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Abstract 8 

The interaction of ocean conditions and weather with small-scale physical features of a habitat can have 9 

profound effects on the experiences of individual organisms. On topographically complex shorelines, and 10 

particularly within dense aggregations of organisms such as mussel beds, a mosaic of environmental 11 

conditions can develop, and the resulting variation in conditions within the aggregation could drastically 12 

alter the performance of neighboring individuals. Using a suite of sensors mounted to individual Mytilus 13 

californianus mussels over two summer field deployments, we have characterized the temperature 14 

variation and valve gaping behavior differences found at two spatial scales: within a group separated by 15 

centimeters, and between groups of mussels located at the upper and lower extents of the natural mussel 16 

zone separated by meters. While temperature conditions near the lower edge of the mussel bed were 17 

generally more benign, temperature extremes were similar at both heights in the bed, and variation in 18 

body temperature among neighbors increased as the daily mean temperature increased. These patterns 19 

were similar across years despite a 3.8°C difference in mean air and seawater temperatures between 20 

years. Gaping behavior was also highly variable among individuals, though that variability diminished at 21 
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the high end of the mussel bed where the total time mussels spent submerged was much more 22 

constrained. These data indicate that an individual mussel’s physiological status and past history can be 23 

drastically different than those of its nearby neighbors, complicating our ability to characterize 24 

representative conditions within a habitat. These observations also provide for the possibility that the 25 

impacts of future climate change will be highly specific to certain individuals based on their relative 26 

exposure or protection within the mosaic. To address such possibilities, future work must examine the 27 

correlation between genotypic and physiological traits that determine performance and individuals' 28 

unique experiences in their disparate micro-environments.   29 

Introduction 30 

The manner in which an organism experiences and responds to fluctuations in its local environment is 31 

driven by extrinsic factors that the organism may have no control over, and intrinsic factors that the 32 

organism can control to some extent. Characterizing the physiological status and stress tolerance of a 33 

species under current and future climate regimes requires insight into the range of inter-individual 34 

variation in how organisms experience their environment (Logan et al., 2012). At small spatial scales that 35 

are most relevant to individual organisms (particularly sessile organisms), the environment may be 36 

relatively stable, or highly variable, and the experiences of neighboring individuals just a few body lengths 37 

away might be radically different (Chapperon and Seuront, 2011; Chapperon et al., 2017; Denny et al., 38 

2011; Lathlean et al., 2016; Miller and Dowd, 2017; Pincebourde et al., 2016). The potential for wide 39 

variation in how individuals experience their environment increases the chances that local populations 40 

might tolerate environmental extremes that extirpate certain individuals, leaving behind other members 41 

of the population that either tolerate the extreme conditions (Denny et al., 2011), or avoid the extreme 42 

conditions altogether through behavioral means (Miller and Denny, 2011) or by virtue of living in refuge 43 

microhabitats (Chapperon and Seuront, 2011; Garrity, 1984; Harper and Williams, 2001). 44 
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The intertidal zone, particularly rocky shores with high topographic complexity, is commonly 45 

characterized by large variation in environmental parameters driven by the oceanic and atmospheric 46 

conditions that alternate their effects on the habitat as the tide cycles high and low (Denny et al., 2009; 47 

Mislan et al., 2009). Relatively benign conditions may quickly transition to stressful situations as the 48 

confluence of tide height, wave splash, air temperature, water temperature, sun, and wind can create 49 

extremely hot, cold, desiccating, or high-flow stresses that exceed the physical or physiological limits of 50 

individual organisms (Denny et al., 2006; Helmuth et al., 2011). The extent and severity of these extreme 51 

conditions may be highly dependent on local physical and biological factors, so that neighboring 52 

individuals experience very different temperatures, desiccation stress, or water flow (Broitman et al., 53 

2009; Helmuth, 2002).  54 

Topographic complexity can create wide variation in microhabitat environmental conditions over the 55 

space of centimeters to meters. A particularly well-studied example is the effect of substratum orientation 56 

(slope and aspect) on solar exposure and resultant temperatures during low tide (Denny and Harley, 2006; 57 

Harley, 2008; Helmuth and Hofmann, 2001; Miller et al., 2009; Wethey, 1984). The orientation of the 58 

substratum, in concert with tide cycles, will influence the timing and severity of solar exposure that can 59 

lead to temperature extremes (Denny et al., 2006). East-facing surfaces can have more stressful 60 

temperature conditions during morning low tides, while west-facing surfaces are more likely to have 61 

stressful temperature conditions during afternoon low tides, and south-facing surfaces (or north-facing in 62 

the southern hemisphere) should endure the most extreme conditions during midday low tides (Harley, 63 

2008; Hayford et al., 2015; Wethey, 1984). The orientation of the substratum may also influence exposure 64 

to wave splash, which can lower the ‘effective’ shore level by allowing splash or wave run-up to submerge 65 

a plot earlier than the still water level would predict (Gilman et al., 2006; Harley and Helmuth, 2003; 66 

Mislan et al., 2011). High topographic relief, particularly the presence of crevices that can funnel wave 67 
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splash (O’Donnell and Denny, 2008) or shade an organism, can create thermal refuges in an otherwise 68 

thermally challenging location (Chapperon and Seuront, 2011; Chapperon et al., 2016).  69 

In addition to the role of substratum complexity, biogenic structures can contribute to the patchwork of 70 

stressful or non-stressful conditions, and aggregations of sessile organisms, such as mussels and oysters, 71 

can create refugia within the three dimensional structure of the group (Chapperon et al., 2017; Helmuth, 72 

2002; Lathlean et al., 2016; McAfee et al., 2018; Mislan and Wethey, 2015). Shading of neighbors or multi-73 

layer aggregations can promote the retention of moisture during low tide and moderate temperature 74 

swings, so that individual animals might experience relatively low-stress conditions while their nearby 75 

neighbors are exposed to extremes (Harley, 2008; Jurgens and Gaylord, 2017; Mislan and Wethey, 2015; 76 

