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The efficacy of marine protected areas (MPAs) may be reduced when climate change disrupts the ecosystems and human communities around
which they are designed. The effects of ocean warming on MPA functioning have received attention but less is known about how multiple
climatic stressors may influence MPAs efficacy. Using a novel dataset incorporating 8.8 million oceanographic observations, we assess exposure
to potentially stressful temperatures, dissolved oxygen concentrations, and pH levels across the California MPA network. This dataset covers
more than two-thirds of California’s 124 MPAs and multiple biogeographic domains. However, spatial-temporal and methodological patchiness
constrains the extent to which systematic evaluation of exposure is possible across the network. Across a set of nine well-monitored MPAs,
the most frequently observed combination of stressful conditions was hypoxic conditions (<140 umol/kg) co-occurring with low pH (<7.75).
Conversely, MPAs exposed most frequently to anomalously warm conditions were less likely to experience hypoxia and low pH, although
exposure to hypoxia varied throughout the 2014-2016 marine heatwaves. Finally, we found that the spatial patterns of exposure to hypoxia and
low pH across the MPA network remained stable across years. This multiple stressor analysis both confirms and challenges prior hypotheses

regarding MPA efficacy under global environmental change.
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Introduction

Marine protected areas (MPAs) are a common conservation
and stewardship tool globally and currently occupy 5.9% of
the world’s oceans (sensu Grorud-Colvert et al., 2021). How-
ever, it is unclear whether the social and ecological effective-
ness of MPAs may change as climate change modifies the phys-
ical, chemical, and biological processes within protected ar-
eas (e.g. Roberts et al., 2017; Bruno et al., 2018; Bates et al.,
2019), and affects human communities that are dependent on
associated marine resources (e.g. Cinner et al., 2012). While
theory suggests MPAs could increase ecosystem, and poten-
tially social, resilience to global climate change (e.g. Roberts
et al.,2017), evidence substantiating these predictions remains
sparse (Micheli et al., 2012; Bates et al., 2019; Eisaguirre et al.,
2020; Freedman et al., 2020). The resulting knowledge gap
leaves managers, scientists, and the public unsure of the value
of MPAs amid changing environmental conditions.

In response, MPA science and literature have increasingly
considered how to design, implement, and manage spatial pro-
tections in a way that takes climate change into consideration

or even increases the resilience of protected ecosystems to cli-
mate change, sometimes referred to as “climate-smart MPAs”
(e.g. Arafeh-Dalmau et al., 2021; Queirds et al., 2021; Brito-
Morales et al., 2022). An expanding body of literature has
identified strategies for creating climate-smart MPAs, includ-
ing locating MPAs within climate change refugia (Woodson
et al., 2019; Arafeh-Dalmau et al., 2021; Brito-Morales et al.,
2022), creating MPA networks that spread risk across space
(Carr et al., 2017; Fredston-Hermann et al., 2018), and sit-
ing MPAs at leading edges of key species ranges (Fredston-
Hermann et al., 2018). MPA efficacy in the face of climate
change also hinges upon social, cultural, and policy considera-
tions, and to date even less is known about how climate-smart
MPAs might be designed to also support human communities
associated with MPAs or how, in turn, climate impacts on hu-
man communities might affect MPA effectiveness (Ban et al.,
2011; Grorud-Colvert et al., 2021; Schmidt et al., 2022).

The climate-smart MPA literature often focuses on how
changing temperature regimes will influence the future of
MPAs (e.g. Arafeh-Dalmau et al., 2021; Brito-Morales et

Received: 26 January 2023; Revised: 24 May 2023; Accepted: 10 July 2023

© The Author(s) 2023. Published by Oxford University Press on behalf of International Council for the Exploration of the Sea. This is an Open Access
article distributed under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0/), which permits unrestricted
reuse, distribution, and reproduction in any medium, provided the original work is properly cited.

20 Arenuer || uo Jasn Aieiqi [enuad YVYON Ad 0GZ1EZ2/€261/L/08/30Ie/swWlse0lwod dno olwspede//:sdny wouj papeojumoq


https://orcid.org/0000-0002-0156-7610
mailto:sahamilton@ucdavis.edu
https://creativecommons.org/licenses/by/4.0/

