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Response to the review by Frank Melzner

We would like to thank Frank Melzner for his generous time in reviewing our manuscript
and useful suggestions to improve its quality and relevance. In the following sections,
comments originating from the reviewer will be given in italics, and text in quotations is
intended to be included in manuscript revisions.

General comment 1

The authors should keep in mind that for most marine metazoans, CO2 and O2 partial
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pressures are the most important parameters that impact biological processes. . . a
change in pH by 0.2 units can have very different impacts on marine animals depending
on whether one considers a change from e.g. 8.3 to 8.1 or one from 7.7 to 7.5, as
the change in pCO2 is very different between these two intervals. Hence, I would
recommend to add a figure / table on estimated changes in pCO2 calculated from
measured alkalinity / dissolved inorganic carbon and / or pH.

Given the importance of changes in pCO2 and saturation state (Ω) on biological pro-
cesses, we have estimated both pCO2 and Ω for calcite and aragonite. This was done
by calculating pCO2 and Ω from measured pH, salinity, and temperature data along
with an upper and lower estimate of total alkalinity (TA) for the La Jolla Kelp Forest
(LJKF). The lower and upper values chosen for TA were 2225 and 2260 µmol kg−1.
These values are 5 µmol kg−1 beyond that observed from the minimum and maxi-
mum values from all discrete samples taken for SeapHOx calibration purposes (n =
18). Additionally, these values fall within the range reported by Alin et al. (2012) for
TA < 100 m water depth. The below figure is incorporated into the revised manuscript
(Figure 1). There is also a description of the calculations made in the Methods section,
and the results are summarized in the Results section. We feel that this is a conser-
vative approach to calculating other carbonate chemistry parameters because we are
incorporating the full range of TA observed during the time period of the study, which
provides a range for each pCO2 and Ω value calculated.

For Methods: “pCO2, Ωarag, and Ωcalc were estimated from the high-frequency pH,
temperature, and salinity data generated by the SeapHOx at 7 m and 17 m water
depth at mooring A along with an upper and lower estimate of TA for the LJKF. The
lower and upper values chosen for TA were 2225 and 2260 µmol kg−1. These values
are 5 µmol kg−1 beyond that observed from the minimum and maximum values from all
discrete samples (n = 18) taken for SeapHOx calibration purposes. Additionally, these
values fall within the range reported by Alin et al. (2012) for TA < 100 m water depth.
Carbonate chemistry parameters were calculated using the Matlab version of CO2SYS
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(van Heuven et al. 2011). Using the upper and lower limit of TA for this system along
with pH, temperature and salinity data resulted in an average range for each calculated
value of pCO2 of 8 µatm. The average ranges for each calculated value of Ω were
0.031 for Ωarag and 0.049 for Ωcalc.”

For Results: “pCO2, Ωarag, and Ωcalc were estimated using sensor data collected at 7
m and 17 m during the depth experiment (data used corresponds with Fig. 5) along
with TA ranges specific to this system. At 7 m water depth, estimated pCO2 ranged
between 246 and 820 µatm, and between 353 and 1016 µatm at 17 m water depth
(Fig. 1). At 7 m water depth, estimated Ωarag ranged between 1.15 and 3.05, and
ranged between 0.90 and 2.45 at 17 m water depth (Fig. 1). At 7 m water depth,
estimated Ωcalc ranged between 1.81 and 4.78, and ranged between 1.41 and 3.83 at
17 m water depth (Fig. 1). The highest pCO2 and lowest Ω corresponded with the
lowest DO and pH conditions observed.”

For Discussion: “Increasing evidence suggests that species responses to ocean acidi-
fication vary for different carbonate system constituents (Fabry et al. 2008, Doney et al.
2009). Thus full constraint of the carbonate system, beyond just pH measurements, is
critical for defining this nearshore system and the potential sensitivity or resilience of its
residents to ocean acidification. The observed range in TA in the LJKF (35 µmol kg−1)
has relatively little influence on variability in pCO2 in this system; instead changes in
pCO2 are driven by large DIC gradients. Ωarag was undersaturated at 17 m for a short
period of time at the end of February and early March, 2011. This also corresponded
with the lowest DO concentrations observed (Fig. 5). While emphasis has been placed
on the strong relationship between DO and pH, low DO also corresponds with low
Ωarag, low Ωcalc, and high pCO2.”

General Comment 2

. . . The authors might include some calculations on the magnitude of change in pCO2
/ pH to be expected in the future based on estimated increases in future dissolved
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inorganic carbon. . .

