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Abstract

Climate change has driven shifts in species distributions along latitudinal and elevational gradients, and such shifts are likely
to continue as warming accelerates. However, little is known about the response of strongly interacting species, including
whether multiple, interacting species are likely to shift concordantly or whether climate change will promote community
disassembly. In rocky shore ecosystems, mussels are dominant foundation species that provide habitat and increase diversity
of associated species. The New Zealand mussel guild is uniquely diverse as four species can be found within 1 m? of shoreline.
We integrated comparative ecophysiology and population ecology to evaluate whether air temperature sets elevational range
limits and to quantify mussels’ warming tolerances. Air temperature appears to set upper intertidal limits across mid-intertidal
species, based on findings that (1) lethal thermal limits coincided with temperatures experienced at upper tide-height limits,
(2) species with higher thermal tolerances occurred higher on shore, and (3) lethal tolerances were highest at our warmest
site. Based on predicted body temperatures in year 2100, mid-elevation habitat-forming mussels are likely to experience an
increase in the frequency of thermal events causing 50% mortality at their upper elevation limit. Such events are predicted
to occur 3.0—4.4 times more frequently in 2100 than present at a warmer site and to increase from 0 to 0.4/0.1 days per year
for Perna/Aulacomya, but not Mytilus, at a cooler site. These results indicate that the mussel species’ ranges are all likely to
contract at warmer sites in the future, decreasing habitat for associated organisms.

Introduction depth (Perry et al. 2005), and elevation (Chen et al. 2011)

gradients. Physiological tolerances are highly variable both

Recent climate warming is associated with shifts in spe-
cies distributions along latitude (Parmesan and Yohe 2003;
Sorte et al. 2010; Chen et al. 2011; Wernberg et al. 2011),
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within and among species (Stillman 2003; Stillman and
Somero 2000; Sorte et al. 2011), and populations living at
or near their thermal limits could be most prone to distri-
butional shifts (Helmuth et al. 2006; Somero 2012; Sunday
et al. 2012) and local extinction (Calosi et al. 2008; Berg
et al. 2010). Range shifts could have severe consequences
for adaptive potential, community structure and ecosys-
tem functioning, particularly when they occur for strongly
interacting “leverage species”—such as foundation spe-
cies—which have extensive influences on local biodiver-
sity (Borrvall et al. 2000; Schiel et al. 2004; Harley et al.
2006). Furthermore, recent observations have shown that
species often shift at disparate rates, leading to potential
disassembly (“mismatch”) of trophic webs and overall com-
munities (Chivers et al. 2017). Given projections that global
surface temperatures will increase by 2.6—4.8 °C during the
twenty-first century (Rogelj et al. 2012), understanding the
species-specific thermal ecophysiology of multiple founda-
tion species is essential for predicting their vulnerability to
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warming and preserving vital ecosystem services. The goal
of our study was to link air temperatures, thermal tolerance
limits, and distribution patterns across a guild of foundation
species and use this mechanistic understanding to project
distributional shifts under climate-warming scenarios.

Temperature often limits the latitudinal and elevational
ranges of marine and terrestrial species (Cahill et al. 2014)
because both non-lethal and lethal responses to warming
influence demographic parameters (Somero 2002; Williams
et al. 2007). However, population sizes—and, thus, range
boundaries—can also be set by other abiotic factors (e.g.,
precipitation, nutrients and salinity), species interactions,
and community composition (Keith et al. 2008; Sexton et al.
2009). To project range shifts under climate warming, we
first need to determine the degree to which temperature sets
distributional limits and estimate “warming tolerance”, or
the difference between a species’ physiological tolerance
limit and habitat temperature (Deutsch et al. 2008). Recent
work has demonstrated that warming tolerances can differ
greatly between species (e.g., Deutsch et al. 2008; Vinagre
et al. 2016) and across available habitats (e.g., Miller et al.
2009; Faulkner et al. 2014; Mislan et al. 2014). However,
few studies have considered warming tolerances among
interacting species to anticipate shifts in community com-
position in response to rising global temperatures (Gilman
et al. 2010).

In rocky intertidal ecosystems—where organisms living
between the low- and high-tide water lines experience daily
exposure to both marine and terrestrial conditions—maximum
temperatures experienced during aerial emersion often set
species’ upper intertidal range limits (Kennedy 1976; Menge
1976; Harley and Helmuth 2003; Stickle et al. 2016; 2017).
At the same time, biological interactions (e.g., predation and
competition) have been shown to drive lower limits (Connell
1961; Menge and Sutherland 1976; but see e.g., Seabra et al.
2016; Lourencgo et al. 2016). These effects of abiotic and
biotic factors on species’ distributions create well-defined
zonation patterns, with mussel species dominating the mid
zone of intertidal systems (Menge 1976; Menge and Branch
2001). Mussels act as foundation species, increasing the bio-
diversity of associated species by providing a refuge from
abiotic and biotic stressors (Suchanek 1992; Gutiérrez et al.
2003; Borthagaray and Carranza 2007, Jurgens and Gaylord
2018). Given their role in promoting community diversity, it
is particularly important to understand how climate change
might affect the intertidal mussel guild.

