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abstract: Phenotypic plasticity is expected to facilitate the per-
sistence of natural populations as global change progresses. The attri-
butes of fluctuating environments that favor the evolution of plastic-
ity have received extensive theoretical investigation, yet empirical
validation of these findings is still in its infancy. Here, we combine
high-resolution environmental data with a laboratory-based experi-
ment to explore the influence of habitat pH fluctuation dynamics
on the plasticity of gene expression in two populations of the Medi-
terranean mussel, Mytilus galloprovincialis. We linked differences in
themagnitude and predictability of pH fluctuations in two habitats to
population-specific gene expression profiles in ambient and stressful
pH treatments. Our results demonstrate population-based differenti-
ation in gene expression plasticity, whereby mussels native to a hab-
itat exhibiting a large magnitude of pH fluctuations with low predict-
ability display reduced phenotypic plasticity between experimentally
imposed pH treatments. This work validates recent theoretical find-
ings on evolution in fluctuating environments, suggesting that the
predictability of fluctuating selection pressures may play a predomi-
nant role in shaping the phenotypic variation observed across natural
populations.
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Introduction

The ubiquity of environmental variability has motivated
decades of theoretical and empirical work aimed at deter-
mining the mechanisms facilitating the persistence of nat-
ural populations in fluctuating environments (Lewontin
and Cohen 1969; Felsenstein 1976). One such mechanism
is phenotypic plasticity—generally defined as the ability of
a single genotype to alter its phenotype in response to a
change in environmental conditions (Scheiner 1993). An
extensive body of theoretical research has explored how
the strength of stabilizing selection, magnitude of variation
around the mean environmental state, and extent to which
changes in the selective environment are predictable influ-
ence the presence of phenotypic plasticity within a popula-
tion. This work has broadly demonstrated the advantage
of plasticity in heterogeneous environments (Botero et al.
2015; Tufto 2015) while highlighting that the degree of
plasticity expressed by individuals, oftentimes modeled as
the slope of the reactionnorm (Via andLande 1985), depends
critically on the extent to which changes in the selective en-
vironment are predictable (Moran 1992; Gavrilets and
Scheiner 1993; DeWitt et al. 1998; Jong 1999; Tufto 2000;
Reed et al. 2010; Scheiner and Holt 2012; Botero et al.
2015; Ashander et al. 2016; Bonamour et al. 2019).
Environmental predictability is defined as the presence

of accurate information regarding the future state of se-
lection and results from correlations between the envi-
ronment in which a trait develops and the environment
in which selection occurs (Moran 1992; Scheiner and
Holt 2012). These correlations can be direct via a strong
signature of positive autocorrelation in an environmental
time series (Ruokolainen et al. 2009), such as those asso-
ciated with diurnal fluctuations in temperature. The cor-
relations may alternatively be indirect and arise from the
presence of a second environmental variable that correlates
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strongly with the agent of selection, providing a cue for an
impending shift in the selective environment (Reed et al.
2010). For example, aerial emergence in coastal marine
habitats due to ebbing tides (the cue) acts as a harbinger
of increasing temperature (the agent of selection) and has
been shown to initiate a preemptive shift of thermal phys-
iology in intertidal mussels (Connor and Gracey 2011).
Theoretical models have robustly demonstrated that even
amid large fluctuations in the environment, plasticity be-
comes increasingly costly as the predictability of the fluc-
tuations declines. These costs arise from plasticity-induced
mismatches between the population phenotype and the op-
timal phenotype, which increase the likelihood of popula-
tion extinction (Reed et al. 2010; Scheiner and Holt 2012;
Ashander et al. 2016). Such models have ultimately shown
that plasticity is selected against in highly unpredictable en-
vironments, whereby plastic genotypes are replaced by
genotypes exhibiting fixed phenotypes, a strategy referred
to as bet hedging (Moran 1992; Gavrilets and Scheiner
1993; DeWitt et al. 1998; Botero et al. 2015; Tufto 2015;
Scheiner et al. 2020).
Empirical work has provided general support for theo-

