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Anthropogenic warming and ocean acidification are predicted to
negatively affect marine calcifiers. While negative effects of these
stressors on physiology and shell calcification have been docu-
mented in many species, their effects on shell mineralogical
composition remains poorly known, especially over longer time
periods. Here, we quantify changes in the shell mineralogy of a
foundation species, Mytilus californianus, under 60 y of ocean
warming and acidification. Using historical data as a baseline
and a resampling of present-day populations, we document a sub-
stantial increase in shell calcite and decrease in aragonite. These
results indicate that ocean pH and saturation state, not tempera-
ture or salinity, play a strong role in mediating the shell mineral-
ogy of this species and reveal long-term changes in this trait under
ocean acidification.

ocean acidification | foundational marine species | mineralogy

There is increasing concern about the effects of anthropogenic
stressors, particularly warming and ocean acidification (OA),

on marine calcifiers (organisms that precipitate a calcium car-
bonate (CaCO3) exoskeleton). Short-term experimental studies,
spanning days to months (1, 2), have shown negative impacts of
OA on the physiology of calcifiers (3), inhibition of shell and soft
body growth (3), and decreased functionality of the shell (4).
Some experiments also suggest that rising temperatures can
synergistically augment the effects of OA (5), while others show
no impact on shell calcification (2) or even an increase in cal-
cification rate with increasing temperature (6). Although an in-
creasing number of experimental studies are investigating the
biological effects of OA and warming, very little information is
available on the long-term responses of calcification for wild
populations of marine calcifiers to these stressors. Additionally,
the few studies available that assess changes in calcification in
response to warming and OA on decadal to centennial time scales
show contrasting results. For example, comparison of specimens
of the intertidal mussel, Mytilus californianus, from archeological
middens (∼1000 to 2420 y BP) with those from living populations
showed a significant thinning of the shell (7) and loss of miner-
alogical control (8). In contrast, an analysis of shell thickness
over a 120-y period in a brachiopod (Calloria inconspicua) from
New Zealand showed no change in thickness through time (9).
Furthermore, effects of anthropogenic stressors on the miner-
alogical composition of the shell, a key functional trait, still re-
main poorly quantified on both short and long time scales (but
see ref. 4 for a short-term assessment). Here, we use historical
measurements in conjunction with field sampling to quantify the
impact of half a century of ocean warming and OA on the shell
mineralogy of multiple populations of M. californianus, a founda-
tional marine bivalve species along the northeastern Pacific coast.
The shells of marine mollusks are composed of two different

polymorphs of CaCO3, namely aragonite and calcite (10). Of
these two polymorphs, aragonite is more soluble than calcite
(11), though differences in crystal size and organic content of
the shell can also play a role in mediating dissolution rates of

mollusk shells (12–14). While most molluscan species tend to
have shells that are predominantly made of either aragonite or
calcite, others have shells that contain both polymorphs. It has
long been hypothesized that the ratio of aragonite to calcite (in
this study represented as the percentage of aragonite) in the
shells of species with mixed mineralogy is mediated by the
temperature and/or CaCO3 saturation state of seawater (13, 15).
This is supported by the observation that aragonite content of
molluscan shells in species with mixed mineralogy changes pre-
dictably along a latitudinal gradient, with an enrichment of arago-
nite as compared to calcite in warmer waters (13, 15). Furthermore,
larvae of a marine mussel with mixed mineralogy (M. edulis)
grown under high partial pressure of carbon dioxide (pCO2)
conditions were enriched in calcite compared to those grown
under lower pCO2 conditions (16). Given that aragonite is
preferentially precipitated in warmer waters compared to calcite
in species with mixed mineralogy, anthropogenic warming by
itself should favor higher aragonite content in shells of species
that use both polymorphs, while the decrease in carbonate ions
and saturation state of CaCO3, primarily aragonite, in conjunc-
tion with increasing pCO2 and decreasing ocean pH should
favor calcite.
Along the northeastern Pacific coast, sea surface temperatures

