
 
June 25, 2020 

 

The Honorable Wilbur L. Ross, Jr. 

Secretary, U.S. Department of Commerce 

1401 Constitution Avenue, N.W. 

Washington, D.C. 20230 
 

Secretary Ross, 
 

We write in strong support of the Chumash Heritage National Marine Sanctuary 

nomination, and we request that you grant a five-year extension for this proposal.  Since the 

National Oceanic and Atmospheric Administration (NOAA) approved this marine sanctuary 

proposal in 2015, new data, including recent NOAA studies, have only strengthened the case for 

this sanctuary to be designated.    
 

NOAA released a study in December 2019 showing that California’s coastal waters are 

acidifying at twice the rate of the global average.  These high acidity levels are exacerbated by 

the alarming loss of more than 90% of coastal marine kelp forests, which can absorb carbon 

dioxide at twice the rate of land-based forests. Additionally, kelp forests provide critical habitat 

and food sources for a range of species.  
 

Ocean acidification is a serious threat to both marine ecosystems and coastal economies.  

A NOAA study released this January showed for the first time that current ocean acidification 

levels can damage young Dungeness crabs’ shells and sensory organs, threatening the long-term 

viability of a fishery valued at $220 million annually.   
 

In addition to environmental issues, this proposed marine sanctuary would protect 

important parts of U.S. history.  In 2016, NOAA and the Coast Guard confirmed the 

archaeological remains off of Point Conception in this proposed area were that of the USS 

McCulloch, which saw action in both the Spanish American War and World War I. Similarly 

important cultural artifacts from the settlements of the indigenous Chumash Nation that date 

back nearly 9,000 years have also been identified in the coastal region surrounding the proposal.   
 

 Designating the Chumash Heritage National Marine Sanctuary remains relevant and 

responsive to the national significance criteria and management considerations.  The case is further 

strengthened by new data and discoveries since its successful nomination five years ago.  We urge 

the Office of Marine Sanctuaries to extend this nomination for an additional five years and to move 

forward with the designation process to protect this critical marine habitat as soon as possible.  

 

Sincerely, 

 

 

 

Dianne Feinstein   Kamala Harris    Salud Carbajal 

United States Senator   United States Senator   Member of Congress 

 

Enclosures:  December 2019 Feinstein to Ross Letter 

NOAA Decadal Variability December 2019 Study 

NOAA Dungeness Crab Ocean Acidification January 2020 Study 

NOAA Office of Marine Sanctuaries McColluch Factsheet  





Articles
https://doi.org/10.1038/s41561-019-0499-z

1Ocean Acidification Program, National Oceanic and Atmospheric Administration, Silver Spring, MD, USA. 2Cooperative Program for the Advancement of 
Earth System Science, University Corporation for Atmospheric Research, Boulder, CO, USA. 3School of the Earth, Ocean and Environment, University of 
South Carolina, Columbia, SC, USA. 4Environmental Physics, Institute of Biogeochemistry and Pollutant Dynamics, ETH Zürich, Zurich, Switzerland.  
5Pacific Marine Environmental Laboratory, National Oceanic and Atmospheric Administration, Seattle, WA, USA. 6Deceased: Robert C. Thunell.  
*e-mail: emily.osborne@noaa.gov

Since the beginning the industrial era, atmospheric CO2 levels 
have risen from 280 ppm to more than 400 ppm; an unprece-
dented concentration over the past 800,000 years1. The oceans 

have absorbed approximately 27% of this anthropogenic CO2, 
which has caused an estimated 0.1 reduction in global mean sur-
face ocean pH: the phenomenon known as ocean acidification2–6.  
Field studies of some of the ocean’s major calcium carbonate pro-
ducing organisms often indicate a negative calcification response, 
declining [CO3

2−] (for example, refs. 7–13), although in some instances 
calcification remains unaffected or is even enhanced (for example, 
see refs. 14,15).

Research suggests that ocean acidification is becoming par-
ticularly acute in coastal upwelling regions, such as the California 
Current Ecosystem (CCE), due to their low buffering capacity and 
the natural upwelling processes that bring CO2-rich intermediate 
waters to the ocean surface (for example, ref. 3,16–21). Models indi-
cate a considerable decline in [CO3

2−] in the CCE and a shoaling of 
the saturation horizons for each of the CaCO3 mineral polymorphs  
(calcite Ωcal and aragonite Ωarg) since the onset of the industrial 
period, reducing the volume of the surface ocean favourable for 
calcification20–22. Modern sampling has identified malformed and 
dissolved aragonite-secreting pteropods during periods of strong 
upwelling, when the saturation horizon comes very close to (or even 
intersects with) the sea surface7,16,23.

Initial surveys of the global ocean marine carbonate system only 
began in the late 1970s, well after anthropogenic carbon began 
altering the marine carbonate system24. Within the CCE specifically, 
consistent in  situ observations of carbonate system variables are 
limited to the last decade (from the California Cooperative Oceanic 
Fisheries Investigations (CalCOFI), 2009 to present). While these 

observational records are critically important to our understanding 
of ocean chemistry, they do not provide a sufficiently long historical 
record of this phenomenon. The lack of long-term ocean acidifica-
tion records limits our ability to place recent observations into the 
context of past change, and hinders an assessment of the impacts of 
natural decadal climate oscillations on the marine carbonate sys-
tem. Model simulations can close the knowledge gap, but without 
constraints from in situ and/or proxy measurements, their validity 
remains unknown—especially with regard to their skill in captur-
ing variability. Here, we provide a century-long, nearly annually 
resolved ocean acidification proxy record for the central region of 
the CCE and investigate the twentieth-century trends and decadal-
scale processes at play.

Carbonate chemistry and calcification
A number of studies have demonstrated that the carbonate chem-
istry of seawater strongly influences the calcification of planktonic 
foraminifera, leaving a distinct imprint on the thickness of their 
shells. This has permitted researchers to use shell weight as a proxy 
for past surface ocean [CO3

2−]. However, shell weight also inherently 
reflects shell size, which is chiefly controlled by the ambient tem-
perature, and perhaps other variables25–27 see Methods for extended 
discussion). Here, we use a relatively new shell weight technique28 
that effectively size-normalizes individual shell weights (Methods), 
called area normalized shell weight (ANSW), which can be used to 
quantitatively assess shell thickness and, by extension, [CO3

2−]. We 
apply this technique to the ubiquitously occurring surface-mixed-
layer species Globigerina bulloides to reconstruct ambient-[CO3

2−] 
over the past 100 years, building on a proof of concept for this spe-
cies and method by Osborne et al.29 (Methods). Previous research 
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0.21 decline in pH, exceeding the estimated global average decline by more than a factor of two. Our proxy record also shows 
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on G. bulloides has suggested that the calcification and growth of 
this species might also be influenced by ambient temperature, nutri-
ent concentration or ‘optimal growth conditions’30–32. The study by 
Osborne et al.29 examined sediment trap collections and a sediment 
core record of G. bulloides shell weight, area and diameter data to 
closely evaluate these relationships and provided robust evidence 
that ANSW is directly controlled by ambient [CO3

2−], rather than 
by temperature or nutrient concentration (R2 = 0.80 (where R is 
the coefficient of multiple correlation), standard error of the esti-
mate = ± 16 µmol kg−1) (see Methods for discussion and Extended 
Data Fig. 1).

Here, the ANSW of nearly 2,000 individual G. bulloides shells 
were measured using 58 sediment samples from a 0.48-m-long 
box core collected in an anoxic region of the Santa Barbara Basin 
(SBB; 34° 14’ N, 120° 02’ W; 580 m water depth: Extended Data  
Fig. 2). A radioisotope-based age model was developed for this 
100 year laminated and unbioturbated sediment core (1898–
2006 ± 6 yr) (see Methods and ref. 29). Downcore ANSW and shell 
diameter measurements indicate that, on average, G. bulloides pro-
duced 20% thinner and 7% larger shells, respectively, by the close of 
the twentieth century relative to those from 1900 (Extended Data 
Figs. 3 and 4). To assess whether G. bulloides shell thickness (and by 
extension [CO3

2−]) has declined significantly over the core record, 
we examine decadal population averages of ANSW (Fig. 1). These 
averages indicate that shell thicknesses from the 1990–2000 popula-
tions are significantly thinner than the 1900–1910 populations (95% 
confidence). The decline in ANSW is further apparent in scanning 
electron micrographs of the shell wall thicknesses from the top and 
bottom of the sediment core (Fig. 1). There is an apparent increase 
in the rate of change that occurs roughly between the first half and 
the second half of the core. This change in slope seems to be associ-
ated with a greater frequency of low [CO3

2−] events occurring in the 
more recent portion of the record, thereby reducing the overall aver-
age [CO3

2−] during the later interval. Several notable [CO3
2−] events 

recorded in our proxy record coincide with low [CO3
2−] outputs in 

SBB model simulations20 and occur in association with the timing of 
several strong El Niño events (1982–1983, 1987–1988, 1997–1998).

By applying the ANSW–[CO3
2−] relationship presented by 

Osborne et  al29. to our downcore ANSW measurements, we esti-
mate that surface ocean [CO3

2−] in the SBB decreased by 35%, 
representing a net change of approximately 98 ± 16 µmol kg−1 in 
[CO3

2−] over the twentieth century (from 271 ± 16 µmol kg−1 in 
1895 to 173 ± 16 µmol kg−1 in 2000; Fig. 2). Recent in  situ surface 
ocean [CO3

2−] measurements from the SBB in the NOAA’s WCOA 
data (2011–2013) and taken by CalCOFI (2009–2015) are in excel-
lent agreement with the forward-projected trend of our estimated 
[CO3

2−] values, even though these datasets do not temporally overlap. 
The time-series slopes, used to determine a decadal rate of change, 
recorded by our proxy reconstruction (−9.992 µmol kg−1 dec−1) and 
the integrated CalCOFI and WCOA data (−10.716 µmol kg−1 dec−1) 
are within error of one another. An additional comparison to the 
HOT dataset from the North Pacific33 also shows a similar long-
term decline (−6.616 µmol kg−1 dec−1), albeit with significantly 
higher [CO3

2−] values and a lower rate of decline, illustrating the 
inherently low [CO3

2−] conditions in the CCE. Hindcast model 
simulations for the CCE indicate a long-term trend (−5.431, −5.397 
and −4.949 µmol kg−1 dec−1 at 0, 30 and 50 m depth, respectively)  
that is also in agreement with our proxy record; however, simu-
lations indicate overall lower rate of change and [CO3

2−] values 
relative to our ANSW-based estimates, which is probably a result 
of negative biases that exist in the model configuration employed 
(refs. 20,22, see Methods).

