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Variation in environmental conditions across a species’ range can alter their responses to environmental change 
through local adaptation and acclimation. Evolutionary responses, however, may be challenged in ecosystems 
with tightly coupled environmental conditions, where changes in the covariance of environmental factors may 
make it more difficult for species to adapt to global change. Here, we conduct a 3-month-long mesocosm ex-
periment and find evidence for local adaptation/acclimation in populations of red sea urchins, Mesocentrotus 
franciscanus, to multiple environmental drivers. Moreover, populations differ in their response to projected con-
current changes in pH, temperature, and dissolved oxygen. Our results highlight the potential for local adap-
tation/acclimation to multivariate environmental regimes but suggest that thresholds in responses to a single 
environmental variable, such as temperature, may be more important than changes to environmental covari-
ance. Therefore, identifying physiological thresholds in key environmental drivers may be particularly useful for 
preserving biodiversity and ecosystem functioning. 
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INTRODUCTION 
Global climate change is occurring at an unprecedented rate due to 
anthropogenic activities. Our current understanding of how climate 
change will affect species and ecosystems is largely based on studies 
conducted on a single population of a target species or community, 
yet local adaptation and phenotypic plasticity can substantially alter 
how species respond to environmental change (1). Increasingly, 
studies focused on evolutionary rescue are providing insights into 
the mechanistic underpinnings of intraspecific variability in re-
sponse to changes in a single environmental driver [e.g., tempera-
ture (2) and acidification (3–8); but see (9)]. The environmental 
conditions that organisms experience are, however, inherently mul-
tivariate, and global change is expected to alter multiple environ-
mental drivers simultaneously. Understanding the potential for 
species to adapt to multivariate environmental change is a key un-
answered question. 

Adaptation in the face of multiple environmental changes may 
be especially complex because of species’ underlying genetic archi-
tecture. For instance, pleiotropy can limit adaptation when selection 
on different traits controlled by the same gene is opposing (10). This 
may occur more frequently in environments where multiple abiotic 
drivers influence fitness, if the number of traits under selection in-
creases with the number of abiotic drivers (11). Furthermore, in ad-
dition to a single gene influencing multiple traits, a single trait can 
be influenced by multiple genes [i.e., polygenic traits (12)], and in 
some cases, different genes can even produce the same phenotype 
(13). Polygenic traits have been shown to be important for tolerance 
to temperature (13, 14), hypoxia (14), pH (4), and pH and 

temperature (15). Genetic redundancy in polygenic traits may be 
especially important in multivariate environments since multiple 
pathways can lead to the same phenotypic outcomes, allowing for 
more genetic flexibility. In addition to the importance of pleiotropy 
and polygenic traits in shaping species’ adaptive responses to global 
change, increases in the strength of selection may become more 
likely as the number of environmental drivers increases (11). In-
creased selection intensity could either lead to rapid adaptive evo-
lution or further constrain adaptive evolution through reductions in 
population size, which may prove detrimental if large populations 
are necessary to maintain rare beneficial alleles (4). Although it is 
crucial to improve our mechanistic understanding of species’ adap-
tive responses (i.e., genetic changes), measurements of intraspecific 
variation in traits (due to adaptation, acclimation, or plasticity) 
across different populations provide critical, first-order information 
about a species’ capacity to adapt to multivariate change. 

Recent work (16) has shown that understanding a species’ re-
sponse to a single dominant environmental driver may be particu-
larly useful in predicting species’ responses to changes in multiple 
environmental drivers. Although this approach may prove useful in 
some systems, it may also be less accurate in tightly coupled multi-
variate environments where organisms are prepared for specific co-
varying conditions that influence physiological responses. For 
instance, a species’ stress response to one environmental driver 
can prime an individual for exposure to a second environmental 
driver due to shared signal pathways (cross-talk) or protective 
mechanisms (cross-tolerance) (17). If the environmental signals 
change rapidly and/or in opposing directions, cross-talk or cross- 
tolerance mechanisms could become ineffective or even an unnec-
essary expense. However, there is some evidence that mechanisms 
to cope with simultaneous changes in multiple stressors may be 
more general (e.g., heat shock proteins, antioxidants, and detoxifi-
cation enzymes) and therefore could be advantageous regardless of 
the identity of any specific environmental factor (18). Further in-
sights into the relative importance of dominant drivers versus 
changes to covariance in multiple drivers in shaping species 
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responses will be crucial to improving our ability to predict future 
ecological change. 

Because of the relatively recent technological advances that facil-
itate high-resolution measurements of oceanographic conditions 
[e.g., pH and dissolved oxygen (DO)], there is increasing recogni-
tion that small-scale variation in a broad range of environmental 
drivers can lead to local adaptation and acclimation of marine or-
ganisms (19). Within eastern boundary upwelling systems, marine 
species experience dynamic oceanographic conditions that vary 
both spatially and temporally (20–22). During seasonal upwelling 
events, cold waters that are reduced in pH and DO are brought to 
the surface. Differences in the strength and magnitude of upwelling 
create a persistent mosaic of environmental conditions at small 
spatial scales (21, 23). For example, in the California Current 
System (CCS), northern and central California experience more fre-
quent and intense upwelling compared to southern California, al-
though “shadow zones” of less intense upwelling also occur within 
these regions (24). There is emerging evidence for local selection 
(which could lead to local adaptation) under exposure to environ-
mental conditions associated with upwelling within the CCS, in-
cluding species with high pelagic larval durations (4–7, 25–27). It 
is still unclear, however, whether local adaptation/acclimation 
confers greater resilience to future changes in both the mean and 
covariance in multiple environmental variables. 

Climate change and ocean acidification (OA) are expected to 
progress rapidly in the CCS, resulting in warmer, more acidic, 
and lower DO conditions (28, 29). These changes in mean condi-
tions may be especially important for species in the CCS, where 
these same three environmental drivers (i.e., temperature, pH, 
and DO) are negatively correlated with upwelling. Therefore, pre-
dicted changes in the mean due to climate change and OA (increas-
es in temperature but decreases in pH and DO) will also alter their 
covariance. The covariance between temperature, pH, and DO is es-
pecially strong during upwelling season (30). Therefore, regions 
within the CCS that are more influenced by upwelling are also 
likely to experience greater deviations in the covariance structure 
of these three environmental drivers in response to global change 
compared to regions where environmental conditions are less influ-
enced by upwelling. 

