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INTRODUCTION
	Increasing anthropogenic inputs of carbon dioxide (CO2) into the atmosphere have caused oceanic pCO2 levels to increase from 280 μatm to over 400 μatm at current day (Tans and Keeling, 2017). This increase is expected to continue and end-of-century atmospheric pCO2 levels could reach between 600-900 μatm (Castillo et. al., 2014; Stocker et. al., 2013; Pachauri et. al., 2014). This change in atmospheric pCO2 would be the equivalent of reducing the pH of surface seawater by ca. 0.7 units, a dramatic drop for calcifying marine organisms that rely on calcium carbonate to build their skeletons, especially tropical reef-building corals (Caldeira and Wickett, 2003). Increasing sea surface temperature is another result coming from the increasing input of anthropogenic CO2 to our atmosphere (Tans and Keeling, 2017). CO2 in the atmosphere acts as a greenhouse gas, trapping solar radiation in the Earth’s atmosphere and warming ocean surface waters (Kleypas et. al. 2008). End-of-century projections estimate an increase between 1.8 and 3.3 oC for global ocean sea surface temperature (Hoegh-Guldberg et. al., 2014). These intensifying changes to the ocean environment will especially impact sedentary species which cannot migrate to more suitable conditions, including corals.
Reef-building corals rely on available carbonate ions (CO32) in seawater to construct their calcium carbonate (CaCO3) skeletons. However, as seawater pH lowers in conjunction with increasing pCO2, the amount of available CO32 for corals to use in producing their skeletons is also reduced (Hoegh-Guldberg, 2011). This decreased availability of CO32 has been shown to significantly lower calcification rates in corals (McNeil et. al., 2004). Warmer oceans also place stress on corals prompting deleterious responses liked impaired growth and loss of symbionts (Castillo et. al. 2014; Prada et. al., 2017). The loss of symbionts, also known as coral bleaching, would cause the coral to lose a significant input of their energy used for growth (Castillo, 2014; Pandolfi, 2011; Bove, 2019). The resulting loss in energy exposes the coral to a greater risk of mortality, and results in reduced coral cover and total abundance on coral reefs.
Ocean warming alone is thought to either exacerbate or offset the effects of ocean acidification (Prada et. al., 2017). Temperature is known to impact metabolism of corals and there is typically a threshold where too warm of a seawater temperature can have harmful effects on the growth of corals, rather than encouraging it (Prada et. al., 2017). These harmful effects due to ocean warming as a stressor has been found to cause a loss of symbionts in corals; these symbionts can provide up to 100% of the coral’s metabolic energy needs, and without this, corals must divert energy to other means of obtaining sustenance (heterotrophic methods or energy reserves) (Grottoli et. al., 2006; Muscatine et. al. 1981). Diversion of this energy leaves less available energy to grow and build skeletal structure. Multiple studies have shown that the combination of both ocean warming and ocean acidification synergistically impact coral calcification to a greater extent than the individual stressors (Castillo et. al. 2014; Horvath et. al. 2016; Bove et. al. 2019). However, our knowledge regarding the extent of how the corals will respond to the drivers is unclear, which supports this research as it will better elucidate expected reactions from coral species.
Coral polyps individually make their corallite skeletons, which will have unique corallite heights and infilling percentages. Corallite heights and skeletal infilling percentages help to understand the calcification process for an entire coral colony. Corallite height, a proxy for linear extension, drives outward coral colony growth. Conversely, corallite infilling, a proxy for skeletal density, is the extent of skeletal thickening that determines the overall density of the coral colony. Both of these morphological attributes have been reported to be negatively impacted by increasing temperature and increasing pCO2, meaning that corals reared in these conditions are typically shorter and less dense than their counterparts (Horvath et. al., 2016). A better understanding of these parameters in response to global change stressors will provide insight for how coral colonies may be shaped in the future. In understanding the response to climate change, we can gain perspective on how reefs may respond to intensifying stressors and identify which conditions are most suitable for growth. Furthermore, identifying the limits of their tolerance, will provide comprehension on the resistance and resilience of the coral in the face of climate change. 
Siderastrea siderea is a vital reef-building coral in Caribbean habitats, which is moderately susceptible to bleaching, but has been shown to be both resistant and resilient to disturbances (Bove et. al., 2019; Castillo et. al., 2014; Davies et. al., 2016). S. siderea has been observed to have reduced skeletal extension rates (i.e., corallite height) at nearshore reefs compared to offshore reefs, indicating a disparity between the two sites, and how the species will behave based on the conditions (Baumann et. al., 2019). This disparity in linear extension of S. siderea was also seen in another study comparing between four different sites along the Florida Keys Reef Tract, further supporting that changes in reef zone conditions will alter their growth (Kuffner et. al., 2013). The differences in responses of S. siderea at different reef zones indicates that the natal location of the coral is a factor in determining skeletal morphology. However, when corals are transplanted to a new reef zone, they have been observed to resemble corals in their new environment (Kenkel & Matz, 2016; Todd, 2008). This alteration in the behavior of corals is known as plasticity. Understanding what makes one reef zone more suitable for growth in comparison to others will aid in our understanding of where colonies of S. siderea will thrive in the future, and where they may not fare as well. 
Here, I assessed the corallite height and infilling of the abundant and widely distributed Caribbean reef-building coral S. siderea (massive starlet coral) collected from two distinct reef zones in response to changing pCO2 and temperature over time. Corals were exposed to one of four pCO2 treatments (280, 400, 700, 2800 µatm) in combination with two temperatures (28 and 31 oC), at four time points (0, 30, 60, and 90 days post acclimation). Understanding how these global scale stressors and source reef environment, influence S. siderea skeletal morphology will improve predictions of coral calcification under changing global conditions. 