retical expectations, identifying elevated plasticity within
populations inhabiting environments that are character-
ized as generally more variable than a reference (King-
solver and Wiernasz 1991; Kingsolver and Huey 1998;
Schaum et al. 2013; Kenkel andMatz 2017). However, ex-
plicit links between specific aspects of environmental var-
iability, such as the predictability of fluctuations, and ob-
served levels of plasticity are sparse in the literature (but
see Bonamour et al. 2019). Targeted tests of theoretical
predictions are largely confined to experimental evolution-
based approaches (Manenti et al. 2015; Wieczynski et al.
2018; Leung et al. 2020), which must be interpreted with
caution, as such approaches may not replicate patterns
of plasticity observed in nature (Kellermann et al. 2015).
Thus, comparing populations that are locally adapted to di-
vergent patterns of fluctuating selection pressures may
more effectively corroborate or refute theoretical pre-
dictions. This venture is of increasing concern as global
change progresses, and plasticity, if present, may serve
as the initial response of populations to the associated
shift in mean conditions (Hoffmann and Sgrò 2011; See-
bacher et al. 2015). Additionally, the dynamics of envi-
ronmental fluctuations themselves may be altered as mean
conditions change (Wigley et al. 1998), further warranting
investigation into which aspects of a variable environment
most predominately shape phenotypic variation (Scheiner
et al. 2020). Accordingly, the present study leveraged a nat-
ural gradient in environmental variability to test the influ-
ence of fluctuationmagnitude and predictability on pheno-
typic plasticity in an ecologically important marine bivalve
subject to a global change stressor.
The global decline in seawater pH, termed “ocean acidi-
fication,” is a consequence of increasing atmospheric
carbon dioxide emissions and poses extensive threats to
marine systems. Laboratory-based studies assessing its
expected biological effects have mounted over the past
two decades, demonstrating a range of largely deleterious
phenotypic effects across taxa (Kroeker et al. 2013).While
the majority of such studies have imposed static pH treat-
ments in order to quantify these effects, oceanographic data
have demonstrated the dynamic nature of pH within ma-
rine systems (Wootton et al. 2008; Hofmann et al. 2011;
Wootton and Pfister 2012; Kapsenberg and Hofmann
2016). This variability is pronounced in coastal environ-
ments, where local abiotic (e.g., upwelling) and biotic (e.g.,
photosynthesis and respiration) processes candrive substan-
tial differences inpHregimes across temporal scales of hours
to weeks and spatial scales of meters to hundreds of kilo-
meters (Hofmann et al. 2011; Wootton and Pfister 2012;
Kapsenberg and Hofmann 2016; Kwiatkowski et al. 2016).
The resulting differences in low pH exposure across habi-
tats have been shown to drive differentiation in pH toler-
ance between some marine populations (Hofmann et al.
2014; Kapsenberg et al. 2017c; Vargas et al. 2017; Kap-
senberg and Cyronak 2019). However, the extent to which
these patterns of differentiation are influenced by the tem-
poral dynamics of pH exposure, such as how predictably
pH fluctuates through time, remains unexplored.
A coastal species that has both ecological and economic

value and is sensitive to ocean acidification is the Medi-
terranean mussel, Mytilus galloprovincialis. Reductions
in seawater pH negatively impactM. galloprovincialis across
life-history stages (Gazeau et al. 2014; Kapsenberg et al.
2018), although recent evidence suggests that natural pop-
ulations harbor substantial genetic variation to adapt to
ocean acidification (Bitter et al. 2019). Along the southern
coast of France, populations of M. galloprovincialis are
distributed throughout habitats that are likely to vary ap-
preciably in the dynamics of environmental variability.
Specifically, shallow-water lagoons in the region have lim-
ited mixing with the open Mediterranean Sea, increasing
the influence of localized atmospheric and biological pro-
cesses on the water bodies and driving dramatic fluctua-
tions in abiotic conditions (Plus et al. 2003). In contrast,
populations persisting along the open coastline are ex-
posed to watermasses that aremore reflective of the larger
Mediterranean Sea, likely mitigating frequent and large
deviations in oceanographic conditions. While prelimi-
nary population genetic analysis suggests high levels of
genetic connectivity between coastal and lagoon popula-
tions (Quesada et al. 1995), evidence of local adaptation
within high-gene-flow marine systems has recently ac-
crued (Sanford and Kelly 2011). Here, we leveraged the
distinct abiotic environments of the lagoon and coastal
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habitats to explicitly test theoretical predictions regard-
ing how exposure to, and predictability of, stressful pH
conditions influence phenotypic plasticity. We utilized
transcriptome-wide changes in gene expression as a metric
of plasticity, as shifts in gene expression are a fundamental
cellular response of an organism to a change in its environ-
ment (López-Maury et al. 2008) and patterns of expression
elucidate both genetic adaptation and acclimatized differ-
ences among individuals (Hochachka and Somero 2002).
Additionally, assays of gene expression may identify shifts
in organismal physiology that are undetectable via the ex-
amination of macroscopic traits and have become instru-
mental in characterizing the physiological consequences
of global change (DeBiasse and Kelly 2015).
Our hypotheses are illustrated in figure 1, which depicts

patterns of gene expression for each population in benign
and stressful pH treatments as a reaction norm—a model
of phenotypic plasticity in which a genotype’s (or popula-
tion’s mean) phenotype is plotted as a function of an envi-
ronmental gradient (Via and Lande 1985). The slope of this
relationship provides a proxy for the degree of phenotypic
plasticity, and our results are discussed in light of thismodel
(Via and Lande 1985). In accordance with the theoretical
predictions described above, we hypothesized that the de-
creased predictability of pH fluctuations in the lagoon
would result in individuals exhibiting reduced gene expres-
sion plasticity between experimental pH treatments. We
hypothesized that this reduction in the reaction norm slope
is facilitated by an elevation in the reaction norm intercept
(Tufto 2015), a process mechanistically driven by a “prim-
ing” of the molecular phenotype resulting from frequent
exposure to stressful conditions (Pespeni et al. 2013; Hilker
et al. 2016).
Methods