(SSTs) have increased significantly since the 1950s (SI Appendix,
Table S1). Over this time, anthropogenic CO2 emissions have also
increased substantially (17, 18), leading to decreases in ocean pH
and saturation state (18), although the exact magnitude of such
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decreases along the northeastern Pacific remains unknown. We
quantified how the aragonite content of shells of M. californianus
populations have changed in response to these opposing forces by
comparing baseline measurements of aragonite content of shells
collected in 1952 [hereafter referred to as sample S52 (10)] and
1958 to 1960 [sample S58-60 (19)] with those from samples col-
lected in 2017 and 2018 (sample S17-18) (SI Appendix, Table S2).
Specifically, we sampled five populations ofM. californianus along
a spatial gradient spanning 15° of latitude along the northeastern
Pacific coast (Fig. 1), a transect similar to that from the late 1950s
(19). Three of our sites in Southern California are the same as
those from the late 1950s (19), and one matched site, La Jolla,
additionally has data from 1952 (S52) (10); the other two sites
further north are in the same regions sampled in the late 1950s
study (19) but are not exact matches (Fig. 1 and SI Appendix, Fig.
S1). Although the northern sites are not exact spatial matches with
our baseline data, by sampling the same regions as in the 1950s
(19), they allow us to investigate whether the latitudinal gradient
in shell aragonite content of this species has changed over time.
For two of our matched sites (La Jolla and Corona Del Mar),
samples from 2010 (hereafter S10) were also available, providing
an additional baseline that further allows us to assess decadal
responses of shell mineralogy to warming and ocean acidification.
For all of the comparisons, individuals of M. californianus sampled
live in 2017-2018 (S17-18) were matched to the same body-size range
as in the baseline studies to avoid any impact of size on shell ara-
gonite content, and all samples were prepared following the same
procedures described in the baseline studies (10, 19) and analyzed
using X-ray diffraction (XRD) (see Materials and Methods).

Results and Discussion
At all three of our matched sites, large temporal changes in shell
aragonite content are evident. At La Jolla, the shell aragonite
content decreased significantly from the 1950s (S58-60) to 2010
(S10) and has been stable since (Fig. 1 and SI Appendix, Fig. S1
and Tables S3 and S4). Avila Beach shows a similar trend with a
significant decrease in aragonite content from the 1950s (S58-60)
to 2017-2018 (S17-18) (Fig. 1 and SI Appendix, Fig. S1 and Ta-
bles S3 and S4). At Corona del Mar, the trend is more complex,

with a significant decline in aragonite content from the 1950s to
2010, but with subsequent recovery, so that the aragonite content
of S17-18 is not significantly different from that of S58-60 (Fig. 1
and SI Appendix, Fig. S1 and Table S3).
Further north at Crescent City, only one sample from 1959

(S59) is available, making statistical comparisons impossible, but
qualitative assessment is still feasible and informative. At this
site, there has been an increase in temperature through time (SI
Appendix, Tables S1 and S5) and a corresponding change in shell
aragonite content, from 42.90% aragonite in sample S59 to a
median value of 16.82% and a maximum of 23.38% in sample
S17-18 (SI Appendix, Table S6). Thus, the 42.90% measured in
1959 is well outside the current range of our data despite a sub-
stantially larger sample (n = 9; SI Appendix, Tables S2 and S6).
The temporal decrease in shell aragonite content seen at each

