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Abstract

While rock–organism thermal interactions on rocky shores have known bio-

geomorphological relevance, the influences of rock thermal properties on the condi-

tions experienced by rock-dwelling organisms (epiliths) remain understudied. This is

a significant gap given the potential ecological and biogeomorphological conse-

quences of changing average and extreme temperatures for coastal ecosystems.

Using field block exposure trials in Southern England (including the 2023 September

heatwave) alongside laboratory simulations, the thermal responses of four contra-

sting substrates (limestone, sandstone, basalt and concrete) were compared under

the same heating conditions. Indicative organism temperatures were simultaneously

obtained using biomimetic sensors (robolimpets [RLs] and robomussels [RMs])

attached to the substrate surfaces. Highly divergent thermal behaviours were

observed, with peak substrate surface temperatures (Tmax) differing by up to 13.2�C

(basalt vs. limestone) under heatwave conditions in the field. Relative substrate

temperatures were consistent between the field and laboratory (Tmax

limestone < sandstone < concrete < basalt), corresponding to key material properties

such as density and colour; and hotter surfaces were always associated with higher

biomimetic temperatures. The degree of association between surface and biomimetic

temperatures differed between the two sensor types, attributed to more efficient

conductive heat transfer (from substrate to organism) in the case of RLs. Thermal

divergence between the two types of sensors was also mediated by rock type, with

substrate porosity and evaporative cooling effects having a modulating effect. Biomi-

metic Tmax also diverged under increasingly extreme scenarios depending on the sub-

strates the sensors were attached to. These observations demonstrate how

geomorphological approaches can contribute to thermal biology research (hinting at

a new ‘thermal biogeomorphology’), with implications for patterns of physiological

stress, the crossing of critical thermal limits, and resulting changes in the distribution

and abundance of geomorphologically relevant species. Key challenges going for-

ward, such as addressing sensor limitations and scale issues, are also identified.
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1 | INTRODUCTION

Very little geomorphological research has been performed on the

thermal dynamics of rocky shores, especially in a context of climate

change (Mottershead, 2013; Trenhaile, 2014; Viles &

Coombes, 2022). This is surprising given the crucial role of tempera-

ture (alongside moisture) in rock weathering processes (Robinson &

Moses, 2011) and a sustained interest in rocky intertidal bio-

geomorphology (e.g. Coombes, 2014; Naylor, Coombes, &

Viles, 2012; Spencer & Viles, 2002; Trudgill, 1987). At the same time,

rising average marine temperatures and more frequent extreme ther-

mal events (i.e. heatwaves; Capotondi et al., 2024; Hobday

et al., 2016) are, respectively, linked to chronic and acute thermal

stresses in rocky shore species, with widespread impacts on ecological

functioning and biodiversity (Hawkins, Burrows, &

Mieszkowska, 2023; Helmuth et al., 2006; Meunier, Hacker, &

Menge, 2024). In these contexts, the bi-directional energy exchanges

between rocky substrates and the organisms that colonise them (epi-

liths) are of significant interest.

A major challenge is obtaining comparable thermal data for differ-

ent rock types (and epiliths) when exposed under the same heating

conditions. The tradition of thermal simulations in rock weathering

research (e.g. McGreevy, 1985; Smith et al., 2005) offers opportuni-

ties here. Recently, several researchers have made attempts to incor-

porate biological variables into laboratory weathering simulations,

including seaweed cover (Gowell, Coombes, & Viles, 2015), barnacles

(Coombes et al., 2017) and mussels (Baxter, Coombes, & Viles, 2022).

This work has revealed intriguing relationships between bio-cover and

surface/sub-surface rock thermal regimes that have, so far, only been

considered in a context of rock weathering—the implications of rock

type, physical properties (e.g. porosity) and divergent thermal behav-

iours on the conditions experienced by colonising organisms remain

significantly underexplored.

After reviewing some of the relevant principles of thermal biology

and rock properties (Section 2), experiments used to examine

substrate–epilith thermal interactions in the field and laboratory are

described (Section 3). These experiments aimed to (1) demonstrate

divergent substrate responses under the same heating conditions on

natural rocky shores in the UK (including a heatwave event in

September 2023) and in the laboratory (Section 4.1); (2) examine the

relationships between substrate and indicative organism body tem-

peratures using ‘biomimetic’ sensors (Section 4.2); (3) explore the

potential mediating influence of substrate porosity and evaporative

cooling (Section 4.3); (4) assess responses under increasingly extreme

(simulated) heatwave conditions (Section 4.4); and (5) consider the

implications for thermal biology in a warming climate (Section 4.5).

Lastly, some directions for future research in ‘thermal bio-

geomorphology’ are discussed in Section 5.

2 | LITERATURE REVIEW

2.1 | Climate change and extreme thermal events
on rocky shores

Mass mortality events caused by exposure to lethal (sustained and

extreme) high temperatures during heatwaves are known to occur on

rocky shores (Garrabou et al., 2009; Harley, 2008; Tsuchiya, 1983)

and are expected to increase under future climate scenarios (Hobday

et al., 2023; Wernberg et al., 2013). At the same time, sub-lethal but

recurrent physiological stress, especially leading up to a heatwave

event, can modulate critical thermal thresholds (King et al., 2025) and

drive changes in fitness (Beukema, Dekker, & Jansen, 2009; Seuront

et al., 2019). Alongside direct biodiversity loss, these effects are linked

to broad-scale biogeographic reorganisation and regime shifts in the

coastal zone, often involving foundation species (e.g. macroalgae,

seagrass and corals; Harley et al., 2006; Hawkins, Burrows, &

Mieszkowska, 2023; Ishida et al., 2023; Mieszkowska et al., 2021),

with broader implications for ecosystem service provision and other

socioeconomic impacts (Smale et al., 2019; Smith et al., 2021). Better

understanding the factors influencing such sub-lethal and lethal ther-

mal stresses is, therefore, needed so that vulnerability and resilience

to climate change can be predicted at individual, community and eco-

system scales (Denny, Miller, & Harley, 2006; Kordas et al., 2015; Mis-

lan, Wethey, & Helmuth, 2009; Smale & Wernberg, 2013).

