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ARTICLE INFO ABSTRACT

Keywords: Long-lasting restoration success of foundation species requires understanding their responses to climate change.
Thermal tolerance For species with broad distributions, lower latitudes may serve as a proxy for future warming at higher latitudes.
Heat stress Such space-for-time substitutions are a powerful tool for developing climate change predictions for species
g:;is:f iiligsetribution distributed along steep elevational gradients. To understand climate resilience of a key coastal foundation
Global warming species, we examined the upper elevational limit of the native Olympia oyster (Ostrea lurida) along its entire
Intertidal zonation range at 26 sites spanning 21° latitude, from British Columbia to Baja California. Counter to our expectations,
Latitudinal study high air temperatures did not affect variation in the upper limit of Olympia oysters. Indeed, Olympia oysters
Space-for-time substitution extended high into the intertidal zone at the warmer southern sites, and shading did not influence the upper
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limit. Our models indicated instead that extreme low temperatures set the upper limit for Olympia oysters at
higher latitudes. In contrast, neither the Pacific oyster (Magallana gigas), a co-occurring global invader, nor
barnacles exhibited clear latitudinal patterns. These findings suggest that Olympia oysters and restoration pro-
jects aimed at supporting their recovery will be resilient to increased temperatures projected by climate change
models. Our results also illustrate the importance of testing the assumption that species on steep elevational
gradients are living close to their upper thermal limits and will be negatively impacted by warming; for this
foundation species, the assumption was false. Latitudinal studies enhance understanding of species response to
climate stressors and are key to the design of climate-resilient conservation strategies.

1. Introduction

Climate change is rapidly altering species distributions and is pre-
dicted to do so more dramatically in the future (Lenoir and Svenning,
2015; Thomas, 2010). In addition to affecting the latitudinal and lon-
gitudinal components of distribution, climate change can affect eleva-
tional distributions (Chen et al., 2011). For example, treelines on
mountains where growth is limited by cold temperatures are moving
upward with warming (Hansson et al., 2021; Holtmeier and Broll,
2020). In the rocky intertidal, where survival of sessile animals can be
affected by heat during low tides, the elevational distribution of mussels
is shrinking due to rising air temperature lowering the upper limit, while
predation maintains the lower limit (Harley, 2011). Understanding the
interplay between horizontal, vertical, and thermal stress gradients is
key to understanding the distribution and abundance of species and how
they are changing through time.

Physical gradients and elevational distributions of species across
them can vary across latitude. For example, some treelines on mountains
extend further upward at lower latitudes, an expansion of their vertical
range due to warmth (Cogbill and White, 1991; Hansson et al., 2021).
Conversely, some barnacles in the rocky intertidal extend further up-
ward at higher latitudes, expanding their upper limit in response to less
extreme high temperatures (Kusic Heady, 2013; Wethey, 1983). Bio-
logical variation across latitude due to changing temperature gradients
can be a useful proxy for change over time with global warming (Sorte
et al., 2018). Such space-for-time substitutions can increase under-
standing by scientists and stakeholders regarding future change in the
distribution and abundance of species (Lovell et al., 2023). In the ex-
amples of treelines and barnacles, current conditions at lower latitudes
may resemble future conditions at higher latitudes, with elevational
distributions expanding or contracting with warming, respectively
(Fig. 1).

The elevational distribution of many species remains poorly docu-
mented, both locally and across entire ranges. For foundation species
that are the focus of conservation, understanding elevational limits is
critical for appropriate spatial investment of habitat protection,
enhancement, and restoration activities, as well as for the design of
climate-resilient projects. Improved understanding of climate drivers of

elevational distributions can inform conservation planning; information
is needed on whether cold or warm temperatures set limits, and whether
means or extremes are the most predictive metrics (Clark-Wolf et al.,
2023). For example, extreme cold events (freezing) are critical for
limiting distributions of plants (Osmond et al., 1987) including cacti
(Shreve, 1911) and trees (Korner, 2021), while extreme warm atmo-
spheric events contribute to upper limits of sessile invertebrates and
seaweeds in the intertidal zone (Harley and Paine, 2009; Sorte et al.,
2018; Tsuchiya, 1983). Latitudinal studies of elevational distribution of
single species can be powerful for understanding responsiveness to
climate-related drivers and for predicting climate resilience, but very
few such latitudinal investigations have been carried out for foundation
species of conservation concern. While plants are the main foundation
species in terrestrial habitats, sessile animals are often foundation spe-
cies in the intertidal zone, and can serve as indicators of thermal stress
along steep environmental gradients. Oysters are sessile, intertidal
foundation species that serve as excellent model systems for examining
elevational distributions and how these vary across latitude and as a
function of temperature extremes.

As important coastal foundation species, oysters are the focus of
intensive restoration investment (Hall and DeAngelis, 2024; Smith and
Pruett, 2024), so understanding their current and future distributions is
critical. The Olympia oyster (Ostrea lurida) is the only native oyster of
the Pacific coast of the United States and Canada, found from central
British Columbia, Canada to central Baja California, Mexico (Polson and
Zacherl, 2009; Raith et al., 2015), a vast expanse with a wide range of
environmental conditions. Olympia oyster populations have declined
dramatically on this coast due to anthropogenic impacts (Kornbluth
et al., 2022; Pritchard et al., 2015). They are considered a Species of
Special Concern in Canada (COSEWIC, 2011), and a Species of Greatest
Conservation Need in Washington and Oregon (Oregon Department of
Fish and Wildlife, 2016; Washington Department of Fish and Wildlife,
2015). Olympia oyster populations are now the focus of enhancement
and restoration activities along the coast, with efforts typically involving
deployment of hard substrates or spat on shell in the intertidal zone
(Ridlon et al., 2021). To maximize the footprint of successful restoration
efforts and ensure projects are resilient in a changing climate, a better
understanding of the elevational limits and thermal tolerances of

Low latitude:
treeline higher

High latitude:
treeline lower

High latitude:
mussels/barnacles higher

Low latitude:
mussels/barnacles lower

Fig. 1. Schematic illustration of cold air temperatures depressing the upper limit of the treeline at high latitudes along mountain elevation gradients, and at hot air
temperatures (low latitude) depressing the upper limit of mussels and barnacles along rocky intertidal elevation gradients (drawing by Kathryn Beheshti).
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Olympia oysters is needed.

