
Editor’s
 comments
COMMENT: The literature review needs a serious update. There is an abundant literature in oyster early development under different pCO2 with consideration of important parameters such as acclimation, adaptation potential, etc.

REPLY: The introduction and discussion have both been revised to include a more comprehensive literature review of oyster early development under different pCO2.  Furthermore, research results from experiments with other invertebrates have been added to the manuscript. 

COMMENT: The experimental design is over-simplistic: 3d of exposure, only 2 sampling points, one tested parameter (pCO2) and over-simplistic measured parameters (e.g. you criteria for calcification are not allowing to say much about calcification). As a consequence, you have very little power in your data and you cannot give any serious conclusions on the role of pCO2 on developmental rate, survival, etc.
REPLY:  The design of this experiment is simple, but, due to its simplicity, we believe we do not overstep the bounds in data interpretation while still drawing important conclusions about the effects of elevated pCO2 on early development in C. gigas.  Even though we only exposed the larvae for 4 days (fertilization through 3 days post-fertilization), we captured some key developmental transitions, the success of which affect later stages of development.  Even though we only varied pCO2, we believe this is environmentally relevant in terms of nearshore processes and possible changes in the coming decades.  Also, this type of manipulation is in keeping with the current literature.  We do not say anything about the actual process of calcification, but we accurately captured when calcification occurred, which is an important physiological observation.  Even though this is a simple experiment, it complements previous studies on both congeners and conspecifics.  We agree that there are limitations to our study, and we hope that we have adequately explored the caveats in our discussion.  We have also added in further analysis exploring the possibility of a developmental delay in the larvae at HighCO2 (thanks to the editor’s suggestions).  However, we believe that we put forth some novel and important findings.  Namely, the maintenance of size and calcification of larvae at elevated HighCO2 through 24 hours post-fertilization and the lack of negative impact at MidCO2 through 72 hours.  Also, to our knowledge, there is no other study that has used environmentally relevant pCO2 to look at the effects specifically on early development of this species.
Reviewer #1 

COMMENT: This manuscript looks at the short term impact of ocean acidification on the early development of the Pacific oyster, Crassostrea gigas. I see the importance of this manuscript but I think that it would benefit from restructuring to show this more clearly. In its current form the introduction and discussion exclude a lot of the literature already done on the early life history stages of molluscs and the Pacific oyster in particular. The effects of ocean acidification have been studied on the early life history stages of 3 different populations of C. gigas - from Japan (Kurihara et al. 2007), Australia (Parker et al. 2010) and Europe (Gazeau et al. 2011) (see also Havenhand and Schlegel 2009 on fertilization). Since these studies show differences in the response of Pacific oyster larvae (as do studies on other species), I think the more appropriate way to show the importance of this study would be to structure the introduction around this and show that little is known for US populations.

REPLY: The authors agree that this restructuring of the introduction would improve the manuscript.  We followed the reviewer’s guidance regarding comparisons across populations in the introduction [revised version lines 94-105]. We also added information on how elevated pCO2 affects fertilization in marine broadcast spawners [revised version lines 73-82].
COMMENT: 

Original version Line 37: ľatm used here but ppm used in the manuscript

Original version Line 39: Insert "However" at the beginning of sentence

Original version Line 40: Perhaps change "lower pCO2" to "control and midCo2"

REPLY:  All of these revisions have been made.
COMMENT: I think the introduction is too brief in its current form and excludes too much of the previous literature on OA and early life history. Also, as mentioned above, I think the importance of the study should be made clearer here.

REPLY: We have expanded the introduction and included a more comprehensive coverage of prior research. This includes work on the early life history of C. gigas  and the effects of OA on marine invertebrate larvae of a number of species.  We have also clarified the importance of this study and how it fits in with the current literature (see above).  This is the first study to examine the effects of environmental hypercapnia on C. gigas from the west coast of the U.S. as well as being the first study to examine the effects of environmentally relevant levels of pCO2 on the early developmental stages of C. gigas.


COMMENT: Original version Line 67-70: Are these sentences saying that Pacific oyster larvae are exposed to acidified waters already or that they will be exposed to them if our oceans continue to acidify?

