (400 μatm), end-of-century (700 μatm), and an extreme (3200 μatm) value [4]. Present-day conditions (28°C, 400 μatm) were used as the control treatment. 
Each experimental treatment was replicated in three tanks, each of which contained four fragments of S. siderea (two fragments each from the inshore and offshore environments), such that each colony (genotype) was represented in all eight treatments. Temperature, salinity, and pH were measured every other day throughout the experiment while total alkalinity (TA) and dissolved inorganic carbon (DIC) were analyzed every ten days. Tank light and coral feeding conditions were maintained as outlined in Bove et al. [18]. At the completion of the 95-day experiment, coral fragments were preserved, transferred to the Castillo Laboratory at UNC-Chapel Hill, and airbrushed with seawater to remove tissue for analysis of skeletal morphology. 
(c) Assessment of corallite height 
Coral fragments were positioned under a Nikon SMZ-1500 stereomicroscope (Figure 2A) so that an individual corallite was flat and could be directly viewed in a single plane (Figure 2B). To quantify corallite height, the stereomicroscope was focused on the lowest point of a corallite (the top of the basal plate) and the highest point of a corallite (perimeter of the septal ridge) (Figure 2C), as established in Horvath et al. (2016). The resulting vertical range between the two distances (corallite height) was reported using NIS Elements Basic Research (Nikon) in micrometers. The height of five randomly selected corallites on each fragment was measured to obtain a representative corallite height mean for the entire fragment; corallites on the edges of the fragments were avoided in order to obtain images of whole corallites. Figure 2: Corallite height measurement. (A) A representative experimental fragment of S. siderea. The black circle highlights an individual corallite on the fragment. (B) An example image of a single corallite viewed under a Nikon SMZ-1500 stereomicroscope. (C) Schematic of a cross-sectional view of a corallite. Corallite height is shown as the vertical distance between the septal ridge and basal plate.  
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(d) Quantification of percent corallite infilling
A fully-focused image of each corallite was created in NIS Elements Basic Research [22] using the z-series step images obtained in the corallite height measurements (Figure 3A) [25]. The images were imported and processed in GIMP [26] by cropping along the inner fourth septa (Figure 3B) of each corallite and changing the color threshold to black (skeleton) and white (space). White pixels were then changed to red so that the two colors could be distinguished via Python [27] (Figure 3C). A custom Python script was used to calculate the ratio of red (space) and black (skeleton) pixels, and the ratio was used to determine the percentage of skeleton in each corallite. (B) 
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Figure 3: Corallite infilling analysis. (A) An example of a fully-focused image of a corallite. (B) Schematic of the septal pattern of S. siderea. The black arrow marks S4, the septa used to crop images to assess corallite infilling [28]. (C) An example of a corallite that has been cropped along the fourth septa and the color threshold has been changed to black (skeleton) and red (space).


(e) Statistical analyses
All statistical analyses were performed in R Studio [29]. An analysis of variance (ANOVA) was performed to determine the effects of pCO2 (factor), temperature (factor), and reef environment (factor) on both corallite height and percent infilling in separate models using the function aov(). An information criterion (AIC) was performed to determine the best-fit model for the data, which was determined to be the fully additive model of pCO2, temperature, and reef environment for both corallite height and corallite infilling. The function lm() was used to assess the fully additive model and obtain p-values for the effects of temperature, pCO2, and reef environment on corallite height and corallite infilling. In addition, the function lm() was used to assess the linear correlation between corallite height and corallite infilling. 
RESULTS
(a) Effects of pCO2, temperature, and reef environment on corallite height
Mean corallite height per coral fragment was assessed for each of the eight experimental treatments. Neither pCO2 or temperature were significant predictors of corallite height (p = 0.1284 and 0.8539, respectively; Table 1). However, trends suggested that corals in the 28°C treatment exhibit slight increases in corallite height from the pre-industrial through the projected end-of-century pCO2 levels and then a decline in the extreme pCO2 (Figure 4). Conversely, corals in the 31°C treatment showed an overall negative trend from pre-industrial through extreme pCO2 (Figure 4).  
Corallite height was significantly greater in corals collected from the inshore environment than those from the offshore environment (p < 0.05; Table 1). However, this observation was only significant for corals reared at 28°C in each pCO2 treatment (Figure 5a; p = 0.0409). Reef environment was not a significant predictor of corallite height in the 31°C treatment (Figure 5b, p=0.418).
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Figure 4: Mean corallite height (μm) in response to increasing pCO2 and temperature. Blue points represent corals in the control temperature (28°C) treatment, red points represent corals in the elevated temperature (31°C) treatment, and pCO2 treatment is expressed along the x-axis. Error bars represent the standard error of mean corallite height.
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Figure 5: Mean corallite height (μm) by reef environment. Green points represent corals from the offshore environment. Orange points represent corals from the inshore environment. Error bars represent the standard error from the mean corallite height. (A) Mean corallite height (μm) in the 28°C treatment in response to increasing pCO2 based on natal reef environment. (B) Mean corallite height (μm) in the 31°C treatment in response to increasing pCO2 based on natal reef environment.