Nicastro et al., 2012). Two-dimensional and three-dimensional structural complexity created by 77 

aggregations of organisms can also be a cause and consequence of wave-driven dislodgement that can 78 

create patchworks of gaps in aggregations (Cole and Denny, 2014; Denny, 1987; Guichard et al., 2003) 79 

that then create small-scale differences in water flow and solar exposure that could impact organismal 80 

behavior and performance (O’Donnell, 2008). 81 

The cycling of the tides and ocean swell interact with shoreline topography and biogenic three-82 

dimensional structures to control the opportunities for feeding, aerobic respiration, and waste removal, 83 

particularly for sessile bivalve filter feeders such as mussels and oysters (Mislan et al., 2011). At the scale 84 

of meters, particularly up and down the shore, the duration of submergence and aerial emersion can vary 85 

on the order of hours per day (Mislan et al., 2011), and these differences can affect gene expression 86 

patterns and physiological status differences over those scales (Place et al., 2012). Even at smaller spatial 87 

scales, the effect of wave run-up, splash, and neighbors or nearby topographic features could impact 88 

when individuals are submerged or emersed, and when they elect to open the valves to carry out the 89 

necessary tasks of feeding, aerobically respiring, and excreting wastes, or when they decide to close the 90 

valves, curtailing these processes, and waiting for more favorable conditions (Bayne et al., 1976).  91 
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Our primary goal in this study is to synthesize data from two summers of individual-scale observations to 92 

illustrate the range of variation in body temperature and gaping behavior that can be found within a 93 

mussel bed. We use the California mussel, Mytilus californianus, which is a dominant space holder in the 94 

mid-intertidal zone along much of the northeastern Pacific coast, and which can construct multi-layer 95 

beds that cover many square meters and provide structure for a multitude of other mobile and sessile 96 

species (Dayton, 1971; Lohse, 1993; Suchanek, 1979). These observations were carried out during summer 97 

with the goal of characterizing the amount of inter-individual variation in temperature stress during warm 98 

weather and periods of calm ocean swell. Although the hottest conditions for mussels occasionally occur 99 

outside of summer at this site (Helmuth et al., 2006), greater wave splash in other seasons might tend to 100 

homogenize individual temperature and valve gape patterns, so we targeted our observations to the 101 

calmer summer season. Using sensors to measure internal body temperature, valve gape, and orientation, 102 

we show that mussels living only centimeters apart at the same shore height can differ substantially in 103 

their individual experiences of environmental conditions, and that both the lower and upper ends of the 104 

mussel zone on the shore can experience these wide variations between individuals. We show consistency 105 

in the inconsistency of thermal stress and valve gaping behavior over small spatial scales across years, 106 

increasing confidence in the persistence of these patterns. We then discuss potential implications of these 107 

patterns for physiological variation within mussel aggregations and for efforts to forecast the biological 108 

outcomes of climate change. The existence of large differences in individual experiences of environmental 109 

variation may be key to estimating the resistance of this important foundation species to environmental 110 

stresses under future climate change.  111 

Methods 112 

Data acquisition system 113 
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During July and August of 2015 and 2016, we deployed MusselTracker datalogger systems in groups of 114 

adult M. californianus placed in the field at Hopkins Marine Station, in Pacific Grove, CA (HMS hereafter, 115 

36.6217°N, 121.9043°W). The MusselTracker system has been previously described in Miller & Dowd 116 

(2017), and consists of custom designed microcontroller dataloggers that record data from a suite of 117 

sensors attached to live mussels. Each instrumented mussel had a 30 gauge K-type thermocouple wire 118 

inserted through a hole drilled at the midpoint of the ventral margin of the left valve, a combination 3-119 

axis accelerometer and 3-axis magnetometer glued near the anterior end of the right shell valve, and a 120 

Hall effect magnetic sensor and neodymium magnet glued to opposite valves at the posterior end of the 121 

shell. From these sensors, we could obtain high frequency (1 Hz) measurements of internal body 122 

temperature, valve gape, and orientation (4 Hz).  123 

The focal mussels were originally collected from two mussel beds at the same shore height at HMS, one 124 

relatively wave-exposed, and one relatively wave-protected (Denny et al., 2011; Dowd et al., 2013; 125 

Jimenez et al., 2015). Instrumented mussels (mean shell length = 66.5 mm, range = 60.8 to 72.0 mm in 126 

2015; mean shell length = 65.1 mm, range = 60.6 to 69.1 mm in 2016) were placed on acrylic plates (45 × 127 

30 cm), with watertight boxes attached to two ends of the plates to house the dataloggers and batteries. 128 

Additional 40-70 mm adult mussels collected from the shoreline at HMS were packed around the 129 

instrumented mussels to form a densely packed single-layer bed, creating densities ranging from 777 to 130 

955 mussels m-2. These densities were lower than nearby natural mussel beds composed primarily of 131 

mussels in the 40-70 mm size range, which have densities ranging from 1000 to 3325 mussels m-2 (L. Miller, 132 

pers. obs.). The mussels were held in flow-through seawater tables at HMS while sensors were being 133 

attached. While the mussels were held in the water table, they had the opportunity to attach to the acrylic 134 

plate and their neighbors using byssal threads. Prior to deployment in the field, the plates were covered 135 

with 5 mm plastic mesh to help hold the mussels in place for the first two days of the deployment.  136 

Field deployment 137 
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In July 2015 and July 2016, we deployed experimental plates, each containing 12 instrumented mussels, 138 

to locations near the lower edge and upper edge of the Mytilus zone at HMS. The low-shore location (1.04 139 

m above mean lower low water [MLLW]) was situated on a rock face tilted 45 degrees from horizontal 140 

and facing southwest, while the high-shore location (1.72 m above MLLW) was on a horizontal rock 141 

surface. The two locations were separated by 4.5 m horizontal distance across the shore, with the low-142 

shore location located closer to the ocean, and the high-shore site situated inshore. Data from the 2015 143 

deployment have previously been described in Miller & Dowd (2017), along with a third plate deployed in 144 

a high-shore tide pool, which will not be considered here. The 2015 deployment ran from 15 July to 6 145 

August (21 full days and two partial days), while the 2016 deployment spanned a similar period of the 146 

year, running from 3 July to 3 August (29 full days and two partial days). During the 2015 deployment, we 147 

lost three mussels at the high-shore location to predation by black oystercatchers, (Haematopus 148 

bachmani, detailed in Miller and Dowd, 2019), and one mussel to predation during 2016. One high-shore 149 

mussel may have died due to high temperature exposure during the 2016 deployment after reaching a 150 

maximum temperature of 37.2 °C, and one low-shore mussel appears to have been dislodged by wave 151 

action. 152 

Environmental data 153 

We obtained measured tide height values at 6 min intervals from the NOAA tide gauge located in the 154 

Monterey Harbor, approximately 2.3 km from the field site. A caretaker at HMS sampled water 155 

temperature each morning on a beach adjacent to the field site. A weather station at the field site 156 

collected air temperature. The Hopkins Marine Life Observatory manages a repository of water 157 

temperature and weather station data (http://mlo.stanford.edu). A wave rider buoy situated 158 

approximately 400 m north of the field site reported significant wave height twice per hour (Coastal Data 159 