As the relative concentrations of the dissolved inorganic carbon 
(DIC) species in seawater (CO2, HCO3

−, CO3
2−) covary in a predict-

able way, so do the variables of the marine carbonate system (DIC, 
total alkalinity (TA), pH and the partial pressure of CO2. We use an 

empirical salinity–TA relationship derived for the coastal zone of 
the CCE and sea surface salinity measurements from the Scripps 
Pier (1916–present) time series to estimate TA for our record34.  
No salinity observations exist for the period 1895–1915; a best-fit 
linear regression is therefore used to estimate salinity values for 
those years. As this approach incorporates a great deal of uncer-
tainly, particularly when applied to the palaeo record, we use a 
combination of our downcore proxy-[CO3

2−] and a salinity–TA 
estimates to roughly characterize the full carbonate system to report 
how the most commonly used measure of OA, pH, has evolved over 
the last century, so it can be compared with other published results 
(see Methods). These estimates indicate that the [H+] of seawater 
has increased by 80%, translating into a 0.21 unit decline in pH 
that exceeds the global average of 0.1 units by more than a factor of 
two35. We do not report the error for this estimate, as a number of 
assumptions were made for these calculations and a reported value 
would probably underestimate uncertainty. However, our calcu-
lated decadal rate of pH decline for this region over the past century 
(−0.021 dec−1) is consistent with the rate of pH decline modelled for 
the entire CCE (−0.020 dec−1; 1979–201220) and larger-scale obser-
vations for the North Pacific (−0.017 dec−1 from 1991–200636 and 
−0.019 dec−1 from 1988–2014; refs. 33,37). Our results are also con-
sistent with large declines in pH resulting from strong upwelling, as 
is depicted by regional model simulations for the central region of 
the CCE20,21.

Disentangling drivers of ocean acidification
The surface ocean carbonate system in our study region is influ-
enced by a combination of exposure to atmospheric CO2, the local 
introduction of waters with low [CO3

2−] via shifts in upwelling and 
surface circulation, and local changes in productivity. To evalu-
ate the dominating mechanism(s) driving the twentieth-century 
changes in the upper water column carbonate system, we use the 
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Fig. 1 | Decadal population mean ANsW. Red circles show the sample 
averages for the 58 sediment slices examined in this study. Decadal 
mean time-slice populations (blue circles) of G. bulloides ANSW show 
a significant offset in the shell thicknesses measured in 1900–1910 and 
1990–2000. Error bars show the 95% confidence intervals. a–c, SEM 
images show a typical G. bulloides specimen from the SBB (a) and shell wall 
cross-sections of similarly sized shells from the upper- (b) and lower-most 
(c) samples of the box core, clearly illustrating the difference in shell wall 
thickness over the past century.
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Fig. 2 | Twentieth-century proxy [CO3
2−] record based on G. bulloides ANsW for the period 1895–2000. Horizontal error bars represent age uncertainty 

(±6 yr) and vertical error bars (±15.63 µmol kg−1) represent the standard error of the estimate of [CO3
2−] associated with the calibration relationship29. 

Proxy data are compared with model simulations (1979–2012 (ref. 20)), in situ measurements from the Santa Barbara Basin17 and HOT data from the North 
Pacific33. The average modern [CO3

2−] is 164 µmol kg−1 and temperature is 15 °C, based on 2010–2015 in situ data.
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Fig. 3 | stable isotope tracers of influential processes. a, The δ13C records of three planktonic foraminifera species (G. bulloides, N. incompta and N. dutertrei;  
R2 = 0.46, 0.36 and 0.34, respectively, P < 0.005), showing a long-term decline consistent with an increasing anthropogenic CO2 inventory in the surface 
ocean. b, The δ18O records of G. bulloides (surface-mixed-layer-dwelling species) and N. incompta (thermocline-deep-dwelling species) (top), and the 
difference between the two records (∆δ18O) (bottom), which are used to trace the relative depth habitats and as a proxy for changes in the depth of the 
thermocline and the related thickness and stability of the mixed layer45. δ18O values are relative to the Vienna PeeDee Belemnite.
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downcore foraminiferal stable isotopic records as tools to track car-
bon source and water column structure.

The δ13C record of G. bulloides and two other foraminifera spe-
cies (Neogloboquadrina incompta and Neogloboquadrina dutertrei) 
sampled from the core show significant (R2 = 0.46, 0.36 and 0.34, 
respectively P < 0.005) long-term declines in δ13C (Fig. 3). The 
observed increase in the surface ocean inventory of anthropogenic 
carbon sourced from 12C-enriched fossil fuels causes an overall 
decline in the δ13C of seawater: a globally observed phenomenon 
termed the the Suess Effect38,39. Variability in local productivity and 
upwelling of DIC- and 12C-rich intermediate- and deep-water (from 
respiration and remineralization) could also influence the surface 
ocean, and (by extension) foraminiferal δ13C. The observed long-
term decline in δ13C is consistent with an increase in 13C-depleted 
anthropogenic CO2, stemming primarily from uptake from the 
atmosphere, strengthened upwelling, a decline in productivity or a 
combination of these processes.

A [CO3
2−] effect has been observed in the stable isotope signa-

tures recorded by foraminifera, whereby elevated [CO3
2−] results 

in relatively lower δ13C (ref. 27). Considering the [CO3
2−] effect on 

foraminiferal δ13C, we estimate, on the basis of the culture-derived 
relationship of Spero et al.27 for 13-chambered G. bulloides and the 
change in [CO3

2−] estimated by our proxy record, that δ13C would 
increase by 0.94‰ from the years 1895 to 2000, whereas the mea-
sured decrease is −0.72‰. This modelled change in the opposite 

direction is consistent with other, similar studies, and suggests that 
the magnitude of foraminiferal δ13C depletion may actually be much 
larger when the [CO3

2−] effect is removed40.
Considering the influence of upwelling on our δ13C record, 

a majority of model evidence for the CCE suggests that coastal 
upwelling will be enhanced in coastal eastern boundary upwell-
ing systems (EBUS) due to the climate-induced strengthening of 
alongshore winds that drive Ekman upwelling (for example, see 
ref 41). However, historical observations from the CalCOFI time 
series (1950–present) in the SBB report stratifying conditions 
over the latter half of the twentieth century associated with warm-
ing sea surface temperatures, deepening of the thermocline depth 
and declining zooplankton biomass42–44. Using the ∆δ18O–water 
column structure proxy, we compare δ18O signatures recorded by 
the surface-mixed-layer species (G. bulloides) with the thermocline 
to deep-dwelling foraminifera species (N. incompta) to infer the 
depth of the thermocline and the stability of the mixed layer45. The 
observed increase in ∆δ18O represents an increasing offset in depth 
habitat and therefore a decline in upwelling strength, providing fur-
ther evidence of twentieth-century CCE stratification, which would 
hypothetically result in an increase in δ13C over our record, rather 
than the observed decrease (Fig. 3).

Shifts in dinoflagellate cyst assemblages in the SBB also suggest 
a reduction in upwelling and shed light on an overall reduction in 
seasonal primary productivity throughout the twentieth century46. 
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Fig. 4 | Linking upwelling strength, the PDO and carbonate system state. a, The [CO3
2−] record is shown, with the long-term, anthropogenically driven 

decline removed (detrended) plotted with the PDO index48. An apparent correlation between high/low [CO3
2−] and positive/negative PDO phases is 

evident. Both datasets are shown as 5 yr running means. b, The detrended ∆δ18O (N. incompta−G. bulloides) and G. bulloides δ13C are shown to highlight the 
natural variability not associated with anthropogenic ocean acidification, plotted again with the PDO index, indicating a relationship between weakened/
strengthened upwelling and positive/negative PDO phases.
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While this reduction in productivity is consistent with the sign of 
our δ13C record, we argue that the magnitude of the productivity 
change is not great enough to persistently drive the observed δ13C 
record. Productivity in the CCE and other EBUS may instead be a 
synergistic factor and important on shorter timescales.

Collectively, our records indicate that the increasing surface ocean 
inventory of anthropogenic CO2 is the dominant long-term control 
on δ13C, and by extension [CO3

2−], recorded in our proxy record. 
This is supported by the fact that owing to a relatively robust scal-
ing between the 13C Suess effect and the increase in anthropogenic 
CO2 of about −0.017 permil (µmol kg−1)−147, the long-term decrease 
in δ13C of about 0.72‰ over the 1895 to 2000 period implies an 
increase in anthropogenic CO2 of about 42 µmol kg−1. This is slightly 
smaller than the expected increase of about 50 µmol kg−1 over this 
period, but supports our conclusion of a dominant contribution of 
the uptake of anthropogenic CO2 to our reconstructed decrease in 
[CO3

2−].

Decadal-scale variability
While we attribute the long-term reduction in [CO3

2−] largely to 
air–sea exchange of anthropogenic CO2, considerable variability 
exists around the declining trend. To better visualize this vari-
ability, we detrended the [CO3

2−] record, revealing decadal- and  

subdecadal- scale oscillations that are significantly correlated with 
the Pacidic Decadal Oscillation (PDO) index48 (R2 = 0.53, P < 0.005; 
Extended Data Fig. 5) (Fig. 4). During positive (warm) phases of 
the PDO the carbonate system shifts to a higher [CO3

2−] state, 
whereas negative (cool) phases of the PDO coincide with overall 
lower [CO3

2−] values (Fig. 4a). PDO is associated with decadal-
scale changes in the strength of the Aleutian Low, resulting in 
basin-wide temperature, pressure and wind stress anomalies in the 
Pacific Ocean49. Within the CCE, the positive phase of the PDO 
coincides with weaker Aleutian Low winds, resulting in decreased 
coastal upwelling, warmer sea surface temperatures and reduced 
productivity. Conversely, the negative phase of the PDO produces 
the opposite set of conditions.

As coastal upwelling controls the amount of low-pH, CO2-rich 
water that reaches the surface, and PDO regulates the strength of 
upwelling, we hypothesize that this mechanism alters the surface 
carbonate system on decadal timescales. El Niño and La Niña 
events, typically lasting 6–18 months, produce similar anoma-
lies and have already been observed in association with sustained 
changes in coastal upwelling and the acidity of surface waters off the 
continental shelf of California50.

We use our detrended stable isotopic records (δ13C and ∆δ18O) 
to evaluate the variability occurring independently of the long-term 
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trend. We find that residual trends in δ13C and ∆δ18O covary with 
the PDO: positive phases are marked by a higher ∆δ18O and δ13C 
signatures, which represent decreased upwelling/increased strati-
fication and warmer temperatures (Fig. 4). We also use the indi-
vidual calcification response to assess upwelling variability on the 
basis of a similar foraminiferal depth habitat premise to the ∆δ18O 
proxy. During periods of strengthened upwelling, less intrasample 
variability is expected for a given G. bulloides population, since a 
shoaled thermocline would tighten the suitable habitable depth 
range for this species above the thermocline to the sea surface. The 
opposite would be true for stratified conditions. Using the sample 
population standard error as a measure of intrasample variability, a 
greater spread in individual ANSW is shown to be associated with 
intervals of positive PDO marked by weaker upwelling relative to 
negative PDO phases, when stronger upwelling occurs (R2 = 0.55, 
P < 0.005, Fig. 5 and Extended Data Fig. 5). Together, these proxy 
records corroborate that as upwelling weakens in the CCE during 
positive PDO phases, higher [CO3

2−] levels occur and during nega-
tive phases of the PDO, strengthened upwelling produces persis-
tently lower [CO3

2−] conditions.

implications for future ocean acidification
Our ocean acidifcation reconstruction indicates a significant long-
term decline in [CO3

2−] of 35% recorded for the central CCE over 
the twentieth century as a result of increasing concentrations of 
anthropogenic CO2 in seawater. Our ocean acidifcation record 
reveals considerable variability around this long-term trend, which 
we find to be significantly correlated with decadal-scale changes 
in upwelling strength associated with the PDO. This implies that 
over decadal timescales, the positive/negative phases of the PDO 
coincide with an overall elevated/reduced [CO3

2−] state as a result 
of shifts in upwelling strength. The relationship between the PDO 
and ocean acidifcation means that the anthropogenic acidification 
signal will be both amplified and alleviated in response to decadal 
shifts in the PDO phase, suggesting that that future progression 
of ocean acidification will be substantially modulated by large-
scale climate modes. While projections of [CO3

2−] are important 
for understanding how the system may progress in the future, our 
past record indicates that [CO3

2−] will not decline linearly and that  
climatic forcing will be important in the coming century.
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Methods
ANSW. While several shell weight size-normalization techniques used to estimate 
foraminiferal calcification and shell thickness exist, we chose to use ANSW, 
which uses individual (rather than bulk) population measurements28. This 
method is currently the most effective size-normalization technique (compared 
with measure-based weights and sieve-based weights) that best constrains shell 
thickness28,29. The inability to effectively size-normalize shell weight measurements 
results in datasets that are influenced not only by CO3

2− but also by temperature, as 
temperature results in larger and heavier shells but has no effect on shell thickness. 
See Osborne et al.29 for an in-depth discussion and review of previously published 
results for this species.

