
UC San Diego
UC San Diego Electronic Theses and Dissertations

Title
Evaluating low oxygen and pH variation and its effects on invertebrate early life stages on 
upwelling margins /

Permalink
https://escholarship.org/uc/item/74m0h54p

Author
Frieder, Christina A.

Publication Date
2013
 
Peer reviewed|Thesis/dissertation

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/74m0h54p
https://escholarship.org
http://www.cdlib.org/


 
 

UNIVERSITY OF CALIFORNIA, SAN DIEGO 
 
 
 

Evaluating low oxygen and pH variation and its effects on invertebrate early life stages 
on upwelling margins 

 
 
 

A dissertation submitted in partial satisfaction of the requirements  
for the degree Doctor of Philosophy 

 
 
 
 

in 
 
 
 

Oceanography 
 
 
 

by 
 
 
 

Christina A. Frieder 
 
 
 
 
 

Committee in charge: 
 

Professor Lisa A. Levin, Chair 
Professor Andrew G. Dickson 
Professor Amro Hamdoun 
Professor David A. Holway 
Professor James J. Leichter 
Professor Todd R. Martz 

 
 
 

2013  



 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Copyright 

Christina A. Frieder, 2013 

All rights reserved



iii 
 

 

 

 

The Dissertation of Christina A. Frieder is approved, and it is acceptable in quality and 

form for publication on microfilm and electronically. 

 

 

 

 

 

 

 

 

 

 

 

 

Chair 

 

 

University of California, San Diego 

2013 

  



iv 
 

EPIGRAPH 

 

 

Your preparation for the real world is not in the answers you’ve learned,  

but in the questions you’ve learned how to ask. 

- Bill Watterson 

  



v 
 

TABLE OF CONTENTS 

Signature Page ................................................................................................................... iii 
 
Epigraph ............................................................................................................................. iv 
 
Table of Contents .................................................................................................................v 
 
List of Tables  ................................................................................................................... vii 
 
List of Figures ......................................................................................................................x 
 
Acknowledgement ........................................................................................................... xvi 
 
Vita ................................................................................................................................... xix 
 
Abstract ..............................................................................................................................xx 
 
Chapter 1 Introduction .........................................................................................................1 
 
 Ocean acidification ............................................................................................2 

Ocean deoxygenation .........................................................................................2 
The role of natural spatial and temporal environmental variability ...................3 
Regional setting for the Dissertation ..................................................................4 
The Thesis: Introductory remarks ......................................................................5 
References ........................................................................................................10 

 
Chapter 2 High temporal and spatial variability of dissolved oxygen and pH in a 
nearshore California kelp forest .........................................................................................15  
 
 Synopsis ...........................................................................................................15 
 Abstract ............................................................................................................16 
 Introduction ......................................................................................................17 
 Methods............................................................................................................18 
 Results ..............................................................................................................19 
 Discussion ........................................................................................................24 
 Conclusions ......................................................................................................27 
 Acknowledgements ..........................................................................................27 
 References ........................................................................................................27 
 Addendum ........................................................................................................30 
 
Chapter 3 Fertilization effects of reduced pH in temperate echinoids ...............................37  
 
 Abstract ............................................................................................................37 
 Introduction ......................................................................................................38 



vi 
 

 Methods............................................................................................................43 
 Results ..............................................................................................................49 
 Discussion ........................................................................................................51 
 Acknowledgements ..........................................................................................55 
 References ........................................................................................................57 
 
Chapter 4 An in-situ test of sea urchin larval responses to reduced pH ............................71 
 
 Abstract ............................................................................................................71 
 Introduction ......................................................................................................72 
 Methods............................................................................................................75 
 Results ..............................................................................................................79 
 Discussion ........................................................................................................80 
 Acknowledgements ..........................................................................................83 
 References ........................................................................................................85 
 
Chapter 5 Evaluating ocean acidification consequences under natural oxygen and 
periodicity regimes: Mussel development on upwelling margins .....................................95 
 
 Abstract ............................................................................................................95 
 Introduction ......................................................................................................96 
 Methods..........................................................................................................101 
 Results ............................................................................................................107 
 Discussion ......................................................................................................111 
 Acknowledgements ........................................................................................116 
 References ......................................................................................................117 
 Supplementary Information ...........................................................................131 
 
Chapter 6 Geochemical signatures of larval carbonates reflect pH and oxygen 
exposure history ...............................................................................................................137 
 
 Abstract ..........................................................................................................137 
 Introduction ....................................................................................................138 
 Methods..........................................................................................................142 
 Results ............................................................................................................148 
 Discussion ......................................................................................................151 
 Conclusions ....................................................................................................156 
 Acknowledgements ........................................................................................157 
 References ......................................................................................................159 
 Supplementary Information ...........................................................................174 
 
Chapter 7 Conclusions .....................................................................................................177 
 
 References ......................................................................................................182



vii 
 

LIST OF TABLES 

Table 2.1 Event-scale mean increases in dissolved oxygen (Δ DO) and pH (Δ pH) 
proceeding intrusion of high-density water (σ > 25.1 kg m-3) at 7 m water depth.  
v and u indicate the mean velocity (cm s-1) of alongshore and cross-shore currents, 
respectively, between 5 and 30 m for 7 d before and after the event. Negative 
values are equatorward or offshore for v and u, respectively.  Positive values of 
ΔDO and ΔpH indicate mean increases from before to after the event.  Events are 
ordered by magnitude of ΔDO. ..........................................................................................21 
 
Table 2.2 Low dissolved oxygen (Δ DO) and pH (Δ pH) events at 7 m water 
depth at mooring A. Event start date is day that low-pass filtered DO and pH fell 
below 200 µmol kg-1 and 7.9 units, respectively, and duration (d) is the time spent 
below these values.  ND = no data .....................................................................................21 
 
Table 2.3 List of SeapHOx deployments since Nov. 2011 and parameters 
measured. ...........................................................................................................................32 
 
Table 3.1 Study species and corresponding habitat type and depth distributions. ............62 
 
Table 3.2 pH treatment levels used during each experiment. Experiment 1 tested 
at which sperm-egg ratios was fertilization sensitive to low pH. Experiment 2 
developed fertilization response curves across a range of 9 pH values. Experiment 
3 determined the variation in fertilization at ambient and low pH among one 
female by six male crosses. pH is reported on the total scale, AT, total alkalinity in 
µmol kg-1, pCO2 in µatm calculated using CO2SYS software. Purp = 
Strongylocentrotus purpuratus; Red = S. franciscanus; Pink = S. fragilis; Sand = 
Dendraster excentricus. * AT samples were not available for Experiment 1 on D. 
excentricus, so pCO2 was calculated with average AT and salinity from all 
experiments.  ......................................................................................................................63 
 
Table 3.3 ANOVA F ratios for analyses of effects of pH and sperm-egg ratios on 
fertilization ratios and root-mean-square error (RMSE) of fertilization kinetics 
model for ambient pH and low pH. F-ratio values in bold indicate P values < 
0.0001. df degrees of freedom  ...........................................................................................64 
 
Table 4.1 Seawater carbonate chemistry and environmental conditions (mean ± 
SD) by mooring for each experiment at Ischia, Italy.  Mooring identification 
corresponds to Fig. 4.1. Temperature is in degrees Celsius and was measured 
every 15 minutes. Salinity, total alkalinity (AT) and total dissolved inorganic 
carbon (CT) were measured at the beginning and end of each experiment (n = 2). 
Any deviation in sample size is denoted in parentheses. AT and CT are in µmol kg-

1. pH is mean pH on the total scale and was measured daily using the 
spectrophotemtric method or calculated from CT and AT. pH sample size is in 



viii 
 

parentheses.  The saturation state of calcite, Ωc, and pCO2 (µatm) were calculated 
from CT and AT at 25.5 ºC and a salinity of 38. .................................................................88 
 
Table 5.1 Experimental details and seawater properties for Experiment A, B and 
C used to raise mussel larvae of Mytilus californianus and M. galloprovincialis 
for 8 days. Experiments were conducted between April 2012 and April 2013. 
There were 2 or 3 replicated containers per treatment (Reps).  Mean pH ± 
manipulated range is reported on the total scale and is calculated from discrete 
samples taken daily from each replicate.  Discrete [O2] (µmol kg-1) measurements 
were made daily or every other day in Expt. B and C. Temperature (°C) was 
measured every 15 minutes with a temperature logger. Discrete samples were 
taken for salinity and total alkalinity (AT; µmol kg-1) at the beginning and end of 
each experiment.  pCO2 (µatm), saturation state of aragonite (Ωarag), and [CO3

2-] 
(µmol kg-1) were calculated using CO2SYS. ...................................................................122 
 
Table 5.S1 Analysis of variance (ANOVA) and repeated-measures ANOVA 
(RM) results on the effects of pH and variable pH on (a, e) larval survivorship, (b, 
f) the proportion of veligers on day 2, (c, g) mean veliger size, and (d, h) 
coefficient of variation in shell size on Mytilus californianus and M. 
galloprovincialis during Expt. A. Treatments during the M. californianus 
experiment were ambient pH, low pH, and variable low pH. A fourth treatment of 
variable ambient pH was included in ANOVA test on the proportion of veligers 
on day 2 but not included in RM tests because this treatment was not carried out 
for the full experiment.  Treatments during the M. galloprovincialis experiment 
were ambient pH, low pH, variable low pH, and early-exposure to low pH. ..................132 
 
Table 5.S2 Analysis of variance (ANOVA) and repeated-measures ANOVA 
(RM) results on effects of low pHOx on (a, e) larval survivorship, (b, f) the 
proportion of veligers on day 2, (c, g) mean veliger size, and (d, h) coefficient of 
variation in shell size on Mytilus californianus and M. galloprovincialis during 
Expt. B. Treatments were ambient pH with ambient [O2] and combined low pH 
with low [O2]....................................................................................................................134 
 
Table 5.S3 Analysis of variance (ANOVA) and repeated-measures ANOVA 
(RM) results on the effects of low [O2] (µmol kg-1) versus low pH on (a, e) larval 
survivorship, (b, f) the proportion of veligers on day 2, (c, g) mean veliger size, 
and (d, h) coefficient of variation in shell size on Mytilus californianus and M. 
galloprovincialis during Expt. C......................................................................................135 
 
Table 6.1 Experimental conditions for Experiment A, B and C used to rear mussel 
larva of Mytilus californianus and M. galloprovincialis. ................................................164 
 
Table 6.2 Summary of element-Ca and principal component linear relationships 
with pH, [CO3

2-] (µmol kg-1), and [O2] (µmol kg-1) in Mytilus californianus and 
M. galloprovincialis. All regressions and statistics are based on averaged shells 



ix 
 

from replicates (not means of treatments as plotted in figures).  Units for U/Ca are 
µmol mol-1, and units for all other element-Ca ratios are mmol mol-1. Only 
relationships that are statistically significant (p < 0.05) are included..............................166 
 
Table 6.3 Principal component analysis based on Cu/Ca, Zn/Ca, Sr/Ca and U/Ca 
for (a) Mytilus californianus and (b) M. galloprovincialis larval shell composition. 
All experiments and treatments are included in principal components analysis. 
Variables with high loadings on each of the principal components are indicated in 
boldface. ...........................................................................................................................167 
 
Table 6.4 Summary of studies investigating the influence of carbonate chemistry 
on U/Ca incorporation into biogenic carbonates. ............................................................168 
 
Table 6.S1 Estimates of external precision for standards, given as relative SD 
(%RSD) for the various isotopes and detection limits. ....................................................175 
 
 
  



x 
 

LIST OF FIGURES 

Figure 1.1 Life cycle diagram of mytilid mussels and echinoid urchins. Both taxa 
are broadcast spawners, fertilization occurs externally, embryos develop into 
larvae, undergo continued growth and metamorphose into juveniles and return to 
the benthos. ........................................................................................................................13 
 
Figure 1.2 Section plots of dissolved oxygen and pH during July and December 
2012 along the San Diego margin. .....................................................................................14 
 
Figure 2.1 Placement of SeapHOx sensors among moorings to characterize DO 
and pH differences (a) over time, (b) with depth, (c) in an alongshore direction, 
and (d) in a cross-shore direction.  Bathymetric contours are in 10 m increments 
(10 – 60 m depth).  At least one discrete sample (upside-down triangles) was 
taken per SeapHOx deployment to calibrate the pH sensor. Color scheme of 
moorings corresponds with subsequent figures. Grey shading in (c) and (d) 
depicts maximum extent of the La Jolla Kelp Forest based on aerial surveys from 
1989-2009 (California Department of Fish and Game). ....................................................18 
 
Figure 2.2 Frequency power spectra (cycles per day) from mooring A at 7 m 
water depth Jul 29 – Sep 13, 2010 for (a) temperature, (b) dissolved oxygen, (c) 
pH and (d) pressure. The circles on the left side of each graph denote the critical 
scale for 95% confidence in energy peaks. ........................................................................20 
 
Figure 2.3 Event-scale increases in dissolved oxygen (DO) following the intrusion 
of high-density seawater (σ > 25.1 kg m-3) at 7 m below the surface at mooring D. 
(a) Mean alongshore current velocity between 5 and 30 m at the Del Mar Buoy, 
(b) time series of density and (c) time series of 2-d smoothed DO from Apr. 26, 
2011 – May 16, 2011. Density scale is reversed. Positive alongshore velocities 
indicate poleward flow. ......................................................................................................21 
 
Figure 2.4 (a) Mean alongshore current velocity (v: solid) and mean cross-shore 
current velocity (u: dotted) between 5 and 30m from the Del Mar Buoy and (b) 
daily range in pH (circles) and dissolved oxygen (DO: crosses) from mooring A at 
7 m water depth. Grey-shaded rectangles indicate time periods when alongshore 
velocities are equatorward (negative). See Fig. 8 for corresponding time-series of 
density, DO and pH............................................................................................................21 
 
Figure 2.5 Density, dissolved oxygen (DO) and pH comparisons between 7 m 
(grey) and 17 m (purple) at mooring A during two separate deployments. Time 
series and corresponding box plots of (a) density, (b) dissolved oxygen and (c) 
pH. Black solid lines are 2-d smoothed data.  Density scale is reversed. Box plots 
at right depict the minimum, maximum, median, lower quartile and upper quartile 
for corresponding time-series data. ....................................................................................22 
 



xi 
 

Figure 2.6 Scatter plots of (a) density difference (ΔDensity) and dissolved oxygen 
difference (ΔDO) between 7 and 17 m at mooring A, and (b) ΔDensity and pH 
difference (ΔpH) between 7 and 17 m at mooring A. Includes all data from Fig. 5. 
. Scatter plots of (c) temperature and DO and (d) temperature and pH at 7 m (grey 
hatches) and 17 m (purple hatches) below the surface from all SeapHOx 
deployments from 10 July, 2010 – 19 October, 2011. .......................................................22 
 
Figure 2.7 Alongshore comparisons in density, dissolved oxygen (DO) and pH in 
the south and north La Jolla Kelp Forest.  Time series and corresponding box 
plots of (a) density, (b) DO and (c) pH at south LJKF (mooring A; grey) and north 
LJKF (mooring D; blue) at 7m below the surface. Black solid lines are 2-d 
smoothed data. Density scale is reversed. Box plot depicts the minimum, 
maximum, median, lower quartile and upper quartile for corresponding time-
series data. ..........................................................................................................................23 
 
Figure 2.8 Cross-shore differences in time-series and corresponding box plots of 
(a) density, (b) dissolved oxygen (DO) and (c) pH. From September 28, 2010 – 
November 10, 2010 one SeapHOx was deployed at mooring B, 3.5 km from the 
coast (red) and the other SeapHOx was deployed at mooring A, 1.9 km from the 
coast (grey).  From September 26, 2011 – October 18, 2011 one SeapHOx was 
deployed at mooring A, 1.9 km from the coast (grey) and the other SeapHOx was 
deployed at mooring C, 1.4 km from the coast (orange).  Black solid lines are 2-d 
smoothed data. Density scale is reversed. Box plot depicts the minimum, 
maximum, median, lower quartile and upper quartile for corresponding time-
series data. ND = no data. ..................................................................................................23 
 
Figure 2.9 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 
represents 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 modeled 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). ...................................................................................................................24 
 
Figure 2.10 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. .................24 
 

Figure 2.11 (a) Density, (b) dissolved oxygen ([O2]) and (c) pH comparisons 
between 7 m (grey) and 17 m (purple) at mooring A. Black solid lines are 2-d 
smoothed data. Density scale is reversed. ..........................................................................33 



xii 
 

Figure 2.12 (a) Density, (b) dissolved oxygen ([O2]) and (c) pH (data not 
available) at 17 m (purple) at mooring A. Black solid lines are 2-d smoothed data. 
Density scale is reversed. ...................................................................................................34 
 
Figure 2.13 (a) Density, (b) dissolved oxygen ([O2]) and (c) pH at 17 m (purple) 
at mooring A. Black solid lines are 2-d smoothed data. Density scale is reversed. ..........35 
 
Figure 2.14 Scatter plot of dissolved oxygen ([O2]) and pH at 7 m (grey) and 17 m 
(purple) water depth from all SeapHOx deployments since Frieder et al. 2012. ...............36 
 
Figure 3.1 Fertilization success as a function of sperm-egg ratio in ambient pH 
(circles) and low pH (triangles) conditions in (a) Strongylocentrotus purpuratus, 
(b) S. franciscanus, (c) S. fragilis and (d) Dendraster excentricus. Error bars 
represent the standard deviation of three replicates. Ninety-five percent 
confidence intervals on fertilization curve per pH treatment indicated by shaded 
region for ambient pH (dark grey) and low pH (light grey). Root-mean-square 
error values for fit of data to each model are provided in Table 3.2. .................................66 
 
Figure 3.2 Estimation of fertilization efficiency, β/βo, from the fertilization 
kinetics model at ambient and low pH in (a) Strongylocentrotus purpuratus, (b) S. 
franciscanus, (c) S. fragilis and (d) Dendraster excentricus. Error bars represent 
95% confidence intervals on the parameter. Asterisks indicate β/βo values that are 
significantly lower at low pH relative to ambient pH per species. ....................................67 
 
Figure 3.3 Fertilization response curve to pH for Strongylocentrotus purpuratus 
(purple line) and S. franciscanus (red line). Sperm density used was 5 sperm µl-1 
and 10 sperm µl-1 for S. purpuratus and S. franciscanus, respectively. Each point 
represents the mean and standard deviation of three replicates. Relationship 
between fertilization success and pH in S. franciscanus was linear (red line), and 
non-linear in S. purpuratus (purple line). ..........................................................................68 
 
Figure 3.4 Fertilization ratio at ambient pH (black circles) and low pH (red 
circles) in (a) Strongylocentrotus purpuratus and (b) S. franciscanus for six males 
individually crossed with one female.  Each point represents the mean ± 1SD. 
Asterisks indicate differences in fertilization at low pH from ambient pH 
following significant 2-way ANOVA tests (Tukey HSD, p < 0.05). ................................69 
 
Figure 3.5 pH observations (light grey hatches) made in the south La Jolla Kelp 
Forest throughout March 2013 at 17 m water depth. Details of deployment and 
instrumentation are provided in Frieder et al. (2012). Model of relative 
fertilization in Strongylocentrotus franciscanus from ambient pH of 8.00 to in-situ 
pH conditions observed during spawning season. Relative fertilization was 
calculated from observed pH values and Eq. 2. Tick marks on x-axis are weekly. ..........70 
 



xiii 
 

Figure 4.1 Map of CO2 vent study site at the Castello Aragonese off Ischia 
(Naples).  Ischia is located on the west side of Italy in the Tyrrhenian Sea.  The 
Castello Aragonese is situated off the north-eastern coast of the island of Ischia 
(indicated by arrow).  Venting occurs on the north and south side of the island.  
Mooring locations are indicated by letters; highest to lowest mean pH are 
alphabetized. ......................................................................................................................90 
 
Figure 4.2 General morphology of a 3-day old, 4-arm pluteus larva of Arbacia 
lixula exposed to ambient pH in situ and morphometric parameters measured: 
postoral rod length (PRL), anterolateral rod length (ARL), and body rod length 
(BRL). ................................................................................................................................91 
 
Figure 4.3 Mean pH (± 1 SD) at each mooring for (a) Experiment I on Arbacia 
lixula (n = 5 discrete samples for pH determination per mooring), and (b) 
Experiment II on Paracentrotus lividus (n = 7 discrete samples for pH 
determination per mooring). ..............................................................................................92 
 
Figure 4.4 Scatterplots of pH and length of Arbacia lixula echinopluteus 
morphometric measurements for (a, e) BRL, (b, f) ARL, (c, g) PRL and (d, h) the 
sum of BRL, ARL and PRL. Length plotted as the mean of multiple larvae (a - d), 
and the variance of multiple larvae from each mooring in (e - h). The number of 
larvae used to calculate the population mean and variance from each mooring is 
denoted in (d) as labels next to points. All relationships were non-significant (p > 
0.05). BRL = body rod length; ARL = anterolateral rod length; PRL = postoral 
rod length.  .........................................................................................................................93 
 
Figure 4.5 Scatterplots of pH and length of Paracentrotus lividus echinopluteus 
morphometric measurements for (a, e) BRL, (b, f) ARL, (c, g) PRL and (d, h) the 
sum of BRL, ARL and PRL. Length plotted as the mean of multiple larvae (a - d), 
and the variance of multiple larvae from each mooring in (e - h). The number of 
larvae to calculate the population mean and variance from each mooring is 
denoted in (g) as labels next to points. Solid black line in (e) is significant (F1,4 = 
7.972, p = 0.048). Solid horizontal grey lines in (a - d) represents the average 
length or variance of each measurement for 25 larvae at 10-d post-fertilization 
directly before in-situ exposure to CO2 venting. BRL = body rod length; ARL = 
anterolateral rod length; PRL = postoral rod length. . .......................................................94 
 
Figure 5.1 pH (black lines) and [O2] (µmol kg-1; grey lines) measurements made 
in south La Jolla Kelp Forest, 32.81°N 117.29°W, to illustrate (a) semidiurnal pH 
and [O2] fluctuations at 7 m water depth along with the positive correlation 
between the two, and (b) an upwelling event observed at 17 m water depth when 
pH and [O2] were as low as 7.7 and 100 µmol kg-1, respectively. Details of 
deployment and instrumentation are provided in Frieder et al. (2012). Tick marks 
on x-axes are daily. ..........................................................................................................124 
 



xiv 
 

Figure 5.2 Environmental pH conditions in each treatment during Experiment A 
performed on (a) Mytilus californianus larvae and (b) M. galloprovincialis larvae 
for 8 days.  pH for each treatment was measured continuously from one rep for 
each treatment.  Variable treatments had a pH range of 0.23 and 0.30 for high and 
low pH, respectively. During the M. californianus Expt. A, the ambient variable 
pH treatments was carried out for the first 2 days only due to a sensor 
malfunction. Deviations among replicates within a treatment are illustrated in 
Figure S1. .........................................................................................................................125 
 
Figure 5.3 Environmental pH (solid line) and [O2] (µmol kg-1; dashed line) 
conditions during Experiment B and C performed on (a) Mytilus californianus 
larvae and (b) M. galloprovincialis larvae for 8 days.  pH and [O2] for each 
treatment were measured continuously from one rep for each treatment. 
Deviations among replicates within a treatment are illustrated in Figure S1. .................126 
 
Figure 5.4 The effect of pH conditions on early development rate of mussel larvae 
during Expt. A for (a) Mytilus californianus and (b) M. galloprovincialis.  Data 
show means of the proportion of veligers in pH treatments as a percentage of 
stable ambient pH on day 2.  Asterisks indicate significant differences between 
ambient pH and the corresponding treatment (Tukey HSD, α = 0.05). ...........................127 
 
Figure 5.5 Mean length of veliger shell (µm ± SD) on day 8 for (a) Mytilus 
californianus and (b) M. galloprovincialis exposed to low pH and fluctuating pH 
during Expt. A, low pHOx during Expt. B, and low pH versus low [O2] during 
Expt. C. Different letters (a, b) denote significant differences (Tukey HSD, p < 
0.05) between and among treatments within an experiment. Mean pH and [O2] 
(µmol kg-1) of each treatment indicated below x-axis. ....................................................128 
 
Figure 5.6 Effect of pH on size in Mytilus californianus (brown circles) and M. 
galloprovincialis (blue circles).  Data show means of results in low-pH treatments 
from all experiments as a percentage of corresponding ambient pH treatment. 
Linear fit selected based on ANCOVA. ..........................................................................129 
 
Figure 5.7 The frequency of theoretical veliger size distributions exposed to 
present-day pH (solid black line), reduced pH representative of OA conditions 
(solid red line), and reduced pH that incorporates cyclical fluctuations (dashed red 
line). (a) In Mytilus californianus the mean is lower and the variance has 
increased in both reduced pH and reduced pH that also incorporates semidiurnal 
fluctuations. (b) In Mytilus galloprovincialis the mean is lower and the variance 
has increased at reduced pH, but these changes in the size distribution are 
ameliorated when incorporating pH fluctuations at reduced pH. ....................................130 
 
Figure 5.S1 Deviation of pH and [O2] (µmol kg-1) from treatment set points (ΔpH 
and Δ[O2]) among replicate containers for each experiment. Each data point 
represents a discrete sample taken from larval culturing container and correspond 



xv 
 

with Fig. 2 & 3. The x-axes, in days post-fertilization, correspond with timing of 
discrete sampling. (a) Mytilus californianus Expt. A panels left to right are offsets 
in ambient pH, low pH, variable low pH and variable ambient pH treatments.  (b) 
M. galloprovincialis Expt. A panels left to right are offsets in ambient pH, low 
pH, variable low pH and early low-pH exposure treatments.  (c) Mytilus 
californianus Expt. B panels left to right are offsets in ambient pH and [O2] and 
low pHOx during Expt. B, and low pH and low [O2] during Expt. C. (d) Mytilus 
galloprovincialis Expt. B panels left to right are offsets in ambient pH and [O2] 
and low pHOx during Expt. B, and low pH and low [O2] during Expt. C. .....................136 
 
Figure 6.1 Element-Ca ratios as a function of pH for Mytilus californianus larval 
shells (closed circle) and M. galloprovincialis larval shells (triangle). Element-Ca 
of field-cultured M. californianus larval shells (open circle) are added to the plot 
for comparison but not included in statistical analysis. Error bars are ± 1 SE. ...............170 
 
Figure 6.2 Element-Ca ratios as a function of larval length in Mytilus 
californianus. Experiments are designated by differing symbols. Each data point 
represents the average of multiple larvae measured from a replicate. Error bars are 
not included for figure clarification. Lines indicate significant linear regressions. .........171 
 
Figure 6.3 Significant linear regressions between principal components and pH.  
(a, b) M. californianus points are means of 3 replicates of principal components 
derived from averaged multi-element signatures, and (c) M. galloprovincialis are 
means of 2 replicates of principal components derived from averaged multi-
element signatures.  Error bars are ± 1 SE. ......................................................................172 
 
Figure 6.4 (a) Comparison of U/Ca in Mytilus galloprovincialis larval shells 
precipitated during May 2007 along the San Diego County coastline.  pH 
estimates based on the laboratory-developed U-pH proxy were 8.09, 8.16 and 
7.80 for the North, Central and South Region, respectively. (b) Map of sites were 
from the North (n = 3 stations), Central (n = 3 stations), and South (n = 2 stations) 
regions. (c) Temperature anomalies for each region during the larval outplant 
indicate changes in upwelling intensity between the South and other regions. The 
South was characterized by temperatures up to 2 °C cooler than the Central or 
North Region. ...................................................................................................................173 
 
Figure 6.S1 Element-Ca ratios as a function of larval length in Mytilus 
galloprovincialis. Experiments are designated by differing symbols. Each data 
point represents the average of multiple larvae measured from a replicate. Error 
bars are not included for figure clarification. None of the linear regressions were 
significant (p > 0.05). .......................................................................................................176 
 
 

 



xvi 
 

ACKNOWLEDGEMENT 

First, and foremost, I would like to acknowledge the inspirational and insightful 

nature of my adviser, Lisa Levin.  Additionally, all members of the Levin lab have had a 

profound impact on my journey at Scripps both from a scientific and personal 

perspective. This includes my big scientific brothers Andrew Thurber and Geoff Cook 

along with all current graduate students, Ben Grupe, Mike Navarro, Kirk Sato and 

Natasha Gallo. Without Jen Gonzalez I would have completed just a fraction of the 

studies within my dissertation. She was instrumental in maintaining larval cultures and 

assistance with the multi-elemental analysis of larval shells. 

