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Spatial Variation in Thermal Stress Experienced by Barnacles on Rocky Shores: The Interplay Between Geographic Variation, Tidal Cycles and Microhabitat Temperatures
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Thermal stress is an important driver of species’ distribution in the intertidal zone and, with the forecasted increasing frequency of extreme high temperatures associated with climate change, is likely to play an even greater role in the future. To better understand the scales at which thermal stress impacts organisms, we used biomimetic temperature loggers (robobarnacles) to measure latitudinal variation in estimated barnacle body temperatures (Tetraclita spp.) and evaluated the influences of large, geographic, and smaller scale, microhabitat variation on temperatures experienced. Robobarnacles were deployed at nine sites along the West Pacific and South China Sea coast (five sites in Taiwan, three in Hong Kong and one in Thailand, spanning 13–25°N) from May to September 2013. Estimated body temperatures did not follow a latitudinal gradient; instead, they revealed a mosaic of hot (e.g., NE Taiwan and Thailand) and cooler sites (e.g., two sites in Hong Kong). The hot sites were characterized by frequent occurrences of “heat stress” events (estimated body temperatures ≥40°C for ≥2 h which would result in ≥50% Tetraclita entering coma). There was a correlation between hourly air temperatures and robo-temperatures, suggesting that air temperature together with solar radiation and thermal radiation re-emitted by the rocky substrate drove the observed spatial robo-temperature variation. Air temperature mediated by solar radiation and rock thermal radiation are, therefore, important contributors affecting the body temperature of sessile intertidal species in the tropical and subtropical W Pacific and South China Sea and can be a good predictor for body temperature and thermal stress of intertidal barnacles.
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INTRODUCTION

Global climate change has been predicted to severely impact marine ecosystems, driving mass mortality, altering selection pressures and the geographic distribution of species (Helmuth et al., 2006a; Hawkins et al., 2008). The rocky intertidal zone is an excellent model system to study and predict the effect of global warming in marine systems as, under natural tidal cycles, intertidal species experience daily variation in both air and seawater temperatures depending on their vertical position on the shore. Under the stress experienced during low tide emersion periods, species in the intertidal zone are considered to be living very close to their physiological tolerance limits and, thus, are especially sensitive to changing thermal environments (Helmuth et al., 2006a; Somero, 2010; Han et al., 2018).

A common prediction of the impacts of increasing temperature is a latitudinal, poleward shift of species with the assumption that thermal stress will be more intense toward the equator (Southward et al., 1995; Broitman et al., 2001; Helmuth et al., 2006a; Parmesan, 2006; Sanda et al., 2019). Helmuth et al. (2002), however, showed that estimates of the “body” temperature of the intertidal mussel, Mytilus californianus, using biomimetic robomussels, did not increase monotonically with decreasing latitude along the west coast of United States, but rather reflected a mosaic of sites with different thermal environments. Helmuth et al. (2002) attributed this mosaic pattern to spatial variation in timing of low tides in summer; as low tides at locations in higher latitudes mostly occurred during the day (when thermal stress is higher), whilst those at lower latitudes occurred predominantly during the night (also see Finke et al., 2007 for tide variations across continents). A further study on heat stress of limpets along the Atlantic coast of Europe, based on thermal profiles recorded by biomimetic loggers (robolimpets), also demonstrated that the degree of exposure to solar radiation may override large-scale latitudinal gradients in thermal stress, resulting in a mosaic pattern of hot and cold sites (Seabra et al., 2011).

The West Pacific (W Pacific) and the South China Sea is a global marine biodiversity hotspot which experiences complex climatic patterns, seasonal monsoons and strong ocean currents (Hu et al., 2000; Williams et al., 2019). In this region, despite indications that extreme hot days are becoming more frequent, whilst extreme cool days are decreasing (Lima and Wethey, 2012; Tsang et al., 2013), the relationship between environmental temperatures and the level of heat stress experienced by rocky intertidal species is poorly understood (but see Marshall et al., 2010). Understanding which major environmental factors affect the body temperature of intertidal species is, therefore, an important prerequisite to inform predictions of potential changes in the distribution and abundance of intertidal organisms in the W Pacific and the South China Sea (Hui et al., 2020).