REPLY: This particular sentence refers to how C. gigas larvae can currently be exposed to acidified conditions [revised version lines 57-58].  In this paragraph we go on to explain the extent of contemporary acidification [revised version lines 58-72]. 
COMMENT: Original version Line 82: I think Lannig et al. 2010 found an increase in HCO3- but no significant increase in Ca2+ so they did not think that bicarbonate accumulation came from shell dissolution.
REPLY: Correct, there was only a very slight increase in HCO3‑ and no increase in Ca2+, so they concluded that internal acidosis went unchecked.  We have revised the manuscript to clearly indicate this point [lines 116-117]. 
COMMENT: The manipulation and measurement of the seawater chemistry is excellent and well written. I have a few questions, however, regarding the oyster sampling. Was there a reason for choosing days 1 and 3 to sample [revised version line 180]? If these sampling days were chosen at random then time may need to be analysed as random in the analysis. Further, this may have reduced the ability to detect differences in development rate as under normal conditions, Pacific oyster larvae usually reach D-stage between 16-48 hours post-fertilization. I do not think that this is a fault in the design, but it may be worth mentioning in the discussion.

REPLY:  Day 1  (24 hours post-fertilization) was chosen as the first time point since most of the larvae should have transitioned to D-hinge at this time point given the temperature at which they were raised.  Day 3 was chosen because all of the larvae should have been D-hinge and fully calcified at this time point.  We added some analysis which we hope supports that in this study there was a possible developmental delay (see Figure 5 and explanation in Discussion [revised version lines 369-389]).  The sampling days were not used to interpret data about other days, so they can be used as a fixed factor.
COMMENT: Original version Line 155-156: Can you add a figure showing what was classed as "calcified and non-calcified at the hinge". Perhaps also presence and absence of a Maltese cross (although the latter may not be necessary).

REPLY:  We have included an additional figure (Fig 1A) to depict the absence of a maltese cross on a larva that has calcification at the hinge.  Unfortunately, hinge calcification does not show up well in a black and white photograph.  In the previous version of this manuscript we had already included a figure of the presence of a maltese cross (Fig. 1), which is now Fig. 1B in the revised version.  


COMMENT: Original version Line 142: Should the "degree of calcification" be "the presence or absence of calcification" or something to that extent?

REPLY: We agree the “presence or absence of calcification” [revised version line 180] is more appropriate and have revised accordingly.
COMMENT: Original version Line 188-189: Not sure whether this [variation in total alkalinity throughout the experiment] should be pointed out as it makes the design sound negative.

REPLY: We have changed the sentence to read that total alkalinity “varied slightly but to the same degree across treatments,” [revised version line 233].
COMMENT:  Original version Line 191: Add S.D. to the pH values.

REPLY: Revised accordingly [revised version lines 235-236].
COMMENT: Original version Line 207: Insert "but not under High CO2 conditions" or something to that effect at the end of the sentence.

REPLY: Revised accordingly [revised version lines 252-253].
COMMENT: Original version Line 221-222: was there a significant difference in survival in the MidCO2 and HighCO2 exposure compared to the control?

REPLY: There was not a significant difference in survival among the treatments and this information has now been included in the manuscript [revised version lines 273-276].

COMMENT: As with the introduction, I think the discussion section could benefit from the addition of more information. Currently it is missing a lot of the literature on C. gigas and other oyster and bivalve species. Also, the study shows that C. gigas larvae were robust to moderate CO2 under acute exposure but chronic exposure may be different. This should be discussed more. There are studies that have been published recently which have looked at the longer term effects and have shown that the results can differ from the short term effect. I think it is important that a little more caution is used when extrapolating from these results.
REPLY: The Discussion was revised and more information was added to give background on C. gigas and other marine invertebrate larvae.  We also added discussion on how long-term exposure may elicit a very different response than the short-term effects observed in this study [revised version lines 490-408].  We also communicated the caveats arising from our experimental design when presenting the interpretation of our results.
COMMENT: Original version Line 231-234 [In the Pacific Northwest, hatchery water supply comes from adjacent natural bays and when upwelling events occur the water that enters the hatchery can reach pCO2 near 1000 µatm]: Can you tie this in with your study? For example, you mention in the introduction that natural and hatchery produced larvae are dying in these areas. Might be nice to tie this in here.
REPLY: We incorporated more information on the effects that this high pCO2 water can have on oyster larvae and its significance [revised version lines 288-292].