We have estimated the magnitude of change in pH expected for the year 2100 (800
ppm) and the result this will have on the production and respiration relationship be-
tween DO and pH following the methods of Cai et al. (2011). A photosynthesis and
respiration model had already been included in Fig. 6 to explain the relationship be-
tween DO and pH. Adding on that, we have modeled the projected changes in pH
under future conditions:

“The P:R model was then run under future atmospheric CO2 conditions at 800 ppm
(year 2100) using the same alkalinity, salinity, and temperature conditions but with an
increase in DIC (+ 112 µmol kg−1) at oxygen saturation. This model attributes all of
the change in pH to anthropogenic CO2 intrusion. At DO saturation, pH is expected to
decrease by 0.20 units, while at low DO values, pH could be as low as 7.35, a decrease
of 0.37 pH units from present low pH conditions. The additional drop in pH at low DO
is a consequence of the nonlinear nature of the carbonate system (Cai et al. 2011,
Melzner et al. 2012). Nearshore CO2-enriched habitats are expected to experience
greater changes in pCO2 than the open surface ocean and have been suggested to be
particularly vulnerable habitats in a changing ocean climate (Brewer and Peltzer 2009,
Thomsen et al. 2010, Cai et al. 2011).”

Figure 2 includes the modelled decreases in pH with OA, and is now one of the main
figures of the manuscript. Given this added importance, we have pulled it from its
current location (Fig. 6 panel c) and made it a solo figure. We then adjust Figure 6 to
include panel a, b, e, and f, because these results are important findings, and remove
panel d to avoid extraneous figures that we feel do not strengthen the overall paper.

Minor Comments

P4115, line 26: for many species that are poor at controlling extracellular pH it is clear
that rapid changes in seawater pCO2 rapidly translate into changes in extracellular
pCO2 and pH. . .
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We have expanded the discussion section – Biological implications of dissolved oxygen
and pH trends – to consider how different types of marine metazoans have differential
capability to actively regulate extra- and intracellular pH in response to rapid changes
in seawater pCO2 / pH.

“pH and DO in the LJKF vary on multiple timescales with large ranges; biological re-
sponses to pH and DO also unfold over a range of timescales. Rapid pH and DO
changes can disturb an organism’s extracellular and intracellular acid-base balance,
and in the LJKF these changes can be as great as 62 µmol O2 kg−1 h−1 and 0.16
pH units h−1. Different taxa react differently to these rapid excursions. For example,
mussels cannot control extracellular pH (Thomsen et al. 2010), sea urchins take sev-
eral days to adjust (Stummp et al. 2012), and many fish and decapod crustaceans are
able to rapidly regulate extracellular and intracellular pH (Heisler 1984). The low val-
ues of DO and pH observed at 17 m for week-long durations in the LJKF are likely not
biologically significant under present conditions. However these low values of DO (<
90 µmol kg−1) are considered to be sublethal thresholds for coastal species of fishes,
crustaceans, and bivalves (Vaquer-Sunyer and Duarte 2008). These groups are com-
mon and diverse within the kelp forest at depths deeper than 17 m where even lower
DO concentrations occur (Parnell et al. 2006)."

"It is unclear which aspect of the DO and carbonate chemistry signals will shape eco-
logical patterns and how these aspects are changing over time. Changes in the ex-
tremes, ranges, or patterns of variability need to be considered in the context of or-
ganismal sensitivity. Knowledge of DO thresholds and responses to low DO events by
shelf animals in this region is limited and in need of further study, while our present un-
derstanding of organism and ecosystem sensitivity to carbonate chemistry is in relation
to mean conditions. Laboratory studies. . .”

Figure 9 should be expanded to reflect full range of pH / pCO2 changes observed in
this study and should reference published example of process sensitivity to the pH /
pCO2 / pO2 changes depicted in the figure
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To strengthen the overall paper and minimize possible confusion for readers we have
decided to remove this figure. The ranges reflected in the figure represented mean
changes, and this is why the extreme ranges were not included.

Papers that could be discussed:

We have included the following papers into the manuscript based on reviewer’s sug-
gestions:

Cai et al. 2011 Nature Geoscience

This paper has been incorporated into the second paragraph of the introduction as
an example of the tight relationship between oxygen and pH. We have also included
discussion of Cai et al. 2011 into changes in the oxygen and pH relationship as a
function of ocean acidification (see General Comment 2 above).

Brewer and Peltzer 2009 Science; Thomsen et al. 2010 Biogeosciences

See reply to General Comment 2 that includes addition of above references.

Feely et al. 2010 Estuarine Coastal Shelf Science; Haynert et al. 2011 Mar Ecol Prg
Ser

The above studies were suggested as examples of carbonate chemistry dynamics
in nearshore regions. We have included other studies that incorporated similar ap-
proaches to observing oxygen and carbonate chemistry dynamics, and felt that these
studies were more relevant to the methods of this paper than the above (Hofmann et
al. 2011, Cullison Gray et al. 2011, Yu et al. 2011, Booth et al. 2012).