Acorn barnacles of the genus Tetraclita are common ecosystem engineers on rocky shores of the W Pacific and South China Sea (Chan et al., 2007, 2008; Cartwright and Williams, 2012, 2014), forming dense beds in the mid to lower tidal levels. In Hong Kong, mid to high shore populations of Tetraclita japonica can experience body temperatures up to 45°C during summer low tides and, consequently, suffer high mortality rates (Chan and Williams, 2003; Chan et al., 2006; Wong et al., 2014). In laboratory experiments, 50% of T. japonica enter coma when they experience air temperatures of 40°C for 2 h (Wong et al., 2014). Time length between the two consecutive heat stress events can affect the recovery of barnacles from heat stress (Fraser and Chan, 2019). There are, however, limited records of short- and long-term natural variations in intertidal thermal environments from this region, and so relating laboratory measured species’ thermal limits to on-shore conditions is problematic (Williams et al., 2016). Recently, Chan et al. (2016) developed a biomimetic temperature logger (the “robobarnacle”) using Tetraclita shells and showed that temperatures recorded by these robobarnacles accurately reflect body temperatures of live Tetraclita barnacles on the shore. Body temperature of Tetraclita barnacles during summer low tides are often 4–5°C higher than air temperatures. Measuring air temperature may not be a reliable proxy for estimating body temperature of intertidal species (also see Marshall et al., 2010). Biomimetic temperature loggers can, therefore, record long-term and fine-scale temperature trajectories of intertidal species (see also Lima and Wethey, 2009). In the present study, Tetraclita robobarnacles were deployed to measure temperatures at different tidal heights and shore aspects at sites along a latitudinal gradient, spanning 13–25° latitude, from Taiwan to Hong Kong and Thailand. We aimed to (1) record the maximum, estimated body temperatures on Tetraclita barnacles using robobarnacles along the latitudinal gradient from Taiwan, Hong Kong and Thailand to investigate whether patterns showed a latitudinal monotonic trend, or were spatially variable representing a mosaic pattern; (2) compare the observed patterns of thermal environments in the W Pacific and South China Sea with latitudinal patterns of their Atlantic counterparts, (3) examine the latitudinal variation in frequency occurrence of thermal stress, and (4) examine the spatial variation in time length between stress events which will have implications on the effective length of recovery of the barnacles after stress. Using a combination of these approaches our goal was to determine the relative importance of regional vs. microhabitat environmental drivers of the body temperatures of sessile intertidal organisms on the W. Pacific and South China Sea.



MATERIALS AND METHODS


Study Sites and Design

Measurements were made in Taiwan, Hong Kong and Thailand in hot seasons (see Williams et al., 2019) between June and September 2013 (Figure 1 and Supplementary Table S1). The latitudinal gradients throughout Taiwan, Hong Kong and Thailand cover several marine physical systems with distinct climate and hydrodynamic conditions. Two sites, Guei-Hao and Shen-Ao-Keng, were selected to represent the northern (N) and northeastern (NE) coasts of Taiwan (Figure 1), which are under the influence of the East China Sea system, climate is highly affected by NE monsoon winds during winter (Williams et al., 2019). Two sites, Shi-Ti-Ping and Jia-Ler-Shui were selected on the eastern (E) and southern (S) coasts of Taiwan (Figure 1), which are under the influence of the warm Kuroshio Current flowing northwards from the Philippines and are relatively warm, with smaller seasonal variation. Penghu Island (P) was selected to represent the western coast of Taiwan, which is under the influence of the Taiwan Strait system, characterized by a seasonal shift of the warm South China Sea current from the south and the cold China Coastal waters from the north (see Chan and Lee, 2012; Figure 1 and Supplementary Table S1). Hong Kong is located on the southern China coast and its waters are influenced by seasonal variation in currents from the Taiwan Strait, the Kuroshio Current and the South China Sea Warm Current (Williams et al., 2019). Three sites, Shek O (SO), Chung Hum Kok (CHK), and Middle Bay (MB) were selected on the south east, more oceanic coast of Hong Kong Island (Figure 1). Finally, one site at Si Chang Island, Thailand (Thai) was established in the Gulf of Thailand, which experiences slight seasonal variation in seawater temperature but a strong monsoonal climate with wet and dry monsoonal influences (Samakraman et al., 2009).
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FIGURE 1. Study area, red dots indicate sampling sites. Sites in Taiwan (N – Guei-Hao, NE –Shen-Ao-Keng, E – Shi-Ti-Ping, S – Jia-Ler-Shui, P – Penghu, Hong Kong: MD – Middle Bay, CHK – Chung Hum Kok, SO – Shek O, Thailand – Si Chang Island). Black arrows indicate the flow of the Kuroshio from the Philippines to Japan, and the branch of the Kuroshio entering the South China Sea. The blue arrows indicate the South China Sea Current; and green arrows indicate the China Coastal Current.




Deployment of Robobarnacles

Robobarnacles were made from shells (>30 mm basal diameter) of Tetraclita japonica following Chan et al. (2016). The difference between the temperature recorded in robobarnacles and adjacent live barnacles was <1°C (Chan et al., 2016). Detailed measurements of local scale variation in thermal stress were made in Taiwan. At each site in Taiwan, two 10 m × 1 m areas of rocky shore, one east and one west facing, were selected. East-facing areas received solar radiation in the morning and west-facing areas during the afternoon. For each area, we monitored three tidal heights: high (1.75 m above Chart Datum), mid (1.5 m above Chart Datum) and low shore (1.25 m above Chart Datum; Supplementary Table S1), covering the vertical range of Tetraclita. Four robobarnacles were deployed at each height (Σn at each site = 2 areas/aspects × 3 shore heights × 4 robobarnacles = 24 robobarnacles). To examine larger scale, latitudinal variation in temperature, robobarnacles were deployed in Hong Kong and Thailand using the same scheme on east-facing shores (Supplementary Table S1). Data was recorded at a resolution of 0.5°C, at 1 h intervals. Some robobarnacles were lost during deployment, so the final number of robobarnacles ranged from 18 to 22 among sites in Taiwan, 7 to 12 among sites in Hong Kong and 4 at Thailand (see Supplementary Table S1).