My Biological Oceanography cohort has also been a source of constant learning 

and support. With Ally Pasulka, Aly Fleming, Karli Merkens, Tara Whitty, and my 

officemate Rebecca Asch we have built strong relationships to last a lifetime, and 

dabbled in various scientific pursuits that have resulted in collaborations. I am also very 

gracious for collaborations initiated by the San Diego Coastal Expedition, a two-part UC 

Ship Funds cruise led by myself with other Scripps graduate students. From this 

adventure I have and continue to learn a great deal from physical oceanographer 

SungHyun Nam and marine chemists Yui Takeshita and Emily Bockmon. 

I have greatly benefited from access to both Andrew Dickson and Todd Martz’s 

laboratory facilities. My innate skills do not translate well into being a savvy chemist, but 

Andrew Dickson and Todd Martz along with their lab members have taught me the 

necessary skills to critically consider accuracy and precision, along with creative 

solutions for finicky fancy electronics.   



xvii 
 

Those classes at Scripps with the greatest influence are those that were out of the 

classroom and in the field. Of course these were Paul Dayton courses. This includes both 

the Natural History field course and the first implementation of the Subtidal Natural 

History course. The subtidal course was based on SCUBA diving various habitats along 

the San Diego coastline. All local, scientific divers should get to Mia’s Reef at least once, 

preferably during epic visibility. Further related to diving, I owe extensive thanks to my 

fellow diving support. Most notable are Phil Zerofski who let me swim with large 

animals, Mike Navarro who made me dive deep, Geoff Cook who introduced me to 

subtidal San Diego, Emily Kelly who I thoroughly rely on for stellar photos, and Eddie 

Kisfaludy who taught me how to make moorings. 

This dissertation would not have been possible without the support of the National 

Science Foundation, the Science to Achieve Results – Environmental Protection Agency 

graduate student fellowship, California Sea Grant, the Scripps Director’s Fellowship, the 

Tegner and Mullin Research Grants, UC Ship Funds, CenCal Diving, and the Training 

Award for New Investigators from ChEss. 

Lastly, I would not be where I am today if it weren’t for the support of my 

parents. They always encouraged and provided an environment for perpetual learning.  

Chapter 2, in part, is a reprint of the material as it appears in Biogeosciences. 

Frieder, Christina A., Nam, SungHyun, Martz, Todd R., Levin, Lisa A., 2012. The 

dissertation author was the primary investigator and author of this paper. 

Chapter 3, in part, is currently being prepared for submission for publication of 

the material.  Frieder, Christina A. The dissertation author was the primary investigator 

and author of this material. 



xviii 
 

Chapter 4, in part, is currently being prepared for submission for publication of 

the material.  Frieder, Christina A.; Gambi, M. Cristina; Levin, Lisa A. The dissertation 

author was the primary investigator and author of this material. 

Chapter 5, in full, has been submitted for publication of the material as it may 

appear in Global Change Biology, 2013, Frieder, Christina A.; Gonzalez, Jennifer P.; 

Bockmon, Emily A.; Navarro, Michael O.; Levin, Lisa A. The dissertation author was the 

primary investigator and author of this material. 

Chapter 6, in part, is currently being prepared for submission for publication of 

the material.  Frieder, Christina A.; Levin, Lisa A. The dissertation author was the 

primary investigator and author of this material. 

  



xix 
 

VITA 

2006 Bachelor of Science, University of California, Santa Barbara 

2013 Doctor of Philosophy, University of California, San Diego 

 

PUBLICATIONS 

EE Bockmon, CA Frieder, MO Navarro, LA White-Kershek and AG Dickson (2013) 
Technical note: Controlled experimental aquarium system for multi-stressor 
investigation of carbonate chemistry, oxygen saturation, and temperature. 
Biogeosciences 10, 5967-5975.  

 
EA Sperling, CA Frieder, AV Raman, PR Giruis, LA Levin, AH Knoll (2013) Oxygen, 

ecology, and the Cambrian radiation of animals. Proc. Natl. Acad. Sci. 110, 13446-
13451 

 
CA Frieder, SH Nam, TR Martz and LA Levin (2012) High temporal and spatial 

variability of dissolved oxygen and pH in a nearshore California kelp forest. 
Biogeosciences 9, 3917-3930.  

 
GE Hofmann, JE Smith, KS Johnson, U Send, LA Levin, F Micheli, A Paytan, NN Price, 

B Peterson, Y Takeshita, PG Matson, ED Crook, KJ Kroeker, MC Gambi, EB Rivest, 
CA Frieder, PC Yu and TR Martz (2011) High-frequency dynamics of ocean pH: a 
multi-ecosystem comparison. PLoS ONE 6(12): e28983.  

  



xx 
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on upwelling margins 
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Along upwelling margins, pH and oxygen vary on multiple temporal and spatial 

scales, and in many places levels are decreasing with climate change. Continuous 

monitoring in nearshore settings along an upwelling-influenced margin revealed strong, 

semidiurnal fluctuations, week-long reduction events, and a tight positive correlation 

between oxygen and pH. Laboratory experiments were conducted to assess implications 

of pH and oxygen changes for invertebrate gamete and larval performance. At levels 

reflecting nearshore conditions, there were effects of low pH on fertilization success in 

echinoids and larval development and size of two Mytilus mussel species, but there was 
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no apparent effect of low oxygen alone or in combination with pH. Fertilization 

experiments indicated that pH variability present within the habitat of Strongylocentrotus 

franciscanus could hinder fertilization success when timing of spawning coincides with 

low pH conditions. The incorporation of semidiurnal pH fluctuations, the dominant scale 

of observed temporal variability, into laboratory experiments alleviated negative effects 

of reduced pH in both Mytilus species studied. Furthermore, at lower pH, high variance in 

echinoid sperm performance and in larval size of Mytilus spp. suggests the raw material 

exists for evolutionary adaptation to reduced pH. Population variance in combination 

with temporal and spatial variation in pH may be increasingly important in future, low-

pH oceans. Additionally, the observation of species-specific responses to pH among 

congeneric echinoids and mytilid mussels implies that we cannot assume similar 

sensitivity to reduced pH based on taxonomic relatedness. Further understanding of 

responses to ocean acidification may be aided by knowledge of larval pH-exposure 

history. The development of a larval-based geochemical proxy revealed that U/Ca in 

larval shells reflected differing pH exposures of mussel larvae. Application to outplanted 

larvae developing along the San Diego coastline demonstrated that higher U/Ca in larval 

shells can reflect upwelling and exposure to low pH. Notably, present-day pH conditions 

are at times low enough to elicit significant effects on fertilization in S. franciscanus, on 

larval development of Mytilus spp., and on the geochemical composition of larval shells. 

These effects could influence the sustainability and persistence of these commercially 

harvested species as ocean acidification intensifies along upwelling margins. 
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CHAPTER 1 

Introduction 

 

Most benthic invertebrates are broadcast spawners, releasing their gametes into 

the external environment where fertilization occurs. Embryos become planktonic larvae 

developing and dispersing in the pelagic realm. This life stage is terminated when 

competent larvae undergo metamorphosis and join benthic populations as juveniles (Fig. 

1.1). In the plankton, gamete and larval performance is an integration of many 

environmental drivers (Pechenik, 1987). Often the highest mortality rates in marine 

populations occur during this early life stage (Rumrill, 1990). This population bottleneck 

has cultivated a rich history of larval ecology investigations on how varying 

environmental conditions influence gamete performance, fertilization success and larval 

performance in the plankton (Young, 1990).  

More recently, research on early life stage success in the pelagic realm has shifted 

focus to climate change parameters (Byrne, 2012). A threat of recent concern is ocean 

acidification (Doney et al., 2009). Another is ocean deoxygenation (Keeling et al., 2010; 

Gruber, 2011). Together they could serve as an accelerating threat to the early life stages 

of marine invertebrates, particularly along upwelling margins where pH and dissolved 

oxygen ([O2]) covary (Booth et al., 2012; Frieder et al., 2012) and conditions of low pH 

and [O2] shoal into the nearshore environment during upwelling events (Feely et al., 

2008).  
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Ocean Acidification 

Since the industrial revolution, human activities have altered the earth’s 

biogeochemical cycles to such an extent that the ocean is undergoing climatic changes.  

Thirty percent of anthropogenic CO2 emitted over the last 250 years has been absorbed 

by the ocean (Sabine et al., 2004), and pH in open-ocean surface waters has dropped 

about 0.1 pH units over this time period (Bates et al., 2012).  CO2 in seawater forms 

carbonic acid and reacts with carbonate ion to form two bicarbonate ions resulting in the 

release of protons, which reduces the pH. This is concomitant with a decrease in the 

concentration of carbonate ion and thus lowers the saturation state with regard to the 

mineral phases of CaCO3. Biological responses to ocean acidification can therefore be a 

function of one or many changes in the inorganic carbon chemistry.  Studies to date 

indicate that fertilization in most, but not all, broadcast spawners is rather robust to ocean 

acidification (Byrne, 2012), and sensitivity is usually detected only at extremely low pH 

values (e.g., Kurihara & Shirayama, 2004). Among the later larval developmental stages, 

calcifying larvae are most sensitive to ocean acidification (Kurihara, 2008; Byrne, 2012). 

   

Ocean Deoxygenation 

Ocean deoxygenation is primarily a consequence of the ocean’s heat uptake 

(Keeling et al., 2010). Increased temperatures reduce oxygen solubility in seawater, and 

increased stratification results from ocean warming, causing interior [O2] levels to drop.  

Long-term loss of [O2] has been observed in the open ocean (Stramma et al., 2008), and 

along upwelling margins (Whitney et al., 2007; Chan et al., 2008; Bograd et al., 2008; 

Crawford & Peña, 2013). It is unclear whether decreasing trends along upwelling margins 
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are secular or part of low-frequency multi-decadal cycles (McClatchie et al., 2010).  

While there is confidence that ocean deoxygenation will continue into the future, reliable 

projections for where and how much are less well developed (Gruber, 2011).  Decreasing 

[O2] is of concern for organisms that require a certain minimum level for survival. 

Experiments exposing larvae to hypoxic conditions have revealed tolerance levels that 

are taxon-specific (Eerkes-Medrano et al., 2013). Tolerance levels also vary as a function 

of larval size, with smaller and younger larvae being more sensitive than larger and older 

larvae (Widdows et al., 1989; Wang & Widdows, 1991).  

 

The Role of Natural Spatial and Temporal Environmental Variability 

While decreased pH and [O2] elicit biological sensitivities, there are uncertainties 

with how these threats play out in environments that undergo short-term fluctuations that 

regularly exceed long-term predictions. Coastal water pH often undergoes strong daily 

and seasonal changes that are much greater than those changes in the open ocean 

(Hofmann et al., 2011), and strong spatial gradients exist in [O2] and pH along upwelling 

margins (Feely et al., 2008). This variability could be a source of stress alleviation or 

exacerbation under present-day and future conditions. Elucidating the role of variability 

in modulating responses of early life stages to ocean acidification is a persistent theme 

within my dissertation.   

pH and [O2] are also considered in combination because a strong positive 

correlation exists between the two along upwelling margins. During upwelling events, the 

inner-shelf is exposed to deep seawater depleted in [O2] and enriched in pCO2 from 

remineralization of organic matter (Feely et al., 2008). In addition to upwelling, the 
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inner-shelf undergoes multiple scales of environmental variability resulting in high-

frequency (largely semidiurnal and diurnal) excursions of [O2] and pH (Booth et al., 

2012; Frieder et al., 2012).   

 

Regional Setting for the Dissertation 

The San Diego margin is situated within the Southern California Bight (SCB).  

The SCB is characterized by water masses from the subarctic through the California 

Current and the tropical Pacific via the California Undercurrent (Bray et al., 1999; Dong 

et al., 2009).  Seasonal upwelling is strongest during the spring when equatorward 

currents lift isopycnal surfaces and bring low [O2] and low pH water from intermediate 

depths onto the continental shelf (Bray et al., 1999; Feely et al., 2008). During July and 

December of 2012, a two-part student-led research cruise, the San Diego Coastal 

Expedition, characterized the structure of oxygen and carbonate chemistry in nearshore 

and offshore waters of San Diego.  [O2] and pH gradients with depth in the upper 200 m 

were much stronger during July than December, concurrent with seasonal upwelling 

patterns (Fig. 1.2). Oxygen concentrations within this depth range were as great as 300 

µmol kg-1 and as low as 50 µmol kg-1. pH was as great as 8.1 and as low as 7.6. These 

sharp gradients in the upper water column are the source of extensive variability in inner-

shelf habitats. Furthermore, long-term changes in the depth gradients of oxygen and pH 

in offshore settings will influence conditions over the margin. 

The SCB also harbors one of the world’s fastest growing primary producers, the 

giant kelp Macrocystis pyrifera. Kelp forests are the foundation for diverse and energy-

rich habitats of great ecological and economic importance (Graham et al., 2007). 
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Invertebrate life events and stages studied during my dissertation occur within the kelp 

forest, and more generally, in nearby nearshore habitats. The SCB is a relevant and 

important setting for studying the effects of multiple, interacting stressors on marine 

organisms because upwelling margins have been suggested as particularly vulnerable 

habitats for climate change (Gruber, 2011), there is existing evidence for changes in the 

[O2] and pH structure of the region, along with region-specific projections for 

acidification (Bograd et al., 2008; Hauri et al., 2013), and the nearshore habitats have a 

rich history of investigation. 

 

The Thesis: Introductory Remarks 

When I began my dissertation in 2007 there was a paucity of data documenting 

present-day, nearshore [O2] and pH dynamics. This type of information is particularly 

necessary when predicting the effects of ocean acidification in local and regional settings. 

For example, baseline conditions and scales of variability for kelp forests, an ecologically 

and economically important habitat, did not exist aside from a handful of discrete 

measurements (e.g., Delille et al., 2009). This led to the deployment of the first two 

“SeapHOx” instrument packages that provide high-frequency and reliable [O2], pH, 

salinity and temperature data. Chapter 2, published as Frieder et al. (2012), characterizes 

the time and space scales of variability of [O2] and pH in the La Jolla Kelp Forest and 

adjacent nearshore settings using SeapHOx instrumentation. Emphasis was placed on 

documenting changes with depth, cross-shore and alongshore direction. Understanding of 

present-day variability regimes and underlying drivers of [O2] and pH change will 

influence how nearshore habitats along upwelling margins are considered in the context 
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of climate change. Information resulting from these deployments provided key 

information for the latter chapters of my dissertation.  

Marine organism sensitivity to pH and [O2] is often species- and habitat-specific. 

Chapter 3 examines the effects of pH on fertilization in four species of temperate 

echinoids. Three of the species were congeners of Strongylocentrotus, the fourth was the 

sand dollar, Dendraster excentricus. These species vary in habitat overlap, depth 

distributions and relative genetic relatedness. These species were selected to determine 

whether fertilization in additional Strongylocentrotus urchin species were sensitive to 

reductions in pH as has been shown for S. franciscanus (Reuter et al., 2011), and whether 

fertilization in another echinoid from similar depths was sensitive to pH.  Fertilization 

assays were carried out to determine at which sperm-egg ratios fertilization success was 

sensitive to reduced pH, if at all. Multiple sperm-egg ratios need to be incorporated into 

fertilization tests because they are the most important determinant of fertilization success 

(Vogel et al., 1982). When there are too few sperm relative to eggs than fertilization is 

near-zero, oversaturation of sperm relative to eggs and fertilization rates are so high that 

any effect of the environment is often masked. Incorporating sperm-limiting conditions 

into laboratory experiments is also important because natural spawning events for some 

echinoids can be sperm limited (Levitan, 2004). Further experimental tests developed pH 

response curves for Strongylocentrotus purpuratus and S. franciscanus. Since S. 

franciscanus fertilization was the most sensitive to pH reductions, pH data were collected 

from the natural habitat of S. franciscanus during its reproductive season to determine 

whether fertilization success could be influenced by present-day pH conditions.    
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Extending the scrutiny of pH effects from fertilization to early developmental 

stages, CO2-induced acidification experiments have revealed many sublethal effects on 

echinoid larvae. In general, development is slower and the pluteus arms are smaller at 

reduced pH (Kurihara, 2008; Dupont et al., 2010; Ross et al., 2011; Byrne, 2012). While 

all experimental observations to date are based on laboratory-controlled experiments, 

unique field laboratories exist where effects of CO2-induced reductions in pH are a result 

of volcanic venting. Such sites exist in the Mediterranean, and interestingly, adult urchins 

are absent from regions of high venting and very low pH. Chapter 4 utilizes an in-situ 

larval culturing technique to expose laboratory-spawned echinoid larvae of Paracentrotus 

lividus and Arbacia lixula to natural gradients in pH. The experiments tested whether the 

size of larval sea urchins were smaller or more variable at reduced pH sites. A. lixula 

embryos were exposed to venting for two days and developed into 4-arm pluteus.  P. 

lividus larvae were reared for ten days in the laboratory and transferred to the venting 

sites for three days to investigate the sensitivity of ‘older’ larvae to changes in pH. This 

study represents the first test of larval responses to reduced pH in natural field settings. 

One of the benefits of field experiments is that they incorporate natural variability 

associate with light, temperature, currents and food cycles.  

Incorporating cycles of natural variability and multiple stressors into laboratory 

experiments are rare. Chapter 5 describes laboratory studies in which pH, [O2] and 

semidiurnal pH fluctuations were manipulated to test their effects on early development 

and growth in Mytilus californianus and M. galloprovincialis. Values of pH, [O2] and 

semidiurnal pH ranges chosen for these experiments reflected observations from shallow, 

nearshore settings (Chapter 2; Frieder et al. 2012) along with region-specific acidification 
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scenarios (Hauri et al., 2013). The objectives of this chapter were to investigate the 

singular and interactive effects of (1) low pH and low [O2], and (2) semidiurnal pH 

fluctuations relative to stable pH, on the survivorship, development, and size of mytilid 

larvae.  The relative role of [O2] and pH in structuring larval performance was tested by 

manipulating them alone and in combination.  I adopted Mytilus californianus and M. 

galloprovincialis larvae as model species because they play key ecological roles in the 

rocky intertidal, have been shown to be sensitive to low pH (Kurihara et al., 2008; 

Gaylord et al., 2011), larval development patterns are similar between the two species, 

adults coexist but dominate in different environments, and peak spawning periods are 

different for the two species exposing them to different upwelling regimes (Carson et al., 

2010).   

More often than not, pH and [O2] experienced by planktonic larvae are unknown 

due to difficulties in tracking larval abundance and distributions in the field. Natural 

geochemical proxies in larval carbonate structures are one means by which 

environmental conditions can be estimated.  The most reliable [O2] or carbonate 

chemistry proxy would be primarily controlled by physicochemical processes that have 

limited influence from endogenous factors. Chapter 6 probes for such a geochemical 

proxy in larval carbonates of Mytilus californianus and M. galloprovincialis. The shell 

material utilized for this chapter was generated during experiments described in Chapter 

5. The objectives of this chapter were (1) to determine if aragonitic mytilid larval shells 

precipitated in varying [O2] and pH conditions have distinct single- or multi-element 

signatures, (2) to evaluate whether element accumulation was influenced by ontogenetic 

effects, represented by larval shell size, and (3) to compare element signatures of 
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experimentally cultured larval shells with those of field-cultured larval shells with either 

known pH and [O2] exposure histories or known spatial gradients in upwelling intensity. 

The final chapter, Chapter 7, summarizes and integrates the findings of this 

dissertation and their implications.  

 

  



10 
 

 
 

References 

Bates NR, Best MHP, Neely K, Garley R, Dickson AG, Johnson RJ (2012) Detecting 
anthropogenic carbon dioxide uptake and ocean acidification in the North Atlantic 
Ocean. Biogeosciences, 9, 2509–2522. 

Bograd SJ, Castro CG, Di Lorenzo E, Palacios DM, Bailey H, Gilly W, Chavez FP 
(2008) Oxygen declines and the shoaling of the hypoxic boundary in the California 
Current. Geophysical Research Letters, 35, L12607. 

Booth JAT, McPhee-Shaw EE, Chua P, et al. (2012) Natural intrusions of hypoxic, low 
pH water into nearshore marine environments on the California coast. Continental 
Shelf Research, 45, 108–115. 

Bray NA, Keyes A, Morawitz WML (1999) The California Current system in the 
Southern California Bight and the Santa Barbara Channel. Journal of Geophysical 
Research, 104, 7695. 

Byrne M (2012) Global change ecotoxicology: Identification of early life history 
bottlenecks in marine invertebrates, variable species responses and variable 
experimental approaches. Marine Environmental Research, 76, 3–15. 

Carson HS, López-Duarte PC, Rasmussen L, Wang D, Levin LA (2010) Reproductive 
timing alters population connectivity in marine metapopulations. Current Biology, 
20, 1926–31. 

Chan F, Barth JA, Lubchenco J, Kirincich A, Weeks H, Peterson WT, Menge BA (2008) 
Emergence of anoxia in the California current large marine ecosystem. Science, 319, 
920. 

Crawford WR, Peña MA (2013) Declining oxygen on the British Columbia continental 
shelf. Atmosphere-Ocean, 51, 88–103. 

Delille B, Borges AV, Delille D (2009) Influence of giant kelp beds (Macrocystis 
pyrifera) on diel cycles of pCO2 and DIC in the Sub-Antarctic coastal area. 
Estuarine, Coastal and Shelf Science, 81, 114–122. 

Doney SC, Fabry VJ, Feely RA, Kleypas JA (2009) Ocean acidification: The other CO2 
problem. Annual Review of Marine Science, 1, 169–192. 

Dong C, Idica EY, McWilliams JC (2009) Circulation and multiple-scale variability in 
the Southern California Bight. Progress in Oceanography, 82, 168–190. 



11 
 

 
 

Dupont S, Ortega-Martínez O, Thorndyke M (2010) Impact of near-future ocean 
acidification on echinoderms. Ecotoxicology, 19, 449–62. 

Eerkes-Medrano D, Menge BA, Sislak C, Langdon CJ (2013) Contrasting effects of 
hypoxic conditions on survivorship of planktonic larvae of rocky intertidal 
invertebrates. Marine Ecology Progress Series, 478, 139–151. 

Feely RA, Sabine CL, Hernandez-Ayon JM, Ianson D, Hales B (2008) Evidence for 
upwelling of corrosive “acidified” water onto the continental shelf. Science, 320, 
1490–2. 

Frieder CA, Nam SH, Martz TR, Levin LA (2012) High temporal and spatial variability 
of dissolved oxygen and pH in a nearshore California kelp forest. Biogeosciences, 9, 
3917–3930. 

Gaylord B, Hill TM, Sanford E, et al. (2011) Functional impacts of ocean acidification in 
an ecologically critical foundation species. The Journal of Experimental Biology, 
214, 2586–94. 

Graham MH, Vásquez JA, Buschmann AH (2007) Global ecology of the giant kelp 
Macrocystis: From ecotypes to ecosystems. Oceanography and Marine Biology: An 
Annual Review, 45, 39-88. 