Bechmann et al. 2011 J. Toxicol. Env. Heal. A; Gazeau et al. 2010 Biogeosciences

There are a range of published ocean acidification studies that focus on a variety of
taxa. We wanted to include those that focused on species that are resident to coastal
San Diego and thus did not include the above suggested studies.
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Sunday et al. 2011 PLoS ONE

“Another study on a resident urchin, Strongylocentrotus franciscanus, investigated the
potential for evolutionary response in larval development to ocean acidification and
found that S. franciscanus larvae were smaller but that phenotypic and genetic variation
could allow evolutionary responses within 50 years in response to a pH decrease of
0.31-0.33 units (Sunday et al. 2011).”

Figure Captions

Figure 1 (Figure 10 in revised manuscript). Estimates of pCO2 and saturation state of
aragonite and calcite (Ωarag and Ωcalc) at 7 m (grey) and 17 m (purple) water depth
at mooring A during two separate deployments. The width of the line at each point
represents the range estimated for pCO2 or Ω as calculated from pH, temperature, and
salinity measured by the SeapHOx sensor and a TA range of 2225 – 2260 µmol kg−1.

Figure 2 (to be Figure 9 in revised manuscript). Scatter plot of dissolved oxygen (DO)
and pH at 7 m (grey hatches) and 17 m (purple hatches) water depth from all SeapHOx
deployments from 10 July, 2010 – 19 October, 2011. Dashed black line is the linear
relationship between pH and DO for all data regardless of depth. Solid black line repre-
sents expected changes in DO and pH with production and respiration (P:R) at present-
day conditions (384 ppm CO2). Future changes in pH due to ocean acidification are
modelled at oxygen saturation and CO2 levels of 800 ppm (OA; dashed red line) along
with the corresponding changes in the P:R relationship (solid red line).

References

Alin, S. R., Feely, R. A., Dickson, A. G., Hernández-Ayón, Juranek, L. W., Ohman, M.
D., Goericke, R.: Robust empirical relationships for estimating the carbonate system in
the southern California System and application to CalCOFI hydrographic cruise data
(2005-2011), J. Geophys. Res., 117, C05033, doi:10,1029/2011JC007511, 2012.

Booth, J. A. T., McPhee-Shaw, E. E., Chua, P., Kingsley, E., Denny, M., Phillips, R.,

C3443

http://www.biogeosciences-discuss.net
http://www.biogeosciences-discuss.net/9/C3437/2012/bgd-9-C3437-2012-print.pdf
http://www.biogeosciences-discuss.net/9/4099/2012/bgd-9-4099-2012-discussion.html
http://www.biogeosciences-discuss.net/9/4099/2012/bgd-9-4099-2012.pdf
http://creativecommons.org/licenses/by/3.0/


BGD
9, C3437–C3448, 2012

Interactive
Comment

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

Discussion Paper

Bograd, S. J., Zeidberg, L. D., Gilly, W. F.: Natural intrusions of hypoxic, low pH water
into nearshore marine environments on the California coast, Cont. Shelf Res., 45,
108-115, doi:10.1016/j.csr.2012.06.009, 2012.

Brewer, P. G. and Peltzer, E. T.: Limits to marine life, Science, 324, 347-348,
doi:10.1126/science.1170756, 2009.

Cai, W-J., Hu X., Huang, W-J., Murrell, M. C., Lehrter, J. C., Lohrenz, S. E., Chou W-C.,
Zhai, W., Hollibaugh, J. T., Wang, Y., Zhao, P., Guo, X., Gundersen, K., Dai, M., and
Gong, G-C.: Acidification of subsurface coastal waters enhance by eutrophication, Nat.
Geosci., 4, 766-770, doi:10.1038/NGEO1297, 2011.

Cullison Gray, S. E., DeGrandpre, M. D., Moore, T. S., Martz, T. R., Friederich, G.
E., and Johnson, K. S.: Application of in situ pH measurements for inorganic carbon
calculations, Mar. Chem., 125, 82-90, 2011.

Doney, S. C., Fabry, V. J., Feely, R. A. and Kleypas, J. A.: Ocean acid-
ification: The other CO2 problem, Annu. Rev. Mar. Sci., 1, 169-92,
doi:10.1146/annurev.marine.010908.163834, 2009.

Fabry, V. J., Seibel, B. A., Feely, R. A., Orr, J. C.: Impacts of ocean acidification on
marine fauna and ecosystem processes, ICES J. Mar. Sci., 65, 414-432, 2008.

Heisler, N.: Acid-base regulation in fishes. In Fish Physiology, vol. X (ed. Hoar, W. S.
and Randall D. J.) pp. 315-401. San Diego: Academic Press, 1984.