METHODOLOGY
Coral collection and maintenance
Coral collection for this experiment are described in Bove et. al. (2019). Briefly, in June 2015, 3 colonies of S. siderea were collected from an offshore reef (Sapodilla Cayes Marine Reserve) and 3 colonies were collected from a nearshore reef (Port Honduras Marine Reserve) at depths ranging from 3-5 m along the southern portion of the Belize Mesoamerican Barrier Reef System (MBRS) (Bove et. al., 2019). The nearshore reef is approximately 9 km from mainland Belize, and the offshore reef site approximately 37 km away from the mainland. The 6 colonies of S. siderea were then transported to Northeastern University’s Marine Science Center where they were sectioned into 8 rectangular fragments (width, length, and height were ca. 3 x 5 x 2 cm respectively) and mounted on plastic petri dishes using a Loctite adhesive. The 48 fragments (8 fragments x 6 colonies) were then placed in 1 of 8 experimental treatment tanks filled with natural seawater from the Massachusetts Bay for a 23-day recovery period at temperatures of 28.2 oC (±0.5) and a salinity of 30.7 (±0.8), with a turnover with new, filtered water ca. 1.3 times each day.
Light conditions were scheduled with a 10:14 hour light:dark cycle using full spectrum LED lights 44 (Euphotica; 120W, 20000K) with a photosynthetically active radiation (PAR) of ca. 300 µmol photons m–2 s –1 to mirror typical light patterns of reefs in Belize3. Upon the end of this 23 days of recovery, aquarium pCO2 and temperature values were gradually changed over 20 days, with temperature being increased by 0.4oC every 3 days (31oC), and pCO2 values being altered based on their end treatment value (-12 µatm, 0 µatm, +30 µatm, and +240 µatm for 280, 400, 700, and 2800 µatm treatments, respectively). 

