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ABSTRACT: Coastal-estuarine habitats are rapidly changing due to
global climate change, with impacts influenced by the variability of
carbonate chemistry conditions. However, our understanding of the
responses of ecologically and economically important calcifiers to pH
variability and temporal variation is limited, particularly with respect
to shell-building processes. We investigated the mechanisms driving
biomineralogical and physiological responses in juveniles of
introduced (Pacific; Crassostrea gigas) and native (Olympia; Ostrea
lurida) oysters under flow-through experimental conditions over a six-
week period that simulate current and future conditions: static
control and low pH (8.0 and 7.7); low pH with fluctuating (24-h)
amplitude (7.7 ± 0.2 and 7.7 ± 0.5); and high-frequency (12-h)
fluctuating (8.0 ± 0.2) treatment. The oysters showed physiological
tolerance in vital processes, including calcification, respiration, clearance, and survival. However, shell dissolution significantly
increased with larger amplitudes of pH variability compared to static pH conditions, attributable to the longer cumulative exposure
to lower pH conditions, with the dissolution threshold of pH 7.7 with 0.2 amplitude. Moreover, the high-frequency treatment
triggered significantly greater dissolution, likely because of the oyster’s inability to respond to the unpredictable frequency of
variations. The experimental findings were extrapolated to provide context for conditions existing in several Pacific coastal estuaries,
with time series analyses demonstrating unique signatures of pH predictability and variability in these habitats, indicating potentially
benefiting effects on fitness in these habitats. These implications are crucial for evaluating the suitability of coastal habitats for
aquaculture, adaptation, and carbon dioxide removal strategies.

KEYWORDS: ocean acidification, diel pH variability, amplitude, Crassostrea gigas, Ostrea lurida, shell dissolution, predictability,
physiological responses, artificial intelligence automated analyses

1. INTRODUCTION

Estuaries are one of the most productive regions of coastal
ecosystems. In comparison with the open ocean, coastal-
estuarine systems are characterized by intense, diel fluctuating
carbonate chemistry dynamics that result in heterogeneity in
ocean acidification (OA) conditions over spatial and temporal
scales. Climate change impacts on coastal estuaries are evident
through increasing frequency and magnitude of extreme
climate events, ultimately driving the severity of OA
exposure.1−5

Understanding the components in the carbonate system for
which fluctuations have the greatest impact on the most
sensitive species’ biological responses is critical for managing
coastal-estuarine habitats. These habitats provide essential
ecosystem services, such as coastal protection processes and

nursery grounds for fisheries, and support aquaculture
industries that are vital to the livelihoods of millions.6−8

Dynamics at the coastal-estuarine interface are modulated by
multiple physical−chemical processes, such as photosynthesis,
respiration, riverine inputs, sedimentary redox reactions, and
tides.5,9,10 Globally, since preindustrial times, anthropogenic
CO2 input to the ocean has resulted in the intensification of
OA, marked by a decline in the ocean pH and carbonate
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saturation state (Ω) (refs 5, 11, 12, and references therein).
Although predictions of future variability in estuarine acid-
ification are sparse, climate change-driven alterations in
estuarine carbonate diel dynamics result in increased amplitude
of variation and pH extremes because of decreasing buffering
capacity.3−5,13−18 One of the important components of the
spatial and temporal variability at the coastal-estuarine
interface is also the “predictability” pattern (i.e., temporal
variation or cyclicity with differing regularity of pH
conditions), the term indicating the extent to which the
current environmental states allow an organism to effectively
predict future states.19−22 More predicable habitats allow
organisms to track and anticipate the conditions and adjust
their responses through external, cue-based feedforward
mechanisms23 more accurately. A consensus from the theory
of evolution in fluctuating environments is that plasticity (i.e.,

the ability of a single genotype to alter its phenotype in
response to a change in environmental conditions) is favored
in environments that fluctuate predictably.19,21,23,24 As such,
the variability of coastal pH conditions (i.e., predictability of
environmental changes and periodicity of cycles, including
temporal autocorrelation, when the conditions at any time
point are very similar to the conditions in the previous time)
shapes biological responses and is fundamental for under-
standing and predicting the responses in the coastal
ecosystems.
A range of coastal marine habitats including estuaries, salt

marshes, kelp forests, and sea grasses experience considerable
natural fluctuations in pH over diel timescales (e.g., 9, 25, 26).
Because of higher pHmax conditions in these habitats, they are
described as refugia for calcifying species against OA.27