of our matched sites is also evident over a wider latitudinal
gradient (Fig. 1E and SI Appendix, Fig. S1E). Regression models
that take in to account spatial and temporal autocorrelations as
well as potential effects of shell size and weight (lagged-mixed
simultaneous autoregressive models, generalized least squares
models, and linear mixed effect models with locality added as a
random effect; see Materials and Methods) all show a significant
difference in the latitudinal trends in shell aragonite content
between the late 1950s and 2017-2018 (Fig. 1E and SI Appendix,
Table S4). Specifically, there was a significant latitudinal trend in
shell aragonite content during the 1950s, with higher latitudes
being preferentially enriched in calcite (SI Appendix, Table S4).
In contrast, latitude is not a significant predictor of aragonite
content in 2017-2018 (SI Appendix, Table S4), suggesting an
overall shallowing of the slope of this relationship through time,
driven by larger decreases in shell aragonite content at our southern
sites compared to northern ones. Overall, shell aragonite content
has decreased substantially across the range of this species. The
difference in percentage of aragonite is more pronounced if S52
and S10 data are added to the analyses with the slopes becoming
significantly different between the past (S52 and S58-60) and
recent times (S10 and S17-18) (SI Appendix, Table S3 and Fig.
S1). Because temperature varies substantially with latitude, we
also assessed changes in the relationship between shell aragonite
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Fig. 1. (A) Locality map showing the five sites for samples S17-18. Three of the sites, Avila Beach (n = 8 for both S58-60 and S17-18), Corona del Mar (n = 14
for S58-60 and n = 12 for S17-18), and La Jolla (n = 7 for S58-60 and n = 12 for S17-18), in California, are the same as those in the late 1950’s. The other two,
Crescent City, California, and Chilean Memorial, Washington, are in the same region as northern sites sampled in 1958-1960 (see main text, Materials and
Methods). The box plots show comparisons of the percentage of aragonite for S58-60 and S17-18. The samples S17-18 are significantly more enriched in
calcite compared to those from the past (SI Appendix, Table S3). (B) La Jolla comparison. (C) Corona del Mar comparison. (D) Avila Beach comparison. (E)
Relationship between percentage of aragonite in individual M. californianus shells and latitude for S58-60 (n = 50) and S17-18 (n = 51). The slopes are not
significantly different between the two time periods (SI Appendix, Table S3).
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content and SST (SI Appendix, Fig. S2). Similar to the difference
in latitudinal trends, temperature is a significant predicter of
percentage of aragonite in our most conservative spatial auto-
correlation models controlling for size and weight for the late
1950s, but this relationship is not significant for our 2017-2018
samples (SI Appendix, Table S4 and Fig. S3).
In addition to SST and pH, an inverse relationship between

salinity and shell aragonite content in Eastern Pacific mussels
(M. californianus and Mytilus galloprovincialis) has also been
hypothesized (10, 15). This is in contrast to recent observations
of M. edulis and Mytilus trossolus in the Baltic, where a decrease
in aragonite content was evident with decreasing salinity (13).
This potential difference in salinity response provides an inter-
esting comparative framework for looking at how species with
different evolutionary histories and different environmental re-
gimes respond to the same stressor. In this case, M. californianus
has evolved in a very different oceanographic regime (i.e., upwelling
system) compared to M. edulis, the focus of the Baltic study.
Furthermore, changes in salinity have also been shown to affect
the metabolic cost of shell calcification (20), highlighting the
importance of understanding how salinity changes affect shell
mineralogy of species with different evolutionary and environ-
mental histories. At all three of our southern matched sites, both
SST and salinity has changed since the 1950s. SST has increased
from the 1950s to 2017-2018, but the magnitude of this change
varies across sites, with the largest temporal change in our
warmest site, La Jolla (SI Appendix, Table S1). Over this time,
salinity has decreased at each of our sites but, again, by different
magnitudes (SI Appendix, Tables S1 and S5). Although the
temporal data on temperature and salinity are too sparse for
quantitative analyses at the level of individual sites given there
are just two time points for Avila Beach and three for Corona del
Mar and La Jolla, qualitatively, the directionality of the observed
trends do not support the predicted relationships between tem-
perature, salinity, and shell aragonite content for Eastern Pacific
Mytilus species at any of the three sites analyzed here.
Overall, our results indicate that the aragonite content of M.