Environmental Data

Site-specific environmental data were obtained for all Taiwan sites, including hourly recordings of rainfall, air temperature, wind speed, wind direction, daily proportion of solar duration, solar radiation, and hourly tidal heights during July–September 2013 from the nearest coastal weather stations (i.e., within 4–10 km, Central Weather Bureau, Taiwan, Supplementary Figure S1 and Supplementary Table S2). Hourly environmental data including rainfall, air temperature and predicted tide heights, were obtained for Hong Kong from the Hong Kong Observatory, and for Thailand from the Thai National Observatory (Supplementary Table S2). Tidal height data for the Taiwan sites were based on the Taiwan Vertical Datum 2001 (abbreviated as TWVD 2001) located in Keelung, Taiwan (Satellite Survey Center, Dept. of Land Administration, M.O.I., Taiwan, available at: http://gps.moi.gov.tw/SSCenter/). Due to the differences in the reference points for tide heights among regions, it is difficult to compare tide heights directly. Consequently, we derived anomalies of tidal height for each site for subsequent analyses (i.e., tidal height anomalies = tidal height measures subtracted by the site-specific mean).



Analysis


Temporal and Spatial Variation in Robobarnacle Temperatures


Temporal patterns

Monthly distributions of temperatures recorded by robobarnacles (hereafter “robo-temperatures”) were right-skewed for all sites and months (Supplementary Figure S2). Consequently, we derived natural-log-transformed robo-temperatures (with improved data symmetry; Supplementary Figure S3), exploring the effects of month, day, and phase patterns (categorical factors, see below) on the transformed temperature with a multiple linear regression. Phase patterns consisted of four diurnal phases: 0:00–5:00 am (midnight), 6:00–11:00 am (morning), 12:00–17:00 pm (afternoon), and 18:00–23:00 (evening), based on the apparent four discrete diurnal patterns of robo-temperatures (Supplementary Figure S4).

We examined temporal variation in robo-temperatures at two spatial scales; firstly comparisons between east and west facing orientations from pooled data from all sites; and secondly across sites with eastern aspects. Because the comparison of robo-temperature time series (months and phases) are logger-position specific, these temporal temperature measurements are not independent. To account for the effect of potential temporal autocorrelation on the ANOVA tests, we adjusted the effective sample size using the Quenouille procedure (Quenouille, 1952; Lima and Wethey, 2012), where Neffective = N(1 - r)/(1 + r); N: sample size, r: lag-1 autocorrelation coefficient of the residuals. As the Neffective < N, this adjustment increases mean square errors, resulting in conservative significance tests for our models (see Lima and Wethey, 2012). For the models with significant temporal patterns (e.g., significant effects of month and phase), Tukey HSD tests were used to determine potential differences among months or phases.



Spatial patterns

To explore variation in average robo-temperatures between orientations (east vs. west facing areas), among three shore levels (low, mid, and high), and among sites we used data in July and Aug, when robo-temperature records were available for all sites. Site-specific biotic or physical habitat structure may influence intertidal temperatures, confounding the spatial effects on robo-temperatures. Consequently, we applied a linear mixed-effects model (LME), with orientation and shore levels as two fixed effects and site as a random effect using the lme4 and lmerTest packages in R (Bates et al., 2014)1. We evaluated the strength of the fixed effects using the likelihood ratio test (Faraway, 2006). To evaluate the site effect, we fitted a multiple linear regression with all three spatial variables as fixed-effects predictors and log(robo-temperature) as the response and the Tukey HSD test to evaluate variation in robo-temperature with respect to each level of these spatial variables. Given the strong diurnal cycles (i.e., phases) of robo-temperatures (see Results), we applied these LME models to fit data of individual phases, determining whether the effects of orientations or shore levels were consistent with those based on the combined-phase data.



Frequency of Heat Stress Events

In laboratory experiments, Wong et al. (2014) showed that there were three discrete coma responses of Tetraclita japonica from Hong Kong to different durations of exposure (Figure 2). We fitted a broken-stick model to this dataset (Wong et al., 2014) to depict the dependence of coma on time of exposure (Figure 2). The model fit suggested no barnacles would enter coma after being exposed to 40°C for <1 h, whereas 50% of individuals would when exposed for 2 h (i.e., proportion of individuals in coma increases linearly with exposure time ranging between 1 and 3 h; y = −0.43 + 0.46x) and >90% when exposed for ≥3 h (Figure 2).
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FIGURE 2. Broken-stick model fit of the experimental data of proportion of individuals in coma of the barnacle T. japonica as a function of the number of hours at 40°C (after Wong et al., 2014).