Olympia oysters are known primarily from the low intertidal zone of
estuaries, though subtidal populations have been reported from various
locations (Baker, 1995; Pritchard et al., 2015). Olympia oyster growth
rates and recruitment densities typically increase with decreasing
intertidal elevation (Harris et al., 2024; Tronske et al., 2018; Zabin et al.,
2016). The upper elevational limit of Olympia oysters is not
well-characterized and the mechanisms setting it are not known. The
upper limits to intertidal distribution could be the result of physical
(heat, cold, desiccation) or biological (predation or competition) factors,
or a combination. Both high (Bible et al., 2017; Brown et al., 2004) and
low (Davis, 1955) air temperatures are known to negatively affect
Olympia oyster survival during low tide exposure, but how temperature
affects intertidal distribution has not been studied. Water temperatures
are unlikely to affect elevational distribution of Olympia oysters, as
Pacific temperatures are moderate relative to Olympia oyster tolerances
(Cheng et al., 2015).

While only one oyster is native to the northeast Pacific coast, a sec-
ond oyster species commonly occurs within the range of the Olympia
oyster. The globally invasive Pacific oyster, Magallana gigas
(=Crassostrea gigas), is found in many of the same estuaries as Olympia
oysters (Kornbluth et al., 2022), and has increased in abundance in
recent years (Beck et al., 2024; Crooks et al., 2015; Wolfe et al., 2024),
due at least in part to warming water temperatures increasing repro-
ductive success. Pacific oysters can compete with Olympia oysters but
tend to peak in density at higher intertidal elevations, and so restoration
projects can be designed to optimize Olympia oysters over the invader
(Fuentes et al., 2020; Tronske et al., 2018). Understanding Pacific oyster
elevational distribution across latitudes is also of interest in terms of
invasion dynamics.

The goal of our investigation was to characterize the upper eleva-
tional limit of Olympia oysters across the full latitudinal range of the
species, and to determine how this limit varies as a function of air
temperature. This research was coordinated by the Native Olympia
Oyster Collaborative, a community of practice supporting Olympia
oyster recovery across the range of the species. At each of 26 sites from
British Columbia to Baja California (Fig. 2), we located the highest live
Olympia oysters to identify the upper distributional limit at that site.
Where Pacific oysters were present, we also identified their upper ele-
vational limit.

In addition, we identified the upper limit of acorn barnacles at the
site as a biological indicator of the upper limit of sessile invertebrate
communities in the intertidal zone, analogous to the treeline on moun-
tains. We examined how the upper elevational limits of the two oyster
species and barnacles varied across latitudes and as a function of air
temperature, obtained from a nearby weather station. We recognize that
air temperature does not exactly predict intertidal invertebrate body
temperature (Helmuth, 1998), and that substratum temperatures are not
perfectly captured by local weather station data (Graae et al., 2012).
Nevertheless, differences in air temperature in space and time do
correlate with differences in substratum or body temperature, particu-
larly for sessile intertidal organisms with similar sun exposure. We
therefore use general patterns in air temperature across many sites to
understand large-scale patterns in upper distributional limits (after ac-
counting for substrate size and local shading), without attempting to
estimate specific body temperatures at any given site.

Given that other studies have shown negative effects of extreme heat
events on intertidal organisms (Harley, 2011; Harley and Paine, 2009;
Sorte et al., 2018), we hypothesized that the elevational distribution of
these species would be compressed at sites experiencing more frequent
high temperatures. Thus, we expected the upper limit of these species to
be lower at hotter, lower latitude sites. However, timing of the tides
affects exposure to heat events (Helmuth et al., 2002) and sites where
the lowest tides in summer occur near midday are exposed to more heat
stress than sites where they fall at night or early morning. Consequently,
we expected that temperatures during low tide exposure would be a
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Fig. 2. Map of study estuaries. Details on site locations are in Table S1 and
Supplemental File 2 (Google Earth KMZ of the 26 sites).

better predictor of the upper limits than temperatures across all time
periods. To further explore whether high temperatures might cause
mortality near the species’ upper limit, we also compared the elevations
of the highest dead vs. live Olympia oysters and examined size distri-
butions in relation to elevation for this species. For example, if a recent
thermally induced die-off had occurred, dead oysters should occur
higher than live oysters, and small, newly settled oysters should occur
above larger, older ones. We also expected that the highest oysters at a
site would be in shaded rather than sun-exposed microhabitats. Ulti-
mately, the goals of this investigation across an expansive latitudinal
range were to improve understanding of the ecology and climate
sensitivity of Olympia oysters to inform future restoration planning for
this important foundation species, and to serve as a model for evaluating
climate resilience of other foundation species that occur along steep
environmental gradients.

2. Methods

We conducted surveys at 26 sites located in 18 estuaries across more
than 21° latitude, from 30.5° N to 51.6° N (Fig. 2, Table S1). This rep-
resents nearly the entire biogeographic range of the species, known from
~28° N (Raith et al., 2015) to ~52° N (Gillespie, 2009). Sampling
occurred May—November 2023, mostly in summer (Table S1). This effort
was a collaborative project with more than 100 people involved in the
field (Fig. S1). We chose sites that had appropriate substrate for oysters
distributed across a range of elevations, at least from Mean Lower Low
Water (MLLW) to Mean Higher High Water (MHHW); we thus could be
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confident that the absence of oysters from high elevations was not due to
lack of suitable substrata (Fig. 3).

2.1. Characterizing intertidal distributions

2.1.1. Olympia oyster elevational patterns

Our primary focus at all 26 sites was to identify the upper elevational
limit of Olympia oysters — to identify their landward boundary in the
intertidal zone. At all sites, we placed markers on the highest 10-20 live
Olympia oysters that could be found. We only included oysters that were
in fairly exposed locations; that is, we excluded oysters that inhabited
deep crevices, under cobble, or in seeps or pools that retain water at low
tide. These oysters were at least 1 m apart from each other within 100 m
of shoreline. In these relatively rapid field surveys for oysters, we would
not have detected newly settled juveniles <0.05 cm in size.