Study Site Descriptions and Environmental Monitoring

The twoMediterranean populations ofMytilus galloprovin-
cialis used in this study inhabited the Bay of Villefranche-
sur-Mer (hereafter referred to as the “coastal site”; Envi-
ronment Observable Littoral buoy at 43.6827N, 7.3197E)
and the Thau Lagoon (hereafter referred to as the “lagoon”;
43.41587N, 3.68887E), locations separated by 300 km of
coastline.The coastal site is a south-facing inletwith steepba-
thymetry, resulting in steadymixing with theMediterranean
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Figure 1: Conceptual overview depicting how the magnitude and predictability of environmental fluctuations may shape patterns of phe-
notypic plasticity. The gene expression values of the lagoon (diamonds) and coastal (circles) populations are illustrated in benign and stress-
ful pH treatments. Lines connecting gene expression values indicate the reaction norm, the slope of which indicates the expected amount of
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Sea (De Carlo et al. 2013). The lagoon is one of a series of
shallow-water lagoons along the southern coast of France,
with a mean depth of approximately 4 m and intermittent
mixing with the Mediterranean Sea via two narrow chan-
nels (Plus et al. 2003). Eachmussel population persists sub-
tidally, and patterns of differentiation are thus expected
to be driven by the measured oceanographic variables de-
scribed below.
Autonomous oceanographic monitoring of the coastal

site was conducted between September 2016 and August
2017 using SeaFET pH sensors (Martz et al. 2010) and Sea-
Bird Electronic (SBE25) profilers with 60-min sampling fre-
quencies. Monitoring of the lagoon site was conducted be-
tween October 2016 and June 2017 using SeaFET pH and
SBE37 sensors with 20-min sampling frequencies. Detailed
information regarding sensor deployment and calibration
can be found in the supplemental PDF (available online).
The hydrogen ion concentration of all pH observations

was calculated to determine the mean and magnitude of
pH variability at each site. Differences in the distribution
of observed pH values at each site were compared using a
Kolmogorov-Smirnov test, and differences in the vari-
ance of pH at each site were tested using Hartley’s maxi-
mum F-ratio test (Fmax; each performed in R ver. 3.6.1).
The predictability of pH fluctuations at each site was
assessed using a combination of time series autocorrela-
tion, spectral, and environmental correlation analyses.
The temporal autocorrelation of pH at each site was com-
puted across hourly and daily lag intervals using the acf
function in R. These intervals provided scales of predict-
ability that are relevant to the plastic trait measured in our
study species, gene expression (Lockwood et al. 2015),
and indicated the relative influence of photosynthesis/
respiration (24 h) and tidal cycles (14 and 28 days) on
pH variability. Spectral analysis was further used to iden-
tify the predominant pH periodicity at each site (spec-
trum function in R). Finally, correlation coefficients be-
tween pH and temperature were computed for each site
to identify differences in the reliability of habitat-based
cues (cor function in R). Temperature and pH can covary
in coastal marine habitats (Cyronak et al. 2019), and al-
though we lack direct evidence that such species use tem-
perature as a cue for impending changes in pH, differ-
ences in the correlation of the measured parameters are
likely indicative of differences in a suite of additional abi-
otic variables (e.g., oxygen) that may serve as cues.
Animal Collection

Adult M. galloprovincialis individuals, ranging in shell
length between 50 and 70 mm, were collected from each
habitat in October 2016. Coastal population mussels were
collected via scuba diving from a subtidal mooring in 5 m
of water located within 10 m of the oceanographic sensors.
The 3-m difference between the sensor location and the
coastal population has a negligible influence on the mus-
sels’ pH exposure relative to those values measured by the
sensor. Specifically, the predominant driver of pH variabil-
ity at this site is temperature, and during the period of max-
imum stratification, this amounts to only a 0.10-unit pH
difference between the surface and 50 m (Kapsenberg et al.
2017a). Mussels were transported dry (in netted bags) by
boat to the Laboratoire d’Océanographie in Villefranche-
sur-Mer (LOV), France, where they were kept in an aer-
ated flow-through seawater tank at 167C. Lagoon popula-
tion mussels were collected by hand from the underside of
a floating dock at approximately the same depth and within
10 m of oceanographic sensors. Individuals were placed
in a cooler chilled with ice and transported dry by motor
vehicle to LOV, where they were stored in a flow-through
seawater container at 167C. Common-garden condition-
ing (described below) began 3 and 7 days after the coastal
and lagoon population collections, respectively.
Experimental Design