Experimental design
The four target pCO2 treatments used were 280 µatm, 400 µatm, 700 µatm, and 2800 µatm to represent pre-industrial, current day, end-of-century, and extreme pCO2, respectively. The pCO2 levels in the tanks were monitored by Qubit S151 (range 0-2000 µatm; accuracy ± 1 µatm) and S153 (range 0-10%; accuracy ± 0.3%) infrared pCO2 analyzers (Qubit Systems; Kingston, Ontario, Canada) calibrated with certified air-CO2 gas standards. 
The two temperatures used for this experiment were 28 oC, representing approximate current summer average temperature, and 31 oC to represent a projected end-of-century temperature5. Temperatures for tanks were regulated using 50W glass aquarium heaters within each tank and 75W glass aquarium heaters (EHEIM; Deizisau, Germany) in each sump. 
Temperature, salinity, and pH were measured every other day throughout the experiment to monitor seawater parameters. Water samples were taken every 10 days to test for total alkalinity (TA) and dissolved inorganic carbon (DIC) and measured using a VINDTA 3C (Marianda Corporation, Kiel, Germany). TA, DIC, temperature, and salinity measured throughout the experiment were used to calculate carbonate parameters. 
Once experimental tanks reach desired conditions, one fragment per colony per treatment was removed and flash frozen in liquid nitrogen as the initial time point (T0). Every 30 days, another fragment per colony per treatment was removed and preserved for time points T1, T2, and T3. Coral samples from time point T1 were not analyzed in this study due to time constraints, and these corals will not be discussed further. The living tissue was airbrushed off of each sample using saltwater and an airbrush, and the samples were dried and stored at UNC Chapel Hill for analysis of skeletal morphology (Thomasson, in prep). 

Corallite height
Average corallite height of every coral fragment was quantified from images taken using a Nikon SMZ 1500 Stereomicroscope following Horvath et al (2016). Each corallite was imaged with the septal ridge as close to horizontal as possible. The Nikon SMZ 1500 stereomicroscope is capable of taking photos to a resolution of a tenth of a micron. To quantify corallite height, the top of the septal ridge and the basal plate were identified and set as the top and bottom of the z-series range (Horvath et. al., 2016). The Nikon NIS Elements Basic Research software determines the number of pictures needed to be taken to create a focused, layered final image used for other measurements in this experiment. The number of images taken by the software depends on the height of the corallite; taller corallites will require more images to be taken compared to shorter corallites. Images taken from the basal plate to the top of the septal ridge were then compiled and compressed to produce a single fully-focused image and to measure corallite height, which can be seen in panel A of Figure 1 (Horvath et. al., 2016).
In order to determine how many images accurately represented the true mean corallite height per fragment, all corallites on a subset of fragments (n = 139 fragments, 5 corallites per fragment) were imaged and heights were quantified. It was then determined that five corallite measurements were needed to reach the approximate true average corallite height for a coral sample. Thus, five random corallites were assessed on every experimental coral fragment to quantify corallite height and area.

Corallite infilling measurements 
The skeletal structure of S. siderea is a ring that has branching septa that come to an origin in the center of the corallite (Neves et. al., 2016) (Figure 1A, 1B). The percentage of skeleton within a corallite was quantified to determine the effect of treatment on corallite infilling. Using fully-focused images taken while quantifying corallite height, the corallite was cropped using the innermost point of the fourth order septa to allow the infilling measurement to more accurately represent the skeletal infilling without added overlapping lateral skeletal structure influencing the measurement (Horvath et. al., 2016). Cropped corallite images were colored using a white and black threshold, which converted coral skeleton to white and empty space in the corallite to black using the program GIMP (The GIMP Development Team, 2019). The threshold for the ratio between black and white was selected to mirror the actual skeletal structure of the corallite as closely as possible. White pixels were converted to red and the ratio of red (skeleton) to black (space) pixels was assessed for each image using a custom Python script (Figure 1C).


Data analysis
	Linear mixed effect models were created to determine which model would be best fit to the data while incorporating all predictors of the experiment (reef zone, temperature, pCO2, and time point) and a random effect of colony. The best-fit models were determined using Akaike’s Information Criterion (AIC). The fully additive model was selected as the best fit model for corallite height data collected. A fully multiplicative model was selected for corallite infilling data. Parametric bootstrap models were run with 2500 iterations to calculate modelled 95% confidence intervals. Significant differences were determined by 95% confidence intervals that did not overlap in resulting figures. All statistical analyses were run using R and RStudio (R Team, 2015; R Team, 2018).

RESULTS
Corallite Height
Corallite height (µm) was not significantly impacted by any of the treatments. However, corallite heights at the final time point are all lower than the previous time points, suggesting corallite height may take some time before results are seen (Figure 2). Corallite heights also differed between reef zones implying the environment of collection of the coral samples could have an impact (Figure 3).

