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Conclusion:	
  	
  
Coral	
  response	
  to	
  both	
  warming	
  and	
  acidifica&on	
  is	
  parabolic	
  if	
  
sufficiently	
  broad	
  range	
  of	
  temperature	
  and	
  pCO2	
  is	
  inves&gated	
  



Impact  of  OA  on  corallite  morphology	
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Conclusion:	
  	
  
Acidifica&on	
  impacts	
  both	
  calcifica&on	
  rate	
  and	
  corallite	
  
morphology,	
  while	
  temperature	
  impacts	
  only	
  calcifica&on	
  rate	
  



	
  	
  	
  Gross	
  Calcifica&on	
  (beneath	
  &ssue)	
  	
  
–	
  Gross	
  Dissolu&on	
  (of	
  exposed	
  skeleton)	
  
	
  	
  	
  Net	
  Calcifica&on	
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Conclusions:	
  	
  
(1)  Coral	
  aragonite	
  begins	
  dissolving	
  at	
  ΩA	
  >>	
  1,	
  perhaps	
  due	
  to	
  

dissolu&on	
  of	
  ancillary	
  metastable	
  CaCO3	
  phases	
  such	
  as	
  ACC.	
  
(2)  Dissolu&on	
  is	
  accelerated	
  by	
  warming	
  for	
  a	
  given	
  ΩA	
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Conclusions:	
  	
  
(1)  Backreef	
  waters	
  appear	
  to	
  be	
  acidifying	
  more	
  rapidly	
  than	
  

forereef	
  waters	
  on	
  the	
  Meso-­‐American	
  Barrier	
  Reef	
  
(2)  However,	
  calcifica&on	
  rate	
  for	
  backreef	
  corals	
  (S.	
  siderea)	
  have	
  

been	
  more	
  stable	
  over	
  past	
  century	
  than	
  for	
  forereef	
  corals	
  
(3)  Coral	
  calcifica&on	
  trends	
  over	
  past	
  century	
  seem	
  have	
  been	
  

controlled	
  by	
  warming,	
  not	
  OA	
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Non-acidified seawater (pCO2 = 380 ppm; control) 
              pH         [CO3

2-]         Ω  [H+]E/[H+]I 
 
SEAWATER         8.16±0.02        182±5          2.9±0.1        

           87.7 ±17.8 
CALCIFYING FLUID     10.10±0.11      1587±30        25.6±0.5 
 
 
Acidified seawater (pCO2 = 1940 ppm)  

              pH         [CO3
2-]          Ω   [H+]E/[H+]I     

 
SEAWATER        7.47±0.01           39±1           0.6±0.0        

              85.5 ±9.9 
CALCIFYING FLUID     9.40±0.06         1158±52       18.7±0.8 
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Conclusions:	
  	
  
(1)  Corals	
  target	
  fixed	
  [H+]E/[H+]I	
  regardless	
  of	
  ambient	
  pH	
  
(2)  Corals	
  con&nue	
  calcifying	
  under	
  extremely	
  elevated	
  pCO2	
  by	
  

substan&ally	
  raising	
  pH	
  of	
  calcifying	
  fluid	
  (ca.	
  2	
  pH	
  units)	
  
(3) Modelled	
  [CO3

2-­‐]	
  at	
  site	
  of	
  calcifica&on	
  is	
  consistent	
  with	
  
observed	
  coral	
  calcifica&on	
  trends	
  under	
  variable	
  pCO2	
  



-­‐  Gene  expression  determined  by  Next  Gen  RNAseq  
    
-­‐  PaGerns  in  differen)al  gene  expression  amongst  
treatments  determined  by  Weighted  Gene  Co-­‐
expression  Network  Analysis  (WGCNA)  
    
-­‐  Colored  modules  represent  co-­‐expressed  groups  of  
genes  
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Module-trait relationships
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Module	
  gene	
  ontology	
  enrichment	
  at	
  highest	
  temperature	
  

15/29 hormone binding
12/21 peptide hormone binding
107/375 G-protein coupled receptor
13/24 guanylate cyclase
62/191 metallopeptidase
41/115 metalloendopeptidase
71/237 transferase, transferring one-carbon groups
31/82 cell adhesion molecule binding
170/567 calcium ion binding
61/192 carbohydrate binding
47/100 extracellular ligand-gated ion channel
20/38 acetylcholine-activated cation-selective channel
32/73 excitatory extracellular ligand-gated ion channel
142/387 passive transmembrane transporter
67/145 ligand-gated channel
253/938 transporter
12/16 transmitter-gated ion channel
31/80 inorganic anion transmembrane transporter
12/22 GABA-A receptor
207/733 substrate-specific transporter
143/495 cation transmembrane transporter
56/164 divalent inorganic cation transmembrane transporter
116/382 inorganic cation transmembrane transporter
16/34 sodium channel
71/238 monovalent inorganic cation transmembrane transporter
44/112 potassium ion transmembrane transporter
8/9 calcium-activated potassium channel
17/34 intramolecular transferase
17/25 pseudouridine synthase