Gruber N (2011) Warming up, turning sour, losing breath: Ocean biogeochemistry under 
global change. Philosophical Transactions of the Royal Society A, 369, 1980–96. 

Hauri C, Gruber N, Vogt M, et al. (2013) Spatiotemporal variability and long-term trends 
of ocean acidification in the California Current System. Biogeosciences, 10, 193–
216. 

Hofmann GE, Smith JE, Johnson KS, et al. (2011) High-frequency dynamics of ocean 
pH: A multi-ecosystem comparison. (W-C Chin, Ed.). PloS ONE, 6, e28983. 

Keeling RF, Körtzinger A, Gruber N (2010) Ocean deoxygenation in a warming world. 
Annual Review of Marine Science, 2, 199–229. 

Kurihara H (2008) Effects of CO2-driven ocean acidification on the early developmental 
stages of invertebrates. Marine Ecology Progress Series, 373, 275–284. 

Kurihara H, Asai T, Kato S, Ishimatsu A (2008) Effects of elevated pCO2 on early 
development in the mussel Mytilus galloprovincialis. Aquatic Biology, 4, 225–233. 

Kurihara H, Shirayama Y (2004) Effects of increased atmospheric CO2 on sea urchin 
early development. Marine Ecology Progress Series, 274, 161–169. 



12 
 

 
 

Levitan DR (2004) Density-dependent sexual selection in external fertilizers: Variances 
in male and female fertilization success along the continuum from sperm limitation 
to sexual conflict in the sea urchin Strongylocentrotus franciscanus. The American 
Naturalist, 164, 298–309. 

McClatchie S, Goericke R, Cosgrove R, Auad G, Vetter R (2010) Oxygen in the 
Southern California Bight: Multidecadal trends and implications for demersal 
fisheries. Geophysical Research Letters, 37, L19602. 

Pechenik JA (1987) Environmental influences on larval survival and growth. In: 
Reproduction of Marine Invertebrates, Vol. 9 (eds: Giese AC, Pearse JS), pp551–
608. New York, Blackwell Scientific. 

Reuter KE, Lotterhos KE, Crim RN, Thompson CA, Harley CDG (2011) Elevated pCO2 
increases sperm limitation and risk of polyspermy in the red sea urchin 
Strongylocentrotus franciscanus. Global Change Biology, 17, 163–171. 

Ross PM, Parker L, O’Connor WA, Bailey EA (2011) The impact of ocean acidification 
on reproduction, early development and settlement of marine organisms. Water, 3, 
1005–1030. 

Rumrill SS (1990) Natural mortality of marine invertebrate larvae. Ophelia, 32, 163–198. 

Sabine CL, Feely RA, Gruber N, et al. (2004) The oceanic sink for anthropogenic CO2. 
Science, 305, 367–71. 

Stramma L, Johnson GC, Sprintall J, Mohrholz V (2008) Expanding oxygen-minimum 
zones in the tropical oceans. Science, 320, 655–8. 

Vogel H, Czihak G, Chang P, Wolf W (1982) Fertilization kinetics of sea urchin eggs. 
Mathemetical Biosciences, 58, 189–216. 

Wang W, Widdows J (1991) Physiological responses of mussel larvae Mytilus edulis to 
environmental hypoxia and anoxia. Marine Ecology Progress Series, 70, 223–236. 

Whitney FA, Freeland HJ, Robert M (2007) Persistently declining oxygen levels in the 
interior waters of the eastern subarctic Pacific. Progress in Oceanography, 75, 179–
199. 

Widdows J, Newell RIE, Mann R (1989) Effects of hypoxia and anoxia on survival, 
energy metabolism, and feeding of oyster larvae (Crassostrea virginica, Gmelin). 
Biological Bulletin, 177, 154–166. 

Young CM (1990) Larval ecology of marine invertebrates: A sesquicentennial history. 
Ophelia, 32, 1–48. 



 

F
br
co
 

 

 

igure 1.1. Li
roadcast spa
ontinued gro

ife cycle dia
awners, fertil
owth and me

agram of myt
lization occu
etamorphose

 

tilid mussels
urs externally
 into juvenil

s and echino
y, embryos d
les and retur

oid urchins. B
develop into
rn to the bent

Both taxa are
o larvae, und
thos. 

13 

 

 

e 
dergo 



F
al
 

 

 

igure 1.2. Se
long the San

ection plots 
n Diego marg

of dissolved
gin.  

d oxygen andd pH during July and Deecember 201

14 

 

 

2 



15 
 

CHAPTER 2 

High temporal and spatial variability of dissolved oxygen and pH in a nearshore 

California kelp forest 

 

Synopsis 

This chapter examines the temporal and spatial variability of pH and dissolved 

oxygen ([O2]) along the southern California coast, with an emphasis on kelp forests.  

Information about [O2] and carbonate chemistry was sought in order to understand the 

range of environmental conditions influencing fertilization potential of broadcast 

spawners and to determine the exposure histories of planktonic larvae originating both 

within kelp forests and in nearby settings. 

This chapter is presented as a paper. “High spatial and temporal variability of 

dissolved oxygen and pH in a nearshore California kelp forest,” published in 

Biogeoscienes in 2012, characterizes [O2] and pH gradients in an alongshore, cross-shore, 

and depth direction over multiple temporal scales from hours to months. 
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Addendum 

 Frieder et al. (2012) analyzed data from 28 Sept. 2010 to 18 Oct. 2011. Additional 

SeapHOx deployments since this publication have been conducted (Table 2.3). The first 

deployment utilized two SeapHOx sensors at mooring A located at 7 and 17 m water 

depth (Fig. 2.11).  Characterization of data matched qualitatively well with similar 

deployments presented in Frieder et al. (2012).  The density difference between these two 

depths became larger over the duration of the deployment, which matches timing of 

seasonal upwelling.  This corresponded with a decrease in [O2]. pH data were not 

available for 17 m, but pH and [O2] at 7 m covaried.  An intrusion of high-density 

seawater during March fueled primary production at the surface; [O2] and pH exceeded 

350 µmol kg-1 and 8.3 units, respectively. This phenomenon is similar to that identified in 

Section 3.1.2 of Frieder et al. (2012).  Two additional deployments were carried out at 17 

m water depth at mooring A. The first was during June and July of 2012 (Fig. 2.12).  pH 

data were not available for this deployment.  [O2] and density during this time period 

were not as low as during February and March 2012. The second deployment was during 

March of 2013 (Fig. 2.13). Density, [O2] and pH ranges are similar to March 2012. 

Similarly, event-scale variability (days – weeks) was greater than short-term variability 

(semidiurnal and diurnal) as observed in Section 3.2.1 of Frieder et al. (2012). Lastly, a 

strong, positive relationship between [O2] and pH was well-maintained during these 

additional deployments, both at 7 m and 17 m water depth (Fig. 2.14). Altogether, from 

Sept. 2010 to March 2013 the time period of lowest [O2] and pH in the La Jolla Kelp 

Forest at the benthos was consistently during March each year.   
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This chapter, in part, is a reprint of the material as it appears in Biogeosciences. 

Frieder, Christina A., Nam, SungHyun, Martz, Todd R., Levin, Lisa A., 2012. The 

dissertation author was the primary investigator and author of this paper. 
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Table 2.3. List of SeapHOx deployments since Nov. 2011 and parameters measured. 

Sensor ID Deployment Recovery Mooring Depth (m) Temp Salinity Oxygen pH 

SP001 19 Nov 2011 23 Mar 2012 A 17 x x x 

SP002 17 Nov 2011 23 Mar 2012 A 7 x x x x 

SP002 29 May 2012 24 Jul 2012 A 17 x x x 

SP002 01 Apr 2013 30 Apr 2013 A 17 x x x x 
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Chapter 3 

Fertilization effects of reduced pH in temperate echinoids 

 

Abstract 

 Some, but not all, species of echinoids experience reduced fertilization at pH 

values within the range of ocean acidification scenarios and present-day variability. In 

this study, I explored the effects of pH on the fertilization ratio, the fraction of eggs 

fertilized, in four species of temperate echinoids; three of the species were congeners of 

Strongylocentrotus, the fourth was the sand dollar, Dendraster excentricus. These species 

vary with extent of habitat overlap, depth distributions and relative phylogenetic 

relatedness. Fertilization ratios were determined across a range of sperm-egg ratios at 

ambient, > 7.95, and low pH, < 7.55.  All four species had reduced fertilization, but only 

within species-specific sperm:egg ranges.  In order to maintain 50% fertilization at low 

pH relative to ambient pH sperm-egg ratios needed to increase: 16 times greater for S. 

franciscanus, 2.7 times greater for S. fragilis, 1.5 times greater for S. purpuratus, and 1.5 

times greater for D. excentricus. pH response curves were generated for S. purpuratus 

and S. franciscanus by measuring the fertilization ratio at nine pH levels at a sperm-egg 

ratio that was shown to be sensitive to pH reductions.  Strongylocentrotus purpuratus 

maintained high fertilization across a broad range of pH but exhibited a threshold 

response below 7.44.   Strongylocentrotus franciscanus had significant fertilization 

reductions at rather modest pH declines of 0.06 units from ambient pH 8.0, and this 

relationship between fertilization and pH was linear. Further experimentation revealed 

changing sire identity resulted in variable fertilization ratios under decreased pH in S. 
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pupuratus and S. franciscanus. Males with greater pH-tolerant gametes could become 

dominant sires with ocean acidification, representing a potential source of selection to pH 

stress. Fertilization in S. franciscanus was the most sensitive to pH, and natural pH 

conditions observed from its habitat during its reproductive season indicate there are time 

periods when fertilization success could be 79% relative to fertilization under ambient 

conditions. This information, in combination with ocean acidification predictions and an 

understanding of how sperm-egg ratios and thus population densities regulate the 

magnitude of the pH response could be incorporated into management practices of the S. 

franciscanus fishery. Lastly, impacts of reduced pH were species-specific even within 

closely related taxa with similar environmental histories, and complicate the validity of 

generalized extrapolations regarding winners and losers based on shared characteristics. 

 

Introduction 

Fertilization is a life event in which the fusion of gametes produces a new 

organism. Successful fertilization is vital for the persistence of a population, and in the 

marine environment, broadcast spawners release their gametes into the water column. 

The released gametes are exposed to the chemical and physical properties of the 

seawater, and known influences on fertilization success include temperature, turbulence, 

pollution and ecology (reviews and studies by Byrne, 2012; Levitan et al., 1992; 

Marshall, 2006; Riffell and Zimmer, 2007).  pH is an additional driver that has garnered 

recent attention due to concerns of pH reductions resulting from ocean acidification in 

shallow marine settings (Byrne, 2012; Kurihara, 2008). Of the Echinodermata, eight of 

the fifteen species studied to date exhibited reduced fertilization with decreased pH, but 
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with some of these detections occurring at extremely low pH values, e.g. 7.0 – 7.4, and 

low sperm-egg ratios (e.g., Kurihara and Shirayama, 2004; Gonzales-Bernat et al., 2013). 

Some of the observed robustness of fertilization to low pH may reflect species-specific 

adaptation to the fluctuating environmental conditions in shallow-water habitats. An 

emerging hypothesis is that fertilization sensitivity to reduced pH will be based on pH 

exposure histories; fertilization in species living in habitats where the pH is low, e.g. < 

7.9, or highly variable may likely be more resistant to ocean acidification compared to 

that for species living in habitats where the pH is high, e.g. > 8.0, or relatively stable 

(Byrne, 2012; Dupont et al., 2010). 

Evidence from multiple studies suggests that fertilization in polar and temperate 

echinoderm species could be more sensitive to lowered pH compared to that for species 

from the tropics.  Polar benthic habitats have stable pH conditions and exhibit low to 

moderate variation of < 0.12 units on the scale of hours to days (Matson et al., 2011), 

while coral reef environments undergo large diel pH variations (Shaw et al., 2012). 

Temperate systems, particularly along upwelling margins, exhibit precipitous changes in 

pH > 0.3 units on semidiurnal to seasonal timescales (Booth et al., 2012; Frieder et al., 

2012; Nam et al., 2011). Of five echinoid species studied from tropical intertidal and 

shallow subtitdal habitats two, the urchin Heliocidaris erythrogramma and the sand 

dollar Arachnoides placenta, are sensitive at a pHNBS of 7.7 (Gonzalez-Bernat et al., 

2012; Havenhand et al., 2008), while other studies on H. erythrogramma have found no 

effect down to pH NBS of 7.6 (Byrne et al., 2009, 2010a, 2010b). Fertilization in most 

echinoids from tropical environments may be robust to reductions in pH, and that sand 

dollars could be more sensitive.  Echinoids from subtidal, temperate and polar habitats 
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have been reported more often to exhibit reduced fertilization at low pH. These species 

include Sterechinus neumayeri (effect observed at 7.50T), Strongylocentrotus 

franciscanus (effect observed at 7.81NBS), Hemicentrotus puclherrimus (effect observed 

at 6.83NBS), Echinometra mathaei (effect observed at 7.1NBS), and Paracentrotus lividus 

(effect observed at 7.6T) (Ericson et al., 2012; Kurihara and Shirayama, 2004; Moulin et 

al., 2011; Reuter et al., 2011a).  

The underlying mechanisms responsible for reduced fertilization at lower pH 

remain elusive, but for broadcast spawners certain gamete properties can change with 

decreases in pH. Reduced pH decreases sperm motility in sea urchins (Havenhand et al., 

2008; Schlegel et al., 2012), fish (Dey et al., 2009; Ingermann et al., 2002), and in sea 

cucumbers and corals (Morita et al., 2010).  Intracellular pH in sperm is directly 

dependent on extracellular pH, and decreasing intracellular pH narcotizes sperm and so 

could result in reduced sperm swimming and impaired fertilization success (Brokaw, 

1990; Chia and Bickell, 1983; Christen et al., 1983; Vacquier, 1986).  pH could also 

affect properties of the egg. Low intracellular egg pH may prevent fertilization and 

subsequent development as well as slow the time that the fast block to polyspermy is 

established (Desrosiers et al., 1996; Kurihara, 2008; Reuter et al., 2011a). While 

reductions in pH may inhibit gamete performance, inter-individual variability in gamete 

performance may counteract these effects (Byrne and Przeslawski, 2013; Schlegel et al., 

2012). These authors propose the concept that ‘winners’ to ocean acidification occurs at 

the individual level and that acidification-resistant gametes will result in population-level 

selection for pH-tolerant gamete genotypes. 
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In studying the effects of pH on fertilization success, appropriate sperm-egg ratios 

that are species-specific should be utilized (Byrne, 2012; Levitan, 1993; Levitan et al., 

1991; Reuter et al., 2011). Studying a range of sperm-egg ratios is also important because 

in the field population densities of adult urchins influence the degree of sperm limitation 

(Levitan, 2004).  When testing pH effects at multiple sperm-egg ratios a fertilization 

kinetics model can be generated at which the probability of fertilization is a function of 

sperm-egg ratio (Vogel et al., 1982).  This experimental approach has been extensively 

used to characterize fertilization kinetics in echinoids (e.g., Levitan, 1993; Levitan et al., 

1991; Vogel et al., 1982). Changes in gamete performance are captured by the 

fertilization efficiency parameter, β/βo, which can be estimated from the model.  Such an 

approach has also been utilized to explore the effects of reduced pH on fertilization 

efficiency in the red sea urchin, Strongylocentrotus franciscanus, and revealed a 97% 

decrease in fertilization efficiency from pHNBS 8.04 to 7.55 (Reuter et al., 2011a; Reuter 

et al., 2011b). 

 Given temporal and spatial pH variability and ocean acidification predictions 

along upwelling margins (e.g., Hauri et al., 2013), there are potentially temporal and 

spatial scales when reduced pH could elicit a negative fertilization response while 

increased pH could provide alleviation.  This continuum of spatio-temporal variability 

could become increasingly important in the future as ocean acidification progresses.  Few 

fertilization assays published to date employ more than two or three pH treatment levels, 

but the realization that pH varies with space and time requires that fertilization be studied 

over a broad range of pH in order to elicit linear and non-linear relationships and 

potential thresholds (Riebesell et al., 2010). The ensuing response curves will improve 
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our ability to predict when and where the effects of a rapidly changing ocean climate will 

impact the sustainability of natural populations.    

In this study, I compare the influence of pH on fertilization success in four species 

of echinoids found in temperate environments (Table 3.1). All species occur locally in the 

Southern California Bight but vary with respect to habitat overlap, phylogenetic 

relatedness and gametic traits. Strongylocentrotus purpuratus and S. franciscanus, the 

purple and red urchin, inhabit rocky reefs and kelp forests. Strongylocentrotus purpuratus 

occurs higher in the intertidal and extend to 160 m, while S. franciscanus is mostly 

subtidal to 90 m water depth (Morris et al., 1980). Additionally, red and purple sea 

urchins are the basis for important fisheries, and while purple sea urchins make up a 

minor component of the fishery, they are also collected for scientific research (Rogers-

Bennett, 2007). Strongylocentrotus fragilis, the pink urchin, is a deep-water sea urchin 

found in a low-pH, low-oxygen zone with peak abundances between 200 and 400 m 

water depth (Thompson et al., 1987). Dendraster excentricus, the sand dollar, occurs in 

sandy bottom from within coastal inlets to the open coast and from intertidal to shallow 

subtidal (Merrill and Hobson, 1970).  Predictions were that S. fragilis fertilization would 

be the most tolerant to low pH because natural populations occur in naturally low pH 

environments, and that D. excentricus fertilization would be the most sensitive to low pH 

because populations have a shallow depth distribution characterized by high wave energy 

resulting in high ambient pH conditions relative to the other species.  

Fertilization experiments were carried out at ambient and low pH at multiple 

sperm-egg ratios. Fertilization kinetics curves were generated, and estimated fertilization 

efficiencies, β/βo, were compared between pH treatments and across species. I 
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hypothesized that fertilization would only be sensitive to low pH at moderate and low 

sperm-egg ratios that were species-specific, since at high sperm densities any negative 

pH effect would likely be masked by high sperm-egg contact rates. I then developed 

response curves in Strongylocentrotus purpuratus and S. franciscanus across a broad 

range of pH at a sperm-egg ratio that was sensitive to pH change. Lastly, the mechanism 

by which pH influences fertilization success is thought to be a direct impact on sperm 

motility, but inter-individual variation to reduced pH among male gametes could 

influence fertilization success. By conducting experiments with pairwise crosses of eggs 

from a single female with sperm from multiple males, I quantified the variation in 

fertilization sensitivity to reduced pH as a function of sire identity.  These studies 

revealed that S. franciscanus fertilization was the most sensitive to pH reductions, so pH 

data were collected from the natural habitat of S. franciscanus during its reproductive 

season to determine whether fertilization success could be influenced by present-day pH 

conditions.   

 

Methods 

Animals, gamete traits, and genetic relatedness 

Three congeners of Strongylocentrotus and one sand dollar, Dendraster 

excentricus, were studied. S. purpuratus and S. fragilis are the most closely related, while 

S. franciscanus is the least related congener (Walters et al., 2008).  Strongylocentrotus 

purpuratus, the purple sea urchin, has the smallest egg diameter, 70 - 80 µm, and sperm 

velocity is 0.145 mm s-1 (Levitan, 1993). Strongylocentrotus franciscanus, the red sea 

urchin, has the largest egg diameter, 120 - 140 µm, and sperm velocity is 0.13 mm s-1 
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(Levitan, 1993). Strongylocentrotus fragilis, the pink sea urchin, has a medium egg 

diameter, ca. 110 µm, and sperm traits are undocumented (Strathmann, 1987). 

Dendraster excentricus has an egg diameter of 125 µm, and sperm velocity is 0.195 mm 

s-1 (Podolsky, 2002).  

 

Collecting animals and gametes, and fertilization assays 

Strongylocentrotus purpuratus and S. franciscanus were collected at 15 m water 

depth by SCUBA from the La Jolla kelp forest where there is extensive overlap of adults 

(32.85 °N 117.29 °W).  Dendraster excentricus was collected from 5 m water depth 

along sandy bottom offshore the Scripps Institution of Oceanography pier (32.87 °N 

117.26 °W). Strongylocentrotus fragilis was collected from 200 m water depth with 

baited cages (32.88 °N 117.28 °W). Adults were maintained in flow-through aquaria at 

ambient sea surface temperature, 15 °C. All urchins were fed assorted macroalgae, and all 

specimens were used within a month of collection. 

Spawning was induced by injecting 0.55 M KCl through the peristomal 

membrane.  Oocytes were collected in dishes of filtered seawater (FSW, 0.22 µm). 

Number of adults used in each experiment ranged from 2 – 5 females and 3 – 5 males. 

Sperm were collected dry from the gonopores of males and placed in a small vial and 

kept on ice until use.  A 0.1% dilution from dry sperm was made to verify sperm motility, 

and then preserved in formalin to count sperm densities with a hemacytometer in order to 

calculate the amount of diluted sperm required to attain desired sperm-egg ratios and 

sperm densities for each treatment. Oocytes from multiple females were mixed and egg 

densities determined by counting 8 x 20 µl aliquots. Eggs were added to experimental 



45 
 

 
 

beakers at a density of 5 eggs ml-1, and incubated in experimental conditions for 10 min 

before sperm were added.  Dry sperm was diluted immediately before addition to 

experimental beakers. Following sperm addition the seawater in each replicate was gently 

stirred.  Fertilization proceeded for 20 min and was arrested by transferring the contents 

of each replicate to a 1% formalin solution. The fertilization ratio, defined as the 

proportion of eggs fertilized, was determined by counting the frequency of occurrence of 

a fertilization envelope in at least 100 eggs per replicate. All experiments were carried 

out in the Scripps experimental aquarium facility. Experiments on Dendraster 

excentricus were carried out during summer of 2012.  All experiments on 

Strongylocentrotus spp. were carried out during the spring of 2013.  500 ml glass beakers 

were used, and there were three replicates per treatment level.   

There were three types of experiments that followed the above protocol. The first 

experiment was conducted on all species. There were two treatments: pH and sperm-egg 

ratio.  The two pH treatments were ambient pH, > 7.96, and low pH, < 7.53 (Table 3.2). 

The sperm-egg ratio levels varied among species and were based on preliminary 

experiments. There were eight Strongylocentrotus purpuratus sperm-egg ratios ranging 

from 1:1 to 2 x 104:1, eight S. franciscanus sperm-egg ratios ranging from 1:1 to 2 x 

103:1, and eight S. fragilis sperm-egg ratios ranging from 10:1 to 103:1. Three Dendraster 

excentricus sperm-egg ratios were tested; these were 40:1, 400:1, and 4 x 103:1.  The 

second experiment tested nine pH levels ranging from 7.26 to 8.00 on fertilization in S. 

purpuratus and S. franciscanus. A third experiment was conducted on S. purpuratus and 

S. franciscanus to determine the extent of sire-induced variability in fertilization success 

at low pH relative to ambient pH among pairwise crosses of eggs from a single female to 
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sperm from six males.  The sperm-egg ratios used in the second and third experiment 

were 103:1 for S. purpuratus, and 2 x 103:1 for S. franciscanus. An attempt was made to 

conduct the second and third experiment on S. fragilis during June 2013, but too few 

individuals could be induced to spawn (less than 10% of adults), and fertilization did not 

occur from resulting gametes.  

 

Manipulation of carbonate chemistry 

pH levels for each experiment were manipulated by mixing different proportions 

of ambient and high total dissolved inorganic carbon (CT) seawater. The high-CT 

reservoir was attained by bubbling a 3% pCO2 air mix into filtered seawater, and both 

reservoirs received flow-through filtered seawater. Discrete samples for determination of 

pH were taken for each treatment at the beginning of an experiment, and measured via a 

modified spectrophotometric method based on Dickson et al. (2007) using 1-cm cuvette 

cells and commercially available m-cresol dye with dye corrections based on Clayton and 

Byrne (1993). This method was calibrated with certified reference material from the 

Marine Physical Laboratory at Scripps Institution of Oceanography, and uncertainty of 

measurements was ± 0.03 pH units. All pH values reported unless otherwise noted in 

subscript are at in-situ temperature and on the total scale. Discrete samples were also 

taken for the determination of total alkalinity (AT) and salinity. AT for each treatment was 

determined using an open-cell, potentiometric titration with an accuracy of ± 2 µmol kg-1 

(Dickson et al., 2007).   Salinity was calculated from density measured at 20°C on a 

Density Meter (Mettler Toledo DE45) with an accuracy of 0.05 salinity units.  Salinity 

during the experiments ranged from 33.53 to 33.59. While only one discrete sample for 
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determination of pH and AT was taken per treatment, an independent measure of pH was 

taken with the use of Honeywell Durafet III pH sensors to determine pH variance among 

replicates.  The standard deviation among replicates was less than 0.02, and there was no 

significant drift in pH during the experiments. pCO2 conditions were calculated from pH 

and AT using the Matlab version of CO2SYS (van Heuven et al., 2011) with dissociation 

constants from Mehrbach et al. (1973) as refitted by Dickson and Millero (1987). The 

average propagated uncertainties based on uncertainty in pH and AT for pCO2 was ± 85 

µatm. Experiment water conditions are provided in Table 3.2. All experiments were 

conducted at 15 °C, and temperature was maintained by submerging replicate containers 

within a common water bath. 

 

pH conditions in a natural habitat of S. franciscanus 

Continuous pH data were collected 3 m above bottom at 17 m water depth in the 

south La Jolla Kelp Forest (32.81°N 117.29°W) during the spawning season of S. 

franciscanus from 1 – 31 March, 2013 to assess whether present-day pH variability could 

elicit decreases in fertilization success during natural spawning events. Details of 

instrumentation and deployment are provided in Frieder et al. (2012). 