We used a network of chemical sensors along the CCS to first 
characterize the natural covariance of temperature, pH, and DO 
in kelp forests from a region of intense upwelling (northern Califor-
nia) and a region of weak upwelling (southern California) (21, 24). 
We then conducted a laboratory mesocosm experiment to assess the 
population-level differences in performance (i.e., survival, growth, 
calcification, metabolism, and grazing) of juvenile red sea urchins 
(Mesocentrotus franciscanus), consistent with local adaptation or ac-
climation across current mean pH, DO, and temperature conditions 

Fig. 1. Scatterplots of pH, oxygen, and temperature across study sites. Locations of sensor moorings and sea urchin collection sites along the coast of California are 
shown in (A). Diamond and triangle symbols indicate discrete sample measurements within experimental mesocosms for current and future treatments, respectively, 
while circles indicate daily mean conditions in the field. Scatterplot of time series data from oceanographic sensors deployed at a depth of ~15 m within kelp forests with 
daily mean experimental conditions as colored points. Data are from (B) two sites (Van Damme and Point Arena) exposed to strong upwelling and (C) two sites (Laguna 
Beach and Catalina Island) exposed to weak upwelling.  
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for each region in a common garden (i.e., both populations exposed 
to current treatments for both populations). M. franciscanus was 
used in this experiment because it is an economically important 
fisheries species (31) and an ecologically important grazer (32– 
34). M. franciscanus is found along the west coast of North 
America as far south as Baja, Mexico and as far north as Alaska 
and extending around the Pacific Ocean to Japan (35). Despite 
the potential for high gene flow via extended planktonic larval du-
rations [62 to 131 days (36)] to limit local adaptation, work on M. 
franciscanus has shown genetic differentiation across populations 
due to both pre- and postsettlement selection (35). Within the 
same mesocosm experiment, we also tested for population diver-
gence in response to region-specific projected future changes in 
pH, DO, and temperature, where the covariance between these 
factors is altered compared to the covariance associated with up-
welling (i.e., each population was exposed to region-specific 
current and future treatments). If changes to covariance structure 
are more important than changes to mean conditions, then 
locally adapted/acclimated populations from intense upwelling 
regions may be more vulnerable to global change due to changes 
in the covariance structure. Temperature, pH, and DO are more 
tightly coupled in regions of intense upwelling than regions of 
weak upwelling, where temperature, pH, and DO have been less 
tightly coupled historically. 

RESULTS 
Regional differences in environmental regimes 
Semicontinuous measurements of temperature, ocean pH, and DO 
between regions of strong (Point Arena and Van Damme) and weak 
(Catalina Island and Laguna Beach) upwelling in the CCS highlight-
ed differences in mean conditions across sites (Fig. 1 and fig. S1). 
Specifically, Point Arena and Van Damme experienced lower 
mean pH, temperature, and DO conditions than Catalina Island 
and Laguna Beach (Table 1). We also reveal region-specific patterns 
of environmental covariance between strong and weak upwelling 
regions (Fig. 1, B and C). Although we found significant relation-
ships between pH and DO, pH and temperature, and DO and tem-
perature across all sites, the strength of these relationships differed 
between regions (table S1). At sites exposed to strong upwelling, pH 
and DO were tightly coupled, such that decreases in pH 

corresponded to decreases in DO [Point Arena: coefficient of deter-
mination (R2) = 0.81; Van Damme: R2 = 0.78]. Seawater pH and 
temperature, as well as DO and temperature, showed similar rela-
tionships in our strong upwelling region with low pH and DO cor-
responding to lower temperatures (Point Arena: pH versus 
Temperature, R2 = 0.58; DO versus Temperature, R2 = 0.55; Van 
Damme: pH versus Temperature, R2 = 0.48; DO versus Tempera-
ture, R2 = 0.37). Although statistically significant, these relation-
ships were weaker at sites experiencing weaker upwelling 
(Catalina Island: pH versus DO, R2 = 0.38; pH versus Temperature, 
R2 = 0.04; DO versus Temperature, R2 = 0.05; Laguna Beach: pH 
versus DO, R2 = 0.05; pH versus Temperature, R2 = 0.10; DO 
versus Temperature, R2 = 0.06). This demonstrates that in regions 
experiencing strong upwelling, individuals are exposed to more pre-
dictable combinations of environmental conditions (i.e., a given pH 
only occurs for a narrow range of DO concentrations and 
temperatures). 

Juvenile M. franciscanus from three replicate populations from 
these regions of intense upwelling versus relatively weaker upwell-
ing were raised under current and projected future conditions for 
each region for 3 months. Current conditions were based on the 
mean temperature, pH, and DO conditions determined from 
sensor data, while future conditions were based on regional CCS 
climate projections for the year 2100 (37). Results of principal com-
ponents analysis (PCA) analysis of in situ and experimental envi-
ronmental data for the experiments highlight how the 
experimental treatment covariance aligned with the multivariate 
conditions currently experienced in the field. PC1 accounted for 
92% of the variability and was primarily associated with mean 
daily temperature, while PC2 accounted for an additional ~8% of 
variation and is associated with mean daily pH and mean daily 
DO (Fig. 2). As expected, experimental conditions representing 
the current treatments within each region generally plot within 
the range of values experienced in the field (i.e., green and orange 
diamonds representing current experimental treatments overlap 
circles representing field conditions). Future conditions, however, 
generally do not overlap field conditions except for future experi-
mental treatment conditions for the weak upwelling populations 
(i.e., green and orange triangles representing future treatment con-
ditions generally do not overlap circles representing field condi-
tions). Together, the correlations and PCA highlight how 

Table 1. Environmental conditions across regions/treatments. Mean (± SD) daily in situ (field) environmental conditions from November 2017 to August 2021 
within kelp forests from DuraFET (pH and temperature) and MiniDOT (DO) sensors. Mean (± SD) environmental conditions within the laboratory experiment 
(mesocosm). pH was measured from discrete water samples, and temperature and DO were measured with a YSI instrument. 