1924

al., 2022). This attention follows the known effects of long-
term warming, increased thermal variability, and marine heat-
waves (MHWSs) on population stability, species persistence,
and ecosystem trajectories under climate change (e.g. Sun-
day et al., 2015; Sanford et al., 2019; Fredston et al., 2021).
While temperature undoubtedly plays a crucial role in struc-
turing biological responses to climate change, other, less-often
measured parameters also do so. Parameters such as dissolved
oxygen (DO), salinity, and pH often stand out as crucial fac-
tors governing biological responses to climate change when
they are well measured and paired with biological observa-
tions (Kroeker et al., 2013; Gunderson et al., 2016; McHenry
et al., 2019; Sampaio et al., 2021). For instance, deoxygena-
tion of coastal waters is driving decreases in the vertical dis-
tribution of rocky reef fish in southern California (Meyer-
Gutbrod et al., 2021). Additionally, Dungeness crab move-
ment and foraging ecology in estuaries is shaped by crab
avoidance of low salinity waters (McGaw and McMahon,
1996; Curtis and McGaw, 2008, 2012). Further, interactions
between temperature and other potential stressors can be
significantly different from the effects of temperature alone.
Temperature—pH interactions often modify the impacts of
changing seawater chemistry on marine calcifiers (Byrne and
Przeslawski, 2013; Przeslawski et al., 2015). Moreover, organ-
ismal oxygen demand, an important energetic consideration in
many taxa, increases with temperature due to the thermody-
namics of biochemical and cellular processes (Somero et al.,
2016; Howard et al., 2020).

Despite the recognized potential for interactions among
multiple stressors to structure ecological responses to climate
change inside MPAs (Crain et al., 2008; Gunderson et al.,
2016; Somero et al., 2016; Bruno et al., 2018), relatively
few studies regarding climate-smart MPAs explicitly consider
the implications of combined stressors. The studies that do
consider multiple stressors often focus on either small-spatial
scales, such as individual sites or MPAs (e.g. Woodson et al.,
2019) or analyses based on modelled environmental param-
eters rather than direct observations (e.g. Bruno et al., 2018;
Queirds et al., 2021). Empirical studies investigating the im-
pacts of multiple climate stressors on MPAs over broader spa-
tial scales have remained elusive. Contemporary evaluations
of biophysical MPA outcomes in a changing climate, there-
fore, lack crucial context for assessing how temperature inter-
acts with additional stressors over larger regional scales.

The California MPA network in the United States is one of
the oldest, largest, and best studied in the world (Gleason et
al., 2013; Murray and Hee, 2019). In 2022, California began
conducting a decadal management review of the 124 MPAs
in the network (CDFW, 2022). Because this evaluation will
assess how California’s network met its goals over the years
2010-2020, this process will have to assess how the MPAs per-
formed over the unusual and highly variable environmental
conditions of 2010-2020. For instance, the record-breaking
series of MHWSs over 2014-2016 impacted the entire state
throughout those years and was associated with die-offs of
foundation species (e.g McPherson et al., 2021), exacerba-
tion of novel disease outbreaks (e.g. Hamilton et al., 2021),
shifts in species distributions (e.g. Sanford et al., 2019; Freed-
man et al., 2020), and many more disruptions of marine life
(e.g. Cavole et al., 2016; McCabe et al., 2016; Piatt et al.,
2020). Although researchers have thoroughly described the
direct temperature effects of the 2014-2016 MHWs (Bond et
al., 2015; Di Lorenzo and Mantua, 2016; Gentemann et al.,
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2017), the interactions between these heatwaves and other
stressors, and their impacts on MPAs, are poorly resolved.
Even less is known about the social outcomes of these changes
within MPAs; but we can readily assume that coastal com-
munities dependent on marine resources will also face threats
from changing ocean conditions and their impacts on MPAs
(Gurney et al., 2014; Whitney and Ban, 2019; Schmidt et al.,
2022).

As one of the world’s major upwelling systems, the Califor-
nia Current routinely transports waters with low pH and low
DO into nearshore habitats (Feely et al., 2008; Chavez and
Messié, 2009; Chan et al., 2017; Cheresh and Fiechter, 2020;
Low et al., 2021). Whether by themselves or in combination
with temperature stress, low pH and hypoxia are well docu-
mented to affect biological processes in the California Current
(McClatchie et al., 2010; Hofmann et al., 2014; Keller et al.,
2017; Howard et al., 2020; Bednarsek et al., 2021a). While
individual studies have assessed the impacts of various com-
binations of temperature, pH, and DO stress on organisms
in the California Current (e.g. Kroeker et al., 2016; Meyer-
Gutbrod et al., 2021; Donham et al., 2022), no one has con-
ducted a quantitative, MPA network-wide assessment of or-
ganisms’ exposure to these stressors to our knowledge. Here,
we assessed how California’s 124 MPAs experienced different
combinations of hypoxia, low pH, and unusually warm tem-
peratures from 2010 to 2020. Our analysis employs a novel
dataset incorporating >65 publicly available oceanographic
datasets covering the target area and time. Using this dataset
we asked:

* What is the spatial and temporal coverage of publicly
available temperature, DO, and pH data across the MPA
network?

e How did MPAs differ in their exposure to potentially bi-
ologically stressful temperature, DO, and pH conditions?