Epilithic invertebrates such as limpets, barnacles and mussels,

which live on the surfaces of rocky substrates, are marine ectotherms

exposed to terrestrial conditions at low tide. This imposes strict stress

gradients via organism physiological tolerances to heat and desicca-

tion that give rise to characteristic vertical zonation (Paine &

Levin, 1981). During a tide cycle, epiliths are exposed to dramatic

changes in temperature that often exceed 20�C or more

(Helmuth, 1999), especially in temperate regions where tidal ranges

are large and aerial exposure can last several hours at a time (Sarà,

Kearney, & Helmuth, 2011). Organism body temperatures fluctuate in

response to these variable conditions (Davison & Pearson, 1996;

Harley & Helmuth, 2003; Helmuth, 1998; Lathlean, Seuront, &

Ng, 2017; Wethey, 2002). Consequently, species in the upper inter-

tidal zone live close to their physiological limits (Porter & Gates, 1969;

Somero, 2002), making them particularly vulnerable to shifts in

F I G U R E 1 Schematic representation of heat transfers affecting
epilithic organisms during aerial exposure on rocky shores. In the
context of this study, heat transfers between the surface and epiliths
occur via conduction, which can vary depending on substrate type.
Cooling of organisms via evaporation (as a source of latent heat) is
widely acknowledged, yet evaporative cooling of the substrate is not
typically considered. Relevant rock properties are shown in italics.
Adapted from Denny and Harley (2006) and Seuront, Ng and Lathlean
(2018).
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thermal regimes. These conditions offer ideal model systems to study

the influence of changing abiotic conditions on physiology and ecol-

ogy (Hawkins, Burrows, & Mieszkowska, 2023).

2.2 | Thermal biology, microclimates and
biomimetic sensors

Field temperature data collected over long timescales and large spatial

scales poorly predict the microclimatic conditions experienced by individ-

ual organisms on rocky shores. To help tackle this scale challenge,

pioneering modelling work in the late 1990s (Helmuth, 1998, 1999)

reinvigorated research on the vulnerability of intertidal communities to

climate change (Helmuth, 2002; Helmuth et al., 2006; Kearney

et al., 2010; Lathlean et al., 2017; Lathlean, Ayre, & Minchinton, 2013;

Petes, Menge, & Harris, 2008). This work shows that heat budget models

are most accurate only when a wide range of parameters are included

(solar flux, wind speed, ground temperature and so on), which control

conductive, convective and radiative heat transfers (Figure 1; Denny &

Harley, 2006; Helmuth, 1998; Sarà, Kearney, & Helmuth, 2011). This

need for model complexity reflects the fact that local factors

(e.g. shading effects, wind, local water retention and ground tempera-

ture) are more important controls on spatial patterns of physiological

stress than latitudinal gradients (Finke, Navarrete, & Bozinovic, 2007;

Pearson, Lago-Leston, & Mota, 2009). There is, therefore, a recognised

need for continued improvement in understanding of the full range of

factors affecting organismal thermal budgets (Dong, 2023).

In addition to thermal modelling, the development of miniaturised

and robust ‘biomimetic’ data loggers has been a significant methodo-

logical advance. By mimicking the size, shape and colour of marine

animals, these sensors record temperatures that, despite some limita-

tions (see Section 5), are much more representative of living organ-

isms than simple measures of air temperature and relative humidity

(Mitchell et al., 2024). Examples include so-called ‘robolimpets (RLs)’,
‘robomussels (RMs)’, ‘robobarnacles’ and 3-D printed ‘EnvLoggers’
(Chan et al., 2016; Helmuth et al., 2016; Judge, Choi, &

Helmuth, 2018; Lima & Wethey, 2009). Given their robustness and

relatively low cost, biomimetic sensors have allowed more accurate

and representative data collection for input and calibration of thermal

models, as well as more geographically widespread monitoring of cli-

mate change impacts on marine epiliths (Reese, 2023). In contrast, to

my knowledge, biomimetic sensors have never been applied in bio-

geomorphological research.

2.3 | The substratum contribution

Weathering research has shown how a range of physical rock proper-

ties (porosity, surface roughness, thermal capacity, thermal conductiv-

ity, colour and so forth) are linked to complex thermal behaviours

(e.g. Hall & Thorn, 2014; McGreevy, 1985; Warke, Smith, &

Magee, 1996). In ecological research, Rejmánek (1971) recognised

that rock type and rock properties (such as lithology) are important

thermal mediators in ecosystems, referring to potentially ‘heat effi-

cient rocks’ like basalt, which store heat. Raimondi (1988) attributed

differences in zonation between two rocky shores in the Gulf of Cali-

fornia to rock colour and thermal capacity, and in a rare study,

Janetzki, Benkendorff and Fairweather (2021) linked the minerology

and lithology of six intertidal boulders to spatially variable thermal

behaviours and habitat conditions. Along with field data,

thermal models demonstrate the critical importance of the substra-

tum, which typically reaches temperatures substantially hotter

(or colder) than the air. Indicatively, substratum (‘ground’) tempera-

ture is generally considered a good proxy for organismal body temper-

atures on rocky shores (Helmuth, 1998; Mitchell et al., 2024).

Despite its known importance, Cryan et al. (2021) note that sub-

stratum thermal properties remain a relatively unexplored component

of heat exchange in intertidal systems. There is, for example, a lack of

data for different rock types, especially given the range of lithologies

characterising the world’s coastlines (Kennedy, Stephenson, &

Naylor, 2014). The evaporative behaviours of biological substrates

(and associated cooling effects) also remain largely unexplored in the

intertidal zone. Simple experiments using simulated tidal conditions

have revealed a complex dynamic interplay between rock thermal and

moisture (hygro) dynamics (Coombes & Naylor, 2012), with evidence

that these processes might mediate rock-surface microclimates to

some extent (Coombes, 2011; Coombes et al., 2017). In addition

to moderating hygro-thermal weathering processes on rocky shores,

these effects may also have biogeomorphological relevance by

influencing the current and future distribution and abundance of bio-

eroders and bioprotectors (Coombes, 2014; Naylor, Coombes, &

Viles, 2012; Naylor, Viles, & Carter, 2002; Spencer & Viles, 2002). To

better understand this potential, this study aimed to evaluate the

influence of substrate type on the temperatures experienced by col-

onising organisms in the context of climate change and extreme ther-

mal events on rocky shores.