We measured the elevation of the highest Olympia oysters flagged at
each site. At most sites we used a networked RTK GPS. At the most
northern two sites and one Oregon site we used laser leveling from the
waterline and estimated relative tidal elevations using the predicted
waterline elevation at that time. At the three most southern sites, we
used differential GPS. While methods differed, they all were ones known
to deliver robust elevation measurements. We surveyed a landmark
(known/stable ground control point) at the start and end of our field-
work at the site, and in most cases these measurements differed by < 3
cm (Table S1 has details on instrumentation used and estimated accu-
racy based on re-measurement of benchmark).

To compare upper distribution limits of oysters across estuaries with
different tidal ranges and different vertical datums, it was critical to use
a consistent universal currency (Holmquist and Windham-Myers, 2022).
For each site, we obtained an estimate of MLLW and MHHW in the same
vertical datum as the field elevation measurements. We used this esti-
mate to standardize all oyster elevation measurements to a relative scale
where MLLW had an elevation of 0 and MHHW had an elevation of 1
(see Supplement for details on calculation of relative elevations).

Because we were interested in the upper tolerance limit at each site,
we used the highest five elevation values for each site that were within
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0.1 unit on the relative scale (where 0 = MLLW, 1 = MHHW) of the
highest measurement. We preferred five measurements to a single one,
to avoid anomalous outliers. However, at sites with very low oyster
densities, sometimes there were fewer than five oysters near the upper
limit; in these cases some of the top five measures spanned a large ele-
vational range. To obtain a more accurate estimate of the true upper
limit at that site, we only used those within 0.1 elevational unit.

At those sites where the tide was low enough after conducting the
above surveys, we also characterized the elevational zone with the
densest Olympia oysters, which was always lower than the upper limit.
At 12 sites we placed quadrats (15 x 15 cm) in 10 of the densest oyster
locations at the site and counted the oysters. We took the elevation of
these 10 quadrats as described above. To compare the elevation of the
Olympia oyster upper limit vs. the densest zone, we conducted a paired
Wilcoxon test for the 12 sites where these data were collected. For this
and all subsequently described non-parametric tests (Wilcoxon, Kruskal-
Wallis, Kendall) we used ‘ggpubr’ v. 0.6.0 (Kassambara, 2023). These
and all analyses in this paper were performed using R version 4.4.1 (R
Core Team, 2024). All data used for analyses are available on Dryad at
https://doi.org/10.5061/dryad.ngflvhj4v, and summarized in
Table S1.

2.1.2. Pacific oyster and barnacle upper limits compared to Olympia oysters

At a selection of sites where time and tide permitted, we measured
the elevation of the 10 highest live Pacific oysters using the same
methods described above. At most (22 of 26) sites, we measured the
elevation of the 10 highest barnacles, which represented the highest
sessile invertebrates present at the site. At sites with both oyster species
present, individuals <7 cm in size were sacrificed following measure-
ment to view diagnostic features for definitive identification. Individuals
>7 cm were assumed to be Pacific oysters. To determine whether the
upper distribution limit of the two oyster species differed significantly,
we conducted a paired Wilcoxon test at the 11 sites that measured both
species.

To determine whether the upper limits of Olympia oysters, Pacific
oysters, and barnacles varied by latitude and whether such variations

Fig. 3. Examples of the diversity of habitats sampled, from north to south. A) Oyster Bay, Fish Egg Inlet, British Columbia; B) Port Eliza Inlet, Nootka Sound, British
Columbia; C) Transfer Beach, British Columbia; D) Port of Peninsula Breakwater, Willapa Bay, Washington; E) Haynes Inlet, Coos Bay, Oregon; F) Berkeley Marina,
San Francisco Bay, California; G) Dunphy Park, San Francisco Bay, California; H) Kirby Park, Elkhorn Slough, California; I) Dog Beach Bridge, San Dieguito Lagoon,
California; J) RV Park, Estero de Punta Banda, Baja California; K) Molino Viejo, Bahfa San Quintin, Baja California; L) La Ventana, Bahia San Quintin, Baja California.
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were consistent among species, we constructed a linear mixed model
where relative elevation was the response and the predictors were spe-
cies, latitude, and the interaction between species and latitude. We
specified a random intercept for species nested within site, to allow use
of multiple measurements for each species at each site. Diagnostic plots
of residuals were assessed to ensure the model did not violate assump-
tions. We used the ‘lme4’ v. 1.1.35.5 (Bates et al., 2015) and ‘lmerTest’
v. 3.1.3 (Kuznetsova et al., 2017) R packages for mixed models, then
assessed marginal trends for each species and pairwise comparisons of
trends by species using the ‘emmeans’ v. 1.10.4 (Lenth, 2024) and
‘modelbased’ v. 0.8.8 (Makowski et al., 2020) R packages. In all mixed
model comparisons, the Kenward-Roger method was used to calculate
degrees of freedom, and the Tukey method was used for p-value ad-
justments in pairwise comparisons.

2.2. Relationships among air temperature, latitude, and Olympia oyster
upper limits

We used the nearest reliable weather stations (listed in Table S1) to
obtain hourly air temperature for the five years prior to and including
our field surveys (2019-2023) for each site. In a few cases, there were
gaps in the datasets. Where these gaps lasted a week or more (South
Sequim Bay and Brickyard Park, San Francisco Bay), we substituted data
from the next closest weather station. We were unable to fill a 3-month
gap (Jan-Mar 2023) at one site (RV Park, Estero Punta Banda). We
recognize that air temperatures from the closest weather station do not
exactly represent the air temperatures experienced by the oysters in the
intertidal zone, but since our focus was on latitudinal gradients across a
large geographic scale, these weather data broadly differentiate condi-
tions among sites.