 

Data analysis and statistics 

To determine the overall effect of pH and sperm-egg ratio on fertilization success, 

I used a two-way analysis of variance (ANOVA; fixed factors pH and sperm-egg ratio).  

Percentage data were square-root-arcsine transformed. Vogel’s fertilization kinetics 

model was applied to the fertilization data to calculate fertilization rate as a function of 
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sperm-egg ratio, and to test whether pH resulted in decreased fertilization efficiency 

(Vogel et al., 1982).  This model assumes that sperm attach to the first egg they contact, 

regardless of whether fertilization occurs (the Don Ottavio model).  It quantifies the 

fertilization ratio (φ) from the initial concentration of sperm (So, sperm µl-1) and eggs (Eo, 

eggs µl-1), sperm-egg contact time (t), constant rate of sperm-egg collision (βo, mm3 s-1), 

and the rate constant for fertilization (β, mm3 s-1).  

߮ ൌ 1 െ 	݌ݔ݁ ቂ	െ	 ఉௌ೚
ఉ೚ா೚

	ሺ1 െ ݁ିఉ௢ா௢௧ሻቃ  (Eq. 1) 

The ratio of β/βo can be interpreted as the fertilization efficiency and can be 

influenced by the fertilizable area of the egg, the proportion of sperm able to fertilize an 

egg, or the number of sperm contacts needed to allow for the penetration of a single 

spermatozoan. β/βo for each pH treatment was estimated iteratively, along with 95% 

confidence intervals, using the Marquardt method of nonlinear regression in MATLAB. 

β/βo between pH treatments were considered significantly different if the 95% 

confidence intervals did not overlap.  An index of gamete performance was calculated as 

the sperm density required to fertilize 50% of the eggs in each pH treatment (f50). To 

determine the relationship between pH and fertilization success across a range of pH 

values, a simple linear regression was used.  When thresholds were apparent a modified 

Michaelis-Menten equation was fit to fertilization data.   

 

Results 

Sperm-egg ratios sensitive to low pH and effects on fertilization efficiency 
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Fertilization success was reduced at low pH for all four species, but at different 

sperm-egg ratios (Table 3.3).  Fertilization was significantly lower at sperm-egg ratios 

from 102 – 103:1 in Strongylocentrotus purpuratus, 50 - 2000:1 in S. franciscanus, 2 x 

103 – 105:1 in S. fragilis, and 40 – 4 x 103:1 in Dendraster excentricus (Fig. 3.1). In order 

to maintain f50, S. purpuratus required 1.5 times the sperm density (with constant egg 

density) with a pH decline from 7.96 to 7.37, S. franiscanus required 16 times the sperm 

density at pH decline from 7.99 to 7.50, and S. fragilis required 2.7 times the sperm 

density at pH decline from 7.99 to 7.50. Dendraster excentricus only required 1.5 times 

the sperm density from pH 8.06 to 7.53 to maintain f50. Fertilization efficiency, β/βo, was 

significantly lower at low pH for all three Strongylocentrotus spp., but not for D. 

excentricus (Fig. 3.2).  At ambient pH, > 7.96, β/βo was greatest for S. purpuratus, then S. 

franciscanus, and lowest in S. fragilis and D. excentricus indicating that these latter two 

species require higher sperm-egg ratios to attain fertilization success.  Strongylocentrotus 

franciscanus exhibited the greatest reduction in β/βo, 86%, at pH 7.50.  This corresponds 

with the observation that S. franciscanus required the greatest increase in sperm densities 

in order to maintain f50.  

 

Shape of pH response curve and variability among male-female crosses 

Both linear and non-linear responses of fertilization success to reduced pH were 

observed (Fig. 3.3). Strongylocentrotus purpuratus fertilization success exhibited a non-

linear response to pH at a sperm-egg ratio of 1000:1. At pH values greater than 7.60 

fertilization success was above 90%, from pH 7.60 to 7.44 fertilization began to slowly 

decrease, but a precipitous threshold existed below pH of 7.44.  Applying a modified 
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Michaelis-Menten equation to the non-linear responses revealed an f50 at 7.27.  In 

contrast, S. franciscanus fertilization success decreased from pH 8.00 to 7.36 at a sperm-

egg ratio of 2000:1. The effect of pH on the fertilization ratio, φ, was well described by a 

negative linear relationship (F1,7 = 204, p < 0.0001, r2 = 0.97). 

φ = 0.602 * pH – 3.86   (Eq. 2) 

 Not all female by male crosses were sensitive to low pH for both species (Fig. 

3.4). In Strongylocentrotus purpuratus only one of the pairwise crosses of eggs from a 

single female to sperm from six males exhibited a significant reduction in fertilization at 

a pH of 7.42 relative to ambient pH conditions. From the modified Michaelis-Menten 

fertilization pH curve a 6.5% reduction in fertilization success was expected; relative 

fertilization success at low pH relative to ambient ranged between -14% and +6% among 

individual sires.  In S. francicscanus, two of the pairwise crosses exhibited a significant 

reduction in fertilization at a pH of 7.58.  This pH value corresponds to an expected 

fertilization reduction of 30% based on Equation 2; relative fertilization success among 

the six males ranged between -3% and -12% relative to ambient.   

 

Reduced output of Strongylocentrotus franciscanus  

 This study revealed a negative effect of reduced pH on fertilization success in 

Strongylocentrotus franciscanus at rather modest pH declines of 0.06 units from ambient 

pH of 8.0. The pH of the environment for S. franciscanus was observed to investigate 

whether present-day pH values could be limiting the potential reproductive output of 

natural populations. Fertilization success at a given in-situ pH was determined from the 

linear regression in Eq. 2 and plotted as a function of relative output from ambient pH 8.0 
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(Fig. 3.5). During March 2013, pH at depth was affected by alternating periods of a well-

mixed water column and stratification, reflecting pH alternating from approximately 7.95 

to 7.70 over week–long time periods. The corresponding fertilization success relative to 

ambient pH, 8.0, of S. franciscanus would have alternated between 0.79 and 0.93. This 

model assumes a constant sperm-egg ratio of 2000:1 at 15 °C.  While sperm-egg ratios 

vary during spawning events, a value that represents sperm limitation can be justified as a 

first approximation since field experiments document that fertilization success for S. 

franciscanus varies between 0% and 82% (Levitan et al., 1992).  

 

Discussion 

 Fertilization in broadcast spawners has been considered rather robust to ocean 

acidification (Byrne, 2012), and sensitivity has usually been detected only at extremely 

low pH values (e.g. Kurihara and Shirayama, 2004). Still, a few species of echinoids 

from temperate and polar regions have exhibited reduced fertilization at rather modest pH 

reductions (Ericson et al., 2012; Gonzalez-Bernat et al., 2012; Moulin et al., 2011; 

Reuter et al., 2011a), particularly at sperm-egg ratios appropriate to the study species.  

Further exploration of the fertilization response of four echinoid species from temperate 

upwelling margins revealed that all species studied were sensitive to low pH, but only 

within a certain range of sperm-egg ratios (Table 3.3).  Estimates from a fertilization 

kinetics model resulted in significant decreases in fertilization efficiency with declining 

pH for all Strongylocentrotus spp. but not for Dendraster excentricus (Fig. 3.2). Thus, a 

greater sperm density was required at low pH to attain fertilization rates comparable to 

those when gametes were exposed to ambient pH.  Further experimentation to define the 
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nature of the response across a broad range of pH values revealed both a non-linear and 

linear relationship in S. purpuratus and S. franciscanus, respectively (Fig. 3.3).  The S. 

purpuratus fertilization threshold response to pH was well below 7.6, suggesting 

fertilization in this species is rather robust to pH in the context of present-day variability 

regimes and regional acidification scenarios (Frieder et al., 2012; Hauri et al., 2013). 

Alternatively, S. franciscanus fertilization was sensitive to modest reductions of 0.06 pH 

units from 8.00, and these values are known to occur regularly within its present habitat 

during its reproductive season (Fig. 3.5). 

 The role of sperm-egg ratios in regulating the magnitude of the pH effect on 

fertilization is increasingly recognized. Sperm densities during natural spawning events 

may or may not be limiting; the degree to which sperm limitation occurs depends on the 

biotic and abiotic conditions under which spawning actually takes place (Levitan and 

Sewell, 1998; Yund, 2000).  Broadcast spawners have evolved numerous mechanisms to 

prevent or to reduce sperm limitation. In sessile and sedentary invertebrates, these 

mechanisms include the release of sperm in viscous fluids to counteract dilution effects 

(Thomas, 1994), movement of adults towards other spawning individuals (Babcock et al., 

1992), spawning synchrony (Coma and Lasker, 1997), and extremely high levels of 

sperm production (Babcock et al., 1994). Observation of natural spawning events in 

purple and red urchins in British Columbia, Canada, did not reveal spawning aggregation 

of sea urchins, but 30 to 44% of individuals spawned, and the majority spawning, 88%, 

were male (Levitan, 2002). Additional field observations of induced spawning events in 

Strongylocentrotus franciscanus revealed that 98% of females produced eggs that were 

sired by more than one male (Levitan, 2004). The extent of multiple-sired embryos could 
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decrease with ocean acidification as fertilization sensitivity to low pH varies among 

single female by male crosses (Fig. 3.4), resulting in a form of sexual selection that has 

only been recently considered (Foo et al., 2012; Schlegel et al., 2012).  

Population density, especially male density, has also been shown to be a major 

determinant of sperm limitation (Levitan et al., 1992). The reduction of population 

densities of Strongylocentrotus franciscanus by human exploitation could enhance sperm 

limitation during natural spawning events (Pfister and Bradbury, 1996), and would 

exacerbate reduced pH effects on fertilization success and result in Allee effects.  Given 

the importance of sperm-egg ratios in regulating the magnitude of the pH effect and given 

the level of human exploitation of this species, there is a need for fishery management to 

consider the interplay of present-day pH conditions, ocean acidification and population 

densities. These factors could influence sustainable harvest levels. Even for present-day 

pH conditions there are time periods when fertilization in S. franciscanus could be 79% 

relative to fertilization at pH 8.0 (Eq. 2; Fig. 3.5). 

Inter-individual variation in male gamete performance to reduced pH could 

provide population-level resilience to ocean acidification and decreased abundances from 

harvesting.  Pairwise crosses among eggs from a single female and multiple males in both 

Strongylocentrotus purpuratus and S. franciscanus revealed a range of fertilization 

sensitivity to reduced pH, and some males of S. purpuratus had greater fertilization 

success at low pH than ambient pH.  Sperm selection during fertilization plays a key role 

in the makeup of genotypes in subsequent generations (Levitan, 1996; 2008).  With 

decreases in pH, the number of males producing high-quality gametes will decrease and 
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those males will contribute disproportionately to the next generation (Schlegel et al., 

2012).  

To advance the field of marine fertilization ecology and its interaction with ocean 

acidification, research focus should be placed on the degree of sperm limitation of 

broadcast spawners during natural spawning events and how timing of spawning events 

coincides with environmental low pH conditions, or other abiotic and biotic conditions 

that could interact and modulate fertilization success at low pH. Additionally, future 

fertilization studies should explore the effects of reduced pH on Strongylocentrotus 

droebachiensis, which also has a productive fishery in the Northwest Atlantic and 

Northeast Pacific, and S. intermedius and S. nudus, which are fished commercially in the 

Northwest Pacific (Lawrence, 2007). 

 To assess the effects of climate change, one approach has been to define winners 

and losers based on unifying characteristics, such as calcifying versus non-calcifying taxa 

and the mineral form of calcium carbonate (Kroeker et al., 2010). An objective of this 

study was to compare fertilization sensitivity to reduced pH in echinoids with varying 

overlap of phylogenetic relatedness, depth distributions, and natural-pH exposure 

histories. Differences among fertilization success in the species studied have revealed that 

not all congeners of Strongylocentrotus are sensitive to reduced pH, and in fact, members 

of this genus can exhibit different responses (Fig. 3.3). There was also no unifying theme 

of habitat or depth distribution in sensitivity among species that would have supported an 

exposure-history based hypothesis.  While S. fragilis inhabits deeper waters with much 

lower in-situ pH conditions, fertilization effects of low pH were similar to fertilization 

effects in S. purpuratus and Dendraster excentricus (Fig. 3.1 and 3.2). This study 
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revealed that not all temperate echinoids seem to be sensitive to pH changes within the 

range of ocean acidification scenarios and present-day pH variability.  
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Table 3.1. Study species and corresponding habitat type and depth distributions. 
 

Species Habitat Type Depth Range (m)* 

Strongylocentrotus 
purpuratus 

nearshore rocky reef intertidal - 160 

Strongylocentrotus 
franciscanus 

nearshore rocky reef subtidal - 90 

Strongylocentrotus 
fragilis 

outer-shelf to offshore 
basins and slopes 

150 – 480 

Dendraster 
excentricus 

coastal inlet to open 
coast 

1 - 15 

*Presented ranges represent common depth distributions, and 
individuals of each species can be found beyond depth ranges 
presented here. 
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Table 3.2. pH treatment levels used during each experiment. Experiment 1 tested at 
which sperm-egg ratios was fertilization sensitive to low pH. Experiment 2 developed 
fertilization response curves across a range of 9 pH values. Experiment 3 determined the 
variation in fertilization at ambient and low pH among one female by six male crosses. 
pH is reported on the total scale, AT, total alkalinity in µmol kg-1, pCO2 in µatm 
calculated using CO2SYS software. Purp = Strongylocentrotus purpuratus; Red = S. 
franciscanus; Pink = S. fragilis; Sand = Dendraster excentricus. * AT samples were not 
available for Experiment 1 on D. excentricus, so pCO2 was calculated with average AT 
and salinity from all experiments. 
 

Species Expt. pH AT pCO2 

Purple 1 7.96 2236 495 

Purple 1 7.37 2239 2120 

Red 1 7.99 2236 450 

Red 1 7.5 2239 1578 

Pink 1 7.99 2236 455 

Pink 1 7.5 2241 1552 

Sand 1 8.06  * 378 

Sand 1 7.53  *  1456 

Purple 2 7.95 2241 501 

Purple 2 7.88 2240 607 

Purple 2 7.8 2237 736 

Purple 2 7.72 2238 920 

Purple 2 7.62 2238 1156 

Purple 2 7.54 2239 1427 

Purple 2 7.46 2238 1729 

Purple 2 7.38 2236 2081 

Purple 2 7.26 2237 2801 

Red 2 8 2235 442 

Red 2 7.94 2235 526 

Red 2 7.84 2235 669 

Red 2 7.78 2236 781 

Red 2 7.69 2236 992 

Red 2 7.61 2235 1203 

Red 2 7.54 2235 1410 

Red 2 7.44 2241 1797 

Red 2 7.36 2237 2212 

Purple 3 8.02 2236 418 

Purple 3 7.42 2238 1913 

Red 3 8.02 2238 424 

Red 3 7.58 2238 1286 

 



64 
 
 

 
 

Table 3.3. ANOVA F ratios for analyses of effects of pH and sperm-egg ratios on 
fertilization ratios and root-mean-square error (RMSE) of fertilization kinetics model for 
ambient pH and low pH. F-ratio values in bold indicate P values < 0.0001. df degrees of 
freedom 
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CHAPTER 4 

An in-situ test of sea urchin larval responses to reduced pH 

 

Abstract  

Adults of the urchins Paracentrotus lividus and Arbacia lixula are absent from 

naturally enriched CO2 venting regions but live in surrounding waters. While limited 

tolerance of the adult stage to low pH at CO2 vents has been well established, evidence 

for limited tolerance of the larval stage is based on laboratory-controlled experiments. 

Here we test whether sea urchin plutei are smaller at reduced pH. An in-situ larval 

culturing technique was used to expose laboratory-spawned echinoid larvae to natural 

gradients in pH induced by CO2 venting off the coast of Ischia, Italy. During the first 

experiment, A. lixula embryos were reared at nine moorings ranging in mean pH from 

6.83 to 8.04 as unhatched blastulas for two days, and developed into 4-arm echinoplutei. 

Length of the larvae did not vary with pH. Small-scale patchiness from site-to-site 

resulted in greater variability in larval sizes than reduced pH from the venting, and 

suggests that other unknown environmental conditions and natural cycles could be 

influencing larval performance even in the face of extreme reductions in pH. In a second 

experiment, P. lividus larvae were reared in the laboratory for ten days and then exposed 

to CO2 venting for three days at six moorings ranging in mean pH from 6.85 to 8.04.  At 

pH values ≤ 7.48 larvae were smaller relative to when they were initially outplanted, and 

there was increasing variance in the lengths of the plutei skeletal body rods with 

decreasing pH. We suggest that this could be a result of budding, the release of blastula-

like particles, in a fraction of the larval population at the extreme low pH moorings, 
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although this was not observed directly. This field-based study at CO2 vents reveals that 

larvae of these two species are tolerant of pH levels predicted for near-future pH 

scenarios (e.g., ocean acidification scenarios of 7.7 units by 2100). Still, at extreme low 

pH values in the region of high CO2 venting activity, where adults are absent, shrinking 

of P. lividus plutei would likely limit their ability to successfully recruit to venting 

regions.  

  

Introduction 

All benthic invertebrate larval studies investigating the impacts of ocean 

acidification conducted thus far have been under controlled laboratory conditions 

(reviewed in Kurihara, 2008; Dupont et al., 2010; Byrne, 2012), because manipulation of 

pH in situ has proven to be logistically challenging (sensu Barry, 2005; Kline et al., 

2012). The use of natural CO2 flux from volcanic vents, which lower the pH of the 

surrounding seawater, can serve as a model system to study the impacts of ocean 

acidification on marine organisms. The advantages of in-situ studies is that they 

incorporate natural environmental variability associated with light, temperature, currents 

and food cycles that is difficult to mimic in laboratory experiments (Barry et al., 2010). 

Natural cycles in carbonate chemistry, that are mostly absent from laboratory studies, can 

also be incorporated into in-situ studies (Kline et al., 2012). For example, CO2 vents 

incorporate natural variability associated with tidal and diel cycles, but at vents 

magnitude of variability in carbonate chemistry often exceeds present-day variability 

regimes due to small-scale circulation features that replenish acidified waters over 

varying time scales (Kerrison et al., 2011).  
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Such CO2 vents occur off the coast of Italy where seawater is being acidified by 

gas containing 90-95% CO2 (Tedesco, 1996; Hall-Spencer et al., 2008).  The vents occur 

on the north and south sides of Castello Aragonese at depths from 0.5 to 3 m.  The waters 

have ambient seawater temperature and lack toxic compounds such as sulfur (Tedesco, 

1996; Hall-Spencer et al., 2008). These vents represent an in-situ model system to 

investigate effects of ocean acidification on benthic ecosystems and selected organisms 

(e.g., Martin et al., 2008; Rodolfo-Metalpa et al., 2010; Cigliano et al., 2010; Kroeker et 

al., 2011, 2012, 2013).  No larval studies have been conducted at these vents to date.  

Adult echinoids, Paracentrotus lividus and Arbacia lixula, are among the more 

common benthic macro-invertebrates on sublittoral rocks outside of the vent areas, but 

their abundance and feeding behavior is significantly reduced in the venting region (Hall-

Spencer et al., 2008; Kroeker et al., 2013). Differential sensitivity between the species 

has been observed at another venting site in the Mediterranean; adults of A. lixula were 

more tolerant to CO2 venting than P. lividus adults due to species-specific differences in 

homeostatic ability in response to high CO2 (Calosi et al., 2013). Given that adult urchins 

are absent from extreme low pH zones (Hall-Spencer et al., 2008; Kroeker et al., 2013), 

the population bottleneck could be a reflection of not only limited adult tolerance to 

extreme low pH but also limited larval tolerance. Both sea urchin species have 

echinopluteus larval types. 

CO2-induced acidification experiments have revealed many sublethal effects on 

echinopluteus larvae. In general, development is slower and the pluteus arms grow slower 

at reduced pH (Kurihara, 2008; Dupont et al., 2010; Ross et al., 2011; Byrne, 2012). 

Laboratory studies on Paracentrotus lividus early life stages reveal that this species is 
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relatively robust to near-future ocean acidification (e.g., pHT 7.7, as projected for 2100).  

In one study, fertilization and larval survival were robust down to pHT value of 7.0 

(Martin et al., 2011), while another study observed reduced fertilization at pHT 7.6 

(Moulin et al., 2011). The effect of low pH on larval size was similar in both studies; in 

the two experiments size reductions occurred between 7.2 and 7.5 pHT units. In 

comparison to other echinoids, size effects occurred at lower pH values compared to 

those of other species (Moulin et al., 2011). For Arbacia lixula, developmental rates were 

sensitive to decreasing pH, but this effect was modulated by temperature (Gianguzza et 

al., 2013).  At lower temperature, 20 °C, reduced pH (7.9NBS) resulted in faster 

development to the pluteus stage, at 24 °C there was no effect of decreased pH, and at 26 

°C development to the pluteus stage was slower at reduced pH. 

The objective of this study was to test the hypothesis that the sizes of larval sea 

urchin arms are smaller and more variable at reduced pH with the use of field 

experiments where CO2 conditions are naturally elevated and natural environmental 

cycles are incorporated. A field-based larval culturing technique was used to expose 

laboratory-spawned larvae of Arbacia lixula and Paracentrotus lividus to natural 

gradients in pH. During the first experiment, A. lixula larvae were exposed in situ to 

reduced pH prior to skeletogenesis as un-hatched blastulas. They remained in the field for 

two days, and developed into 4-arm echinoplutei.  In order to investigate the sensitivity of 

‘older’ urchin larvae to changes in pH, a second experiment cultured P. lividus larvae in 

the laboratory for ten days before they were exposed to reduced pH in situ for three days. 

Older larvae have been considered less sensitive to reduced pH than earlier stages 

(Moulin et al., 2011), and this experiment could represent larvae advected from 



75 
 

 

unacidified regions. As an indication of larval success, we measured the length of various 

skeletal components of larvae and tested whether the mean and variance in these 

measurements varied with pH.  This study provides the first test of effects of reduced pH 

on sea urchin larvae in situ, and will help to further evaluate and predict the sensitivity of 

echinopluteus to ocean acidification. 

 

Methods 

Study Site  

CO2 venting of volcanic origin occurs at two distinct areas on the north and south 

side of Castello Aragonese off the north-eastern coast of the island of Ischia (40.733 °N 

13.964 °E).  The vent area and venting rates have been described by Hall-Spencer et al. 

(2008). Moorings were placed along gradients of CO2 venting (Fig. 4.1), and consisted of 

a 1- to 2-m long line with a subsurface buoy attached to a cement block. Larval homes, as 

detailed in ‘In-situ Larval Culturing,’ were attached to the mooring line. 

 

Species Collection, Spawning and Larval Culturing 

The echinoids Arbacia lixula (Linneus, 1758) and Paracentrotus lividus 

(Lamarck, 1816) are the most common sea urchin species in the coastal rocky and 

seagrass habitat off the Italian coast (Tortonese, 1965), and both play a critical ecological 

role as grazers in these habitats (Bulleri et al., 1999). In early September 2009, adult 

specimens of P. lividus and A. lixula were collected in shallow waters (< 2 m) from rocky 

substrate in Ischia (Naples), Italy (40.75 °N 13.95 °E). The collection site was a few 

miles west off the vent area.  The urchins were transported to the laboratory where they 
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were maintained in flow-through aquaria and induced to spawn within one hour of 

collection. Adult sea urchins were injected with 1-2 ml of 0.5 M potassium chloride 

through the peristomal membrane.  After urchins spawned, unfertilized eggs (mean 

diameter 75 ± 0.75 µm) were placed in 0.22-µm filtered seawater containing a diluted 

sperm mixture.  Gametes of three females and three males were used for the A. lixula 

experiment, and gametes of one female and one male were used for the P. lividus 

experiment.  Twenty minutes post-fertilization, excess sperm was removed from culture 

via reverse filtration, and embryos were kept in 4 L of 0.22-µm filtered seawater and 

maintained at 19 °C. For Expt. I, A. lixula embryos were cultured in the laboratory for 12 

h before being transferred to the field.  For Expt. II, P. lividus embryos were cultured in 

the laboratory for ten days to the 4-arm pluteus stage before transfer to the field. Cultures 

were kept at 19 ºC and received a 12:12 h light-dark cycle. When the larvae completed 

gut formation in the laboratory they were fed live Isochrysis sp. daily.  Seawater of the 

laboratory cultures was exchanged daily. 

 

In-situ Larval Culturing 

Larvae were cultured in situ at each mooring with the use of larval ‘homes.’ A 

larval home was 200 ml and consisted of a 14-cm long by 3.8-cm diameter pipe coupler 

made of poly-vinyl chloride (PVC) with an open 35-μm nitex mesh cap on either end.  

The homes were attached to the mooring line with zip-ties at 2-3 m below the sea surface.  

Larvae were loaded into homes at densities of 10 larvae ml-1. For Expt. I, Arbacia lixula 

larvae were transferred to the field as un-hatched blastulas and exposed to venting for two 

days from Sept. 12-14, 2009.  Nine moorings were utilized in this study.  For Expt. 2, P. 
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lividus were transferred to the field as 10-day old plutei and exposed to venting for three 

days from Sept. 11-14, 2009. Six moorings were utilized during this experiment. At the 

end of the experiments, remaining larvae in homes were taken back to the laboratory and 

were transferred from their homes to 50-ml vials and preserved in 2.5% seawater 

buffered formalin.  