3 | METHODOLOGY AND METHODS

Using a combination of field exposure trials in Southern England and

laboratory simulation in an environmental chamber, the surface tem-

peratures of four contrasting substrates (limestone, sandstone, basalt

and concrete) were measured along with concurrent indicative organ-

ism temperatures using biomimetic sensors. These datasets were

compared to evaluate rock–organism thermal relationships between

(a) substrate types, (b) organism (sensor) types and (c) simulated

heatwave events of differing magnitude.

3.1 | Substrates

Limestone, sandstone, basalt and concrete were prepared as experi-

mental blocks (100 � 100 � 50 mm); the rock blocks were cut from

larger pre-existing samples, and the concrete was cut from a commer-

cial paving slab. Given the diversity of coastal lithologies around the

UK and elsewhere, as well as the common use of concrete in coastal

engineering, these materials were chosen to represent a range of con-

trasting substrate types and properties (colour, density, porosity and

so forth; Table 1). The size of the blocks was a compromise between

portability—especially in the field—and thermal mass. Although the

size of a rock mass (e.g. a single block vs. a shore platform) undoubt-

edly affects thermal properties (Gedan et al., 2011), the relative com-

parison between substrate types was central to this study, which
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remains valid given that all blocks had the same dimensions. Similarly,

although cut surfaces are unrepresentative of most natural surfaces

(see Section 5), this ensured that differences could be attributed to

inherent rock properties rather than surface complexity (e.g. Meager,

Schlacher, & Green, 2011).

A 3-mm-diameter hole was drilled into the underside of each

block, in the centre, to accommodate flexible and waterproof thermis-

tor probes (PB-5009-0 M6, Gemini Data Loggers; accuracy = 0.2�C

between 0 and 70�C), attached to dual-channel Tinytag dataloggers

(TGP-4520, Gemini Data Loggers). When inserted, the probes were

positioned 1 cm below the upper ‘colonised’ surfaces of the blocks

and recorded indicative surface temperatures at 1 min intervals during

the experiments. The blocks were also coated in three coats of poly-

urethane varnish on all except the upper ‘colonised’ surface to restrict

moisture exchange to this one face (e.g. Smith & McGreevy, 1983),

thereby better reflecting water uptake and evaporation from shore

platform surfaces (Coombes et al., 2017). Substrate surface tempera-

ture data were downloaded from the Tinytag probes inserted into

each block using Tinytag Explorer software (Gemini Data Loggers).

3.2 | Biomimetic sensors

Temperature dataloggers (EnvLoggers, T2.4) manufactured by Elec-

tricBlue were used to obtain indicative organismal body temperatures.

The EnvLogger system comprises a miniaturised, fully waterproof

temperature logger and a companion smartphone app. Two types of

biomimetic EnvLoggers were used: RLs (40 � 48 mm at the base,

20-mm height, light grey), designed to mimic medium-sized Patella

individuals, and ‘RMs’ (30 � 60 � 12 mm, black) designed to mimic

adult Mytilus individuals. Both mussels and limpets are found globally,

with these particular species common across European shorelines,

including in Southern England. Prior to the experiments, all sensors

were calibrated at 20 and 40�C using an environmental chamber, with

the differences across both groups <0.5�C.

During the field exposures and laboratory simulations (see the fol-

lowing sections), both types of EnvLogger (RLs and RMs) were set to

record temperature at 1 min intervals at a resolution of 0.1�C. One of

each sensor type was attached, side-by-side, to the centre of each

exposure block (Figure 2). To achieve representative attachment, the

RLs were attached using a thermally conductive paste (Thermalright

TF4, Taiwan), aiming to simulate the direct contact between the tis-

sues of limpets and their substrates. Care was taken to use the same

amount of paste in each case. The RMs were attached using a small

ball of putty, which allowed the ‘shells’ to be positioned on their long

edge, with the ventral side attached to the substrate and the dorsal

side facing up, thus mimicking living individuals in the field (Figure 2a,

lower panel). The RLs remained attached to the blocks for the dura-

tion of the study, whereas the RMs were easily removed and

reattached as needed during the experiments. The EnvLogger mobile

app (installed on a Samsung Galaxy S21) was used to download data

directly from the sensors at the end of each exposure/simulation

using near-field communication. Raw datasets were imported, collated

and checked using Microsoft Excel v.2411.

3.3 | Field exposure trials

The four sample blocks, with biomimetic sensors attached, were

exposed in the field under conditions ranging from ‘warm’ to ‘heatwave’
during the summer of 2023. Exposures were made in the following three

locations using the same blocks: (1) a chalk (Seaford Chalk Formation,

Cretaceous age) rocky shore platform at Hope Gap, East Sussex (three

low-tide exposures in July 2023); (2) a slate (Mylor Slate Formation, Late

Devonian age) shore platform at Mousehole, Cornwall (one low-tide

exposure in August 2023); and (3) a suburban garden in Kidlington,

Oxfordshire (two exposures in September 2023) (Table 2). The first two

sites are representative of intertidal environments on the south coast of

England, and the latter site was opportunistically included to take advan-

tage of a significant and unusually late summer heatwave (4–10

September 2023). This heatwave produced the warmest September

days on record in the UK, with air temperatures exceeding 30�C on

seven consecutive days across southeast England, with anomalies of >

12�C relative to the 1991–2020 average (Kendon, 2023).

At the two rocky shore sites, the blocks were exposed between

the mean and high-water neap tide levels during low-tide periods,

T AB L E 1 Summary of substrate types used in field and laboratory block (100 � 100 � 50 mm) exposure experiments.

Description
Density
(kg/m3)

Porositya

(%)
Dry colourb,d

(L*,a*,b*)
Wet colourc,d

(L*,a*,b*)
Darkening when wet (wet

L* vs. dry L*, %)

Limestone Portland, England: Jordans Basebed, well-

sorted oosparite limestone.