p < 0.001
p < 0.005
p < 0.01

Fisher's	
  exact	
  test:	
  Uses	
  presence/absence	
  to	
  define	
  over-­‐represented	
  GO	
  categories	
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12/43 intrinsic apoptotic signaling pathway
21/90 apoptotic signaling pathway
27/156 positive regulation of cell death
37/188 translation
54/390 organonitrogen compound biosynthetic process
12/40 ribonucleoside triphosphate biosynthetic process
13/53 nucleoside monophosphate biosynthetic process
10/25 ATP biosynthetic process
11/39 purine nucleoside monophosphate biosynthetic process
10/18 ATP synthesis coupled proton transport
12/32 hydrogen ion transmembrane transport
13/45 hydrogen transport
76/614 organic acid metabolic process
9/27 aspartate family amino acid biosynthetic process
21/103 generation of precursor metabolites and energy

p < 0.005
p < 0.01
p < 0.05

Module	
  gene	
  ontology	
  enrichment	
  at	
  highest	
  pCO2	
  

6/13 ATPase, coupled to transmembrane movement of ions, rotational mechanism
17/50 hydrogen ion transmembrane transporter
5/8 proton-transporting ATP synthase, rotational mechanism
36/175 structural constituent of ribosome

p < 0.01p < 0.05p < 0.1



Conclusions:	
  	
  
(1)  Ion-­‐transport	
  genes	
  are	
  preferen&ally	
  down-­‐regulated	
  under	
  

elevated	
  temperature,	
  but	
  up-­‐regulated	
  under	
  elevated	
  pCO2	
  –
a	
  possible	
  reason	
  why	
  corals	
  seem	
  to	
  respond	
  more	
  nega&vely	
  
to	
  warming	
  than	
  to	
  CO2-­‐induced	
  acidifica&on	
  

(2)  Suggests	
  that	
  corals	
  are	
  indeed	
  working	
  harder	
  to	
  maintain	
  
calcifica&on	
  rates	
  under	
  elevated	
  pCO2,	
  which	
  must	
  come	
  at	
  
some	
  energe&c	
  cost	
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Approach:  Morphology


Modified	
  from	
  Veron	
  (1993)	
  

p	
  =	
  polyp	
  
cl	
  =	
  corallite	
  



Approach:  Morphology


Septal	
  width	
   Septal	
  height	
  

Septal	
  Morphology	
  
	
  

•  Measured	
  via	
  photomicroscopy	
  
	
  

Modified	
  from	
  Veron	
  (1993)	
   Image	
  from	
  study	
  
Modified	
  from	
  Cohen	
  &	
  
McConnaughey	
  (2003)	
  

•  F	
  –	
  aragonite	
  fiber	
  

•  C	
  –	
  center	
  of	
  calcificaJon	
  

•  	
  S	
  -­‐	
  sclerodermite	
  	
  



425/28	
  

Corallite	
   Black.Pixels	
   White.Pixels	
   Total.Pixels	
   Percent.Black	
   Percent.White	
   Black.to.White	
  

P102a_c3	
   26881	
   301744	
   328625	
   0.08	
   0.92	
   0.09	
  

A104a_C2	
   22018	
   503765	
   525783	
   0.04	
   0.96	
   0.04	
  

A105a_C2	
   39690	
   322221	
   361911	
   0.11	
   0.89	
   0.12	
  

AS9_C1	
   25371	
   369796	
   395167	
   0.06	
   0.94	
   0.07	
  

G12_C1	
   27930	
   366382	
   394312	
   0.07	
   0.93	
   0.08	
  

GS4a_C2	
   53513	
   305065	
   358578	
   0.15	
   0.85	
   0.18	
  

KBb_C1	
   19634	
   268568	
   288202	
   0.07	
   0.93	
   0.07	
  

KCb_C2	
   21336	
   355705	
   377041	
   0.06	
   0.94	
   0.06	
  

OS7a_C1	
   18060	
   542334	
   560394	
   0.03	
   0.97	
   0.03	
  

P102b_C1	
   47883	
   379806	
   427689	
   0.11	
   0.89	
   0.13	
  

P105a_C1	
   35183	
   338497	
   373680	
   0.09	
   0.91	
   0.10	
  

O105a_C2	
   77752	
   437103	
   514855	
   0.15	
   0.85	
   0.18	
  

Methods:  Photomicrographic  Analysis

Septal	
  width	
  measurement	
  Septal	
  infilling	
  measurement	
  



Results:  Septal  Morphology
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Results:  Septal  Morphology

Septal	
  Height:	
  Temperature	
  Effect	
  

1100 

1200 

1300 

1400 

1500 

26 28 30 32 34 

Se
pt

al
 h

ei
gh

t (
µm

) 

Temperature (°C) 

low pCO2 

high pCO2 



Results:  Septal  Morphology

Septal	
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Results:  Septal  Morphology
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