However, some studies also show a range of negative impacts

Figure 1. Diel pH mean conditions (heavy solid lines), mean ± diel stdev (dotted lines), and diel pH range (thin solid lines) from across various
estuaries along the Pacific coast [(a), (b) Kachemak Bay (AK), (c), (d) Padilla Bay (WA); (e), (f) South Slough (OR); (g), (h) San Francisco Bay
(CA); (i), (j) Elkhorn Slough (CA); (k), (l) Tijuana River (CA)] on the outer (seaward, shown in the right panels b, d, f, h, j, l) and inner
(landward, away from the ocean, shown in the center panels a, c, e, g, i, k) sides, with the map depicting the locations (left panel). Data range from
May to September 2019, coinciding with juvenile oyster presence in these habitats.
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under pH variability, including lower shell defense capacity,
susceptibility to predators and pathogens, and reduced
fitness.28−31 Shell biomineralization is recognized as one of
the most sensitive processes to OA. Because of the subtle
dynamics between shell dissolution and calcification, the
balance between these processes is inextricably linked to the
ecology of the calcifying species32−37 because of the energetic
costs.38 Shell dissolution imposes negative impacts on the shell
structure and function, organismal fitness, increased predation
pressure, reduced production, and mechanical properties of
byssal threads and energetic outcomes.32,39−47 Bivalve shells
are calcium carbonate (CaCO3) composites embedded in the
complex organic matrix (refs 37, 41, 48−50, and reference
therein). The three-layered shell consists of the upper
periostracum, which covers the outer prismatic and inner
nacreous layers, where the crystals are structured in various
spatial microstructures that characterize the shell structure,
configuration, and function;51 one of the most common is a
“columnar calcite prismatic” layer, which occurs in the external
shell of oysters. These calcite prisms are formed as individual
polygons separated by an organic interprismatic mem-
brane.48,52,53 Despite concerns for economically important
calcifiers under future variability in carbonate chemistry
dynamics, mollusk shell dissolution remains a largely under-
studied process despite its adverse effects on essential
processes like shell development and its function.32,38

With global production of 573,616 tonnes and an annual
value of $19 billion USD globally,54 oysters are one of the most
important aquaculture species that are directly impacted by
ocean acidification.55−59 Oysters are a key foundation
species,60,61 providing habitat for a wide range of species and
supporting key ecosystem services. The oyster industry in the
US generates $186 million per annum.62,63 The Pacific oyster,
Crassostrea gigas (also called Magallana gigas), is one of the
most “globalized” introduced species, largely due to its leading
role in harvest production. In some cases, C. gigas has displaced
native species and modified habitat processes.64−66 In the
western US, while the most important aquaculture species
today is the Pacific oyster, aquaculture began with the native
Olympia oyster (Ostrea lurida), a species that still remains an
important contributor to regional oyster production and holds
a strong cultural heritage appeal. Pacific and Olympia juvenile
oysters live in intertidal habitats where they balance their
fitness in context with diel pH variability and the predictability
of environmental change. With the amplitude of the
fluctuations predicted to increase in the near future3,4 and
environmental variation to become more fluctuating, that is,
less unpredictable,21 the extent to which the oysters will cope
or adapt to coastal ocean changes is unknown.
The effects of changing means, amplitudes, and frequency

on calcifying organisms can be simulated in laboratory settings,
with the focus on investigating which mode of variability has
the most impact on the biological responses. In this study, we
examine how conditions related to variability impacted oyster
biomineralogical and physiological (shell dissolution, calcifica-
tion, growth, respiration, clearance rate, survival) responses.
We exposed both species to experimental conditions that
simulate both present-day and future conditions4,5,9 over a
period of 6 weeks. In an analysis of available data from the
National Estuarine Research Reserve System (NERRS), we
assessed the patterns of fluctuations, including the mean and
the range of variation as well as predictability determined as a
pattern of temporal pH autocorrelation across various

northeast Pacific coast estuaries. Extrapolating the laboratory
results to the field, we discuss how the unique signatures of pH
variability impact oyster fitness within each of the estuaries.

2. METHODS
For all the analyses, we only provide a short description here,
with an extended description of the analyses in the Supporting
Information.

2.1. pH Data Analyses across the US Estuaries. Data
were compiled from the seawater pH monitoring program of
the US NERRS. Six estuaries along the US Pacific coast where
the oyster are/were ecologically and/or economically
important and for which sufficiently long pH time series
from the NERRS exist. The following estuaries fulfilled all the
criteria (from north to south): Kachemak Bay (AK), Padilla
Bay (WA), South Slough (OR), San Francisco Bay (CA),
Elkhorn Slough (CA), and Tijuana River (CA) (Figure 1;
Table S1). Two stations were selected within each estuary, one
at the outermost (seaward) and one at the innermost
(landward) locations for May−September, representative of
the growing period of the juvenile (spat stage) oysters in their
natural habitat. The diel mean and range of pH were calculated
from the continuous data.

2.2. Analysis of Diel pH Fluctuations and Predict-
ability across the Pacific Coast Estuaries. Calculations of
the integrated duration and intensity of diel pH variability (diel
mean and diel ranges) were conducted using the approach
described in Bednarsěk et al.10 Time series of pH were
evaluated to characterize the dominant frequencies of variation
and their amplitudes. The goals of the analysis were to (1)
evaluate if the experimental treatments were reasonable
approximations of real-world variability and (2) characterize
predictability (temporal autocorrelation) patterns of environ-
mental conditions for inference on the physiological response
of biological organisms to pH variability; Figure S1). We used
wavelet analysis to first identify dominant periods of cyclical
periodicity in pH time series at the six NERRS sites for May−
September 2019, following the transform package developed
by Grinsted et al.67 Wavelet analysis is a type of spectral
analysis that shows how the variance spectrum of frequencies
changes over time (e.g., a previous study68). It is particularly
useful for the evaluation of the environmental predictability for
sensitive marine organisms.23 Using MATLAB R2021a using a
continuous wavelet transform package, these results allowed us
to identify the relative strengths of the frequency components,
such as seasonal periodicity as compared to daily or subdaily
periodicity (Figure S1). Once the dominant periods were
identified from the wavelet analysis, the decomposition of the
time series into separate (and additive components) for long-
term (inter-annual or seasonal), daily, and subdaily (i.e., tidal)
periodicity was done to quantify amplitudes attributed to each.
(Figure S2). Ten years of data (2010 through 2019) were
evaluated for each of the six NERRS sites. This was done
stepwise by (1) predicting the annual/seasonal variation by
modeling pH vs annual time using sine wave regression69 and
subtracting this from the observed time series, (2) predicting
the daily amplitude using sine wave regression as an estimate of
diel variation in pH related to biological productivity and
subtracting this from the seasonally detrended time series, and
(3) predicting the remaining variation attributed to tidal
forcing with harmonic regression. The results provided an
estimate of the amplitudes of isolated variance components
acting at each time scale (Figure S3).
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2.3. Manipulation of Seawater pH: Static and