Field/mesocosm Site/treatment Mean pH Mean T (°C) Mean DO (mg liter−1)  

Field Point Arena 7.78 ± 0.14 10.6 ± 1.55 5.82 ± 1.74 

Van Damme 7.72 ± 0.12 10.8 ± 0.92 6.22 ± 1.61 

Catalina Island 8.02 ± 0.05 17.3 ± 2.29 7.73 ± 0.45 

Laguna Beach 8.03 ± 0.06 15.7 ± 1.29 7.60 ± 0.33 

Mesocosm Strong upwelling current 7.84 ± 0.07 10.96 ± 0.17 8.41 ± 0.22 

Strong upwelling future 7.61 ± 0.06 13.44 ± 0.15 6.18 ± 0.31 

Weak upwelling current 7.91 ± 0.04 15.95 ± 0.08 8.43 ± 0.31 

Weak upwelling future 7.75 ± 0.03 18.59 ± 0.17 6.83 ± 0.28   
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individuals within our strong upwelling region experience a much 
narrower range of temperatures for a given pH and DO combina-
tion, such that the projected warming creates conditions unlikely to 
occur in this region at present. This demonstrates how future 
changes, due to global change and OA, will have differential 
impacts on the covariance of pH, temperature, and DO across 
regions, leading to greater deviations from current conditions in 
strong versus weak upwelling regions. 

Evidence for local adaptation/acclimation 
After 3 months in common garden treatments (representative of 
current conditions in each region), sea urchins had significantly 
lower mortality in their respective home environments, consistent 
with local adaptation/acclimation (Fig. 2A and table S2). In partic-
ular, mortality increased among the populations from weak upwell-
ing when raised under strong upwelling conditions compared to the 
populations from strong upwelling conditions (Fig. 3A and table 
S3). We also find increased mortality among the populations 
from strong upwelling when raised under weak upwelling condi-
tions compared to the populations from weak upwelling conditions 
(Fig. 3A and table S3). 

Growth and net calcification also differed across treatments and 
populations, consistent with local adaptation and acclimation (table 
S2). Although sea urchins from weak upwelling conditions have 
higher growth and net calcification under current conditions 
overall (Fig. 3, B and C, and table S3), the slope of the reaction 
norms for growth differed between populations (i.e., there was a sig-
nificant population x treatment interaction; table S2). Growth in sea 
urchins originating from our weak upwelling region was 350% 
higher than that in sea urchins from our strong upwelling region 
under weak upwelling conditions compared to only 34% higher 
under strong upwelling conditions. 

We found that metabolic rates (energetic costs) were elevated in 
individuals from strong upwelling conditions compared to those 
from weak upwelling conditions (Fig. 3D and table S2). Body con-
dition (gonad–to–somatic tissue ratio) was also greater in sea 
urchins from the sites exposed to strong upwelling, both initially 
and after 3 months in experimental treatments (fig. S2, A and B, 
and table S2). In contrast, energetic gains (measured via consump-
tion) for both populations were greater under weak upwelling con-
ditions than strong upwelling conditions (Fig. 3E and table S2). 

Fig. 2. PCA plot of in situ environmental (field) and laboratory (mesocosm) experimental conditions. Green symbols represent strong upwelling (cooler temper-
ature) conditions, while orange symbols indicate weak upwelling (warmer temperature) conditions. Diamond and triangle symbols indicate discrete sample measure-
ments within experimental mesocosms for current and future treatments, respectively, while circles indicate daily mean conditions (pH, DO, and temperature) in the field. 
Large symbols with error bars indicate the means ± SEM of PC scores for current and future experimental treatments for each region.  
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Fig. 3. Species performance in common garden experiment. Performance metrics across sea urchin populations reared for 3 months with (A) mortality, (B) respiration 
rate, (C) growth, (D) grazing rate, and (E) calcification of sea urchins from strong upwelling and weak upwelling regions reared under current conditions for both strong 
and weak upwelling regions. Points represent the mean, and error bars indicate the SE. Numbers above bars indicate replicates, and lines connecting populations indicate 
reaction norms.  
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Looking to the future 
Populations of sea urchins from weak upwelling regions were more 
vulnerable to future environmental conditions than sea urchins 
from strong upwelling regions. After 3 months in the current and 
projected future treatments for each region, mortality increased in 
future treatments for both populations (Fig. 4A and tables S4 and 
S5). Mortality increased from 0.0001 to 0.0125 N day−1 from 
current to projected future conditions in the populations from 
strong upwelling and from 0.0135 to 0.0463 N day−1 from the 
current to projected future conditions in the populations from 
weak upwelling conditions. 

Growth and net calcification were reduced under future ocean 
conditions for both populations, but there was no effect of 

population origin (Fig. 4, B and C, and table S4). We did not 
detect an effect of population or future ocean conditions on meta-
bolic rates (table S5). However, grazing rates were elevated in indi-
viduals from our weak upwelling populations compared to our 
strong upwelling populations (Fig. 4D and table S5). Furthermore, 
we found that strong upwelling populations had better body condi-
tion, with higher gonad–to–somatic tissue ratios than the weak up-
welling populations, which could underlie population differences in 
mortality (fig. S2C and table S4). 

Fig. 4. Species performance in climate change experiment. Performance metrics across sea urchin populations reared for 3 months with (A) mortality, (B) growth, (C) 
grazing rate, and (D) calcification of sea urchins from strong upwelling and weak upwelling regions reared under region-specific current and future conditions. Points 
represent the mean, and error bars indicate the SE. Numbers above bars indicate replicates.  
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DISCUSSION 
Understanding the capacity for organisms to adapt to environmen-
tal change is central to global change biology. Most studies on local 
adaptation and acclimation to environmental change have focused 
on one driver (e.g., temperature and pH); thus, little is known about 
the potential for evolutionary rescue to multiple, concurrent 
changes in the environment. Here, we found evidence for local ad-
aptation/acclimation to multivariate environmental regimes across 
populations of red sea urchins, M. franciscanus, found along the 
coast of California. Although it is possible that our results show 
true adaptive responses because of the removal of field acclimation 
or other nongenetic effects (e.g., maternal effects) during our 3- 
month holding period, we cannot, with certainty, attribute the 
results of our common garden experiment to local adaptation 
(i.e., genetic differences). These locally adapted/acclimated popula-
tions did, however, differ in their susceptibility to future environ-
mental changes in multiple environmental drivers, with sea 
urchins from a weaker upwelling region showing greater sensitivity 
to the negative impacts of climate change and OA. This work sup-
ports more recent efforts to improve ecological models predicting 
the effects of climate change and OA on marine species and ecosys-
tems by incorporating intraspecific variation (8, 38). 