We aimed to pick 40 individual G. bulloides shells from the >150 µm size-
fraction of each sediment sample for ANSW analyses. On average, 35 individuals 
are included in each ANSW data point (maximum 40 and minimum 17 
individuals), representing a total of 1,870 analysed shells included in this dataset. 
Individual G. bulloides shells with abnormally formed shells or visible clay and/or  
organic material were excluded from our analyses, as these characteristics could 
effect weight and area measurements. The presence of an encrusted cryptic 
morphospecies of G. bulloides has been documented in the Santa Barbara 
Channel51–53. Further investigation indicated that the less-abundant and cool-
water-loving ‘encrusted’ morphospecies calcifies and fractionates stable carbon 
and oxygen isotopes differently to the more-abundant ‘normal’ morphospecies29,51. 
Owing to the offset in ANSW and the intention to use these G. bulloides shells 
for later stable isotope analyses, morphometric measurements collected during 
ANSW processing are also used to identify and remove encrusted individuals from 
our sample populations (refs. 29,54). The species-specific ANSW response of the 
normal G. bulloides morphospecies to ambient [CO3

2−] has been constrained using 
individuals collected in the SBB by a sediment trap time series (equation (2)).  
Stable isotope results from this 3.5 yr sediment-trap analysis indicate that, on 
average, G. bulloides calcifies in the 40 m depth range, although seasonal variability 
in depth habit does occur in association with upwelling.

While there can still be a considerable amount of variability within a 
single sediment sample, statistical analyses by Osborne et al29. demonstrate the 
asymptotic nature of the per cent error as a function of the numbers of individuals 
used in an ANSW measurement. These results suggest that a pool of 30–40 
individuals represents a high degree of confidence when using a mean area density 
value to represent the population mean. Each shell is individually weighed in a 
copper weigh boat using a high-precision microbalance (Mettler Toledo XP2U, 
±0.43 µg) in an environmentally controlled weigh room. Next, each individual 
is photographed positioned umbilical side up using a binocular microscope 
(Zeiss Stemi 2000-C) fitted with a camera (Point Grey Research Flea3 1394b). A 
microscopic imaging program (Orbicule Macnification 2.0) was used to analyse 
shells photos for length (Feret diameter) and the two-dimensional surface area 
or silhouette. Macnification 2.0 program the RGB images to calculate a region of 
interest and generates an outline of the shell image, which is then used to estimate 
a pixel two-dimensional area. Pixel measurements are converted to lengths (µm) 
and areas (µm2) by calibrating an image of a 1 mm microscale taken at the same 
magnification and working distance as the shell photos. Individual shell weights 
were then divided by their corresponding areas and a mean ANSW value was 
calculated for each sample population. These ANSW values were then applied to 
the calibration relation relationship (equation (1)) presented by Osborne et al.29 to 
estimate [CO3

2−].

CO2�
3

� �
¼ ANSW� 4:19 ´ 10�5

� �
=1:92 ´ 10�7 ð1Þ

Age model development. Approximately 2 g from each sample were freeze-dried 
and used for radioisotope measurements. Wet weights (recorded before freeze-
drying) and dry weights were used to estimate the sample porosity and correct 
for compaction. Freeze-dried sediments were ground, loaded into counting vials 
and sealed with epoxy for 3 weeks before counting. Each sample was measured 
(3–5 days) for 210Pb, 214Pb and 137Cs via gamma-decay counting using a high-purity 
germanium well detector55.

The excess 210Pb (210Pbex), reflective of atmospheric deposition, rather than 
supported 210Pb (210Pbsupp) from the decay of 226Ra, was determined by subtracting 
the activity of 214Pb (assumed to be in secular equilibrium with 210Pbsupp; mean 
3.7 dpm g−1) from the activity of 210Pb. The exponential decay of 210Pbex observed 
in the core sediments (Fig. 3) was used to determine ages for the core using a 
combination of constant initial concentration (CIC) and constant rate of 210Pb 
supply (CRS) models. An offset of approximately ±1 yr was observed between 
models. Using these age constraints, an average sedimentation rate of 0.43 cm yr−1, 
and an average mass accumulation rate of 5.84 g cm−2 yr−1, were determined 
for the core. The sedimentation rate determined from the 210Pbex is relatively 
uniform over the entire 0.5 m core and is also in good agreement with previously 
determined radioisotope chronologies for the SBB56–58. The increase in 137Cs activity 
at 19 cm (Fig. 3) is used as an independent age marker horizon for the year 1964, 
and represents the peak in radioactive fallout from atmospheric nuclear bomb 
testing59,60. The depth of the 137Cs spike was shallower than expected using both the 
CRS and CIC models when assuming a 2012 collection year as the core-top age.  

We therefore conclude that the upper several centimetres of sediments were 
not preserved when this box core was collected. As such, we applied a 6 yr age 
correction, which is also used as the age error estimate, and anchored the 19 cm 
137Cs spike to a depositional year of 1964. These age constraints indicate that the 
0.5 m core extends back to ~1895 and that the uppermost sediments contained in 
the core represent the year ~2006.

CCE marine carbonate system model simulation. The model-based estimates 
of the progression of the [CO3

2−] in the SBB stem from the simulations described 
in detail by Turi et al.20. Annual mean data were extracted from the model at the 
four nearest gridpoints to the location of the core from various depths (0 m, 30 m, 
and 50 m). The model is based on the UCLA-ETH version of the Regional Oceanic 
Modeling System61, and includes a nitrogen-based nutrient–phytoplankton 
zooplankton–detritus model62 that was extended with a carbon module63,64. The 
CalCS model setup employed here has a horizontal resolution of 5 km and 34 levels 
in the vertical, spans the entire US coast from about 30° N to 50° N and extends 
more than 1,300 km into the Pacific. The hindcast simulation (1979–2012) was 
forced at the surface with fluxes of heat and freshwater from ECMWF’s ERA-
Interim reanalysis65. The boundary conditions at the lateral boundaries of the 
model consisted of a combination of climatological fields based on observations 
and time-varying anomaly fields derived from a global hindcast simulation with 
theNCAR CCSM3 model66. The evaluation of the model simulated pH and Ωarag 
with observations revealed that the model is capturing the large-scale offshore 
and depth gradients very well, but that it has a slight positive bias in the nearshore 
regions north of Point Conception22. Owing to the lack of in situ measurements 
from the SBB, no assessment could be undertaken in this part of the CalCS, but the 
comparison with the time-series records from Santa Monica Bay67 suggests a slight 
overestimation of the modelled pH and Ωarag in the upper ocean.

Stable isotope measurements. At least 100 µg (30–40 individuals) of G. bulloides 
used for ANSW analyses were pooled to measure the stable δ18O and δ13C isotopic 
compositions. Foraminifera were cleaned for 30 min in 3% H2O2 followed by a 
brief sonication and acetone rinse before analysis. Stable isotope measurements 
were carried out on an Isoprime isotope ratio mass spectrometer equipped with a 
carbonate preparation system. The long-term standard reproducibility is 0.07‰ 
for δ18O and 0.06‰ for δ13C. Results are reported relative to the Vienna Pee Dee 
Belemnite.

Marine carbonatesystem calculations. Carbonate system variables for the 
historic record were determined using the CO2Sys Program (version 2.1). TA 
and DIC were used as master input variables (equations (2) and (3)) and in situ 
measurements of sea surface temperature and salinity as input conditions when 
data are available (Shore Stations Program). Sea surface salinity measurements 
from the Scripps Pier (1916–present) located just south of our study region and 
sea surface temperature measurements from the SBB (1955–present) were used 
for our calculations. A comparison of more recent salinity measurements from 
the SBB and Scripps Pier indicate that salinity values in these two regions are 
comparable. For the period 1916–1954, when SST was not measured in the SBB 
but was measured at Scripps Pier, we use an average offset between the overlapping 
periods of these datasets (1955–1900) to extrapolate an SST for the SBB. For the 
period 1900–1916 when there is no hydrographic data available, we use the time-
integrated relationship for temperature and salinity to estimate these parameters.

We solve for our input master variables (TA and DIC) by coupling proxy 
[CO3

2−] estimates and a salinity-based estimate of TA34. Although this salinity–
alkalinity relationship was derived using carbonate system measurements for 
the coastal Oregon CCE, a compilation of CalCOFI data from the SBB yields a 
relationship that is within error of the published Fassbender et al34. dataset. We also 
incorporate total boron into our estimate of TA, which was determined using the  
R program seacarb (Total Boron Package68). To estimate DIC, we sum the estimated 
[CO3

2−] with the derived [HCO3
−] and assume that any concentration of CO2 is less 

than 1% of DIC (ref. 69; equation (3)).

