
Response	
  to	
  ocean	
  acidifica.on	
  varies	
  by	
  genotype	
  	
  
in	
  the	
  deep-­‐sea	
  coral	
  Lophelia	
  pertusa	
  

Dr.	
  Erik	
  E	
  Cordes	
  
Temple	
  University	
  



Cordes	
  et	
  al.	
  in	
  press,	
  UNWOA	
  (updated	
  from	
  Freiwald	
  et	
  al.	
  2005,	
  UNEP)	
  









22	
  sampling	
  sta.ons	
  	
  
Depth	
  range:	
  2–2500	
  m	
  
2010–2014	
  (Spring	
  –	
  Fall)	
  

Lunden	
  et	
  al.	
  2013,	
  L&O;	
  Georgian	
  et	
  al.,	
  in	
  prep	
  



CTD data providing the first estimates of Ωar at depth in the Gulf of Mexico  

Lunden	
  et	
  al.	
  2013,	
  L&O;	
  Georgian	
  et	
  al.,	
  in	
  prep	
  

0	
  

500	
  

1000	
  

1500	
  

2000	
  

2500	
  

7.7	
   7.8	
   7.9	
   8.0	
   8.1	
   8.2	
   8.3	
  

De
pt
h	
  
(m

)	
  
pHT	
  

0	
  

500	
  

1000	
  

1500	
  

2000	
  

2500	
  

2150	
   2200	
   2250	
   2300	
   2350	
   2400	
   2450	
  

De
pt
h	
  
(m

)	
  

nTA	
  (µmol	
  kg-­‐1)	
  

0	
  

500	
  

1000	
  

1500	
  

2000	
  

2500	
  

0.0	
   1.0	
   2.0	
   3.0	
   4.0	
   5.0	
  

De
pt
h	
  
(m

)	
  

ΩARAG	
  



VK906	
  
Ωar	
  =	
  1.44	
  

GC354	
  
Ωar	
  =	
  1.15	
  

Low	
  Ωar	
  at	
  deep-­‐water	
  reefs	
  

Lunden	
  et	
  al.	
  2013,	
  L&O;	
  Georgian	
  et	
  al.,	
  in	
  prep	
  



7.55 

7.6 

7.65 

7.7 

7.75 

7.8 

7.85 

7.9 

7.95 

8 

0 2 4 6 8 10 

pH
T 

Day 

ambient 1 

ambient 2 

low 1 

low 2 

very low 1 

very low 2 

0.50 

0.70 

0.90 

1.10 

1.30 

1.50 

1.70 

1.90 

0 2 4 6 8 10 

Ω
ar

 

Day 

ambient 1 

ambient 2 

low 1 

low 2 

very low 1 

very low 2 

-0.01 

-0.005 

0 

0.005 

0.01 

0.015 

0.02 

ambient low very low 

N
et

 C
al

ci
fic

at
io

n 
(%
·d

-1
) 

treatment 

Group 1 

Group 2 

Short-­‐term	
  decline	
  in	
  growth	
  in	
  response	
  to	
  low	
  pH	
  and	
  Ωar	
  treatments	
  

Lunden	
  et	
  al.	
  2014,	
  Fron.ers	
  Mar	
  Sci	
  





-­‐0.13	
  

-­‐0.11	
  

-­‐0.09	
  

-­‐0.07	
  

-­‐0.05	
  

-­‐0.03	
  

-­‐0.01	
  

0.01	
  

0.03	
  

7.6	
   7.75	
   7.9	
  

N
et
	
  C
al
ci
fic
a.

on
	
  (%

	
  d
-­‐1
)	
  

pH	
  treatment	
  

Average	
  response	
  to	
  pH	
   Genotype-­‐specific	
  response	
  to	
  pH	
  

Variable	
  response	
  by	
  genotype	
  in	
  short	
  term	
  experiments	
  

!0.04%

!0.03%

!0.02%

!0.01%

0%

0.01%

0.02%

0.03%

N
et
$C
al
ci
fic
a+

on
$(%

$d
11
)$

pH$Treatment$

!0.40%

!0.35%

!0.30%

!0.25%

!0.20%

!0.15%

!0.10%

!0.05%

0.00%
7.55% 7.6% 7.65% 7.7% 7.75% 7.8% 7.85% 7.9% 7.95%

!0.04%

!0.03%

!0.02%

!0.01%

0%

0.01%

0.02%

0.03%

N
et
$C
al
ci
fic
a+

on
$(%

$d
11
)$

pH$Treatment$
7.6	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  7.75	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  7.9	
  