 

Environmental Monitoring 

pH, total dissolved inorganic carbon (CT), total alkalinity (AT), temperature and 

salinity conditions were monitored directly next to the larval cultures at each mooring 

throughout the experiment.  pH was determined daily via a modified spectrophotometric 

method (Dickson et al., 2007).  Two samples per mooring were taken in the morning in 

25-ml glass scintillation vials and samples were poisoned with a saturated mercuric 

chloride solution.  Samples were transferred to the laboratory and analyzed within a week 

on a Varian Cary 1E UV/Visible spectrophotometer with a 1-cm path-length cell and 

commercially available m-cresol dye with dye corrections based on Clayton & Byrne 

(1993). This method was calibrated with certified reference material from the Marine 

Physical Laboratory at Scripps Institution of Oceanography, and uncertainty of 

measurements was ± 0.03 pH units.  pH values are reported at the in-situ temperature and 

on the total pH scale. At the beginning and end of the experiments, AT, CT and salinity 

samples were taken with a 500-ml clean borosilicate glass bottle with a ground glass neck 

and stopper, poisoned with a saturated mercuric chloride solution and transferred to the 

laboratory for analysis.  AT measurements were determined using open-cell, 

potentiometric titration with an accuracy of ± 2 µmol kg-1 (Dickson et al., 2007).  CT 
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measurements were determined by acid extraction and coulometric detection of CO2 with 

an accuracy of ± 2 µmol kg-1 (Dickson et al., 2007).  pH, pCO2 and saturation state of 

calcite, Ωc, were calculated from a combination of AT, CT or pH measurements using the 

Matlab version of CO2SYS (van Heuven et al., 2011) and thermodynamic carbonate 

dissociation constants (Mehrbach et al., 1973; Dickson & Millero, 1987). The average 

propagated uncertainties based on uncertainty in pH, AT, and CT for pCO2 and Ωc were ± 

46 µatm and ± 0.03, respectively. Salinity samples were run on an AUTOSAL Model 

8400 Series salinometer.  Temperature was monitored every 15 minutes at each mooring 

with the use of a HOBO Onset temperature logger with an accuracy of ± 0.5 °C. 

 

Response Measurements 

To determine the lengths of various morphometric measurements larvae were 

photographed under a compound microscope.  Larvae were pipetted onto a flat 

microscope slide, and a cover slip, with modeling-clay feet on the corners, was placed 

over them.  Two digital photographs were taken of each larva.  The first photograph 

focused on the postoral arms and body and the second photograph focused on the 

anterolateral arms.  Three morphological measurements were obtained from each larva: 

postoral rod length (PRL), anterolateral rod length (ARL), and body rod length (BRL) 

(Fig. 4.2).  Images were analyzed using ImageJ v1.40f (NIH).  Results are expressed in 

terms of length (µm).  In Expt. II, initial lengths were averaged from 20 individuals that 

were preserved in 2.5% buffered formalin at the initiation of the field experiment, ten 

days post-fertilization.  



79 
 

 

 

Statistical Analysis 

The morphometric lengths of 4 – 34 larvae from each mooring were averaged and 

the variances were calculated.  Untransformed morphometric data did not violate 

assumptions of normality and homogeneity of variances. The effects of pH on mean 

larval size and variance were analyzed with a simple linear regression testing whether the 

slope was significantly different from zero (α = 0.05).  To test whether there was an 

increase in larval size from the beginning to the end of Expt. II, we used analysis of 

variance (ANOVA) to compare the BRL, PRL and ARL at the end of the experiment 

with lengths of the BRL, PRL and ARL at the beginning of the experiment.  Post-hoc 

Tukey HSD tests (α = 0.05) were used to identify significant effects revealed during 

ANOVA.  

 

Results 

Environmental Conditions 

Field environmental conditions measured at each mooring are given in Table 4.1. 

There was little variation in AT (range = 22 µmol kg-1, N = 28). Mean temperature was 25 

°C for both experiments. Salinity ranged from 38.0 to 38.1. In Expt. I, pH ranged from 

6.83 to 8.04 across nine moorings (Fig. 4.3a). In Expt. II, pH ranged from 6.85 to 8.04 

across six moorings (Fig. 4.3b).  pH variability at a mooring increased with decreasing 

pH. For both experiments, Ωc was supersaturated at all moorings except the two lowest 

pH moorings. 
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Experiment I - Arbacia lixula 

Arbacia lixula larvae were exposed to in-situ CO2 venting for two days as 

unhatched blastulas and developed into 4-arm plutei.  At the end of the experiment the 

BRL, PRL, ARL and sum of the three measurements did not vary with pH (Fig. 4.4a-d; p 

> 0.05). There was also no significant relationship between the variance of each 

morphometric term and pH (Figure 4.4e-h; p > 0.05). Results were qualitatively similar 

when morphometric terms were regressed with pCO2 and Ωc. 

 
Experiment II - Paracentrotus lividus  

Paracentrotus lividus larvae were exposed to in-situ CO2 venting for three days as 

10-d old larvae. At the end of the experiment there was no significant effect of pH on any 

of the morphometric measurements (Fig. 4.5a-d; p > 0.05), but length of the BRL, PRL 

and ARL were shorter at the end of the experiment at the two lowest pH moorings, 6.85 

and 7.48, relative to when they were first outplanted. The BRL did not get longer at any 

of the moorings but shrank at two moorings with lowest pH, 7.48 and 6.85 (F6,106 = 18.3, 

p < 0.0001).  The ARL was longer at the end of the experiment at all but two moorings; 

the ARL shrank at pH 6.85 and 7.48 (F6,106 = 75, p < 0.0001).  The PRL was larger at the 

end of the experiment at all but two moorings; the PRL shrank at pH 6.85 and 7.48 (F6,106 

= 85, p < 0.0001). The sum of the larval components was greater at the end of the 

experiment at all but two moorings; the sum was lower at pH 6.85 and 7.48 (F6,106 = 87, p 

< 0.0001). There was a significant effect of pH on the variance of the BRL (Fig. 4.5e; F1,4 

= 7.972, p = 0.048). Variance in BRL increased with decreasing pH, but there was no 

significant effect of pH on the variance of the PRL or ARL (Fig. 4.5f-h; p > 0.05). 
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Discussion 

Naturally enriched CO2 field sites provide unique opportunities to conduct ocean 

acidification experiments in natural settings. CO2 vents in the Mediterranean can reveal 

the effects of reduced pH, increased pCO2, on benthic marine ecosystems and processes 

(Barry et al., 2010). The lack of adult echinoids from extreme low pH regions was further 

explored in this study by examining effects of low pH at CO2 vents on early life stages. In 

the Arbacia lixula experiment (Expt. I) the length of larval arms did not vary across a 

broad range of pH from 6.83 to 8.04 (Fig. 4.4).  This finding differs from those of 

laboratory-controlled experiments. Observations are typically a decrease in echinopluteus 

larval arm lengths with reduced pH (reviewed in Kurihara, 2008; Dupont et al., 2010; 

Ross et al., 2011). Shorter arms have a suite of implications for dispersing larvae. The 

arms of echinoplutei are lined with ciliated bands that are utilized for food capture and 

swimming (Strathmann, 1971), swimming ability and stability depend on body size and 

shape (Pennington & Strathmann, 1990; Strathmann & Grünbaum, 2006), and shorter 

arms reduce feeding capacity (Sewell et al., 2004).  In-situ experiments provide an 

independent approach to laboratory studies to study the effects of reduced pH. The lack 

of a relationship between pH and larval size highlights the role that uncontrollable natural 

processes may be playing in modulating responses to pH. This observation suggests that 

findings from laboratory-based experiments overestimate sensitivity. On the other hand, 

the realism of in-situ studies leads to variation in response variables from undetectable 

natural processes (Barry et al., 2010).  Increased variability in a response measurement 

can reduce inferential power of the in-situ experiment. 
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The lengths of the ARL, BRL and PRL of ‘old’ larvae of Paracentrotus lividus 

(Expt. II) also did not vary with pH, but the lengths of these components shrank at 

extreme low pH, ≤ 7.48, during the experiment (Fig. 4.5). Budding, the constriction and 

release of a blastula-like particle, may have caused the observed shrinkage in P. lividus 

10-d old plutei. Budding has been observed in > 50% of larval cultures of 

Strongylocentrotus purpuratus when exposed to an elevated pCO2 level of 700 µatm, 

although the released buds did not develop into viable clones (Chan et al., 2013). 

Budding takes place at the posterior end of echinoids (Eaves & Palmer, 2003), and has 

not been reported to date in A. lixula but may occur in P. lividus (Runnström & Immers, 

1970). The mechanisms by which reduced pH and elevated pCO2 induce larval budding 

and cloning are unknown, but could provide ecological benefits for mitigating elevated 

mortality in response to acute exposure to low pH. Furthermore, there was an increase in 

variance with decreasing pH for the length of the body rod (BRL) in P. lividus. 

Decreased BRL lengths along with increased BRL variance suggest a subset of the larval 

population was undergoing budding.  

The dramatic decrease in pluteus arm lengths and body rod length in 

Paracentrotus lividus indicates that this larval stage has limited pH tolerance.  Given that 

the adult stage is absent from CO2 venting regions and that extreme low pH results in 

poor larval performance, the lack of adults could be attributed to a population bottleneck 

at the larval stage.  The area of venting is small, and movement of later life stages would 

be possible if physiological tolerance of extreme low pH was not an issue, so it is likely 

that sensitivity of all life stages results in their absence from venting regions. For A. 
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lixula there was no evidence that extreme low pH limited their ability to successfully 

develop and ultimately settle.  

There are many advantages to conducting experiments in field-based settings, 

mainly associated with incorporation of natural environmental cycles and food sources. 

There are also associated disadvantages. For example, a common weakness of studies 

using natural CO2 vent sites is the geographically limited opportunity for replication 

(Havenhand et al., 2010). In this study, regression models were employed. Other 

researchers have grouped sites (moorings in this case) into categorical pH bins with each 

bin represented by sites with similar average pH conditions. Data were then analyzed 

with analysis of variance models (e.g., Hall-Spencer et al., 2008; Cigliano et al., 2010; 

Kroeker et al., 2013). Regression analysis has been suggested as more useful in field-

based studies because it allows identification of the functional relationship between the 

treatment variable (e.g. pH) and the response variable (e.g., larval size); knowledge of 

these relationships are extremely valuable for modelers, and allows prediction of a 

response at interpolated values (Havenhand et al., 2010). Additionally, a regression-based 

experimental design can reveal the need for non-linear models that reveal response 

thresholds. Another limitation of CO2 vents is the large degree of temporal pH variability 

among treatments (Kerrison et al., 2011). Large changes in pH can occur over rapid 

periods of less than a day.  There is still uncertainty as to what aspects of environmental 

pH (e.g. mean ambient pH, extreme low pH events, rates of pH reduction) result in 

biological sensitivity.  We interpreted larval responses in our experiments as a function of 

mean pH, although increased pH variance increased with decreasing pH (Fig. 4.3).  
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In conclusion, our results provide a unique in-situ test of sea urchin larval 

sensitivity to reduced pH. In-situ field experimental designs incorporate natural cycles 

and variability of light, temperature, and food, while these conditions are rigorously 

controlled in laboratory settings. While laboratory studies aim to limit variability among 

replicates, this study highlights the importance of small-scale patchiness which in natural 

settings resulted in variable larval performance regardless of pH conditions. Favorable, 

but presently unknown, natural processes that increase larval performance could become 

increasingly important in mitigating larval sensitivity to reduce pH in future oceans. 
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Table 4.1. Seawater carbonate chemistry and environmental conditions (mean ± SD) by 
mooring for each experiment at Ischia, Italy.  Mooring identification corresponds to Fig. 
4.1. Temperature is in degrees Celsius and was measured every 15 minutes. Salinity, total 
alkalinity (AT) and total dissolved inorganic carbon (CT) were measured at the beginning 
and end of each experiment (n = 2). Any deviation in sample size is denoted in 
parentheses. AT and CT are in µmol kg-1. pH is mean pH on the total scale and was 
measured daily using the spectrophotemtric method or calculated from CT and AT. pH 
sample size is in parentheses.  The saturation state of calcite, Ωc, and pCO2 (µatm) were 
calculated from CT and AT at 25.5 ºC and a salinity of 38.  
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CHAPTER 5 

Evaluating ocean acidification consequences under natural oxygen and periodicity 

regimes: Mussel development on upwelling margins 

 

Abstract 

 Natural variation and changing climate on upwelling margins subject 

meroplanktonic organisms to broad ranges of pH and oxygen ([O2]) levels.  Semidiurnal 

fluctuations and upwelling events create excursions of 0.1 – 0.3 pH units and 50 - 100 

µmol O2 kg-1.   Here we explore in controlled laboratory experiments the interactive 

effects of pH, [O2], and semidiurnal pH fluctuations on the survivorship, development 

and size of early life stages of two mytilid mussels, Mytilus californianus and M. 

galloprovincialis. Survivorship of larvae was unaffected by low pH, low [O2] or 

semidiurnal fluctuations for both mytilid species. Low (stable) pH at ~7.5 resulted in 

delayed transition from the trochophore to veliger stage, but this effect of low pH was 

absent when incorporating semidiurnal fluctuations in both species. Larval shells were 

smaller in low pH (< 7.6); this effect was absent when semidiurnal fluctuations of 0.3 

units were incorporated at low pH for M. galloprovincialis but not for M. californianus. 

There was no effect on larval size of low [O2] alone or in combination with pH.  Larvae 

of the two mytilid species exhibited similar magnitudes of size reduction with reduced 

pH, and variation in the size response increased with decreasing pH. Early life stages of 

mytilid mussels appear largely tolerant to a broad range of [O2] experienced in their 

environment. The results of this study reveal that the incorporation of pH fluctuations 

characteristic of coastal settings into experimental studies of ocean acidification impacts 
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on biological systems reduce the apparent negative consequences of declining pH. 

Furthermore, quantifying changes in variation of a response to pH stress can reveal early 

signs of perturbation to populations and potential resilience capacity. 

 

Introduction 

 A strong positive correlation exists between pH and dissolved oxygen ([O2]) 

along upwelling margins. During upwelling events, the inner-shelf is exposed to deep 

seawater depleted in [O2] and enriched in pCO2 from remineralization of organic matter 

(Feely et al., 2008). In addition to upwelling, the inner-shelf undergoes multiple scales of 

environmental variability resulting in high-frequency (largely semidiurnal and diurnal) 

excursions of [O2] and pH (Booth et al., 2012; Frieder et al., 2012). Understanding how 

interactions among low [O2], low pH and environmental variability affect biological 

processes is important to interpret the effects of pH changes related to ocean 

acidification.  High-frequency variability in pH could temper low pH conditions, while 

low [O2] coupled with low pH could exacerbate effects of low pH alone. Furthermore, 

long-term secular reductions in pH and [O2] could increase the extent of affected areas 

along upwelling margins. Reductions in sub-surface [O2] have been observed globally 

(Keeling et al., 2010) especially in subtropical and tropical waters (Stramma et al., 2008), 

and along upwelling margins (Whitney et al., 2007; Chan et al., 2008; Bograd et al., 

2008; Crawford & Peña, 2013). A decrease in pH has also been observed globally (Bates 

et al., 2012), as well as along upwelling margins (Feely et al., 2008), and is predicted to 

continue decreasing within the California Current due to ocean acidification (Hauri et al., 

2013).   
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 Many benthic invertebrates disperse as free-living larvae that drift among the 

plankton. During this dispersive stage, larvae are highly susceptible to environmental 

stressors (Pechenik, 1999).  Declining pH, [O2], fluctuating environments, and their 

interactions could influence larval survival, development, growth and behavior.  Of these 

stressors, low pH and high pCO2 effects on planktonic invertebrate larvae have been the 

most extensively investigated. Studies have revealed that most calcifying larvae are 

sensitive to reduced seawater pH (Kurihara, 2008; Byrne, 2012) associated with 

increased pCO2, decreased [CO3
2-], and decreased CaCO3 saturation state (Ω). For 

calcifying veligers, developmental success and growth rates seem to be directly affected 

by the availability of carbonate ions (Gazeau et al., 2011), and suggest that the 

mechanisms used by these organisms to regulate calcification rates cannot compensate 

for low [CO3
2-] under low pH conditions. 

Our understanding of the effects of pH on biological responses result largely from 

experiments that maintain stable pH conditions and do not incorporate or investigate the 

role of high-frequency semidiurnal or diurnal variability that dominate within many 

inner-shelf habitats (Hofmann et al., 2011).  One study to date has investigated 

periodicity in pH variability by employing diel fluctuations in pCO2 that are typical on 

shallow tropical reefs and demonstrated that growth and survivorship of coral recruits 

benefitted from the cyclic pH fluctuations (Dufault et al., 2012). A few studies have 

explored the effects of early exposure to low pH on later phases of development. Early 

exposure to low pH has been shown to determine the shell size of bay scallop, 

Argopecten irradians, and the Olympia oyster, Ostrea lurida, at later stages of 

development (Hettinger et al., 2012; White et al., 2013). Another study investigated the 
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timing and duration of pCO2 exposure on bivalve larvae and juvenile survival.  Exposure 

to pCO2 of 390 µatm at the start of larval development in A. irradians prolonged 

exposure to higher pCO2 of 730 µatm later in development before significant declines in 

survival occurred (Gobler & Talmage 2013). 

Clues into the extent that high-frequency pH variability could modify biological 

responses may be found from studies that have investigated the effects of temperature 

fluctuations on larval growth. For example, daily fluctuations of 5°C resulted in increased 

hatchling and survival rates relative to constant temperature in the mud-crab 

Rhithropanopeus harrissii (Costlow and Bookhout, 1971). Veligers of Crepidula 

fornicata reared in cyclic daily temperatures with a range of 5°C exhibited growth rates 

that were the same as growth under temperatures corresponding to the mean of the cycle, 

but when cyclic temperatures incorporated thermal limits the shells were malformed 

(Lucas and Costlow, 1979). It is thought that varying temperature results in the 

production and activation of a variety of cellular functions that operate optimally over 

different temperature ranges (Hochachka & Somero, 2001), or results in complementary 

functions such as increased food intake at high temperatures and decreasing rates of 

energy expenditure at lower temperatures (Sastry, 1979).  Correspondingly, we 

hypothesize that varying pH in controlled-laboratory experiments that reflect local 

environmental fluctuations should optimize the functional capacity of a larva within a 

certain pH range.  

The effects of hypoxia on planktonic larvae have been less well studied than those 

of pH. Experiments exposing marine animals to hypoxic conditions have revealed 

tolerance levels that are taxon-specific (Vaquer-Sunyer & Duarte, 2008). Of the mytilids, 
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Mytilus californianus pediveligers exposed to [O2] < 0.5 ml l-1 for 6 days did not exhibit 

increased mortality relative to pediveligers cultured at ambient [O2] (Eerkes-Medrano et 

al., 2013), while Mytilus edulis veligers had a median mortality time of 15 hours when 

exposed to the same conditions (Wang & Widdows, 1991). Differences in hypoxia 

tolerance also vary as a function of larval size; smaller and younger larvae are more 

sensitive than larger and older larvae (Widdows et al., 1989; Wang & Widdows, 1991). 

The small energy reserves and high costs of maintaining anaerobic metabolism for 

smaller larvae are considered to be responsible for this differential oxygen sensitivity 

(Gabbott, 1976). To our knowledge, no studies to date have investigated the interactive 

effects of low pH and low [O2] on planktonic larvae. Low pH and low [O2] are likely to 

act as synergistic stressors in limiting species performance (Pörtner, 2012). An organism 

responds to low oxygen by metabolic down-regulation, and hypoxia combined with 

hypercapnia could emphasize metabolic depression, reduce functional flexibility, and 

have consequences for growth and reproduction (Pörtner et al., 2005). For planktonic 

larvae, we might expect to observe an enhanced effect of delayed development and 

slowed growth in response to the combined stressors of low pH and [O2].  In the inner-

shelf along upwelling margins on the Oregon coast, off Monterey, and sometimes along 

the San Diego coast, [O2] can rapidly reach 62 – 143 µmol kg-1, or 1.4 – 3.3 ml l-1 (Booth 

et al., 2012; Frieder et al., 2012). These levels are likely not inhibitory for mytilid larvae 

as indicated by previous experimental studies (Eerkes-Medrano et al., 2013), but could 

become relevant when low [O2] is combined with low pH. 

The objectives of this study were to investigate the interactive effects of (1) low 

pH and low [O2], and (2) semidiurnal pH fluctuations relative to stable pH on the 
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survivorship, development, and size of the early life stages of mytilid mussels.  

Laboratory-controlled experiments were designed to determine whether incorporation of 

cyclic semidiurnal fluctuations of pH would influence larvae at ambient pH or alleviate 

negative effects of low pH.  We also tested the carry-over effect of early low-pH 

exposure on larval performance later in development.  Lastly, experiments were 

conducted to explore the relative sensitivity of larvae to low pH versus low [O2], and 

determine if there is an interactive effect when the two drivers are combined. Values of 

oxygen chosen for the experiments reflect present-day observations from shallow, 

nearshore settings in the Southern California Bight during well-oxygenated ambient 

conditions, ca. 200 - 250 µmol kg-1, and upwelling events, ca. 80 - 100 µmol kg-1 

(Frieder et al., 2012).  Experimental values of pH reflect present-day observations, ca. 

7.90 – 8.00, and region-specific acidification scenarios, ca. 7.50 – 7.70 (Hauri et al., 

2013), and pH fluctuations were based on the dominant periodicity, semidiurnal, with an 

amplitude of 0.3 units (Fig. 5.1).   

We adopted Mytilus californianus and M. galloprovincialis larvae as model 

species because they have been shown to be sensitive to low pH (Kurihara et al., 2008; 

Gaylord et al., 2011), larval development patterns are similar between the two species, 

adults coexist but dominate in different environments, and peak spawning periods are 

different for the two species (Carson et al., 2010).  Estimates of planktonic larval 

durations from the literature range between 9 and 45 days for M. californianus, and 14 

days and 3 months for M. galloprovincialis (see Carson et al., 2010 for a summary). 

Recent field surveys have observed larvae of Mytilus spp. distributed close to shore (< 5 

km), and below the surface Eckman layer (> 10 m) (Shanks and Shearman 2009). We 
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hypothesized there would be no effect of the single or combined drivers of pH and [O2] 

on survivorship rates as previous studies have indicated pH effects on mytilid larvae are 

non-lethal (Byrne, 2012).  Low [O2] and low pH were hypothesized to result in delayed 

development from the trochophore to veliger stage as well as smaller veliger shells, and 

that when low pH and [O2] occurred together developmental and growth would be even 

slower. Semidiurnal pH fluctuations were hypothesized to increase developmental rates 

and result in larger larvae relative to those reared under stable pH. We also hypothesized 

that larvae temporarily exposed to low pH during the first two days of development 

would exhibit smaller shell size later in development since early shell formation has been 

shown to be critical in determining larval size (Kurihara et al., 2008). We expected 

similar responses for both species but that the sensitivity to low pH would be greater in 

M. californianus versus M. galloprovincialis because M. californianus reproduces in fall 

when seasonal pH and oxygen is higher than in spring when M. galloprovincialis 

reproduces (Nam et al., 2011). These seasonal spawning differences could result in 

different pH exposure histories and sensitivity of larval tolerances. 

 

Methods 

Larval Cultures and Experimental Conditions 

Three separate larval culturing experiments were carried out for eight days on 

Mytilus californianus and M. galloprovincialis to elucidate the effect of (A) low pH, 

fluctuations in pH and early exposure to low pH, (B) low pH combined with low [O2], 

and (C) low pH versus low [O2] on larval survivorship, development, and size (Table 

5.1).  Adult Mytilus californianus were collected from the Scripps Institution of 
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Oceanography pier at 32.867° N 117.257° W, and adult M. galloprovincialis were 

collected from San Diego Bay at 32.725° N 117.203° W. Gametes from at least four 

females and four males were used per experiment. Within two-hours of fertilization 10 

larvae ml-1 in Expt. A and 50 larvae ml-1 in Expt. B and C were transferred to the 

experimental culturing vessels at the beginning of the experiment. Larvae were cultured 

in 4 L polycarbonate buckets nested within a 7.5 L bucket.  This nested bucket design 

allowed for a flow-through seawater system while keeping larvae contained within the 

inner bucket.  Culturing buckets were treated as replicates, and there were 2 or 3 per 

treatment for each experiment (Table 5.1). Larvae were cultured for eight days, fed ad 

libitum daily starting on day 2 a pre-mixed diet of 50,000 cells ml-1 during Expt. A and 

100,000 cells ml-1 during Expt. B and C of Isochrysis sp., Pavlova sp., Thalassiosira 

weissflogii, and Tetraselmis sp., and maintained on a 12h:12h light:dark cycle. Additional 

adult spawning and larval culturing methods are provided in supplementary material.   

 

Culturing experiments 

 Expt. A was designed to explore whether fluctuations in pH altered effects of low 

pH conditions.  For M. californianus Expt. A, there were four treatments: ambient pH, 

ambient variable pH with semidiurnal fluctuations, low pH, and low variable pH with 

semidiurnal fluctuations (Table 5.1; Fig. 5.2). Semidiurnal ranges were 0.23 and 0.30 in 

the ambient and low variable pH treatments, respectively.  For M. galloprovincialis Expt. 

A, there were four treatments: ambient pH, low pH, low variable pH with semidiurnal 

fluctuations and the fourth treatment exposed larvae to low pH of 7.56 for two days post-

fertilization and then pH was elevated to ambient pH of 7.98 for the rest of the 
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experiment (Table 5.1; Fig. 5.2).  Semidiurnal range in pH in the low fluctuating pH 

treatment was 0.30 units. pH data were continuously collected from one replicate per 

treatment and confirm the stability of the amplitude and timing of the semidiurnal 

fluctuations applied to the variable pH treatments (Fig. 5.2). Discrete pH readings from 

replicate containers that did not have continuous sensors were in good agreement (Fig. 

5.S1).  The average offset among replicates was 0.02 and 0.03 units in the M. 

californianus and M. galloprovincialis experiments, respectively.   