Corallite Percent Skeletal Infilling
Corallite infilling values are impacted significantly by reef zone, denoted by the separation between confidence interval bars at the first time point. However, this separation later disappears at the 60- and 90-day time points (Figures 4, 6). The overlap of confidence interval bars suggests that factors like wave action and turbidity, unique to the collection sight, may be at play in determining skeletal infilling percentage. There was no effect of temperature or pCO2 on skeletal infilling percentage measurements (Figure 5). Offshore reefs decline over time while nearshore reefs remain relatively the same after a slight increase from the start of the experiment to the 60-day time point further suggesting that coral skeletal infilling percentage changes depending on conditions in the environment not accounted for by the experiment’s treatment levels (Figure 6). 

DISCUSSION
Corals are expected to undergo changes in growth in the future due to increasing temperatures and pCO2 of sea water (Castillo et. al. 2014; Horvath et. al. 2016; Bove et. al. 2019). However, the way in which the change in growth alters the skeletal morphology of corals is not well studied. Furthermore, the stressors that impact skeletal morphology is poorly understood. This study was designed to determine how varying treatments of pCO2 and temperature impact corallite height and percent of skeletal infilling over time. Results from our study indicate that natal reef zone plays an important factor in determining skeletal morphology suggesting plasticity to different water conditions. Exposure time also plays a role in determining the percent of skeletal infilling within a given corallite.

Natal reef zone and duration indicate plasticity of corallite skeletal morphology
	Differences in geographic location of coral colonies have been shown to alter coral skeletal morphology (Tisthammer & Richmond, 2018) and coral growth (Bartley et. al. 2014). The natal reef zone of corals in our study are shown to play an impact on both height and percent skeletal infilling of corallites (Figures 3 and 4). Corallites from offshore reef zones in this study are taller and denser than their nearshore counterparts. Corals raised in high water motion treatment tanks were found in past studies to be taller than corals reared in low and medium water motion treatments (Jokiel, 1978). Corals have been reported to have stunted heights despite retaining unchanged growth rates in areas of high sedimentation, meaning that the height of the coral remains the same while the density changes (Clark & Edwards, 1995). The height difference between the two reef zones remains constant throughout the duration of the experiment; however, percent skeletal infilling is altered through time. The percent skeletal infilling between the two reef zones becomes more similar with time indicating that the tank environment plays a significant role in determining the skeletal morphology of the corallites. Transplanted corals have been observed to behave more similarly to corals in their new environment (Kenkel & Matz, 2016; Todd, 2008). The plasticity of S. siderea observed in our experiment by percent skeletal infilling indicates that the densities of corallites are impacted more heavily by factors like wave energy and turbidity, which are signature of the reef zone they were collected at. Wave energy has been shown to be higher at offshore reef zones compared to nearshore (Lugo-Fernandez et. al., 1998). Turbidity varies across reef sites as well with both proximity to land, and particle size playing a role in determining turbidity of a reef zone (Foster, 1979; Todd, 2008). Because both wave energy and turbidity have signature values at offshore and nearshore reef zones, and both have been observed to cause morphological differences in corals, it is reasonable to assume these factors have an impact on our experimental corals.