Fluctuating pH Treatments. Based on the in situ pH

conditions, we designed six-week long experiments of a total of

five pHT (pH total) treatments. For future conditions, we used

climate change projections for the year 2100 from Pacella et

al.4 (Tables S2 and S3; Figure S4). The experiments were as
follows:

1. two “static” treatments (for current and future projected
conditions; pH 8 and pH 7.7)

2. two “dynamic” treatments with a defined daily pH
amplitude (pH 7.7 ± 0.2 and pH 7.7 ± 0.5)

Figure 2. Categorization scheme of different types of shell dissolution of the juvenile stages of both oyster species. The surface images of severity of
dissolution under SEM show progression from the top to the bottom row. The first row depicts the outer intact prismatic region characterized by a
smooth surface and some upper level of shell dissolution (Type I) presence; the second row shows the progression of dissolution to partially
dissolved prismatic layer with mild to moderate dissolution (Type II); the third row is a depiction of the most severe shell dissolution (Type III)
with a completely dissolved prismatic layer and partially exposed lower, cross-lamellar layer. The bars on each image indicate the magnification.
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3. one increased “frequency” treatment (pH 8.0 ± 0.2)
with a shorter transition and hold time.

2.4. Experimental OA Exposures of Two Oyster
Species. The experiments were conducted in the flow-through
Dynamic Stressor Exposure Research Facility (DSERF) in
which fluctuating conditions were set up and controlled
through a series control solenoids and mass flow controllers
using National Instruments (NI) hardware and Labview
software to control for pH, dissolved oxygen, and temperature
using a feedback mechanism of pH setpoint detection. The
pH-adjusted seawater flowed by gravity to the exposure jars
containing the oysters. For the dynamic aspect of the
exposures, pH changes were programmed to occur in evenly
distributed incremental adjustments to achieve the desired
pattern of time at each pH for each treatment. We used
juveniles of the Pacific oyster (Crassostrea gigas) and native
Olympia oyster (Ostrea lurida). Oysters were fed twice daily
with 400 μL of Shellfish Diet 1800 diluted 1:1 with seawater.
We set up a total of 85 exposure jars (2 L) at the start of the
experiment with each experimental treatment (5 treatments) in
5 replicates, that is, we controlled for the replication in the
statistical analyses by using jars as a random effect. At weeks 2,
4, and 6, five jars from each treatment (25 jars per treatment)
condition and the oysters contained within were used for
biomineralogical and physiological assays. Water in the
exposure jars was completely replenished every 2−4 h.
2.5. Oyster Shell Dissolution. The shells were cleaned for

scanning electron microscopy (SEM) following previous
studies,51,70,71 using sodium hypochlorite (NaOCl, commercial
bleach diluted to obtain 5% v/v NaOCl) for approximately 1−
1.5 h. The growing edge of each shell was a newly grown
surface area in each subsequent week, indicating new
dissolution in weeks 2, 4, and 6. SEM was used to characterize
shell dissolution. Shell dissolution was investigated in 190
Pacific oysters and 185 Olympia oysters from five different
experimental treatments. Over the shell surface area, we
randomly examined 10−25 regions with the examination
started at one side of the growing edge, followed by a random
choice of zooming out to a set magnification (600×) and
panning through the field of view five times at 20−25 regions
on the overall growing edge. Following the literature on the
crystalline structure, we developed a categorization scheme
(Figure 2) for oyster dissolution extent over the new growing
area as follows:
Intact shell (Type I dissolution) indicates that the prism

surfaces were mostly intact (Type 0) with a smooth
appearance, or with surface dissolution in some organisms.
In its intact form, the oyster exterior surface contains calcite
crystals formed into polygons.51 Moderate dissolution (Type II
dissolution) involves a partially eroded outer prismatic layer
with exposed crystals. When the crystals are exposed by the
dissolution of the outer prismatic layer, they appear in the
concentric, spherulitic shapes partially covered by the prismatic
layer. Severe dissolution (Type III dissolution) builds off the
Type II dissolution with a completely removed prismatic layer
and partially exposed lower, cross-lamellar layer. The crystals
are severely dissolved, characterized by the gaps in the
crystalline structure. Approximately 10−20 SEM images were
produced per individual on the external crystalline shell side,
and each image was scored separately for the dissolution type
(Type I to Type III). We used five individuals per jar to
determine the extent of severity of dissolution, here referred to

as the Mean dissolution, at the growing edge of each oyster
(sensu 34).