* Did exposure to low DO in MPAs change during the
2014-2016 MHWSs?

* Did the spatial patterns of relative exposure to low DO
and low pH persist across MPAs over 2018-2020?

Methods

Oceanographic dataset

The dataset used for this analysis is available through the Na-
tional Center for Environmental Information (Kennedy et al.,
2023a) and is fully described in Kennedy et al. (2023b), al-
though we utilize a subset of the full dataset that was col-
lected prior to September 2022. The 65 publicly available
oceanographic datasets included in this study include ~8.8
million observations from State waters spanning California
(Supplementary Table S1). This dataset is primarily composed
of high-accuracy measurements of temperature, DO, pH, and
related carbonate chemistry parameters derived from discrete
water samples, autonomous moored sensors, and handheld
sensors. Nearshore and open ocean observations dominate the
dataset alongside a limited number of estuarine datasets. Each
set of observations integrated into this larger dataset was re-
framed into a common data format that associated each ob-
servation with a sampling date, time, depth, location, and data
source. Any observations that included paired carbonate sys-
tem observations were used to constrain the full carbonate
system using the R package “seacarb” and constants recom-
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mended by Dickson ef al. (2007) according to sample temper-
ature and salinity (Gattuso ef al. 2022).

Additionally, all observations were independently evaluated
for quality and flagged as “good”, “not evaluated”, and “sus-
pect” upon integration in the dataset. This was done using
a combination of instrument type, property—property plots,
time-series plots, comparison between sensor and discrete
samples data (where applicable), and notes from the data col-
lector. For complete details on dataset creation, formatting,
and quality control, see Kennedy et al. (2023b). For the cur-
rent study, we filtered the dataset to include only surface ob-
servations (<30 m depth) taken from the study period (2010-
2020) to reflect the largely shallow, coastal nature of most
of the MPAs in the California network. For portions of the
dataset that recorded multiple observations of a single metric
at a single site per day, we aggregated to a daily mean value.
After filtering and aggregating in this way, 161176 daily mean
oceanographic observations of temperature, DO, and pH in
California coastal waters were available for further analysis.

Associating data points with individual MPAs

To assess data availability across the study period, we iden-
tified the number of temperature, DO, and pH observations
collected within each MPA. We focused our analysis on State-
designated MPAs in oceans and estuaries, excluding the San
Francisco Bay, resulting in 124 MPAs. We identified the MPAS’
spatial boundaries using a shapefile provided by the State of
California (Marine Region GIS, 2019). We identified obser-
vations within 10 km of the edge of each MPA by creating a
distance matrix for the distance between each data point and
each of the MPAs. We classified each MPA as either estuarine
or oceanic and only characterized each MPA using oceano-
graphic observations from the same category. We then iden-
tified the number of observations for each parameter avail-
able by season and year for each MPA, partitioning mea-
surements according to spring (March-May), summer (June—
August), fall (September—November), and winter (December—
February) seasons of each year from 2010 to 2020.

Assessing MPA exposure to simultaneous
temperature, DO, and pH stress

We examined the exposure of MPAs to potential stressors us-
ing two different combinations of parameters: (1) DO and
temperature and (2) DO, temperature, and pH. To quantify
how often potentially stressful conditions were present in
MPAs, we developed heuristic criteria of pH, DO, and temper-
ature conditions that could be anticipated to impose physio-
logical stress on diverse marine species. Because marine taxa
tend to exhibit a narrower range of thresholds for pH and
DO stress than for temperature, we identified threshold val-
ues for low pH and hypoxia that are most often associated
with sublethal impacts to animal fitness in the literature: 7.75
for pH (Bednarsek et al., 2021a, 2021b) and 140 umol/kg for
DO (Vaquer-Sunyer and Duarte, 2008). In contrast, because
biological responses to temperature are less conserved across
taxa and more sensitive to acclimatization and local adapta-
tion (Osovitz and Hofmann, 2005; Somero, 2005), we used
temperature anomalies to reflect potentially stressful thermal
conditions (Hobday et al., 2016).