-­‐0.04	
  

-­‐0.03	
  

-­‐0.02	
  

-­‐0.01	
  

0	
  

0.01	
  

0.02	
  

0.03	
  

0	
   2	
   4	
   6	
   8	
   10	
   12	
   14	
   16	
  

N
et
	
  C
al
ci
fic
a1

on
	
  (%

	
  d
-­‐1
)	
  

Time	
  (Biweekly)	
  	
  

pH	
  =	
  7.60	
  

-­‐0.04	
  

-­‐0.03	
  

-­‐0.02	
  

-­‐0.01	
  

0	
  

0.01	
  

0.02	
  

0.03	
  

0	
   2	
   4	
   6	
   8	
   10	
   12	
   14	
   16	
  

N
et
	
  C
al
ci
fic
a1

on
	
  (%

	
  d
-­‐1
)	
  

Time	
  (Biweekly)	
  	
  

pH	
  =	
  7.90	
  

Long-­‐term	
  decline	
  in	
  growth	
  
in	
  response	
  to	
  low	
  pH	
  and	
  Ωar	
  treatments	
  



Variable	
  response	
  by	
  genotype	
  in	
  long	
  term	
  experiments	
  

-­‐0.06	
  

-­‐0.04	
  

-­‐0.02	
  

0	
  

0.02	
  

0.04	
  

0	
   5	
   10	
   15	
  

N
et
	
  C
al
ci
fic
a1

on
	
  (%

	
  d
-­‐1
)	
  

Time	
  (biweekly)	
  

Genotype	
  3	
  
7.6	
  

7.9	
  

-­‐0.06	
  

-­‐0.04	
  

-­‐0.02	
  

0	
  

0.02	
  

0.04	
  

0	
   5	
   10	
   15	
  

N
et
	
  C
al
ci
fic
a1

on
	
  (%

	
  d
-­‐1
)	
  

Time	
  (biweekly)	
  

Genotype	
  4*	
  
7.6	
  

7.9	
  

-­‐0.06	
  

-­‐0.04	
  

-­‐0.02	
  

0	
  

0.02	
  

0.04	
  

0	
   5	
   10	
   15	
  

N
et
	
  C
al
ci
fic
a1

on
	
  (%

	
  d
-­‐1
)	
  

Time	
  (biweekly)	
  

Genotype	
  5	
  
7.6	
  
7.9	
  

-­‐0.06	
  

-­‐0.04	
  

-­‐0.02	
  

0	
  

0.02	
  

0.04	
  

0	
   5	
   10	
   15	
  

N
et
	
  C
al
ci
fic
a1

on
	
  (%

	
  d
-­‐1
)	
  

Time	
  (biweekly)	
  

Genotype	
  2	
  
7.6	
  

7.9	
  

-­‐0.06	
  

-­‐0.04	
  

-­‐0.02	
  

0	
  

0.02	
  

0.04	
  

0	
   5	
   10	
   15	
  

N
et
	
  C
al
ci
fic
a1

on
	
  (%

	
  d
-­‐1
)	
  

Time	
  (biweekly)	
  

Genotype	
  6	
  	
  
7.6	
  

7.9	
  

-­‐0.06	
  

-­‐0.04	
  

-­‐0.02	
  

0	
  

0.02	
  

0.04	
  

0	
   5	
   10	
   15	
  

N
et
	
  C
al
ci
fic
a1

on
	
  (%

	
  d
-­‐1
)	
  

Time	
  (biweekly)	
  

Genotype	
  1	
  
7.6	
  
7.9	
  



Variable	
  response	
  by	
  popula.on:	
  gene.c	
  isola.on	
  

Lunden et al. Deep-sea corals and ocean change

sampling localities (Table S1). Observed heterozygosities were
high in the majority of localities (mean 0.654, Table S1, HO),
however, heterozygote deficits were detected in most localities
(positive FIS, Table S1).