2.6. Measurements of Shell Growth Analyses,
Respiration, Clearance Rate, and Survival. We deter-
mined shell growth and calcification using both qualitative and
quantitative methods; qualitatively, we used two different
staining procedures at the growing edge using fluorescent dies
calcein and calcofluor, with the region of new growing edge
formed during the experimental exposure fluorescing after
staining (Figure S6). We used 0.5 mg/L calcein and calcofluor
for 16 h one day before the experiment ended in week 6 across
all the treatments. Calcein was bound to the mineralizing shell
and labeled the growing edge at the time of staining, while the
calcofluor bound to the newly formed organic chitinous and
proteinaceous layers to mark the area of the intense growing
edge. Five oysters of each species per treatment were
investigated with a Nikon Eclipse 90i microscope using UV
blue excitation at 100× magnification. For quantitative
estimates, we developed an artificial intelligence (AI) algorithm
for image analyses and1735 Olympia and 1705 Pacific oysters.
Image analysis methods were developed to facilitate the
automatic measurement of the surface area of each individual
in each image (see the Supporting Information). Respiration
rates (oxygen consumption) were measured at weeks 2, 4, and
6 of the experiment in the respirometry chambers. The change
in oxygen concentration inside the sealed chambers was
measured using OXY-4 SMA multichannel oxygen meters
fitted with fiber-optic probes.
Respiration was measured in eight individuals randomly

collected from four exposure jars replicated in each of the five
treatments (N = 40 individuals per species per sampling date).
Incubations were run until a 10−15% decrease in oxygen
concentration was observed. Oxygen consumption rates were
calculated based on the change in oxygen concentration for
each chamber, corrected for any background oxygen
consumption, and normalized to wet tissue mass to account
for any variation in size (oxygen consumed per hour per gram
wet tissue mass (μmol h−1 g−1)).
Clearance rates were measured for both species of oysters in

four of the experimental treatments and were defined as the
volume of water cleared of particles per unit time, calculated
indirectly from the measured decline in chlorophyll a (chl-a)
concentration inside sealed incubation jars. Dead oysters were
counted biweekly to construct survival curves using the survival
package in and evaluated using the Kaplan−Meier estimate for
right-censored data.

2.7. Statistical Analyses of the Experimental and
Field Data. Changes in shell dissolution for each oyster
species were analyzed by two-way analysis of variance
(ANOVA) with treatment and duration as fixed factors,
including an interaction between the two. The treatment jar
was used as a random effect to account for residual variation
attributed to factors other than treatment and week. All
treatments were balanced, meaning that the same sample size
was used to evaluate differences among treatments and weeks
(fixed effects), with the same replicate jar effects modeled as
random effects.

3. RESULTS
3.1. Diel pH Fluctuations across Coastal-Estuarine

Habitats. Analyses of pH time series records from six coastal-
estuarine habitats along the Pacific coast reveal that lower pH
and diel variations are a common occurrence during May−
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September across all the estuaries; however, there are
significant differences in the mean and amplitude of
fluctuations among the estuaries, which is reflected in the
exposure duration time and intensity below the thresholds
(Table S1). Kachemak Bay, Padilla Bay, South Slough, and
Elkhorn Slough experience pH lower than 7.7 very rarely, while
pH values <7.7 represent common conditions in the habitats of
the San Francisco Bay and Tijuana River, especially those on
the inner estuarine side compared to those nearer the ocean
(Figure 1, Table S1). Moreover, with exception of the
Kachemak Bay, the estuaries regularly experience diel
amplitudes of 0.2 and 0.5 around pH of 8, but not below.
This is not the case for the conditions below pH 7.7 but is
common for the San Francisco Bay and Tijuana River. The
results of the decomposition analyses using 10-year data from
estuarine conditions in the north−south direction reveal strong
latitudinal differences in the variability, with estuaries to the
north having higher mean pH values and smaller amplitude of
variability. The extent of diel variability with increased
amplitude and lower pHmin conditions increases southward,
especially in the inner part of the estuaries (Figure 1, Table
S1).
3.2. Temporal Predictability across the Estuarine

Habitats. With the use of the wavelet, autocorrelation, and
decomposition analyses (Figures S1−S3), we identified the

relative strengths, frequency, and amplitude of variation that
demonstrate the range of annual, seasonal, daily, and subdaily
periodicity across all of the estuaries we studied. Results of the
wavelet analyses (Figures S1 and S3) showed that diel
frequencies were more predictable in more southerly locations,
as anticipated, given an increase in temperature driving strong
diurnal productivity patterns closer to the equator. Subdiel
frequencies caused by tidal variation were also consistently
observed at many of the NERRS sites, owing to the strongly
mixed semidiurnal tidal components characteristic of the
Pacific Coast. Some differences in the wavelet analyses
between the inner and outer stations were also observed. For
example, Padilla Bay’s inner station (PDDBY) showed stronger
diel frequencies than its outer station (PDBGS), likely related
to the presence of eelgrass beds driving productivity patterns at
the inner site. Decomposition analyses supported the results of
the wavelet analyses by confirming the presence of increased
amplitudes with strong latitudinal gradients in a southward
direction, showing the transition from seasonal in the northern
estuaries, to daily and subdaily in the southern estuaries
(Figure S3). Along with the amplitude of variation,
autocorrelation analyses show an increasing trend of
predictability from the north to the south, as well as in the
outer-inner direction of the specific estuary (Figure S2). In
terms of predictability over the diel and subdaily scale, the