TA ¼ HCO�
3

� �
þ 2 CO2�

3

� �
þ B OHð Þ�4
� �

ð2Þ

DIC ¼ HCO�
3

� �
þ CO2�

3

� �
ð3Þ

Data availability
The authors declare that the data supporting the findings of this study are available 
within the article. New data generated as a part of this study have been made 
publicly available via PANGAEA (PDI-21505; https://doi.pangaea.de/10.1594/
PANGAEA.909101). Additional data related to this study are available from the 
corresponding author on request. Publicly available data used in this study are 
described below. Carbonate chemistry measurements made within the SBB were 
collected seasonally by the California Cooperative Oceanic Fisheries Investigations 
time-series (CalCOFI; http://calcofi.org/) and during several NOAA West Coast 
Ocean Acidification Cruises (WCOA; https://www.nodc.noaa.gov/ocads/oceans/
Coastal/WCOA.html). Observational data from the Hawaii Ocean Time-series 
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program (HOT; http://hahana.soest.hawaii.edu/hot/) were also used. Shore Station 
Data (salinity; https://shorestations.ucsd.edu/shore-stations-data/) were used for 
carbonate system calculations.
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Extended Data Fig. 1 | scanning Electron Microscope images of the study species, G. bulloides. B. G. bulloides shell with its final chamber broken showing 
a cross-sectional view of the shell wall, the key morphometric used in this study to estimate [CO3

2−]. Shell wall thickness is indirectly estimated by 
measuring area normalized shell weight (ANSW: shell weight (μg) / 2-D surface area (μm2).
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Extended Data Fig. 2 | Bathymetric map of the santa Barbara Basin. The location of the box-core (red circle) used for the down-core reconstruction 
as well as the sediment trap (yellow triangle) and hydrographic sampling location (Plumes and Blooms Project Station 4; orange square) used in the 
calibration portion of the study29.
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Extended Data Fig. 3 | Down core trends in G. bulloides weight (not size-normalized) and δ18O. The increasing shell weight over the down core record 
coincides with a decline in δ18O (note inverted axis), which represents an increase in temperature. This comparison provides a visualization of the 
importance of using size-normalized shell weights to estimate changes in calcification and shell thickness. Results from this study show that while overall 
shell weight and shell size are increasing as a result of warming temperatures, shell thickness is declining as a result of reduced [CO32-].
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Extended Data Fig. 4 | The long-term shift in G. bulloides shell diameter increases in concert with warming sea surface temperatures. B. We compare 
the relative changes that are recorded G. bulloides δ18O to a Northern Hemisphere Temperature anomaly for the 1900–2000 period and see a good 
agreement between temperature trends recorded in these records (Jones et al., 2013). C. We also compared G. bulloides δ18O to in situ sea surface 
temperature (SST) measurements made in the Santa Barbara Basin (SBB; 1955-Present; Shore Stations Program) and see an excellent agreements 
between sea surface temperature and the δ18O recorded in our G. bulloides shells.
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Extended Data Fig. 5 | Time-series correlations between Pacific Decadal Oscillation index and the detrended proxy-[CO3=] and ANsW sample 
standard error. Corresponding values were compared at 5-year time steps due to difference in time resolution across records. An independent t-test was 
conducted to compare both detrended proxy-[CO3=] and area-normalized shell weight standard area (a measure of sample variability) to the Pacific 
Decadal Oscillation Index. Highly significant correlation coefficients exist between PDO and the respective variables p<0.005) and the results of a paired 
t-tests for both records are highly significant (p<0.005), further confirming significance of the relationships.
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• Coastal habitats with the steepest ocean
acidification gradients are most detri-
mental for larval Dungeness crabs.

• Severe carapace dissolution was ob-
served in larval Dungeness crabs along
the US west coast.

• Mechanoreceptors with important sen-
sory and behavioral functions were
destabilized.

• Dissolution is negatively related to the
growth, demonstrating energetic
trade-offs.

• 10% dissolution increase over the last
two decades estimated due to atmo-
spheric CO2.
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Ocean acidification (OA) along the USWest Coast is intensifying faster than observed in the global ocean. This is
particularly true in nearshore regions (b200m) that experience a lower buffering capacitywhile at the same time
providing important habitats for ecologically and economically significant species. While the literature on the ef-
fects of OA from laboratory experiments is voluminous, there is little understanding of present-day OA in-situ ef-
fects on marine life. Dungeness crab (Metacarcinus magister) is perennially one of the most valuable commercial
and recreationalfisheries.We focused on establishingOA-related vulnerability of larval crustacean based onmin-
eralogical and elemental carapace to external and internal carapace dissolution by using a combination of differ-
ent methods ranging from scanning electron microscopy, energy dispersive X-ray spectroscopy, elemental
mapping andX-ray diffraction. By integrating carapace featureswith the chemical observations and biogeochem-
ical model hindcast, we identify the occurrence of external carapace dissolution related to the steepest Ω calcite
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gradients (ΔΩcal,60) in thewater column. Dissolution features are observed across the carapace, pereopods (legs),
and around the calcified areas surrounding neuritic canals of mechanoreceptors. The carapace dissolution is the
most extensive in the coastal habitats under prolonged (1-month) long exposure, as demonstrated by the use of
themodel hindcast. Suchdissolution has a potential to destabilizemechanoreceptorswith important sensory and
behavioral functions, a pathway of sensitivity to OA. Carapace dissolution is negatively related to crab larval
width, demonstrating a basis for energetic trade-offs. Using a retrospective prediction from a regression models,
we estimate an 8.3% increase in external carapace dissolution over the last two decades and identified a set of af-
fected OA-related sublethal pathways to inform future risk assessment studies of Dungeness crabs.

© 2020 Elsevier B.V. All rights reserved.
Global climate change
Ocean acidification
Exoskeleton structure
Dissolution
Mechanoreceptor damage
1. Introduction

Since the pre-industrial era, anthropogenic CO2 uptake along the US
West Coast have resulted in rapid intensification OA rate on a global
scale (Chavez et al., 2017; Feely et al., 2016), resulting in lower carbon-
ate conditions compared to the pre-industrial times. This is because of
the low regional buffering capacity, which contributes to low pH and
carbonatemineral saturation states for both aragonite (Ωara) and calcite
(Ωcal) (Feely et al., 2018). These changes in carbonate chemistry have
resulted in substantially reduced habitat suitability for marine calcifiers
(Bednaršek et al., 2014; Somero et al., 2015). These findings are sup-
ported by the field and synthesiswork along the North American Pacific
demonstrating that calcifying invertebrates will be the ones most im-
pacted by progressive OA (Bednaršek et al., 2017; Busch and
McElhany, 2016). Apart from evidence of OA impacts on pteropods
and other calcifiers caused by the lowΩara conditions in upwelling sys-
tems (Bednaršek et al., 2014, 2017) and around CO2 vent seeps and sites
(Manno et al., 2019; Tunnicliffe et al., 2009), there is limited under-
standing of present-day OA effects on marine life in situ. That is espe-
cially relevant for the crustaceans since they were considered less
sensitive toOAparameters (like pCO2 or pH) after studies demonstrated
their capacity to abate initial hypercapnia and to buffer extracellular
acid-base disturbances (Melzner et al., 2009; Pane and Barry, 2007)
with limited or no change in aerobic metabolism (Paganini et al.,
2014). However, restoring internal pH to sustain physiological and bio-
geochemical processes (Somero, 1986), typically requires activation of
buffering, which is energetically expensive process (Cameron, 1985;
Michaelidis et al., 2005). Recent experimental findings have demon-
strated increased sensitivity to OA-related stressors in crustaceans, es-
pecially in the early life stages that can be regarded as a potential
bottleneck for the population level responses (Schiffer et al., 2014;
Small et al., 2015). Regardless of the habitats that different species in-
habit, the studies investigating OA effect on larval stages reported
lower growth and decreased survival of blue crab (Giltz and Taylor,
2017), delayed metamorphosis in the stone crab (Gravinese et al.,
2018), changes in exoskeleton composition (Page et al., 2016) and de-
creased metabolisms in Tanner crabs (Long et al., 2016) and increased
energetic costs in the porcelain crab (Carter et al., 2013), while the
pre-larval of the Dungeness crab showed reduced survival and slower
progression through the development (Miller et al., 2016). With annual
revenues up to $220million (Hodgson et al., 2018; Pacific StatesMarine
Fisheries Commission, 2019), the Dungeness crab (Metacarcinus
magister) is one of the most valuable and recreational fisheries in the
US coastal waters. Terminal stage of pelagic Dungeness crab larvae
(megalopae) undergoes long distance transport along the north Pacific
coast of North America before settling in suitable benthic settlement
site (Shanks, 1995; Sinclair, 1988). Given their diel vertical migration
extends down to 60m depth (Hobbs et al., 1992),megalopae encounter
steep vertical pH, Ωcal gradients in coastal habitats; however, the dura-
tion and magnitude of their exposure to these conditions remains
largely unknowndespite the exposure history notably impacting organ-
ismal responses (sensu Bednaršek et al. (2017).

To start addressing potential OA vulnerability of the pelagic
Dungeness larvae in situ, their spatial distribution must be paired with
in situ exposure history (as defined in Bednaršek et al., 2017), under-
standing of their physiological susceptibility and their structural and
mineralogical features. In regards to the later, surprisingly little is
known about these features that can predispose an individual to exten-
sive exoskeleton dissolution if the conditions in the external environ-
ment are conducive for it. In addition, for detecting environmental
clues, the decapod exoskeleton contains elongated hair-like structures
called setae, which are important chemo- and mechanoreceptors in-
volved in sensory and behavioral responses. While the lipoproteic
epicuticle-covered exoskeleton consists of two cuticular mineral car-
bonate layers (Chen et al., 2008) (i.e., the outer exocuticle and the
inner endocuticle) in the Dungeness crab adults such structure or its
composition is completely unknown for the larvae.

This interdisciplinary study integrates physical, geochemical, biolog-
ical, and modelling components across the individual and population-
level parameters. Identification of the carapace crystallinemineralogical
and elemental composition provided an understanding behind the ex-
tensive exoskeleton dissolution and mechanoreceptor damage. The lat-
ter was linked with the chemical observations made along the North
American West Coast to identify the drivers and OA hotspots of in situ
megalopae vulnerability. The biogeochemical model hindcast was
used to determine the impact of in situ exposure history in the coastal
habitats.

2. Materials and methods

2.1. Carbonate chemistry, sampling and analyses

For the purpose of this study, the NOAAWest Coast Ocean Acidifica-
tion (WCOA) cruise in May–June 2016 sampled conductivity, tempera-
ture, depth, and oxygen. Data on the conductivity, temperature, and
pressure of seawater (CTD) were collected along cross-shelf transects,
accompanied by biological stations with vertical sections of tempera-
ture (T), salinity, nutrients, oxygen, chlorophyll-a (chl-a), dissolved in-
organic carbon (DIC), total alkalinity (TA), spectrophotometric pH
(measured at 25 °C and corrected to in situ temperatures, and expressed
on the total pH scale, subsequently expressed pHT). pCO2 and calcite sat-
uration state (Ωcal) were calculated using CO2SYS as described by Feely
et al. (2016) and Bednaršek et al. (2012). Larvae were collected using
Neuston and Bongo nets with a mesh size of 333 μm, which were de-
ployed in an oblique manner at 10 stations during the night in the
upper surface waters, an area that encompasses the nocturnal vertical
habitat of larval Dungeness crabs of the upper 60 m (Hobbs et al.,
1992; Morgan, 1989), with the following environmental parameters
along the vertical habitat (Table S1). The duration of tows was
15–20 min. Megalopae were identified and then stored in 100% non-
denatured ethanol, and also flash-frozen at−80 °C for later comparison
of two different preservation methods.