californianus shells has declined significantly over the last half
century. While the magnitude of this decrease varies across our
sites, it is clear that most populations of this species incorporate
much more calcite in their shells now than in the past. Our re-
sults also show that these decreases are not due to temperature
or salinity change. Other factors such as predation pressure,
wave exposure, and food availability are also known to affect
shell calcification (7, 21), but whether they have any influence on
shell mineralogy remains unclear. In fact, selection due to in-
creased predation pressure and/or wave exposure should lead to
an increase in shell aragonite content since it is the stronger of
the two polymorphs (10). Age and growth rates of individuals
can potentially also affect the proportion of aragonite/calcite
within the shell. Individuals of M. californianus are extremely
difficult to age from shell growth lines (10, 22), so we cannot rule
out the possibility of some age-related effects, such as decreased
longevity or changing growth rates, in our data. However, size
and age are tightly and positively correlated in this species (19),
and the lack of any significant size effects in our regression
models suggest that temporal differences in age are unlikely to
be a major driver of our results. One aspect of anthropogenic
change that affects both shell calcification and mineralogy is
changes in sea water saturation state and ocean pH (4, 16).
Long-term measurements of these variables are not available at
any of our sites, making it impossible to directly test the role of
OA in driving the temporal changes seen here. However, mul-
tiple indirect lines of evidence suggest a major role of OA. For
example, short-term experiments have shown a decrease in
shell aragonite content in M. edulis larvae of parents grown
under higher pCO2 conditions (1,000 microatmospheres, or
μatm) compared to offspring of parents grown under lower

pCO2 conditions (380, 550, and 750 μatm) (16). Similarly, the
eastern oyster, Crassostrea virginica, shows an increase in the
calcite laths within the shells of juveniles grown under treat-
ments of 3,500 μatm as compared to those grown under 380 μatm,
suggesting in both cases a response to elevated pCO2 and de-
creased pH (23). On a larger spatial scale, the Atlantic mussels
M. edulis and M. trossolus show an increase in the thickness of
the calcitic prismatic layer in the shell from temperate to polar
regions (13). Finally, long-term changes in the crystallographic
structure of the shell of M. californianus has also been attributed
to changing ocean pH (8). Thus, our results are consistent with
experimental evidence of preferential precipitation of the less
soluble calcite over aragonite under OA. While preferential
dissolution of precipitated aragonite in response to more cor-
rosive waters (21) can also affect the calcite/aragonite ratio of
shells, we did not see any clear signs of dissolution such as
substantial pitting of the shells in samples S10 and S17-18, and
since those shells do not weigh significantly less than those from
the 1950s (S58-60), it is likely that differential precipitation of
calcite, rather than dissolution of aragonite due to OA, is the
primary driver of our results.
Regardless of the exact cause(s) of the change in minerology

of M. californianus, our results clearly demonstrate that shells of
this species, across most of its geographic range, have signifi-
cantly more calcite today compared to the 1950s. This suggests
that marine calcifiers with mixed mineralogy may have consid-
erable plasticity to adjust the ratio of different polymorphs of
CaCO3 in their shells in response to global change. While such
plasticity may be advantageous in future ocean environments, as
pH is expected to drop even more and higher latitudes are
predicted to be undersaturated with respect to aragonite by the
end of this century (24), there may also be functional trade-offs
in decreasing shell aragonite content. For example, M. edulis
larvae precipitating only calcite when born from parents raised in
the highest pCO2 treatment tend to show loss of crystallographic
control (4). Calcite precipitated under these higher pCO2 con-
ditions (1,000 μatm) may also be more brittle (4), potentially
making shells more prone to fracturing under durophagous
predation. Further investigation of such functional trade-offs is
needed to better predict the potential for adaptation of M. cal-
ifornianus, a foundation species, and other marine calcifiers with
mixed mineralogy to future OA. Finally, the work presented here
highlights the importance of long-term comparisons to better
understand the responses of marine calcifiers to anthropogenic
global change. Such comparisons not only document how wild
populations are responding to changing conditions but also help
test predictions derived from short-term experiments.