Figure 3. (A) Range of diel pH conditions across five different experimental treatments. Experiments included two static treatments (control pH =
8 and lower pH = 7.7); two dynamic treatments with a pH mean of 7.7 and a pH amplitude of 0.2 and 0.5 that define the minimum (Min) and
maximum (Max) pH values (pH = 7.7 ± 0.5); and high-frequency treatment (pH = 8.0 ± 0.2) with shorter transition and hold time (Table S2).
Depicted conditions are representative over one-week basis. Treatment indication on the top of the Figure. (B) Cumulative exposure across the
experimental treatment. The top row shows the pH treatment, and the bottom row shows expected exposure time as cumulative hours below a
given pH threshold shown on the y-axis for the duration of the experiment. (C) Targeted experimental conditions that span an average (Mean),
different amplitudes for pH minimum (Min) and maximum (Max) values, the dynamic and frequency treatments characterized by the time to
change to or from Min and Max (Transition) and time spent at the maximum or minimum pH (Hold), and the time for one full pH fluctuation
cycle (Period).
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locations with the least productivity (least diel pH range; e.g.,
Kachemak Bay) tend to have the lowest predictability of the
long term, with nearly zero autocorrelation after 2 weeks. We
note that Kachemak Bay, with very low diel variation in pH, is
still highly predictable over shorter time scales (up to several
days), but less predictable than other locations over longer
time scales (several weeks) compared with other locations. In
contrast, the locations with the greatest productivity (inner

Padilla Bay, South Slough, Elkhorn, and Tijuana River) have
the greatest diel predictability with temporal autocorrelation
coefficients of around 0.5 after 2 weeks (Figure S2), where diel
periodicity can be easily quantified and is therefore predictable
biologically.

3.3. Dynamic OA Conditions in the Experimental
Treatment. The mean, diel minimum and maximum
extremes, and the range of variability in pCO2, pHT, carbonate

Figure 4. (A) Model estimates of mean dissolution (±95% confidence intervals) for each species (Pacific (a) and Olympia (b), treatment and week
of experimental exposure (in weeks 2, 4, and 6). A total of 190 Pacific and 185 Olympia were used. Estimates are based on two-way analysis of
variance models with an interaction between week and treatment, using jar as a random effect. Confidence intervals that do not include zero have
statistically significant dissolution and treatments/weeks that have nonoverlapping confidence intervals can be considered statistically different. (B)
Model estimates of mean dissolution by treatment across all weeks. Estimates are based on linear mixed effects models to test for differences in
dissolution by treatment. The left plots show mean dissolution estimates from each model, and the right plots show post-hoc pairwise comparisons
of mean differences between treatments. Confidence intervals in the right plot that do not include zero indicate pairs of treatments with
significantly different dissolution means.
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ion concentration, and aragonite/calcite saturation state (Ωar,
Ωcal) of the experimental conditions, along with auxiliary
environmental data, are presented in Table S3 and Figure 3.
The conditions of calcite near- or undersaturation (Ωcal ≤ 1;
pH = 7.55) were reached in one fluctuating experiments
characterized by the greatest amplitude (pH 7.7 ± 0.5). The
experimental treatments differed in the duration of cumulative
exposure below a specific pH threshold (Figure 3B), with
greater amplitude in the fluctuating treatments, resulting in
prolonged cumulative exposure time compared to the static
treatments at the same pH. The duration of exposure to less-
favorable conditions increased in the following order: pH 8 >
pH 8.0 ± 0.2 > pH 7.7 > pH 7.7 ± 0.2 > pH 7.7 ± 0.5 (Figures
3 and S4).
Various experimental conditions represented the range of

current mean and extreme conditions found in the Pacific coast
estuaries (Tables S1 and S2). The treatments of pH 7.7 with

the amplitudes ±0.2 and ± 0.5 are representative of future
projected conditions (sensu 4). All of the treatments
resembled the temporal variation of conditions experienced
in situ, except for the high-frequency treatment, where the
periodicity of the exposure over the 96 h period (Figure 3)
with lower autocorrelation, making this an “unpredictable”
treatment (Figures S4 and S5).

3.4. Comparison of Shell Dissolution under Various
Treatments. Under control, that is, static conditions (pH 8),
SEM imaging of the external prismatic layer revealed that the
intact calcite crystals are well-structured and arranged in
polygons, with the outer crystalline surface being mostly intact.
We note that in some individuals or parts of the growing edges,
higher extent of Type I in combination with Type II
dissolution was evident, pointing to a greater variability
among the individuals and spatial dissolution on the growing
edge. Taking the variability in the control (pH 8) into account,

Figure 5. (A) Respiration rates (upper panel; measured as oxygen consumption: μmol O2 h
−1) and (B) clearance rates (lower panel; L h−1) with

±95% confidence intervals for each species (Olympia and Pacific oyster), treatment, and week of experimental exposure. Number of assays for
respiration: N = 6−10 assays of individual oysters; for clearance: N = 2−4 independent assays per treatment. Estimates are based on the two-way
analysis of variance model with fixed effects for week and treatment. Confidence intervals that do not include zero have statistically significant
clearance and treatments/weeks that have nonoverlapping confidence intervals can be considered statistically different.
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the mean dissolution of around 2 (± 95% CI) can be
considered as a baseline status under no stress, with
subsequent increases up to mean dissolution of 2.75 (95%
CI), representing the stress response under more stressful
conditions (Figure 4). Compared to the control treatment, the
mean dissolution in both species showed significant responses
related to the treatment, but there were no differences in
response by week; all treatments were considered equal over
the timeframe of the experiments. There were also no
significant differences between the species (p > 0.05 for all
comparisons) (Figure 4, Table S4).
There are several high-amplitude and high-frequency