To examine air temperatures during low tide exposure, we also
filtered the above dataset of all air temperatures to only include hours
when tide level was below MLLW. We used the nearest tide stations
(listed in Table S1) for water level estimates to obtain predicted hourly
tide levels relative to MLLW for each site for the same five-year period.

We were interested in the role of extreme temperatures in shaping
the intertidal distribution of oysters, and in exploring which methods of
calculating extreme temperatures would be most ecologically relevant.
We therefore examined multiple metrics for characterizing temperatures
that were extreme across the range of the Olympia oyster. We recognize
that these “extreme” temperatures were not extreme on a global scale,
but rather only in relative terms of what organisms at these sites expe-
rience. To characterize exposure to these air temperature extremes, we
calculated the number of temperature values < 5 °C and >30 °C both
before and after filtering data for water levels below MLLW. Due to
occasional missing data, we divided that by the number of hourly
readings present to get the proportions of readings below 5 °C and above
30 °C. Totals and proportions were for the entire 5-year period of
2019-2023. We used 5 °C and 30 °C as thresholds for extreme temper-
atures based on inspection of temperatures across the range; we had
initially considered using 0 °C and 40 °C, but determined they occur so
rarely at most sites as not to be useful for correlative analyses. As an
alternative approach, we also examined the 10th and 90th percentile of
temperatures for each site both before and after filtering data for water
levels below MLLW. The temperature extremes for each site (calculated
by various methods) are summarized in Table S1.

To determine the best temperature predictor(s) of Olympia oyster
relative elevation, we used an information-theoretic model selection
approach (Burnham and Anderson, 2002). The response variable for the
models was the average relative elevation of the highest Olympia oysters
at each site (site was used as replicate). We constructed 21 models, in
which the predictors were various combinations of the calculated met-
rics listed above, and a null model (Table S5). These models encom-
passed individual indicators of high and low temperatures,
combinations of high and low extremes, and extreme temperatures at
low tide vs. extreme temperatures across all readings. Models were fit as
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simple linear regression models using the Im(.) function of the ‘stats’
package v. 4.4.1 (R Core Team, 2024), and a model selection table to
allow comparison of AICc between models was constructed using the
‘MuMIn’ package v. 1.48.4 (Barton, 2024).

2.3. Within-site variation in upper elevational limits

We collected and analyzed ancillary data to determine whether
within-site variation in Olympia oyster elevations showed patterns that
would be consistent with mortality associated with extreme high tem-
perature events.

2.3.1. Sun exposure

If high temperatures set the maximum elevation of an intertidal
species, upper distributional limits should be related to exposure to
sunshine (Miller et al., 2009). For the highest Olympia oysters at each
site, we assigned each oyster to one of three levels of exposure, 1) shady:
oyster would be mostly shaded at midday, for instance under overhang;
2) exposed: oyster would be mostly in full sun at midday, for instance on
top of rock; and 3) partial: somewhere in between shaded and exposed.
At some sites, there was no variation (e.g., all of the highest oysters were
exposed); at other sites, low tides during our field survey occurred at
night and exposure could not be assessed. We examined the effect of
exposure on the highest Olympia oysters at the seven sites where there
were at least three oysters in each of two (out of the three) exposure
categories, and conducted a Kruskal-Wallis test to determine whether
elevation of the highest oyster differed by exposure category within each
site.

As time permitted, field teams at selected sites also surveyed the site
to determine whether Olympia oysters in very protected microhabitats
such as deep crevices or seeps were at higher elevations than those in
exposed areas. Field teams took the elevations of the highest Olympia
oysters found in such microhabitats.

2.3.2. Evidence of recent die-off

If recent die-offs caused by low tide exposure to heat occurred, one
would expect to find dead oysters above live oysters at a site. In addition
to searching for the highest live Olympia oysters, field teams also
searched for the highest dead Olympia oysters when time permitted. We
focused on recently dead individuals that were gaping (oysters still
cemented to the substrate by the bottom valve, with the top valve still
attached). As with live oysters, we identified individuals at least 1 m
apart within 100 m of shoreline, and measured elevations as described
above. We conducted a paired Wilcoxon test to compare the average
elevation of the highest live vs. recently dead Olympia oysters at the 17
sites that collected these data.

If the local populations experienced periodic die-offs of the highest
oysters due to heat waves, the highest oysters at a site should be smaller
than lower ones. At all except one site, we measured shell sizes (longest
dimension) for the highest Olympia oysters while collecting their ele-
vations. We used Kendall’s tau correlations to test for associations be-
tween Olympia oyster size and elevation at each site.

2.3.3. Substrate size

Large substrates heat up more slowly than small ones during low tide
exposure, so if high temperatures were setting the upper limit, the
highest oysters might be limited to the largest substrates at the site. We
measured the size (maximum linear dimension) of the substrate to
which the highest live Olympia oysters were attached. Unattached single
oysters were assigned an arbitrary substrate size of 1 cm and oysters on
bedrock were assigned a substrate size of 1000 cm. At 20 sites, we
conducted a Kendall test for Olympia oyster elevation vs. substrate size
within each site; six sites were not included because they had no or
virtually no variation in substrate size (all oysters on tiny gravel or all on
big bedrock) or because substrate size was not measured.
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2.4. Site characterizations to inform restoration planning

To characterize the sites more broadly, we estimated the population
size of live Olympia and Pacific oysters within the intertidal zone in the
100 m stretch of shoreline to the nearest order of magnitude. We used
local knowledge to determine whether there was a substantial subtidal
population of each oyster species at each site and whether it was likely to
be limited by substrate availability. We also conducted additional ele-
ments of site characterization that are summarized in Table S1, such as
determining substrate type and noting whether oyster drills (predatory
snails) were present.