To examine MPA exposure to simultaneous temperature
and DO stress, we identified MPAs that had 50+ paired
temperature and DO measurements either within the MPA
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boundaries or within 10 km of the MPA. We further restricted
our analysis to MPAs representing different biogeographic re-
gions in California and had observations available in various
seasons to minimize seasonal bias when comparing MPA ex-
posure. This approach resulted in the inclusion of 19 MPAs
for analysis, although for visualization purposes only 9 MPAs
with 350+ paired temperature and DO measurements are
shown in Figure 2 (see Supplementary Figure S1 for all MPAs).

To investigate MPA exposure to stressful temperature, DO,
and pH conditions, we used similar criteria to those used
for the temperature and DO analysis (above), but limited
our analysis to those MPAs that had high frequency (daily-
weekly), continuous (minimum of a 6-month period) simul-
taneous monitoring of temperature, DO, and pH. We identi-
fied nine MPAs that met these criteria, which had on average
1-2 years of consistent multiple stressor monitoring. These
MPAs were primarily sampled over the 2018-2020 time pe-
riod, except for Kashtayit State Marine Conservation Area
(SMCA), which was sampled in 2015-2016, and over multiple
seasons, which should limit temporal biases between MPAs
(see Supplementary Table S2 for details).

To quantify the frequency of exposure to stressful condi-
tions, we calculated the percentage of pH observations <7.75
and DO observations <140 umol/kg. To quantify temperature
stress, we set the threshold as surpassing the 90th percentile
of a 25-30 year temperature climatology because this metric is
used in the definition of MHWs (Hobday ez al.,2016). In order
to calculate temperature anomalies in MPAs between 2010
and 2020, we needed to first establish a baseline of long-term
temperature in or near each MPA. To do this, we used time se-
ries of daily temperature data from ~1990 to 2020 available
for each MPA (Supplementary Table S2). We determined the
mean daily difference between the temperatures in the MPA
focal dataset and the long-term temperature dataset and ad-
justed temperatures in the long-term temperature dataset by
this mean difference. This adjusted daily long-term mean tem-
perature was then subtracted from the measured temperature
in the MPAs from 2010 to 2010 to calculate MPA daily tem-
perature anomalies.

Finally, to assess how sensitive each MPA’s relative expo-
sure to low pH and hypoxia was to our specific designated
sublethal pH and DO thresholds (7.75 and 140 umol/kg, re-
spectively), we also analysed the frequency of exposure across
MPAs using a more conservative and more liberal thresh-
old for stress (7.6 and 7.9 for pH, respectively, and 100 and
180 umol/kg for DO; Supplementary Figure S2).

Assessing MPA exposure to temperature and DO
stress before, during, and after the 2014-2016
MHWs

To understand how the 2014-2016 MHWSs impacted com-
bined temperature and hypoxia stress, we identified MPAs
that had paired temperature and DO measurements (1) across
the pre-heatwaves period (2010-2013), the MHWs period
(2014-2016), and the post-heatwaves period (2017-2020),
(2) where sampling depth, method, and sampling seasonality
were consistent across these periods, and (3) with at least 25
samples in each period (Gentemann et al., 2017). We found
five MPAs that met this condition, all in southern California.
We visualized the distribution of DO and temperature data
across these MPAs using property—property plots and by cal-
culating the 5th percentile of DO in each period. Due to the
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paucity of regular pH sampling, no assessment of pH changes
across the 2014-2016 MHWs was available.

Assessing the temporal stability of regional
patterns in exposure to low pH and low DO across
2018-2020

To track how regional differences in exposure to low pH and
hypoxia varied across time, we focused on the 2018-2020
time period because of the availability of consistent, contin-
uous pH and DO time series spread across California. We
limited our analysis to MPAs with daily or near-daily records
of these variables to maximize the chance that short-term ex-
posure to low pH or DO was captured and prioritized sites
that measured both pH and DO. From these candidate MPAs,
we chose six MPAs that represented different biogeographic
regions to assess inter-regional variability. To examine how
exposure to stressful conditions varied over 2018-2020, we
calculated the Sth percentile of pH and DO for each month as
a metric of potential exposure to stressful conditions.

Results

What data are available to assess multiple stressor
impacts across this MPA network?

Out of 161176 daily mean oceanographic observations,
37.5% were inside an MPA or within 10 km of one. Over two-
thirds of individual MPAs (69.35%) had some oceanographic
observations within 10 km of their borders, and each of these
MPAs had at least one season with monitoring of DO and pH
in addition to temperature (Figure 1). The number of observa-
tions in each MPA in any season varied greatly, from just a sin-
gle observation taken from an oceanographic cruise to thou-
sands of data points taken in MPA-focused monitoring. Of the
MPAs with oceanographic observations, observations of DO
and/or pH in addition to temperature data were available in
44.0% of the seasons from 2010 to 2020, with most records
occurring in the summer. Although observations of multiple
stressors were available for the majority of MPAs, our ability
to use the data to assess relative exposure across the network
was limited, most often because there were too few observa-
tions to confidently characterize an MPA’s exposure or be-
cause temporal, methodological, or depth differences limited
our confidence in comparing across MPAs. Thus in the follow-
ing analyses, we were able to directly evaluate and compare
5-19 MPAs depending on the specific analysis.