Materials and Methods
Collecting Localities and Historical Data. We extracted historical information
about collecting locality, environmental variables, morphometric measure-
ments, and shell mineralogical compositions of M. californianus along the
northeastern Pacific from two primary sources, namely Lowenstam (10) (S52)
and Dodd (19) (S58-60) (SI Appendix, Table S5). From ref. 10, we only used
data for live-collected individuals from La Jolla, California, collected on
December 26, 1952, and within the same size range as the samples collected
by Dodd (19). The exact location of where samples were collected by Low-
enstam (10) is unknown but is most likely from around the Scripps Institution
of Oceanography (SIO) campus, where we collected our live samples. Dodd
(19) collected his samples between 1958 and 1960 (S58-60) from six localities
(19) but provided a specific date of collection (month/day) only for the Co-
rona del Mar site. This site is also the only locality accompanied by a detailed
explanation of sample collection. The other sampling sites in ref. 19 are
described as locality names without information about their latitude and
longitude. However, we were able to confirm that the La Jolla, California,
samples were collected from the pier pilings at SIO. The Avila Beach, Cal-
ifornia, samples were also very likely to have been collected from the pier
pilings there. The name associated with the northern (Washington) locality
in ref. 19 is somewhat ambiguous (see below). Thus, we directly matched
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three of the sites from ref. 19, while for Washington, we sampled the same
region as Dodd.

To compare mineralogical changes (specifically shell aragonite content)
through time, we collected M. californianus in 2017 and 2018 (S17-18) at the
three sites that we were able to match from ref. 19, La Jolla (32.8663°N,
117.2546°W), Corona del Mar (33.5979°N, 117.8730°W), and Avila Beach
(35.1800°N, 120.7319°W) in California. Additionally, we collected from two
other sites, the Battery Point Lighthouse in Crescent City, California
(41.7441°N, 124.2031°W), and Chilean Memorial, Washington (47.9643°N,
124.6635°W), to construct a latitudinal gradient comparable to that from
ref. 19 (Fig. 1A). Crescent City is actually a site included in ref. 19, but the
exact location of the collection within this city is unknown, and only data for
one individual is included in ref. 19. Therefore, this site is a partial match
where statistical analyses of temporal trends are not possible; only qualita-
tive comparisons are provided here. Dodd’s (19) northernmost site (“Hoh,
Washington”) could potentially refer to three different locations, so we
chose Chilean Memorial, a site in the same region, as our northernmost site.
More detailed information on each site can be found in SI Appendix.

At each locality, we collected individuals of M. californianus within the
same size range as those from ref. 19 (SI Appendix, Table S6) from wave-
exposed sites in the middle portion of the mussel zone. Exact replication of
each individual’s size was only possible at Avila Beach, where the pop-
ulations were plentiful and a myriad of size classes existed at time of col-
lection. Exactly matching the entire size range was not feasible at other sites,
such as Corona del Mar, primarily because the largest individuals (>100 mm)
are no longer present intertidally at these locations, most likely due to hu-
man harvesting [e.g., (25)]. To address this problem, we excluded any indi-
viduals from samples S58-60 that were too large to be found intertidally
today. While age of individuals can also potentially affect the aragonite/
calcite ratios of their shells, we focus on size (i.e., length) and weight (as a
proxy for thickness) in our analyses here for multiple reasons: 1) information
about the age of the specimens from the 1950s is not available, but sizes of
those specimens are known; 2) qualitative aging of M. californianus is dif-
ficult if not impossible at many locations where we sampled this species
[e.g., (22)], but in localities where aging is possible, a positive relationship
between size and age has been documented forM. californianus (19, 26, 27);
3) recent analyses of shell calcification have largely used specimen size as a
proxy for age (13, 28).

In addition to 2017-2018 (S17-18) samples, we also used samples collected
in 2010 (S10) at two of the matched sites, La Jolla and Corona del Mar. These
samples were also size matched to sanples S58-60 with a similar cutoff for
the largest individuals, as explained above.