3. Results
3.1. Characterizing intertidal distributions

3.1.1. Olympia oyster elevational patterns

The upper elevational limit of Olympia oysters varied greatly across
the 21 degrees of latitude represented by the study area, showing a
negative relationship with latitude (p < 0.001; Figs. 4 and 5A, Table S1;
Table S3). On average, the upper limit decreased by 2 % per degree of
latitude on our relative scale, which ranges from 0 (MLLW) to 1
(MHHW). The upper limit was lowest at the most northern site, Oyster
Bay in Fish Egg Inlet, British Columbia where the highest Olympia
oysters were at 0.035 on our relative scale. Thus, Olympia oysters at this
site barely occupy any of the vertical extent of the intertidal zone. In
contrast, one of the most southern sites, Molino Viejo in San Quintin
Bay, Baja California, had the highest elevation of Olympia oysters, 0.78
on our relative scale; here Olympia oysters occupied more than three-
quarters of the area between MLLW and MHHW. The slope of the
intertidal zone was not quantified but was more often steep at southern
than northern sites (Fig. 3). However, there was some within-region
variation in slope (Fig. 3 A vs. B or J vs. K), so slope differences do
not appear to account for regional patterns in Olympia oyster upper
limits.

The upper limit of Olympia oysters was higher than the elevation of
the densest oysters at the 12 sites that measured elevations of the densest
zone, and this difference was statistically significant (p < 0.001)
(Fig. S2). The difference in elevation of the upper limit and densest zone
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was much less pronounced in the north than the south (Table S1). The
maximum Olympia oyster density documented at a site varied from 35
to 1017 m?, with no clear geographic patterns (Table S1).

3.1.2. Pacific oyster and barnacle upper limits compared to Olympia oysters

The upper limit of Olympia oysters was lower than that of Pacific
oysters, which in turn was lower than that of barnacles, the highest
sessile invertebrates in the intertidal zone (Fig. 4, Table S1). The upper
limit of Pacific oysters was significantly higher than that of Olympia
oysters at the 11 sites where measurements were taken (p < 0.001,
paired Wilcoxon test; Fig. S3). Pacific oysters and barnacles showed
different patterns in their elevational limits across latitude compared to
Olympia oysters (interaction term in mixed model p = 0.003; pairwise
comparisons of coefficients p = 0.007 (Pacific oysters) and p = 0.019
(barnacles) Table S2, Table S4). While the upper limit of Olympia oys-
ters was negatively related to latitude, neither Pacific oyster nor bar-
nacle upper limits were significantly associated with latitude (Pacific
oyster: slope —0.2 % per degree of latitude, p = 0.595; barnacles: slope
—0.6 % per degree of latitude p = 0.075), Table S3).

3.2. Relationships among air temperature, latitude, and Olympia oyster
upper limits

Extreme high air temperatures did not predict variation in the upper
elevational limit of Olympia oysters. Models that included only ‘pro-
portion of temperatures above 30 °C’ metrics as predictors had the least
support of the 22 models we tested (AICc 8.4-9.8 higher than the top
model; Fig. 6A; Table S6). The model using the 90th percentile of air
temperatures was ranked 4th (slope 0.032, R? 0.27, AICc difference
1.97; Table S6) but had the reverse relationship as hypothesized, a
positive rather than negative association with Olympia oyster upper
elevational limits.

Contrary to our hypothesis, extreme low air temperatures best pre-
dicted variation among sites in the upper distribution limits of Olympia
oysters, with the upper Olympia oyster limit decreasing as frequency of
extreme low temperatures increased (Fig. 6B). This pattern held across
the different metrics of extreme low temperatures. There were no strong
differences among these models: 3 models had an AICc difference less
than 2 from the top model, and 13 more had AICc differences less than 6.
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The top model used a single predictor, proportion of temperatures below
5 °C at all tides (slope —1.173, R? 0.32, Table S6). The model using the
single predictor proportion of temperatures below 5 °C at low tides was
ranked 7th out of the 22 models (slope —0.979, R? 0.24, AICc difference
2.8; Table S6). Thus there was no support for our hypothesis that low
tide temperatures would predict oyster elevations better than all tem-
peratures (Fig. S4). Using the 10th percentile of air temperatures to
represent low temperatures yielded similar R? values to the proportion
of time temperatures were below 5 °C (Table S6).

Air temperatures varied across estuaries (Fig. 5B), with median air
temperatures increasing and extreme low temperatures decreasing with
decreasing latitude. Extreme high air temperatures did not show as clear
a latitudinal pattern, with high temperatures occurring even far north,
and with some Southern California, USA sites hotter than those in Baja
California, Mexico (Fig. 5B). The proportion of time that temperatures
were below 5 °C during all tides and proportion of time below 5 °C
during low tides correlated well (Spearman correlation coefficient 0.96;
Fig. §5), although the Salish Sea had relatively more cold extremes at
low tide than over all periods. For high temperature metrics, the cor-
relation between the proportion of time above 30 °C during all tides and
the proportion of time above 30 °C during low tides was only 0.05, likely
because extreme heat was uncommon (<1.5 % of the time in all cases;
Fig. S6). Seasonal timing of extreme temperatures during low tide varied
across latitudes; hottest low tide air temperatures occurred in June in the

north, but in Sept-Oct in the south, because the lowest tides occur at
midday in summer the north but not south (Fig. S7).

3.3. Within-site variation in upper elevational limits

We found no evidence of spatial patterns of exposure, dead vs. live
oysters, or substrate size consistent with extreme high temperatures
setting the elevational upper limit of Olympia oysters.

3.3.1. Sun exposure

There was no significant difference in elevation among oysters in
exposed, partially shaded or shaded sites (Fig. 7A), contrary to the
expectation of a strong difference if exposure to heat had caused mor-
tality near the upper limit; and sun exposure did not significantly affect
elevation of the highest live Olympia oysters at any of the seven sites
examined (Fig. S8). At no site were oysters found at higher elevations in
protected microhabitats (crevices, seeps) than elsewhere in the general
search area.

3.3.2. Evidence of recent die-off

The highest dead Olympia oysters were generally at a similar
elevation to the highest live oysters. There was no significant difference
(p = 0.59; paired Wilcoxon test) in the elevation of the highest live and
dead Olympia oysters at the 17 sites that measured both live and dead
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oysters (Fig. 7B). Overall there was no relationship between Olympia
oyster size and elevation for these oysters near the upper limit; none of
the 21 sites had a significant relationship (Fig. S9).