We investigated the underlying mechanisms and conse-
quences of climate change responses—specifically, increase
in air temperature—for a mussel guild in the rocky shore
community of New Zealand. Four mussel species co-occur
in the intertidal zone of New Zealand’s South Island: the
green-lipped mussel Perna canaliculus, blue mussel Mytilus
galloprovincialis, ribbed mussel Aulacomya maoriana, and
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little black mussel Xenostrobus pulex (hereafter, referred
to by genus) (Fig. 1). Most temperate rocky shorelines
are inhabited by an average of two mussel species per site
(Blanchette et al. 2008; Broitman et al. 2001; Branch and
Steffani 2004; Sorte et al. 2017). The high mussel diversity
in New Zealand is unique and makes this system ideal for
conducting ecophysiological comparisons between species.
Furthermore, the mussel guild in our study region of the
South Island is composed of only native species, based on
recent molecular evidence that the dominant local Mytilus is
the native Southern Hemisphere lineage of Mytilus gallopro-
vincialis (Westfall and Gardner 2010; Gardner et al. 2016).

Although there are relatively few published papers on
New Zealand mussels, previous studies in this system sug-
gest that thermal physiology is important in biogeographic
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Fig.1 Field sites and mussel species on the South Island of New
Zealand. Primary sites (in bold face) were Nile River (NR) and Box
Thumb (BT) with additional distribution surveys conducted at Nine
Mile Beach (NM) and Blue Duck (BD). Note that mussels are not
shown on the same scale and vary in maximum size from the larg-
est species on left to smallest on right (see Online Resource 2 for
representative mussel sizes). Photo credits: Cascade Sorte, Matthew
Bracken, and Piper Wallingford
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structuring and, by extension, that this guild may expe-
rience alterations under climate change (Kennedy 1976;
Menge et al. 2007; Petes et al. 2007). Across the intertidal
gradient, Mytilus and Perna tend to dominate mid- and
low intertidal zones, respectively (Kennedy 1976; Menge
et al. 2007), with Aulacomya typically residing within the
mussel bed matrix and Xenostrobus occurring high on the
shore. These distribution patterns may reflect physiologi-
cal differences: Kennedy (1976) found that Mytilus toler-
ated higher water temperatures than Perna and Aulacomya,
and Petes et al. (2007) reported higher survival of Mytilus
than Perna following an intertidal heat wave. However,
there have been no comparisons of lethal air temperature
tolerances where all species are subject to the same experi-
mental conditions, allowing for parallel comparisons and
future projections.

We combined data on species distributions, thermal
exposures, and thermal tolerance limits (e.g., Miller et al.
2009; Mislan et al. 2014) to predict how climate warming
is likely to affect New Zealand’s mussel guild and inter-
tidal community (Fig. 2). Our specific questions were: (1)
Are species’ intertidal distribution patterns related to ther-
mal tolerance limits? (2) What are the warming tolerances
of New Zealand mussel species? (3) How are distribution
patterns likely to shift under future climate warming? (4)
Are range shift projections similar or different across mul-
tiple species in the foundational guild?
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Fig.2 Conceptual diagram of a performance as a function of temper-
ature and b intertidal distributions under present and future tempera-
tures. As temperature exceeds tolerance limits, increases in mortality
at upper elevation limits would likely lead to downward range con-
tractions. Such shifts could result in changes in community structure
and diversity, especially when they occur for foundation species such
as the mussels depicted here

Materials and methods
Approach and study locations

We evaluated potential impacts of climate warming on the
New Zealand mussel guild using an integrative, ecophysi-
ological approach. Our predictions relied on three data
sets: (1) mussel abundance and upper tide-height distri-
bution limits determined by field surveys, (2) lethal aerial
temperature limits based on lab assays, and (3) mussel
body temperatures predicted by a biophysical model.