dissolution-related patterns that were observed. First, mean
shell dissolution significantly increased under the lower pH
static (pH 7.7) treatment compared to the control (pH 8).
Second, the diel fluctuations increased dissolution compared to
the static treatments (pH 7.7 vs 7.7 ± 0.2; pH 7.7 vs 7.7 ± 0.5;
pH 8.0 vs 8.0 ± 0.2; p < 0.05 as shown in treatment
differences, Figure 4). Third, low pH with amplitude induced
the most dissolution compared to the other treatments (e.g.,
7.7 ± 0.2 and 7.7 ± 0.5 vs pH 8.0 and pH 7.7). Fourth, the
amplitude of variability did not significantly impact dissolution.
Fifth, even calcite-supersaturated conditions (Ωcal of 2
corresponding to pH = 7.75) induced significant dissolution.
Sixth, high-frequency (pH 8.0 ± 0.2) exposure results in
significantly higher dissolution compared to the control (pH 8,
p < 0.05), but a similar amount of dissolution to pH 7.7 or pH
7.7 ± 0.2 (p > 0.05, Figure 4).
Severity of dissolution is related to the mean and the

amplitude of exposure, increasing with lower pH, higher
amplitude of variability, as well as the combination of both
parameters, i.e., low pH with high amplitude, associated with
prolonged cumulative exposure (Figures 3 and S4). This
explains significantly larger dissolution in pH 7.7 compared to
pH 8, pH 7.7 ± 0.2 and pH 7.7 ± 0.5 compared to pH 7.7, and
pH 8.0 ± 0.2 compared to pH 8 (Figure 4). However, it does
not explain comparable dissolution in pH 8.0 ± 0.2 to pH 7.7
or pH 7.7 ± 0.2 despite prolonged cumulative exposure at
lower pH for the latter two. This indicates that greater mean
shell dissolution in the high-frequency treatment is not related
to the variability but to the low autocorrelations of the
conditions. Despite a substantially longer cumulative exposure
time in the pH 7.7 ± 0.5 treatment, both oyster species did not
show significantly increased shell dissolution compared to that
of the pH 7.7 ± 0.2 treatment over six-week exposure. This
result indicates a potential threshold at pH 7.7 ± 0.2 (Ωcal ∼
2), with significantly greater dissolution occurring in both
species. Field conditions across the estuaries indicate that
increased shell dissolution related to a higher amplitude of
variability would be expected in the estuaries along the
California coast and across the inner sides of all the estuaries
except for Alaska (Figures 1 and S3, Table S1), particularly at
longer (i.e., seasonal) exposure duration.
3.5. Calcification and Growth Process under Various

Experimental Treatments. Fluorescent images of the
oyster’s growing edges using calcein show calcium carbonate
deposition; calcofluor was attached on the chitin of the
growing edge, demonstrated as blue fluorescence of the
growing edge; the stains combined indicated the accretion of
the inorganic (carbonate) and organic component at the
growing edge across various experimental treatments (Figure
S6). Continuous calcification was maintained throughout the
entire duration exposure in all experimental treatments

(Figures S6 and S7). The estimates of the mean calcification
(in % ± 95% CI) show no treatment- or duration-related
differences for both species (p > 0.05; Figure S7, Table S5).
The quantification of the oyster inorganic and organic

growth, which was done by separately measuring the length
and weight, demonstrated only a few significant differences in
the size (shell surface area) or mass (whole animal mass) for
either species of oysters (N = 1735 Olympia, N = 1705 Pacific)
over the observed period of exposure (Figure S8). For nearly
all treatments, Olympia spats were significantly larger than
those of the Pacific oyster (shell surface area: F = 1077, p <
0.001; shell mass: F = 1153, p < 0.001; tissue mass: F = 256.3,
p < 0.001) at the end of the experiments. There were no
significant effects of the treatment group on tissue mass for the
Olympia (F = 0.79, p = 0.54) or the Pacific (F = 0.68, p = 0.61)
oyster. Also, no significant differences in size were detected by
treatment for the Olympia (F = 0.86, p = 0.49) or Pacific (F =
0.32, p = 0.86) oysters across each week (Figure S8).

3.6. Respiration. Respiration rates of oyster spat were
measured as oxygen consumption (Table S6, Figure 5).
Incubation times ranged from 6 to 12 h, and the decline in
oxygen concentration was highly linear during incubations for
both Olympia (R2 = 0.96; p = 0.006; N = 121 independent
respirometry assays) and Pacific (R2 = 0.97; p = 0.004; N =
121 independent respirometry assays) oysters. During the
experiment, respiration did not differ significantly in response
to the experimental treatment or the duration of exposure
(week during experiment) for either species. However,
respiration rates were significantly different between species
overall, with oxygen consumption higher for Olympia oysters
relative to Pacific oysters.

3.7. Clearance Rates. Clearance rates increased signifi-
cantly by the end of the six-week experiment and differed
between some treatments (Figure 5, Table S7). ANOVA
shows a significant main effect of week (elapsed time during
experiment) and treatment, with no interaction between the
two. Subsequent comparisons indicate that clearance rates
were significantly greater during week 6 of the experiment
relative to the initial (p < 0.001) or week 2 (p < 0.001)
measurements. The final analysis combining week × treatment
× species shows that there is no difference in clearance rates
between species.