2.2. Using SEM methods to detect and evaluate carapace dissolution

Megalopae carapaces were investigated using a combination of dif-
ferent methods: 1) scanning electron microscopy (SEM; Hitachi Phe-
nom, USA) to determine potential structural changes on the cuticular
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surface; 2) energy dispersive X-ray spectroscopy (EDXS at the Univer-
sity of Washington) for mineralogical composition; 3) elemental map-
ping; and X-ray diffraction (University of Washington and Max Planck
Institute) for elemental content across mostly lipoproteic carapace
(Fig. S1, Fig. 1). Here, we define exoskeleton as the cuticle covering
the dorsal part of the carapace of the larval crab, and five pereopods,
with chelae. The carapace epicuticle, which otherwise overlies the crys-
talline layer and makes dissolution observations impossible, was re-
moved from each megalopa prior to analysis. This was accomplished
using sodium hypochlorite, which efficiently removes the epicuticle
but does not damage the crystalline layers underneath, even at high
concentrations (Bednaršek et al., 2012). On the samples with no hypo-
chlorite treatment, the epicuticle covered the crystalline layer so no in-
vestigation of dissolution was possible. Therefore, we tested different
concentrations and duration of hypochlorite treatment on the individ-
uals from the same station to ensure that we fully removed the epicuti-
cle, without triggering dissolution of the calcite crystalline layers
beneath it. The combination of 1 and 3% sodium hypochlorite with 15,
30, and 120 min treatments only partially removed the epicuticle,
while 6% hypochlorite treatments for 4 and 6 h were effective in epicu-
ticle removal, without inducing additional dissolution at the longer
duration.
Fig. 1. The cross sections of the Dungeness crabmegalopae. Left panel (a): cross section of carap
endo-cuticle (6). Right panel (b): distribution of various elements (C-carbon-a; N-nitrogen-b; S
calcium-h). The more intense colors depict higher elemental concentration. Spectrum and % con
(a) coincide with the numbers in (b) that indicate the position within the carapace.
To determine the treatment does not induce any damage, we have
tested the individuals from the same stations with different combina-
tion of treatments.We assumed the similarity of exposure history of in-
dividuals within the same stations (see modelling section). The results
of no difference in dissolution under the different combination of con-
centration/duration of treatment combination was a confirmation that
the treatment did not induce any additional damage, and thus did not
confound our field observations.

We determined 6% hypochlorite for 3–4 h to be an efficient and ef-
fective treatment, similar to the treatment previously described for
the removal of the periostracum in pteropods (Bednaršek et al., 2012).
After soaking in sodium hypochlorite, samples were rinsed several
times in Millipore water to remove any organic matter remaining on
the surface of the exoskeleton. It is important to note that when exam-
ining the presence of setaewithin the neuritic canals, we did not use any
treatment in order to avoid anymethodological artifacts.When examin-
ing the internal area of the cuticle, we avoided examining the proximity
of the gills given that dissolution could be impacted by the processes
around. To quantify the dissolution of internal carapace cuticle, the pe-
reopods and soft tissue of larvae were gently removed from the rest of
the body andwashed inMilliporewater to remove any remaining tissue
or organics before treatmentwith sodium hypochlorite. Each of the five
ace (with increasing numbers describing the transition from the thinner exo- (1) to thicker
r2+- strontium-c; Mg2+- magnesium-d; P-phosphor-e; S-sulphur-f; K-potassium-g, Ca2+-
tent of selected elements in either carapace or pereopod exoskeleton (a). The numbers in
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pereopod cuticle was examined across the proximal and distal ends,
with particular focus on chelae (Fig. S2). SEM was used to evaluate the
extent and severity of dissolution. We focused on three distinct fea-
tures: ridging structures, dissolution around setae, and exposed calcite
crystals (Fig. S2, S3).

For estimating the various body parameter change (inmm) of larvae
across various vertical OA gradients, we havemeasured carapace length
(CL), total length from rostrum to telson (TL), length from rostrum to
dorsal carapace spine (R-DCS), and carapace width (CW). The CW is
the most commonly used parameter by various US federal agencies
along the US West Coast to regulate crab management catch efforts
(Davis et al., 2017). Here, we assume that all the larvae were released
at the same time to allow for body parameter comparisons across differ-
ent stations. Using the methodology to characterize the megalopae
stages by González-Gordillo et al. (2004), we determined that all
megalopae were in the intermolt stage, except for those from Station
115, which were transitioning into the premolt stage. We excluded
the results of the internal dissolution observations from this station in
case promoting process changed any features on the internal side that
could bias accurate dissolution assessment.

2.3. Semi-quantitative dissolution assessment

Altogether, we analyzed 50 individuals from 10 environmental
stations across OA-related vertical gradients of varying strength.
We used 3–5 individuals per station to determine dissolution extent
of the external side of carapace cuticle, as well as the cuticle of the
pereopods. We used an additional 2–3 individuals per station to an-
alyze the internal side of the cuticle. Approximately 10–20 SEM im-
ages were produced per individual on the external and internal
sides, with the images being manually examined to detect any
signs of dissolution. For crystal exposure characterization, the same
categorization of dissolution conditions as previously described in
pteropods was used (Bednaršek et al., 2012). We identified three
major features of exoskeleton dissolution and developed a categori-
zation scheme for all three features, showing them in their intact
forms (Stage 0, Fig. S2) and progressively altered forms (Stage 1
and 2; Fig. S1; Table S2). These features differentiated damaged sur-
faces from the intact surfaces (Table S2). The cuticular surface of the
carapace and the pereopods under high Ωcal in situ conditions had a
smooth, sleek appearance (Fig. S2; Stage 0). At greater magnification,
individual calcite crystals were visible in these areas (Fig. S2). Signs
of dissolution tended to be more prevalent and more severe on the
surface immediately surrounding setae pores. Consequently, areas
around the setae were considered separately from the rest of the
exoskeleton. From these observations, a semi-quantitative scoring
metric was developed based on previous work on pteropods and
used to score the remainder of the samples. For each sample, the
three separate features (presence and depth of ridge structures, ex-
posure of individual calcite crystals, and the prevalence of dissolu-
tion features around setae pores) were each assigned a score. The
features were scored on a scale of 0 to 1 based on the severity of dis-
solution: intact exoskeleton with no dissolution received a score of
0; moderate dissolution received a score of 0.5; and substantial dis-
solution of all examined features was scored 1 (Figs. S1–S3). Since
the crab exoskeleton of the carapace and pereopod differ in their
chemical composition, these three areas were assigned separate
scores. Because of the surface analyses required separately for the
external and internal dissolution, both types of analyses could not
be conducted on the same individual. All three features displayed
similar trends, so the scores were averaged to unitless ‘relative disso-
lution’, describing internal and external dissolution. Observation of
setae presence/absence was included in the exoskeleton observation
under SEM on intact specimen before any preparation treatments
were conducted to eliminate the possibility of preparation steps af-
fecting setae presence or outrooting them from the carapace.
2.4. Mineralogical analyses

The mineralogy of selected megalopae was characterized using X-
ray diffraction (D8 Discover 2D; University of Washington, Seattle).
Prior to analysis, carapaces from five megalopae at each site were
coarsely crushed and treated for 10 min using a dilute (3%) sodium hy-
pochlorite solution to minimize interference from organic matter but
without compromising mineralized structures. Samples were dried
completely and then ground to a fine homogenous powder
representing the aggregate of the five individuals from each location.
Resulting diffractograms were compared to a catalog of mineral-
specific patterns to constrain the primary mineralogy of each sample.

2.5. Elemental analyses

We used energy-dispersive X-ray spectroscopy (EDXS) to estimate
elemental composition of the carapace and pereopod cross-sections
(N = 7) from samples across different natural OA vertical gradients
over spatial scales. For elemental analyses, we have not removed the
epicuticle from the samples. These gradients analyses were conducted
at Max Planck Institute for Marine Microbiology in Bremen, Germany.
Prior to analyses, we dehydrated samples using 100% ethanol and
dried them in a critical point dryer.We prepared the sections by fractur-
ing different carapace regions which was followed by the EDXS investi-
gations (Fig. 1).

2.6. Statistical analyses

Biologicalmeasurements fromDungenessmegalopae collected at 10
stations along the North American Pacific Coast (Fig. 2) were paired
with synoptic environmental data from CTD profiles. Environmental
data were summarized as depth-integrated averages from the surface
to the maximum depth of each CTD profile to characterize the exposure
conditions in the upper water column. In addition, ΔΩcal,60 was esti-
mated as the difference from the observed measurement at each
depth bin with that of the surface. This measurement characterized
the relative Ωcal gradients with increasing depth and accounted for dif-
ferences in the relative magnitudes of Ωcal between stations.
Chlorophyll-a observations were highly skewed and so were log-
transformed prior to analysis.

Biological responses included dissolution, body parameter, and
abundance with various environmental vertical gradients to identify
significant associations using generalized linearmodels. For comparison
of the biological data to environmental conditions, each depth bin for
the depth-integrated values was evaluated to identify at which depth
associations between biological response and selected environmental
variables were strongest. In addition, carapace dissolution was com-
pared to body parameters to characterize potential linkage between
the physiological parameters, growth, and population-level effects
(abundance). Comparisons of biological measures to each other were
also accomplished with generalized linear models.

Gaussian distributions were assumed for all response variable
models, excluding presence/absence, which was modeled using a bino-
mial logistic response curve. Models and individual parameters were
considered significant at α= 0.05. All models had N= 10 except pres-
ence/absence models with N = 24, which included additional stations
where tows were conducted but no crabs were found. Finally, all vari-
ables were evaluated together to identify pairwise associations using
Pearson correlation analysis and redundancy analysis (RDA) to charac-
terize how the biological response measures were jointly explained by
the environmental variables. For the latter analysis, all input data were
standardized to range from 0 to 1 to account for differences in scale be-
tween variables. The vegan package for the R statistical programming
language was used for standardization and RDA (Oksanen et al., 2019;
R Core Team, 2019).



Fig. 2. Interpolated pCO2,60 (a), ΔΩcal,60 (b) and chlorophyll (c) conditions in the onshore
and offshore habitats along theUSWest Coast in June 2016. pCO2 reflects the conditions at
60 m depth and ΔΩcal,60 indicates the difference between the surface and 60 m depth. c)
Chlorophyll distribution and concentration (chl-a; μg/L) demonstrate an order of
magnitude difference between the regional nearshore and offshore region. The numbers
indicate the stations at which the crabs were collected.
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For selected predictors, additional models were developed to evalu-
ate the additive effects of two predictors on dissolution. Backward
model selection was used to identify the most parsimonious model by
sequentially dropping individual predictors and comparing Akaike In-
formation Criterion values (AIC) (Akaike, 1973; Fox and Weisberg,
2011). This allowed us to determine if there was any additional power
in combining predictors to explain dissolution, or consequently, if
dissolution could be sufficiently explained using only one predictor.
For example, the ability of bothΩcal and chlorophyll to explain dissolu-
tion were evaluated to better understand the relative effects of both.

2.7. J-SCOPE model outputs of the larval exposure history prior to sampling

The Joint Institute for the Study of the Atmosphere and Ocean
(JISAO)’s Seasonal Coastal Ocean Prediction of the Ecosystem (J-
SCOPE, http://www.nanoos.org/products/j-scope/) features dynamical
downscaling of regional ocean conditions in Washington and Oregon
waters (Siedlecki et al., 2016). Model performance and predictability
examined for sea surface temperature (SST), bottom temperature, bot-
tom O2, pH, and Ωara through model hindcast, reforecast, and forecast
comparisons with observations, showing significant measurable skill
on seasonal timescales (Kaplan et al., 2016; Siedlecki et al., 2016;
Norton et al., in revision). Megalopae exposure histories were simulated
by releasing 100 representative particles,with verticalmigration behav-
ior over 60 m inserted into the predicted circulation field at each of the
in situ sampling locations and times, and then tracking them backward
in time for 30 d following methods described for pteropods in
Bednaršek et al., 2017, and for megalopae in Norton et al., in revision.
The vertical migration behavior was simulated using the LTRANSv2b
larval transport model (North et al., 2008, 2011; Schlag and North,
2012) that has recently been implemented in the J-SCOPE system and
adapted for megalopae (Norton et al., in revision).