Information Program buoy 158, Scripps Institute of Oceanography). Summary statistics for the 160 

environmental conditions are shown in Table 1.  161 

http://mlo.stanford.edu/
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Statistical analyses 162 

We used R version 3.5.1 for all analyses (R Core Team, 2018). We refer to data from our previous 2015 163 

deployment at the same locations on the low shore and high shore for comparison across years, and the 164 

summary statistics reported here were calculated using the same methods as the 2015 analysis (Miller 165 

and Dowd, 2017). Because a primary focus of this work was to elucidate variation among individuals in 166 

close proximity to each other, each mussel was treated as a biological replicate, but the fact that we only 167 

had a single experimental plate per shore location does limit the inferences that could be drawn about 168 

other mussel beds in other locations. Nonetheless, for adult populations of long-lived organisms such as 169 

mussels it is this highly local variation that influences individual and population success.  170 

Although we originally collected temperature and valve gape data at 1 s intervals, we elected to subset 171 

the large datasets and analyze temperature and gape data on 10 s intervals. For these relatively slow-172 

changing quantities, this reduced dataset should not substantially alter the derived statistics.  173 

Temperature analyses 174 

For daily summary statistics related to body temperature, we analyzed all mussels on a plate that had no 175 

more than 1.5 h of missing data in a given day. Missing data were due mainly to battery failures or wire 176 

breakage of the delicate thermocouple leads. For each day, we extracted the maximum and minimum 177 

temperatures achieved by each mussel. The maximum heating rate and cooling rate on each day were 178 

estimated iteratively by fitting a linear regression fit to 45 min data windows throughout the day, shifting 179 

the window by 5 min each time. Among the available mussels on a plate on each day, we calculated the 180 

range of maximum and minimum temperatures achieved and the range of fastest heating and cooling 181 

rates, along with the mean and standard deviation of those ranges. To generate metrics of thermal history 182 

of mussels during the course of the deployment, we used the subset of mussels on each plate that had 183 

nearly complete temperature records, missing no more than 2 days out of 21 full days in 2015, or 7 days 184 



 

9 
 

of data out of the 29 full days of the deployment. For these mussels, we calculated average daily maximum 185 

temperature and cumulative time spent at body temperatures above 25°C, a temperature that generally 186 

marks the start of the stress response in intertidal ectotherms from this habitat (Buckley et al., 2001; Dong 187 

et al., 2008; Lockwood et al., 2010; Miller et al., 2009). For this same subset, we calculated the ranking of 188 

each mussel in terms of daily maximum temperature and used a Kruskal-Wallis test to determine if some 189 

individuals were consistently hotter than their neighbors on the same experimental plate. Using hourly 190 

temperature data derived from these mussels with interpolated temperature time series, we estimated 191 

autocorrelation functions for time lags up to two weeks.  192 

We fit regression models to the average daily maximum temperature data for the subset of mussels with 193 

nearly complete temperature records on the two plates in 2016, using relative location on the plate as a 194 

predictor to look for evidence of a spatial gradient in temperature stress. On the horizontal high-shore 195 

plate, location was expressed as distance in cm from the northeast corner of the plate along the east-west 196 

and north-south axes. For the low-shore plate, which was situated on a rock tilted 45 degrees above 197 

horizontal, location was expressed as a distance along the east-west axis, and along the upshore-198 

downshore axis. We ran Mantel tests to examine potential correlations between the distance matrix of 199 

daily maximum temperatures and the distance matrix of mussel locations on each plate, both calculated 200 

using simple Euclidean distances and 9999 permutations using the R package vegan (Oksanen et al., 2019).  201 

Valve gape analyses 202 

Because of the potential for unique individual gaping behavior syndromes, we limited our comparison of 203 

inter-individual gaping behavior to mussels that had near-complete data records. During the 2015 204 

deployment, 9 mussels at the low-shore site and 6 mussels at the high-shore site had nearly complete 205 

gape records, missing no more than 3 days out of the 21 full days of the deployment. For the 2016 206 

deployment, both the high and low-shore plates had 5 mussels missing no more than 3 days out of the 29 207 
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full days of the deployment. The number of available mussels varied from day to day due to battery failure, 208 

sensor failure, or loss of the magnet. Based on plots of the empirical cumulative density functions for all 209 

mussels, we used a 20% gape opening as our threshold for delineating “closed” mussels from “gaped” 210 

mussels (Miller and Dowd, 2017). We calculated the maximum, minimum, mean, standard deviation and 211 

coefficient of variation of time mussels spent gaped wider than 20% on each day.   212 

We examined the relationship between temperature variation and gape time variation by fitting models 213 

to data on the maximum temperatures achieved by individual mussels during a low tide period and their 214 

gape behavior during the subsequent 24 hr using the 2016 data. We fit a linear model with the overall 215 

group maximum temperature during low tide as a predictor and range of gape time among mussels as the 216 

response, as well as a model with the range of maximum temperatures among the group of mussel during 217 

low tide as the predictor, and range of gape time as the response. Finally, we fit linear models of individual 218 

mussels’ maximum temperatures during each low tide as a predictor against their individual time spent 219 

gaping wider than the 20% threshold during the subsequent 24 h, with a random effect for individual 220 

mussel identity to account for the repeated measures of mussels through the course of the deployment, 221 

using the R package nlme (Pinheiro et al., 2018). Models were fit for the high and low-shore locations 222 

separately. 223 

 224 

Results 225 

Body temperature 226 

Temperature data from both the 2015 and 2016 summer field deployments showed similar maxima, 227 

minima, and ranges in most cases (Table 2). At the upper end of the mussel zone at HMS, we observed 228 

slightly higher average differences in individual daily maximum temperatures in 2016 (7.8°C) compared 229 

to 2015 (7.0°C), but average differences in daily maxima at the low-shore location were reduced in 2016 230 
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(2.9°C vs. 4.5°C in 2015). The greatest range of maximum temperatures achieved during a single day 231 

during each year was similar on the high-shore plate (14.2 and 14.0 °C, 2015 and 2016 respectively), 232 

although the low-shore location had a greater range of maximum temperatures within a single day in 233 