3.3.3. Substrate size

Overall, we found no positive relationship between substrate size
and Olympia oyster elevation for oysters near the upper limit. At 17 sites
there was no relationship; at 3 sites there was a significant (p < 0.05)
positive relationship (Fig. S10).

3.4. Site characterizations to inform restoration planning

3.4.1. Oyster site abundance

Abundance of Olympia oysters varied among sites with no conspic-
uous latitudinal trends (Table S1). Order of magnitude estimates of the
number of intertidal Olympia oysters within a 100-m stretch of intertidal
coastline centered on the study area showed that 77 % of sites had either
100s or 1000s of oysters present. Only 7 % of sites had over 10,000
oysters present, while 15 % of sites had only 10s of oysters present.
Abundance of Pacific oysters was generally lower, with 50 % of sites
having zero or 10s at the site.

3.4.2. Subtidal populations and substrate limitation

At all sites where low tide conditions permitted assessment, Olympia
oysters extended lower than MLLW. However, presence of a subtidal
Olympia oyster population was confirmed for only 35 % of sites. At 42 %
of sites subtidal populations were considered absent or rare and at 23 %
of sites, considered unknown (Table S1). At 69 % of sites, the local ex-
perts indicated that substrate limitation (lack of attachment substrates
large enough to prevent burial in mud) was likely a major factor limiting
subtidal oyster population sizes (Table S1).

4. Discussion
4.1. Geographic variation in elevational distribution and thermal stress

Latitudinal studies provide a powerful mechanism for examining
thermal effects on species distributions, using a space-for-time substi-
tution of low latitudes as a proxy for future warming at higher latitudes.
Our study focused on elevational distributions across latitudes, in
contrast to most latitudinal studies that focus on the horizontal com-
ponents of distributions. While some broad geographic surveys of
elevation have been conducted, for example of treelines in mountains



K. Wasson et al.

(Cogbill and White, 1991) and of rocky intertidal species on the open
coast (Kaplanis et al., 2024), most studies of elevational distributions are
local. For estuaries, marsh plant elevations have been characterized
across a large latitudinal range (Janousek et al., 2019), but the eleva-
tions of estuarine animals, including foundation species such as oysters,
have not been consistently measured across latitudes. We characterized
the elevational distribution of Olympia oysters, Pacific oysters, and
barnacles across 21 degrees of latitude, sampling in five states or
provinces in three countries. The latitudinal patterns and thermal re-
lationships we found differed by taxa, and the patterns we detected were
unexpected.

Our expectation was that high temperatures would limit high inter-
tidal distribution of oysters on the Pacific coast of North America,
leading to oysters found lower in the intertidal at lower latitudes. Evi-
dence for such patterns has been found for various other sessile marine
invertebrates. For example, an early coastal ecology study found an
infaunal clam (Gemma gemma) limited to the lower intertidal at lower
latitude than higher latitude on the Atlantic coast of North America and
attributed this to high summer temperatures (Green and Hobson, 1970).
Another early study on the same coast found that a barnacle (Semi-
balanus balanoides) had a lower intertidal distribution at lower latitudes
than higher latitudes, implicating thermal stress as the driver (Wethey,
1983). The upper limits of mussel distributions have also been linked to
thermal gradients, lower at lower latitudes and/or hotter regions
(Blanchette and Gaines, 2007; Sorte et al., 2018; Zardi et al., 2015).
Analysis of an extensive database of rocky intertidal data revealed that
various species of barnacles, mussels, and algae were found lower on the
shore at low latitudes along the Pacific coast of North America (Kusic
Heady, 2013).

Contrary to our expectations, the upper limit of Olympia oysters did
not decline with latitude or as a function of frequency of extreme high
temperatures. Indeed, some of the highest Olympia oysters were found
in Southern California and Baja California where temperatures were
highest. Furthermore, other indications of thermal stress setting the
upper limit were lacking. The highest Olympia oysters were just as likely
to be found in exposed areas on the top of rocks (or other substrates) as
they were in shaded areas. We did not find evidence of recent mortality
at the upper limit — dead oysters were not higher than live oysters — even
though major heat waves had occurred. Overall, Olympia oysters
appeared fairly tolerant of the highest air temperatures likely to be
commonly encountered. However, very high air temperatures can cause
mortality. For example, 39 °C was documented to result in 100 %
mortality of Olympia oysters in one study (Brown et al., 2004), though
another found much lower mortality (24 %) after exposure to 40 °C
(Bible et al., 2017). Temperatures above 40 °C are extremely rare on this
coast (Fig. 5B). A recent “heat dome” in 2021 in the Pacific Northwest
involved extremely high air and water temperatures that had a negative
impact on various intertidal species (Raymond et al., 2022), but there
was no evidence of a decline in density of Olympia oysters at Vancouver
Island sites surveyed before and after the heat dome (Herder and Bu-
reau, 2023).

High air temperatures also did not appear to set the upper limit of the
other two taxa examined in our study - the globally invasive Pacific
oyster and barnacles. Other taxa may be similarly insensitive to tem-
perature at their upper limits across a broad geographic range; the lethal
body temperature of the mussel Mytilus californianus was only predicted
to be exceeded at its vertical upper limit at two sites (neither near the
southern range limit) out of 15 outer coast sites considered from
southern California to northern Washington State (Mislan et al., 2014).
Like M. californianus, Pacific oysters are tolerant of high temperatures in
the intertidal and demonstrate phenotypic plasticity that allows survival
at higher intertidal heights (Dupoué et al., 2023). For individual bar-
nacle species, high temperatures have been documented as setting the
upper elevational limit which is generally lower at warmer sites (Harley,
2011; Harley and Helmuth, 2003; Wethey, 1983, 2002). In our study, we
did not identify barnacles to species, so it possible that species more
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sensitive to high temperatures (e.g., Balanus glandula) were replaced by
more tolerant species (e.g., Chthamalus spp.) in areas with the highest
temperature exposure. However, the barnacle line can be considered
analogous to the treeline on mountains — the upper elevational limit of
various foundation species — and it is interesting that this community
upper limit is fairly constant among latitudes, unlike many treelines.