For the red sea urchin, M. franciscanus, we show evidence con-
sistent with local adaptation/acclimation to complex, multivariate 
environmental regimes. However, although both populations per-
formed better in their home regimes, mortality (in sea urchins orig-
inating from both regions) was higher under current weak 
upwelling conditions compared to current strong upwelling condi-
tions (Fig. 3A and table S3). Although we are not able to tease apart 
the effects of any single environmental driver on these results, given 
that we manipulated temperature, pH, and DO in combination to 
reflect their covariance in nature, it is likely that thermal stress con-
tributed to the higher overall mortality under the current weak up-
welling conditions. This interpretation is based on DO 
concentrations being similar between the two current treatments 
and pH being higher in the current weak upwelling treatment 
(i.e., higher pH should be less stressful; Table 1). Therefore, sea 
urchins from weaker upwelling conditions may have higher survi-
vorship under these conditions because of a higher thermal toler-
ance to cope with the naturally warmer seawater temperatures 
associated with the region. It is unclear, however, whether there is 
a cost to increased thermal tolerance in the sea urchins adapted/ac-
climated to warmer, weak upwelling conditions. 

We also found that growth and net calcification were higher, 
overall, in sea urchins from our weak upwelling region under 
both current treatment conditions (Fig. 3, C and E, and table S3). 
These results are consistent with the work by Pespeni et al. (39) that 
found higher scope for growth and calcification in purple sea 
urchins, Strongylocentrotus purpuratus, from San Diego, CA than 
from Boiler Bay, OR when reared in a 3-year-long common 
garden experiment. These differences in scope for growth and cal-
cification corresponded with higher expression of genes related to 
biomineralization in the population from San Diego, CA. It is pos-
sible that underlying differences in gene expression between our 
populations could also play a role in the higher growth and calcifi-
cation in sea urchins from our weak upwelling region. The slopes of 
the reaction norms across treatment conditions differed between 
populations, with a steeper slope for sea urchins from the strong 

upwelling region than the weak upwelling region. This suggests 
that although sea urchins from our weak upwelling region outper-
formed sea urchins from our strong upwelling region in both 
current treatments within our mesocosm experiment, it is likely 
that sea urchins from our strong upwelling region will have a 
higher performance than sea urchins from our weak upwelling 
region when exposed to higher-intensity upwelling conditions 
(which do occur naturally in our strong upwelling region). Future 
work to better understand how performance shifts across a range of 
environmental conditions at each location will be an important next 
step to understand the potential of success for techniques such as 
assisted migration. 

Body condition (gonad–to–somatic tissue ratio) was higher in 
sea urchins from the strong upwelling region (fig. S2). Energetic 
costs (measured by metabolic rates) were also greater in sea 
urchins from strong upwelling regions, perhaps because of the in-
creased energetic demands of maintaining reproductive tissue 
(table S2). Together with our findings for growth and calcification, 
these results suggest that sea urchins from the different populations 
may have been allocating energy differently (i.e., prioritizing overall 
growth and net calcification versus gonad production). This hy-
pothesized difference in energy allocation could be due to differenc-
es in phenology, the duration of time spent in a starved state (i.e., 
differences in timing/duration of urchin barren formation across 
regions), or ecological factors unrelated to the environmental con-
ditions. For example, differences in the phenology of gametogene-
sis, which occurs over multiple seasons in sea urchins, could explain 
differences in gonad production between sites. The timing of egg 
production and development has been shown to differ across lati-
tudes for other marine species because of differences in temperature 
regimes (40). Seasonality can also lead to differences in energy par-
titioning between growth and reproduction, if attaining a larger size 
leads to higher overwintering survivorship (41). Alternatively, 
trade-offs between growth and other processes could explain the 
differences seen here across populations (42, 43). For instance, 
higher predation rates can select for rapid growth to larger sizes 
in fishes (44). 

In addition, although all sea urchins in our study were collected 
from barrens, differences in the duration and extent of barren 
history across populations could have contributed to differences 
in the initial condition of sea urchins [e.g., barren conditions 
from regions of weak upwelling are much older (45) and more per-
sistent than those in regions of strong upwelling (46)]. To account 
for these differences, sea urchins were reared in the laboratory for 3 
months and fed weekly. Past studies have shown that gonads of the 
purple sea urchin, S. purpuratus, can recover from starvation after 2 
to 3 months (32). After 3 months of ad libitum feeding and before 
the start of our experiment, we still found significantly lower body 
condition in sea urchins from sites in our weak upwelling region. 
Regardless of the environmental conditions, sea urchins from the 
weak upwelling sites not only maintained lower body condition 
throughout the common garden experiment (fig. S2B) but also 
demonstrated higher growth and net calcification rates (Fig. 3, C 
and E). Future work assessing the role that environmental and eco-
logical factors (e.g., barren history, phenology, and predation) play 
in shaping energy allocation across populations of sea urchins will 
be important to understand the mechanistic underpinnings of dif-
ferences in species’ responses to environmental change.  
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Despite strong evidence for local adaptation/acclimation of the 
populations to their respective environmental regimes, we did find 
differences in susceptibility to region-specific projected future 
change despite the changes in environmental conditions being 
similar in magnitude across regions. Specifically, sea urchins from 
the warmer, weaker upwelling conditions were more vulnerable to 
projected future changes. These findings contrast with our hypoth-
eses that populations from intense upwelling conditions would be 
more vulnerable to future change because of the tight coupling of 
environmental drivers in these regions and subsequent alterations 
to the covariance structure with future change. Because the absolute 
values of the environmental conditions differed among future treat-
ments for each population, we cannot completely disentangle the 
effects of changes in covariance from the treatment values. 
However, higher vulnerability of the locally adapted/acclimated 
population from warmer, weaker upwelling suggests that thresholds 
in tolerance to single drivers (i.e., temperature) or deviations from 
current conditions may be as or more important than changes in 
covariance over the range of conditions used here. This is based 
on the populations from weaker upwelling experiencing the 
warmest temperatures of any treatment in their future scenario. 
This interpretation is consistent with previous findings (16) that 
biotic responses can be driven by a single dominant environmental 
driver. Alternatively, the higher vulnerability of the populations 
from weaker upwelling regions to future change could be due to 
the changes in pH and DO deviating from the relatively narrower 
range of conditions experienced in the field (Fig. 1). Last, the tem-
poral scale of variability, and, potentially, the predictability, in en-
vironmental conditions also differed between the regions (fig. S1), 
and this variability could play an important role in shaping species’ 
responses to change (3). For example, variable environments could 
select for plasticity (47) with implications for adaptation (48). 
Future work assessing how different temporal scales of environ-
mental variability (i.e., diel, semidiel, and seasonal) or predictability 
alter species’ performance will help to further elucidate the role of 
variability in structuring evolutionary responses to global change. 