2016 (15.8°C) than 2015 (12.8 °C). On days with calmer wave conditions and warmer weather conditions, 234 

leading to higher maximum body temperatures, the difference in maximum temperatures achieved by 235 

the warmest and coolest individual mussels on a plate increased (Figure 1, Figure 2). The breadth of the 236 

range of maximum temperatures within a location actually varied more day to day at the low-shore site 237 

in both years (s.d. of the range of Tmax = 3.63 to 4.29 °C) than the high site (s.d. = 2.6 °C), indicating that 238 

although the high location had a broader range of maximum temperatures each day, the low site was 239 

more variable day to day in how large that range might be. At the high-shore location in 2016, among the 240 

mussels with nearly complete temperature records, certain mussels had consistently higher daily 241 

maximum temperatures than their neighbors (Kruskal-Wallis rank sum test, χ5
2 = 39.1, 𝑃 < 0.001), but 242 

there were not consistent differences among the mussels at the low-shore location. During the 2015 243 

deployment, both the high and low-shore plates had a single mussel that was consistently ranked cooler 244 

than its neighbors (Kruskal-Wallis rank sum test, high shore: χ5
2 = 18.9, 𝑃 = 0.002; low shore: 𝜒6

2 =245 

13.2, 𝑃 = 0.039), but the remaining mussels did not consistently rank warmer or cooler than the others.  246 

Minimum temperatures showed a similarly small range of variation among individuals in both 2015 and 247 

2016 (average range between 0.58 and 1.3 °C across both locations and years). Minimum temperatures 248 

were set either by ocean temperature or by nighttime low tide conditions. In both 2015 and 2016, the 249 

high-shore mussels experienced lower average minimum temperatures than the low-shore mussels (1 °C 250 

cooler on average in 2015, 0.7 °C cooler in 2016), primarily due to their more frequent nighttime aerial 251 

emersions during low tide.  252 
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Heating and cooling rates varied substantially in both 2015 and 2016 (Table 2, Figure 3). The maximum 253 

heating rate measured at the high-shore location in 2016 was 15.6 °C h-1, which was slower than the 254 

fastest heating rate observed in 2015 (20.2 °C h-1). We found isolated examples of very high heating rates 255 

at the low-shore location, with a maximum rate of 14.2 °C h-1 that exceeded the fastest heating rate we 256 

measured there in 2015 (12.4 °C h-1). These occasional high heating rates were accompanied in some 257 

instances by large differences in individual heating rates on the same day (maximum range of 13.0 °C h-1 258 

on the high-shore plate, 12.5 °C h-1 on the low-shore plate in 2016), although the average range in heating 259 

rates across days tended to be much more restricted (5.4 °C h-1 on the high shore in both years, 1.8 to 2.7 260 

°C h-1 on the low shore in 2015 and 2016 respectively). The fastest rates of cooling were faster in 2016 on 261 

the high and low-shore than in 2015. Fast cooling rates appear to be driven by warm mussels being 262 

suddenly splashed by the incoming tide, rather than cooling off while still emersed as the sun transits the 263 

sky, but both modes of cooling were present in our data set.     264 

For mussels with nearly-complete temperature records, we found wide variation in the month-long 265 

thermal history of high temperature exposures among mussels at the high-shore location. The average 266 

daily maximum temperature among the six high-shore mussels with long term records in 2016 was 23.6 267 

°C ± 2.43 °C (mean ± 1 s.d.), with a range of 21.2 °C to 27.7 °C. The accumulated hours where individual 268 

mussel body temperatures exceeded 25°C ranged from 65.4 to just 0.6 h (mean ± 1 s.d.: 22.5 ± 25.7 h) 269 

among those high-shore mussels. The nine mussels with nearly-complete temperature records at the low-270 

shore site in 2016 yielded more homogeneous average daily maximum body temperatures of 16.1 ± 0.56 271 

°C (mean ± 1 s.d.).  Only one of the nine mussels at the low-shore site with nearly-complete records 272 

exceeded 25°C during the month, for a total of 47 min, although one other mussel on the plate with an 273 

incomplete temperature record exceeded 25°C for 3.6 h over three days prior to the thermocouple failing. 274 

None of the other mussel temperature records from the low-shore location exceeded 25°C during the 275 

2016 deployment. 276 
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High-shore mussel body temperatures in 2015 and 2016 displayed positive autocorrelation peaks at time 277 

lags that corresponded to multiples of a 24 h cycle, so that for a given time of day, temperatures near the 278 

same time on subsequent days were positively correlated. Strong negative autocorrelation peaks 279 

occurred at time lags offset from the positive peaks by 12 hours, indicating that body temperatures 280 

measured during the opposite phase of the tidal or diurnal cycle were negatively correlated. Low-shore 281 

mussels in both years had positive body temperature autocorrelations at time lags encompassing the first 282 

48 h, and then became consistently negatively correlated for time lags between 3 and 9 days. 283 

Autocorrelation data from only one representative mussel per site are shown in Figure 4, but each of the 284 

neighboring mussels with nearly-complete time series in each combination of shore location and year 285 

showed the same pattern as those displayed. 286 

For the high-shore location in 2016, the regression model of temperature fit against relative location 287 

(distance from the northeast corner of the plate) showed no significant effect of east-west or north-south 288 

location on the plate (east-west: 𝐹1,3 = 5.49, 𝑃 = 0.1; north-south: 𝐹1,3 = 4.49, 𝑃 = 0.3). A Mantel test 289 

of the daily maximum temperature and distance between mussels on the plate revealed no relationship 290 

between distance and temperature dissimilarities among the six mussels with near-complete records 291 

(Mantel 𝑟 = 0.36, pseudo-𝑃 = 0.1) , although there was evidence of increasing temperature dissimilarity 292 

as distance increased when all available mussels on each day were included (n = 5-12 mussels per day, 293 