Corallite skeletal morphology not clearly altered by pCO2 or temperature
	Response to acidification and thermal stress of corals has been thoroughly investigated in previous studies and S. siderea has been shown to be one of the more resilient Caribbean corals under these stressors (Davies et. al., 2016; Bove et. al., 2019; Castillo et. al., 2014; Okazaki et. al., 2017). However, in the present experiment there was no significant effect of pCO2 or temperature on the corallite height or percent skeletal infilling at any time interval examined. The results from our experiment indicate that the range of temperature and pCO2 treatments examined may not have as big an impact on corallite height and percent skeletal infilling as previously thought. Temperature has been observed to either offset, or exacerbate impacts of other stressors like pCO2 (Prada et. al., 2017). Ocean warming does not have direct impacts on corallite morphology (Horvath et. al. 2016). The lack of change in corallite morphology due to temperature is also seen in this study, indicated by the lack of separation in confidence interval bars (Figs. 2 & 5). Increase in ocean temperature can cause a loss of symbionts, which can account for up to 100% of the coral’s metabolic needs (Pandolfi, 2011; Grottoli, 2006). The loss of energetic input from coral’s algal endosymbionts leaves less available energy for the coral to use towards growth, thereby slowing calcification, or stopping it altogether (Grottoli, 2006). Understanding what happens to symbionts while in treatment tanks would allow us to gain insight as to why we do not see change in skeletal morphology due to temperature changes. 
	In a previous study, researchers found that coral growth remained positive despite a decline in calcification rates, which led to reduced heights and corallite infilling at higher pCO2 treatment values (Horvath et. al., 2016). The reduced heights and infilling of the corallites sampled in a previous study indicate that slower growth can cause changes in skeletal morphologies, but does not indicate dissolution of corallite skeleton (Horvath et. al., 2016). Corallite growth may be reduced because an increasing pCO2 is a stressor to the corallite, which may cause it to slow its growth, thus changing the growth rate of the coral (Castillo, 2014; Pandolfi, 2011; Bove, 2019). Increasing pCO2 may not impact the coral morphology directly because the living tissue of the coral polyp serves as a protective layer for the skeleton.  The lack of change in corallite height and skeletal infilling percentage as a result of pCO2 in the current study, concurs with results from past studies. Other research has shown that S. siderea and other coral species are able to maintain positive net calcification despite being reared in elevated pCO2 (Bove et. al. 2019; Okazaki et. al. 2017). When examined under a scanning electron microscope, Oculina arbuscula has been found to show no signs of dissolution, which indicates a lack of effect from pCO2 (Ries et. al., 2010). Similarly, skeletal structures of Stylophora pistillata do not indicate dissolution when exposed to elevated pCO2 treatments (Tambutte et. al., 2015). The lack of dissolution seen in other corals may support this study’s results of no effect of pCO2 on skeletal morphology of S. siderea. The lack of an effect of pCO2 on corallite morphology seen in this study, indicates that the skeletal morphology of the corallite did not change from the beginning of the experiment. Skeletal morphology of corallites was not significantly different from T0 to T3 (Fig. 2 & 6). This indicates that another stressor (wave action or turbidity), played a stronger role in determining the skeletal morphology of the coral than pCO2. The congruence between this study and past studies showing no significant impact of pCO2 on corallite growth and morphology supports S. siderea being a resilient and resistant coral in the face of intensifying global climate change and ocean acidification.
The lack of changes seen as a result of these stressors in corallite infilling could also come from only measuring to a boundary at the fourth order septa in this experiment, which leaves a portion of the corallite out of the percent skeletal infilling measurements. Including infilling measurements done around the septal ridge, instead of at the fourth order septa, may result in different values (Horvath et. al., 2016). A recommendation for future research would be to conduct the infilling measurements with the outer edge of measurements being along the septal ridge of the corallite. 

Future implications and recommendations
	Future experiments should focus on understanding reef zone specific stressors (wave energy and sedimentation) on skeletal morphology because results highlight effects of plasticity between offshore and nearshore corals. In order to simulate reef conditions like wave energy and sedimentation, tank treatments should have currents at the same speed as their natal reef zones. Artificial wave motion can be used to determine how skeletal morphology responds to the stress of various energy levels (Jokiel, 1978). Turbidity is a bit more difficult as the sediment at the natal reef zone is most likely different from any artificial sediment put into a tank treatment, but maybe altering the light level in certain tanks will diminish the ability of the coral to photosynthesize, thus altering energy allocation, and in turn energy used for skeletal construction. Experimental corals that were held in stirred water, calcified and photosynthesized better than corals held in unstirred water, and corals found in water with higher sedimentation rates had decreased growth rates (Dennison and Barnes, 1988; Rogers et. al., 1990). This may support that reef zones with more intense wave action may offer a more suitable habitat for corals to grow, as the higher energy will stir sediment away from settling on the corals, and will create conditions ideal for coral growth. Taking a deeper look into the septal ridges will also provide a better understanding of acidification impacts on skeletal morphology. Using scanning electron microscopy has been shown to highlight these changes, but understanding of the mechanisms that cause this is poor (Bove in prep). 
	Our understanding of how global change is impacting the ocean’s corals is improving gradually. From this experiment, we gather that factors like wave energy and turbidity may play a larger role in determining skeletal morphology of S. siderea than pCO2 and temperature. As our climate continues to change, storm events resulting in increased wave energy and precipitation may become more severe and common, which leads to increased sedimentation from runoff and erosion at nearshore environments (Glenn et. al. 2015). Offshore environments could benefit from these storms as increased wave energy has been shown to encourage growth, and relieve corals of risks of sedimentation (Jokiel, 1978; Dennison and Barnes, 1988). Ocean warming and temperature do not seem to have an impact on the morphology of the coral species tested in this experiment, but the change in percent skeletal infilling over the period of study indicates plasticity in the coral as it was moved from natal reef zones to treatment tanks. Understanding how this plasticity works, and what environment S. siderea thrives in will be important for understanding how future climate patterns will impact the world’s reefs.
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Figures Appendix