Population structuring was evident at several hierarchical lev-
els based upon successive STRUCTURE analyses (Figure 1). Two
population clusters corresponding to the Gulf of Mexico and
the North Atlantic Ocean were detected in the full data set
(Figure 1A, First round). Additional STRUCTURE runs per-
formed on each initial cluster detected sub-structuring only in
the North Atlantic between the Western Atlantic populations off
the southeastern U.S. coast and the New England Seamounts
plus the Eastern Atlantic (Figure 1B, Second round), but not
within the Gulf of Mexico populations examined. Additional sub-
structuring was detected within the North Atlantic cluster among
the seamounts, the eastern Atlantic, and Sula Ridge populations
(Figure 1C, Third round).

ACIDIFICATION EXPERIMENTS
The experimental values for pH and additional carbonate chem-
istry parameters are reported in Table 1. Mean pH varied sig-
nificantly across all three treatments for both group 1 corals
(Kruskal–Wallis test, H = 19.7, p < 0.001) and group 2 corals
(Kruskal–Wallis test, H = 30.1, p < 0.001). Temperature was sig-
nificantly different in both the group 1 experiment (Kruskal–
Wallis test, H = 32.03, p < 0.0001) and in the group 2 experi-
ment (Kruskal–Wallis test, H = 17.9, p < 0.0001), and was lower
by roughly 0.8–0.9◦C from the control experiments. Survivorship
was 100% for all treatments and no mortality was observed
during the 3-week recovery phases between the acidification
treatments.

In the acidification experiments, calcification rate data were
collected from eight coral nubbins from each group, for a total
of 16 coral nubbins for the entire experiment. One coral nubbin
from each group became detached from its PVC fitting during

the experiment and was excluded from the analysis. There were
no significant differences between group 1 and group 2 corals
in number of live polyps (Kruskal–Wallis test, H = −0.464,
p = 0.643) or mass (Kruskal–Wallis test, H = −0.893,
p = 0.372).

In the ambient pH treatment, all corals exhibited positive net
calcification over the experimental period. Net calcification rates
among all corals in the ambient pH treatment ranged from 0.002
to 0.091% day−1, with a mean rate of 0.025 ± 0.006% day−1

(n = 16). Group 1 corals exhibited a mean net calcification rate
of 0.011 ± 0.004% day−1 (n = 8), and group 2 corals exhibited
a mean net calcification rate of 0.039 ± 0.01% day−1 (n = 8).

Calcification rate was highly variable among all coral nub-
bins in the low pH treatment; eight coral nubbins exhibited
net dissolution, and eight coral nubbins exhibited positive net
calcification. Calcification rate in the low pH treatment for
all coral nubbins ranged from −0.04 to 0.02% day−1, with a
mean of −0.003 ± 0.003% day−1 (n = 16). Despite the slightly
decreased temperature in the low pH treatments, this did not have
a significant effect on the net calcification of the individuals tested
(Two-Way ANOVA, t = 1.61, p = 0.158). There was no signifi-
cant interaction between pH and temperature (p = 0.055). The
two coral groups responded differently in the low pH treatment.
Group 1 corals calcified at a rate of 0.01 ± 0.003% day−1 (n = 8).
However, group 2 corals exhibited net dissolution in the low pH
treatment at a rate of −0.01 ± 0.004% day−1 (n = 8).

In the very low pH treatment, 15 of 16 coral nubbins exhib-
ited net dissolution. Calcification rate for all coral nubbins in the
very low pH treatment ranged from −0.024 to 0.012% day−1,
with a mean rate of −0.007 ± 0.002% day−1 (n = 16). Group
1 corals dissolved at a rate of −0.008 ± 0.003% day−1 (n = 8)
and group 2 corals dissolved at a rate of −0.005 ± 0.003% day−1

(n = 8).
The relationship between net calcification and pH was assessed

with both a local regression (LOESS, Figure 2) and linear

FIGURE 1 | Bar plot showing proportional membership of L. pertusa
individuals in K clusters using sequential analyses in the program
STRUCTURE. Collection localities, indicated above and below plots, are

sorted West to East (A). The North Atlantic cluster contained two additional
levels of structuring detected in subsequent STRUCTURE analyses (B,C).
Site abbreviations and additional information are provided in Table S1.
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