 To test for interactive effects of low pH and low [O2] on larval responses Expt. B 

was designed with two treatments: ambient pH with ambient [O2], and low pH with low 

[O2], termed low pHOx (Table 5.1).  pH and [O2] data were continuously collected from 

one replicate per treatment and confirm the stability of conditions along with discrete 

samples of pH and [O2] (Fig. 5.3). Discrete samples revealed that the average offset of 

replicates from average conditions was 0.01 pH units and 3 µmol O2 kg-1 (Fig. 5.S1). 

To compare how larvae respond to low pH versus low [O2] associated with major 

upwelling events, Expt. C was designed with two treatments: low pH with ambient [O2] 

and low [O2] with ambient pH (Table 5.1).  pH and [O2] data were continuously collected 

from one replicate per treatment at a time and were transferred among replicates daily to 

confirm the stability of conditions (Fig. 5.3). Discrete samples revealed that the average 

offset of replicates from average conditions was 0.02 pH units and 3 µmol O2 kg-1 (Fig. 

5.S1). 

 

Control of seawater pH and [O2] 
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Two separate methods were utilized to manipulate seawater conditions.  To 

maintain desired pH conditions and incorporate fluctuations in Expt. A we designed a 

feedback system in which target values were designated by the user and a Honeywell 

Durafet III pH sensor continuously monitored the pH of one replicate per treatment. 

Based upon the target value and the pH feedback, the culturing containers received either 

high-pH or low-pH equilibrated seawater controlled by a solenoid valve. High-pH 

seawater was achieved by circulating seawater through a Liqui-Cel® gas membrane 

contactor receiving a specialty air mix of 300 ppm CO2.  Low-pH seawater was achieved 

by aerating the seawater with a specialty air mix containing 20,000 ppm CO2. The high-

pH and low-pH seawater sources received continuous flow of 0.35-µm filtered seawater; 

one reservoir each of high-pH and low-pH seawater provided seawater to all culturing 

containers. To study [O2] and pH effects in Expt. B and C, [O2] and pH conditions were 

maintained by circulating treatment seawater in a 7.5 L header tank for each replicate 

through a gas membrane contactor (Liqui-Cel Part No. G501) that received a user-

specified specialty air mixture of N2, O2 and CO2 (Bockmon et al., 2013). The larval 

cultures received treated seawater from the header tank at a rate of 60 ml min-1. 

Experimental [O2] and pH conditions were monitored with an Aanderaa optode and 

Honeywell Durafet III pH sensor that were transferred daily among replicates.  While a 

tight relationship between [O2] and pH in nearshore upwelling-influenced environments 

results in conditions where they fluctuate in unison, the systems utilized during this study 

were unable to mimic the effects of stable [O2] versus fluctuating [O2] and so oxygen 

variation could not be incorporated as experimental treatments.  
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Discrete samples were taken daily from all replicates during each experiment for 

spectrophotometric determination of pH, and when [O2] was manipulated samples were 

taken for Winkler titration.  At the beginning and end of each experiment discrete 

samples were also taken for determination of total alkalinity (AT) and salinity. pH 

samples were determined spectrophotometrically via a modified method based on 

Dickson et al. (2007) using 1-cm cuvette cells and commercially available m-cresol dye 

with dye corrections based on Clayton and Byrne (1993). This method was calibrated 

with certified reference material from the Marine Physical Laboratory at Scripps 

Institution of Oceanography, and uncertainty of measurements was ± 0.03 pH units.  pH 

values are reported at the in situ temperature and on the total pH scale. [O2] 

measurements were made with a modified Winkler method (Dickson 1996) with an 

accuracy of ± 2 µmol kg-1. AT measurements were determined using an open-cell, 

potentiometric titration with an accuracy of ± 2 µmol kg-1 (Dickson et al., 2007).  Salinity 

was calculated from density measured at 20°C on a Density Meter (Mettler Toledo 

DE45) with an accuracy of 0.05 salinity units.  pCO2, aragonite saturation state (Ωarag) 

and [CO3
2-] were calculated from average AT and pH using the Matlab version of 

CO2SYS (van Heuven et al., 2011) with dissociation constants from Mehrbach et al. 

(1973) as refit by Dickson and Millero (1987). The average propagated uncertainties 

based on uncertainty in pH and AT for pCO2, Ωarag and [CO3
2-] were ± 72 µatm, ± 0.09 

and ± 5.7 µmol kg-1, respectively. Temperature was monitored every five minutes in all 

replicates by HOBO Pendant® temperature data loggers with an accuracy of ± 0.5 °C.   

 

Response Metrics  
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Larval survivorship, developmental stage, and size were measured 2, 4, 6 and 8 

days post-fertilization. Five replicate water samples of ~50 larvae were sampled from 

each replicate culturing container and preserved in 1% buffered formalin.  Culture 

densities were quantified by counting the number of larvae in each aliquot and averaging 

across the aliquots for a single replicate value.  Survivorship was calculated as the density 

of larvae remaining in each replicate container relative to the initial density.  To examine 

treatment effects on development, the proportion of veligers on day 2 was used as a 

metric to quantify rate of larval transition from the trochophore to veliger stage. It was 

calculated as the density of veligers divided by the total density of larvae from each 

replicate. To examine treatment effects on larval shell size, veliger larvae from each 

replicate were oriented in lateral position on a microscope slide with an elevated cover 

slip, and photographed with a digital camera fitted to a compound microscope. Images 

were analyzed using ImageJ (NIH) to determine shell length for 30 veliger larvae from 

each experimental culturing bucket.  Shell length was measured as the anterior to 

posterior dimension of the shell parallel to the hinge line and is referred to as larval size. 

The size effect was calculated as the mean of results on a given day in low pH as a 

percentage of the ambient pH treatment within the same experiment.    

 

Statistical analyses  

To test for differences among treatments in the size response of larvae, two 

metrics were calculated from the sample distribution of 30 larvae per replicate, the 

average and the coefficient of variation (CV). The CV is the ratio of the standard 

deviation to the mean and is a normalized measured of dispersion.  A Shapiro-Wilks test 
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for departure from normality and Bartlett’s test for homogeneity of variance revealed that 

the data fulfilled assumptions of normality and homogeneity of variance, so 

untransformed morphometric data were used in the analyses. Survivorship and 

development data were square-root-arcsine-transformed. A repeated-measures analysis of 

variance (ANOVA) was used to test for significant differences in survivorship and size 

among treatment, day and the interaction of treatment and day. For repeated-measures 

ANOVA tests, data met assumptions of sphericity as determined by the Mauchly 

Criterion Sphericity test. An ANOVA was used to test for significant effects of treatment 

on the proportion of veligers on day 2. Post-hoc Tukey HSD tests (α = 0.05) were used to 

further explore significant differences among treatments for each response measurement. 

An analysis of covariance (ANCOVA) was used to test for differences in the relationship 

between pH and size between species; size was the dependent variable, species was a 

categorical independent variable, and pH was treated as the covariate. pH treatments with 

stable conditions were only included in the ANCOVA test. Statistical analyses were 

carried out in JMP 9.0 (SAS Institute Inc., 2010). 

 

Results 

Expt. A - Effect of low pH, variable pH and early exposure to low pH 

Effects of pH treatment on larval survival, development, and veliger size differed 

across the response measurements and between species (Table 5.S1).  There was no 

effect of low pH or low variable pH relative to ambient pH on survivorship in either 

mytilid species (Repeated-Measures ANOVA, F2,6 = 4.296, p = 0.070 for M. 

californianus and F3,8 = 2.097, p = 0.180 for M. galloprovincialis). Development, 
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measured as the proportion of veligers on day 2, was altered (Fig. 5.4, ANOVA, F3,8 = 

12.027, p = 0.003 for M. californianus and F3,8 = 6.711, p = 0.014 for M. 

galloprovincialis).  Post-hoc contrasts revealed that larvae exposed to low pH conditions 

had a lower proportion of veligers on day 2 relative to larvae exposed to ambient pH 

conditions in both mytilid species indicating a developmental delay at low pH (Tukey 

HSD, p < 0.05).  In contrast, larvae reared at low pH with semidiurnal fluctuations did 

not have a lower proportion of veligers for both mytilid species (Tukey HSD, p < 0.05), 

potential evidence for amelioration of the negative effects of low pH by incorporation of 

high-frequency pH fluctuations.   

The effect of low pH and variable low pH on veliger size differed between 

species.  There was a significant decline in size in M. californianus veligers (Fig. 5.5, 

Repeated-Measures ANOVA, F2,6 = 36.8, p < 0.001) reared in low pH and variable low 

pH relative to larvae reared in ambient pH (Tukey HSD, p < 0.05).  There was no effect 

of low pH or variable low pH on the size of M. galloprovincialis veligers (Repeated-

Measures ANOVA, F3,8 = 3.659, p = 0.063), but there was significant pH treatment by 

day interaction (F9,24 = 4.358, p = 0.002). Veliger size was smaller on day 2 in low pH 

and variable low pH relative to ambient pH, but by day 8 only low pH veligers were 

smaller than ambient pH veligers (Tukey HSD, p < 0.05). Day 8 larvae in the variable 

low pH treatment had recovered to ambient size. The variation in size as measured by the 

coefficient of variation was greater at low pH relative to ambient pH in both mytilid 

species (Table 5.S1; Tukey HSD, p < 0.05). When incorporating semidiurnal fluctuations 

at low pH, variation in size was not greater than it was at ambient pH in M. 

galloprovincialis. This contrasts with M. californianus in which variation in size at low 



109 

 
 

 

pH with semidiurnal fluctuations was greater than ambient pH.  We note that the mean 

pH conditions for low and variable low pH treatments were the same in the M. 

californianus experiment (7.51), but the variable low pH treatment had a slightly higher 

mean pH (7.54) than the stable low pH treatment (7.48) in the M. galloprovincialis 

experiment. 

In Mytilus californianus Expt. A there was a fourth treatment in which pH 

fluctuated twice per day at ambient pH conditions.  Due to a sensor malfunction 

treatment conditions were only controlled from the beginning of the experiment through 

day 2. On day 2, larvae reared in ambient variable pH did not exhibit differential survival, 

development or veliger size compared to larvae reared in stable ambient pH conditions 

(Table 5.S1; Fig. 5.4).  

In Mytilus galloprovincialis Expt. A there was a fourth treatment that tested the 

effects of early, 2-day exposure to low pH followed by return to ambient condition on 

larval responses throughout the 8-day experiment (Table 5.S1).  There was no effect of 

early low pH exposure of 7.56 on survivorship, development, or size relative to larvae 

exposed to ambient pH conditions (Fig. 5.4 & 5.5; Table 5.S1).   

 

Expt. B & C - Effect of low pHOx and low [O2] versus low pH 

There were no effects of low pHOx versus ambient pH and [O2] on larval 

survival, development, and veliger size for both species (Table 5.S2).  pH employed 

during this experiment was higher than during Expt. A, and could account for the 

difference in observed sensitivity between experiments.  Effects of low [O2] versus low 

pH on larval survival, development, and veliger size differed across the response 
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measurements and between species (Table 5.S3).  Larvae exposed to low [O2] and those 

exposed to low pH in both mytilid species exhibited similar survivorship (Repeated-

Measures ANOVA, F1,4 = 4.961, p = 0.090 for M. californianus and F1,2 = 4.227, p = 

0.176 for M. galloprovincialis), and development on day 2 (ANOVA, F1,4 = 0.990, p = 

0.376 for M. californianus and F1,2 = 13.87, p = 0.065 for M. galloprovincialis). There 

was no effect of low pH at 7.59 or low [O2] on veliger size in M. galloprovincialis (Fig. 

5.5, Repeated-Measures ANOVA, F1,2 = 1.146, p = 0.396), but M. californianus veligers 

were smaller when exposed to low pH of 7.64 at ambient [O2] than in low [O2] at ambient 

pH (Repeated-Measures ANOVA, F1,4 = 20.3, p = 0.011).  (Tukey HSD, p < 0.05). There 

was no change in the coefficient of variation in size at low pHOx, or low [O2] versus low 

pH (Table 5.S2 and 5.S3). 

 

Species Comparison 

The effect of low pH on shell size, as a percentage of size at ambient pH across 

experiments and between species, was 2 - 10% (Fig. 5.6). There was a linear relationship 

between size effect and pH (MS = 23.915, F1,5 = 13.79, p = 0.014, r2 = 0.73).  

Size Effect = -220 + 29.3 * pH   (Eq. 1) 

Both slopes (ANCOVA, MS = 2.010, F1,4 =1.21 , p =0.334) and intercepts 

(ANCOVA, MS = 0.291, F1,5 = 0.05, p = 0.840) generated for each species are not 

significantly different indicating that shell size of Mytilus californianus larvae was not 

more or less sensitive to pH reduction than for M. galloprovincialis larvae. 

 

Discussion   
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Interactive effects of multiple drivers 

 The susceptibility of planktonic larvae to environmental stress is well recognized. 

Studies on the role of pH as a single stressor have become plentiful. Although decreased 

larval performance at low pH is not universal (e.g. Dupont et al., 2010), heavily calcified 

forms tend to exhibit reduced size, growth rates and calcification (Kurihara, 2008; Byrne, 

2012). While these effects continue to be documented across calcifying taxa and with 

increasing mechanistic detail (e.g. Waldbusser et al., 2013), the performance of larvae in 

the field reflects an integration of many environmental factors, not just pH.  These 

additional factors include the role of low [O2] and natural environmental fluctuations, 

both of which are prominent features along upwelling margins. Investigating the effects 

of multiple drivers on biological systems alone and in combination will help elucidate the 

potential threat of each in the context of changing ocean climates. 

 Where natural fluctuations in pH occur, the effects of ocean acidification when 

reaching pH values of 7.5 – 7.6 could be alleviated.  Decreased mytilid developmental 

rates at low pH were alleviated with high-frequency pH excursions (Fig. 5.4). The 

transition from a trochophore to a veliger represents a critical time period in development 

when a specialized group of ectodermal cells initiate calcification and the shell is formed 

(Hayakaze & Tanabe, 1999; Wilt, 2005). This earlier stage of development could be the 

most sensitive stage to pH as seen in other studies (e.g., Gobler & Talmage 2013).  The 

precise cause of delayed development at low pH remains elusive, but incorporating 

excursions to higher pH conditions can alleviate this stress. These results suggest that in 

the field when pH is low larvae exposed to higher pH for even a few hours as a late 

trochophore would develop into veligers more quickly.  The scale of environmental 
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fluctuation within the larval ambit can therefore influence its performance. In order to 

know the pH and [O2] levels and fluctuations that larvae experience in their environment, 

the cross-shore and depth distribution of larvae must be known.  Field surveys have 

demonstrated that veligers of intertidal bivalve species are found close to shore, from just 

outside the surf zone to only a few kilometers offshore (e.g., Shanks and Shearman, 2009; 

Shanks and Brink, 2005). Larval traps and plankton tows have revealed that larvae are 

nearly absent from surface waters (Shanks and Shearman, 2009), or that larval 

distributions as a function of depth (4, 8.5, 14 m) are inconsistent over time (Rilov et al., 

2008).  These field surveys support our experimental use of pH and [O2] conditions 

recorded at 7 and 17 m water depth along the inner-shelf outside of the surf zone. 

 While developmental rates of each Mytilus species exhibited similar responses to 

semidiurnal variability, the effect of variability on shell size relative to stable low pH 

differed between species.  Shell length throughout development has shown to be 

determined at time of first shell formation (Kurihara et al., 2008; White et al., 2013).  

This observation was corroborated in both species, and Mytilus californianus larvae that 

were reared in low variable pH also exhibited reduced shell size throughout the 

experiment. However, while M. galloprovincialis larvae at low variable pH exhibited 

reduced shell size on day 2 (when the shell is first formed), they also exhibited greater 

shell growth throughout the experiment and by day 8 had equivalent shell size to larvae 

reared at ambient pH (Fig. 5.5). While pH fluctuations at low pH have altered 

developmental and shell size responses relative to stable low pH, fluctuations at ambient 

pH did not reveal any benefits for survivorship, developmental rates or veliger size in M. 

californianus.  From a biological performance perspective, environmental pH 
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fluctuations have greater influence at low pH as opposed to ambient pH and thus will 

become increasingly important in future ocean environments. Environments where such 

fluctuations are prominent features include estuaries, kelp forests, coral reefs, the inner-

shelf along upwelling margins, intertidal pools, and fjords (Wootton et al., 2008; 

Thomsen et al., 2010; Hofmann et al., 2011).    

 The observed present-day [O2] conditions along the San Diego inner-shelf 

encompass a range of values that did not influence mytilid larval survivorship, 

development or veliger size.  The range tested did not incorporate hypoxic conditions, 

which have not been observed within 20 m water depth in the region under study.  There 

are other coastal locations along the biogeographic range of Mytilus californianus that 

have been observed to experience lower [O2] excursions than utilized in this study (Chan 

et al., 2008; Booth et al., 2012). Still, previous investigations into lethal effects of [O2] as 

low as 0.5 ml l-1 on Mytilus californianus larvae reveal remarkable tolerance (Eerkes-

Medrano et al., 2013), suggesting that [O2] is not a strong influence on larval 

performance.  

 

Functional consequences of smaller larval populations with greater variance 

Results of these experiments reveal a negative linear effect of pH on size of 

mussel larvae (Fig. 5.6).  This finding corroborates results of other studies (Kurihara et 

al., 2008; Gaylord et al., 2011). Reduced larval size at settlement has been demonstrated 

for not only pH effects but as a product of low maternal investment, food availability in 

the plankton, water temperature, other environmental conditions encountered in the 

plankton, and duration of the planktonic phase (Pechenik, 1999). There are functional 
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consequences of settling at a smaller size. Larger settlers may have greater post-

settlement growth than smaller settlers because they begin sessile life with more 

nutritional reserves (Moran & Emlet 2001), and they may also have the capacity to filter 

a larger volume of food than smaller settlers. Smaller individuals may be more 

susceptible to predation, particularly if they have thinner, weaker shells as shown by 

Gaylord et al. (2011). Juvenile whelks which prefer 1-2 mm mussels over other prey 

(Gosselin & Chia, 1996) may prey more successfully on mussels exposed to low pH 

during early development. 

Decreasing pH not only decreased mean size of larvae but also increased the 

variance, therefore changing the observed shape of the distribution of shell sizes (Fig. 

5.7).  Increased variance in a population in response to a stressor can represent the first 

steps in the evolution of a population to a changing environment (Orlando & Guillette, 

2001), and a population’s resilience could be dependent on increased phenotypic 

variance. Mytilus galloprovincialis had an increase in size variance of 76% at low pH 

relative to ambient pH and M. californianus had an increase of 49% during Expt. A. This 

leads to the possibility that M. galloprovincialis will have greater resilience to reductions 

in pH than M. californianus.   

 

Species Comparison 

 Although we hypothesized that Mytilus californianus would be more sensitive to 

reductions in pH than M. galloprovincialis, there was no difference in the effect of pH on 

size between the species across a range of low pH values from 7.48 – 7.70 as revealed by 

ANCOVA. While similarity in size reduction with pH reduction between species 
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indicates that generalizations could be made for this genus, differences in their response 

to semidiurnal fluctuations at low pH suggest that each species has a differential capacity 

for adaptation. Not only did the size of M. galloprovincialis larvae benefit from 

semidiurnal fluctuations at low pH, but the variation in the size response was also 

reduced (Fig. 5.7).  In combination, these size response metrics suggest that M. 

galloprovincialis larval populations might better cope with ocean acidification than M. 

californianus, particularly due to the role of high-frequency pH variability in modulating 

responses.  

It has been recognized that intertidal mussels are not obvious candidates to exhibit 

vulnerability to ocean acidification (Gaylord et al. 2011; Thomsen et al. 2010). Even 

though adult mussels are found in environments that can experience low pH and low [O2] 

from upwelling events (e.g. Feely et al., 2008) or tidepool isolation (e.g. Wootton et al., 

2008), the pH conditions that elicit larval sensitivities are predicted to occur with 

increasing frequency by 2050 (Hauri et al., 2013).  The result may be that populations of 

planktonic larvae inhabiting differing spatial and temporal pH gradients will differ in 

performance. This further supports the need to consider the role of environmental 

variability in modulating biological responses. Further implementation of multistressor 

studies will provide much needed information on the relative effects and interactions of 

changing ocean climate parameters for biological performance.    
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Table 5.1. Experimental details and seawater properties for Experiment A, B and C used 
to raise mussel larvae of Mytilus californianus and M. galloprovincialis for 8 days. 
Experiments were conducted between April 2012 and April 2013. There were 2 or 3 
replicated containers per treatment (Reps).  Mean pH ± manipulated range is reported on 
the total scale and is calculated from discrete samples taken daily from each replicate.  
Discrete [O2] (µmol kg-1) measurements were made daily or every other day in Expt. B 
and C. Temperature (°C) was measured every 15 minutes with a temperature logger. 
Discrete samples were taken for salinity and total alkalinity (AT; µmol kg-1) at the 
beginning and end of each experiment.  pCO2 (µatm), saturation state of aragonite (Ωarag), 
and [CO3

2-] (µmol kg-1) were calculated using CO2SYS.  
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Supplementary Information – Additional methods, 3 Tables, 1 Figure 

 

Adult Spawning and Larval Culturing 

Adult mussels were maintained in ambient temperature in aerated, flow-through 

seawater aquaria until use. Epibionts were scraped from shells and adult mussels were 

alternated every 20 minutes between a hot (22°C) and cold (12°C) temperature bath to 

induce spawning.  Spawning occurred within six hours and females and males were 

separated. An approximate equal proportion of eggs from females were transferred 

through 125-µm mesh to 0.2-µm filtered seawater at a temperature of 18°C and ambient 

pH (~8.0) and oxygen (~100%) conditions. A dilution of sperm from males was added to 

the egg mixture for twenty minutes and then reverse filtered three times to remove excess 

sperm. Larvae were cultured in 4 L polycarbonate buckets. These vessels contained two 

holes covered with 55-µm mesh, and were nested within a 7.5 L bucket.  The inner 

bucket received continuous flow of 5-µm filtered seawater and the turnover time of the 

water in the nested buckets was two hours. This nested bucket design allowed for a flow-

through seawater system while keeping larvae contained within the inner bucket.  

Continuous water flow through the culturing containers was maintained with a multi-

channel peristaltic pump at 60 ml min-1. Larvae were gently stirred with a rotating paddle 

at 7 rpm.   
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Table 5.S1. Analysis of variance (ANOVA) and repeated-measures ANOVA (RM) 
results on the effects of pH and variable pH on (a, e) larval survivorship, (b, f) the 
proportion of veligers on day 2, (c, g) mean veliger size, and (d, h) coefficient of 
variation in shell size on Mytilus californianus and M. galloprovincialis during Expt. A. 
Treatments during the M. californianus experiment were ambient pH, low pH, and 
variable low pH. A fourth treatment of variable ambient pH was included in ANOVA test 
on the proportion of veligers on day 2 but not included in RM tests because this treatment 
was not carried out for the full experiment.  Treatments during the M. galloprovincialis 
experiment were ambient pH, low pH, variable low pH, and early-exposure to low pH. 
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  Source df MS F-ratio P 

Mytilus californianus – Expt. A 

(a) Survivorship (RM) 

Treatment 2 0.125 4.30 0.070 

Replicates in Treatments 6 0.029 

Day 3 0.468 82.06 < 0.0001 

Day x Treatment 6 0.006 1.08 0.412 

Residual 18 0.006 

(b) Proportion of Veligers (ANOVA) 

Treatment 3 0.030 12.03 0.003 

Residual 8 0.003 

(c) Shell Size - Mean (RM) 

Treatment 2 337 36.80 0.0001 

Replicates in Treatments 6 9.15 

Day 3 82.67 46.30 < 0.0001 

Day x Treatment 6 3.40 1.90 0.137 

Residual 18 1.79 

(d) Shell Size - CV (RM) 

Treatment 2 5.101 8.727 0.017 

Replicates in Treatments 6 0.585 

Day 3 0.536 1.791 0.185 

Day x Treatment 6 0.097 0.325 0.915 

Residual 18 5.390 

Mytilus galloprovincialis – Expt. A 

(e) Survivorship (RM) 

Treatment 3 0.088 2.10 0.179 

Replicates in Treatments 8 0.042 

Day 3 0.248 25.19 < 0.0001 

Day x Treatment 9 0.014 1.45 0.221 

Residual 24 0.010 

(f) Proportion of Veligers (ANOVA) 

Treatment 3 0.007 6.711 0.014 

Residual 8 0.001 

(g) Shell Size - Mean (RM) 

Treatment 3 118.27 3.66 0.063 

Replicates in Treatments 8 32.32 

Day 3 54.85 22.96 <0.0001 

Day x Treatment 9 10.41 4.36 0.002 

Residual 24 2.389 

(h) Shell Size - CV (RM) 

Treatment 3 10.528 5.745 0.021 

Replicates in Treatments 8 1.872 

Day 3 0.448 0.794 0.51 

Day x Treatment 9 0.53 0.939 0.513 

  Residual 24 12.414     
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Table 5.S2. Analysis of variance (ANOVA) and repeated-measures ANOVA (RM) 
results on effects of low pHOx on (a, e) larval survivorship, (b, f) the proportion of 
veligers on day 2, (c, g) mean veliger size, and (d, h) coefficient of variation in shell size 
on Mytilus californianus and M. galloprovincialis during Expt. B. Treatments were 
ambient pH with ambient [O2] and combined low pH with low [O2].  
 