The experiment consisted of two phases: (1) an initial
common-garden conditioning of 6 weeks followed by
(2) a pH treatment exposure of 5 days, after which mus-
sels’ gill tissue was sampled for transcriptomic analysis.
The common-garden conditioning aimed to remove the
effects of recent environmental history on individual gene
expression profiles (Hochachka and Somero 2002). The
5-day exposure to stable pH treatments acclimated each
individual to the experimental benign and stressful pH
treatments (Thompson et al. 2012) and allowed for the
quantification of individual molecular phenotypes via
transcriptome-wide patterns of gene expression. The be-
nign pH treatment corresponded to the average condition
observed at both study sites throughout the oceanographic
monitoring period (pHT p 8:1), while the stressful pH
treatment (pHT p 7:7) reflected a value known to induce
physiological stress on each population (Kapsenberg et al.
2018). The stressful pH treatment value was never ob-
served at the coastal site and is exceedingly rare in the
lagoon, where observations of pHT ! 7:71 encompassed
fewer than 0.2% of all observations and never persisted
for a duration of more than 6 h (fig. 2).
For common-garden conditioning, 50 adult mussels

from each population were placed in a single 43.8-L flow-
through seawater tank (flow rate: 7.8 L h21). To prevent
mussels from aggregating, individuals from the same pop-
ulation were kept in 625-cm2 mesh bags that were spread
evenly throughout the tank (five individuals per bag). The
temperature of the common garden was 16.37C (50.47C)
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and was aimed tomimic ambient seawater temperature in
the region (table S1, available online). Mussels were fed
three times per week: 15 mL of Microfeast PZ-20 (Salt
Creek) for the first 2 weeks of conditioning and 8 mL of
ShellfishDiet 1800 (ReedMariculture) for thefinal 4weeks.
Temperature, salinity (Mettler Toledo SevenEasy Conduc-
tivity), and pHwithin the common gardenweremonitored
using discrete sampling. Open-cell titrationwas used to de-
termine the total alkalinity (AT) necessary to calculate in
situ pH (Dickson et al. 2007). Spectrophotometric mea-
surements of pH samples were performed on discrete
samples usingm-cresol indicator (Dickson et al. 2007)with
an accuracy of 50.006 units pHT (determined by Kap-
senberg et al. 2017b). Aragonite saturation and PCO2 were
computed using the pH and AT measurement and the
seacarb package in R (Gattuso et al. 2016) with dissociation
constants K1 and K2 (Lueker et al. 2000), Kf (Perez and
Fraga 1987), and Ks (Dickson 1990; table S1).
Followingcommon-gardenconditioning, a subsetofmus-

sels from each population was randomly selected and
transferred to a pH manipulation system to assess popu-
lation-specific responses to the benign and stressful pH
treatments. The experimental system was a flow-through
seawater pH manipulation system maintained at 15.57C
and is described in detail byKapsenberg et al. (2017a). Ad-
ditional information regarding the pH manipulation sys-
tem is found in the supplemental PDF. Ten individuals
from each population were distributed between two inde-
pendent replicate buckets per treatment (n p 5 individ-
uals per bucket, n p 10 individuals per population per
treatment) for a total of 5 days. At the end of the expo-
sure period, individuals within each replicate bucket were
removed and 0.1–0.2 mL of gill tissue was dissected and
stored in 1 mL of RNAlater stabilizing solution. Sam-
pling of each replicate bucket was randomized, and dis-
sections of all individuals were completed within 1.5 h.
The samples were maintained at room temperature for
24 h and then transferred to an 2807C freezer pending
RNA isolation.
RNA Isolation and Sequencing

Total RNAwas isolated using the PureLink RNAMini Kit
with on-column DNase treatment according to manufac-
turer instructions for purification from animal tissue.
Bioanalyzer analysis indicated extremely high-quality ex-
tracts with RNA integrity numbers ranging between 9.8
and 9.9. Before library preparation, the quantity of all
extracts was determined using a qubit. We used 500 ng
of total RNA per sample for 30 mRNA sequencing with
the QuantSeq FWD Kit (Lexogen; Moll et al. 2014). The
30 RNAseq, also known as TagSeq, sequences only a single
fragment for each transcript, allowing for shorter sequenc-
ing reads and lower sequencing depth than traditional
RNAseq, and has been shown to provide more accurate
estimates of transcript abundances than standard RNAseq
(Lohman et al. 2016). Sequencing library quality was as-
sessed using a Bioanalyzer high-sensitivity chip, and the
40 libraries were multiplexed and sequenced on a single
lane of Illumina HiSeq 4000 at the University of Chicago
Genomics Facility, yielding an average of 6.4 million 50-bp
single-end reads per sample. Raw sequencing reads were
mapped to an M. galloprovincialis reference transcriptome
(Moreira et al. 2015) usingBowtie 2 (Langmead and Salzberg
2012) and yielding an overall alignment rate of 75.6%. A cus-
tom Perl script written by Misha Matz (available at https://
github.com/z0on/tag-based_RNAseq) was used to count
the number of reads mapping to each putative gene in the
reference for all individuals.
Identifying Population-Specific Patterns
of Gene Expression and Plasticity