2286.92 18.34 75.9,2.1,13.2

(albedo = 0.79)

65.2,3.7,16.9

(albedo = 0.60)

15.2

Sandstone Locharbriggs, Scotland: medium-grained

Permian red sandstone.

2034.84 19.37 51.9,11.6,15.4

(albedo = 0.53)

33.8,12.4,13.8

(albedo = 0.35)

42.4

Basalt China: fine-grained, dense and olivine

bearing.

3012.44 1.30 49.6,–0.8,1.5
(albedo = 0.51)

27.7,–0.3,1.2
(albedo = 0.18)

56.6

Concrete Commercial paving slab: Cement and

aggregate unknown.

2034.78 12.45 72.3,–0.2,6.6
(albedo = 0.76)

60.6,–0.2,7.0
(albedo = 0.55)

17.6

aPorosity (%) was determined as saturated pore volume/total volume � 100.
bBlocks were oven-dried at 60�C for 24 h.
cBlocks were saturated at room temperature for 48 h.
dColour was determined using a CM-700d spectrophotometer (Konica Minolta, Japan), where L* indicates darkness from 0 (black) to 100 (white); a*

indicates red/green, with positive values indicating red and negative values indicating green; and b* indicates blue/yellow, with positive values indicating

yellow and negative values indicating blue (mean, n = 3). Albedo values are indicative only, derived using (1) a normalised model of lightness (L*/100) and

incorporating (2) nonlinear correction based on measured reflectance curves for natural surfaces and (3) material-specific adjustments (Bowker

et al., 1985).
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placed in position for at least 4 h and collected ahead of the incoming

tide. Before each exposure, the blocks were soaked in water overnight

to better simulate saturated intertidal rock. The soaked blocks (and

sensors) were then wrapped in wet paper towel for transport to site

to minimise evaporation before exposure. On site, all of the blocks

and sensors were immersed in a rock pool for approximately 15 min

prior to exposure to equilibrate with the temperature of the seawater.

At the start of each exposure period, the Tinytag probes were inserted

into each block and secured, and the RMs were attached alongside

the RLs as described in Section 3.2. The blocks and loggers were posi-

tioned horizontally on the platforms, in a plastic tray, and an additional

Tinytag probe (shaded with foil) was secured 30 cm above to record

air temperature (Figure 2b). At the garden site, the same procedure

was followed except that the samples were positioned on a low table,

in an unshaded position, and the sensors were plunged into cool

water rather than a tide pool before exposure to the sun.

3.4 | Laboratory simulations

The same set-up as used in the field was replicated under laboratory

conditions, inside an environmental chamber (SANYO–FE 300H). A

250 W infrared (IR) thermal lamp (Intelec™ 630105) was secured inside

the chamber to simulate insolation (e.g. Coombes, 2011; Coombes

et al., 2017; Gowell, Coombes, & Viles, 2015). Based on pilot testing,

the IR bulb produced unrealistic temperatures in the chamber when

used at full power. Therefore, a 50% reducer switch was used (approxi-

mately 125 W), which produced more satisfactory conditions.

Each simulation first involved placing the tray containing the

blocks and attached sensors into the chamber for approximately

30 min at a pre-heated temperature of 15�C (with the lamp off). This

was carried out to equilibrate all the materials and sensors to a tem-

perature approximating the sea surface in summer along the southern

coast of England. At the start of each run proper, the IR lamp was

F I GU R E 2 Data collection setup: (a) Field exposure on a shore platform at Hope Gap, East Sussex, England, with heating from the sun;
(b) laboratory simulation in an environmental chamber with heating from an infrared lamp (250 W with a 50% reducer switch). In all cases, four
substrates (limestone, sandstone, basalt and concrete) were exposed with biomimetic sensors (EnvLoggers, T2.4; robolimpets and robomussels)
attached to their surfaces. Regular round EnvLoggers were also attached for comparison (data not shown).

T AB L E 2 Experimental field exposures of different rocky substrates and biomimetic sensors.

# Location Date Setting
Time of
exposure Weather conditions

Peak air temp
(shade)

1 Hope Gap, East Sussex, UK 18-07-23 Shore

platform

8:15–12:15 Still air, patchy slow-moving cloud 25.2�C

2 Hope Gap, East Sussex, UK 19-07-23 Shore

platform

09:00–13:00 Still air, patchy slow-moving cloud 31.1�C

3 Hope Gap, East Sussex, UK 20-07-23 Shore

platform

09:00–13:00 Light breeze, patchy slow-moving

cloud

24.4�C

4 Mousehole Harbour, Cornwall,

UK

09-08-23 Shore

platform

12:30–16:30 Moderate breeze, overcast 28.0�C

5 Kidlington, Oxfordshire,

UK

07-09-23 Garden 11:30–15:30 Still air, clear sky 33.8�C

6 Kidlington, Oxfordshire,

UK

08-09-23 Garden 12:00–16:00 Light breeze, clear sky 33.1�C
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switched on and the chamber switched to the target temperature and

left for a period of 4 h (Figure 2b). Each run simulated a single ‘low-

tide event’ with clear-sky conditions during the middle of the day,

when the sun is highest in the sky. Three sets of experiments were

run, each replicated twice, with direct heating from the lamp and air

temperature in the chamber held at 20, 30 or 40�C. These tempera-

tures were chosen to broadly reflect current and future summertime/

heatwave conditions in southern England. Air temperature inside the

chamber was continuously recorded using a shaded Tinytag probe

secured 30 cm above the surfaces of blocks, as in the field exposures

(Figure 2). Each simulation was repeated under both dry (with dry

blocks) and wet (with saturated blocks) conditions to isolate evapora-

tive cooling effects. Block weights before and after each (wet) simula-

tion were recorded as a simple measure of evaporative loss. For

simplicity, relative humidity (RH) was not controlled but was allowed

to vary within the chamber; RH ranged between 60% and 90% during

the wet simulations, broadly reflecting conditions occurring on still,

summer days on rocky shores in southern England (e.g. Coombes

et al., 2017).