Given that the effects of heat stress depended on exposure time, we defined three levels of heat stress: low, intermediate, and high which denote when robobarnacles attained ≥40°C body temperature and were exposed to ≤1, 2 ≤ 3, and ≥3 consecutive hours at this temperature, respectively. We examined the frequency of occurrence of these levels by computing the monthly proportions of daily occurrence of these three levels of heat stress based on the east-facing habitats. We evaluated the effects of month, site, and shore on the proportions of hot season months when intermediate or high levels of heat stress occurred. The response variable was square-root transformed prior to regression fitting.

Variation in the “day intervals” between intermediate and high heat stress events provides an alternative index of the frequency of the three levels of heat stress. To explore spatial variation in the frequency of heat stress events, we estimated the intervals between incidences of intermediate and high levels of heat stress in July and August (the hottest months) for all shore levels and sites. We defined the intervals as number of days between two successive events of a given level of heat stress (i.e., an interval of 1 day denotes that heat stress of a given level occurs on 2 consecutive days, while a 2 day interval indicates that a given level of heat stress occurs on days 1 and 3, but not day 2). We excluded the last heat stress event in August and September. As the intervals were count estimates, we used a Poisson regression model with a log link to evaluate patterns of the intervals between the two levels of heat stress and among shores and sites. A Poisson regression assumes that the response variance is equal to its mean. When this assumption was violated (e.g., an overdispersion), we adjusted the P-values of the regression coefficients using the robust standard error (following Cameron and Trivedi, 1998). In addition, we fitted a negative binomial regression model as an alternative solution for violation of the assumption of Poisson regression. Multiple comparisons were conducted using the Tukey HSD test.



Relationship Between Environmental Conditions and Robo-Temperatures

The effects of air temperatures and tide heights on robo-temperatures for all sites were elucidated as these two variables are known to be important determinants of body temperatures for intertidal species (Helmuth et al., 2006b; Harley, 2008). For air temperature, we derived anomalies by centering site-specific hourly data by the site-specific mean; i.e., hourly values close to 0 indicate that the hourly data is similar to the mean, whereas positive and negative hourly values, respectively, represent values higher and lower than the mean. Then, we constructed the following LME model with anomalies of environmental variables, sites, and shore levels as fixed-effect predictors, and site as a random effect (i.e., random intercepts; Eq. 1):
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Accounting for random variance of sites facilitates evaluating within-site responses of robo-temperatures to environmental variables. We used the likelihood ratio test to determine the significance of these fixed-effects variables. We also computed the constant e raised to a power of each of these regression coefficients, β0 and β5–12 of Eq. (1), to interpret variation in robo-temperatures among sites with no effects of environmental variable anomalies (hereafter referred to as “baseline robo-temperatures”). In order to compare the regression coefficients to interpret the effect of shore heights, we compared eβ 0, eβ 3, and eβ 4 for among-shore differences in baseline robo-temperatures independent of the effects of environmental variables. Climate models (e.g., Intergovernmental Panel on Climate Change [IPCC], 2007, under the RCP6.0 scenario; also see New et al., 2011) predict that, on average, air temperatures in the W Pacific and South China Sea will warm by 1°C by the end of the twenty-first century. To explore the effects of environmental anomalies among sites, we derived the mean robo-temperature of each site given an 1°C increase in air temperature [i.e., exp((β0 and β5–12) + 1∗(β1 and β1+β13–20))] or a 10 cm increase in tidal height [i.e., exp((β0 and β5–12) + 10∗(β2 and β2+β21–28))]. Likewise, we compared the effects of environmental anomalies among shores by calculating the mean robo-temperature of each shore level given an 1°C increase in air temperature [i.e., exp((β0 and β3–4) + 1∗(β1 and β1+β29–30))] or a 10 cm increase in tidal height [i.e., exp((β0 and β3–4) + 10∗(β2 and β2+β31–32))]. We could not, however, compare the effects between these two environmental anomalies based on regression coefficients because they are scaled with different units.



RESULTS


Monthly and Diurnal Variation

Robo-temperatures revealed pronounced variability (range = 23–48°C) and strong temporal trends (Table 1 and Supplementary Figure S2). Both site-specific and combined-sites analyses indicated that month and diurinal phase significantly affected robo-temperatures (Supplementary Table S3). Comparisons of the mean values of robo-temperatures revealed that the hottest months were July and August (Oct < May < Sept < June < July and Aug; Tukey’s HSD test see Supplementary Table S3) and the afternoon was the hottest phase (midnight < evening < morning < afternoon).