We used the environmental data from refs. 10 and 19 for our comparison,
though ref. 10 only contains temperature data. In addition, ref. 19 explicitly
states that temperature data listed in the study is a 10-y average, but
whether such averaging also applies to ref. 10 is unclear. Since the majority
of our data came from ref. 19, we chose to use the 10-y mean annual
temperature collected from the nearest buoy station (29, 30) for 2017-2018
(SI Appendix, Table S1). For 2010 at Corona del Mar, a 5-y average was used
because data did not cover the whole 10-y average range (29). The late
1950s data from ref. 19 only records salinity “at time of collection,” so we
used the average salinity measurement for the day of collection for our 2010
and 2017-2018 samples (29, 30).

Shell Mineralogy Quantification Using XRD.We followed themethods stated in
ref. 19 to quantify the shell mineralogical compositions of our samples so
that our values are directly comparable to those from the 1950s studies.
Note that the methods described in Dodd’s Ph.D. thesis (19) also apply to ref.
10, since the work was completed under Lowenstam’s supervision. The
percentage of aragonite data in ref. 19 represents a mixture of single valve,
whole individual, and multiple individuals. For this study, we only use the
data from ref. 19 that are from single valves and use the relevant analytical
method. Briefly, we first cleaned the shells of M. californianus of epibionts.
We then placed a single valve from each individual in commercial Chlorox
bleach with a concentration of 5.25% sodium hypochlorite for 3 to 7 d to
remove the periostracum as described in refs. 19 and 10. We then rinsed the
valve with deionized water and dried it in a fume hood at ambient tem-
perature until the weight of the valve did not change from water loss. Once
dry, we ground each valve in its entirety by hand in an agate mortar and
pestle until a grain size of less than No. 200 (75 μm) mesh was achieved (19).
To avoid any possible conversion of aragonite to calcite, we first broke the
shell into pieces and slowly ground them in small batches with continuous
removal of the finer grains passing through the No. 200 mesh sieve (75 μm)
(10, 19).

The powder for each individual valve was analyzed using a D2 Phaser X-ray
diffractometer (Bruker AXS, Madison, WI). For each individual sample, the
resulting powder was divided into three parts in order to run independent
measurements, which were then averaged. The procedure consisted of
passing the powdered samples through a No. 100 mesh (150 μm) sieve onto a
silicon crystal zero-background disk, as described by ref. 19. The surface of
the zero-background disk was covered in a thin layer of petroleum jelly,
which allowed the fragments to randomly adhere upon the platform and
minimize any effect of preferred orientation (19). Prior to any subsequent
runs, the sieve was rinsed with water and fully dried, and the silicon disk was
cleaned with ethanol in order to ensure each sample was unaffected by
previous runs. The XRD runs were carried out using copper K-alpha (CuKα)
radiation with a step size of 0.01° 2θ ranging from 20° to 60°, with each
sample run lasting ∼37 min. We used Littorina keenae collected from the
rocky intertidal area near SIO and commercially raised Crassostrea gigas as
our pure biogenic aragonite and calcite standards, respectively. XRD pat-
terns for both L. keenae and C. gigas were obtained to confirm their purity.
We ground the L. keenae and C. gigas standards to the same grain size as
the test samples (i.e., <75 μm) and followed the procedure above to create a
calibration curve. We analyzed the diffraction peaks using TOPAS 4.2 soft-
ware (DIFFRACTopas, Bruker AXS) and determined percentage of aragonite
by means of Rietveld refinement. This methodology allows refinement
through a least-squares algorithm by evaluating user-defined parameters
that minimize the difference between an experimental pattern and a model
based on crystal structure and instrumental parameters. These latter pa-
rameters help constrain peak positions and peak intensities, respectively
(31). In accordance with this technique, each raw diffraction pattern per
individual run was loaded into TOPAS and compared with the calibration
curve and standard calcite and aragonite values. These values were made
accessible via the Inorganic Crystal Structure Database (ICSD) (32, 33). With
respect to the instrumental parameters, a CuKα emission profile was loaded,
along with a fourth-order Chebychev polynomial background function to
filter the data. The goniometer radii of our specific system were set to 141
mm, while the zero-error correction was utilized in order to account for any
peak shifts that could arise due to systematic error. This correction ensures
all peaks are shifted by a constant value, independent of θ angle (34). Calcite
and aragonite structures were added accordingly, with the respective lattice
parameters taken via ICSD, along with the atomic sites necessary for each
structure. During the process, it is also safe to assume that there is no pre-
ferred orientation, that is, the orientation of the crystallites is considered to
be random. This random orientation otherwise indicates that all possible
orientations of crystallites within the sample occur with the same probability
(34). All parameters (i.e., overall intensities, background, peak positions,
peak shapes, and structures) were set to be refined during the calculation.
The Rietveld refinement was then run for three iterations to obtain consis-
tent R values as the phase composition is carried out. The resulting values
are a final phase ratio indicating the amount of calcite and aragonite within
each individual measurement as a percentage.