  Source df MS F-ratio P 

Mytilus californianus – Expt. B 

(a) Survivorship (RM) 

Treatment 1 0.019 2.47 0.191 

Replicates in Treatments 4 0.008 

Day 3 0.057 28.46 < 0.0001 

Day x Treatment 3 0.002 1.24 0.339 

Residual 12 0.002 

(b) Proportion of Veligers (ANOVA) 

Treatment 1 0.009 3.176 0.149 

Residual 4 0.003 

(c) Shell Size - Mean (RM) 

Treatment 1 34.15 3.15 0.151 

Replicates in Treatments 4 10.85 

Day 3 975 283 < 0.0001 

Day x Treatment 3 2.94 0.855 0.491 

Residual 12 3.44 

(d) Shell Size - CV (RM) 

Treatment 1 1.252 0.925 0.391 

Replicates in Treatments 4 1.353 

Day 3 12.460 19.747 < 0.0001 

Day x Treatment 3 0.366 0.580 0.640 

Residual 12 7.571 

Mytilus galloprovincialis – Expt. B 

(e) Survivorship (RM) 

Treatment 1 0.0003 0.007 0.942 

Replicates in Treatments 2 0.050 

Day 3 0.078 2.917 0.113 

Day x Treatment 3 0.019 0.728 0.572 

Residual 6 0.027 

(f) Proportion of Veligers (ANOVA) 

Treatment 1 0.011 0.487 0.558 

Residual 2 0.022 

(g) Shell Size - Mean (RM) 

Treatment 1 113.99 7.55 0.111 

Replicates in Treatments 2 15.09 

Day 3 207 87 < 0.0001 

Day x Treatment 3 0.047 0.020 0.996 

Residual 6 2.40 

(h) Shell Size - CV (RM) 

Treatment 1 1.9 5.124 0.1519 

Replicates in Treatments 2 0.37 

Day 3 3.61 25.5 < 0.001 

Day x Treatment 3 0.337 2.379 0.169 

  Residual 6 0.851     
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Table 5.S3. Analysis of variance (ANOVA) and repeated-measures ANOVA (RM) 
results on the effects of low [O2] (µmol kg-1) versus low pH on (a, e) larval survivorship, 
(b, f) the proportion of veligers on day 2, (c, g) mean veliger size, and (d, h) coefficient of 
variation in shell size on Mytilus californianus and M. galloprovincialis during Expt. C. 
 

  Source df MS F-ratio P 

Mytilus californianus - Expt. C 

(a) Survivorship (RM) 

Treatment 1 0.026 4.961 0.090 

Replicates in Treatments 4 0.005 

Day 3 0.021 90.12 < 0.0001 

Day x Treatment 3 0.002 0.772 0.532 

Residual 12 0.002 

(b) Proportion of Veligers (ANOVA) 

Treatment 1 0.010 0.990 0.376 

Residual 4 0.011 

(c) Shell Size - Mean (RM) 

Treatment 1 262 20.30 0.011 

Replicates in Treatments 4 12.93 

Day 3 144 93.10 < 0.0001 

Day x Treatment 3 0.58 0.38 0.771 

Residual 12 1.55 

(d) Shell Size - CV (RM) 

Treatment 1 0.157 0.248 0.644 

Replicates in Treatments 4 0.631 

Day 3 0.352 1.127 0.377 

Day x Treatment 3 0.196 0.627 0.612 

Residual 12 3.746 

Mytilus galloprovincialis – Expt. C 

(e) Survivorship (RM) 

Treatment 1 0.042 4.23 0.176 

Replicates in Treatments 2 0.010 

Day 3 0.151 31.35 0.005 

Day x Treatment 3 0.004 0.85 0.517 

Residual 6 0.005 

(f) Proportion of Veligers (ANOVA) 

Treatment 1 0.055 13.87 0.065 

Residual 2 0.004 

(g) Shell Size - Mean (RM) 

Treatment 1 99.19 1.15 0.396 

Replicates in Treatments 2 86.54 

Day 3 240.09 20.30 0.002 

Day x Treatment 3 0.62 0.05 0.983 

Residual 6 11.83 

(h) Shell Size - CV (RM) 

Treatment 1 0.161 1.871 0.305 

Replicates in Treatments 2 0.0859 

Day 3 2.286 1.832 0.242 

Day x Treatment 3 0.415 0.3326 0.8027 

  Residual 6 7.489     
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CHAPTER 6 

Geochemical signatures of larval carbonates reflect pH and oxygen exposure history 

 

Abstract 

Environmental conditions experienced by planktonic larvae are often unknown 

due to difficulties in tracking larval distributions. In the face of climate change, as 

oceanic dissolved oxygen ([O2]) and pH continue to decrease, it will become increasingly 

useful to have larval shell-based geochemical proxies that reflect larval pH and oxygen 

exposure history. Such information, which is retained after settlement in molluscs and 

fishes, can provide insight into the influence of ocean acidification and deoxygenation on 

early life stages in their natural setting.  In this study, we pursue proxy development by 

investigating pH and [O2]-induced variation in single and multi-element signatures in 

larval carbonates of the mussels Mytilus californianus and M. galloprovincialis. Shells 

were produced from laboratory-based larval cultures under differing pH and [O2] levels. 

Our results demonstrated that U/Ca in M. californianus larval shell decreased by 6 ± 1 % 

per 0.1 pH unit increase from 7.51 to 8.04. Results from M. galloprovincialis larvae 

revealed a similar relationship, but U/Ca is on average 35% greater, and decreased by 12 

± 2 % per 0.1 pH unit increase from 7.59 to 7.95. Sr/Ca also decreased with increasing 

pH in both species along with multi-element signatures, represented as principal 

components, but these linear relationships were not as strong as for U/Ca and pH. Zn/Ca 

increased with increasing [O2] from 100 to 243 µmol kg-1, but only in M. californianus, 

and multi-element signatures, represented as principal components, did not vary with 

[O2]. All element ratios varied with larval size except for U/Ca, and this finding was 
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interpreted as an ontogenetic effect. Thus, we suggest that U/Ca is a geochemical proxy 

that may have great potential to reflect pH exposure histories of planktonic mussel larvae, 

and that a proxy for [O2] is in need of further exploration. Further application of U/Ca 

was tested by comparing U/Ca in mussel larvae reared in situ in regions of differing 

upwelling intensity in the Southern California Bight. Larval-shell U/Ca was higher, 

putative for low-pH exposure, in a region of greater upwelling. Using U/Ca in carbonates 

to estimate pH-exposure history of elusive marine organisms will provide another lens 

with which the effects of changing ocean climates for marine populations can be 

assessed.  

 

Introduction 

For many sedentary marine species, movement is carried out by early life stages 

via free-dispersing planktonic larvae.  Larval performance in the plankton can influence 

success after settlement and thus have profound ecological and evolutionary impacts on 

populations (reviewed by Cowen & Sponaugle, 2009), but environmental conditions 

experienced by a larva are often unknown due to a lack of information regarding larval 

distributions in space and time.  Natural geochemical proxies in larval carbonate 

structures are one means by which environmental conditions can be estimated.  

Variations in the environment can be subsequently recorded into calcified structures (e.g., 

shells, otoliths and statoliths), and in molluscs and fishes these are retained in juvenile 

and adult stages (Thorrold et al., 2007). Various geochemical proxies have been 

developed to reconstruct past ocean climate records including temperature, salinity and 

marine carbonate chemistry from biogenic carbonates (e.g.,Katz et al., 2010). Their use 
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as a tool to reconstruct conditions experienced by larvae in the plankton has been much 

more limited (but see Levin, 2006).  

Seawater chemistry, particularly pH and dissolved oxygen ([O2]), can influence 

larval performance (Kurihara, 2008; Byrne, 2012; Eerkes-Medrano et al., 2013). The 

effects on larvae could increase as anthropogenic activities and climate change continue 

to alter oceanic [O2] and pH levels.  [O2] and pH are often considered in combination 

since they are tightly coupled in nearshore settings along upwelling margins (Booth et al., 

2012; Frieder et al., 2012). Additionally, both parameters are influenced by present-day 

anthropogenic CO2 accumulation in the atmosphere (Gruber, 2011). Reductions in sub-

surface [O2] have been observed globally (Diaz & Rosenberg, 2008; Keeling et al., 

2010), and along upwelling margins (Whitney et al., 2007; Chan et al., 2008; Bograd et 

al., 2008; Crawford & Peña, 2013). A decrease in pH has been observed in the open 

ocean (Bates et al., 2012), along upwelling margins (Feely et al., 2008), and is predicted 

to continue decreasing on a global scale and within the California Current due to ocean 

acidification (Meehl et al., 2007; Hauri et al., 2013). Studies of pH effects on mollusc 

larvae with calcified structures have revealed that most are sensitive to reduced seawater 

pH (reviewed by Kurihara, 2008; Byrne, 2012) associated with increased pCO2, 

decreased [CO3
2-], and decreased CaCO3 saturation state (Ω). Furthermore, negative 

carry-over effects of low-pH exposure for the larval to post-larval stages have been 

documented from molluscs (Hettinger et al., 2012; Gobler & Talmage, 2013). Studies of 

[O2] effects on mollusc larvae with calcified structures have revealed a great deal of 

tolerance over a broad range of [O2] down to < 22 µmol kg-1 (0.5 ml l-1) (but see 

Widdows et al., 1989; Eerkes-Medrano et al., 2013).   
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The development of geochemical proxies in larval carbonate structures for pH and 

[O2] could provide a means to determine when larvae have been exposed to potentially 

threatening pH and [O2] conditions, and to assess larval performance as a function of pH 

and [O2]. Given that the larval shell component is retained during the early juvenile phase 

in molluscs and fishes, pH and [O2] proxies could also be utilized to evaluate carry-over 

effects of these parameters on post-larval growth and survival, and as a means to 

determine the range of pH and [O2] conditions experienced by larvae that have 

successfully recruited to adult populations.  

Search for a geochemical proxy that reflects carbonate chemistry has intensified 

with growing interest in modern and past changes in ocean pCO2 and pH.  δ11B and 

various trace and minor element-Ca ratios (e.g., Mg/Ca, Sr/Ca, B/Ca, U/Ca) have been 

studied as possible proxies for low pH in planktic and benthic foraminifera, and 

invertebrates (Inoue et al., 2011; Raitzsch et al., 2011; Ries, 2011; LaVigne et al., 2013). 

Of these, the most promising and consistent proxies for carbonate chemistry are δ11B and 

U/Ca. The δ11B-pH proxy has been used to reconstruct past pH conditions since there is a 

pH dependence on the fractionation of B(OH)3, which is enriched in 11B, and B(OH)4
-, 

enriched in 10B (Xiao et al., 2013). U/Ca in biogenic carbonates shows promise as a 

proxy for [CO3
2-] since uranium in seawater complexes with carbonate ions (Djogić & 

Branica, 1993). Development of proxies for oxygen from biogenic carbonates has largely 

been based on utilizing trace elements that are enriched in hypoxic sediments. Elements 

such as Ba, Cd, Ni, Zn, or Cu may be associated with organic matter enrichment, while 

Re, Mo, V and U are related to redox chemistry and may also be affected by pH (Gooday 

et al., 2009). It is unclear whether these elements become enriched in carbonate laid 
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down within hypoxic sediments or even hypoxic waters.  Limburg and colleagues (2011) 

and Thorrold and Shuttleworth (2011) found Mn/Ca ratios in otolith carbonate of two fish 

species, Baltic cod and Atlantic croaker, reflected changes in oxygen. The increase in 

Mn/Ca was attributed to reductive release of dissolved Mn2+ from anoxic sediments. 

To date, pH or [O2] proxies have not been developed for larval carbonate 

structures, but other environmental parameters are known to affect the elemental 

composition of larval carbonates. Most efforts have been to infer larval origins for a 

variety of taxa from multi-element signatures, and to identify salinity, temperature, 

proximity to land, exposure to hypoxia, pollution and upwelling experienced during the 

larval stage (reviewed by Levin, 2006). Endogenous factors are also known to influence 

element signatures; these include growth rates and ontogenetic effects (de Pontual et al., 

2003; Chittaro et al., 2006).   

The most reliable [O2] or carbonate chemistry proxy would be primarily 

controlled by physicochemical principles and have limited influence from endogenous 

factors. To probe for such a geochemical proxy we allowed embryos of two mytilid 

mussel species to produce larval shells under differing [O2] and pH levels and analyzed 

the shells for multiple trace and minor elements. The objectives of this study were (1) to 

determine if aragonitic mytilid larval shells precipitated in varying [O2] and pH 

conditions have distinct single- or multi-element signatures, (2) to evaluate whether 

element accumulation was influenced by ontogenetic effects, represented by larval shell 

size, and (3) to compare element signatures of experimentally produced larval shells with 

those of field-produced larval shells with known pH and [O2] exposure histories. 
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Methods 

Laboratory-cultured shells and experimental conditions 

Five separate larval culturing experiments were carried out, three with Mytilus 

californianus and two with M. galloprovincialis, to produce shells precipitated from 

differing combinations of pH and [O2] (Table 6.1).  We adopted Mytilus californianus 

and M. galloprovincialis larvae as model species because larval development patterns and 

transport are similar between the two species, but exposures might be different due to 

differing spawning seasons (Carson et al., 2010). In southern California, M. 

galloprovincialis primarily spawns in the spring when upwelling conditions lower pH 

and [O2] in subsurface waters; M. californianus primarily spawns in fall when there is 

less upwelling and higher subsurface pH and [O2] (Nam et al., 2011). Additionally, 

precise ablation techniques have been developed for larval shells in both species in the 

context of evaluating meta-population connectivity (Becker et al., 2007; Carson et al., 

2010). Detailed spawning and larval culturing methods are provided in Chapter 5, along 

with explanations for chosen values of [O2] and pH.  Briefly, larvae were cultured in 4-

liter replicate containers nested within a 7.5 liter bucket that received flow-through 

treatment seawater. There were three replicate containers per treatment for M. 

californianus experiments, and two replicate containers per treatment for M. 

galloprovincialis experiments.  Larvae were fed ad libitum daily starting on day 2 a pre-

mixed phytoplankton diet of Isochrysis sp., Pavlova sp., Thalassiosira weissflogii, and 

Tetraselmis sp. at 50,000 cells ml-1 during Expt. A (10 larvae ml-1) and 100,000 cells ml-1 

during Expt. B and C (50 larvae ml-1). On day 8 post-fertilization, remaining larvae were 

frozen at -20 °C for later analysis.  
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 Expt. A was designed to produce shells from a combination of pH conditions, and 

[O2] was not manipulated.  Element data were collected only for Mytilus californianus 

and included three treatments: ambient pH (8.04), low pH (7.51), and low variable pH 

with semidiurnal fluctuations (7.51 ± 0.15) as occurs along the inner-shelf off California, 

USA (Table 6.1).  Variable conditions were included to determine how trace and minor 

element signatures of shells vary with a semidiurnal signal relative to constant conditions. 

Elemental data were collected for both species during Expt. B and C. To test for 

interactive effects of low pH and low [O2] on the element signature of larval shells Expt. 

B was designed with two treatments: (1) ambient pH with ambient [O2] and (2) low pH 

with low [O2], termed low pHOx (Table 6.1).  Experimental values with M. californianus 

were 7.90 pH units with 223 µmol O2 kg-1, and 7.68 with 104 µmol kg-1. Experimental 

values with M. galloprovincialis were 7.91 pH units with 231 µmol O2 kg-1, and 7.61 

with 86 µmol kg-1. To compare element signatures in larval shells precipitated in low pH 

versus low [O2], Expt. C was designed with two treatments: (1) low pH with ambient 

[O2] and (2) low [O2] with ambient pH (Table 6.1).  Experimental values with M. 

californianus were 7.64 pH units with 230 µmol O2 kg-1, and 8.00 with 101 µmol kg-1. 

Experimental values with M. galloprovincialis were 7.59 pH units with 234 µmol O2 kg-

1, and 7.95 with 87 µmol kg-1. This combination of treatments was particularly important 

because it allowed discrimination between pH and [O2] contributions to variation in the 

observed shell-element ratios. These combinations of treatments among the three 

experiments tested pH levels between 7.51 and 8.04, and [O2] between 86 and 243 µmol 

kg-1. Temperatures ranged between 15.8 and 16.5 °C in M. californianus experiments, 

and 16.9 and 17.2 °C in M. galloprovincialis experiments (Table 6.1). Experiments on M. 
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californianus were carried out between November 2012 and January 2013.  Experiments 

on M. galloprovincialis were carried out during May 2012.  

Manipulation of seawater carbonate chemistry and [O2] have been described by 

Bockmon et al. (2013) and Chapter 5. Discrete samples were taken daily for 

determination of pH and [O2], and AT and salinity were determined at the beginning and 

end of each experiment. Detailed sampling and measurement procedures are provided in 

Frieder et al. (Submitted). pCO2, aragonite saturation state (Ωa) and [CO3
2-] were 

calculated from average AT and pH using the Matlab version of CO2SYS (van Heuven et 

al., 2011) with dissociation constants from Mehrbach et al. (1973) as refit by Dickson 

and Millero (1987). Temperature, pH and oxygen were also measured continuously in 

one replicate per treatment with HOBO Pendant temperature data loggers, Honeywell 

Durafet III pH sensors, and Aanderra optodes. 

 

Field-cultured shells and environmental conditions 

To compare shell-element signatures of laboratory-cultured larvae with those of 

field-developed larvae, M. californianus embryos were cultured in the field to produce 

shell-bearing veligers. The field experiment was carried out from 19 - 27 November, 

2011. Within 12 h, post-fertilization embryos were loaded into a larval “home” made 

from a poly-vinyl chloride plastic pipe capped with 35-μm nitex mesh at both ends 

(Becker et al., 2007). The home was secured to a mooring line at 7 m water depth 

immediately offshore of a mussel aggregation at Bird Rock, 32.81°N 117.29°W.  The 

larval home floated within 0.5 m of a seapHOx instrument package that continuously 

logged pH, [O2], temperature, and salinity (Fig. 6.1). Details of instrumentation are 
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provided in Frieder et al. (2012). Upon retrieval, the contents of the home were frozen at 

-20 °C for later sorting and larval shell analysis. Environmental conditions corresponding 

with the larval outplant are provided in Table 6.1. 

 

Sample Preparation and Analysis 

All materials and containers coming into contact with larvae were seawater-

leached or acid-leached for at least two weeks using 10% nitric acid and then rinsed 

thoroughly with ultra-pure water. All sample preparation steps below were carried out in 

a clean room environment using trace-metal-clean techniques. Larvae from each replicate 

were sorted into 1.5 ml acid-clean sample cups and rinsed with three aliquots of Milli-Q 

water to remove seawater and food-associated debris. Shells were soaked in a clean 

solution of 100 - 300 μl 15% Optima grade hydrogen peroxide (Fisher Chemical) 

buffered in 0.05 M Suprapur NaOH (EMD Chemicals) for 4.5 - 7 h to remove all organic 

material, were rinsed in ultra-pure water three times, and transferred to a depression slide 

and allowed to dry under a Class-100 laminar-flow hood. Dry shells were individually 

transferred to a petrographic slide covered in double-sided tape (3M Scotch 

Brand).  Between 29 and 47 shells from each experimental replicate were mounted for 

analysis. 

Shells were analyzed using a Thermo Element 2 single-collector ICP-MS 

operating in low-resolution mode with a New Wave Research UP-213 laser ablation unit 

(at the University of California Santa Barbara). Helium carrier gas moved ablated 

material from the laser unit into a “wet” sample chamber created using a 3% Optima 

nitric acid solution aspirated through a nebulizer. Element analysis of all larval shells 
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from both species and all experiments was conducted in one effort (3 days during March 

2013) to minimize variability due to machine drift. Three standards were used to ensure 

proper calibration of the instrument: a solution-based dissolved CaCO3 reference material 

(OTO), and two solid standards, NIST 612 and USGS MACS3 CaCO3 standard.  All 

reference materials, both solution- and solid-based, were analyzed at the beginning and 

the end of each run; mounting medium and instrument blanks were run multiple times 

during a sequence. Estimates of the external precision for standards, given as relative SD 

(%RSD) for the various isotopes, and detection limits are given in Table 6.S1. 

Nine element isotopes were selected for analysis at low resolution: 24Mg, 48Ca, 

55Mn, 63Cu, 66Zn, 88Sr, 138Ba, 208Pb, and 238U. Isotopes were included in subsequent 

analyses if counts were > 3 standard deviations (SDs) of background levels when blanks 

were run.  55Mn was rarely detected 3 SDs above background levels and so was not used 

for later analysis. During preliminary testing we also tried to detect 11B at low resolution 

but values were inconsistently detected 3 SDs above background levels. All isotope data 

are given as concentration relative to 48Ca in either mmol mol-1 or µmol mol-1 to control 

for differences in amount of material analyzed per sample. For ablations, laser settings 

were a single, 30-μm-long x 80-μm-wide line at 40% power, 10 Hz, and 8 μm s-1 

scanning speed. These settings usually consumed the entire larval shell. The tape used to 

mount the shells had less than 5% of the average shell value for seven elements. There 

was significant contamination potential from analysis of mounting tape during shell 

ablation for two elements: Mg and Mn. Field-produced larvae were analyzed at an earlier 

date on the same instrument with the same standards and settings, excluding 

measurements for 63Cu and 66Zn.   



147 
 

 

Data Treatment and Statistical Analysis 

Element-Ca ratios that were ± 5 SD were excluded, and resulted in the exclusion 

of seven shells out of a total of 969. Element ratios were transformed to normality or 

near-normality using square-root or log transformations when necessary to meet the 

normality and homogeneity of variance assumptions of analysis of variance (ANOVA) 

and regression analysis. All tests were conducted with averaged element-Ca ratios per 

replicate.  

We first tested whether individual element-Ca ratios varied among ambient 

treatments across experiments using ANOVA because we were concerned that 

incorporation of some elements could be influenced by external factors (e.g., experiments 

were conducted at different times when source waters may have had differing seawater 

chemistry).  Mg/Ca (F1,3 = 95 ; p < 0.01), Ba/Ca (F1,3 = 10; p = 0.05), and Pb/Ca (F1,3 = 

80; p < 0.01) were different between M. californianus shells from the two ambient 

treatments in Expt. A and B, and so were not examined for variation with pH or [O2]. 

Since ambient treatments were not available to compare Expt. B with Expt. C for M. 

galloprovincialis, we were unable to test for an effect of conducting the two experiments 

at different times.  

In order to determine whether there were relationships between pH or [O2] and 

individual element-Ca ratios in larval shells, simple linear regressions were performed.  

We then used simple linear regression to test whether there were ontogenetic effects 

(reflected by larval size) on individual element-Ca ratios. Larval size was measured as 

length of the veliger shell, anterior to posterior dimension parallel to the hinge line, on 30 
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veligers from within each replicate.  Results of the effects of [O2] and pH on larval size 

itself are provided in Frieder et al. (Submitted). Data from all experiments were used for 

each of the linear regression tests described (n = 20 for M. californianus and n = 8 for M. 

galloprovincialis). 

In order to examine the utility of a multi-element proxy, we then performed a 

principal component analysis (PCA) to produce a multi-element linear combination of the 

ratios Cu/Ca, Zn/Ca, Sr/Ca and U/Ca. Linear regression analyses were used to investigate 

the degree of association between the principal components and pH or [O2].  

 

Results 

Single-element ratios as a function of pH and [O2] 

Two element-Ca ratios varied as a function of pH in both species – U/Ca and 

Sr/Ca (Fig. 6.1).  U/Ca was negatively correlated with pH in both species (Table 6.2), and 

ratios were 35% higher on average in M. galloprovincialis larval shells relative to M. 

californianus larval shells. Sr/Ca was also negatively correlated with pH in both species 

(Table 6.2), and ratios were 7% higher on average in M. galloprovincialis larval shells. 

Zn/Ca was positively correlated with [O2] in M. californianus (Table 6.2; Fig. 6.1). In M. 

galloprovincialis, none of the element-Ca ratios varied as a function of [O2].    

Since Keul et al. (2013) revealed that incorporation of uranium in benthic 

foraminiferal calcite reflected [CO3
2-] we also performed regressions as a function of 

[CO3
2-]. Regressions resulted in no precipitous change in the coefficient of determination, 

r2, relative to pH as the predictor variable (Table 6.2).  Since these experiments were 

designed to vary pH by changing CT with constant AT, there was a strong correlation 
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between pH and [CO3
2-] among treatments and the range in alkalinity among all 

treatments was only 27 µmol kg-1 (Table 6.1). Thus we were unable to identify which 

aspect of carbonate chemistry changes were driving variation in uptake of U/Ca or Sr/Ca.   

There was no influence of variable pH relative to stable pH conditions on the 

incorporation of any of the elements in the larval shells.  During Expt. A on M. 

californianus the third treatment cycled pH by 0.3 units on a semidiurnal basis at a mean 

of 7.51. There were no differences between U/Ca and Sr/Ca precipitated in stable or 

cyclic pH (t test: p = 0.412 and p = 0.942, respectively). There was also no interaction of 

low [O2] with pH on the incorporation of elements into shells for either species. To test 

for interactions of [O2] comparisons were made between U/Ca and Sr/Ca from low pH 

treatments that were accompanied by ambient [O2] or low [O2], as well as comparisons 

between these element ratios from ambient pH treatments that were accompanied by 

ambient [O2] or low [O2]. For both species, there was no significant difference in U/Ca or 

Sr/Ca among any of the above treatment comparisons (t test: p > 0.05). 

 

Element-Ca ratios as a function of size 

In Mytilus californianus, element-Ca ratios varied with the length of the larval 

shell for all ratios except U/Ca (Fig. 6.3). All significant relationships had negative 

correlations except for Cu/Ca. The lack of a relationship between U/Ca and size indicates 

there is no ontogenetic effect on the incorporation of uranium, which provides further 

support for its utility as a proxy for pH. In contrast, there was a size effect on the 

incorporation of strontium, which could hinder the utility of Sr/Ca as a proxy for pH.   