Mantel 𝑟 = 0.40, pseudo-𝑃 = 0.01; Figure 2A). On the low-shore experimental plate, which was oriented 294 

on a sloped rock so that one axis of the plate ran east-west, while the other axis ran upshore-downshore, 295 

the regression of average daily maximum temperature was associated with a significant effect of height 296 

on the plate (𝐹1,8 = 10.3, 𝑃 = 0.012) and no effect of east-west location (𝐹1,8 = 3.6, 𝑃 = 0.1), with 297 

mussels near the upper edge of the plate experiencing warmer temperatures more frequently than those 298 

nearer the bottom edge of the plate (Figure 2B). 299 

Gaping behavior 300 
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We observed large differences in the amount of time mussels spent with the valves gaped open at the 301 

low and high-shore sites in both years (Table 3, Figure 5A), with mussels situated on the low-shore plate 302 

spending an average of 17.3 ± 2.1 h d-1 (mean ± 1 s.d.) with the valves opened in 2016, while high-shore 303 

mussels had a much more restricted average of 5.4 ± 0.95 h d-1 in 2016. The difference in time per day 304 

spent with the valves opened between the mussels that spent the most and least amount of time with 305 

valves gaped was 5.0 ± 2.87 h d-1 (mean ± 1 s.d.) on the low shore in 2016 (Figure 5B). There was a smaller 306 

range of time per day spent gaped at the high-shore location (2.2 ± 1.4 h d-1 in 2016, mean ± 1 s.d.), likely 307 

due to the overall shorter time per day that these mussels spent submerged and the associated need to 308 

prevent desiccation during low tide by closing the shell valves tightly.  The averages and ranges of time 309 

spent with the valves gaped open in 2016 are similar, though slightly higher than the values previously 310 

recorded in summer 2015 (Miller and Dowd, 2017). During the 2015 deployment, the average time gaped 311 

open was 14.4 ± 2.87 h d-1 (mean ± 1 s.d.) at the low-shore location and 4.4 ± 1.21 h d-1 at the high-shore 312 

site (Table 3). This difference was likely driven by the longer deployment in 2016 encompassing more days 313 

with spring tide conditions which would submerge both shore locations for longer during high tide, as well 314 

as higher swell conditions that kept the locations, particularly the high-shore location, wetted for longer 315 

before and after low tides.  316 

When we analyzed the range in gape time against temperature data, we found no significant effects of 317 

either overall maximum temperature during a low tide (high shore: 𝐹1,49 = 1.49, 𝑃 = 0.23, low shore: 318 

𝐹1,47 = 2.76, 𝑃 = 0.10), or range in maximum temperatures among mussels during a low tide (high shore: 319 

𝐹1,49 = 0.33, 𝑃 = 0.57, low shore: 𝐹1,47 = 1.25, 𝑃 = 0.27). When we analyzed individual mussel gape 320 

time in the 24 h following each low tide against their maximum temperature achieved during the low tide, 321 

we found a significant negative relationship at both the high and low-shore sites. As maximum 322 

temperature during a low tide increased, time spent gaping in the following day declined (high shore: 323 
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𝜒1
2 = 13.1, 𝑃 < 0.001, estimate =  −4.2 ± 1.4 min C-1, s.d. of random intercepts = 0.94; low shore: 𝜒1

2 =324 

68, 𝑃 < 0.001, estimate =  −44.9 ± 5.4 min C-1, s.d. of random intercepts = 2.45).  325 

Discussion  326 

Persistent patterns of inter-individual differences across years 327 

The structural complexity created by dense aggregations of mussels can greatly influence the body 328 

temperatures experienced by individual mussels, so that the short-term and long-term thermal histories 329 

of nearby neighbors might be quite different. Over the scale of centimeters within our high-shore mussel 330 

bed, we found individual mussels that differed in terms of daily maximum temperatures by an average of 331 

7.0 to 7.8 °C across 21 and 29 d in two different summers, and daily maximum body temperature ranges 332 

of up to 14-14.2 °C within a single low-tide period. These small-scale differences are not just restricted to 333 

the upper edge of the mussel zone with its longer emersion times. Surprisingly, the most extreme 334 

difference in daily maximum temperatures on a single day (15.8 °C) occurred at our low-shore site when 335 

one mussel heated to 35.0 °C while a neighboring mussel located approximately 20 cm lower on the same 336 

plate only reached 19.2 °C during the same low tide exposure. Although the frequency of extreme 337 

temperature conditions may be lower on the low shore, the severity of thermal stress for some individuals 338 

may be similar to conditions higher on the shore, so that future climate change may cause impacts 339 

throughout the vertical range of M. californianus (Helmuth et al., 2011). The relative rankings of individual 340 

mussels in terms of their daily maximum body temperatures were only consistent for the warmest or 341 

coolest mussels in some locations in the two years; therefore, orientation and position in the bed alone 342 

make imperfect predictors of potential past and future thermal experiences (see also Miller and Dowd, 343 

2017). At the high shore location, body temperatures at a given time were generally positively correlated 344 

with body temperature around the same time on subsequent days, and were negatively correlated with 345 

temperatures offset by approximately 12 h, presumably reflecting the strong influence of diurnal 346 
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temperature fluctuations (Supplemental Figure S1) and the influence of high and low phases of the tide. 347 

Mussels at the low shore site showed a pattern of autocorrelation of body temperatures that followed 348 

the autocorrelation of sea surface temperatures during both deployments (Supplemental Figure S1), with 349 

positive correlations throughout a 0 to 48 h time lag, followed by negative correlations for time lags from 350 

approximately 72 h to 216 h. 351 

The observed range of variation in body temperature over small scales illustrates the potential difficulty 352 

of obtaining a representative sample of mussels or other intertidal organisms from a location for the 353 

purposes of characterizing physiological performance (Logan et al., 2012) at broader spatial scales. Within 354 

a single shore, physical characteristics of groups of mussels, such as their shore height, exposure to wave 355 

splash, compass orientation etc. may have short-term and long-term consequences for the mussels living 356 

within those aggregations (Gracey et al., 2008; Harley, 2008; Helmuth and Hofmann, 2001; Jurgens and 357 

Gaylord, 2017; Place et al., 2012), necessitating carefully designed sampling schemes. For example, 358 

studies have shown evidence for differential stress tolerance for mussels originating from or growing in 359 

wave-exposed or wave-protected beds separated by only a few meters (Gleason et al., 2017; Helmuth 360 

and Hofmann, 2001; Jimenez et al., 2015) that could result from post-settlement selective processes 361 

linked to the particular microhabitat the mussels grew in or from developmental plasticity (Gleason et al., 362 

