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GULF OF ALASKA AND CALIFORNIA BAMBOO CORALS:   A NEW ARCHIVE OF CLIMATE 
CHANGE 

Wilson Sauthoff  

Abstract 
Deep sea bamboo coral communities form along seamounts and continental margins with near global 
distribution. Deep ocean trawling, coral trading, and ocean acidification threaten these corals and 
associated species. Much like tropical corals, bamboo corals record surrounding ocean geochemistry as 
the coral skeleton is precipitated outwards from an internal core, sometimes displaying growth banding 
similar to tree rings. Records of ocean chemistry present reliable proxy records of changes in seawater 
conditions, such as productivity and nutrient content. Analysis of ocean variability may provide 
important indications of past frequency of climate oscillations, such as El Niño or Pacific Decadal 
Oscillation. Bamboo coral specimens from the California margin and Gulf of Alaska provide insight into 
latitudinal and temporal differences in sea surface productivity and nutrient availability. Past oceanic 
conditions are reconstructed using trace element profiles (Ba/Ca, Sr/Ca) to interpret past ocean nutrient 
levels and productivity. This research adds to the scientific understanding of natural, short-term 
climatic variability in the Pacific Ocean, and tests for evidence of anthropogenic changes in the deep 
ocean environment.  

 

1. Introduction 
Human-induced climate change carries far-
reaching implications for a number of 
oceanographic conditions including potential 
changes to circulation patterns. Predicted 
changes to surface conditions and ramifications 
for associated species are well documented using 
paleoceanographic tracers, such as reef-building 
tropical corals and planktonic foraminifera 
preserved in sediment records (Shen et al., 1996; 
Martin et al., 2002). However, the extent to 
which human induced climate change will affect 
the deep ocean environment is less certain. This 
uncertainty has initiated an interest in natural 
archives of climate and nutrient variability in the 
deep ocean. Marine biogenic calcium carbonate 
(CaCO3) producers including deep-sea bamboo 
corals provide insight into natural climate 
variability in the deep ocean and offer 
predictions for the future (Roark et al., 2005). 
Bamboo corals form deep-sea communities, 
predominantly along continental margins and 
seamounts, providing essential habitat for 
associated invertebrate species and nurseries for 
many larval species (Roberts et al., 2006; 
Thresher 2009). Similarly to surface corals, 
human activities threaten deep-sea corals and the 

species they support, including seafloor trawling, 
coral trading, and ocean acidification (Roberts et 
al., 2006). Bamboo corals exhibit a wide 
geographic distribution, having been discovered 
in all major ocean basins (Freiwald et al., 2004; 
Thresher 2009). Bamboo corals occur in regions 
of high concentrations of falling organic matter, 
for example near upwelling currents, which 
provide a sustaining food source (Roark et al., 
2005; Hill et al., 2011). Their wide geographic 
and depth distribution makes bamboo corals 
valuable tool for paleoceanographic 
investigations.  
 
Living bamboo coral polyps precipitate a skeleton 
made of jointed calcite internodes, interspersed 
with organic nodes (Fig. 1). Calcite growth is 
deposited radially outwards from an internal core, 
in bands from the central axis at a rate of ~50-150 
μm per year, varying with temperature and nutrient 
availability (Roark et al., 2005; Hill et al., 2011). 
Growth banding is best revealed in thin section and 
has been likened to the growth rings in trees (Fig. 
2). However, bamboo coral growth banding varies 
greatly between specimens, with some exhibiting 
intermittent banding (Noé et al., 2006; Hill et al., 
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in press). Additionally, bands may represent 
annual or in some cases multi-annual growth; as a 
result, growth band counting has not proven a 
reliable indicator of coral age or extension rates 
(Hill et al., 2011). The coral skeleton is made 
primarily of calcite (CaCO3); however, trace 
element inclusions (e.g. Ba, Sr) in the skeleton 

record the variable geochemistry of the 
surrounding ocean water. Trace elements are often 
indicative of past oceanic conditions that vary with 
climate, such as temperature, roductivity, and the 
movement of ocean currents (Smith et al., 2000; 
Sherwood et al., 2008).              