TABLE 1. Descriptive statistics (SD, Standard Deviation; CV, Coefficient of Variation) of robo-temperatures (°C), air temperature (°C), and tidal heights (cm) for various sites (for site abbreviations, refer to sections “Study Sites and Design” in Materials and Methods) in July and August (N = hourly data during the recording period).

[image: Table 1]


Variation Between Aspects, Among Tidal Levels and Sites

Orientation did not have a significant effect on robo-temperature, but shore height did (P = 0.03; Tukey’s HSD test: low < mid < high Figure 3). Multiple linear regression revealed that robo-temperatures did not follow a latitudinal trend, with significant differences among sites with the highest robo-temperatures occurring at NE in Taiwan and Thailand; intermediate temperatures at SO (Hong Kong), N (Taiwan), P (Taiwan), and MB (Hong Kong); and the lowest at CHK in Hong Kong, E, and S Taiwan [with significant differences among these three sites; Tukey HSD test; Figure 3; note the ascending geographical latitudinal sequences of sites is: N, NE, E, P, S, HK (MD, CHK, SO) and Thailand, see Figure 1].


[image: image]

FIGURE 3. Barplots of monthly mean robo-temperatures of the sites with easterly aspects at three shore heights: high, mid, and low. Error bars represent SE. NA indicates sites/heights where data are unavailable.


The spatial patterns of robo-temperatures were, generally, not sensitive to phase changes. The effect of orientation, for example, was not significant in most phases, with the exception of morning (P for midnight = 0.43, morning = 0.03, afternoon = 0.26, and evening = 1), while the effect of shore was significant for most phases except in the evening (low < mid < high; P = 0.006, 0.03, 0.0001, and 0.19). In contrast, there were significant differences in robo-temperatures among phases at all sites [P < 0.001 for each of the four phases, (midnight < evening < morning < afternoon)].



Frequency of Occurrence of Heat Stress

The three levels (low, intermediate and high) of heat stress (i.e., ≤1, 2 ≤ 3, and ≥3 h of exposure at ≥40°C) varied between months and among shore levels and sites (Figure 4). Low levels of heat stress were most common at all shore levels (Figure 4 and Table 2). Intermediate and high heat stress levels, however, occurred more frequently at high as opposed to mid or low shore levels (1–3 x’s more frequent; Figure 4 and Table 2). Monthly patterns of heat stress also varied among sites (e.g., pronounced variation in the monthly proportions of heat stress at NE, but less so for the Hong Kong sites, Figure 4).
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FIGURE 4. Proportions of monthly exposure to heat stress by location based on robo-temperature data. Top, middle, and bottom row, respectively, represents the proportions of exposure to low, intermediate, and high levels of heat stress (based on the broken-stick model fit to the dataset of Wong et al., 2014).



TABLE 2. Mean and standard deviation (SD) of proportion of days of three levels of heat stress at study locations in summer months (July and August).

[image: Table 2]Based on the robo-temperature data from east-facing habitats, the occurrence of intermediate levels of heat stress differed significantly among sites and shore levels (F = 3.59, df = 13, 49, P < 0.001, R2 = 0.49; Figure 4) with intermediate heat stress occurring more frequently at the mid and high rather than the low shore levels (Tukey HSD tests P = 0.99, 0.02, and 0.03 for the comparisons of mid vs. high, high vs. low, and mid vs. low), and also varied significantly between Taiwan and Hong Kong; i.e., significant differences between CHK and NE and CHK and E, although other site pairs were similar (Tukey’s HSD tests, P = 0.05 and 0.002; Figure 4). No difference was observed for intermediate heat stress levels with month. All three variables, however, accounted for a significant proportion of the variance in levels of high heat stress (F = 7.24, df = 13, 49, P < 0.001, R2 = 0.66; Figure 4). Frequencies of high heat stress increased from high shore as compared to mid and low shore (P < 0.05 for all pairwise comparisons in Tukey’s HSD). Significant differences in frequencies of high heat stress occurred between Thailand and NE (higher frequencies) vs. CHK, MB, and S (lower frequencies; Tukey HSD tests, P < 0.05; Figure 4). Also, high heat stress intensified significantly during June-Aug and weakened in September (Tukey HSD P < 0.001). Overall, robo-temperature data revealed that barnacles experienced intense heat stress at high shores across all study sites during the hot season months, but this varied with sites, with lower temperatures being recorded at CHK and MB in Hong Kong (Figure 4).