3. Results

3.1. Elemental and crystalline characterization of the carapace

The compilation of our results demonstrate that the carapace is
highly mineralized and precipitated into a chitin-proteinaceous matrix.
XRD identify calcite as a primary polymorph in the carapace. Theminer-
alized exoskeleton of the megalopae intermolt stages consists of the
thinner exocuticle on the surface that is b2–3 μm thick, and the thicker
and more compact endocuticle underneath (Fig. 1) of approximately
6–7 μm,with the combined thickness up to 10 μm. The carapace surface
is extensively coveredwith setae that are rooted in the calcified neuritic
canals eachwith an average of about 5 μmsurface opening (Figs. S2 and
S3). EDXS investigations characterized detailed elemental structure
with average Ca2+ content of 28% in the carapace and pereopods, with
much higher Ca2+ found within in the mid layer and the endocuticle
(higher than 50%) compared to b20% found in the exocuticle (Fig. 1).
The carapace endocuticle contains also a high concentration of Mg2+

with some areas of the carapace exceeding 5% content, categorizing it
as a more soluble high-Mg calcite. In addition, the internal side contain
high concentrations of phosphorus (up to 6%) and strontium (up to 2%)
on the inner endocuticle (Fig. 1). The percentage of different dissolution
features is similar between the carapace and the pereopods, however
with much less variation in all elements between the carapace and pe-
reopods (Fig. S1). This elemental composition indicates that other crys-
talline forms of carbonate could be precipitated into a chitin-
proteinaceous matrix, such as an amorphous calcium carbonate (ACC)
crystalline layer, but themethods used were not suitable for ACC detec-
tion. The strong presence of autofluorescence prevented more precise
detection of any other crystalline forms, despite extensive use of
Raman spectroscopy for this purpose. Nevertheless, such elemental
structure resembles a layer of ACC with Mg2+, phosphate and
carbonate-rich phase, or ACC with magnesian calcite, as previously
demonstrated in the edible crabs Cancer pagurus (Fabritius et al., 2012).

3.2. Megalopae habitat characterization with strong vertical and spatial
Ωcal vertical gradients

Crab megalopae were found in both outer-shelf, slope, as well as
nearshore (b200 m depth) habitats, with distinctly different vertical

http://www.nanoos.org/products/j-scope/


Fig. 3. Correlation matrix of environmental variables with biological endpoints for
Dungeness megalopae: (a) Darker green values are strong positive correlations and
darker purple values are strong negative correlations, while dimmer green and purple
indicate weaker correlations; and b) Redundancy analyses (RDAs) for environmental
variables used in the analyses with crab biological measurements (internal and external
dissolution, carapace width). (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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environmental gradients in the upperwater column. Due to the upwell-
ing of deeper, colder, CO2-richwaters in the near-shore and coastal hab-
itats, steep gradients in low pH and Ωcal values were observed. In
comparison, offshore regionwere characterizedwithmore uniformver-
tical gradients with lower vertical difference were over the same depth
interval (Fig. 2). Pronounced steep OA-related vertical habitatswere ob-
served in the upper 60 m of the water column, here represented as the
difference between the surface and 60 m depth (ΔΩcal,60 or ΔpH60),
which is within the lower range of megalopae diel vertical migration
habitat. Among all tested depths, statistical models comparing biologi-
cal responses (e.g. exoskeleton dissolution, body parameters, abun-
dance) with environmental conditions had the strongest associations
using the 60m vertical depth integrated value (e.g., external dissolution
on body parts vs. ΔΩcal had the highest R2 = 0.821 at 60 m). Hereafter,
all environmental data are reported using the 60 m depth integrated
values. Coastal conditions recorded near-saturation Ωcal values down
to 1.4, pH down to 7.48, and pCO2 up to 910 uatm (Table S1; Fig. 2).
There were no observations of Ωcal b 1 or hypoxia, with similar oxygen
ranges observed in the onshore and offshore regions, while average
temperature thatwas by about 1.3 °Cwarmer offshore. Food availability
was an order of magnitude higher in the onshore regions compared to
offshore, with the highest chl-a values recorded at 25 μg/ L (Fig. 2).

Multiple environmental parameters co-varied (Fig. 3a) as observed
in the RDAplot at 60mdepth (Fig. 3b). The first two axes of the RDA ex-
plained approximately 90% of the variation among the biological and
environmental parameters. The first RDA axis was characterized by a
ΔΩcal,60 vertical gradient and external dissolution, with both having
negative loadings along the RDA1 axis. Carapace width was negatively
correlated with ΔΩcal,60, whereas external dissolution was positively
correlated, suggesting that larger individuals had less dissolution and
were associated with lower gradients in ΔΩcal,60. While OA parameters
(pCO2, pH) were all correlated as indicated by alignment with the sec-
ond RDA axis, the collinearity with temperature was not significant.
We found less collinearity among the environmental parameters re-
lated to the 60 m vertical gradients, such as ΔΩcal,60, ΔO2,60, and ΔT60.
Here, we focused on themechanistic drivers that are explicitly involved
in the external dissolution processes, we have examinedΔΩcal,60 in how
it relates to external dissolution. Similarly, internal dissolutionwas neg-
atively correlated with pCO2 along the second axis with slightly higher
loading along the RDA1, and also slightly negatively related with in-
creased temperature. The implications of this association and how
they related to model output (Fig. 7) will be explained below.

3.3. Megalopae carapace dissolution and reduced width as responses to
variable OA parameters across vertical scales

Dissolution assessment on the external surface of the exocuticle and
internal surface of the endocuticle of the megalopa's carapace and pe-
reopod exoskeleton, was conducted only after confirming that sample
preservation did not impact dissolution patterns, i.e. samples preserved
in ethanol vs. flash frozen did not exhibit any significant difference in
their dissolution features. Using a novel categorization scheme to
semi-quantify dissolution features, including ridging structures, dis-
solved areas around neuritic canals, and exposed calcite crystals
(Figs. 4, S1 and S2; Table S2), the individuals demonstrated various ex-
tents of these features present on the external side of the carapace and
the pereopod exoskeleton (Fig. S2 and S3). On the carapace, the front
and outer surfaceswere themost affected (Figs. 4 and S3). On thepereo-
pod exoskeleton, the thoracic segments and chelae had themost severe
dissolution, while the distant parts were less affected (Fig. S3). On all of
the examined individuals with external dissolution, we also found evi-
dence for internal endocuticle dissolution, which was, on average, ap-
proximately half that observed on the external exocuticle surface.

Average dissolution on the exocuticle showed the strongest linear
dependence with ΔΩcal,60 (Fig. 5; R2 = 0.866, p b .001), demonstrating
that the habitats with the steepest 60m vertical gradients results in the
most damaged organisms. Because of the topographic features, there is
a spatial variability related to the occurrence of the steepestΔΩcal,60 gra-
dients, meaning that the lowest exoskeleton dissolution does not al-
ways correspond to the offshore gradients.

The internal dissolution showed the most robust evidence, though
not statistically significant, of correlation with pCO2 values (Fig. 5; R2

= 0.406, p = .065) and negative marginal significance with tempera-
ture (R2 = 0.435, p= .053). The internal dissolution rapidly intensified
beyond pCO2 N 500 μatm (Fig. 5b), with this being a robust threshold.
There was no significant correlation between internal and external dis-
solution (Fig. 5; p = .18), suggesting decoupling of the two processes.
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At sites with a small ΔΩcal,60, the external surface of the carapace was
characterized by predominantly smooth surfaces, the absence of dissolu-
tion, and the presence of setae (Figs. 7 and S2). Ridging features were
present on all examined carapaces but significantly increased at the sta-
tions with the greatest ΔΩcal,60 difference (Figs. 4 and 5). This presence
of ridging features co-occurred with the increased occurrence of crystal
exposure, ranging from increased porosity (Stage 1) to exposed crystals
(Stage 2) at the sites with lower ΔΩcal,60 difference, and deeper-
protruding dissolution at the sites with greater ΔΩcal,60 difference
(Stage 2). Using image analysis, the depth of ridging structures was esti-
mated at approximately 2 μm, around 25% of the cuticle thickness. Given
the exocuticle thickness of 2–3 μm, the dissolution extended into the
endocuticle (Fig. 6). The extent of dissolution on pereopod exoskeleton
was comparable with the external dissolution, especially at the higher
dissolution values (Fig. S5; R2= 0.65; p= .0047, slope=0.901), indicat-
ing that both features were reliable metrics for dissolution assessment.

There was a distinct pattern of severe dissolution specifically devel-
oped around the calcified neuritic canals (Fig. 6). Inmegalopae collected
at inshore stations (b200mbottomdepth), the carapace surface around
the neuritic canals was markedly dissolved (Stage 2), and mechanore-
ceptors were often absent. Dissolution around the neuritic canals ap-
peared to alter the morphology of the setae (Fig. 6). Setae edges were
partially collapsed at the places where the mechanoreceptors are an-
chored in, with the initial ridging features around the canals
degenerated into severely dissolved surfaces at the more intense
ΔΩcal,60 values (Fig. 6). On the megalopae from offshore stations with
a smaller ΔΩcal,60 the mechanoreceptors were present with no damage
around the neuritic canals and less severe dissolution.Within the region
of altered setae, dissolution up to 2–3 μmaround the setae (Fig. S4) was
accompanied by significant canal deformation. This deformation ap-
pears to destabilize the attachment of the setae anchor, resulting in
the setae ‘outrooting’. In some of the calcified neuritic canals, we
noted the absence of setae but have not yet quantified the frequency
of this occurrence.
Fig. 4. External carapace and pereopod exoskeleton of the Dungeness crab megalopae (a) in it
severe (Stage 2; e, f) patterns showing similarity in the structural damages (g) or exposed cr
originated from the offshore or northwards habitats characterized by low ΔΩcal,60 vertical gra
habitats with steep ΔΩcal,60 conditions. See more detailed explanation of the exoskeleton disso
To examine whether external or internal dissolution affects or-
ganismal or even potentially population-level metrics, dissolution
measures were compared to megalopae body parameters and
abundance. Here, we made an assumption that all the larval were
released at the same time to be able to compare different length pa-
rameters. We detected a significant negative correlation between
external dissolution and width, as indicated by reduced individual
carapace width (CW; F = 18.61, R2 = 0.823, p = .013 for the re-
gression of CW against external dissolution on body parts; F =
5.3, R2 = 0.57, p = .08 for the regression of CW against all external
dissolution; Fig. 5d), which is particularly strong in the coastal sta-
tions. This demonstrates that external OA-related exposure can in-
directly result in reduced larval width. Carapace width was
strongly oriented along the first RDA axis (Fig. 3), while being or-
thogonal to internal dissolution and directly opposed to external
dissolution. The latter aligns with previous findings that internal
dissolution is uncoupled from carapace width (linear model p N

.05), whereas external dissolution is significantly associated with
carapace width (RDA plot). Other length-related parameters (CL,
R-DCS, TL) were not affected by OA parameters, demonstrating
that only specific body parameters, i.e., width are affected at more
severe ΔΩcal,60 vertical gradients.