Study locations were rocky shorelines with moder-
ate—high wave exposure (Menge et al. 1999). Mussel dis-
tribution limit, abundance (cover), thermal environment,
and tolerance data were collected at two primary sites
on New Zealand’s South Island: Nile River (NR; south-
west of Westport; 41.90°S, 171.44°E) on the west coast
and Box Thumb (BT; located at Godley Head/Taylor’s
Mistake on the Banks Peninsula; 43.58°S, 172.78°E) on
the east coast (Fig. 1). We also quantified mussel cover
(described below) at two additional sites: Nine Mile
Beach (NM; 42.34°S, 171.26°E) on the west coast and
Blue Duck (BD; 42.28°S, 173.75°E) on the east coast.
Climatic conditions vary between sites, with cloud cover
and precipitation higher on the west coast than east coast
(Walter et al. 1975), while wave forces are comparable
between coasts (Menge et al. 1999). Thermal conditions
can also be strongly influenced by the timing of the low
tides (Helmuth et al. 2002), and Box Thumb experiences
more midday low tides than Nile River: during the sum-
mer months of 2016 (Jan, Feb and Dec), 27% and 21% of
extreme low tides occurred between the hours of 10:00 and
16:00 for our ‘warmer’ (Box Thumb) and ‘cooler’ (Nile
River) site, respectively (tidal data for Lyttleton and West-
port, New Zealand; available at http://tbone.biol.sc.edu/
tide/). Further details of site characteristics are available
in previous studies (e.g., Vincent et al. 1991; Menge et al.
1999; Rilov and Schiel 2006; Petes et al. 2007; Callander
2012; Bracken et al. 2012; Schiel et al. 2016).

Mussel distributions

We quantified the relative abundance of each mussel spe-
cies across tide heights in austral summer 2015. Percent
cover was visually estimated in Y4 X % m quadrats (which
is more effective than point-contact approaches at enu-
merating rare species; Dethier et al. 1993) at 0.5-m verti-
cal intervals (using a stadia rod and sight level) in tide
height. We surveyed the shoreline from 1.0 m above low-
est astronomical tide (based on predictions by http://tbone
.biol.sc.edu/tide/) to the upper edge of the mussel zone
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(as in Sorte et al. 2017). The location of quadrats (N=23)
assessed at each tide height was established by first lay-
ing a 30-m transect tape parallel (horizontal) to the water
line in an area of contiguous mussel bed. Three vertical
transects were then laid perpendicular to the horizontal
transect at locations determined using random numbers
generated in MS Excel. We also provide percent cover
data collected similarly in 2003 as context for the tempo-
ral stability of distributions patterns (Online Resource 1).
To assess each species’ elevational range limit, we meas-
ured the maximum tide height for each mussel species at
the NR and BT sites in austral summer 2017. Five vertical
transects were established at 5-m intervals (between 5 and
25 m) along a 30-m horizontal transect. Along each vertical
transect, we identified the highest individual of each mus-
sel species that fell within 5 cm of the transect tape, and we
used a stadia rod and sight level to survey this maximum tide
height in meters in reference to the water level at the time
of surveying (tidal data for Christchurch and Westport, New
Zealand; available at http://tbone.biol.sc.edu/tide/).

Lethal aerial temperature limits

We estimated thermal limits for Mytilus, Aulacomya,
and Perna as the temperature lethal to 50% of individu-
als (LT50) following a 6-h emersed thermal exposure and
18-h immersed recovery period at 17 °C (chosen to rep-
resent ambient ocean temperature in the month of March
based on 2015 and 2016 satellite data available at http://
www.niwa.co.nz). In March 2017, following summer spawn-
ing (Buchanan 2001; Petes et al. 2007), mussels were col-
lected haphazardly from the NR and BT sites at the upper
vertical limit of each species’ tide-height distributions (as
these individuals should demonstrate maximum thermal
tolerance due to selection and environmental filtering) and
were transported in a cooler (~ 1 h) to the laboratory. To
characterize the current maximum thermal tolerance limits
of the population, we collected individuals from the upper
limits and assessed tolerance immediately upon return from
the field (to avoid any tolerance changes during laboratory
acclimation), using survival in ambient temperature controls
as our indicator of any handling stress. Thermal tolerance
assays were conducted in air in 50-ml centrifuge tubes with
holes in the caps to allow for airflow (oxygen consumption
rates reported by Marsden and Weatherhead 1998 indicate
that anoxia would be unlikely even in closed chambers). A
seawater-soaked, 4 cm? chamois was added to each tube to
prevent desiccation. Three individuals (N=3; 1 individual
per tube) of average size for each mussel species (Online
Resource 2) were randomly assigned to four aerial tem-
perature treatments that we expected to span the tolerance
thresholds of these species based on previous studies (e.g.,
Kennedy 1976). All species were assayed at air temperatures
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of 17 °C (ambient control), 30 °C, 33.5 °C, and 37 °C except
that Mytilus was not assayed at 30 °C for the NR popula-
tion, but was also tested at 39 °C (BT only) and 41 °C (NR
and BT) based on initial observations of low mortality at
37 °C. For all treatments, temperature in the chambers was
increased (using heated water baths) from ambient at a rate
of 1 °C every 4-5 min (similar to rapid warming events of,
e.g., 11 °C in 30 min, at our NR field site in 2015; C. Sorte
unpubl. data) until the treatment temperature was reached.
Experimental temperatures were maintained using an elec-
tric cooler (control) and heated water baths (treatments) and
were recorded every 10 min. After a total thermal exposure
of 6 h (including the temperature ramp), mussels entered
an 18-h recovery period in aerated, ambient temperature
(17 °C) seawater. This assay was designed to simulate heat
stress during a~ 6-h low-tide exposure followed by an 18-h
recovery prior to the next daytime low tide (Heath 1985).
Survival was assessed after the recovery period via inspec-
tion for movement or responsiveness to probing, and mussel
size was determined using calipers.