Intervals between heat stress events (which indicate low stress periods) varied between intermediate and high levels of heat stress and shore levels based on the robo-temperature data in July and Aug (Figure 5). Intervals between high heat stress events were right-skewed compared to being more evenly distributed between intermediate heat stress events (Figure 5). Poisson regression models indicated significant differences in the mean intervals between mid and high levels of heat stress, and among shore levels and sites (P ≤ 0.001). To account for overdispersion, a negative binomial regression model with the same response and predictors was run which showed consistent results with the Poisson model. Overall, both models indicated that mean intervals were greater for intermediate heat stress events (Figure 5), and varied with tidal height (low shore > mid shore > high shore for intermediate heat stress events and mid shore and low shore > high shore for high heat stress events, Figure 5). The among-site patterns of intervals of intermediate heat stress levels were less clear (Figure 6A), whereas intervals of high heat stress showed distinct geographic patterns, with shorter intervals occurring at high shore for the five sites of Taiwan and Thailand, and longer intervals at the sites of Hong Kong (Figure 6B).
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FIGURE 5. Distribution of time intervals between events of a given level of heat stress (left: intermediate level, right: high level) and by shore heights. Vertical solid and dashed lines denote mean ± 1 SE of the interval estimates (mean interval = 7.8, 9.8, and 18.4 days for high-, mid-, and low shore for intermediate-level heat stress; and 3.6, 5.1, and 5.1 days for high-, mid-, and low shore for high-level heat stress).
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FIGURE 6. Scatter plots of intervals (days. i.e., period for recovery) between heat stress events (a: intermediate heat stress, b: high heat stress).




Effects of Environmental Conditions on Robo-Temperatures

Distributions of air temperatures and tidal heights were relatively symmetric, in contrast to those of wind speed, solar radiation, wind direction and robo-temperatures (Supplementary Figures S2, S5–S9). Based on the data of July–August for the Taiwan sites, the magnitudes of variation of air temperature were smaller than those of robo-temperatures (CV of air temperature < the CV of robo-temperature; Table 1), while the magnitudes of variation of tidal heights were greater than those of robo-temperatures (Table 1). There were positive correlations between air and robo-temperatures among locations (i.e., r = 0.54–0.63, P < 0.001).

The LME models [Eq. (1), based on data in July and Aug, east aspect, of all nine sites] showed pronounced variation in intercepts among sites, indicating differences in the baseline robo-temperatures among sites in the absence of anomalies of air temperature and tidal height (Figure 7A). The highest baseline robo-temperatures were found at NE in Taiwan and Thailand, whereas the lowest robo-temperatures occurred at CHK in Hong Kong (Figure 7A). The model fit showed significant interactions between sites and the anomalies of air temperatures and tidal height, indicative of variation in the influences of anomalies of either environmental variable among sites. A 1°C increment of anomalies would, for example, result in larger increases of baseline robo-temperatures at NE in Taiwan (+1.77°C) and Thailand (+1.60°C) but smaller increases at CHK in Hong Kong (+0.91°C; Figure 7A). The effects of anomalies of tide heights on robo-temperatures also varied among sites. An increase in tide heights of 10 cm would, for example, result in greater drops of robo-temperatures at NE (−0.55°C) and SO (−0.34°C) than N (−0.05°C; Figure 7A).
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FIGURE 7. Estimates of robo-temperature at baseline (shown in solid black dots), rising 1°C (open circles), and rising 10 cm tidal height (open triangles). (a) Site-specific estimates; (b) Shore-specific estimates.


There were also significant interactions between shore levels and environmental anomalies, where an increase in 1°C anomalies resulted in differential increases of robo-temperatures among shore levels: high (+1.31°C), mid (+0.96°C), and low shore (+0.73°C; Figure 7B). Increasing tide heights by 10 cm resulted in decreasing of robo-temperatures along a gradient from high (−0.21°C), mid (−0.17°C), and low shore (−0.14°C; Figure 7B).