How does exposure to the dual stressors of
hypoxia and anomalously high temperatures vary
across California’s MPAs?

We identified 19 MPAs with 50 or more paired observations of
temperature and DO taken during multiple seasons (Suppleme
ntary Figure S1), including 9 MPAs with 350 observations or
more (Figure 2). The presence of sublethal hypoxic conditions
(<140 umol/kg) in these MPAs varied. DO never dropped be-
low this threshold for two of the nine MPAs with 350+ obser-
vations [South Humboldt Bay State Marine Resource Man-
agement Area (SMRMA) and Long Point State Marine Re-
serve (SMR)], whereas in Point Arena SMCA, 21.37% of ob-
servations fell below this sublethal hypoxic threshold. Of these
nine MPAs, only Morro Bay SMRMA ever dropped below the
threshold for lethal hypoxia (61 umol/kg), and it did so for
<1% of all measurements. Because these dual stressor profiles
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differed in exact timing and duration, some of the variability
may reflect interannual variability. However, all of the MPAs
included data from multiple seasons, many year-round, and
thus represent seasonal variability.

At most MPAs, hypoxia was accompanied by colder water
that was detected most often in spring and summer, suggesting
an upwelled source [although see Bograd ef al. (2009) for de-
tails on upwelling phenology]. Only Morro Bay SMRMA, an
estuarine MPA, was exposed to sublethal hypoxia at temper-
atures in the middle of its temperature range, rather than the
cold end of its temperature range. At another estuarine MPA,
South Humboldt Bay SMRMA, the lowest DO concentrations
were also associated with relatively warm temperatures, al-
though those DO concentrations never met the threshold for
hypoxia. Thus, while oceanic MPAs appear to most often ex-
perience low DO in combination with cold waters, estuarine
MPASs appear at a higher risk of exposure to the combination
of warm temperatures and hypoxia.

How does exposure to hypoxia, low pH, and MHWs
vary across California’s MPAs?

Only nine MPAs had high frequency (daily—weekly), con-
tinuous (minimum 6-month period), simultaneous monitor-
ing of temperature, DO, and pH (Figure 3). The majority of
these MPAs were monitored continuously for 1-2 years in the
2018-2020 period (Kroeker et al., 2023), although Kashtayit
SMCA was monitored from 2015 to 2016 (Supplementary T
able S2). The percentage of time that oceanographic condi-
tions in each MPA surpassed thresholds for single stressors
and multiple stressors varied widely, from 0 to 75.0% of the
time for single stressors and 0-25.3% of the time for multi-
ple stressors (Table 1). MPAs in upwelling-dominated areas
such as the northern half of the state from 37° to 42° latitude
(Bograd et al., 2009) exhibited the highest occurrence of mul-
tiple stressor conditions, usually in the form of low pH and
hypoxia occurring with cooler waters. For instance, at Point
Arena SMR, simultaneous low pH (<7.75) + hypoxic con-
ditions (<140 umol/kg) occurred 25.2% of the time, while in
MPAs south of Monterey Bay, combined low pH and hypoxic
conditions occurred <4% of the time.

Conversely, the four MPAs assessed in southern California
encountered higher frequencies of warm temperature anoma-
lies than the rest of the network, encompassing 15.2-74.3%
of temperature observations across these MPAs. These ele-
vated levels of temperature stress were not a feature of the
2014-2016 MHWs but rather characterized temperatures af-
ter the conclusion of this period, as monitoring for three of
the four southern California MPAs began in 2018. However,
most of the southern California MPAs experienced less stress-
ful DO and pH conditions than those in other regions. In-
deed, two of these MPAs (Long Point SMR and Kashtayit
SMCA) were never exposed to either hypoxia or pH stress,
although Abalone Cove SMCA was exposed to sublethal hy-
poxia in nearly 20% of observations. Given the absence of a
universally applicable pH or DO lethal and sublethal thresh-
olds, we also conducted a sensitivity analysis to assess how
relative exposure to single and multiple stressors changed
across MPAs if these thresholds were adjusted. We found that
patterns of relative exposure to single and multiple stressors
were largely insensitive to changes in pH and DO thresholds
(Supplementary Figure S2). MPAs exposed to the highest and
lowest levels of pH stress, hypoxia, and combinations of these
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Seasonal Data Availability in California's MPAs
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stressors remained the highest and lowest even when thresh-
olds were adjusted higher or lower.