For Mytilus, Aulacomya, and Perna, we calculated LT50
for each species X site combination (i.e., 12—15 total rep-
licates) using individual generalized linear models with
binomial error distributions, with mussel survival modeled
as a function of aerial temperature. Xenostrobus LT50 val-
ues were not calculated because low survival in the controls
suggested either handling stress, difficulty in confirming
initial-or assessing final-survival due to mussel size, or a
negative response to submerged recovery for this high zone
mussel. Models were run using R statistical software v. 3.2.2
(R Core Team 2015). Raw data for all four species are pro-
vided in Online Resource 2.

Temperatures

We estimated temperatures from the recent past (1997-2009)
and projected future (2100) using a biophysical model of
mussel body temperature developed by Wethey et al. (2011).
This biophysical model predicts temperatures within the
mussel bed as a layer (on top of impermeable rock) in a
meteorological land surface model (Chen and Dudhia 2001;
Ek et al. 2003) which includes tidal (Egbert and Erofeeva
2002) and wave data (US Army Corps of Engineers 2002;
Tolman 2009). This model has been extensively validated,
performing as well or better than similar models in predict-
ing temperatures measured by mussel biomimetic sensors
over 4 years and across sites spanning 1700 km along the
U.S. West Coast (Wethey et al. 2011). Across all six of the
sites included in the study by Wethey et al. (2011), the model
under-predicted temperatures measured by biomimics, by
an average of 1.8 °C. This model has since been applied to
predict climate change vulnerability of the California mus-
sel Mytilus californianus at its upper elevational range limit
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across the U.S. west coast (Mislan and Wethey 2011; Mis-
lan et al. 2014). It is possible to use the biophysical model
for this study of New Zealand mussels because the physical
properties of mussel beds on the U.S. West Coast and New
Zealand coast are similar. The longwave emissivity would
be the same because the mussel beds are similar in color,
and both NZ and U.S. mussel beds are on rocky intertidal
benches so the soil type (rock) and tidal inundation are the
same (Wethey et al. 2011). CFSR (Climate Forecast System
Reanalysis), which we used as input data in this study, was
one of the types of input weather data verified in Mislan
and Wethey (2011) for the U.S. west coast. The three U.S.
west coast field sites evaluated by Mislan and Wethey (2011)
had different errors, ranging from 1.9 to 3.4 °C. The errors
for the New Zealand mussel beds would be expected to fall
within this range, given similarity in morphological charac-
teristics (color, size structure, and form of aggregation) of
mussel beds between the two locations (Fig. 1; Smith et al.
2006a; Mislan and Wethey 2011).

We used this model to calculate the temperature in the
middle of a 5-cm-deep mussel bed across tide heights
(0.5-2.5 m at 0.1-m intervals) during 30-min time inter-
vals at both sites for the years 1997-2009 (‘historical’). The
model uses weather data as input to the equations, which
simulate the physics of how atmospheric conditions influ-
ence the temperature of mussels in a mussel bed. Input data
for the model included downwelling short-wave and long-
wave radiation, atmospheric pressure at the earth’s surface,
air temperature and relative humidity at 2 m above the sur-
face, wind speed at 10-m elevation, and precipitation rate
from the NOAA Climate Forecast System Reanalysis (Saha
et al. 2006, 2010). Sea surface temperature was from the
Naval Research Laboratory Modular Ocean Data Assimila-
tion (MODAS) (Barron and Kara 2006). Tides were pre-
dicted using the Oregon State University Tidal Inversion
Software (OTIS) in conjunction with the Oregon State Uni-
versity Tidal Prediction Software (Egbert et al. 1994; Egbert
and Erofeeva 2002). Wave height and wave period data from
global versions of NOAA Wavewatch III models (Tolman
1998, 2007) were used to calculate wave run-up using equa-
tions from the U.S. Army Corps of Engineers Coastal Engi-
neering Manual (Smith 2003).