In total, 12 simulations were run in the laboratory—two simula-

tions at each temperature (20, 30 or 40�C)—under both ‘dry’ and

‘wet’ conditions.

3.5 | Data analysis

Temperature maxima (Tmax) values were calculated for the air, sub-

strates and two types of sensors (RMs and RLs) for each of the field

exposures (n = 6) and laboratory simulations (n = 12). Peak tempera-

tures are of relevance for thermal biology given threshold-driven criti-

cal thermal limits in most species (e.g. Harley et al., 2009). To better

isolate the influences of substrate type, and to minimise collinearity

effects, Tmax data were also normalised to correct for air temperature.

This involved subtracting air Tmax values from the corresponding sub-

strate/sensor Tmax values (referred to as Tmax-air). When comparing

field and laboratory data, only relative trends between substrate and

logger types were considered, rather than absolute values, owing to

uncontrollable factors such as time of day and insolation angle

(Table 2; see Section 4.2).

The factors explaining surface and biomimetic Tmax-air were

assessed using stepwise (forward selection) multiple linear regression,

with predictor variables included or excluded from the models based

on the F-test and using a set threshold of p < 0.05 to avoid overfitting.

Where appropriate, substrate type was included as a categorical pre-

dictor variable using dummy coding (Suits, 1957). In all cases, normal

probability and residuals plots were used to confirm normality and

homoscedasticity. Collinearity between predictor variables was

assessed using the variable inflation factor (VIF). Relative differences

and overall trends between the dry and wet simulations and across

the three laboratory scenarios (20, 30 and 40�C) were compared using

standard graphical plots produced in Microsoft Excel v.2411.

4 | RESULTS AND DISCUSSION

This section presents and discusses the results by focussing on divergent

substrate temperatures (Section 4.1), relationships between surface and

biomimetic temperatures (Section 4.2), moisture effects (Section 4.3),

responses under different event magnitudes (Section 4.4), and finally,

implications for the thermal biology of rocky shores (Section 4.5).

4.1 | Different substrates show divergent surface
temperatures under the same heating conditions

The overall patterns of warming recorded in the field reflect different

times of exposure during the day. The substrates and sensors showed

a gradual warming trend when exposed during morning low tides,

when the air was still cool and the sun was low in the sky (e.g. Hope

Gap, Figure 3a). This contrasted with very rapid heating in response to

afternoon exposure, when the air was already hot and (on clear days)

insolation was at its peak (e.g. Kidlington, Figure 3b). Overcast condi-

tions at one of the sites (Mousehole, Figure 3c) resulted in notably

muted rates and magnitudes of warming, even during the afternoon

when the air was relatively warm. The shorter-term and lower-

magnitude fluctuations in temperature recorded during the field expo-

sures (compare field data in Figure 3 with simulation data in Figure 5)

are attributed to variable insolation under passing cloud

(Coombes, 2011) as well as other local-scale factors, such as low-level

air movements that facilitate convective heat transfers (Seuront,

Ng, & Lathlean, 2018).

The different substrates showed highly divergent thermal behav-

iours in the field (Figure 4). In all cases, basalt attained the highest Tmax

while limestone remained coolest; concrete and sandstone attained sim-

ilar values, although concrete tended to peak higher on warmer days

(Figure 4 and Table 3). The anomalous ‘cool’ event in Figure 4 corre-

sponds to the hot but overcast day at Mousehole (9 August 2023),

when direct solar heating of the blocks and sensors was prevented by

cloud. Of note, the range of Tmax values across the four substrates was

much lower on this overcast day, contrasting with greater divergence

under clear-sky conditions. Across all six field exposures, the average

peak surface temperature above air (Tmax-air) for limestone, sandstone,

concrete, and basalt was 1.3 ± 2.6, 3.9 ± 3.3, 4.5 ± 3.9 and 11.0

± 5.6�C, respectively. The maximum difference was recorded during the

September heatwave (7 September 2023), when the surface tempera-

ture of basalt peaked above 50�C and 16.9�C above the air (Figure 4). A

comparable difference of 17.5�C was recorded between basalt and air

in the 30�C (wet) simulation.

Regression analysis of the field data showed that air temperature

(Tmax) alone explained 58% of the variation in surface Tmax,

irrespective of substrate type (R2 = 0.58, F[1,22] = 30.11, p < 0.001,

SE = 4.8�C). When substrate type was included as a variable set, the

predictive power of the model increased to 80% (Table S1). Across all

the substrates, a 1�C increase in peak air temperature corresponded

to an average 1.5�C increase in surface Tmax. However, under the

same exposure conditions, relative to limestone as the coolest sub-

strate overall, sandstone Tmax averaged 2.6�C higher, concrete 3.1�C

higher and basalt 9.6�C higher. Therefore, while peak air temperature

was a good overall predictor of surface Tmax, substrate type was an

important mediator.

In the laboratory simulations, in which heating was always directly

from above, temperature changes corresponded well to the afternoon

field exposures under clear-sky conditions (compare simulated data in

Figure 5 with field data in Figure 3c). Based on the wet simulations,
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which better replicate field conditions, a significant divergence in Tmax

between the substrates (ANOVA F[3,20] = 40.02, p < 0.001) was

consistent with the field results; basalt peaked at higher temperatures,

limestone remained coolest, and sandstone and concrete peaked

somewhere between the two (Table 3 and Figure 5b). Compared to

the dry simulation, the difference in Tmax between sandstone and con-

crete was notably enhanced in the wet simulation (Figure 5), which

can be explained by the relative evaporative cooling efficiency of the

porous sandstone, especially during the later stages of the simulations

(see Section 4.3).

Thermal divergence between substrates exposed under the same

heating conditions is not unexpected, if rarely reported. Materials with

lower specific heat capacity—indicating the amount of heat energy

required to raise the temperature by a fixed amount—heat up rela-

tively quickly. For basalt, which has a low specific heat capacity and

high solar absorptance (dark in colour), density, and thermal conduc-

tivity, higher peak temperatures were reached relative to the other

materials (Xiong et al., 2020). In contrast, rocks with higher solar

reflectivity (light colour) and specific heat capacity, including lime-

stone and sandstone (Table 1), heat more slowly, remaining relatively

cool when exposed to the same heating regime.