3.8. Survival. Mortality of both species ranged between 6
and 8% across the weeks and treatments, with total mortality
by week 6 being 10% (Pacific, pH 8.0) to 20% (Olympia, pH
7.7) of the values at the beginning of the experiment. Within a
species, Kaplan−Meier survival estimates (Figure S9) showed
no statistical differences across treatments (χ2 = 2.1; df = 4; p
= 0.7 for Olympia; χ2 = 2.3; df = 4; p = 0.7 for Pacific), nor
between species within treatments (χ2 = 1.1; df = 1; p = 0.3).

4. DISCUSSION
Predictions of significantly greater variability in coastal waters
due to nonlinear carbonate chemistry, in particular the
buffering capacity,3,4 prompted the investigation of the
biological ramifications for two ecologically and economically
essential oyster species (Crassostrea gigas, Ostrea lurida). While
our understanding of the physical−chemical component of OA
in the highly variable coastal intertidal habitats is progressing,
the biological OA field is still hindered by poor understanding
of the impacts due to variability, highlighting the importance of
predictability of environmental changes and periodicity of
cycles. This is despite extensive theoretical and empirical work
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in other systems, indicating that the amplitude of fluctuations
may be less important to that of the predictability in
determining how organisms respond to environmental
variations.21,22,24 This study focused on experimental con-
ditions corresponding to the variability and variation found in
the Pacific coast estuaries.
Our results show increased shell dissolution under low pH

and higher amplitudes of variability, as well as under less-
predictable (low autocorrelation) conditions. Considering the
drivers behind dissolution, the magnitude and duration of
exposure were taken into account. For example, while
dissolution was expected to be most prevalent in the
undersaturated conditions that were present only in the pH
7.7 ± 0.5 treatment (Ωcal < 1.8; pH < 7.4), dissolution was also
prevalent in the supersaturated conditions found in the
experimental treatments of pH 7.7, pH 7.7 ± 0.2, and pH
8.0 ± 0.2 (Table S3). With respect to the duration of exposure,
increased occurrence of shell dissolution in the fluctuating
versus static treatments (Figure 4) points to the importance of
amplitude-related fluctuations with a prolonged duration as a
driver behind biological responses. Both fluctuating experi-
ments, that is, pH 7.7 ± 0.2 and 7.7 ± 0.5, triggered similar
severity of dissolution despite the exposure to lower pH values
although at a shorter cumulative duration in pH 7.7 ± 0.5. It is
possible that the overall six-week experimental exposure was
not sufficient to delineate the differences between the two
treatments. Duration exposure, even at the shorter duration in
7.7 ± 0.2, initiates the dissolution process, including the loss of
periostracum72−74 and Type I, II dissolution of the upper
prismatic layer. Accounting for the dissolution kinetic
algorithms,75 prolonged exposure to Ωcal ≤ 1 values in the
fluctuating treatments accelerated the dissolution rates
exponentially and resulted in significantly greater damage
than that was expected from the linear process found under
static conditions at Ωcal > 1. In addition, with the level of
calcification remaining the same across the treatments (Figure
S7), a prevailing process of shell dissolution over calcification is
suggested. Surprisingly, a high-frequency treatment (pH 8.0 ±
0.2) triggered significantly more dissolution than that was
expected based on the pH/Ωcal magnitude or the exposure
duration (Table S2; Figure S4). While the conditions in this
treatment were not unfavorable for oysters, this treatment was
characterized by altered frequency (low autocorrelation), in
which the organisms could not rely on a priori predictable
frequencies of variation. Despite these conditions, the
organisms maintained their same level of calcification (Figure
S7); thus, it is possible that other types of change in the shell
occur. These could include chemical, elemental composition,
and microskeletal property alterations,76,77 or a change in
protein expression and carbonic anhydrase activity,41 with such
multifaceted changes possibly leading to functional impair-
ments and negative implications for shell material proper-
ties.70,78 In time, the more porous, deformed, and fragile shells
may inhibit the oysters’ ability to withstand physical
disturbances (e.g., 46), leading to increased predation.79

Ecological implications over time could include the reduced
height of oyster reefs and reef topography, an important
consideration in the context of biogenic reef formations that
attract and sustain biodiversity.80 A focus on less-predictable
future conditions, integrating molecular-level changes with
microstructural and mechanical analyses is recommended as a
next step in research.

There is consistent agreement across current studies that
shell dissolution will be one of the most predominant problems
for a wide group of calcifiers; here, we consider this specifically
in the context of various oyster species, even when all the other
physiological responses were not impaired.47,71,72,81 Against
the background of projected changes,3,4 building and
maintaining carbonate structures will thus depend on the
balance between shell calcification and dissolution. Given that
calcification is under strong biological control, oysters could
maintain their calcification process because they are able to
compensate against predictable pH fluctuations, but this may
not be the case in less-predictable habitats, which would likely
tip this balance in favor of dissolution. On the other hand, shell
dissolution could exceed calcification because it is a faster
process and likely bears higher energetic costs required for
compensation,38 as evident in carbohydrate and lipid
metabolism changes.82 Across the treatments, our results of
increased clearance rate over time in both species would
suggest increased intake of metabolic substrates to support
greater energy production. We did not, however, detect a
corresponding change in whole animal metabolic energy
(respiration). In our experiments, despite a daily feeding
regime with a recommended nutritional value, we allow the
possibility that the construction of the meshed bags in which
the oysters were kept did not always allow the organisms to be
fed ad libitum, or at least not the ones that were deep in the
meshed bags. While this more closely reflects the natural
environment where food is not always in excess, it might also
indicate the onset of energetic constraints. Recorded
physiological tolerance (no change in response) related to
calcification and metabolism (growth, respiration, and
clearance) and survival in both oyster species differ from the
results of earlier studies (e.g., ref 82). Such physiological
resilience is determined by the species-specific critical
thresholds related to physiological impairments, which were
obviously not triggered in this study. From the variability
perspective, such tolerance was not expected because these
oysters did not experience similar fluctuations in nature. While
the larval batch originated from the hatcheries, these oysters
were subsequently outplanted into the natural conditions of
Puget Sound (Pacific Northwest; mimicking the conditions in
Padilla Bay), where the fluctuations are centered around pH 8
but not below 7.7.
The results of wavelet and decomposition analyses