Differences in gene expression were used to (1) assess pat-
terns of population-specific responses to each pH treat-
ment, (2) explore the extent to which observed population
differentiation could be related to habitat pH, and (3) de-
termine whether pH plasticity differed between the pop-
ulations. The R package DESeq2 and associated protocols
(Love et al. 2014) were used to normalize and filter tran-
script counts and compute log2 fold change (LFC) in ex-
pressions for each gene using a generalized linear model
and a series of defined contrasts. For each contrast, genes
were filtered such that the count of transcripts mapping to
it were 110 across all samples, with 125 reads mapping in
at least two individuals. We quantified population differ-
entiation by computing LFCs between populations in the
benign and stressful pH conditions, using the coastal pop-
ulation expression values as the reference (ngene p 12,809
and 12,733 for comparisons in the benign and stressful pH
treatments, respectively). Next, we quantified differences
in expression plasticity by computing LFCs for each pop-
ulation between treatments (ngene p 12,927 and 12,674
for quantification of the coastal and lagoon population re-
sponse, respectively). Differentially expressed genes were
identified as those exhibiting a Benjamini-Hochberg false
discovery rate–corrected P ! :1 (Love et al. 2014), and
patterns of expression of these candidates were visualized
using heat maps produced with the pheatmap package in
R (Kolde 2012). The putative function of differentially
expressed genes was explored with annotation data gen-
erated in the reference transcriptome provided inMoreira
et al. (2015).
To visualize and quantify the molecular phenotypic

differentiation of the populations in each treatment, we

https://github.com/z0on/tag-based_RNAseq
https://github.com/z0on/tag-based_RNAseq
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conducted principal component analysis (PCA) on the
regularized log-transformed transcript counts data using
the plotPCA function in DESeq2. An ANOVA was then
conducted to statistically test for population-based dif-
ferences along the first two principal components in
each treatment. Next, we explored the extent to which
transcriptome-wide patterns of differentiation between
populations in the benign treatment were predominantly
driven by each population’s native habitat. We first de-
fined a list of pH-responsive genes, those differentially ex-
pressed between pH treatments in either population. If
habitat pH was a predominant driver of the differentia-
tion in gene expression between populations, these pH-
responsive lociwere expected to exhibit elevated divergence
between populations relative to all others genes differenti-
ated between populations in the benign treatment. Accord-
ingly, apermutationANOVA(PERMANOVA)with999per-
mutations was used to compare the LFC distribution of these
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pH-responsive loci (n p 29) with that of all genes differ-
entially expressed between populations in the benign
treatment (n p 231; RVAideMemoir package in R).
The total magnitude of pH stress response was com-

pared between populations to generate a proxy for the re-
action norm slope of the individuals from the coastal and
lagoon habitats (fig. 1). Only genes that passed filtering in
both populations’ responses to low pH were considered
(n p 11,358). Population-based differences in the distri-
bution of LFC of these genes were assessed using a two-
sided Kolmogorov-Smirnov test in R. Subsequently, a
PERMANOVA with 999 permutations was used to iden-
tify significant differences in the magnitude of LFC be-
tween populations. This analysis was conducted across all
genes for which the absolute value of LFC was computed,
as well as independently for upregulated (n p 2,934) and
downregulated (n p 2,529) genes.

Results

Site-Specific Patterns of pH Fluctuation Dynamics

The mean pH value observed at each site was compara-
ble—the coastal population experienced an average pHT

of 8.07 (n p 8,045), and the lagoon population experi-
enced an average pHT of 8.11 (n p 16,992; fig. 2A, 2B).
However, we quantified substantial differences in themag-
nitude and predictability of the pH fluctuations observed
between sites. Specifically, we found a much greater range
of observed pH values in the lagoon (7.47–8.39) compared
with the coastal site (7.96–8.16). Additionally, a significant
difference in the distributions of observed pH values (D p
0:459, P ! :001) and variance across pH values (Fmax p
5:27, P ! :001) was detected (fig. 2C). The temporal auto-
correlation of pH was elevated in the coastal site across all
hourly (fig. 2D) and daily (fig. S1; figs. S1–S6 are available
online) intervals. Spectral analysis identified diel variability
as the predominant signature of pH variability at each site
(fig. S2). Temperature profiles differed appreciably be-
tween sites (fig. S2), and the coefficient of correlation be-
tween pH and temperature was dramatically reduced in
the lagoon (R2 p 20:17) relative to the coastal site (R2 p
20:90), although the relationship between these abiotic
variables was significant at each site (coastal: t p
2180:86, P ! :001; lagoon: t p222:63, P ! :001; fig. S3).
This observed reduction in pH temporal autocorrelation
and correlation between pH and temperature ultimately in-
dicates a less predictable environment in the lagoon com-
pared with the coastal habitat.
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Population Differentiation in Benign
and Stressful pH Conditions