Rejmánek (1971) concluded that under comparable conditions,

igneous rocks including basalt are predisposed to higher surface

temperatures; Marshall, McQuaid and Williams (2010) found that

lighter-coloured sandstone remained cooler than darker sandstone on

a seawall in Brunei Darussalam; and Judge, Botton and Hamilton

(2011) recorded hotter temperatures on ‘black rock’ compared to

‘white rock’ in the supralittoral fringe of St John, United States Virgin

F I GU R E 3 Example temperature time-series plots obtained using the same experimental setup at (a) Hope Gap, East Sussex, 19-07-23 (air
Tmax = 31.1�C, patchy slow-moving cloud, morning exposure); (b) Mousehole, Cornwall, 09-08-23 (air Tmax = 28.0�C, overcast, afternoon
exposure); and (c) Kidlington, Oxfordshire, 08-09-23 (air Tmax = 33.1�C, clear-sky conditions in the afternoon during an official heatwave).
L = limestone, C = concrete, S = sandstone, B = basalt. RL = robolimpet, RM = robomussel.

F I GU R E 4 Maximum temperatures (Tmax) of four substrates
across six field exposures. Data represent clear-sky or light cloud
conditions in all but the anomalous event at Mousehole (air
Tmax = 28.0�C), when conditions were hot but overcast.
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Islands. Along the Fleurieu Peninsula of South Australia, Janetzki,

Benkendorff and Fairweather (2021) also reported that lighter-

coloured limestone and quartzite were cooler than darker siltstones,

with the greatest recorded difference under the same heating condi-

tions being 10.2�C. In this study, the greatest difference in surface

temperature in the field (13.2�C) occurred between the relatively light

limestone and dark basalt during the September heatwave. In compar-

ison to limestone, the darker sandstone also consistently attained

higher Tmax values in the field despite having a lower density more

typical of rocks with higher heat capacity (Tables 1 and 3). In the labo-

ratory, the tendency for sandstone to peak higher than limestone was

observed in the dry simulations, but this was less clear in the wet sim-

ulation (Table 3). This might reflect complex and dynamic changes in

colour (and heat absorption properties) during exposure, especially in

the case of sandstone, which, relative to the dry state, was 42.4%

darker when wet compared to 15.2% darker in the case of limestone

(Table 1).

Overall, both the field and laboratory simulations demonstrated

the highly divergent thermal behaviours of the different substrates,

with patterns of surface warming and relative magnitudes of heating

determined by a combination of thermally relevant material properties

(i.e. density and colour) and heating conditions (i.e. time of exposure

and cloud cover). Alongside the important control of air temperature,

substrate type was significant in explaining the measured variability in

peak surface temperatures during warm summertime and heatwave

conditions in southern England.

4.2 | Substrate modulates relationships between
surface and biomimetic temperatures

In the field, the hotter a surface was relative to the air (Tmax-air), the

higher the corresponding temperature peaks of the biomimetic sen-

sors attached to it (Figure 6). As a predictive relationship, this was

notably stronger for RLs (R2 = 0.89, F[1,22] = 175.33, p < 0.001,

SE = 1.85�C) than for RMs (R2 = 0.51, F[1,22] = 23.25,

p < 0.001, SE = 2.86�C), although both were statistically significant.

Including substrate type in the regression increased predictive power

to 68% (SE = 2.27�C) in the case of RMs (Table S2a) and 92%

(SE = 1.49�C) for RLs (Table S2b). If biomimetic temperatures are

assumed to be representative of living organisms (see Sections 2.2

and 5), this implies that under the same exposure conditions, sub-

strate type contributes to differences in the peak temperatures of

common rocky shore organisms. Similar results were found in the

(wet) laboratory simulations, with surface Tmax-air alone explaining

64% (SE = 2.14�C) of the variation in RM peaks (R2 = 0.64, F[1,22]

= 38.67, p < 0.001) compared to 82% (SE = 2.66�C) for RLs

(R2 = 0.82, F[1,22] = 100.07, p < 0.001). Including substrate type in

F I GU R E 5 Example temperature time-series plots obtained from laboratory simulations using the same setup as in the field (see Figure 3)
under a 30�C air temperature scenario with (a) dry and (b) wet sample blocks and attached biomimetic sensors. L = limestone, C = concrete,
S = sandstone, B = basalt. RL = robolimpet, RM = robomussel.

T AB L E 3 Indicative maximum temperature (Tmax) ranges of different substrates across six field exposures and six laboratory (wet and dry)
simulations.

Surface Tmax range
a

Field exposures (n = 6, �C) Wet simulations (n = 6, �C) Dry simulations (n = 6, �C)

Air (shade) 24.4–33.8 20.0–40.0 20.0–40.0

Limestone 26.1–34.1 26.5–44.4 29.5–51.5

Sandstone 26.5–40.4 26.7–44.5 34.5–55.3

Concrete 26.7–43.2 32.6–52.5 34.1–56.0

Basalt 30.1–50.7 37.3–56.9 36.4–61.0

aNote that differences between the range of temperatures occurring in the field and those simulated in the laboratory (top row) mean that comparisons of

absolute values should be avoided. Relative comparisons between substrates remain valid and are consistent between all sets of experiments.
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the regressions of the simulation data increased the predictive power

of the RM model to 71% (SE = 1.86�C; Table S3a) but did not

improve the RL model (Table S3b). This reflects the already highly sig-

nificant predictive power of surface temperature alone for RLs in the

laboratory simulations. The strong relationship between substrate

type and surface temperature in the simulations (see Section 4.1) also

gave rise to moderate collinearity effects (based on VIF values) in the

RM model (Table S3a), meaning that their individual contributions to

logger temperatures could not be determined with confidence.