Statistical Analyses. We first tested for a significant difference in percentage
of aragonite between left and right valves at each of our 2017-2018 (S17-18)
localities using Wilcoxon rank sum tests. Since there was no significant dif-
ference (SI Appendix, Fig. S4 and Table S3), we did not differentiate data
from left and right valves for subsequent analyses.

We used Kruskal–Wallis rank sum tests to determine if percentage of
aragonite had significantly changed at our three matched sites through
time. Kruskal–Wallis was used instead of a Student’s t test because per-
centage of aragonite is a ratio, and assessing statistical changes in the me-
dian is more informative than the mean in such cases. Additionally, we
conducted F-tests to determine significant changes in variation for matched
sites through time.

We tested for temporal and spatial autocorrelation using the Durbin–
Watson test (35) and Moran’s I (36), respectively. Durbin–Watson tests were
run using the lmtest package in R (37) and Moran’s I using the Ape package
(38). Data were temporally and spatially autocorrelated (SI Appendix, Table
S3), so we ran multiple models to account for such autocorrelation and se-
lected the best model using Akaike information criterion (AIC) scores. To
account for temporal autocorrelation, we used the Cochrane–Orcutt method
(39) using the Orcutt package in R (40). The base of the model was a linear
regression model comparing percentage of aragonite as a function of time,
latitude, temperature, length, and weight (SI Appendix, Table S4). We used
the temperature data associated with S58 -60 (19) and S17-18 (29, 30) for our
main comparison. In addition, we compared all past data (S52 (10) and S58-
60 (19) combined) with all recent samples [S10 (29, 30) and S17-18 (29, 30)
combined] for our full analyses. To control for spatial autocorrelation, we
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ran three different types of models, each of which evaluated percentage of
aragonite as a function of latitude and temperature as well as length and
weight to account for potential size effects on the mineralogical composi-
tion. The three different models we tested were 1) generalized least square
models, 2) linear mixed effect models (LME) with locality as a random effect,
and 3) simultaneous autoregressive models with a mixed lagged effect and
locality as a random effect to account for spatial autocorrelation in multiple
directions using the spatialreg package in R (41). All models used restricted
maximum likelihood. Regardless of which model we used, the results were
qualitatively the same. However, model comparison using AIC suggested
that the best-performing model was an LME with locality as a random effect.
We thus used LME with locality as a random effect to test for differences in
slopes between samples S58-60 and S17-18, as well as the slope between

combined past (S52 and S58-60) and combined recent (S10 and S17-18). To
further control for any potential nonlinear effect of size on our latitudinal or
temperature trends, we used the residuals from a linear regression of per-
centage of aragonite and length against latitude and temperature (SI Ap-
pendix, Fig. S5 and Table S4). All analyses were carried out in R (42).

Data Availability. All study data are included in the article and SI Appendix.
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