New Zealand mean air temperature at 2 m above sea level
is projected to increase by 3 °C by the year 2100 under the
RCP 8.5 climate scenario. Projections for New Zealand were
calculated using results from five earth system models in the
Coupled Model Intercomparison Project Phase 5 (CMIPS)
archive (Online Resource 3; Collins et al. 2011; Jones et al.
2011; Dunne et al. 2012, 2013; Taylor et al. 2012; Dufresne
et al. 2013; Giorgetta et al. 2013; Ilyina et al. 2013). We
projected future mussel temperatures by adding 3 °C to the
air temperatures from years 1997 to 2009 in the input data
for the mussel model. This approach is conservative in that it

does not include predicted increases in temperature variance
(e.g., Meehl and Tebaldi 2004).

Statistical analyses

We addressed our specific questions by examining the rela-
tionships between tide-height distributions, lethal tempera-
ture limits, and mussel body temperatures across species
and study sites. We used a two-way ANOVA to assess dif-
ferences in vertical abundance distributions across mussel
species and sites, and a mixed-effects model (with site as a
random effect) to test the relationship between upper tide-
height limit and LT50 (using the Ime4 package; Bates et al.
2015), both in R (R Core Team 2015). To account for varia-
tion in tidal amplitude, which we expect leads to differences
in absolute upper limits between sites, hourly tidal predic-
tions (available at http://tbone.biol.sc.edu/tide/) from 2016
were used to convert upper tide-height limits into emer-
sion time (predicted percent of time above the waterline).
Normality and homoscedasticity were visually assessed for
all models using quantile—quantile plots and box plots of
residuals. Emersion time was log-transformed to meet model
assumptions. We analyzed differences between mussel verti-
cal distributions using a Tukey post hoc test.

To assess climate change vulnerability of each mus-
sel species, we integrated the lethal tolerance (LT50) and
temperature data (1997-2009 and 2100 projections). We
predicted the average frequency (days per year) that LT50s
are exceeded (both based on a 6-h period) from 12 years of
extrapolated temperature data across tide heights, species,
and sites.

Results

Within the New Zealand mussel guild, species inhabited dif-
ferent zones from the water line to upper edge of the inter-
tidal habitat, which were characteristic and largely consistent
across four field sites. At most sites, the dominant species (in
terms of space occupancy) switched from Perna to Mytilus
to Xenostrobus, with Aulacomya present at low abundance
up to the mid-intertidal zone (Fig. 3; although Perna were
never dominant at Blue Duck). These patterns of differential
species dominance across tidal elevations were also appar-
ent in surveys conducted in early summer 2003 (Online
Resource 1).

Maximum tide height differed across species
(F33,=40.04, P<0.001) and sites (F; 3,=23.57, P<0.001),
with a significant interaction between species and site
(F33,=3.19, P=0.037) driven by site differences in Xenos-
trobus distribution (Fig. 4, Online Resource 2). Maximum
tide height did not differ between the two low intertidal
species (Tukey P=0.99), which extended at NR/BT up to
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Fig.3 Abundance of mussel species across tidal elevations (m above
lowest astronomical tide) at four rocky intertidal sites in New Zea-
land, including our primary sites a Nile River and b Box Thumb as
well as abundance-only sites ¢ Nine Mile Beach and d Blue Duck.

1.3/1.5 m (Perna) and 1.5/1.3 m (Aulacomya). However,
Mpytilus extended to 1.9 m at both sites, higher than these
low intertidal species (Tukey P <0.002), and Xenostro-
bus extended significantly higher than Mytilus (Tukey
P<0.001), to 3.9 m at NR and 2.4 m at BT (Online Resource
2). Mussels extended higher into the intertidal at NR than
BT, the cooler and warmer site, respectively (Table 1,
Figs. 3, 4).

Distribution patterns were related to thermal toler-
ances. Higher maximum tide heights were associated with
species—site pairs with higher LT50 values (F) ;=19.49,
P <0.001, marginal R?=0.37; Fig. 4). Calculated LT50 val-
ues for NR and BT populations were, respectively, 31.8 and
33.3 °C for Perna, 31.8 and 33.1 °C for Aulacomya, and 35.2
and 37.9 °C for Mytilus (Online Resource 4).