Did MPA exposure to low DO change during the
2014-2016 marine heatwave?

We identified five MPAs in southern California with at
least 40 paired DO and temperature measurements prior to

the 2014-2016 MHWs period, during it, and after it that
were all derived from similar methods, months, and depths.
Most of the data that were comparable across time periods
for these MPAs came from CalCOFI (https://calcofi.com/)
oceanographic cruises that have occurred regularly for sev-
eral decades. Because CalCOFI cruises sample multiple times
a year, these measurements also represent seasonal variabil-
ity. While the mean temperature increased reliably during the
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2014-2016 MHWSs compared to pre-2014 for all five MPAs,
we did not see consistent differences in mean DO during the
MHWs (Supplementary Figure S3). Mean DO concentrations
remained similar across the three time periods for all five
southern California MPAs.

Although mean DO did not vary substantially, the exposure
to low DO did. In all five MPAs, the 5th percentile of DO
was higher during the 2014-2016 MHWs period than the
2010-2013 period and at four of the MPAs, the 5th percentile
DO then dropped again after 2014-2016 MHW concluded
(Figure 4). On average, the 5th percentile of DO was about
22.16 umol/kg higher from 2014 to 2016 than before 2014
for these MPAs. Thus, while these MPAs were exposed to
increased temperature stress during the 2014-2016 MHW
period, at depths of 8-23 m they may have simultaneously
experienced less severe hypoxia stress than pre-2014 and
post-2016.

Did spatial patterns of relative exposure to low DO
and low pH values remain persistent across MPAs
during 2018-20207?

A key question in understanding differential exposure to mul-
tiple stressors in MPAs is whether spatial patterns of expo-
sure persist from year to year (Chan et al., 2017). We were
limited in our ability to fully investigate this question due to
spatio-temporal patchiness in data availability. However, we
identified six datasets from 2018 to 2020 and spanning mul-
tiple biogeographic regions of California’s coastline that had
daily or near-daily measurements of DO and pH that were
sufficiently continuous to allow for interannual comparison
of the potential exposure to hypoxic and low pH conditions
at these MPAs across years. In particular, we focused on the

monthly 5th percentile of DO and pH across MPAs and time
(Figure §).

We found that, in general, the relative exposure among
these MPAs to stressful DO and pH conditions had seasonal-
ity and was fairly stable across years. Exposure to low DO and
pH conditions was similar across all MPAs and regions during
the fall and winter months. In contrast, exposure separated
by region during the spring and summer upwelling months,
with a general pattern of northern California MPAs having
the lowest 5th percentile of DO and pH. MPAs in central Cal-
ifornia had less exposure (higher Sth percentile values) but
still often crossed sublethal thresholds, while those in south-
ern California remained well above these sublethal thresholds.
There were, however, exceptions to these general patterns. For
instance, in Spring 2018, the 5th percentile of pH observa-
tions in MPAs in central California were lower than those in
northern California MPAs, possibly due to differences in the
timing of the upwelling season. Additionally, in spring 2019,
one MPA in southern California had lower DO concentrations
than MPAs in northern and central California. These regional
patterns seemed more distinct and consistent for DO than pH,
but even for DO, for several months in spring 2020, the 5th
percentile of monthly DO was quite similar between central
and northern California MPAs.

Discussion

In this study, we leveraged a novel oceanographic synthesis
dataset to understand differential exposure to combinations
of potential stressors across California’s MPA network. We
focus on assessing the prevalence of anomalous or particu-
larly stressful environmental conditions, although it is worth
noting that more subtle, long-term shift in the mean values
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Figure 3. Daily observations of temperature, DO, and pH stress in nine MPAs spanning California’s MPA network. The x-axis indicates DO
concentrations (with a vertical dashed line representing a DO stress threshold of 140 umol/kg), the y-axis pH levels (with a horizontal dashed line
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the map in Figure 2a.