2018). However, fine-scale physiological studies among individuals separated by a few to 10's of cm are 363 

likely to provide further insight (see below).  364 

Although M. californianus is known to gape during aerial emersion in some laboratory conditions (Bayne 365 

et al., 1976; Dowd and Somero, 2013), mussels in our field experiments kept their valves closed until a 366 

rising high tide had begun to splash them following warm low tide exposures. Closed mussels transition 367 

to anaerobic respiration relatively rapidly (Bayne et al., 1976), and an oxygen debt accumulates during 368 

this time, presumably at a faster rate when body temperatures are warmer (notwithstanding potential 369 

downregulation of certain traits such as heart rate). Despite these potential costs, we see scant evidence 370 
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for mussels increasing their time spent gaping the shell valves following prolonged warm aerial 371 

emersion in our field experiment. Analyzing individual mussels, we find that higher low-tide body 372 

temperatures were often followed by a shorter amount of time spent gaping the valves widely in the 373 

ensuing 24 h period, and as a group there was no relationship between mussels reaching higher 374 

temperatures and the variation in gaping behavior among members of the same bed. These patterns are 375 

complicated by other factors, such as the effects of wave splash and the timing of the tide cycle versus 376 

daily sun and wind conditions (Miller and Dowd, 2017), but in general it appears that M. californianus 377 

are limited when it comes to their ability to expand the time spent gaping to recover oxygen debt 378 

accumulated during low tide, because of an unwillingness to gape the valves before the incoming tide 379 

arrives.  380 

This lack of a characteristic behavioral response following thermal stress is reflected in the astonishing 381 

amount of variation in time spent with the valves gaping within a single bed on a single day. The 382 

differences in mean time spent gaping between high and low-shore mussels were expected due to 383 

differences in time immersed in seawater, but the within-bed mean inter-individual ranges of time spent 384 

gaping were high in both years (e.g., 5.0 to 8.1 h day-1 at the low-shore site; Table 3). This high degree of 385 

variation in time spent gaping warrants further attention, in terms of clarifying the pattern (e.g., are 386 

there behavioral 'syndromes' of gapers and non-gapers?; Shick et al., 1988), identifying other potential 387 

drivers (e.g., does plankton density influence individual gaping patterns?; Riisgård et al., 2003; Riisgård 388 

et al., 2006),  attributing physiological consequences (e.g., does reduced time spent gaping correlate 389 

with reduced growth rate?), and delineating the possible implications for ecological interactions (e.g., 390 

are gapers more susceptible to predation?; Miller and Dowd, 2019; Robson et al., 2010).   391 

We have documented substantial small-spatial-scale variation in both temperature and gaping behavior 392 

among mussels, but it is important to note that these data represent only part of the summer season. 393 

We speculate that these differences might be lessened in other seasons, particularly when increased 394 
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wave splash associated with larger winter waves might serve to keep body temperatures cooler and 395 

allow mussels to gape their valves for more of the day. However, the most extreme temperatures 396 

measured in mussel beds along the central coast of California often occur outside of the summer 397 

season, when midday extreme low tides occasionally coincide with calm ocean swell conditions and 398 

moderate or warm air temperatures (Helmuth et al., 2006). Thus, the large degree of variation among 399 

neighbors has the potential to arise in seasons other than summer. 400 

Implications of These Patterns for Global Change and Future Directions  401 

These data indicate that the physiological status and history of individuals separated by only a few body 402 

lengths might be radically different. The inconsistency of experiences among individual mussels within 403 

our experimental mussel beds was similar across two summer periods, despite a 3.8 °C difference in 404 

both the local mean sea surface temperature and air temperature between the two experiments. 405 

Temperatures in summer 2015 were much warmer than summer 2016 due to the presence of the 406 

widespread “blob” of warm ocean water in the northeastern Pacific during 2015 (Gentemann et al., 407 

2017). Serendipitously, our two years of field experiments thus cover a range of mean temperatures 408 

comparable to the magnitude of temperature change expected due to human activities over the coming 409 

century. The survival, growth, and reproductive output of mussels will be impacted by a number of 410 

exogenous physical and biotic factors, as well as behavioral choices of the mussels themselves, and our 411 

data indicate that individual mussels occupying the same mussel bed may differ greatly in their 412 

experience of these factors, both now and in the future. 413 

There are several conclusions now well supported by these and other field data for M. californianus. 414 

First, nearby individuals experience their environment in substantially different ways. From an 415 

environmental forcing perspective, micro-scale variation in abiotic conditions generates substantial 416 

variation in body temperatures that manifests in two potentially important ways: considerable 417 
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differences among individuals in time spent at body temperatures likely to impose cellular stress (here 418 

defined as temperatures greater than 25 °C, yielding a 3-fold difference in time in 2015 and a greater 419 

than 100-fold range at the high-shore location in 2016), along with variation in the magnitude of acute 420 

stress (i.e., the peak temperature experienced) on any single day. These observations are not unique to 421 

the intertidal zone (Pincebourde et al., 2016; Pincebourde and Woods, 2012), but few if any datasets 422 

offer comparable detail on the experiences of individual organisms within a complex environmental 423 

mosaic. From a biological perspective, adjacent individuals perform what are often assumed to be 424 

mundane tasks (gaping to respire, acquire food, and secrete wastes) with surprisingly different patterns. 425 

The remaining challenge is to examine the links between these relatively short-term measures of 426 

variation in experience (or behavior), variation in genotype, and, ultimately, variation in integrative, 427 

fitness-related metrics of physiological performance such as growth or reproductive output (Tanner and 428 

Dowd, this issue). For example, we have shown that individual mussels that experience warmer body 429 

temperatures tend to accumulate greater antioxidant defenses and quantities of putatively 430 

thermoprotective osmolytes (Gleason et al., 2017), but we have yet to link these instantaneous 431 

physiological observations to differential growth, survival, or reproductive output. Instead, most studies 432 

that incorporate micro-scale variation into their analyses focus on simple physiological metrics such as 433 

thermal safety margins and survival of isolated events (Denny et al., 2011; Dong et al., 2017). Integrating 434 

these approaches through time and across relevant spatial scales is difficult, particularly in light of the 435 

other conclusions presented below.  436 

The second conclusion is that warmer average conditions result in increased levels of inter-individual 437 

variation in maximum body temperatures (Figure 1B;Miller and Dowd, 2017). The observed 438 

heteroscedasticity in body temperature harbors potentially profound implications for biological 439 

responses to present-day extreme events and for global change as mean temperatures march 440 

increasingly higher. For example, current theory regarding the influence of micro-scale environmental 441 
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variation on survival of single extreme events is founded on the (now disproven for mussels) assumption 442 

that variation in maximum temperature does not change as the mean temperature rises (Denny, 2018; 443 

Denny et al., 2011). Future work should incorporate a more realistic relationship between the mean and 444 

variance of body temperature, and we should extend the theory to repeated events. In the context of 445 

climate change, if this pattern of heteroscedasticity holds as temperatures continue to rise, we may 446 

expect the degree of inter-individual variation on the warmest days to continue to increase. Some 447 

individuals will find themselves in relative thermal refugia, while some will certainly perish during 448 

extreme episodic events (Denny et al., 2011), and the gap between the two ends of this spectrum will 449 

grow wider. Even during events that might not be considered "extreme," this widening disparity in 450 

thermal experience could have cumulative effects on individual performance and fitness, particularly if 451 

future environmental shifts expose underlying inter-individual variation that is masked in more benign 452 

conditions (see Tanner and Dowd, this issue).   453 

The third conclusion, an extension of the previous two, is that micro-scale variation complicates 454 

simplistic forecasts of the biological consequences of environmental change (Chapperon et al., 2016; 455 