The relatively strong relationship between surface and RL Tmax-air

reflects their greater degree of contact, conducive to more efficient

conductive heat transfer from substrate to organism (Seuront, Ng, &

Lathlean, 2018; Wethey, 2002). This mimics the attachment of living

limpets, whose body tissues are in direct contact with the substrates,

unlike mussels (Miller & Denny, 2011). This suggests that divergent

thermal behaviours of different substrates in a warming climate are of

particular significance for these organisms. For example, in the field, a

1�C increase in surface Tmax-air corresponded to an average 1.0�C

increase in RL Tmax-air compared to only 0.6�C for RMs (Figure 6).

Thermal exchanges (from substrate to organism in this case) are medi-

ated by rock properties such as thermal conductivity, which deter-

mines the rate at which heat conducts through and away from the

surface (Cryan et al., 2021). Thus, relative to other rock types, the high

thermal conductivity of basalt, which always attained the highest peak

temperatures, is conducive to greater transfers of heat to attached

organisms. Supporting this, in Figure 6, clusters of the same-coloured

points indicate that the sensors attached to the progressively hotter

limestone, sandstone, concrete and basalt also generally attained

higher peak temperatures. At the same time, the trends in Figure 6

also reflect variations in insolation intensity across the different expo-

sure days and, therefore, differences in the direct solar heating of the

sensors, although this could not be measured in the field.

The stronger link between surface and RL temperatures was also

observed in the laboratory simulations, but there was a notable

inconsistency in the relative temperatures of the two sensors; RLs

tended to record higher Tmax-air values in the laboratory whereas RMs

were consistently hotter in the field, at least on the substrates other

than basalt (compare field data in Figure 6 with simulation data in

Figure 7). This may reflect more efficient heating of RMs in the field,

as higher solar zenith angles (i.e. heating from the side) resulted in the

RM ‘shells’ receiving more incident insolation compared to the flatter

RLs (Seuront, Ng, & Lathlean, 2018). The opposite was true in the lab-

oratory, where direct heating from above meant that incident radia-

tion occurred over a greater surface area of the RLs relative to the

RMs. The dark colour of the RMs may also have contributed to their

higher Tmax values in the field (Mitton, 1977), although such relation-

ships are not always clear for rocky shore organisms (Cox &

Smith, 2011). It is also interesting that in contrast to the cooler sub-

strates, the RLs attached to basalt peaked higher than their adjacent

RMs in four out of five clear-sky days in the field. This further indi-

cates the relative importance of conductive heat transfers to organ-

isms attached to thermally responsive substrates like basalt.

4.3 | Substrate evaporative cooling mediates
surface and biomimetic temperatures

4.3.1 | Dry versus wet simulations

Based on precisely replicated laboratory simulations, the overall trend

was for higher peak biomimetic temperatures on hotter surfaces

(Figure 7), mirroring the field data. Compared to the dry simulations

(Figure 7a), both surface and biomimetic Tmax-air were reduced under

the wet state in all cases (Figure 7b). For the different substrates, the

magnitudes of this ‘cooling’ effect matched the variation in porosities

(Table 1). Thus, the surface Tmax-air of wet sandstone (porosity = 19%)

was reduced by an average of 8.6 ± 1.2�C, that of limestone (por-

osity = 18%) by 5.8 ± 2.1�C, that of concrete (porosity = 12%) by

3.5 ± 2.1�C and that of basalt (porosity = 1%) by 2.3 ± 1.3�C. Gravi-

metric changes before and after the wet simulations (see Table S4)

confirmed the differences in evaporative losses, with higher-porosity

substrates losing more water by weight and, simultaneously, contrib-

uting to lower peak temperatures relative to air. The dispersion and

overlap of the Tmax-air data points across the different substrates are

also greater for the wet simulations (Figure 7), indicating that moisture

and associated evaporative effects amplified the thermal divergence

between the substrates and the sensors attached to them. The differ-

ences in colour between wet and dry surfaces may also have contrib-

uted to this (Table 1).

Given that the specific heat capacity of water is approximately

five times higher than that of rock, substrate water content is

expected to have a dominating influence on overall specific heat

capacity (Schärli & Rybach, 2001). Based on the results of this study,

higher-porosity materials absorbing and holding more water during

tidal immersion can subsequently lose more via evaporation during

emersion, which in the field will depend on the time of day, weather

conditions, tidal position and so forth. As a source of latent heat,

evaporative cooling via water loss from epiliths is known to be an

important thermoregulatory mechanism in the intertidal zone

(e.g. Lathlean et al., 2016; Mitchell et al., 2024; also see Section 5);

the laboratory observations show that evaporative cooling of inter-

tidal substrates also influences rock-surface and organism thermal

F I GU R E 6 Maximum recorded temperatures above peak air
temperature (Tmax-air) of two biomimetic sensors (robomussels [RMs],
circles; robolimpets [RLs], triangles) attached to four substrates
(limestone [L], yellow; concrete [C], grey; sandstone [S], red; basalt
[B], black) across six different field exposures in southern England
(Table 2). Negative values indicate instances when the surfaces of L, S
and C (and the RMs attached to L and S) peaked below maximum air
temperature on an overcast day. Regression lines for RMs and RLs are
shown.
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dynamics. These relationships are not easily observed in the field, but

the kinds of replicated simulations reported here allow for carefully

controlled comparisons between substrates and heating regimes,

offering significant potential for further novel experimentation.

4.3.2 | RMs versus RLs

In addition to influencing thermal divergence between the substrates

(Section 4.3.1), moisture also mediated thermal divergence between

the two types of sensor. As shown in Figure 8, the overall trend was

for greater differences in RL and RM Tmax-air (RL–RM) when the

sensors were attached to hotter substrates, with RLs tending to peak

higher than RMs overall (positive values in Figure 8). The regression

lines in Figure 8 are for the dry (open fill) and wet (solid fill) simula-

tions, respectively, when all other experimental variables were care-

fully controlled. Thus, differences in the data spread and the strength

and slope of the regression lines are attributable primarily to the addi-

tion of moisture (both evaporative and RH effects in the chamber).