of temperature, DO, and pH will also shape species responses
to climate change. We found that even in a system as heavily
studied as coastal California, publicly available data have high
spatial and temporal patchiness that limits how it can be used
to systematically assess exposure to stressful ocean conditions.
When the data did allow for a comparison of exposure across
MPAs, we found high variability in the exposure to both sin-
gle and multiple potential stressors. The most common com-
bination of stressors came in the form of combined hypoxic
and low pH conditions paired with cool temperatures, espe-
cially in the central and northern parts of the network. Con-
versely, while many MPAs in southern California had high ex-
posure to potential temperature stress, those MPAs were less
likely to be exposed to sublethal levels of hypoxia and low
pH. Furthermore, temperature stress could be temporally de-
coupled from other potential stressors, as evidenced by the
reduced potential exposure to hypoxia in southern Califor-
nia during the historic 2014-2016 MHWs. Finally, we found
that the relative intensity of exposure to low DO and low
pH was fairly stable across different parts of California and
across years when measured in the same season. These find-
ings have important implications for ecological communities
living within California’s MPAs as well as the human commu-

nities that rely on marine resources associated with MPAs and
the managers and policymakers regulating these MPAs. Cou-
pled with much needed studies on the links between changing
ocean conditions, MPA effectiveness, and coastal communi-
ties, the findings from this study contribute to the ongoing
discourse regarding the utility of MPAs as conservation tools
under climate change.

These results both challenge and confirm existing hypothe-
ses surrounding climate-smart MPAs. For instance, the high
spatial variability in the exposure to both single and multiple
stressors across California’s MPA network provides evidence
that networks spread the risk of exposure to climate stress
in both single and multiple stressor dimensions. This insight
supports the idea that, from a biophysical perspective, climate-
smart MPAs may benefit from a network structure that pro-
vides an oceanographic portfolio effect, reducing negative im-
pacts of extreme climate events (McLeod et al., 2009; Jones
et al., 2016; Fredston-Hermann et al., 2018). Thus, while in-
cluding a diversity of habitats is considered a guiding princi-
ple when creating MPA networks (Young and Carr, 2015), an
additional guiding principle may be to include sites that ex-
perience different modes of present and future climate stress
across the region (McLeod et al., 2009; Jones et al., 2016).
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Table 1. Frequency of exposure to single stressor and multiple stressor conditions within nine California MPAs over 1-4 years of continuous monitoring
of temperature, DO, and pH (Supplementary Table S2).

MPA cluster

Region

Seasons % Single stressor

% Multiple stressor

Point Cabrillo SMCA/SMR

Point Arena SMCA/SMR

Carmel Bay SMCA

Big Creek SMCA/SMR

Point Buchon SMCA/SMR

Kashtayit SMCA

Abalone Cove SMCA

Long Point SMR

Dana Point SMCA

North

North-Central

Central

Central

Central

Southern

Southern

Southern Channel
Islands

Southern

Summer, Fall Temp = 11.1%

pH = 41.2%
DO = 0%
Summer Temp = 22.2%
pH = 20.7%
DO =1.5%
Year round Temp = 6.0%
pH =9.9%
DO =22%
Year Round Temp = 8.7%
pH =23.1%
DO =0.6%
Year round Temp = 13.2%
pH = 9.9%
DO =3.2%
Year round Temp = 44.5%
pH = 0%
DO = 0%
Year round Temp = 32.4%
pH=0%
DO =19.0%
Year round Temp = 15.2%
pH = 0%
DO = 0%
Winter, Spring, Fall Temp = 74.2%
pH = 0.5%
DO = 0%

DO + pH = 14.1%
Temp + pH = 1.9%

DO + pH =25.2%
Temp + pH = 0.7%

DO + pH =9.1%
Temp + pH =2.2%
DO + pH =3.9%
DO + pH =0.9%
Temp + pH =0.2%
0%

DO + pH = 1.3%

0%

Temp + pH =0.5%

For temperature, stressful conditions were defined exceeding the 90th percentile of a roughly 25-year temperature climatology, for dissolved oxygen daily
mean DO < 140 umol/kg, and for pH daily mean pH < 7.75.
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Figure 4. Temperature vs. DO property—property plots for five southern California MPAs that had comparable paired temperature and DO measurements
across the pre-MHW period (2010-2013, purple), the MHW period (2014-2016, yellow), and post-MHW period (2017-2020, teal). Dashed vertical lines
show mean temperature for each period and dashed horizontal lines show the 5th percentile of DO for each period.
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Conversely, an increasingly popular idea in the literature
regarding siting new MPAs is that the efficacy of new MPAs
may be maximized if they are sited in areas with low rates
of warming (Arafeh-Dalmau et al., 2021; Brito-Morales et al.,
2022). For instance, Brito-Morales et al., (2022) identified ar-
eas of minimal temperature change to prioritize areas for new
spatial protections on the high seas. However, this analysis
supports Bruno et al. (2018) that siting MPAs to minimize the
impacts of a single stressor may increase exposure to a differ-
ent stressor. For instance, in California, placing MPAs in areas
of reduced temperature stress would mean preferentially tar-
geting MPAs for northern and central California over south-
ern California, which would increase the likelihood of expo-
sure to hypoxia and low pH in those MPAs. Further, while
Brito-Morales (2022) points out temperature can be reliably
related to other potential stressors such as pH and DO in the
open ocean, in coastal areas where MPAs are often sited, these
relationships can be the opposite of the open ocean and vary
on small spatial scales. For instance, in areas of coastal up-
welling, it is well established that cold temperatures are often
coupled with low concentrations of DO, whereas in the open
ocean warm water is more likely to be paired with low DO
(Barth et al., 2007; Chavez and Messié, 2009; Checkley and
Barth, 2009; Bruno et al., 2018).