Mislan and Wethey, 2015). For example, if individual sites (e.g., a 1 m2 mussel bed) harbor as much 456 

thermal variation as entire coastlines (Denny et al., 2011; Helmuth et al., 2006), expectations of uni-457 

directional 'marches to the poles' start to appear questionable. For example, it is increasingly recognized 458 

that thermal refugia, perhaps acting in concert with behavior in some species, can mitigate at least some 459 

of the local impacts of warming (e.g.,Dong et al., 2017; Sunday et al., 2014).  460 

The fourth conclusion is that most present-day experimental designs are inadequate at capturing the 461 

complexity of current and likely future environmental scenarios. The desire to focus on simple, easily 462 

interpretable results is certainly understandable, but nature is complex and noisy. Considering 463 

temperature manipulations, shifts in mean temperature are straightforward to implement, but climate 464 

change will involve shifts in the variability around that mean as well (IPCC, 2013). Characterizing and 465 
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implementing forms of that relevant variation in controlled circumstances can be challenging, but this 466 

approach can provide unique insight into the outcomes of biological processes (Pincebourde et al., 467 

2012). These considerations apply to both longer-term acclimation-style experiments and single acute 468 

thermal stress trials. For instance, what is the appropriate temperature ramp rate for determining 469 

critical thermal maxima (or minima) or physiological responses to acute thermal stress (Harada and 470 

Burton, 2019; Peck et al., 2009; Rezende et al., 2011; Tomanek and Somero, 2000)? Our heating rate 471 

data for mussels in the field show that mean heating rates are less than half as fast as the maximum 472 

observed heating rates on the high shore, while the ranges of heating rates between neighboring 473 

mussels within a single day make values at either end of that scale (or even slower) plausible for some 474 

subset of mussels living near each other in a bed. Importantly, maximum heating rates are greatest for 475 

individuals that achieve the highest body temperatures, an important correlation to consider in the 476 

design of thermal tolerance studies. In acclimation studies where we wish to experimentally impose 477 

realistic inter-individual variation in body temperatures over time, our observations indicate that this 478 

variation should be considerable around daily maximum temperatures while being negligible for daily 479 

minimum temperatures, at least in the case of mussels.  480 

The fifth conclusion is that attempts to distinguish forces such as balancing selection from others such as 481 

lottery recruitment or physiological plasticity in complex, mosaic environments will be confounded until 482 

we can better map individual experience to individual genotypes/phenotypes. For example, the barnacle 483 

Semibalanus balanoides maintains polymorphisms in certain metabolic genes that may be a result of 484 

balancing selection within local populations due to small-scale (vertical) environmental variation (Flight 485 

et al., 2010; Schmidt et al., 2000; Schmidt and Rand, 2001). The grain of environmental variation in a 486 

barnacle bed may be coarse enough to allow differing selective forces to act over small spatial scales on 487 

groups of barnacles in a manner sufficient to maintain the polymorphism within the population at a site. 488 

Our data suggest that the more complex matrix of a mussel bed may create a more fine-grained 489 
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environmental variation relative to the size of a mussel. Attributing potential patterns in genotypes or 490 

phenotypes within a mussel bed or across mussel beds to the effects of selection by environmental 491 

stress may require detailed individual histories rather than attempting to infer those histories based on 492 

nearby dataloggers or local weather data. It is imperative that these sorts of longitudinal studies are 493 

pursued. For example, theory highlights the possibility of certain counter-intuitive outcomes, such as 494 

reduced survival rates within a population when individuals acclimatize strongly to their unique thermal 495 

experience (Denny, 2018). However, the results will be highly contingent on how functional variation 496 

"maps" in nature onto variation in experience.  497 

The sixth conclusion is a cautionary reminder that a focus on temperature, or other major factors such 498 

as ocean acidification, can perhaps overlook other equally important, interacting factors. For example, 499 

variation in food and nutrient availability can have effects that rival those of temperature on 500 

physiological state (Dowd et al., 2013; Fitzgerald-deHoog et al., 2012; Gilman and Rognstad, 2018; Place 501 

et al., 2012). If we truly wish to forecast the effects of future ocean regimes on organismal function, 502 

attention must be given to interactions between the various factors that impinge on organisms, while 503 

acknowledging spatial and temporal patterns of variation in those interactions. The outcomes of such 504 

studies are likely to be surprising. 505 
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Table 1. Environmental conditions at Hopkins Marine Station during experimental deployments from July 692 

15 to August 6 2015 and July 3 to August 2 2016. 693 

 Overall maximum Mean ± s.d. of daily maximum 

Variable (units) 2015 2016 2015 2016 

Solar irradiance (W m-2) 1107 1010 914 ± 116 853 ± 195 

Air temperature (°C) 24.1 17.4 19.1 ± 2.0 15.3 ± 1.08 

Sea surface temperature (°C) 21.0 15.1 17.1 ± 1.1 13.3 ± 0.9 

Significant wave height (m) 1.45 1.51 0.61 ± 0.18 0.8 ± 0.12 

 694 

Table 2. Inter-individual temperature variation and temperature change rate statistics for mussels 695 

deployed in the field during July and August 2015 or 2016. Sample sizes on each day ranged from 5 to 12 696 

at the high-shore site (mean = 9 mussels per day), and 5 to 11 at the low-shore site (mean = 8 mussels per 697 