Hofmann, G. E., Smith, J. E., Johnson, K. S., Send, U., Levin, L. A., Micheli, F., Paytan,
A., Price, N. N., Peterson B., Takeshita, Y., Matson, P. G., Crook, E. D., Kroeker, K. J.,
Gambi, M. C., Rivest, E. B., Frieder, C. A., Yu, P. C. And Martz, T. R.: High-frequency
dynamics of ocean pH: A multi-ecosystem comparison, PLoS ONE, 6(12), e28983,
doi:10.1371/journal.pone.0028983, 2011.

Melzner, F., Thomsen, J., Koeve, W., Oschlies, A., Gutowska, M. A., Bange, H. W.,
Hansen, H. P., Körtzinger, A.: Future ocean acidification will be amplified by hypoxia in

C3444

http://www.biogeosciences-discuss.net
http://www.biogeosciences-discuss.net/9/C3437/2012/bgd-9-C3437-2012-print.pdf
http://www.biogeosciences-discuss.net/9/4099/2012/bgd-9-4099-2012-discussion.html
http://www.biogeosciences-discuss.net/9/4099/2012/bgd-9-4099-2012.pdf
http://creativecommons.org/licenses/by/3.0/


BGD
9, C3437–C3448, 2012

Interactive
Comment

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

Discussion Paper

coastal habitats, Mar. Biol., doi:10.1007/s002227-012-1954-1, 2012.

Parnell, P. E., Dayton, P. K., Lennert-Cody, C., Rasmussen, L. L. and Leichter, J. J.:
Marine reserve design: Optimal size, habitats, species affinities, diversity, and ocean
microclimate, Ecol. Appl., 16(3), 945-962, 2006.

Stummp, M., Trübenbach, K., Brennecke, D., Hu., M. Y., and Melzner F.: Resource
allocation and extracellular acid-base status in the sea urchin Strongylocentrotus droe-
bachiensis in response to CO2 induced seawater acidification, Aquat. Toxicol. 110-111,
194-207, doi:10.1016/j.aquatox.2011.12.020, 2012.

Sunday, J. M., Crim, R. N., Harley, C. D. G., Hart, M. W.: Quantifying rates of evo-
lutionary adaptation in response to ocean acidification, PLoS ONE, 6(8), e22881,
doi:10.1371/journal/pone.0022881, 2011.

Thomsen, J., Gutowska, M. A., Saphörster, J., Heinemann, A., Trübenbach, K., Fietzke,
J., Hieventhal, C., Eisenhauer, A., Körtzinger, A., Wahl, M., Melzner, F.: Calcifying
invertebrates succeed in a naturally CO2-enriched habitat but are threatened by high
levels of future acidification, 7, 3879-3891, doi:10.5194/bg-7-3879-2010, 2010.

van Heuven, S., Pierrot, D., Rae, J. W. B., Lewis, E. and Wallace, D. W. R.: MATLAB
program developed for CO2 system calculations. ORNL/CDIAC-105b. Carbon Diox-
ide Information Analysis Center, Oak Ridge National Laboratory, U.S. Department of
Energy, Oak Ridge, Tennessee, 2011.

Vaquer-Sunyer, R. and Duarte, C. M.: Thresholds of hypoxia for marine biodiversity, P.
Natl. Acad. Sci. U.S.A., 105(40), 15452-15457, doi:10.1073/pnas.0803833105, 2008.

Yu, P. C., Matson, P. G., Martz, T. R., Hofmann, G. E.: The ocean acidification seascape
and its relationship to the performance of calcifying marine invertebrates: Laboratory
experiments on the development of urchin larvae framed by environmentally-relevant
pCO2/pH, J. Exp. Mar. Biol. Ecol., 400, 288-295, doi:10.1016/j.jembe.2011.02.016,
2011.

C3445

http://www.biogeosciences-discuss.net
http://www.biogeosciences-discuss.net/9/C3437/2012/bgd-9-C3437-2012-print.pdf
http://www.biogeosciences-discuss.net/9/4099/2012/bgd-9-4099-2012-discussion.html
http://www.biogeosciences-discuss.net/9/4099/2012/bgd-9-4099-2012.pdf
http://creativecommons.org/licenses/by/3.0/


BGD
9, C3437–C3448, 2012

Interactive
Comment

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

Discussion Paper

Interactive comment on Biogeosciences Discuss., 9, 4099, 2012.

C3446

http://www.biogeosciences-discuss.net
http://www.biogeosciences-discuss.net/9/C3437/2012/bgd-9-C3437-2012-print.pdf
http://www.biogeosciences-discuss.net/9/4099/2012/bgd-9-4099-2012-discussion.html
http://www.biogeosciences-discuss.net/9/4099/2012/bgd-9-4099-2012.pdf
http://creativecommons.org/licenses/by/3.0/


BGD
9, C3437–C3448, 2012

Interactive
Comment

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

Discussion Paper

Fig. 1. See figure caption above.
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Fig. 2. See figure caption above.
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