(b) Effects of pCO2, temperature, and reef environment on corallite infilling
Neither increasing pCO2 nor temperature were significant predictors of corallite infilling (p = 0.8131 and 0.584, respectively; Table 2). However, corals in the 28°C treatment showed an overall positive trend with increasing pCO2 which corals in the 31°C treatment showed an overall negative trend (Figure 6). Reef environment was also not a significant predictor of overall corallite infilling (p = 0.772, Table 2), and did not have a significant impact on corallite infilling in the 28°C (Figure 7a; p = 0.7227) or the 31°C treatment (Figure 7b; p = 0.360).
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Figure 6: Mean percent corallite infilling in response to increasing pCO2 and temperature. 
Blue points represent corals in the control temperature (28°C) treatment, red points represent corals in the elevated temperature (31°C) treatment, and pCO2 treatment is expressed along the x-axis. Error bars represent the standard error of mean corallite height.
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[bookmark: _GoBack]Figure 7: Mean percent corallite infilling by reef environment. (A) Mean percent corallite infilling in the 28°C treatment in response to increasing pCO2 based on natal reef environment. (B) Mean percent corallite infilling in the 31°C treatment in response to increasing pCO2 based on natal reef environment. Green points represent corals from the offshore environment. Orange points represent corals from the inshore environment. Error bars represent the standard error from the mean percent corallite infilling. 

(c) Relationship between corallite height and corallite infilling
	Based on a linear model, corallite height and corallite infilling have a marginally significant negative correlation (Figure 8, p = 0.08132, R2 = 0.036, Table 3). 
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Figure 8: Linear relationship between corallite infilling and corallite height. Corallite infilling is slightly negatively correlated with corallite height (p=0.08132). 