To our surprise, we found that the upper limit of Olympia oysters
decreased with increasing latitude and our models identified negative
relationships between the upper elevational limit of Olympia oysters
and the frequency of extreme low temperatures. Cold temperatures thus
appear to be one important factor affecting the upper limit, though other
factors such as wave exposure (affecting desiccation stress) may also be
important and explain some of the observed variation within regions
with similar temperatures. Freezing events in the 1800s had negative
effects on commercial Olympia oyster farms in Willapa Bay (Blake and
Zu Ermgassen, 2015), and Olympia oysters transplanted to Connecticut
died during the cold winter there (Davis, 1955). However, these docu-
mentations of negative effects of freezing were limited to aquaculture
settings and did not examine elevational gradients. Our study provides
the first evidence of low temperatures setting the upper limit of Olympia
oysters.

Extreme low temperatures are well known to affect upper elevational
limits of montane species (Hansson et al., 2021; Holtmeier and Broll,
2020). But much less is known about the effects of cold on intertidal
organisms, even though exposure to extended low temperatures during
low tides increases from the low to high intertidal (Reid and Harley,
2021). Many coastal invertebrates are freeze-tolerant, including Pacific
oysters and some barnacles (Gill et al., 2024), consistent with our
findings of no latitudinal differences in the upper limits for these taxa.
There are few examples of the elevational limit of intertidal species
being set by low temperatures at high latitudes, as we found for Olympia
oysters. Graphical representations of upper limits of various rocky
intertidal species suggested that two barnacle and one algal species have
lower limits at high latitudes (Kusic Heady, 2013), which could be
related to freezing. There are other examples where cold has negatively
affected coastal species, but without specific examination of elevational
distributions. For example, mussels in Nova Scotia had high mortality
following a winter cold snap (Scrosati and Cameron, 2024). Thus, while
global warming is expected to reduce the range of some heat-sensitive
intertidal species, it may also expand the distribution of species whose
limits are set by freezing. Mangroves are an example of a group of
intertidal organisms whose distribution is set by the frequency of freeze
events and which are expanding to higher latitudes with warming
(Osland et al., 2017; Saintilan et al., 2014). Although there are various
studies documenting positive latitudinal and altitudinal shifts in
response to warming and the presumed alleviation of cold stress
(Parmesan and Yohe, 2003), our study uniquely predicts a potential
positive elevational shift in the intertidal zone where climate change is
much more commonly associated with higher stress and negative ele-
vational shifts (e.g., Harley, 2011). Understanding changes to eleva-
tional distributions is critical for organisms that occur along steep
elevational gradients such as in the intertidal zone.

For intertidal organisms, exposure to extreme hot or cold air tem-
peratures occurs during low tide, and the most extreme conditions occur
in places where the lowest tides in summer occur near midday and the
lowest tides in winter occur in the middle of the night. Therefore, while
temperatures generally show latitudinal gradients, geographic variation
in the timing of tides also affects thermal exposure and upper limits of
intertidal organisms (Harley, 2011; Helmuth et al., 2002). We had ex-
pected to find a stronger relationship between the upper limits of
Olympia oysters with extreme air temperatures during local low tide
exposure compared to all time periods, but that was not the case. We
suspect that the much lower intertidal distribution of Olympia oysters at
high vs. low latitudes is set largely by pre-settlement processes and that
local adaptation allows larvae to use settlement cues to settle in ther-
mally safe elevational zones that differ regionally. This idea is consistent
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with a study from California that found that Olympia and Pacific oyster
larvae settled differentially to lower vs. higher elevations (Perog et al.,
2023), rather than this pattern being caused by post-settlement mor-
tality. Such pre-settlement factors determining elevational limits have
been documented for other oyster species (Wang et al., 2020) and are
consistent with our finding of a stronger correlation between the upper
elevational limit and all extreme temperatures compared to only the
low-tide extremes. Using all extreme temperatures rather than only
those from low tide exposure may have better characterized site con-
ditions to which the oysters were locally adapted.

4.2. Conservation and restoration implications for Olympia oysters

This investigation was led by the Native Olympia Oyster Collabora-
tive specifically in order to obtain critical information to support re-
covery of the species across its range. Efforts are underway along the
Pacific coast to enhance and restore local populations of Olympia oysters
(Ridlon et al., 2021), and this study further highlights the widespread
need for recovery — only 8 % of the studied sites had >10,000 oysters in a
100 m stretch of shoreline, which is the bare minimum for a functioning
oyster bed of ecological significance — high oyster densities are critical
for ecological function (Kimbro and Grosholz, 2006). Conservation
planners and restoration practitioners need to know the appropriate
intertidal elevations for placing suitable substrata or hatchery-raised
juveniles. Our findings make it clear that local elevational limits differ
geographically, across latitudes, and even within estuaries. Olympia
oysters occur, and restoration should focus, much lower in the intertidal
zone in the northern part of this species range. This result might suggest
that northern sites have more limited potential restoration habitat than
southern sites. However, slopes were often steeper at southern sites than
northern sites. While potential restoration sites in the north are limited
to a much narrower vertical band, this area often stretches extensively
horizontally (Fig. 3).

PRESENT

NORTH

SOUTH
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We found the globally invasive Pacific oyster significantly higher in
the intertidal zone than the native Olympia oyster. This result has im-
plications for shoreline protection services offered by the two species,
and for placement of restoration substrata targeted at enhancing one but
not the other species. Our results support earlier recommendations that
at sites where both Olympia and Pacific oysters co-occur, restoration of
Olympia oysters is best conducted in the very low intertidal zone to
decrease settlement of and competition from Pacific oysters (Fuentes
et al., 2020; Tronske et al., 2018).