  
Figure 1. California margin Specimen T1100 A04 collected live via submersible (A). Removing coral polyp covering 
reveals skeleton made of jointed calcite internodes, interspersed with organic nodes (B). GSA photo scale is 10 cm 
(photo credit: MBARI). 
 

 
Figure 2. Photomicrograph of California margin Specimen T1100 A04 thin section revealing radial growth 
bands deposited outwards from an internal core. Multiple passes along ablation track (dotted line) make up 
LA-ICP-MS trace element profiles. Scale is 500 µm (photo credit: W. Sauthoff). 
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Previous research on bamboo coral skeletal 
material from the California margin has shown 
that these long-lived coral (100-300 yrs) record 
the temperature and nutrient content of the 
water in which they grow (Hill et al., in press; 
LaVigne et al., 2011). Current techniques of 
analyzing these archives include using 
radiocarbon dating to derive coral age and 
isotopic trace element analyses (Sr/Ca, Ba/Ca) to 
interpret past ocean nutrient levels and 
productivity (Roark et al., 2005; LaVigne et al., 
2011; Hill et al., in press). A comparison of 
California margin corals to those from the far 
North Pacific will provide insight to the 
following questions:  Are there fundamental 
differences in elemental composition (Ba/Ca, 
Sr/Ca) between Gulf of Alaska and California 
margin corals?  Is there any periodicity in ocean 
nutrient content recorded between two locations 
that would correspond with short-term climatic 

phenomena (e.g., El Niño Southern Oscillation 
or Pacific Decadal Oscillation)? 
 

2. Samples & Methodology 

2.1. Coral specimens 
Bamboo corals under investigation were 
originally sampled from California and the Gulf 
of Alaska including two samples from Warwick 
Seamount, Gulf of Alaska (NOAA/OER) and two 
California margin corals from Monterey Canyon 
and Pioneer Seamount (MBARI; Table 1; Fig 3). 
All samples were collected live (living polyps on 
the calcite skeleton at the time of collection) via 
submersible from 634-1288 m water depth 
(Roark et al., 2005, Hill et al., 2011). Taxonomic 
classification of bamboo corals (family Isididae) 
is currently under revision; however, California 
margin corals were morphologically identified at 
time of collection as sp. Isidella (MBARI).  

 
 
Table 1 Bamboo coral specimens used in analyses. 
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Figure 3. Locations of coral specimens (red) including two samples from Warwick Seamount, 
Gulf of Alaska and two California margin corals from Monterey Canyon and Pioneer 
Seamount (inset; image credit: GeoMapApp). 

 

2.2. Specimen preparation 
Two California margin specimens were thin 
sectioned (~100 μm thickness) and polished to 
accompany two Gulf of Alaska specimens 
previously prepared by collaborators (R. Dunbar, 
T. Guilderson, and B. Roark) for laser ablation 
inductively coupled plasma mass spectrometry 
(LA-ICP-MS; Spero Stable Isotope Laboratory) 
analyses (Table 1).  
 

2.3. LA-ICP-MS analysis 
All sample preparation and analyses followed 
standard laboratory protocols for trace element 
analysis. Isotope element ratio analyses (Ba/Ca, 
Sr/Ca) were determined using a laser ablation 
(LA) system equipped with Agilent 7700 Series 
inductively coupled plasma mass spectrometer 
(ICP-MS). The LA-ICP-MS results reported in 
this study utilize a 4.45 J/cm2 fluence, 10 Hz 
repetition rate, and Ar ablation atmosphere gas.  
 