PCA indicated that the molecular phenotypes of the coastal
and lagoon populations were significantly differentiated
in the benign pH treatment (F1, 18 p 14:71, P p :001;
fig. 3A) but not in the stressful treatment (F1, 18 p 0:55,
P p :467; fig. 3B). A total of 260 genes were differentially
expressed between populations in the benign treatment
(171 upregulated, 89 downregulated), while only 95 genes
were differentially expressed between populations in the
stressful pH treatment (55 upregulated, 40 downregulated).
Distinct patterns of expression of differentially expressed
genes are further visualized as heat maps (fig. S5). Of the
260 genes differentially expressed between populations in
the benign treatment, 29 were differentially expressed in re-
sponse to low-pH exposure. These pH-responsive genes
exhibited significantly more differentiation between popu-
lations than those 231 genes not implicated in the low-pH
response (F1, 258 p 13:62, P p :001; fig. 4; supplemental
files 1 and 2; supplemental files 1–6 are available online).
Population-Based Differences in pH Plasticity

The observed LFC distribution generated from each pop-
ulation’s pH stress response was distinct (D p 0:059,
P ! :001; fig. 5A), and the total magnitude of LFC across
all genes was significantly greater in the coastal popula-
tion, indicating reduced plasticity in the lagoon popu-
lation (F1, 22,714 p 25:4, P p :001; fig. 5B). When segre-
gated by LFC direction, the magnitude of response of
the coastal population was significantly greater for down-
regulated (F1, 5,056 p 4:12, P p :043) but not upregulated
(F1, 5,866 p 2:05, P p :13) genes (fig. 5B; supplemental
files 3 and 4).
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Each population exhibited a subset of genes that
were differentially expressed in response to low-pH expo-
sure: 57 differentially expressed genes (26 upregulated,
30 downregulated) were identified in the coastal popula-
tion, and 49 differentially expressed genes (16 upregulated,
33 downregulated) were identified in the lagoon population
(fig. S6). It is important to note that the observed re-
sponses of each population between treatments may be
driven by changes in the seawater pH (the reported var-
iable) and/or associated changes in additional biologically
relevant parameters of the carbonate chemistry system
(e.g., PCO2 and the aragonite saturation state; Waldbusser
and Salisbury 2014; Waldbusser et al. 2015a). In light of
this, we explore how existing functional annotation in-
formation may lend insight into the relative contribution
of these parameters to observed biological responses in
“Discussion.”
Discussion

Environmental variability plays a dominant role in shap-
ing the ecology and evolution of natural populations.
This study conducted high frequency monitoring of sea-
water pH to document the fine-scale and dynamic na-
ture of pH fluctuations within coastal ecosystems and
explored the extent to which it drives divergence and
shapes unique patterns of phenotypic plasticity between
populations. The results presented both corroborate
emerging theory and elucidate the mechanisms underly-
ing species resilience to future climate change.
Local Differences in pH Variability within the
Northwest Mediterranean Sea

While a consistent decline in mean pH has been docu-
mented in the northwest Mediterranean Sea (Kapsenberg
et al. 2017b), our high frequency monitoring of a lagoon
and open coastal location demonstrates the dynamic na-
ture of coastal carbonate chemistry across a small portion
of a species biogeographic range. The dramatic pH fluc-
tuations observed within the lagoon are driven by the
shallow depth and limitedmixing with theMediterranean
Sea, which act to increase the relative influence of local
weather patterns and biological processes on seawater
conditions (Plus et al. 2003; Waldbusser and Salisbury
2014). These processes cause the lagoon population to
more frequently encounter stressful pH conditions, the
occurrences of which are less predictable than the pH
fluctuations observed at the coastal site. This unpredict-
ability arises from a reduction in the autocorrelation of
pH across both hourly and daily intervals, two timescales
that are relevant to changes in gene expression forMytilus
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mussels (Lockwood et al. 2015), as well as from a reduc-
tion in the correlation of pH with temperature. Although
we report a slightly higher mean pH for the lagoon habi-
tat, this may result from the absence of time series data
during the midsummer months, the period during which
the coastal site exhibited its lowest pH values (fig. 2A). Ul-
timately, these data demonstrate that natural populations
of the species currently persist across similar mean pH
environments that differ dramatically in the magnitude
of variation. While documentation of differences in pH
variability at similar spatial scales has been previously
reported in coastal environments (Wootton and Pfister
2012; Kapsenberg and Hofmann 2016), this is the first
study to explicitly quantify differences in the predictabil-
ity of pH fluctuations occurring on a timescale that is bi-
ologically relevant for some coastal marine species and
life stages (Kapsenberg et al. 2018; Kapsenberg and
Cyronak 2019). As climate change will alter the dynamics
of environmental variability (Wigley et al. 1998; Bindoff
et al. 2019), there is increasing urgency to understand
whether and how these dynamics shape the response of
species to global change stressors.
pH Fluctuation Dynamics Shape Patterns
of Transcriptome-Wide Gene Expression Plasticity