On the higher, population-level response, only chl-a was found
to be a significant driver. Abundance was positively correlated
with chl-a at 60 m depth for both onshore and offshore habitats
(R2 = 0.327; p = .008). None of the other environmental parame-
ters had a significant impact. However, in shallow coastal habitats
with depth b 30 m, temperature was negatively related to larval
abundance (for temperature at 10 m, R2 = 0.241; p = .02; F =
6.56), although chl-a remained the dominant driver. In addition,
neither carapace dissolution nor the width was related to larval
abundance, suggesting decoupling of individual- and population-
level effects of environmental conditions on larval Dungeness dur-
ing the present day.
s undamaged form (b, c) and with dissolution presence ranging from mild (Stage 1; d) to
ystals (h). Indicated is the scale of the measurements (μm). The undamaged megalopae
dients, while the most severely affected megalopae came from the nearshore or coastal
lution in the Supplementary Figs. S2, S3.



Fig. 5. Estimated linear relationships between ocean-acidification conditions and dissolution. Specifically for a) ΔΩcal,60 and relative external dissolution (R2 = 0.87; p b .001) with the
equation of relative external dissolution = 0.181*ΔΩcal,60 + 0.215; b) Depth-integrated pCO2,60 and relative internal dissolution (R2 = 0.41; p = .064); c) Comparison of the relative
external and internal dissolution (R2 = 0.24; p = .18); and d) Relative external dissolution and carapace width (R2 = 0.57; p = .08). Dotted lines show the linear regression fit
between all points. The solid line in (c) is the 1:1 line and the green line in (d) is the regression fit only through the onshore points. See methods for explanation of the term relative
dissolution. Carapace width is in mm. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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3.4. Megalopae exposure history to coastal OA conditions during the month
prior to sampling

Particle back-tracking results with simulated vertical migration be-
tween the ocean surface and 60 m depth over a 30-d period from the
J-SCOPE simulations showed that megalopae that were released in
coastal habitats (b200 m), remained in coastal habitat for nearly a
month of simulation regardless of their position in the domain
(Fig. 7). This retention results in extended exposure to steeper coastal
vertical gradients in OA conditions (Fig. 2), and consequently, more in-
tense dissolution (Fig. 5).
4. Discussion

To our knowledge this is the first time that OA-related dissolution of
calcite structures in situ has been demonstrated for crustaceans. Our re-
sults indicate that it is the exposure to both parameters,ΔΩcal,60 (i.e. the
difference in calcite saturation depth between the surface and 60 m
depth) and pCO2, set up by as well as prolonged (b1 month) retention
in the coastal waters that characterizes the suite of in situ parameters
determining the larval crab vulnerability. This primarily demonstrates
that it is not just the mean state OA conditions, but also the vertical dif-
ference in the water column that can induce negative biological re-
sponses. Using a retrospective prediction from a regression model
(Fig. 5a), we estimate an 8.3% increase in the extent of external carapace
dissolution over the last two decades. This post-hoc estimate was based
on a ΔpH changes of 0.02 unit per decade (Carter et al., 2018), compar-
ing current averagewith the extent of dissolution predicted fromour re-
gression model based on the in situ observations (Fig. 5a with the
equation in the figure content) by using the estimated pH conditions
two decades prior. This is a reasonable estimate since ΔΩcal,60 is highly
correlated with ΔΩpH,60 (F = 204.3, R2 = 0.96, p b .001, Fig. S6).

What makes this OA-dependent dissolution of megalopae particu-
larly relevant is that the crab samples originated in the supersaturated
conditions with respect to calcite (the lowest Ωcalc = 1.41). Since the
dissolution reported in other calcifiers has been demonstrated above
Ωara of 1.4–1.5 (Bednaršek and Ohman, 2015; Bednaršek et al., 2016),
we conclude that exoskeleton dissolution is initiated at higher ΔΩcal,60

than predicted based on thermodynamic principles alone. Furthermore,
using exposure metrics based on the biogeochemical model output
demonstrates that 1-month long exposure in coastal habitats with
large ΔΩcal,60 values can result in significantly more dissolution than
predicted based on snap-shot observational data. In comparison with



Fig. 6. Presence of setae on the pereopods (a) and carapace surface (b) of the megalopae on the intact individuals. The exposure to greater ΔΩcal,60 differences mechanically damages the
setae and results in their absence and outrooting (black squares) because of the dissolution around the neuritic canals (d, f) and damage with the collapsed structure (e).
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the chemical observations, particle tracking model output indicates
prolonged severity of exposure to the coastal low OA conditions,
allowing for more extensive exoskeleton dissolution and reduced larval
width in those habitats. It is worth noting that dissolution could be
viewed as a physiological strategy to compensate against unfavorable
external conditions. Dissolution of the outer calcite layer could increase
the release of the bicarbonate and hydroxyl ions, raising pH, and provid-
ing a rapid alkalinization of the superficial layer (Kunkel et al., 2012).
This alkaline layer could then provide an additional local protection
from exposure to a large ΔΩcal,60 conditions by blocking protons from
continuously invading the internal fluid However, as the larvae live in
Fig. 7. Particle initialization locations (a) and average backtracked locations (b-e) for 7, 14, 21, an
depths. Replicate particles (n = 100) were initialized in the model at 51 locations represent
historical simulation of ocean conditions for 2016 was used to simulate advection of particles,
maximum daytime depth of 60 m. On a weekly basis, particle locations were averaged for a
location being on land. These particles were moved to the nearest shoreline. Station colour
latitudes. The 200 m isobath is shown for reference, and land is shaded in grey.
highly dynamic environments, such a layer would be continuously
disrupted, explaining the high extent of external dissolution.

4.1. Dissolution as amechanism to offset OA-related extracellular acid-base
disturbance?

Species with a developed capacity for ion exchange to maintain ex-
tracellular acid-base balance, are able to compensate for the effects of
exposure to high pCO2 waters and restore extracellular pH values opti-
mal for physiological and biogeochemical processes (Somero, 1986).
They do so via energetically expensive buffering of intra- and
d 30-day simulated particles exhibiting diel verticalmigration (DVM) between 0 and 60m
ing the sampling stations for the 2016 West Coast Ocean Acidification Cruise. J-SCOPE's
and each particle exhibited vertical swimming between the ocean surface at night and a
ll 100 particles initialized at the same station, which sometimes resulted in the average
varies by transect for improved resolution of dispersal patterns occurring at different
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extracellular compartments achieved through various mechanisms,
such as buffering by seawater-derived bicarbonate sources (Truchot,
1979), and increased respiratory activity to reduce CO2 loading of the
extracellular fluid and non-bicarbonate buffering (Cameron, 1985;
Hans et al., 2014; Michaelidis et al., 2005).

However, the downside to the well-established extracellular acid-
base control is an energetically demanding process (Hans et al., 2014;
Michaelidis et al., 2005; Pane and Barry, 2007; Trigg et al., 2019). There-
fore, we hypothesize that the internal carapace dissolutionwe observed
in our study could be a part of a passive ability to buffer reductions in ex-
tracellular pH, a feature found in a variety of marine invertebrates in-
cluding bivalves, echinoderms, and crustaceans (Cameron, 1985;
Henry et al., 1981; Lindinger et al., 1984; Spicer and Taylor, 1987;
Spicer et al., 2007). The narrow neuritic canals around the mechanore-
ceptors allow communication through secretion across the internal-
external cuticle layers (Kunkel et al., 2012).While we currently have
no information on the acid-base balance within these larval crabs
under prolonged exposure to steep pCO2 vertical gradients because no
controlled experiments have been conducted, we propose future stud-
ies to examine if internal dissolution could provide some level of bicar-
bonate ions for buffering at comparatively low cost.

Alternative hypothesis for explaining internal dissolution might be
based on the severity of external dissolution extending much deeper
(Fig. S4) to initiate the endocuticle dissolution. Once the dissolution of
the external carapace dissolution is initiated, the mineralogical-
elemental structure of the mid- and endocuticle can allow for more
rapid progression. The presence of high-Mg2+ content in the
endocuticle can cause more rapid dissolution (Andersson et al., 2008),
while comparatively lower Ca2+ content on the outward side presum-
ably results in a weaker carapace (Chen et al., 2008). In addition,
chitin-proteinaceous matrix, such as an amorphous crystalline layer
might be present, which could importantly contribute to additional dis-
solution. Furthermore, while the internal solubility extent may be com-
pensated by phosphorus, it can increase hardness, thereby preventing
propagation of fractures, and Sr2+ because it can replace Ca2+ in the
mineralization process (Dodd, 1964). In contrast, the observation of
less internal dissolution on the endocuticle side compared to the exter-
nal dissolution could be due to a difference in biomineral composition.
For instance, intermixing calcite in the endocuticle with organic poly-
mers would create a durable, protective covering, which may prevent
the more soluble high-Mg calcite in the endocuticle from dissolving
(Chen et al., 2008). However, we have no observations of dissolution
penetration all the way from the external to the internal side, we thus
propose an acid-base balance strategy to be more feasible explanation
for the internal dissolution.

4.2. Potential detrimental effect associated with carapace dissolution

One of themost important findings of this study is the correlation be-
tween carapace dissolution and the reduction in larval width. This could,
overtime, potentially impact population dynamics. We suggest that the
dissolution-length linkage could be explained by two different hypothe-
ses: first, pronounced dissolution under severe ΔΩcal,60 vertical gradients
results in dissolution rate outpacing calcification rate. In this mismatch of
rates of twodifferent processes, calcification rate cannot fully compensate
for dissolution and results in overall smaller width (‘the mismatch’ hy-
pothesis). Alternatively, there could be an energetic implication behind
the dissolution-induced slowdown in width. In this form of the hypothe-
sis, an organism expends additional energy to increase calcification to
counteract dissolution, thus resulting in an energetic trade-off that poten-
tially compromises organismal growth (the ‘trade-off’ hypothesis).

Furthermore, for early Dungeness crab life stages in the near-future,
the prediction of more frequent and prolonged exposures to more se-
vere ΔΩcal,60 gradients (Turi et al., 2016) could have potentially delete-
rious consequences in terms of behavioral and sensory impairments
and chelae function. First, dissolution-affected thinner structures may
become too weak to retain their integrity, particularly under more se-
vere conditions and continuous water flow, resulting in ridged, puffed
surfaces. Morphological changes may in turn negatively impact larval
survival by altering swimming behaviors and competence, including
the ability to regulate buoyancy, maintain vertical position, and avoid
predators (Morgan, 1989; Sulkin, 1984). Similar morphological struc-
tures as those observed in our study were noted in the larval form of
the European lobster (Agnalt et al., 2013),whichunder prolonged expo-
sure to OA conditions led to irreparable carapace deformities, and these
could lead to an increase inmolt-relatedmortalities (Small et al., 2016).
Second, dissolution on both sides of carapace and pereopod exoskeleton
will inevitably limit the effectiveness of the exoskeleton in providing
support for muscles contraction and defense from predators, aiding ho-
meostatic functions, and enabling feeding functions. Third, calcified
neuritic canals appear to be one of the dissolution hotspots compromis-
ing setae function. Comparedwith undamaged setae at undissolved sur-
faces (Figs. 6 and S2, S3), dissolved areas may not provide sufficient
structural integrity for the setae (Fig. 6), potentially impairing their
functionality. Given the role of setae as mechanoreceptors directly in-
volved in supporting crustacean sensory and behavior processes,we hy-
pothesize that the absence or damage of setae within their neuritic
canals may in part provide a mechanistic understanding for potential
aberrant behavioral patterns found across various crustacean species
under lowOA conditions, such as slowermovement, less tactile recogni-
tion, and prolonged searching time, as well as impaired swimming
(Alenius andMunguia, 2012; Dissanayake and Ishimatsu, 2011) and be-
havioral choice (de la Haye et al., 2011). These changes can result in im-
paired competitiveness and altered predator-prey relationships for
crabs (de la Haye et al., 2012; Dodd et al., 2015; Landes and Zimmer,
2012; Wang et al., 2018). Fourth, it is currently unknown whether ex-
ternal dissolution inmegalopae could carry over into later life stages, in-
cluding the reproductively active adult stage, and what the potential
consequences may be for the population dynamics. However, reduced
calcification could result in poor mineralization through the intermolt
period that would be especially devastating for larval crabs because of
potentially smaller sizes at maturity, as well as increased vulnerability
to predation during their most sensitive molting stage.