DISCUSSION
(a) Corallite height benefits from slight increases in pCO2 at present-day temperature, but not elevated temperature
This study aimed to assess how specific morphological features of corallites influence calcification rates under ocean acidification and warming stress. Even though pCO2 and temperature are not significant predictors for corallite height in this study, the trends observed suggest that corallite height may have an influence on the overall calcification rate of S. siderea. Corallite height of S. siderea fragments maintained at the control temperature increased through the end-of century pCO2 level but decreased in the extreme pCO2 level. This suggests that corals maintained at present-day conditions may use moderate increases in pCO2 to their advantage, but a threshold may exist at which further increases in pCO2 will result in a decreased corallite height. The parabolic nature of the corallite height response to ocean acidification in the control treatment may be explained by the different ways in which calcification is impacted by CO2-induced ocean acidification. Increasing pCO2 causes a decrease in pH which results in fewer free carbonate ions available. Since corals utilize free carbonate in the water to build on their calcium carbonate skeletons [30], increased pCO2 may cause a decrease in calcification rates. However, increased pCO2 also leads to higher levels of dissolved CO2 in the water [2], which can increase the photosynthetic rates of the coral algal endosymbionts in a positive feedback loop [31], providing the coral with more energy for calcification. The extreme pCO2 treatment in this experiment could represent conditions that no longer support that positive feedback loop where the concentration of carbonate ions has decreased beyond a species’ threshold, so further increases in corallite height do not occur. This complements results from several studies that have observed parabolic calcification responses to ocean acidification conditions [7, 32]. These results also parallel with the previously measured linear extension rates for the same S. siderea corals [18]. 
Corals reared in the elevated temperature treatment exhibited a negative corallite height trend with increasing pCO2. Since these corals do not exhibit a parabolic corallite height response like those reared in the control temperature, corallite height response to increasing pCO2 seems to be dependent on temperature. This may also be explained in relation to coral algal endosymbionts due to the observation of reduced concentrations of endosymbionts when corals are reared at elevated temperatures [9, 33, 34]. If the experimental elevated temperature caused S. siderea to have fewer symbionts in each pCO2 level, it is possible that those corals received less photosynthetic product than those in the control temperature. With less photosynthetic product and energy, the corals in the elevated temperature may not have been able to utilize the benefits of moderate increases in pCO2 to increase their corallite height like those in the control temperature. These results are similar to the calcification rates previously quantified for these same coral samples [18]. However, based on previous findings that coral calcification also exhibits a parabolic response to temperature [7], the constant decrease of corallite height based on temperature is unexpected. While this may be due to the large standard error of corallite height in the pre-industrial pCO2 and elevated temperature treatments, the studies that found a parabolic response to temperature investigated responses to temperature alone rather than its interactive effect with acidification. Therefore, the results of this study suggest that when corals are subjected to the combination of elevated temperature and pCO2, elevated temperature may negate the beneficial effects of moderate pCO2 increases on corallite height.
(b) Corallite infilling exhibits inverse responses to pCO2 under different temperature treatments 
While pCO2 and temperature are not significant predictors of corallite infilling, trends suggest that corals in the control treatment increase their corallite infilling with increasing pCO2. These results indicate that corals at present-day temperatures may be able to utilize even extreme increases in pCO2 to maintain a high ratio of skeleton to space in their corallites. Since corals reared in the control temperature did not decrease corallite infilling in the extreme pCO2 like corallite height, ocean acidification conditions may not affect corallite infilling as much as corallite height. This complements the results of one study that found that linear extension was more significantly impacted by global change than coral density [35].
Corals reared at the elevated temperature demonstrated a negative relationship between corallite infilling and increasing pCO2. Since corallite infilling response in the elevated temperature is inverse of the response in the control temperature, S. siderea’s corallite infilling response to increasing pCO2 seems to be dictated by temperature. This response may also be explained in relation to the coral symbiont; if more symbionts are expelled in high temperatures, the coral will not have as much energy to devote to infilling its corallites. The negative corallite infilling response to increased temperature is unexpected as coral skeletal density has been found to increase with temperature [36]; however, it is likely that the interactive effects of temperature and acidification in this study affect corallite infilling differently than temperature alone.
(c) Inshore corals produce taller, but not denser, corallites under ocean acidification at present-day temperature
Corals in the control temperature treatment from inshore environments had significantly taller average corallite heights than corals in the offshore environment in all control temperature treatments. However, reef environment is not a significant predictor of corallite height for corals in the elevated temperature. The taller corallite heights of corals from the inshore environment in the control temperature may be explained by their higher level of resilience [37] due to historical exposure to more environmental variability [38]. If S. siderea collected from the inshore environments for this study were more acclimated to the variable environment, environmental stressors could have a smaller impact on their corallite height when compared to corals from the offshore. This could also be due to the fact that offshore environments are the firt to encounter high-energy waves, which might inhibit increases in corallite height. This finding complements observations that some coral species have higher calcification rates in inshore environments than offshore environments [39]. Therefore, the results of this study suggest that corals from the inshore environment in present-day temperatures may increase their corallite heights more than corals in the offshore environment, but that elevated temperature may negate the inshore environment’s advantage.
Reef environment was not a significant predictor of corallite infilling in either temperature treatment, indicating that corallite infilling is not impacted differently between reef environments. Because corallite height was significantly different between reef environments in the control temperature, these results may indicate that adapted or acclimatized inshore corals may be devoting energy to linearly extending and increasing their overall reef presence compared to offshore corals rather than becoming denser. Inshore corals may dominate more space on the reef structure, but both inshore and offshore corals may have similar corallite density.
 (d) Corallite height and infilling differ in their responses to pCO2 and temperature
        	Corallite height and infilling represent two important morphological traits of overall coral calcification. Both of these corallite morphology traits responded similarly to ocean warming and acidification conditions, though ocean acidification might impact corallite height more than corallite infilling. The results of this study indicate that global change may render future S. siderea colonies to be smaller and less dense than current ones.  
(e) Siderastrea siderea’s skeletal morphology under global change could pose consequences for reef ecosystems
Increasing atmospheric pCO2 will cause both an increase in ocean surface temperature and a decrease in ocean pH; therefore, it is necessary to study the combined effects of ocean acidification and warming on the biological processes of marine organisms. These ramifications of global change are expected to decrease coral calcification rates, and this study shows that corallite height and corallite infilling are two important skeletal features that influence calcification rates.
Corallite height has been noted to be a proxy for linear extension rates for scleractinian corals [40]. Corals with high rates of linear extension increase their linear growth, indicating that corals that can increase their corallite height under global change could have a competitive advantage for space on an overall reef structure [35]. Corallite infilling may be a proxy for skeletal density in scleractinian corals [41]. Corals with decreased skeletal density will have less biomechanical strength [23] and thus their overall structure may be diminished by impacts such as parrotfish grazing [42] or storm damage [43]. With predictions of enhanced storm intensity as a ramification of climate change [44], corals that can maintain or increase their corallite infilling during ocean acidification and warming conditions may be able to better preserve their structures during future climate events.
Some species exhibit a negative correlation between linear extension and density [24]; this is supported by the results of this study as corallite infilling and corallite height were found to have a moderately significant negative correlation. This suggests that corals may switch calcification strategies between increasing linear extension (corallite height) and coral density (corallite infilling) depending on the environment they are in. Under optimal conditions of present-day temperature and pCO2 levels, S. siderea will likely increase corallite height and be able to linearly extend, therefore increasing the species’ overall spatial presence on reefs under these conditions. In addition, S. siderea from inshore environments will increase their corallite heights more than those from offshore environments in the present-day temperature. However, more stressful conditions of elevated temperatures and extreme pCO2 may cause S. siderea to halt its increase in corallite height as colonies devote energy to maintaining corallite infilling in order to retain the biomechanical strength of their skeletons. Collectively, these results suggest that S. siderea’s skeletal morphology is likely to change with ocean warming and acidification, potentially changing the species’ presence on coral reefs in the wake of global change.
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APPENDIX
Table 1: Summary output from the fully additive linear model between corallite height and pCO2 (temperature, reef environment, and pCO2 as factors). (*) denotes significance. Overall model significance: p = 0.1284.