The predicted frequency with which LT50s were
exceeded was remarkably similar between species but dif-
fered greatly between sites. At Box Thumb, the LT50 was
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Values are percent cover (=1 SE) based on estimates within N=3
quadrats (0.0625 m?) surveyed in March 2015. Note that the depend-
ent variable (abundance) is on the x axis to illustrate the vertical ori-
entation of the independent variable (tide height)

exceeded by an average of 0.69, 1.46, and 1.38 days annually
during the years 1997-2009 at the maximum tide height
of Aulacomya, Perna, and Mytilus, respectively (Table 1).
At the end of the century, our model predicted that LT50
temperatures would be exceeded 3—4.4 times more often at
these species’ current maximum tide heights (Table 1). At
Nile River, our model predicted 0 days with thermal stress
exceeding the LT50 of any of these three species at their
current maximum tide height, with increases to 1-2 days
by the year 2100 only at tide heights beyond these species’
present distributions.

Discussion

We provide evidence that temperature is an important driver
of distribution limits for species within the New Zealand
mussel guild, suggesting that shifts in distributions are likely
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Fig.4 Maximum tide height increases with LT50 (P<0.001,
log(y)~0.09x+1.01) across species (Perna=triangle, Aulaco-
mya=square, Mytilus=circle) and sites (NR=grey, BT =black).
Upper tide height limit values were surveyed on N=5 transects and
are presented as the mean percent of time emersed (+SE). LT50 val-
ues are the temperature lethal to 50% of individuals (Online Resource
4). Dashed lines indicate the 95% confidence interval of the model fit.
Site was included as a random effect in the model, and emersion time
was log-transformed for analysis and back-transformed for this figure

to occur under climate warming. Specifically, we found that
(1) across species and sites, lethal thermal limits were related
to air temperatures experienced at upper tide-height limits,
(2) species with higher thermal tolerances occurred higher
on the shore, and (3) lethal tolerance limits were higher at
the warmer site. These findings are consistent with the few
previous studies of these species’ thermal biology (Ken-
nedy 1976; Petes et al. 2007; Callander 2012; Dunphy et al.
2015). Prior experimental studies, however, report tolerance
limits from assays where mussels were submerged during
thermal exposure (Kennedy 1976; Dunphy et al. 2015), and
physiological responses differ between organisms exposed
in water versus air (e.g., Jones et al. 2009; Yamane and Gil-
man 2009; Seabra et al. 2016). At our field sites, maximum
temperatures are encountered during low tide when mus-
sels are exposed to air. Although temperature stress is often
thought to limit upper extents of rocky intertidal species
(Menge and Branch 2001), this is not always the case. For
example, Mislan et al. (2014) found that lethal temperature
and upper elevation limits of the North American species
Mpytilus californianus coincided at only 2 of 15 sites along
the U.S. West Coast, suggesting that upper limits are set by
factors other than temperature at the remaining sites. Water
temperature can limit species distributions in the intertidal,
as shown by Seabra et al. (2016) for an Eastern Atlantic
limpet. The primary importance of air temperature for set-
ting the upper limit of New Zealand’s intertidal mussels
is supported by our findings of a significant relationship

between tolerance and aerial temperatures. Demonstrating
an association between temperature and vertical range limits
strengthens our assertions of projected distributional shifts
under climate warming (Helmuth et al. 2006).

Based on measured lethal thermal limits and projected
future temperatures under climate change, Perna, Aula-
comya and Mytilus are all likely to experience vertical
range contractions by the year 2100 at the Box Thumb
site. To maintain an equivalent thermal environment over
the next century, these three species would need to shift
0.2-0.4 m lower in the intertidal zone at this and similar
sites. However, any shifts at Nile River or other colder
sites are predicted to be of lower magnitude because body
temperatures in the mussel bed at this site were predicted
to elicit less than 50% mortality through the year 2100. It
is important to note that the biophysical model simulates
mussel bed layers and not individual mussels. Therefore,
differences in the physical size and shape of Perna, Aula-
comya and Mytilus as individuals are not accounted for by
the model. The future projections of mussel temperatures
made using the biophysical model are most relevant for
mussels in a bed (which describes the current landscape
at these sites; Fig. 1; C. Sorte pers. obs.) rather than indi-
viduals of specific species. We also note that the model
error (estimated at 1.9-3.4 °C for similar U.S. west coast
mussels; Mislan and Wethey 2011) is of the same magni-
tude as predicted warming over the coming century (3 °C).
This suggests that our results are most appropriately inter-
preted in a comparative sense, with future range contrac-
tions expected to be relatively similar across three species
in the New Zealand mussel guild.