A			           B					C


Figure 1. Final image of a corallite produced by Nikon SMZ1500 Stereomicroscope and Nikon NIS Elements Basic Research software. The blue dot indicates the fourth order septa on the diagramed coral (A). Representative corallite image used to assess corallite height and infilling depicting septal order: 1st order = blue, 2nd order = green, 3rd order = orange, 4th order = red (B). Final corallite cropped image put into script for infilling percentage analysis (C).
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Figure 2. Corallite height (μm) (y-axis) after exposure to experimental treatments of varying pCO2 (μatm) (across panels) and temperature (oC) (blue = 28oC and orange = 31oC). Vertical separation of panels indicates the reef location the coral was collected from (F=offshore, N=nearshore). Time point (T0 = start of experiment; T2 = 60 days; T3 = 90 days) is denoted along the x-axis. Individual points represent averaged heights for the three colonies, while bars represent the values between upper and lower 95% confidence intervals of the bootstrap model. 

[image: ]
Figure 3. Corallite height (μm) after exposure to experimental treatments of varying pCO2 (μatm) along the x-axis and temperature (oC) (top and bottom panels). Data are separated by collection time point (T0 = start of experiment; T2 = 60 days; T3 = 90 days). Individual points represent averaged heights for the three colonies, while bars represent the the values between upper and lower 95% confidence intervals of the bootstrap model. Corals collected from the offshore reef are indicated in black and corals from the nearshore reef are in grey. 

[image: ]
Figure 4. Corallite infilling (% skeleton) after exposure to experimental treatments of varying pCO2 (μatm) along the x-axis and temperature (oC) (top and bottom panels). Data are horizontally separated by collection time point (T0 = start of experiment; T2 = 60 days; T3 = 90 days). Individual points represent averaged infilling percentages for the three colonies, while bars represent the values between upper and lower 95% confidence intervals of the bootstrap model. Corals collected from the offshore reef are indicated in black and corals from the nearshore reef are in grey. 

[image: ]
Figure 5. Corallite infilling (% skeleton) after exposure to experimental treatments of varying pCO2 (μatm) along the x-axis and temperature (oC) (blue = 28oC and orange = 31oC). Data are horizontally separated by collection time point (T0 = start of experiment; T2 = 60 days; T3 = 90 days) and vertically separated by reef zone (F=Offshore, N=Nearshore). Individual points represent averaged infilling percentages for the three colonies, while bars represent the values between upper and lower 95% confidence intervals of the bootstrap model.
[image: ]
Figure 6. Corallite infilling (% skeleton) after exposure to experimental treatments of varying pCO2 (μatm) (horizontal panel separation) and temperature (oC) (vertical panel separation). Collection time point (T0 = start of experiment; T2 = 60 days; T3 = 90 days) is along the x-axis. Individual points represent averaged infilling percentages for the three colonies, while bars represent the values between upper and lower 95% confidence intervals of the bootstrap model. Corals collected from the offshore reef are indicated in black and corals from the nearshore reef are in grey. 
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