A circular, 85 μm spot size was line scanned 
perpendicular to the coral growth bands at scan 
speed of 10 μm/s, resulting in continuous-scan 
ablation (Sinclair et al., 1998). ICP-MS 
acquisition parameters followed those previously 
described for surface corals and adapted for 
bamboo coral Ba/Ca and Sr/Ca analyses as 
described in LaVigne et al., 2011. Gas blanks 
were measured by ICP-MS for ~10 s before each 
ablation scan while the laser was not firing for 
gas blank subtraction. LA-ICP-MS data were 
acquired from central core to coral edge, 
following the growth axis (oldest to most 
recently precipitated calcite skeleton). Three 
replicate passes along one ablation track were 
committed on Gulf of Alaska specimens and two 
replicate passes on California margin corals. Raw 
counts were gas blank corrected (b1%) and 
standardized against bracketing ablation scans of 
NIST 610 glass with periodic measurement of 
NIST 612 glass standard during the two day data 
acquisition period to assess precision and 
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instrumental drift (Jochum et al., 2011). Repeat 
measurements of NIST 612 glass were consistent 
with certified Ba/Ca values and within 1% of 
certified Sr/Ca values. Reproducibility of these 
results is assessed by repeat analysis of NIST-610 
over multiple days consistent within ± 0.83% 
(29 analyses, 2 days).  
 

2.4. Element ratio analysis 
Reproducibility of the multiple replicate passes 
over the ablation track (two replicates in 
California margin corals; three in Gulf of Alaska 
corals) was assessed by calculating the standard 
deviation of replicate points along ablation tracks 
(Sinclair et al., 2011). All data reduction 
including gas blank subtraction, standardization, 
and data smoothing were performed offline. A 
20-point moving average was applied to each 
individual line pass to smooth data noise. Data 
near the central portion of the coral in all four 
samples was excluded from further analyses due 
to coral “vital effects,” where uptake of 
surrounding seawater is biologically altered 
resulting in biased results (Noé et al., 2006; Hill 
et al., 2011).   
 

2.5. Radial extension rate estimates 
Two Gulf of Alaska corals in this study have 
associated chronologies based upon previous 
investigations utilizing calcite radiocarbon ages 
(Roark et al., 2005). These chronologies are 
based on the long-term average extension growth 
rate estimates of the coral (Roark et al., 2005; 
Thresher, 2009; Hill et al., 2011). This average 
growth rate as determined by radiocarbon dating 
is used in conjunction with ablation track length 
measured during LA-ICP-MS for a time series 
investigation against indices of El Niño Southern 
Oscillation and Pacific Decadal Oscillation 
(Trenberth, 1984; Mantua et al., 2002). We 
accept the uncertainty associated with this 
radiocarbon-based, average extension rate 
chronology as a caveat in the interpretation of 
our time series reconstruction against 
oceanographic datasets. 

3. Results & Discussion 

3.1. Sr/Ca  
Deep-sea coral Sr/Ca has been linked to changes 
in sea surface productivity (Roark et al., 2005; 
Hill et al., in press). Sr typically behaves as a 
nutrient-type element in the world’s oceans, 
meaning that biochemical reactions involving the 
element limit its concentrations in surface 
waters. This biological depletion is replenished 
by mineralization with increasing depth. 
However, there are some localities that 
experience variations from typical Sr distribution 
with depth (de Villiers et al., 1994). Seawater Sr 
concentration has changed historically as it is a 
function of continental weathering, diagenesis of 
marine sediments, and hydrothermal exchange 
on geological timescales (Yang et al., 1996).  
All four specimens exhibited similar Sr/Ca values 
when averaging the ablation track of multiple 
replicate passes: 3.06 mmol/mol (T1104 A10; 
Fig. 4), 3.05 mmol/mol (T1100 A04), 3.01 
mmol/mol (ALV3803 #3), and 3.04 mmol/mol 
(ALV3803 #5; Table 2). Despite the differences 
in mean Sr/Ca ratio in Alaskan corals, Sr/Ca 
range over the ablation track is similar: 0.464 
mmol/mol (ALV3803 #5) and 0.520 mmol/mol 
(ALV3803 #3; Table 2). California margin corals 
were far more variable in Sr/Ca range: 2.88 
mmol/mol (T1104 A10), 2.55 mmol/mol (T1100 
A04). 
 