Our results indicating higher vulnerability of the warm-adapted/ 
acclimated populations from regions of weak upwelling are also in 
line with past work on range shifts and thermal physiology, which 
suggest that additional warming within warm regions of a species 
range has the potential to push species beyond thermal tolerance 
limits, leading to localized extinction (49, 50). However, our 
short-term (83-day) laboratory experiment does not capture 
many important aspects of global change that occur over time. 
For example, recent work by Coleman et al. (51) found that mass 
mortality of the kelp Ecklonia due to a marine heat wave led to 
“genetic tropicalization,” whereby surviving individuals and new re-
cruits had a shift in alleles from cool water types to warm water 
types. Similarly, Brennan et al. (4) demonstrate shifts in allele fre-
quencies due to differential survival of larval purple sea urchins, S. 
purpuratus, exposed to extreme pH. These studies suggest that ex-
posure to extreme environmental conditions associated with global 
change can lead to rapid evolution of more tolerant phenotypes, 
which may be beneficial as changes in the mean occur more 
slowly. We were, however, unable to measure the underlying 
genetic changes due to differential mortality in our study. Although 
our work suggests higher vulnerability to future change for the pop-
ulations near the warm edge of the range for M. franciscanus, it is 
unclear whether red sea urchins will experience a range contraction 

due to environmental change or adapt to changing conditions via 
genetic tropicalization from warm-adapted phenotypes. Future 
work focused on understanding shifts in underlying allele frequen-
cies could provide important insights into the potential of evolu-
tionary rescue of southern populations at risk to future 
climate change. 

Climate change and OA have been shown to reduce growth and 
calcification across a wide range of species (52). Here, we find reduc-
tions in growth and calcification under future conditions for both 
populations (Fig. 4, B and D, and table S4). Growth and calcification 
rates were similar across populations in respective current and 
future environmental regimes. Although it is still unclear why 
body condition was higher at the outset of the experiment in sea 
urchins from strong upwelling populations, the maintenance of re-
productive tissue while maintaining growth and calcification rates 
similar to those of sea urchins from weak upwelling conditions sug-
gests that energetic costs may be elevated for sea urchins from weak 
upwelling conditions. Furthermore, sea urchins from weak upwell-
ing regions also had elevated grazing rates (i.e., higher energetic 
gains), suggesting that they were unable to fully compensate for 
any increased energetic costs. We did not detect differences in met-
abolic rates between populations and treatments in our climate 
change experiment. This suggests that future environmental 
changes are unlikely to result in rising maintenance costs, although 
it may affect other aspects of an organism’s energy budget not mea-
sured here. Future work that uses a bioenergetic approach is crucial 
to further understanding how differences in energy allocation 
across sea urchin populations contribute to the differences in sus-
ceptibility to future climate changes seen here. 

For the duration of our experiments, urchins were fed biweekly 
to ensure sufficient growth. Access to food, however, is a key issue 
for sea urchins inhabiting urchin barrens, with many urchins living 
at starved states for extended periods of time. Therefore, results 
shown here may underestimate the true impacts of global change 
on sea urchins inhabiting urchin barrens, if energetic gains via con-
sumption help to compensate for the detrimental effects of climate 
change and OA. Projected increases in the frequency and duration 
of extreme climatic events (i.e., marine heat waves) due to global 
change are likely to increase the formation of urchin barrens world-
wide. To better understand the true consequences of global change 
on sea urchin populations, future work should assess the impacts of 
climate change and OA on sea urchins across multiple levels of food 
availability likely to occur in nature. 