	
	Estimate
	Standard
Error
	t value
	P value

	Intercept
	1187.756
	58.823
	20.192
	<2e-16

	426 µatm
	15.716
	69.185
	0.227
	0.8209

	669 µatm
	60.456
	69.141
	0.874
	0.3845

	3297 µatm
	-71.509
	67.879
	-1.053
	0.2953

	31°C
	8.682
	46.990
	0.185
	0.8539

	Reef
	110.993
	47.040
	2.147
	0.0348 *


 
Table 2: Summary output from the fully additive linear model between corallite infilling and pCO2 (temperature, reef environment, and pCO2 as factors). (*) denotes significance. Overall model significance: p = 0.8131.


	
	Estimate
	Standard
Error
	t value
	P value

	Intercept
	49.0892
	3.4560
	14.204
	<2e-16

	426 µatm
	5.2372
	4.0648
	1.288
	0.201

	669 µatm
	4.6263
	4.0622
	1.139
	0.258

	3297 µatm
	3.5408
	3.9881
	0.888
	0.377

	31°C
	-1.5165
	2.7608
	-0.549
	0.584

	Reef
	-0.8029
	2.7637
	-0.291
	0.772


 


Table 3: Summary output from the linear model between corallite infilling and corallite height. (**) denotes moderate significance. Overall model significance: p = 0.0813.


	
	Estimate
	Standard
Error
	t value
	P value

	Intercept
	64.723037
	7.62037
	8.487
	6.4d-13

	Average Height
	-0.010685
	0.006056
	-1.764
	0.0813 (**)
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