150 
 

In M. galloprovincialis, none of the element-Ca ratios varied as a function of shell 

length (Figure 6.S1). Fewer degrees of freedom available for M. galloprovincialis 

regression tests, along with a lack of treatment or experimental effect on shell length 

(Frieder et al. Submitted) likely contributed to the lack of observation that element-Ca 

ratios varied with shell length in this species. 

 

Multi-element ratios as a function of pH and [O2] 

For Mytilus californianus, PCA resolved three principal components (PC) which 

explained 97.7% of the total variance (Table 6.3).The values of the eigenvectors showed 

that all four element-Ca ratios had high loadings on the first PC (PC1), especially Sr/Ca. 

PC2 was related to Cu/Ca and Zn/Ca, and PC3 was related to Cu/Ca and U/Ca (Table 

6.3). Regression analysis of the principal components against pH or [O2] revealed a 

significant negative correlation between PC1 and pH, as well as PC3 and pH (Table 6.2; 

Fig. 6.3). None of the principal components varied with [O2] (p > 0.05 for all regression 

tests). 

For M. galloprovincialis, the PCA resolved three principal components (PC) 

which explained 97.4% of the total variance (Table 6.3).The values of the eigenvectors 

showed that Zn/Ca, Sr/Ca and U/Ca had high loadings on PC1. PC2 was related to 

Cu/Ca, and PC3 was related to Sr/Ca and U/Ca (Table 6.3). Regression analysis of the 

principal components against pH or [O2] revealed a significant negative correlation 

between PC1 and pH (Table 6.2; Fig. 6.3). None of the principal components varied with 

[O2] (p > 0.05 for all regressions). 
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Comparison with field-cultured larvae   

 Field-cultured Mytilus californianus larvae experienced average pH and [O2] 

levels of 8.05 ± 0.04 and 232 ± 7 µmol kg-1, respectively, based on SeapHOx data (Table 

6.1). Average temperature during the outplant, 16.5 °C, was within the range of 

laboratory experiments, but salinity and alkalinity were slightly lower (Table 6.1).  U/Ca 

in larval shells was comparable to laboratory-produced larval shells within the same pH 

range (Fig. 6.1). Estimated pH exposure based on the laboratory-derived linear 

relationship between U/Ca and pH was 7.91. Sr/Ca in field-cultured larval shells was 

higher than laboratory-cultured larval shells at similar pH levels (Fig. 6.1). The element-

Ca ratio and size of the field-produced larvae matched well with those from laboratory-

produced shells for all ratios except Sr/Ca (Fig. 6.2). We were unable to compare the 

principal components of field-produced shells because Cu/Ca and Zn/Ca were not 

measured in field-produced shells, and these ratios had high loadings in each of the 

laboratory-based principal components. 

 

Discussion 

Trace and minor element incorporation into biogenic calcified structures are 

known to reflect various properties of the water in which they are precipitated. Below we 

discuss element signatures of larval shells that reflected pH, but not [O2], except in the 

case of Zn/Ca, compare our findings with those of previous studies, and further test their 

utility in natural settings by comparing U/Ca in larval shells that were precipitated along 

a spatial gradient of upwelling intensity.   
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Promising geochemical proxies that reflect pH and oxygen exposure for larval shells 

Both U/Ca and Sr/Ca decreased with increasing pH in larval mytilid shells. In 

both species the relationship was stronger with U/Ca. When investigating the utility of 

multi-element signatures as pH proxies, represented as principal components, 

relationships were not as strong as those for U/Ca and pH.  Principal components that 

varied as a function of pH had high loadings (e.g., strong correlations between the 

components and the original ratios) with U/Ca and/or Sr/Ca.  Changes in Sr/Ca with pH 

and [CO3
2-] have also been observed in planktic foraminifera, which precipitate calcite, 

but the relationship was positive, not negative (Russell et al., 2004).  Vital effects have 

been considered to influence the incorporation of strontium (e.g., Kuffner et al., 2012). In 

this study we investigated size of the larval shell as a reflection of growth.  All element-

Ca ratios except uranium varied with larval shell size, and the relationship was strongest 

for Sr/Ca. The influence of growth and calcification on element incorporation has been 

observed in other taxa, and is often explained as a Rayleigh fractionation effect (e.g., 

Gaetani et al., 2011). The lack of a relationship between U/Ca and shell size is important 

because it provides evidence that uranium incorporation into carbonate is independent of 

size or growth, which can be a function of many parameters, not just pH.  Furthermore, 

there was no evidence that uranium incorporation varied between stable and fluctuating 

pH conditions (Expt. A) or as a function of high versus low [O2] at constant pH (Expt. B 

and C). Field-cultured larval shells with known pH histories had U/Ca in agreement with 

lab-produced larval shells.  Thus, we suggest that U/Ca is a geochemical proxy that has 

great potential in reflecting the pH-exposure history of planktonic mollusc larvae. 
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Zn/Ca increased with increasing [O2], but only in Mytilus californianus shells 

(Fig. 6.1c). This linear relationship was weaker than that of U/Ca or Sr/Ca with pH 

(Table 6.2). Zn/Ca also varied as a function of larval shell size, with lower ratios in larger 

shells (Fig. 6.2). Multi-element signatures, represented as principal components, did not 

vary with [O2]. At this point, a promising geochemical proxy for [O2] reflected in larval 

carbonate shells is still under exploration.  The oxygen values chosen in this study were 

based on the estimated range experienced by the study species during its pelagic phase 

(Frieder et al. Submitted). Improvement in developing a proxy should consider a broader, 

more continuous range of [O2], but it is also possible that larvae of M. californianus and 

M. galloprovincialis do not experience [O2] low enough in the field to exert an influence 

on trace and minor element incorporation. Low [O2] employed in this study also did not 

produce reductions in survivorship, delays in developmental or smaller shell size relative 

to those cultured at ambient [O2] (Frieder et al. Submitted). 

 

Comparison of U incorporation among taxa 

Uranium in seawater occurs in a variety of physicochemical forms, including free 

ion forms and complexes with carbonate ions. The speciation of these various forms is 

dependent on the pH conditions and the concentration and availability of complexing ions 

(e.g., carbonate). At pH of seawater, ~ 8.0, uranium is mostly present as the uranyl 

tricarbonate complex (Djogić & Branica, 1993).  As pH decreases, the proportions of 

bicarbonate and monocarbonate uranyl complexes increase (Djogić et al., 1986). These 

changes in speciation are matched with an increase in the free forms uranyl and uranyl 

hydroxide. It has been suggested that the free forms are more readily incorporated into 
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biogenic carbonates than the carbonate complexes (Keul et al., 2013), while others have 

suggested that the relative increase in the bicarbonate and monocarbonate uranyl 

complexes are incorporated into calcium carbonate in preference to the tricarbonate 

complex (Russell et al., 2004; Inoue et al., 2011).  

While the underlying mechanism resulting in the increased incorporation of 

uranium into biogenic carbonates remains ambiguous, the trend is consistent across 

corals, foraminifera and mussels (Table 6.5). Between polymorphs of calcium carbonate 

there is an overall increase in the U/Ca in aragonite relative to calcite. This trend has been 

observed in authigenic carbonates, and is attributed to the more stable coordination 

provided for uranyl by the aragonite structure relative to calcite (Reeder et al., 2000). 

Differences in U/Ca within a polymorph may be the result of species-specific 

fractionation against uranium during calcification and underscores the need for species-

based calibrations when applying U/Ca to reconstruct past [CO3
2-] or pH or to develop 

present-day pH exposure histories. Within this study, M. galloprovincialis had higher 

U/Ca than M. californianus.  Furthermore, there was a greater increase in U/Ca in M. 

galloprovincialis per 0.1 pH unit increase and 100 µmol kg-1 increase in [CO3
2-] (Table 

6.5). This percent change metric has been developed for comparability among studies 

(Russell et al., 2004). The expected change in U/Ca per 0.1 pH unit increase is -6 ± 1% in 

M. californianus and -12 ± 2% in M. galloprovincialis; the expected change in U/Ca per 

100 µmol kg-1 increase in [CO3
2-] is -31 ± 5% in M. californianus and -68 ± 10% in M. 

galloprovincialis.  These values correspond well with changes in U/Ca as a function of 

pH and [CO3
2-] observed for other species, and is much higher than the only other 

aragonite-precipitating taxon studied to date (Table 6.5).  
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In this study, pH and [CO3
2-] were manipulated by altering total dissolved 

inorganic carbon (CT) and keeping AT constant. As a result we were unable to distinguish 

whether pH or [CO3
2-] directly influenced uranium incorporation into larval aragonitic 

shells. Others have explored this uncertainty by conducting a series of experiments that 

decouple carbon system parameters; CT-stable manipulations that vary pH and [CO3
2-] 

and pH-stable manipulations that vary CT and [CO3
2-] (Keul et al., 2013). From these 

experiments, Keul and colleagues (2013) concluded that [CO3
2-] is the parameter 

affecting U/Ca. This finding should be considered when applying U/Ca to estimate pH 

exposures of living fauna. Along upwelling margins, [CO3
2-] and pH covary because 

changes in carbon chemistry are driven by gradients in CT with relatively small changes 

in AT (Feely et al., 2008; Frieder et al., 2012), and so utilizing U/Ca to estimate pH in 

these types of settings is likely more reliable. On the other hand, application of U/Ca in 

systems in which both AT and CT vary, such as estuaries influenced by freshwater input 

or coral reefs with high calcification rates and long residence times, should be 

approached with caution (e.g., Cao et al., 2011; Shaw et al., 2012).   

 

Variation in larval shell U/Ca along a spatial gradient of upwelling intensity 

We further evaluated the utility of larval shell U/Ca as an indicator of spatial 

gradients in pH by comparing larval shells from regions of varying upwelling intensity.  

The San Diego County coastline extends over 70 km. Spatial variation in upwelling in the 

inner shelf is influenced by factors such as flow-topography interactions and inner-shelf 

hydrodynamics (Kirincich et al., 2005; McPhee-shaw et al., 2007). We used temperature 

as an index for thermal upwelling (e.g., as in Tapia et al., 2009), which is accompanied 
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by low pH and low [O2] (Feely et al., 2008; Frieder et al., 2012). During May 2007, the 

South Coast region was 2 °C cooler than the Central and North Coast regions (Fig. 6.4). 

A week-long outplant of Mytilus galloprovincialis larvae at eight sites along the coastline 

were examined for spatial differences in U/Ca (Becker et al., 2007; Carson et al., 2010; 

see Supplemental Methods). U/Ca ratios were higher in shells from the South Coast 

region relative to the Central and North Coast regions (Fig. 6.4). The average pH 

exposure history of shells from South Coast based on the laboratory-derived U-pH proxy 

was 7.80.  The average pH exposure history of those from North and Central Coast 

regions was 8.09 and 8.16, respectively.   

This is the first documentation of a spatial gradient in pH resulting in differing pH 

exposure histories of planktonic larvae. Spatial patchiness in pH conditions could 

translate into variation in larval performance and result in carry-over effects. This 

patchiness, driven by changes in upwelling intensity along the coast, highlights the need 

to further characterize larval distributions in natural settings. Field surveys have observed 

larvae of Mytilus spp. distributed close to shore (< 5 km), and below the surface Eckman 

layer (> 10 m) (Shanks & Shearman, 2009), which would expose nearshore larval 

populations to low pH during upwelling events (Frieder et al., 2012). Furthermore, pH 

conditions that elicit larval sensitivities are predicted to occur with increasing frequency 

by 2050 (Hauri et al., 2013). U/Ca in larval carbonates could be a reliable pH proxy in 

other taxa that retain larval carbonates after metamorphosis, such as fishes and molluscs. 

 

Conclusions 
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As climate change alters oceanic oxygen and pH levels, their influence on biology 

becomes increasingly important and appreciated. For many marine organisms and life 

stages, pH and oxygen exposure histories are largely unknown (e.g., planktonic larvae). 

The development of geochemical proxies for larval carbonate structures retained at 

settlement is one means to estimate exposure histories.  In this study we determined 

which trace and minor elements varied with pH and [O2] in larval shells. The most 

promising geochemical proxy for pH was U/Ca, which may be directly influenced by 

[CO3
2-].  There were no individual or multi-element signatures that varied with [O2] 

without larval size effects. A U-pH proxy was further tested in natural settings to 

determine whether U/Ca varied in shells precipitated along a spatial gradient of upwelling 

intensity. Further applications can now be developed and tested to address important 

larval ecology questions. Examples include what phenomena expose larvae to threatening 

pH levels? What is the range of larval pH exposure that results in successful recruitment? 

Is there an effect of pH exposure history (as determined by U/Ca in the larval shell 

component retained in the juvenile phase) on post-larval growth and survival? This 

biogenic carbonate-based proxy also has potential beyond larval ecology and could be 

used to determine changes in pH experienced by populations along a depth, latitudinal or 

upwelling gradient, or temporal variation in pH exposure in species that exhibit 

ontogenetic migration. These studies will aid in further assessing the threat of ocean 

acidification for marine populations. 
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Table 6.1. Experimental conditions for Experiment A, B and C used to rear mussel larvae of 
Mytilus californianus and M. galloprovincialis.  
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Table 6.2. Summary of element-Ca and principal component linear relationships with pH, 
[CO3

2-] (µmol kg-1), and [O2] (µmol kg-1) in Mytilus californianus and M. 
galloprovincialis. All regressions and statistics are based on averaged shells from 
replicates (not means of treatments as plotted in figures).  Units for U/Ca are µmol mol-1, 
and units for all other element-Ca ratios are mmol mol-1. Only relationships that are 
statistically significant (p < 0.05) are included. 

Species Response Relationship r2 p 

Mytilus californianus log(U/Ca) 1.093(±0.15) - 0.116(±0.019) pH 0.67 <0.0001
log(Sr/Ca) 0.994(±0.184) - 0.066(±.024) pH 0.30 0.012 

 PC1 35.0(±10.9) - 4.52(±1.41) pH 0.37 0.005 

 PC3 17.7(±5.7) - 2.29(±0.73) pH  0.35 0.005 
log(U/Ca) 0.247(±0.010) - 0.0006(±0.0001) [CO3

2-] 0.65 <.0001 
log(Sr/Ca) 0.511(±0.013) - 0.0003(±0.0001) [CO3

2-] 0.22 0.038 
log(Zn/Ca) 0.123(±0.121) + 0.001(±0.0006) [O2] 0.23 0.034 

Mytilus galloprovincialis log(U/Ca) 2.925(±0.439) - 0.339(±0.057) pH 0.86 0.001 
log(Sr/Ca) 1.61(±0.27) - 0.140(±0.034) pH 0.74 0.006 

  PC1 49.2(±17.1) - 6.34(±2.20) pH 0.58 0.028 
log(U/Ca) 0.466(±0.030) - 0.002(±0.0003) [CO3

2-] 0.86 <.0001 
log(Sr/Ca) 0.588(±0.018) - 0.0007(±0.0002) [CO3

2-] 0.74 0.006 
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Table 6.3. Principal component analysis based on Cu/Ca, Zn/Ca, Sr/Ca and U/Ca for (a) 
Mytilus californianus and (b) M. galloprovincialis larval shell composition. All 
experiments and treatments are included in principal components analysis. Variables with 
high loadings on each of the principal components are indicated in boldface. 
 

(a) Mytilus californianus 

  PC1 PC2 PC3 

Eigenvalues 2.41 0.86 0.64
Percent (%) 60.3 21.4 16.0 
Cum. percent (%) 60.3 81.7 97.7 

Element Eigenvectors 
log(Cu/Ca) -0.462 0.578 0.534 
log(Zn/Ca) 0.416 0.796 -0.203 
log(Sr/Ca) 0.624 0.033 -0.088 
log(U/Ca) 0.473 -0.177 0.816 

(b) Mytilus galloprovincialis 

  PC1 PC2 PC3 

Eigenvalues 2.25 1.14 0.51
Percent (%) 56.2 28.5 12.8 
Cum. percent (%) 56.2 84.6 97.4 

Element Eigenvectors 
lug(Cu/Ca) 0.162 -0.840 0.517 
log(Zn/Ca) -0.496 0.364 0.755 
log(Sr/Ca) 0.634 0.172 0.109 
log(U/Ca) 0.571 0.364 0.388 
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Table 6.4. Summary of studies investigating the influence of carbonate chemistry on U/Ca 
incorporation into biogenic carbonates. Blank cells indicate data not reported or tested. 
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Supplemental Material: Methods, 1 Table and 1 Figure 

Supplemental Methods 

To test for spatial variation in U/Ca of larval shells from regions of differing 

upwelling intensity, shell elemental data were derived from a trace-element fingerprinting 

study of realized population connectivity for Mytilus californianus and M. 

galloprovincialis (Carson et al. 2010). The outplant conducted during May 2007 was 

chosen because shells were analyzed on the same instrument as utilized in this study 

(Table 6.S1). Only data from M. galloprovincialis were available. Sites from this outplant 

were split into three regions, and only open coast sites were included to avoid salinity 

influences on uranium (Carson et al. 2013). The North County region included Agua 

Hedionda, Oceanside Harbor and Agua Lagoon. The Central County region included 

Dike Rock, La Jolla and Ocean Beach. The South County region included Imperial Beach 

and Cabrillo. Larval shell U/Ca was averaged from 20 individual shells for each site, 

except for Oceanside Harbor and Dike Rock (n = 6 and 13 larval shells, respectively). 

Temperature data were recorded with the use of a HOBO Pendant® temperature data 

logger located next to larval home at each site.  
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Table 6.S1. Estimates of external precision for standards, given as relative SD (%RSD) 

for the various isotopes and detection limits for analyses made during March 2013, along 

with %RSD and detection limits for uranium from Mytilus galloprovincialis shells 

analyzed during Feb. 2009 that were generated during the May 2007 outplant.  

  MACS 3 NIST 612 OTO 
Detection Limit 
(mmol mol-1 Ca) 

Mg 7.35 4.11 6.51 0.162 
Cu 8.66 8.47 4.34 0.031 
Zn 15.11 22.82 11.45 0.022 
Sr 10.50 3.33 2.67 0.565 
Ba 14.53 7.05 4.72 0.063 
Pb 23.17 12.20 8.08 0.033 
U (Mar. 2013) 25.68 12.09 9.47 0.003 
U (Feb. 2009) 4.03 4.55 0.97 0.063 

 

  



 

 

F
E
o
si
 

igure 6.S1. E
Experiments 

f multiple la
ignificant (p

Element-Ca 
are designat

arvae measur
 > 0.05).  

ratios as a fu
ted by differi
red from a re

function of la
ing symbols
eplicate. Non

arval length 
s. Each data p
ne of the line

in Mytilus g
point represe
ear regressio

galloprovinci
ents the aver
ons were 

176 

 

ialis. 
rage 



177 
 

CHAPTER 7 

Conclusions 

 

Within the chapters of this dissertation are tests of the potential threats of oxygen 

and pH for invertebrate early life stages along upwelling margins. Special consideration 

was made to incorporate the natural oxygen and pH conditions of nearshore habitats 

within the Southern California Bight along with region-specific projections of pH change. 

Emphasis was placed on gamete performance and fertilization success in echinoids, and 

larval stages in both echinoids and mytilid mussels.  Four major conclusions have been 

identified that were common among the chapters. (1) The tolerance of individuals to a 

stress, pH in this case, is species-specific and there were no obvious, unifying 

characteristics (e.g., genetic relatedness, habitat type, depth distribution, time of 

spawning) to predict magnitude of a response to pH. (2) High-frequency pH variability is 

an underappreciated source of pH-stress alleviation that could have increasing importance 

in future, low-pH oceans. (3) Spatial variability in pH that is present now and will 

continue into the future results in differing exposure histories of organisms. And, (4) a 

first-level evolutionary response of a population to ocean acidification could be reflected 

by increased variance of a response variable. In addition, there was no evidence that low 

oxygen altered larval performance either as an individual stressor or in combination with 

low pH, indicating that along upwelling margins oxygen is not a threat for early life 

stages of mytilid mussels within the ranges that presently occur in nearshore settings. 

Many researchers have attempted to identify unifying characteristics among taxa 

that will allow prediction of winners and losers to ocean acidification (e.g., Kroeker et 
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al., 2010). Often these characteristics are associated with calcium carbonate polymorphs 

that have differing solubility products, or the ability of a group to maintain homeostasis, 

or even habitat type. On the other hand, many experimental studies have identified a great 

deal of variability in responses among species that fall within these generalities (reviewed 

by Doney et al., 2009). Responses that were species-specific were a common finding 

among my studies. Fertilization in three of the four echinoids studied in Chapter 3 were 

largely robust to reduced pH, but Strongylocentrotus francsicanus fertilization was 

sensitive to modest reductions in pH even though it inhabits the same environment as S. 

purpuratus and is within the same genus as two of the echinoids studied. In Chapter 4, 

Paracentrotus lividus larvae were particularly sensitive, as demonstrated by shrinking of 

the larval arms and body, to extreme low pH (≤ 7.48) at CO2 vents in the Mediterranean. 

On the other hand, larval size of Arbacia lixula did not vary with pH at the vents. Lastly, 

in Chapter 5, while the effect of pH on larval size of Mytilus californianus and M. 

galloprovincialis was similar, their response to semidiurnal fluctuations at low pH was 

different. M. galloprovincialis benefitted from pH fluctuations suggesting that larvae of 

this species might better cope with ocean acidification in variable environments than 

those of M. californianus. Altogether, these examples highlight the presence of both 

striking and subtle differences in species-specific responses to ocean acidification, even 

in closely related species with overlapping distributions, and suggest that grouping 

organisms based on common traits may be yielding misguided generalities about winners 

and losers. 

Another important conclusion based on similar findings among the chapters is the 

importance of the interaction of high-frequency pH variability with reduced pH. The 
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dominance of semidiurnal and diurnal pH fluctuations in nearshore environments along 

upwelling margins was well established in Chapter 2, published as Frieder et al. (2012).  

Daily ranges in pH and oxygen were observed to be as large as 0.36 units and 220 µmol 

kg-1 at 7 m water depth, and average daily ranges were 0.11 pH units and 63 µmol kg-1, 

respectively. Incorporation of high-frequency pH variability into ocean acidification 

experiments revealed that the negative effect of reduced pH on developmental rate in 

both mytilid mussel species was alleviated, but the effect of reduced pH on larval size 

was alleviated in only M. galloprovincialis. Additionally, seasonality in reproductive 

timing of Mytilus californianus and M. galloprovincialis might also dictate larval 

sensitivity in each species. M. californianus predominantly spawns during the fall when 

seasonal pH is higher along the coast, and M. galloprovincialis predominantly spawns 

during the spring when seasonal pH is at its lowest along the coast. Further consideration 

of present-day variability suggests that fertilization success of Strongylocentrotus 

franciscanus could be decreasing by as much as 21% when natural, present-day 

conditions are at their lowest. Thus timing of spawning, predominantly during the spring 

for S. franciscanus, may become increasingly important over time.  

Spatial pH variability also plays an important role in providing alleviation to pH 

stress much in the same way that temporal pH variability does. There are present-day 

latitudinal pH gradients along upwelling margins; along the northeastern Pacific margin, 

regional differences in upwelling drive spatial gradients in pH (Feely et al., 2008; Hauri 

et al., 2009), likely resulting in different pH-exposure histories of populations that span 

this biogeographic range (LaVigne et al., 2013). Meso-scale variability in upwelling 

putatively reflected differing pH-exposure histories of mussel larvae in Chapter 6, as 
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revealed by U/Ca in larval carbonates originating from different regions along the San 

Diego coastline. Plus, natural environments exhibit spatial gradients in many 

environmental factors, not just pH.  In the field experiments at natural CO2 vents there 

was extensive variability in the size response of echinoid larvae among sites, even in the 

face of extreme reductions in pH. This suggests that laboratory-based experiments 

overestimate larval sensitivity to reduced pH, and in natural settings larval performance is 

an integration of many environmental parameters with influence from pH being just one 

of many factors. 

Increased variance in a population in response to a stressor can represent the first 

steps in the evolution of a population to a changing environment, and a population’s 

resilience could be dependent on increased phenotypic variance (Orlando & Guillette, 

2001). In Chapter 3, variance in gamete performance of individual males resulted in 

variable pH effects on fertilization success in both Strongylocentrotus purpuratus and S. 

franciscanus. Gametes of males that are less sensitive to reductions in pH may be 

dominant fertilizers during low pH conditions. In Chapter 5, Mytilus galloprovincialis 

had an increase in size variance of 76% at low pH relative to ambient pH and M. 

californianus had an increase of 49%. This leads to the possibility that M. 

galloprovincialis will have greater resilience to reductions in pH than M. californianus.   

The development of geochemical proxies of oxygen and pH exposure from larval 

carbonates in Chapter 6 provides a new direction for the field of ocean acidification 

research. U/Ca in larval carbonates was demonstrated to have potential to accurately 

reflect pH-exposure histories of planktonic mussel larvae. Provided that environmental 

conditions experienced by larvae are often unknown due to the elusive nature of larval 
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trajectories, developing a proxy that estimates pH-exposure histories will become 

increasingly useful as ocean acidification progresses. Being able to estimate pH 

conditions experienced by the larval stage in the field can result in unique and previously 

unavailable ways to explore what phenomena expose larvae to threatening pH levels, the 

range of larval pH exposure that results in successful recruitment, and the effect of larval 

pH-exposure history on post-larval growth and survival. 

In conclusion, reductions in pH appear to be a greater threat than reductions in 

oxygen for early life stages of mussels inhabiting nearshore environments along 

upwelling margins, and moderate reductions in pH were only a threat for fertilization in 

one of four echinoid species. Accurate assessment of pH effects for broadcast spawners 

and planktonic larvae requires appreciation for species-specific tolerances along with 

temporal and spatial gradients in pH which provide heterogeneous exposure of distinct 

planktonic larval populations. 
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