Together, our results highlight that using a species’ response to 
global change from one population to predict another populations’ 
response may not be appropriate (40). Local adaptation/acclimation 
can alter how species respond to multivariate environmental 
change; however, we hypothesize that thresholds in tolerance for 
single environmental drivers may be more important than 
changes in the covariance structure of their environmental regime 
for survival. Across populations, differences in energetic costs and 
energy allocation strategies likely play an important role in how 
species respond to future environmental change. Future work 
linking the molecular and bioenergetic underpinnings of differenc-
es in species’ responses to multivariate environmental change across 
populations is crucial to gaining a more mechanistic understanding 
of how and why species abundances and distributions might shift in 
the future.  
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MATERIALS AND METHODS 
Experimental design 
Environmental monitoring 
To determine the mean and covariance in environmental condi-
tions that organisms currently experience within kelp forests 
along the coast of California, we established an array of monitoring 
locations for the deployment of autonomous pH, temperature, and 
DO sensors. We chose two sites in northern California (Point 
Arena, 38.9460°N, 123.7389°W; Van Damme, 39.2711°N, 
123.7948°W) and southern California (Laguna Beach, 33.5421°N, 
121.9459°W; Catalina Island, 33.4412°N, 118.4654°W; Fig. 1A). 
Our northern California sites experience stronger upwelling and 
will be referred to as “strong upwelling” sites, whereas our southern 
California sites experience weaker upwelling and will be referred to 
as “weak upwelling” sites. We collected data continuously (every 10 
min) from around November 2017 to August 2021, with the excep-
tion of some gaps in measurements due to sensor malfunctioning 
that typically occurred during the first 2 years of data collection. 
Custom-built pH and temperature sensors containing the Honey-
well Durafet pH sensors were used for this study (53). The pH 
sensors were calibrated by injecting the flow cell with equimolar 
tris in artificial seawater solution (54), a standard pH solution for 
seawater pH (55). Sensors were calibrated at the time of deployment 
and recovery, and the calibration from the deployment was prefer-
entially used because of potential biofouling or sensor malfunction-
ing by the time of recovery. DO was measured using a MiniDOT, 
measuring every 10 min (Precision Measurement Engineering), co-
located to the pH sensor. These sensors were calibrated in DO-sat-
urated seawater before each deployment (53). All sensor data were 
resampled to calculate daily means before data analyses. We deter-
mined the relationships between daily mean pH and temperature, 
pH and DO, and temperature and DO at our sites using linear 
regression. 
Collection sites 
We identified three sites in our strong upwelling region and three 
sites in our weak upwelling region to collect red sea urchins, M. 
franciscanus, for our experiment examining (i) evidence for local 
adaptation to environmental regimes and (ii) testing the effects of 
future environmental change across populations. We collected M. 
franciscanus individuals [test diameter = 3.7 ± 1.1 cm (means ± SD)] 
using SCUBA (~10 m of water depth) from strong upwelling sites at 
Point Arena, CA (38.9460°N, 123.7389°W) on 7 October 2020; Van 
Damme, CA (39.2711°N, 123.7948°W) on 19 October 2020; and 
Noyo Reef, CA (39.4283°N, 123.8107°W) on 5 November 2020 
and from weak upwelling sites at White Point, CA (33.7125°N, 
118.3185°W); Point Vicente, CA (33.7400°N, 118.4140°W); and 
Hawthorne Reef, CA (33.7470°N, 118.4159°W) on 18 November 
2020. We chose strong upwelling collection sites because of their 
proximity to two oceanographic monitoring sites (Point Arena, 
CA and Van Damme, CA) with which we have long-term data to 
characterize pH, temperature, and DO conditions. Because red 
sea urchins are not as common in southern CA, we chose our 
weak upwelling collection sites based on local knowledge of red 
sea urchin abundances and proximity to existing HOBO (Onset) 
temperature logger data, which we were able to use to confirm sim-
ilarities in temperature between monitoring and collection sites (fig. 
S3). After collection, we placed sea urchins in a dry cooler sand-
wiched between kelp and immediately transported them to Long 

Marine Laboratory (LML) at the University of California, Santa 
Cruz. Upon arrival at LML, we immediately placed urchins from 
different sites into separate water tables and supplied them with 
flow-through seawater from just offshore of the marine laboratory. 
Although we were unable to continuously measure environmental 
conditions within the holding tanks, mean daily temperature (± SD) 
of incoming seawater at the marine laboratory during the holding 
period was 12.09° ± 1.48°C. We fed sea urchins fresh giant kelp, 
Macrocystis pyrifera, once a week until the start of the experiment 
(~3 months). 
Mesocosm system 
The mesocosm system at LML is supplied with ambient ultraviolet 
(UV)–filtered seawater. This seawater flows into two large (500- 
gallon) sumps: a “hot” sump that warms incoming ambient seawater 
to ~24°C via three 9000-W heaters (Optima Plus Compact Aquatic 
Heater, Aqua Logic Inc.), and a “cold” sump that is chilled to ~8°C 
by a water-cooled chiller (Multi Temp Water-Cooled Marine Duty 
Chiller, Aqua Logic Inc.; fig. S4). We plumbed seawater from both 
sumps to a temperature blending valve system (TBS; Aqua Logic 
Inc.) where we blended hot and cold seawater to create four static 
temperature conditions representing current and future conditions 
in both northern and southern CA. Each temperature treatment fed 
three replicate 5-gallon “header” buckets fit with a gamma lock seal 
containing a Durafet pH probe and DO sensor (GoDirect Optical 
Dissolved Oxygen, Vernier). Each header tank supplied flow- 
through seawater to two replicate “bins” that housed the sea 
urchins in our study. To manipulate the pH and DO of our treat-
ment water, a third “upwelled seawater” sump was used to create 
cold, acidic, and low-DO seawater. This sump was supplied with 
cold seawater from the same cold seawater sump used to supply 
the blending valves. Pure CO2 was continuously bubbled into the 
upwelled seawater sump until it reached a desired set point of pH 
7.3. The pH of this tank was controlled with a feedback loop using a 
Durafet pH sensor and a custom LabVIEW program that actuated a 
mass flow controller (SmartTrak 50, Sierra Instruments) to allow 
the flow of CO2 into the sump. DO of the “upwelled” sump was ma-
nipulated by continuously bubbling pure N2 gas at a rate of 
~10 liters min−1. N2 gas was supplied via a nitrogen generator 
(MNG-1010, Compressed Gas Technologies Inc.). Although we 
did not control or monitor the DO concentrations in the acidic/ 
low-DO sump, preliminary testing suggested that the DO concen-
tration was ~4.0 mg liter−1. 