DISCUSSION

Biomimetic loggers collecting long-term, high-resolution temperature data can provide a direct measure of temperature variability and extremes experienced by intertidal organisms during periods of high thermal stress such as in the summer/hot season (Helmuth et al., 2006b; Dong et al., 2015; Lathlean et al., 2015; Judge et al., 2018; this study). Based on such temperature data from robobarnacles, our analyses revealed a mosaic pattern of hot (e.g., NE of Taiwan and Thailand) and cool sites or “spots” (e.g., two Hong Kong sites CHK and MB) along locations of the W Pacific and South China Sea, which did not match a simple latitudinal pattern. The absence of a latitudinal gradient in the distribution of hot and cool spots is consistent with previous studies based on thermal profiles of robomussels (e.g., Helmuth et al., 2006b along the eastern Pacific) and robolimpets (e.g., Dong et al., 2015 in the Southern China; Seabra et al., 2011 along the Atlantic coast of Europe). While Helmuth et al. (2006b) found that the spatial heterogeneity in mussel temperatures could be explained by the timing of tidal inundations buffering the effects of air temperature along the Californian coastline, we found that hot spots in the W Pacific and South China Sea were characterized by frequent heat stress events (robo-temperatures ≥40°C for ≥2 h), but did not, however, always coincide with the maximum robo-temperatures recorded. The duration of the intervals between events of severe heat stress were, in general, correlated with the spatial patterns of heat stress (i.e., shorter intervals between heat events occurred at hot spots). The duration of the intervals between events of severe heat stress were, in general, correlated with the spatial patterns of heat stress (i.e., shorter intervals between heat events occurred at hot spots) which can be influenced by local weather conditions which are more stochastic events (i.e., logically, heat stress events only occur on sunny but not on cloudy days). The hot spot sites (NE of Taiwan and Thailand) are likely related to these sites which have more sunny days than other sites during the study period. Such results indicate that the intensity and frequency of latitudinal warming patterns interacts with weather conditions to have an additive effect on the thermal ecology of sessile intertidal organisms (see arguments in Helmuth et al., 2014). In the same manner, low stress periods (i.e., cloudy days), for example, may provide species time to recover from the physiological damages resulting from heat stress. Fraser and Chan (2019) showed that heat stress impacted the mating frequency and success of the intertidal barnacle, Fistulobalanus albicostatus, but a week of low heat stress allowed the barnacles to recover their mating frequencies, although these did not match pre-stressed levels. Seabra et al. (2016) also showed that Patella vulgata was able to recover from high temperatures experienced during low tide if allowed to re-immerse in cold water during high tide. The timing of low tides can also affect the heat stress experienced by intertidal species. Helmuth et al. (2002), for example, found that intertidal areas at higher latitudes experienced greater levels of stress as most of the low tides occur in daytime and vice versa at lower latitudes along the west coast of the United States. In the present study, the variation of the time of low tides along the latitudinal gradient from Taiwan to Thailand is relatively small, with low tides in Taiwan ∼1 h earlier than Thailand and ∼5 h earlier than Hong Kong (Supplementary Figure S10). When low tides in Taiwan occur in the afternoon, the low tides in Hong Kong are in the evening and, accordingly, Hong Kong shores experience relatively less thermal stress at these specific times than Taiwan.

In the present study, there was a strong correlation between hourly air temperatures and robo-temperatures. By plotting the relationship of robo-temperature vs. air temperature from all the sites (new Supplementary Figure S11), robo-temperature shows an almost ∼1:1 proportionally increase with low air temperatures (<30°C). However, at higher air temperatures (>30°C), the relationship between robo-temperature and air temperature showed increased variance suggesting air temperature, together with solar radiation and geothermal re-radiation (Marshall et al., 2010), are key components to drive the observed spatial variation in the robo-temperature. Solar radiation is naturally associated with sunny days which will affect the thermal environment of the whole intertidal area, as well as air temperatures. Importantly, the rock will absorb the solar radiation and re-emit it to the intertidal species (and also robobarnacles) which are in close contact with the rock surfaces. Accordingly, robo-temperatures are positively significantly correlated with both air temperature and solar radiation. Air temperature can, therefore, be a reliable predictor for patterns of body temperature of sessile intertidal species in the tropical and subtropical W Pacific and South China Sea. Our pattern is different to Marshall et al.’s (2010) findings in that the body temperature of the littorinid snail, Echinolittorina malaccana, in Brunei (4.5°N latitude) was primarily controlled by non-climatic sources of heat such as solar radiation and re-radiation from the substrate (i.e., not “climatically relevant” sources such as air temperatures). Interactions of local and regional effects may lead to different environmental drivers of body temperatures of intertidal organisms, for example, studies based on Eastern Pacific and European coastlines imply that environmental variables alone may not provide suitable predictive power to estimate the body temperatures of intertidal organisms. Helmuth (1998), for example, examined the effects of various environmental factors on the temperature of robomussels along the Eastern Pacific coast of Washington (48°N latitude) and concluded that no single environmental factor could alone account for the body temperature of mussels, and that air temperature was unlikely to be an accurate predictor of mussel body temperatures. In the Eastern Pacific and European Atlantic coast, shore aspect, which interacts with sun and shade, is important in affecting the body temperature and thermal stress of limpets (Seabra et al., 2011; Lima et al., 2016). Harley (2008) and Seabra et al. (2011) observed a marked difference in daily temperature maxima between north- and south-facing rock surfaces. In contrast to these studies, our results showed weak correspondence between robo-temperatures and substrate aspect (east vs. west). This discrepancy is probably because north facing rock surfaces in the Atlantic are often shaded (Seabra et al., 2011) and thus the relative importance of topographic shading to the thermal stress of intertidal species is much greater in the Eastern Pacific and European Atlantic region.

Robo-temperature data revealed that barnacles have higher body temperatures (maximum robo-temperatures ranging from 44 to 48°C) when compared to air temperatures 32–38°C (see also Chan et al., 2006). The water content of intertidal species is high and will be affected by heat sources from solar radiation, air temperatures and re-radiation from the rock substrate. As a result, body temperatures do not instantly equilibrate with air temperature (similar patterns have been recorded in the limpet Cellana grata in Hong Kong, Williams and Morritt, 1995 and in other gastropods by Vermeij, 1971).