This multiple stressor lens applied to California’s MPAs
also raises interesting ideas about ecosystem-level responses to
stress. For instance, as we show, in southern California MPAs,
DO concentrations did not get as low during the 3 years asso-
ciated with the 2014-2016 MHWs as they did in the 4 years
prior and the 4 years after. Thus, different stressors can be
temporally decoupled from one another. This situation cre-
ates the potential for differential impacts to different parts of

the ecosystems protected by MPAs during extreme climatic
events. For instance, temperature sensitive taxa such as kelps
are particularly vulnerable to heatwaves (Cavanaugh et al.,
2019; Rogers-Bennett and Catton, 2019; Filbee-Dexter et al.,
2020), while animals such as Dungeness crab often show
positive responses to increased temperatures but negative re-
sponses to hypoxia (Sunday et al., 2022). Theoretically then,
in southern California MPAs where the 2014-2016 MHW:s
were accompanied by reduced hypoxia (Figure 4), kelps may
have experienced negative physiological conditions but Dun-
geness crabs positive conditions. This study suggests that mon-
itoring multiple stressors gives insights into the particular
flavour of climatic change in different areas, which can then be
paired with information about the physiological vulnerability
of key species and, when available, information about human
community responses to climate. This information could help
managers, policy-makers, and the impacted public contextu-
alize differential outcomes of the species and ecosystems pro-
tected by MPAs during MPA evaluation processes and may
trigger critical adaptation responses (Carr et al., 2011).

A final implication of this work regards the effective mon-
itoring of MPA networks. Given the extensive monitoring
done alongside California’s MPA network and the millions of
oceanographic observations we compiled, we were surprised
at how limited we were by data availability to systemati-
cally assess exposure to multiple stressors across the network
through time (Murray and Hee, 2019). Two major factors
contributing to this are: (1) incomplete public data access and
(2) spatio-temporal and methodological patchiness in moni-
toring. The oceanographic dataset leveraged for these analyses
is limited to publicly available datasets and therefore cannot
make use of important datasets that are held privately or dif-
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ficult to access (Trice et al., 2021; Gabelica et al., 2022). This
analysis emphasizes the value and necessity of changing scien-
tific funding and practices to value standardized, efficient pub-
lic data access (Hampton et al., 2013; Ruegg et al., 2014). Re-
garding the second factor, because many of the datasets were
collected with their own goals in mind, data were taken in
different habitats (subtidal vs. intertidal), depths, seasons, fre-
quencies, and periods of time. This suite of confounding vari-
ables limited our ability to directly compare exposure to cli-
mate stress across the network and to answer critical questions
such as the seasonal variability in regional modes of climate
stress. A valuable role for state and federal funding agencies
can be to coordinate oceanographic monitoring efforts across
MPA networks to minimize these confounding variables and
to fund systematic monitoring that fills in gaps in data collec-
tion (e.g. Carr et al., 2011; Weisberg et al., 2020).

Given recently agreed upon global, federal, and state bio-
diversity frameworks that call for the protection of 30% of
the world’s oceans by 2030, how to best site, monitor, and
evaluate MPAs and MPA networks in the context of climate
change will continue to be important questions for the ma-
rine conservation community (Newsom, 2020; Biden, 2021;
UN Environment Program, 2021). Here, we assessed differ-
ential exposure to multiple potential stressors across Califor-
nia’s MPA network and discussed how a multiple stressors
approach to climate impacts on coastal oceans can be used
to improve MPA siting, monitoring, and evaluation. We also
pointed out the need to both improve data availability, as well
as the types of data taken, to include more studies related to
the impacts of climate stressors on human communities, and
their associated impacts on MPAs. Many aspects of the marine
socio-environmental world are and will continue to change,
and we can capture more of the complexity and nuance of
these changes when we explicitly monitor and consider mul-
tiple axes of climate stress.
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