Analyses of transcriptome-wide patterns of expression
indicated that the differences in pH fluctuation dynam-
ics observed between the coastal and lagoon habitats po-
tentially shape patterns of plasticity and molecular phe-
notypic differentiation between mussel populations. By
leveraging data across all genes, we observed that expres-
sion plasticity in response to low pH exposure was sig-
nificantly greater in the coastal population, indicating
a relative depression of the reaction norm slope in the
lagoon population (fig. 1). This finding corroborates a
substantial body of theoretical work, which has robustly
demonstrated the fitness costs associated with main-
taining plasticity in unpredictably fluctuating environ-
ments (Moran 1992; Gavrilets and Scheiner 1993; Tufto
2000; Botero et al. 2015; Ashander et al. 2016; Bonamour
et al. 2019). It is important to note that these differences
in plasticity are attributable to the contribution of thou-
sands of genes, some with large, but many with subtle,
shifts in expression. The relative contribution of individ-
ual genes with diverse effect sizes on organismal physiol-
ogy is outside the scope of this study but presents an in-
teresting area of future research.
We gained mechanistic insight into the processes driv-

ing the depressed plasticity of the lagoon individuals from
our comparison of the molecular phenotype of each pop-
ulation in the benign and stressful pH treatments. Specif-
ically, PCA indicated that the transcriptomic profiles of
the populations were significantly differentiated in the
benign but not the stressful pH treatment after 6 weeks
of common-garden conditioning. The increase in pheno-
typic similarity in the stressful pH treatment is likely driven
by a conserved molecular response for coping with this
shared stressor, as suggested by existing annotation infor-
mation and discussed in detail below. It is also possible
that this pattern arises from an elevation of baseline ex-
pression of stress response genes in lagoon individuals ac-
climated to the benign treatment, a mechanism reducing
the magnitude of response necessary to acclimate to the
stressful pH environment (Barshis et al. 2013; Pespeni
et al. 2013; Palumbi et al. 2014). This hypothesis is cor-
roborated by the increased divergence of pH-responsive
genes between populations in the benign treatment.
Furthermore, it is possible that the differentiation in
transcriptome-wide patterns of expression are indicative
of a physiological priming of the lagoon population, a pro-
cess in which memory of previous stress shapes responses
to future states of stress (Hilker et al. 2016). Such priming
mechanisms have been observed widely across groups,
from bacteria to plants and animals, and while oftentimes
referred to using different terms (e.g., “hardening” in re-
sponse to thermal stress exposure; Hofmann 1999), they
largely indicate the positive effect of prior stress exposure
on future responses (Hilker et al. 2016). Thus, the differ-
entiation of the populations may be driven by acclimati-
zation to each distinct pH habitat. However, as the dura-
tion of our common-garden conditioning is expected to,
at least in part, remove the effects of field acclimatization
on patterns of expression (Hochachka and Somero 2002;
Whitehead et al. 2011; Pespeni et al. 2013; Moyen et al.
2020) and reductions in seawater pH have indeed been
shown to induce strong selective pressure on the species
(Bitter et al. 2019), it is possible that observed differenti-
ation is also driven by local adaptation to each distinct pH
variability regime. Indeed, there is growing evidence of
local adaptation in marine systems subject to high levels
of gene flow, and selection on variation in gene expres-
sion plasticity is increasingly recognized as a fundamen-
tal driver of divergence between populations (Whitehead
and Crawford 2006; Whitehead et al. 2011; Pespeni et al.
2013). In concert, these data suggest that the lagoon popu-
lation may be limited in plasticity as ocean acidification
drives decline in mean seawater pH, increasing the pop-
ulation’s reliance on genetic adaptation for persistence
(Kelly 2019).
The trends reported here lend to the growing body of

work documenting divergence in patterns of gene expres-
sion and physiology across marine populations spanning
gradients in environmental variation (Whitehead et al.
2011; Logan et al. 2012; Barshis et al. 2013; Pespeni
et al. 2013; Palumbi et al. 2014; Dong et al. 2015; Smolina
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et al. 2016; Kenkel and Matz 2017; Maynard et al. 2018).
Many of these studies have similarly identified differences
in gene expression plasticity and baseline expression
across populations, such as in coral populations exposed
to extreme thermal fluctuations (Barshis et al. 2013), oys-
ter populations exposed to recurrent low-salinity events
(Maynard et al. 2018), and seaweed (Smolina et al. 2016)
and limpet populations (Dong et al. 2015) spanning latitu-
dinal gradients in mean temperature. However, quantita-
tive analyses of the environmental time series from which
focal populations originate are often lacking, precluding
mechanistic links between the various attributes of fluctu-
ating environments and observed patterns of phenotypic
differentiation. Our study is an initial attempt to do so
for a marine species and, in effect, has provided support
for explicit theoretical predictions regarding the influence
of fluctuationmagnitude and predictability on the reaction
norm slope and intercept. In a broader context, our find-
ings illustrate that contemporary spatial and temporal var-
iability in pH throughout the Mediterranean may work to
maintain variation in stress tolerance across populations, a
process that may facilitate rapid adaptation as ocean acid-
ification progresses (Barrett and Schluter 2008; Bitter et al.
2019).
Linking Patterns of Differential Expression
to Functional Responses to Ocean Acidification