While OA parameters largely affect observed biominerological and
organismal responses, population-level responses (i.e. abundances)
are driven by food availability, with a lesser role for temperature in
the near-shore conditions. Although biological responses at different
levels of biological organization appear to be decoupled and responded
to different drivers across temporal and spatial scales that need to be
taken into account to improve biological forecasts and predictions. The
only driver that seem to resonate across individual and population
level, at leastmarginally, is the temperature, whichmight have anoppo-
site effect on both levels. While warmer temperature negatively affects
abundances, it also reduces internal dissolution, although the latter is
only a marginally significant.

To more accurately predict large-scale vulnerability, it is important
to consider population connectivity, related to essential population
vital rates and affected by dispersal (Lowe and Allendorf, 2010). This
can be partitioned into genetic connectivity and demographic connec-
tivity, with ourmodel outputs demonstrating onshore-offshore connec-
tivity along the shelf-coastal and in the northern-southern directions.
This implies prolonged exposure to less suitable habitats characterized
by low ΔΩcal,60 in the nearshore areas that can exacerbate negative bio-
logical effects but some of them could be counteracted by higher food
availability. With respect to genetic connectivity, the status of
Dungeness crab as a high gene-flow species with low genetic differenti-
ation along theUSWest Coast and the lack of significant adaptation pat-
terns (Jackson and O'Malley, 2017; Jackson et al., 2018; O'Malley et al.,
2017) implies that the genetic pool that might allow for adaptation
under future climate scenario will be limited. This points toward the
need for more comprehensive population vulnerability assessment
that can link OA vulnerability with the population genetics.
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4.3. Future directions

Like dissolution in pteropods, larval dissolution observed in
Dungeness crab is clear evidence that marine invertebrates are dam-
aged by extended exposure to strong present-day OA-related vertical
gradients in their natural environment. The unexplored aspect of OA
impacts related to the damaged mechanoreceptors and potentially im-
paired sensory functions needs to be explored further. Namely, if the
sensory functions are impaired, the transitioning from the larval to juve-
nile stage in their coastal habitat might be compromised under pre-
dicted scenarios of steeper ΔpH and ΔΩcal,60 gradients (Gruber et al.,
2012; Turi et al., 2016). Multiple pathways of larval vulnerability should
be studied in the context of carry-over effects to the next juvenile ben-
thic stage to explore whether crustaceanmolting can offset some of the
detrimental effects. Suchfindings should be integrated into a population
demographic and exposure history model that could eventually lead to
improved management of Dungeness crab stocks (Fernandes et al.,
2017; Lam et al., 2016).
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Early History 
The U.S. Revenue Cutter McCulloch was 
named in honor of Hugh McCulloch, the 
27th and 36th Secretary of the Treasury, 
under Presidents Abraham Lincoln, 
Andrew Johnson, and later, Chester A. 
Arthur and Grover Cleveland.  
USRC McCulloch was constructed by 
William Cramp and Sons in Philadelphia, 
Pennsylvania. Launched in 1896, it was 
the largest cutter built to date at a cost of 
over $200,000. The hull was composition 
construction, where wood planks were 
mounted over steel framing. The cutter 
was commission into the Revenue Cutter 
Service on December 12, 1897, under 
the command of Captain D.B. Hogsdon, 
RCS. A single triple-expansion marine 
steam engine provided a cruising speed 
of 17 knots and to extend its range, 
McCulloch was barkentine rigged with 
three masts. McCulloch’s length was 219 
feet, with a beam of 33.4 feet, depth of 
hold 17.1 feet, and displacement of 1,280 
tons. The cutter’s armament included 
four 6-pounder 3-inch guns and one 15-
inch torpedo tube molded in the bow 
stem. During war time McCulloch’s 
complement was 130 crewmen.  
In 1898, the cutter saw action at the 
Battle of Manila Bay under the command 
of Commodore George Dewey. 

Commodore Dewey would later, in a 
message to the Secretary of the Navy, 
commend Captain Hogsdon for the efficiency 
and readiness of his ship.  
In January 1899, McCulloch arrived at San 
Francisco, California, and operated on patrol 
duty out of that port, cruising from the 
Mexican border to Cape Blanco, Oregon. 
The cutter later operated near the Pribilof 
Islands to enforce fur seal regulations. 
During these years in the Bering Sea Patrol, 
McCulloch became well known because of 
its services as a floating courtroom for far-
flung Alaskan towns. McCulloch returned to 
San Francisco and resumed patrol duties off 
the west coast in 1912. In 1914, McCulloch 
was ordered to Mare Island Navy Shipyard 
where the cutter’s boilers were replaced, the 
mainmast was removed and the bowsprit 
shortened.  
In March 1917, McCulloch returned to Mare 
Island Navy Shipyard and went through 
overhauls that included removing 800 
pounds of copper sheathing, and re-caulking 
the wooden hull. On April 6, 1917, McCulloch 
was put under U.S. Navy operational 
command for patrol duties at the onset of 
World War I. McCulloch maintained the 
distinction as the largest Revenue, and later 
Coast Guard cutter during its 20-year career, 
and was decommissioned on June 13, 1917.  

USCG Cutter McCulloch Collision with the Passenger Steamship SS Governor   

On June 13, 1917, the cutter was proceeding cautiously through dense fog on its trip from San 
Pedro, California to San Francisco. At 7:30 that morning, the cutter was four miles west-northwest of 
Point Conception when Captain John C. Cantwell, Commanding, and Ensign William Mayne, officer 
of the deck in charge of navigation, heard a steamer’s fog signal off the starboard bow. Nearby, the 
passenger steamship Governor was southbound from San Francisco to San Pedro. Captain Howard 
C. Thomas, master of the Governor, heard McCulloch’s fog signal and gave the order “full speed 
astern” and to blow three whistles to indicate the vessel’s movement full speed astern. McCulloch 
was off the Governor’s port bow when the two ships collided, striking the McCulloch’s starboard side 
forward of the pilot house, holing the cutter. All of McCulloch’s crew were taken safely aboard 
Governor before the cutter sank to the sea floor 35 minutes later. John Arvid Johansson, McCulloch’s 
acting water tender, was in his bunk and was severely injured during the collision. He died 3 days 
later in a San Pedro hospital and was buried on June 19th at the nearby Harbor View Cemetery. 

www.channelislands.noaa.gov/maritime 

U.S. Coast Guard Cutter McCulloch 

Photos: (top) Passenger steamship SS Governor.  
(bottom): USCG Cutter McCulloch sinking by the bow 
after the collision with the SS Governor. 

U.S. Revenue Cutter McCulloch’s crew, date unknown. 
Photo: USCG Historian’s Office 

Photos: San Francisco Maritime National Historical Park 
 

Photo: Robert Schwemmer Maritime Library 

U.S. Revenue Cutter McCulloch off Mare Island Navy 
Shipyard, San Francisco Bay, California, circa 1900. 
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McCulloch – Battle of Manila Bay  
On the eve of the Spanish American 
War, the U.S. Revenue Cutter McCulloch 
was steaming via the Suez Canal and 
Far East to its first duty station at San 
Francisco. Upon its arrival at Singapore 
on April 8, 1898, two weeks before war 
was declared, McCulloch was ordered to 
report to Commodore George Dewey at 
the Asiatic station. Dewey’s squadron 
entered Manila Bay on April 30 under the 
cover of darkness. 
Just as McCulloch was passing El Fraile 
Rock, soot in the cutter’s stack caught 
fire and sent up a column of fire. The 
battery at El Fraile fired at McCulloch. 
The USS Boston and McCulloch 
responded, silencing the Spanish guns. 
Chief Engineer Frank B. Randall died 

from heat and overexertion while trying to 
extinguish the smokestack fire, the only 
American death at the battle. The U.S. 
squadron destroyed the Spanish 
warships, killing 381 Spanish seamen. 
Because of its speed, Dewey ordered 
McCulloch to the nearest cable station 
located at Hong Kong to dispatch the 
news of the great naval victory.  

USCG Cutter McCulloch 
Expedition 2016 
During a joint NOAA – USCG remotely 
operated vehicle (ROV) training mission 
in October 2016, the science team 
confirmed the historic remains of the 
McCulloch off Point Conception, known 
at the “Cape Horn of the Pacific.” 
Working off the Channel Islands National 
Marine Sanctuary’s R/V Shearwater, a 

www.sanctuaries.noaa.gov/maritime/ 

Photo: Color Lithograph by Rand McNally, Courtesy Library of Congress 
 

VideoRay Mission Specialist ROV was 
deployed to survey and characterize the 
archaeological remains of this historically 
significant shipwreck in America’s U.S. 
Coast Guard and U.S. Navy’s military 
history. A team from NOAA, NPS, USCG 
Dive Locker Alameda and San Diego, 
with vessel support from USCG District 
11 cutters Halibut and Blacktip, seven 
successful ROV dives were completed at 
the shipwreck site. Additional logistical 
support for the training mission included 
NOAA’s Office of National Sanctuaries 
(ONMS): Channel Islands National 
Marine Sanctuary, ONMS Maritime 
Heritage Program, ONMS West Coast 
Region Office, USCG District 11, USCG 
Historian’s Office DC and USCG 
Historian Atlantic Region, VideoRay, and 
Bathymetric Research. 
 
 

Photos: (left) Battle of Manila Bay, May 1, 1898. Manila, Philippines, in the top center, and the Spanish fleet in the upper right. Ships listed descending on the left to bottom: 
cutter USRC McCulloch; gunboats USS Petrel and USS Concord; protected cruisers USS Boston, USS Raleigh, USS Baltimore, and USS Olympia flagship – signaling 
“Remember the Maine”; (center) Commodore George Dewey on the bridge of the USS Olympia during the battle; (right) McCulloch’s Chief Engineer Frank B. Randall.  

Underwater Photos: NOAA USCG VideoRay 

Photos: (left) NOAA R/V Shearwater and USCG Cutter Halibut over the McCulloch shipwreck site during ROV operations; (center) The helm or steering station was 
located on the upper-deck of the flying bridge of the USCG Cutter McCulloch. The helm is constructed of a nonferrous metal and the wooden handles have succumbed 
to wood boring organisms; (right) A 6-pounder gun mounted in the sponson located at the starboard bow. The cutter was equipped with four 6-pounder, 3-inch rapid 
firing guns arranged in sponsons and located in the bow and stern quarters of the ship. The 6-pounder gun was a key diagnostic artifact to identify the shipwreck.  

Photo: Robert V. Schwemmer ONMS NOAA 
 

Photo: Courtesy Library of Congress 
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