Our analysis revealed that a 1°C increment in air temperature will result in severe thermal stress at certain locations (e.g., the hot spot locations by as much as 3.6 and 3.3°C at NE of Taiwan and Thailand) but relatively smaller body temperature changes at cool spots (e.g., 1.9°C at CHK in Hong Kong). Based on the maximum robo-temperature recorded in the present study, maximum estimated body temperature of barnacles in NE Taiwan (hot spots) can increase to 51.9°C (48.3 + 3.6 = 51.9) and body temperatures in CHK (cool spots) in Hong Kong up to 49.6 (47.7 + 1.9 = 49.6), respectively. Chan et al. (2006) recorded maximum body temperatures of high shore populations of Tetraclita at in Cape d’Aguilar in Hong Kong at ∼48°C and the majority of barnacles from this tidal level died off by the end of July–August. Thus it can be predicted that, in the future, individuals at today’s hot spots may experience body temperatures well beyond their current lethal temperatures and their populations may suffer heavy mortalities. Maximum body temperature for barnacles in present day cool spots will be around the current lethal temperature (∼48°C, Chan et al., 2006) under future increased air temperature based on the IPCC predictions. Whilst some populations in cool spots may, however, survive a 1°C increase in air temperature, there is, however, an interactive effect of temperature increase with shore level (e.g., a 2°C increase in air temperature will raise body temperatures by 2.7, 2.0, and 1.5°C at high, mid, and low shore levels, respectively). The observed variation in robo-temperatures among the three shore levels has clear implications for the future survival of barnacles settling at different shore heights (Connell, 1961; Appelbaum et al., 2002; Chan et al., 2006). As intertidal species live very close to their physiological tolerance limits (Helmuth et al., 2006a; Somero, 2012), our data suggest that under global warming, and without adaptive selection, it is likely that populations at high shore levels and located at present day hot spots may become locally extinct and the vertical distribution of species will, therefore, be altered which will have subsequent impacts on species interactions such as predation and competition lower on the shore (Helmuth et al., 2006b).
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Level of heat stress High shore [Mean (SD)] Mid shore [Mean (SD)]

Low (T >40°C occurs for <1 h) 0.69 (0.16) 0.80(0.14)
Intermediate (T >40°C occurs for 2 h) 0.07 (0.06) 0.08 (0.06)
High (T >40°C occurs for >3 h) 0.24 (0.14) 0.12 (0.09)

Low shore [Mean (SD)]

0.87 (0.13)
0.02 (0.03)
0.10(0.11)

Definition of three levels of heat stress is based on the broken-stick model fit to the dataset of Wong et al. (2074).
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Site N Min Max Mean Range SD cv
Robo-temperature (°C)

Taiwan

NE 1,487 24.7 48.3 30.1 23.6 5.3 0.17
N 1,045 24.8 44.4 31.1 19.7 44 0.14
E 600 24.3 47.3 291 23.0 4.3 0.186
S 1,484 22.5 47.9 28.8 25.3 41 0.14
P 1,488 24.2 475 29.9 23.4 4.0 0.14
Hong Kong

CHK 1,317 25.2 47.7 29.6 225 3.2 0.11
MB 1,312 25.2 46.7 30.4 21.6 3.7 0.12
SO 1,379 24.9 47.7 29.2 22.8 4.6 0.15
Thailand

Thai 2,612 24.8 45.8 30.4 21.0 3.9 0.13
Air temperature (°C)

Taiwan

NE 1,488 23.6 35.1 29.4 1.6 2.0 0.07
N 1,215 24.0 37.5 28.9 1356 3.0 0.10
E 546 228 33.3 26.7 10.7 22 0.08
S 1,447 22.9 32.9 27.2 10.0 2.2 0.08
P 1,488 24.0 34.0 28.9 10.0 1.9 0.07
Hong Kong

CHK 1,378 24.4 341 28.2 9.7 1.8 0.07
MB 1,378 24.4 34.1 28.2 9.7 1.8 0.07
SO 1,378 245 34.3 28.3 9.8 1.8 0.06
Thailand

Thai 1,306 241 31.5 28.6 7.4 1.4 0.05
Tidal heights (cm)

Taiwan

NE 1,446 —60.2 1251 19.4 185.3 252 1.30
N 1,189 —115.0 244.50 82.1 350.5 77.3 1.48
E 581 —66.2 136.1 242 202.3 39.9 1.65
S 1,455 —-31.9 167.6 38.6 198.5 30.3 0.78
P 1,463 —197.7 1421 —38.6 339.8 74.3 —1.92
Hong Kong

CHK 1,378 29.0 257.0 1451 228.0 442 0.30
MB 1,378 29.0 257.0 145.0 228.0 442 0.30
SO 1,378 29.0 257.0 145.0 228.0 44.2 0.30
Thailand

Thai 1,306 39.0 347.0 222.3 308.0 66.5 0.30
Note that tidal height ranges vary among regions (e.g., Taiwan,

Hong Kong, and Thailana).
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