Sr/Ca values of California margin corals are 
within the range of similar Californian corals 
investigated by Hill et al. (in press). Additionally, 
the two Californian specimens corroborate their 
finding that shallower corals exhibit greater 
variability than deeper corals in Sr/Ca. This high 
variability of Sr/Ca in California margin 
specimens is likely due to seasonal changes in 
upwelling and relaxation events due to shifts 
between the California current and the Davidson 
current (Hickey 1979). The difference between 
Alaskan corals, ALV3803 #3 and ALV3803 #5, is 
interesting given their close proximity when live 
collected (Table 1). One immediate explanation 
of differences in average Sr/Ca values may lie in 
differences in sample depth considering the 
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nutrient-type profile of Sr with increasing 
concentrations with greater water column depth. 
However, this is not the case for either Gulf of 
Alaska or California corals. Another explanation 
is that differences in overall Sr/Ca composition 

may be indicative of differences in coral growth 
rate as Sr/Ca ratios have been shown to covary 
with coral skeletal density (Weinbauer et al., 
2000; Roark et al., 2005). 
 
 

 
 

Figure 4. Mean Sr/Ca profile (red ––) derived from two replicate passes (red ----) of Specimen T1104 A10. 
 
 
 

Table 2 .  Sr/Ca and Ba/Ca mean, standard deviation, and range. 

 
3.2. Ba/Ca  

Ba/Ca has proven a reliable indicator of past 
nutrient levels (Anagnostou et al., 2011; LaVigne 
et al., 2011). Both California margin corals 
exhibited a higher Ba/Ca ratio than Gulf of Alaska 
corals. An average of multiple replicate passes 
(three replicate passes) yield Ba/Ca results for 
Alaskan corals: 10.559 μmol/mol (ALV3803 #3) 
and 10.047 μmol/mol (ALV3803 #5). California 
margin corals varied more drastically in Ba/Ca 
averaged over multiple ablation tracks (two in 
Californians):  
 

13.731 μmol/mol (T1104 A10; Fig. 5) and a far 
greater 18.549 μmol/mol (T1100 A04). This 
difference in overall Ba/Ca ratio in California 
corals may be indicative of sampling location as 
Specimen T1100 A04 was live collected from the 
Pioneer Seamount (MBARI).  This seamount lies 
directly in the path of the nutrient-rich California 
current during spring (Hickey 1979). The 
heightened Ba/Ca content record at this location is 
juxtaposed to the lower overall Ba content of 
Specimen T1104 A10 that was live collected in 
Monterey Canyon (MBARI). 
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Figure 5. Mean Ba/Ca profile (blue ––) derived from two replicate passes (blue ----) of Specimen T1104 A10. 
 

3.3. Comparison with oceanographic 
datasets: ENSO and PDO  
Previous investigations using calcite radiocarbon 
techniques have dated the two Gulf of Alaska 
corals in this study (Roark et al., 2005). This 
dating technique yields long-term average 
extension growth rate estimates of the coral 
(Roark et al., 2005; Thresher, 2009). Ablation 
track length was used in conjunction with 
average extension growth rate estimates of both 
Gulf of Alaska corals. Considering California 
margin corals do not have any existing 
chronology, these specimens were excluded from 
a comparison with time-series oceanographic 
datasets. Specimen ALV3803 #3 will graphically 
represent similar trends observed in both Gulf of 
Alaska corals. 
 