Understanding the lower limits of coastal species is also important
for climate adaptation planning. While our main focus was on the upper
limit, we also attempted to obtain information on the lower elevational
limits of Olympia oysters. Most team members indicated lack of data
about subtidal populations at the 26 sites surveyed, and for most sites,
they suspected that subtidal populations were absent or at very low
abundance due to lack of available attachment substrates sufficiently
large to prevent burial in mud. Almost all Olympia oyster restoration has
occurred intertidally (Ridlon et al., 2021), primarily for logistical rea-
sons, but the above expert assessments suggest that testing subtidal
restoration strategies involving substrate addition might prove fruitful.

Overall, our results suggest that Olympia oysters are likely to be
fairly resilient to global warming. They should benefit from decreased
freezing in the north with climate warming, which should increase the
vertical extent of intertidal habitat available to them and thus their
elevational distribution (Fig. 8). Using latitude as a proxy for warming
suggests resilience to warming — even in the southern part of the range
where high air temperatures are common, Olympia oysters extend high
into the intertidal, and they are equally high in sunny as in shady spots.
While this study focused exclusively on air temperatures, other studies
have found that Olympia oysters appear to benefit from warming water
temperatures, growing faster and surviving well at water temperatures
consistent with predicted future warming (Cheng et al., 2015). Warming
waters should also favor reproduction, since cold summer water

FUTURE

Fig. 8. Differences in intertidal distribution of Olympia oysters in the present and future, at northern vs. southern end of their latitudinal distribution. Present
distribution is based on current conditions detected by this study, future conditions are projections incorporating sea level rise and global warming. PRESENT:
current Olympia oyster distribution is limited to the very lowest part of the intertidal zone in the north, but slope is often gentle; distribution extends midway through
the intertidal zone in the south, but slope is often steeper. FUTURE: Olympia oysters have migrated landward, tracking rising seas in both north and south; due to
decrease in cold stress, oysters occupy much more of the intertidal zone in the north compared to present distribution (drawing by Kathryn Beheshti).
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temperatures were a top predictor of estuary-wide reproductive failure
(Wasson et al., 2016) and unusually warm years have been shown to
increase the reproductive period (Chang et al., 2018).

Besides tolerating or even benefiting from some warming, Olympia
oysters also appear to be quite resilient to other aspects of climate
change. Rising sea level can provide a benefit in some areas, as hard
substrates can be a limiting factor at some sites where Olympias occur
and there are often more human-placed hard substrates (e.g., rip rap)
higher up in the intertidal zone. Since we found that Olympia oysters are
larger and denser lower in the intertidal than higher, sea level rise
should pose no immediate threat. Olympia oysters also are less vulner-
able than Pacific oysters to acidification, another potential threat related
to global climate change (Hollarsmith et al., 2020; Lawlor and Arellano,
2020; Waldbusser et al., 2016). There will likely be some negative im-
pacts to Olympia oysters from climate change, such as increasing hyp-
oxia and low salinity events during storms, to which they are sensitive
(Cheng et al., 2015, 2016). In addition, Olympia oysters could become
increasingly susceptible to negative interactions with introduced species
from warmer climates, such as competition with the Pacific oyster or
predation by oyster drills. But on balance, it seems Oylmpia oysters may
actually be winners in the face of climate change (at least initially),
expanding their elevational distribution as water and air temperatures
increase and seas rise. Despite having suffered such devastating losses in
distribution and abundance due to anthropogenic activities including
overharvesting, diking, sedimentation, and eutrophication (Baker,
1995; Kornbluth et al., 2022; Pritchard et al., 2015) — there is hope for
Olympia oysters for the future. Our study suggests that activities to
enhance Olympia oysters should be resilient to climate change, and
re-establishing populations through conservation aquaculture or by
placing substrata at suitable elevations is a solid investment in the near
and long term recovery of this species.

4.3. Conclusions

Our study provides a powerful example of the use of space-for-time
substitution to predict climate change impacts on a foundation spe-
cies. The focus on elevational distributions across latitudes is rare and
can serve as a model for studies of other species occurring along steep
elevational gradients. The results of this study suggest that climate
change resilience will vary among co-occurring species in Pacific estu-
aries. We found that two oyster species showed different latitudinal
patterns in their upper limits in the intertidal zone. Further investigation
is needed to characterize elevational distributions across latitudes for
other taxa of conservation concern. In estuaries, much more is known
about the elevational distribution of marsh plants than of invertebrates.
Opyster restoration is a major focus in many estuaries, and studies of their
elevational distribution across latitudes can inform restoration planning
for other oyster species globally.

Anthropogenically caused warming has already been documented in
many ecosystems and further shifts are predicted into the future.
Consequently, it is expected that increased heat will have negative im-
pacts on species of conservation concern, many of which are already
challenged by multiple human stressors and may have little resilience to
additional stress. Air temperature is likely one of the climate change
induced factors of particular importance to intertidal marine organisms.
A reasonable assumption for latitudinal studies of sessile intertidal or-
ganisms is that high air temperatures at low latitudes are already
functioning as stressors, and that this stress response provides a pre-
diction of increased heat stress in the future at higher latitudes. Our
study is a good reminder of the importance of testing such assumptions.

We developed a series of hypotheses based on the assumption that
extreme high air temperatures set the upper elevational limit of oysters,
as they do for other sessile intertidal animals. However, that assumption
was wrong, and not a single one of our heat-related hypotheses was
supported. We found just the opposite latitudinal pattern — Olympia
oysters extended higher and occupied much more of the intertidal zone
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at lower latitudes. We found no statistical relationship of variation in the
upper limit with extreme high temperatures, no evidence for recent die-
offs related to documented heat waves, and oysters at the highest
elevation at a site were as likely to be in sunny microhabitats as in shady
microhabitats. Not only do Olympia oysters appear resilient to warming,
our study suggests they may benefit from it at least initially, expanding
their currently very compressed intertidal distribution in the north
(Fig. 8). Climate change will have winners and losers — though likely
fewer winners than losers — and careful investigations are required to
predict how individual species will fare. Latitudinal studies across
elevation gradients will help inform restoration planning in a changing
world, so investments can be made in the right places to be resilient
today and tomorrow.
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