COMMENT: Line 240-244: Also, you could perhaps mention here that you did not measure at 48 hours, differences could have been seen if measured at this time.
REPLY: We added the following sentence to clarify that our study cannot be fully compared to Kurihara et al.’s: Since we did not measure growth or calcification in our larvae at 48 hours post-fertilization, we are not able to draw direct comparisons with this time point [revised version lines 332-334].


COMMENT: Original version Line 245: I think this sentence should be changed around so that it begins with "Although C. gigas appears to be comparatively robust to elevated CO2?"
REPLY: The sentence was changed as suggested [revised version lines 392].

COMMENT: Original version Line 245: I think you need to put more emphasis on the fact that the larvae were not as sensitive at MidCO2 (moderate levels) but they were at HighCO2. Also, that this high level is one that is still expected to be reached over the next century (under high CO2 emissions scenario).
REPLY: We added language to emphasize this point [revised version lines 392-395].

COMMENT: Original version Line 283-288: Oysters may indeed compensate, but be careful here as this compensation may come at a cost to other physiological processes such as somatic growth and acid-base regulation, since the larvae were smaller and had lower survival after 3 days. There have been studies on adults that have shown that compensation of one physiological process during OA exposure can come at a cost to others (eg Beniash et al. 2011)
REPLY:  We have added discussion on the importance of physiological trade-offs during environmental stress to underline that the maintenance of growth and calcification through 24 hours post-fertilization most likely came at a cost [revised version lines 354-368].

COMMENT: Line 295 Change 'is' to 'of'

Line 313: Change "might" to "may"
REPLY: The above comments were addressed/incorporated.
Reviewer #2 

COMMENT: Timmins-Schiffman et al. present a laboratory based study of the response of C. gigas larvae to elevated CO2 during the first few days following fertilization. The authors note that in the first day there is no difference in calcification rate, and that it is not until later days that differences emerge between CO2 treatments. The study as designed, seems adequate to examine the role of CO2 on larval C. gigas growth. My largest issues with the manuscript arise from a lack of depth in interpretation, careless use of terminology in the writing, and what the actual evidence of a compensatory mechanism is provided. Overall, I think the MS suffers from a lack of time to delve into some of the issues raised by the authors, and also lack of organization. The discussion seems to wander and a careful rewrite would help tremendously. I know the lead author is a graduate student, and my comments below are directed to help her revise the manuscript for improvement, rather than discourage the ongoing work. I will outline below general concerns/issues with limited examples, and provide some additional detailed comments below. Unfortunately, I do not believe the MS is publishable as written, and requires significant revision to address the issues throughout.
REPLY: We reworked/reorganized the discussion as suggested and added more depth in terms of incorporating additional references.  We also changed the focus so that we are not postulating that there is a compensatory mechanism at play since we agree that we give no direct evidence of one.   When we do mention the presence of a compensatory mechanism, we are very careful to make sure that we communicate the transience of this mechanism since the larvae fell behind in development after day 1.  We made an effort to be more careful with terminology both in the introduction and discussion.
COMMENT: First, there are several instances of statements that are either poorly justified or suffer from terminology misuse. For example, original version line 68, the “highest concentrations of pCO2…” are in fact in the deep waters of the world’s oceans or along shelf habitats, not in near-shore surface waters. The near-shore is certainly enriched with CO2 due to respiratory processes, but the very surface waters can equilibrate with the atmosphere, thus why the algorithms of Juranek, Feely, and Alin are not useful in the surface waters, and only currently work at depths of 40m or greater. I will highlight more examples of these sorts of issues, but the authors need to carefully revise the MS to address this problem throughout.
REPLY:  We clarified that the highest concentrations of anthropogenic CO2 are in surface waters [revised version lines 58-59], whereas in the original version we mistakenly wrote that the highest concentration of CO2 was in the surface waters.  We also tried to clarify the importance of nearshore respiration in contributing to overall pCO2 in these habitats.
COMMENT: Original version Line 73- The reference to Gazeau here is incorrect, that study illustrated that saturation state did not matter, rather it was carbonate ion concentration (as the authors correctly state later).
REPLY: This comment was addressed [revised version lines 71-72].