demonstrate that the Pacific coast estuaries are important
natural analogues with variability patterns, including predict-
ability. There is a strong latitudinal pattern of diel and subdiel
variability and autocorrelation, both increasing latitudinally
southward (Figures S2 and S3). Thus, while southern estuaries
experience greater variability, they are also characterized by
highly predictable diel frequencies of variation, indicating the
complexity of biologically significant parameters in these
habitats. This also means that the oysters from highly
predictable habitats, contrary to the ones from northern
habitats, may be more adaptable to predicted change and
therefore better suited to sustain future changes related to
variability. When considering the impacts of future conditions
on biological responses, our results show that the fluctuating
habitats with increasing amplitudes of variability will pre-
expose the organisms to lower pH values more frequently and
for prolonged cumulative durations.3,4 In addition to
considering mean pH and variance, it is crucial to evaluate
the spatial−temporal variability for any given pH values and
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include this interpretation while evaluating the impacts at
different NERRS sites. This raises an important distinction
related to various habitats in terms of predicting biological
responses: first, habitats with similar means but different
variance components need to be interpreted differently when
considering exposure impacts; second, biological responses in
habitats with high autocorrelation will likely be notably
different from those in habitats with low autocorrelation
(low predictability). For better prediction of biological
responses, parameters such as amplitude of fluctuations,
frequency, lowest pH/Ω conditions, the frequency of exposure,
as well as cumulative exposure, and the determination of
dominant frequencies of variation and amplitude of exposure
in combination with the temporal variation of other stressors
(sensu83) should be reported. It is of critical importance to
disentangle the influence of each of these factors on species’
responses and integrate them in the multiple stressor context.
Future studies should focus on these natural analogues to

predict population outcomes more accurately, because the
observed results align well with theoretical expectations that
plasticity is favored in environments that fluctuate predict-
ably.19,20,22,23 Such comparative field studies would provide
insights into the mechanisms underlying adaptation/plasticity
while also keeping in mind that multistressor factors such as
increasing temperature, increasing stratification, or decreasing
oxygen may interact with pH variability (sensu34,84). Our
results have important implications for decision-making
processes concerning the oyster aquaculture industry and
oyster reef restoration by pointing to the locations of
potentially more resilient oyster populations and the locations
that are most conducive (i.e., lower amplitude in variability and
higher predictability) to oyster aquaculture. Interestingly, while
considering the responses between introduced and native
species, we did not find differences between the two species,
indicating that it is not OA per se but likely a combination of
interactive multiple stressors that trigger different sensitivities85

and carry-over OA effects across life stages.57

Finally, potential mitigation and carbon dioxide removal
(CDR) strategies for OA, like macrophytes and ocean
alkalinity enhancement (OAE), can substantially modulate
carbonate conditions. For macrophytes, reported stud-
ies9,25,86−89 include an increase in mean or pH ampli-
tude,26,86,90−92 to which Wahl et al.93 showed increased
calcification processes in the macrophyte habitat. pH
fluctuating habitats have recently gained recognition as
potential OA refugia (e.g., ref 27), but the results of this
study do not suggest any such benefits, recognizing that pH
increase might not be sufficient to reduce shell dissolution.
Instead, other factors related to variability, with an amplitude
of variability and positive autocorrelation patterns, need to be
strongly considered when designating habitats’ role as OA
refugia, with comprehensive biological assessments to guide
such decisions. For future CDR mitigation strategies, OAE
could be a suitable treatment. Given the fact that highly
variable habitats have low buffering capacity,3,4 increased total
alkalinity increases the buffering capacity while decreasing the
amplitude of variability. For many calcifiers for which
dissolution has been recognized as a predominant problem
under future scenarios of coastal acidification, OAE might
reduce the severity of dissolution and increase the overall
fitness of these mollusks and the ecosystems to which they
contribute.
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Štrus would like to acknowledge the financial support from the
Slovenian Research Agency (bilateral project Slovenia-United
States of America: BI-US/18-20-081). This is Publication
Number 5165 from the Pacific Marine Environmental
Laboratory of NOAA. We are grateful to the reviewers for
their inspiring and useful comments that helped us make this
manuscript much broader in its interpretation.

■ REFERENCES
(1) García-Reyes, M.; Largier, J. Observations of increased wind-
driven coastal upwelling off central California. J. Geophys. Res. Oceans
2010, 115, No. 005576.
(2) Shaw, E. C.; Munday, P. L.; McNeil, B. I. The role of CO2
variability and exposure time for biological impacts of ocean
acidification. Geophys. Res. Lett. 2013, 40, 4685−4688.
(3) Feely, R. A.; Okazaki, R. R.; Cai, W. J.; Bednarsěk, N.; Alin, S. R.;
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