Changes to mussel abundances and distributions could
lead to subsequent shifts in overall community structure and
diversity. This is because mussels, as foundation species
(Bruno and Bertness 2001; Yakovis et al. 2008; Angelini
et al. 2015), provide structurally heterogeneous habitat for a
diverse assemblage of associated organisms, many of which
could not persist on bare rock due to stressors such as waves
and desiccation (Suchanek 1992; Borthagaray and Carranza
2007). Research has shown that declines in mussel (Mytilus
californianus) bed thickness in southern California, USA
(Smith et al. 2006a) was associated with decreased diversity
(Smith et al. 2006b). In New Zealand, where mussel beds
are formed by up to four co-occurring species, the impact of
mussel declines on diversity at a particular elevation might
vary by species because of differing body sizes and, conse-
quently, bed depth. For example, Perna-dominated mussel
beds at NR and BT are 1.7 times as deep as those dominated
by Mytilus (~35 vs.~21 mm; C. Sorte and M. Bracken,
unpubl. data). Although we were not able to evaluate the
likelihood of shifts in Xenostrobus, the high zone mussel, it
provides less habitat area (~ 6-mm bed depth) than the other
three species.

@ Springer
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Table 1 Mean number of

mber o [Days/yr above LT50] 0 | 0.01-1 | 1.01-2 | 2.01-7 >7

days per year during which

temperature exceeds LT50

for> 6 h by tide height (m) Historical Future

across species (Aulacomya, Box Thumb

Perna and Mytilus) for two sites Tide Height (m)|Aulacomya Perna Mytilus Aulacomya Perna Mytilus
2.4 19.31 18.00 1.62 40.69 38.77 7.46
23 19.08 17.77 1.54 39.77 37.69 7.38
2.2 18.62 17.46 1.54 39.23 37.15 7.15
21 18.23 16.92 1.46 38.46 36.69 6.85
2.0 17.38 16.15 1.46 37.23 35.54 6.85
1.9 16.62 15.38 1.38 34.85 33.62 6.15
1.8 14.77 13.23 1.08 30.69 29.46 4.69
1.7 11.31 10.23 0.77 24.77 23.77 3.54
1.6 7.38 6.77 0.38 16.31 15.62 2.15
1.5 3.54 3.15 0.15 8.23 7.69 0.69
14 1.62 1.46 0 4.77 4.46 0.23
1.3 0.69 0.62 0 2.85 2.69 0.15
1.2 0.46 0.38 0 1.62 1.46 0
11 0.31 0.31 0 1.08 0.92 0
1.0 0.23 0.23 0 0.62 0.54 0
0.9 0.08 0.08 0 0.08 0.08 0
0.8 0 0 0 0 0 0
0.7 0 0 0 0 0 0
0.6 0 0 0 0 0 0
0.5 0 0 0 0 0 0

Nile River

2.5 0.08 0.08 0 2.31 2.31 0
2.4 0.08 0.08 0 2.00 2.00 0
2.3 0.08 0.08 0 1.38 1.38 0
2.2 0.08 0.08 0 1.08 1.08 0
21 0 0 0 0.85 0.85 0
2.0 0 0 0 0.46 0.46 0
1.9 0 0 0 0.38 0.38 0
1.8 0 0 0 0.23 0.23 0
1.7 0 0 0 0.15 0.15 0
1.6 0 0 0 0.15 0.15 0
1.5 0 0 0 0.08 0.08 0
14 0 0 0 0.08 0.08 0
1.3 0 0 0 0.08 0.08 0
1.2 0 0 0 0 0 0
1.1 0 0 0 0 0 0
1.0 0 0 0 0 0 0
0.9 0 0 0 0 0 0
0.8 0 0 0 0 0 0
0.7 0 0 0 0 0 0
0.6 0 0 0 0 0 0
0.5 0 0 0 0 0 0

Means are based on low tide (emersed) temperatures across 12 years (1997-2009). Historical maximum
tide heights are indicated by bold, underlined values. Future estimates incorporate projected warming by
the year 2100 as described in “Materials and methods”

Changes in the New Zealand mussel guild could also
shift competitive interactions (Angelini et al. 2011), biotic
resistance to invasions (Kimbro et al. 2013), or prey avail-
ability (Menge 1972; Abrams and Matsuda 1996). Mus-
sels are an important prey species for subtidal predators
including fish and crabs (Rilov and Schiel 2006), and there
may be cascading effects on these mussel predators and
subsequently adjacent communities if population sizes
decline. The changes in mussel species distributions fore-
casted here could also have implications for ecosystem

@ Springer

functioning (such as carbon inputs; Bracken et al. 2012;
Bracken 2017) at local scales.