 
 

 
 
El Niño Southern Oscillation (ENSO) effects are 
most strongly observed near the equator with 
secondary effects seen in higher latitudes 
(Trenberth, 1984; Moy et al., 2002). The 
Southern Oscillation Index (SOI) varies from 
moderately positive values that correspond to so-
called ‘normal’ conditions in the Pacific, 
including moderate upwelling along the eastern 
equatorial Pacific. Extremely positive SOI (La 
Niña conditions) corresponds to enhanced 
upwelling. Whereas negative SOI (El Niño 
conditions) corresponds to reduced upwelling 
and thus decreased seawater nutrient content. 
Ba/Ca has been shown to a reliable tracer of past 
nutrient levels (Anagnostou et al., 2011; LaVigne 
et al., 2011). We have plotted an annual 
resolution Ba/Ca profile against Southern 
Oscillation Index in an attempt to see evidence of 
ENSO-related nutrient shifts (Fig. 6).  

 
Figure 6. Annual resolution Ba/Ca profile (blue) derived from three replicate passes of Specimen ALV3803 #3  

plotted alongside annual Southern Oscillation Index (SOI) from 1920 to live collection in 2002. 
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There is some indication of a relation between 
SOI and coral Ba/Ca profile, particularly with the 
most recent increase in La Niña frequency 
(positive SOI) beginning in 1978. However, the 
heightened barium signal does not persist 
throughout the heightened La Niña episode that 
runs from 1978 to early 2000’s. La Niña-related 
increases in upwelling are not evidenced in this 
climate archive. The high latitude of specimen 
collection and specimen depth may be 
contributing factors. While, the El Niño 
Southern Oscillation primarily affects the 
Equatorial Pacific Ocean, with subtle influences 
in higher latitudes, PDO has the opposite 
influence. 

Pacific Decadal Oscillation (PDO) is an El Niño-
like process that predominantly affects the North 
Pacific Ocean (Mantua et al., 2002). PDO 
frequency is on the order 20-30 years between 
phase shifts, in comparison to short-term 3-7 
shifts of the SO Index (Trenberth, 1984). PDO 
positive phase is marked by increases in 
precipitation and biological activity in surface 
waters in the Gulf of Alaska. To better 
understand how changes in sea surface 
productivity, we have plotted an annual 
resolution Sr/Ca profile against the PDO index 
(Fig. 7).  

 

 
Figure 7. Annual resolution Sr/Ca profile (red) derived from three replicate passes of Specimen ALV3803 #3  

plotted alongside annual Pacific Decadal Oscillation (PDO) index from 1920 to live collection in 2002. 
 
Specimen ALV3803 #3 Sr/Ca may vary with PDO 
index during some portions of the chronology; 
however this signal is incongruous with PDO.  
Coral Sr/Ca increases notably in ~1990, 12 years 
after the most recent PDO shift to warm 
(positive) phase in 1978 (Fig. 7). Hill et al. (in 
press) speculates that similar findings in 
California margin corals may represent a delayed 
response of Pacific Deep Water (PDW) to the 
1978 PDO shift. However, this postulation 
carries a high level of uncertainty given current 
limitations in dating bamboo corals (Cheng et 
al., 2000; Adkins et al., 2004; Roark et al., 2005). 
The observed increase in seawater Sr availability 

may coincide with increasing surface 
productivity in the Gulf of Alaska, a symptom of 
warm phase PDO. Shifts in surface productivity 
affect the downward flux of Acantharia, a surface 
ocean dweller with celestite (SrSO4) skeletal 
structure (Stoecker et al., 1996). Acantharia 
skeletal material undergoes dissolution during 
downward flux, replenishing Sr at depth.  
 

Conclusions 

California specimens show fundamental 
differences in Ba/Ca content. Higher Ba/Ca is 
observed in the offshore seamount collected and 
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a lower Ba/Ca content in the Monterey Canyon 
specimen. California margin corals varied more 
drastically in Ba/Ca than Gulf of Alaska corals, 
likely due to nutrient availability changes during 
upwelling and relaxation events. Comparison of 
trace element profiles (Ba/Ca and Sr/Ca) with 
oceanographic indices hints at a connection 
during certain time points; however observed 
signals are inconsistent throughout the length of 
the chronology possibly due to a delayed 
response of deep water to ocean surface 
conditions.   
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