All 12 header buckets (3 buckets at each of the four temperature 
levels) were supplied with mixed seawater from the TBS with small 
amounts of acidic/low-DO seawater using a feedback system. 
Briefly, the feedback system triggered solenoids to open and allow 
acidic/low-DO seawater in whenever pH drifted above a desired set 
point. Because pH and DO are coupled in this system, our pH 
control created four distinct temperature, pH, and DO treatments 
mimicking current and future projected conditions at each location 
(strong upwelling current, pH 7.8, DO = 8.0 mg liter−1, and temper-
ature = 10°C; strong upwelling future, pH 7.6, DO = 6.0 mg liter−1, 
and temperature = 13°C; weak upwelling current, pH 8.0, 
DO = 8.0 mg liter−1, and temperature = 16°C; weak upwelling 
future, pH 7.8, DO = 6.0 mg liter−1, and temperature = 19°C). 
These temperature and pH treatments represent the mean temper-
atures measured within the kelp forest at each region during our 
monitoring period and a +3°C, −0.2 pH unit future treatment 
based on projected regional warming and acidification by the end  

S C I E N C E  A D VA N C E S | R E S E A R C H  A R T I C L E  

Donham et al., Sci. Adv. 9, eade2365 (2023) 20 January 2023                                                                                                                                                  9 of 13 

D
ow

nloaded from
 https://w

w
w

.science.org at N
ational O

ceanic and A
tm

ospheric A
dm

inistration H
eadquarters (M

A
IN

) on Septem
ber 15, 2023



of the year 2100 (29, 37). Because of logistical difficulties scrubbing 
oxygen from our system, DO concentrations are slightly higher than 
that of current and future conditions for both regions but represent 
conditions currently experienced by organisms within each location 
and are consistent in direction with expectations (i.e., future condi-
tions are ~2 mg liter−1 lower than current). Each of the 12 header 
buckets had two outflows that connected to replicate ~20-gallon ex-
perimental bins that housed 12 to 15 individually caged sea urchins 
(N = 1 to 2 for each site from the weak upwelling region and N = 2 to 
3 for each site from the strong upwelling region; fig. S4) with a flow 
rate of ~20 gallons hour−1. Between ~10:00 a.m. and 2:00 p.m. every 
day, we measured the pH, temperature, DO, and salinity in each bin 
using a multimeter (YSI Quatro, Yellow Springs Instruments Inc.). 
We collected discrete samples for total alkalinity (TA) and spectro-
photometric pH from each header bucket and bin containing sea 
urchins every 2 to 3 weeks for the duration of the experiment 
(N = 6 time points). Using best practices (56), we made spectropho-
tometric pH measurements using m-cresol purple (Shimadzu UV- 
1800, Shimadzu) and TA measurements using open-cell titration 
(905 Titrando, Metrohm). Instruments were validated using certi-
fied reference materials from the laboratory of A. Dickson (Scripps 
Institution of Oceanography) at the beginning and end of each day 
that the samples were processed. We used TA and spectrophotomet-
ric pH measurements from discrete samples, salinity, and temper-
ature from YSI measurements and stoichiometric dissociation 
constants defined by Mehrbach et al. (57) and refit by Dickson 
and Millero (58) to calculate the entire carbonate system across 
treatments and to calibrate Durafet electrodes within header 
buckets (fig. S5 and table S6). 

To assess the potential of adaptation/acclimation to local envi-
ronmental regimes and understand the effects of future environ-
mental change on sea urchins, we reared M. franciscanus 
individuals in a common garden climate change experiment expos-
ing individuals to current and future regimes for 83 days (13 Feb-
ruary to 15 May 2021). Within each replicate experimental bin, sea 
urchins were placed in individual 0.5-liter cages where they were fed 
~1 g of kelp twice a week for the duration of the experiment. If kelp 
was present in the cage at the time of feeding, which was usually the 
case, then it was replaced by fresh kelp. 
Mortality 
We recorded the deaths of sea urchins across treatments and pop-
ulations for the duration of the experiment. We opened all cages 
daily and visually assessed each individual urchin for death or 
disease. If an urchin died, we immediately removed it from the ex-
periment, and any signs of disease were noted. For each day of the 
experiment, we calculated the number of surviving urchins. 
Growth and net calcification 
Before being placed into their respective experimental treatments 
and after 83 days under treatment conditions, we measured wet- 
weights and buoyant-weights of each urchin to calculate a relative 
growth and net calcification rate. Because of the large number of 
urchins in the experiment, we measured all individuals from just 
one site at a time and placed them in the system on the same day. 
Therefore, the experiment’s start days and end days were staggered 
across sites over approximately 1 week, and no anomalies in envi-
ronmental conditions occurred during these time periods that may 
confound the results. 

We measured wet weights by first carefully patting each sea 
urchin with a paper towel to remove large water droplets. We 

then placed sea urchins on a scale and measured their weight to 
the nearest 0.001 g. To obtain buoyant weights, a proxy for calcified 
biomass (59), we placed sea urchins in a basket connected by mono-
filament to the bottom of a weigh-below balance. The basket (with 
sea urchin) was fully submerged in seawater and measured to the 
nearest 0.001 g. We calculated the relative growth rate (RGR) as 

RGR ¼ Log
WWF

WWI

� �� �

�100 

where WWI and WWF are the initial and final (after 83 days) wet 
weights, respectively. We calculated relative net calcification rate 
(RCR) as 

RCR ¼ Log
BWF

BWI

� �� �

�100 

where BWI and BWF are the initial and final (after 83 days) buoyant 
weights, respectively. In total, 11 urchins were excluded from 
growth analyses because of outward signs of disease, which were 
not associated with any particular treatment or experimental bin. 
Gonad–to–somatic tissue ratio 
Because gonad production can be a proxy for body condition in sea 
urchins, we were interested in assessing the impacts of environmen-
tal conditions on the gonadal–to–somatic tissue ratios. At the be-
ginning and end of the experiment, we dissected sea urchins to 
separate gonad tissue from the remaining somatic tissue using 
forceps. At the beginning of the experiment, we euthanized individ-
uals from each site to understand differences at the outset of our 
experiment. Gonad and somatic tissues were placed into foil 
packets and dried in the drying oven at 80°C for 24 hours. Foil 
packets with dried tissue were weighed to 0.001 g before being 
placed in a muffle furnace at 550°C for 8 hours to obtain ash-free 
dry weights (AFDWs). Following combustion, foil packets were re-
weighed, tissue weight (gonad or somatic) was calculated as the 
change in weight before and after combustion (AFDW), and the 
gonad–to–somatic tissue ratio (G:S) was calculated as 