While patterns of expression across all genes allowed us to
robustly test theoretical predictions, the small subset of
differentially expressed genes may lend insight into the
functional response of the species to stressful pH condi-
tions and how each population copes with the distinct
environmental conditions experienced in their native hab-
itats. Shifts in pH and associated carbonate chemistry pa-
rameters, particularly PCO2 and aragonite saturation state,
impact a variety of biological processes, including calcifi-
cation,metabolism, acid-base regulation, and cellular stress
mechanisms (Strader et al. 2020). These broad impacts are
highlighted in the present data set. For example, in re-
sponse to low pH, each population differentially ex-
pressed genes mapping to perlucin, a key player in bivalve
shell biomineralization (Blank et al. 2003; Wang et al.
2008). Perlucin has previously been implicated in the re-
sponse to low pH in pteropods (Moya et al. 2016) and
oysters (Goncalves et al. 2017), and its differential expres-
sion likely represents the direct impacts of a reduction in
the aragonite saturation state on shell growth in this spe-
cies (Waldbusser et al. 2015a, 2015b). Pervasive impacts
of low pH exposure on the immune system were also ob-
served in both populations via differential expression of
genes mapping toMgC1q (Gestal et al. 2010) and numer-
ous GTPase genes of the immune-associated protein fam-
ily (Krücken et al. 2004). Such pervasive effects of low pH
on immune system functioning are in accordance with re-
cent work in bivalves (Bibby et al. 2008; Lannig et al. 2010;
Wang et al. 2016; Liu et al. 2016; Castillo et al. 2017) and
have been hypothesized to result from disruptions to en-
ergy metabolism caused by the hypercapnic conditions
elicited from elevated PCO2 (Pörtner 2008; Wang et al.
2016). Population-specific responses to low pH exposure
were also observed. For example, the coastal population
exhibited differential expression of a fatty acid–binding
protein, suggestive of shifts in energy allocation associated
withmetabolic depression (Stewart et al. 1994). The lagoon
population’s response to low pH indicated the initiation of
cellular stress response pathways via differential expression
of heat shock protein 70 and an E3 ubiquitin ligase (Feder
and Hofmann 1999; Imai et al. 2000).
Overlap in the genes differentially expressed between

treatments and populations further highlights the pre-
dominant role of habitat pH in driving the observed dif-
ferentiation of the coastal and lagoon populations. Specif-
ically, of all genes differentially expressed in response to
stressful pH conditions, 28% were differentially expressed
between populations in the benign pH treatment. This
overlap further suggests that alterations to the baseline ex-
pression of pH-responsive genes may underlie observed
differences in plasticity between populations. Those genes
differentiating the populations that exhibit no functional
link to low-pH physiology likely indicate the suite of addi-
tional environmental variables differing between sites. For
example, while differences in temperature between sites are
reported here, the limited mixing of the lagoon with the
larger Mediterranean Sea has also been shown to produce
distinct patterns of oxygen and nutrient cycling (Plus et al.
2003). The interaction of these variables with seawater pH
can alter responses to ocean acidification (Kroeker et al.
2013; Bednaršek et al. 2016; Ramajo et al. 2016) and should
be recognized as potential drivers of the population differ-
entiation reported in this study.
Concluding Remarks

While observations broadly linking environmental vari-
ability to the evolution of phenotypic plasticity have
mounted over decades and across systems (Kingsolver
and Wiernasz 1991; Kingsolver and Huey 1998; Schaum
et al. 2013; Kenkel andMatz 2017), empirical studies have
lagged behind theoretical research in exploring how var-
ious attributes of environmental variability promote or
constrain plasticity. To address this gap, our study lever-
aged a natural gradient in environmental variability to
demonstrate how less predictable environments depress
phenotypic plasticity within natural populations, sup-
porting recent theoretical studies (Botero et al. 2015;
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Bonamour et al. 2019). In a global change context, the pre-
dictability of fluctuating environmental conditions may be
altered alongside shifts in the mean environment (Wigley
et al. 1998). Thus, current levels of plasticity observed within
natural populations may not reflect the plasticity available
to populations as global change progresses. Additional ex-
ploration into the generality of these findings across abiotic
stressors and species is warranted to both robustly test
theoretical predictions and better predict how species will
respond to global change.
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