Our projections for the New Zealand mussel guild are
based on the results of short-term thermal tolerance assays
and predicted increases in mean temperature. Indeed, future
changes in mussel distributions will also depend on many
factors including altered intra- and interspecific interac-
tions (e.g., Sanford 1999; Kordas et al. 2011; Gilman et al.
2010), the presence of endoliths in mussel shells (as they
have shown to buffer mussels from extreme heating events;
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Zardi et al. 2016), and transgenerational plasticity (e.g.,
Ghalambor et al. 2007). Multiple exposures to stressful tem-
peratures can also increase thermal tolerance (Sorte et al.
2011) including via inducible and reversible mechanisms
such as up-regulation of stress proteins (Feder and Hof-
mann 1999). To the degree that our findings indicate higher
thermal tolerances for mussels at the warmer BT site than
the cooler NR site, this suggests that these New Zealand
mussels may have some capacity to acclimatize or adapt to
increased temperature. However, it is unknown if adapta-
tion will keep pace with the current rate of climate warm-
ing. Tolerances reported here should be representative of
the current maximum thermal limits for these populations.
We assayed mussels inhabiting the upper edge of their tide-
height distributions (where selection and environmental fil-
tering should maximize proportional abundance of the most
tolerant individuals) and at the end of the austral summer
(when individuals have survived selection for temperature
tolerance and also achieved maximal heat-hardening via
phenotypic plasticity). Although local adaptation has been
shown for some broadcast spawning species like mussels,
it can be limited by dispersal within meta-populations. For
example, thermal tolerance comparisons between popula-
tions of Mytilus californianus inhabiting the U.S. west coast
have shown that tolerances differ between Washington and
southern California populations (Logan et al. 2012) but not
those spanning ~ 1000 km of coastline from central Cali-
fornia to Oregon (Logan et al. 2012; Mislan et al. 2014).
Similarly, thermal tolerances did not differ between Perna
populations spanning the length of the South Island (Dunphy
et al. 2013).

While warming impacts could be ameliorated by acclima-
tization or local adaptation, they could also be exacerbated
due to increases in temperature variability and extremes as
well as sub-lethal effects of thermal stress. Our warming
projections were based on mean predicted changes in global
temperature, but extreme heating events (i.e., heat waves) are
also predicted to increase in frequency, severity, and dura-
tion (Meehl and Tebaldi 2004). Thus, it is likely that mussels
will experience days with temperatures above their LT50
more often than we predicted (Table 1). Furthermore, short-
term (18-h) recovery periods can miss delayed mortality
(Dowd and Somero 2013), and sub-lethal responses to cli-
mate warming can also depress demographic rates (Somero
2002; Williams et al. 2007) with mussels that survive tem-
perature stress exhibiting lower growth rates (Petes et al.
2007) or fecundity (Petes et al. 2007, 2008). Over time, these
sub-lethal impacts can accrue, leading to shifts in species’
abundances and distributions. Under more stressful condi-
tions, individuals tend to be smaller in size due to meta-
bolic trade-offs (e.g., Petes et al. 2007, 2008), which would
decrease size-dependent habitat provisioning with potential
cascading impacts on local biodiversity.

Our results indicate that aerial temperature sets cur-
rent upper elevation limits and that vulnerability to cli-
mate warming—at least at our warmer site—is likely to
increase greatly over the following century. To maintain
their current thermal niche, the upper elevation limit of
these mussels would need to shift downward, decreasing
habitat availability for associated organisms. Facilitation
becomes more important as environmental stress increases
(He et al. 2013); thus, mussel declines may occur when
these foundation species are needed the most. At the same
time, our results suggest that interactions between multi-
ple species in the New Zealand guild may be maintained,
allowing continued functioning albeit at a lower elevation
on the shoreline. However, this conclusion is based on the
expectation that lower elevations provide refuge from ther-
mal stress, an expectation that may become increasingly
unfounded as ocean temperatures warm and metabolic
rates increase during tidal immersion. Future research
would ideally evaluate the adaptation ability of these spe-
cies under warming aerial conditions, as well as the poten-
tial modifying effects of ocean warming, sea level rise, and
topographic buffering of thermal regimes (Helmuth and
Hofmann 2001; Jimenez et al. 2015; Jurgens and Gaylord
2018). Our study, and others that integrate ecophysiologi-
cal and population metrics, have the potential to forecast
shifts in species’ distributions across community members
and the likelihood of cascading extinctions (Borrvall et al.
2000; Steneck et al. 2002; Ellison et al. 2005; Hughes et al.
2009; Wernberg et al. 2016).
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