COMMENT: Original version Line 78- CO2 does not dissolve in seawater, it equilibrates in the gas phase, and quickly hydrolyzes to form carbonic acid.
REPLY: This comment was incorporated and the sentence now refers to “equilibration” [revised version line 106].

COMMENT: Original version Line 80- The shell buffering observations stem back several decades, and it would be worthwhile to acknowledge some of this earlier work.
REPLY: The above comment was incorporated and earlier literature was referenced [revised version lines 113-117].
COMMENT: Line 250- I think this comparison to Talmage and Gobler is oversimplified, as they followed development to a later stage, and found the greatest effects occurring at later stages. The no negative impact noted in the current study only followed larvae to 3 days. Then to note that different experimental manipulations may to blame is slightly ingenuous given all the studies note prior bubbled CO2, Gazeau’s study was the only one in which conditions were manipulated differently. I would also caution putting too much weight on the Gazeau study’s conclusions, as the amount of Ca added in their study likely had other physiological impacts that were never really addressed. I am not debating it is suggestive, but I do not believe it is conclusive. And again, in Gazeau, larvae were followed for only a couple days.
REPLY: We cannot find evidence in Talmage and Gobler that the greatest effects occurred at later stages since the data presented are only for later stages, not earlier stages.  The comments on comparisons to Gazeau et al. are helpful and we have tried to take them into consideration by explaining that time of experimental exposure is probably important [revised version 399-408].
COMMENT: Original version Line 280- High Mg-Calcite can be more soluble than aragonite, again, please be careful with oversimplified statements, these sorts of errors in the OA literature continue to propagate ideas and concepts that are not entirely correct and muddy understanding of the problems.
REPLY: We have changed the wording so that it is less likely to confuse people [revised version lines 295-297]. Our intention was not to indicate that aragonite is the most soluble form of CaCO3, we state that amorphous CaCO3 and aragonite are 2 of the more soluble forms. 
COMMMENT: Following this, the discussion about compensatory mechanisms is lacking a key reference to Widdicombe and Spicer that showed higher calcification rates came at the expense of tissue formation. So would this be a compensatory mechanism if the increased calcification does not result in increased growth or fitness later? Furthermore, the biologically controlled calcification in mollusks allows these organisms to calcify in conditions that are corrosive to primary minerals. The authors should explore some of the calcification literature present (that was published prior to the OA publishing blitz). Again, this section is oversimplifying a complex and studied process. A recent paper by Weiss highlights how controlled this process is in fact, and another by Ries proposes a physiochemical model that describes how proton pumping efficiency may be crucial to understand in this context. It is clear however that some of these processes are less understood in the larval stages, but there is enough literature to help better explore this issue.
REPLY: We have added the reference for Findlay et al. 2009 to the discussion, giving an overview on how calcification across a number of species comes at a cost (Spicer and Widdicombe are co-authors and we believe that this is the reference to which the reviewer is referring).  Whenever we refer to a “compensatory mechanism” in the manuscript, we are sure to clarify that it is a short-term mechanism.  This is meant to communicate that we do not believe that the compensation extends beyond the scope of this study, but that it simply provides brief compensation during the larval stages that we observed.  There are a variety of types of physiological compensation, some of which have immediate effects (e.g. this study) and some of which compensate on a longer time scale to maintain fitness in adult stages.  Due to the time frame of the study there is not way of knowing if the larvae exhibited the latter form of compensation, but we did find that there was very short-term compensation to maintain growth and calcification during the first 24 hours post-fertilization in the HighCO2 treatment and through 72 hours post-fertilization in the MidCO2 treatment.  We added the reference Weiss 2011 and Ries 2011 to clarify the discussion of calcification [revised version lines 297-310].
COMMENT: I would also encourage the authors to explore the several papers on C. gigas larval energetics, there are several possible explanations that would be very useful for the authors to consider in the context of their findings.
REPLY:  We include a discussion on evidence that other researchers have found in marine invertebrate larvae for energetic trade-offs during exposure to acidified conditions [revised version lines [354-369].  We also note the possible role of C. gigas larval energetics in the context of our findings [revised version lines 372-376].
COMMENT: In the conclusions, it seems out of place to be acknowledging a possible maternal effect [original version line 326-330], this should be incorporated into the discussion. Furthermore the statement that a compensatory mechanism [original version line 325] allowed oyster larvae to acclimatize is completely unfounded in the current study. In fact, I would say it is the opposite, as by 3 days the larvae were not growing well, so the compensatory mechanism only provided short-term relief, and did not allow larvae to overcome stress.
REPLY: The reference to Parker et al.’s (2011) and (2012) studies is in the Conclusion to bring attention to the importance of parental ecological history [revised version lines 439-442].  The contribution of maternal effects to offspring resistance to stress is mentioned in the Discussion [revised version lines 415-422].  The transgenerational plasticity in response to stress is an important characteristic of aquatic invertebrates and may prove to aid longer term acclimatization and adaptation in some species. We believe it warrants mention, Parker et al.’s finding is significant and could be worth investigating in the future.  
We have down-played the role of compensatory mechanisms since we acknowledge that we do not give direct proof of one.  As noted above, when we do mention a compensatory mechanism, we are sure to reinforce that it is just temporary and we give ecological reasons for why this might be the case for oyster larvae.