day). 698 

 High shore Low shore 

Variable (units) 2015 2016 2015 2016 

Overall maximum temperature 𝑇𝑚𝑎𝑥 (°C) 38.5 37.2 33.8 35.0 

Mean range of 𝑇𝑚𝑎𝑥 (°C) 7.0 7.8 4.5 2.9 

s.d. of range of 𝑇𝑚𝑎𝑥 (°C) 2.6 2.65 4.29 3.63 

Max. range of 𝑇𝑚𝑎𝑥 (°C) 14.2 14.0 12.8 15.8 

Mean individual 𝑇𝑚𝑎𝑥 (°C) 25.8 24.2 19.8 16.7 

Overall minimum temperature (°C) 11.8 10.0 12.2 11.0 

Mean range of 𝑇𝑚𝑖𝑛 (°C) 0.94 0.58 1.3 0.62 

s.d. of range of 𝑇𝑚𝑖𝑛 (°C) 0.25 0.19 0.61 0.43 

Max. range of 𝑇𝑚𝑖𝑛 (°C) 1.5 1.0 2.75 1.8 

Mean individual 𝑇𝑚𝑖𝑛 (°C) 13.9 12.0 15.0 12.7 

Overall maximum heating rate 𝑄𝑚𝑎𝑥
+  (°C h-1) 20.2 15.6 12.4 14.2 

Mean range of 𝑄𝑚𝑎𝑥
+  (°C h-1) 5.4 5.4 1.8 2.7 

s.d. of range of 𝑄𝑚𝑎𝑥
+  (°C h-1) 4.15 3.28 2.58 3.63 

Max. range of 𝑄𝑚𝑎𝑥
+  (°C h-1) 14.7 13.0 10.8 12.5 

Mean individual 𝑄𝑚𝑎𝑥
+  (°C h-1) 6.8 6.1 1.3 2.1 

Overall maximum cooling rate 𝑄𝑚𝑎𝑥
−  (°C h-1) -22.8 -22.4 -16.8 -35.5 

Mean range of 𝑄𝑚𝑎𝑥
−  (°C h-1) 6.2 7.9 2.4 4.1 

s.d. of range of 𝑄𝑚𝑎𝑥
−  (°C h-1) 3.10 3.75 3.99 6.61 

Max. range of 𝑄𝑚𝑎𝑥
−  (°C h-1) 13.5 17.2 16.0 30.7 

Mean individual 𝑄𝑚𝑎𝑥
−  (°C h-1) -7.9 -8.3 -1.3 -2.9 

 699 

  700 
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Table 3. Inter-individual variation in length of time per day spent gaped wider than a threshold of 20% for 701 

mussels deployed at a high-shore and low-shore site during July – August 2015 and 2016. For each metric, 702 

the value was calculated among the available mussels with nearly-complete time series for each full day 703 

of the deployment, up to 21 days (2015) or 29 days (2016), and mean values were calculated across all 704 

days within each deployment. Sample sizes were n = 6 for the high shore 2015, n = 9 for the low shore 705 

2015, and both locations had n = 5 in 2016.  706 

 High Shore Low Shore 

Variable (units) 2015 2016 2015 2016 

Mean maximum time gaped>20% (h day-1) 6.0 6.5 18.1 19.8 

Mean time gaped>20% (h day-1) 4.4 5.4 14.4 17.3 

Mean s.d. of time gaped>20% (h day-1) 1.21 0.95 2.87 2.09 

Maximum range of time gaped>20% (h day-1) 6.2 4.7 14.1 13.7 

Mean range of time gaped>20% (h day-1) 3.0 2.2 8.1 5.0 

Mean s.d. of range of time gaped>20% (h day-1) 1.6 1.38 3.1 2.87 

CV of range of time gaped>20% 0.54 0.63 0.38 0.57 

  707 
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 708 

 709 

Figure 1. Daily maximum temperatures for mussels at the high and low-shore locations during the (A) 710 

2015 and (B) 2016 deployments. Points are arranged horizontally by the time of day the maximum 711 

temperature was achieved. No data were available for the low-shore location on July 17 & 18, 2016. C) 712 

Daily range between the hottest and coolest maximum mussel body temperatures on an experimental 713 

plate plotted against the maximum temperature of the hottest mussel on a given day during the 2015 and 714 

2016 deployments. Each point represents data from one of the 21 or 29 full days of the deployment (2015 715 

and 2016, respectively). High site 𝒓 = 𝟎. 𝟔𝟖 and Low site 𝒓 = 𝟎. 𝟗𝟔, p < 0.001 for both correlations.  The 716 

data shown in each plot include all mussels from each day that were missing fewer than 1.5 h of data on 717 

that day. Sample size per day varied from n = 5-12 at the high-shore location and n = 5-11 at the low-shore 718 

location.  719 
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 720 

 721 

 722 

Figure 2. Experimental plates deployed in 2015 and 2016 on the high shore (A, B) and low shore (C,D), 723 

with inset panels showing daily maximum temperatures for each day where an individual mussel had 724 

sufficient data. Arrows point from each graph to the respective mussel on the plate. The high-shore 725 

plate was horizontal, with the shoreward side of the plate at the top of the images and north indicated 726 

with an arrow. The low-shore plate was oriented 45 degrees above horizontal, with the upshore 727 

direction labeled in the image. Due to malfunctioning temperature sensors, data for one additional 728 

mussel each on the high shore 2015 and low shore 2016 plots are not shown.  729 

  730 



 

31 
 

 731 

Figure 3. Daily maximum temperature versus daily maximum heating rate over a 45 min period for each 732 

mussel for each day in 2015 and 2016. High site 𝒓 = 𝟎. 𝟕𝟔 and Low site 𝒓 = 𝟎. 𝟕𝟓, p < 0.001 for both 733 

correlations. The plot includes data from all mussels on each day that were missing fewer than 1.5 h of 734 

data on that day. Sample size per day varied from n = 5-12 at the high-shore location and n = 5-11 at the 735 

low-shore location. 736 

  737 



 

32 
 

 738 

Figure 4. Representative autocorrelation plots of hourly body temperatures of high-shore (A, B) and low-739 

shore (C, D) mussels in 2015 (left column) and 2016 (right column). Dashed lines represent 95% confidence 740 

limits, where values within the limits are not distinguishable from autocorrelation produced by a random 741 

stationary time series. Data shown are for a single mussel in each location and year, but other neighboring 742 

mussels in the same location and year showed similar autocorrelation patterns.  743 
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 745 

 746 

Figure 5. Daily time spent with the valves gaped >20% for each of the mussels at each shore location 747 

that had nearly-complete valve gape records in A) 2015 and B) 2016. Horizontal positions of points on 748 

each day are jittered slightly for clarity. C) Range of time between the longest-opened (>20% gape 749 

opening) and shortest-opened mussels on each day at two shore locations in 2015 and 2016. Grey 750 

symbols represent values for each of 21 or 29 full days of the deployment (2015 and 2016, respectively), 751 

while black circles and error bars represent the overall mean and 1 standard deviation for each site.  752 
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 753 

Supplemental Figure S1. Autocorrelation functions for hourly air temperatures (A, B) and sea surface 754 

temperatures (C, D) during the 2015 (left column) and 2016 (right column) deployments.  755 

 756 