G :S ¼
GAFDW

SAFDW 

where GAFDW is the AFDW of gonad tissue and SAFDW is the AFDW 
of somatic tissue. 
Grazing and metabolism 
After 83 days of exposure to our treatment conditions, we measured 
the grazing and metabolic rates of sea urchins to assess whether 
future environmental conditions alter the balance between energet-
ic costs (metabolism) and energetic gains (grazing) and to assess the 
potential of local adaptation/acclimation to regional environmental 
conditions. Forty-eight hours before grazing assays, we removed 
kelp from sea urchin cages and starved individuals to reduce the po-
tential effects of digestive status on metabolism measurements. To 
measure the standard metabolic rates of individuals, we followed 
methods outlined by Donham et al. (30). Briefly, we placed individ-
ual sea urchins into polycarbonate respirometry chambers (either 
~100 or ~230 ml, depending on the size of the urchin) with seawater 
from their respective treatment. In addition, we used control cham-
bers (without urchins) to measure the effects of water column pro-
cesses on changes in DO over time. We sealed chambers from the 
external environment and used a stir bar within each chamber to 
continuously mix seawater and a DO sensor spot (PSt3, PreSens  
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Precision Sensing GmbH) to measure DO within the chamber using 
a fiber optic oxygen reader (Fibox 4, PreSens Precision Sensing 
GmbH). We placed sealed chambers on a multiposition magnetic 
stirring system (2mag MIXdrive) submerged in a water bath, main-
taining the respective treatment conditions with 3 to 8 sea urchins 
(in weak upwelling urchin assays) or 6 to 15 sea urchins (in strong 
upwelling urchin assays) and three control incubations to run si-
multaneously. Because of the size of the magnetic stirring system, 
we were unable to assay more than 15 sea urchins per run and 
only a single run per site. Differences in sample sizes were due to 
differences in initial samples sizes between regions/sites and differ-
ential mortality across treatments. We measured DO concentrations 
seven times over a ~30-min incubation and used local linear regres-
sion to fit measurements of DO as a function of time using LoLinR 
in R (60). All incubations were approximately linear over the dura-
tion of the incubations and were not allowed to fall below 3.75 mg 
liter−1. We corrected the slopes (metabolic rate) of each sea urchin 
with an average of the slopes of controls that were run in the same 
run. Standard metabolic rate was mass-corrected using the mean 
mass of all individuals and mass correction equations from Steffen-
sen et al. (61). 

Following metabolic assays, we returned sea urchins to their 
cages within their respective treatments and presented individual 
urchins a single preweighed disc of kelp (~7 cm in diameter). 
After 24 hours, we removed and reweighed the remaining kelp 
disc. We calculated the mass-corrected grazing rate as the change 
in wet weight of kelp after 24 hours, divided by the mass of the in-
dividual sea urchin. In total, 11 urchins were excluded from the final 
grazing assay because of outward signs of disease. Three additional 
urchins escaped their cages during the grazing assay, and we were 
unable to calculate a grazing rate for these individuals. 

Statistical analysis 
We ran two sets of models for each response variable to assess (i) the 
potential of local adaptation to environmental regimes across M. 
franciscanus populations and (ii) the differences in the impacts of 
future environmental change across populations. We fit the 
number of deaths to linear mixed models with time, treatment, pop-
ulation, and mean weight (calculated from the initial weight at each 
time step) as fixed effects and site nested in population as random 
effects using lmer in R. Mean initial weight was used to control for 
any effect of size-dependent mortality. If a significant three-way in-
teraction was found, then contrasts were conducted on slopes of re-
gressions calculated using emtrends in R to test whether (i) 
mortality under current local conditions differs from the distant 
populations’ mortality in the current local treatment (i.e., strong up-
welling populations under current strong upwelling conditions 
versus weak upwelling populations under current strong upwelling 
conditions; weak upwelling populations under current weak upwell-
ing conditions versus strong upwelling populations under current 
weak upwelling conditions) and (ii) mortality under current local 
conditions differs from that under future local conditions (i.e., 
strong upwelling populations under current strong upwelling con-
ditions versus strong upwelling populations under future strong up-
welling conditions; weak upwelling populations under current weak 
upwelling conditions versus weak upwelling populations under 
future weak upwelling conditions). 

We fit relative growth and net calcification rates to linear mixed 
models with population, treatment, and weight as fixed effects and 

header nested in treatment, site nested in population, and bin nested 
in header, which was nested in treatment, as random effects. We 
log-transformed the covariate of weight to linearize the relationship 
between relative growth and net calcification rates and weight. If sig-
nificant effects of population and treatment were found, then con-
trasts were conducted on estimated marginal means calculated 
using emmeans in R. 

We fit the initial gonad–to–somatic tissue ratio to linear mixed 
models with population and weight as fixed effects and site nested 
within population as random effects. Last, we fit the final gonad–to– 
somatic tissue ratio to linear mixed models with population, treat-
ment, and weight as fixed effects and header nested in treatment, 
site nested in population, and bin nested in header nested in treat-
ment as random effects. Because weight was a covariate in these 
models, we removed nonsignificant interactions with weight and 
reran statistical models. 

We fit grazing and metabolic rate to linear mixed models with 
the same fixed and random factors for growth and calcification, ex-
cluding the fixed effect of weight, which was accounted for by mass 
correction of grazing and metabolic rates. Grazing rates less than 0 
were transformed to zero because negative grazing rates are not pos-
sible and were due to error in wet weight measurements. We log- 
transformed grazing rate to meet assumptions of normality. 
Because zeros were present in our nontransformed grazing data, 
we first transformed grazing rates using the equation 

Gt ¼ LogðGr þ CÞ

where Gr is the nontransformed grazing rate, Gt is the transformed 
grazing rate, and C is a constant added so that grazing rates are 
greater than 0. We chose a value of C equal to 10% of the mean 
to have little effect on Gr because values of Gr ranged between 0 
and 1. All models were fit using lmer in R.  

Correction (23 May 2023): The original version of Fig. 2 was created with incorrect calibration 
of the vectors. The figure has been corrected to show the correct calibration in the HTML and 
PDF files. 

Supplementary Materials 
This PDF file includes: 
Figs. S1 to S5 
Tables S1 to S6 
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