COMMENT: There are some methodological issues that should be addressed in revising the MS.  I understand several people use the polarized light methods to determine calcification in larval bivalves. The authors may want to acknowledge some of the very possible issues with this method, given it is subject to interpretational error by different microscope operators. Determining a “fully” calcified larvae is not always as straightforward as the cross is sometimes poorly defined and requires interpretation. It would be good to know if the authors took any measures to cross-validate those microscope calcification classification. [Original version lines 153-158]
REPLY: The microscope work was all done by Timmins-Schiffman to eliminate inter-user bias.  Since the data acquired from using polarized light can be difficult to interpret, she was very conservative in assigning “fully calcified” to any individual and all data were qualitative in nature, not quantitative.  We have added the following sentence to the methods section [revised version lines 193-194]: All calcification data are qualitative in nature, not quantitative.
COMMENT: A second issue that may need to be addressed with the calcification data is whether it needs to be transformed, given it is proportional data. Often these types of data are arcsine squareroot transformed because they do not fit a normal distribution. I assume that maybe this is why a binomial distribution was used for the analyses. Some additional description in the methods may help to resolve this issue. [Original version lines 182-184]
REPLY: The reviewer is correct in that the binomial distribution was used for this analysis since the data do no fit a normal curve.  Generalized linear models (GLMs) can be used with data that do not fit a normal distribution and so, in this case, the data did not need to be transformed.  The GLM is also a powerful tool when there is variation in sample sizes (as we have here) because it weights the data by sample size to correct any biases that may arise as a result.


COMMENT: With regard to the CO2 manipulations, more information is needed here as well. The methods for controlling CO2 injection are not well described. As I can follow this, pH was used as the variable to adjust conditions to even with changes in alkalinity (albeit not large). This seems to have resulted in somewhat variable CO3 concentrations, particularly between the mid and high CO2 treatments. The authors argue that the carbonate ion concentration is important to the larvae, however, the difference in this concentration is marginal (~14 umol/kg) between the high and mid treatments, whereas the difference the mid and ambient treatment is nearly 2x. It seems like there may be some worthwhile discussion here that the authors can more fully develop.
REPLY:   We have reworded the paragraph describing the CO2 injection to make it more clear [revised version lines 153-162].  The changes in alkalinity did not significantly affect the set points, since, as the reviewer pointed out, there were no large swings in AT.  Thus, there was no need to change the pH of the set points throughout the experiment.  Also, these changes in alkalinity were consistent across treatments so the same difference in pCO2 was maintained between treatments.  We acknowledge that Reviewer #2’s observations about differences in CO3 concentration are important and have included a mention of the differences in CO3 concentrations in the discussion [revised version lines 315-323].
�The format for the journal specifically wants “Comment” and “Reply”