When the substrates were dry, a 1�C increase in surface Tmax-air was

associated with an equivalent 0.96�C increase in the difference

between the sensor types (difference [dry] = �11.49 + 0.96(surface

Tmax-air); R2 = 0.70, F[1,22] = 51.00, p < 0.001). When attached to

wet substrates, this difference dropped to 0.54�C (difference

[wet] = �3.76 + 0.54(surface Tmax-air); R2 = 0.59, F[1,22] = 31.56,

p < 0.001).

These results show that evaporative cooling—the magnitude of

which is at least partly determined by substrate porosity—mediated a

divergence in peak biomimetic temperatures indicative of two com-

mon rocky shore organisms. This is attributed, at least in part, to the

differing contact and thermal exchange with the substrate, as

described in Section 4.2. Thus, while RLs are more responsive to

diverging substrate temperatures, RMs probably lose heat more effi-

ciently via convection (owing to greater protrusion into the boundary

layer) as well as radiation under hotter conditions linked to organism

shape and colour (Harley et al., 2009; Helmuth, 2002; Judge, Choi, &

Helmuth, 2018; Mitchell et al., 2018). In this way, the type and physi-

cal properties of biological substrates linked to evaporation

(i.e. porosity) influence surface and organism temperatures. This is

supported by Table 4, in which the cooling effect of moisture and

evaporation is quantified as the Tmax-air difference between the dry

and wet simulations; in all scenarios, the magnitude of this cooling

corresponded well to the relative porosities of the different substrates

(S > L > C > B).

Table 4 also shows that the increase in evaporative cooling

between the 20 and 30�C simulations was marked and positive for all

substrates, whereas, except for basalt, additional warming to 40�C

weakened this cooling effect slightly. This may reflect faster evapora-

tion rates during the hottest scenario, meaning that the substrates

F I GU R E 7 Relationships between surface and biomimetic peak temperatures relative to air (Tmax-air) with (a) dry and (b) wet substrate blocks.
Data points are for robomussels (RMs, circles) and robolimpets (RLs, triangles) attached to four substrates (limestone [L], yellow; concrete [C],
grey; sandstone [S], red; basalt [B], black). The shift towards lower Tmax-air in Figure 7b reflects evaporative cooling influences alongside higher
RH, and higher dispersion indicates amplification of substrate thermal properties under the wet condition.

F I GU R E 8 Differences between peak temperatures (Tmax-air) of
robolimpets (RLs) and robomussels (RMs) in dry (open fill) and wet
(solid fill) laboratory simulations when attached to different substrates
under the same heating conditions (yellow = limestone, L;
red = sandstone, S; grey = concrete, C; black = basalt, B). Simulations
were conducted across three scenarios (air temperature = 20, 30 or
40�C), each replicated twice in the dry and wet states. Positive values
along the y-axis indicate that RLs attained relatively higher peak

temperatures than RMs, and vice versa.
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dried more quickly and, therefore, moisture had less of an influence

on Tmax recorded at the end of the simulations. This effect would have

been less influential for basalt, which, given its very low porosity,

dried very quickly in all scenarios. The heat-mitigating effects of sub-

strate evaporative cooling for attached organisms are, therefore, prob-

ably nonlinear, limited by rates of surface drying as controlled by

water supply (as a function of porosity), the duration of exposure and

heating (as a function of tidal position), and the temperature and RH

of air (as a function of season and climate).

4.4 | Substrate type mediated thermal responses
under increasingly extreme heatwave scenarios

Replicating the laboratory simulations at three different temperatures

(20, 30 and 40�C) allowed comparisons under increasingly extreme

but representative heatwave conditions in a way that was not possi-

ble in the field. As shown in Figure 9 (lower graph), based on the wet

simulations, the relative increase in surface Tmax across the three sce-

narios was consistent; the average increase between the 20 and 30�C

scenarios was 8.2 ± 0.4�C compared to 8.2 ± 0.6�C between the

30 and 40�C scenarios. The relative differences between the sub-

strates observed in the field (Figure 4) were also maintained, with

limestone Tmax < sandstone Tmax < concrete Tmax < basalt Tmax under

all three scenarios.

Despite this consistency in relative surface temperatures, inter-

esting divergence was observed between the sensors across the three

scenarios (Figure 9, upper graph). The overall trend for RMs was to

attain similar or higher Tmax-air values with each 10�C increase in air

temperature (dashed lines). In comparison, while the RLs attached to

concrete and basalt also recorded higher relative values with each

increase in air temperature, the opposite was true for those attached

to limestone and sandstone, which showed successively lower Tmax-air

(solid lines). This contrast for RLs likely further reflects the evaporative

cooling effects described in Section 4.3. Specifically, relative to sur-

face temperature, the sensors attached to the substrates that lost the

most water during each simulation (sandstone and limestone) had pro-

gressively lower Tmax-air values as air temperature increased (Figure 9

and Supporting Information). This implies that compared to

low-porosity rocks, porous substrates able to sustain evaporative

cooling during exposure can moderate (reduce) the thermal maxima of

those organisms attached to them. Crucially, the simulation data indi-

cate that this relative cooling effect might be enhanced under increas-

ingly extreme conditions, presumably because evaporation is more

efficient under hotter conditions. The upper limits of these effects

and their importance relative to other factors remain unknown.

T AB L E 4 Peak surface temperatures of substrates above air (Tmax-air) when exposed under the same heating conditions (20, 30 or 40�C).
Simulations were replicated under dry (dry blocks) and wet (saturated blocks) conditions. The differences (‘diff.’) between the wet and dry
situations indicate the evaporative cooling effect. All values are the mean of two replicate simulations.

Air (fixed)

20�C 30�C 40�C

Dry Wet Diff. Dry Wet Diff. Dry Wet Diff.

Limestone s10.20 6.73 �3.47 11.72 4.61 �7.11 10.17 3.21 �6.96

Sandstone 15.38 8.12 �7.26 15.53 6.16 �9.37 13.64 4.37 �9.27

Concrete 14.73 13.61 �1.12 16.68 11.82 �4.86 15.07 10.60 �4.47

Basalt 19.32 18.12 �1.20 19.01 16.97 �2.04 17.94 14.29 �3.65

F I GU R E 9 Surface thermal
maxima (Tmax, n = 2) of four different
substrates under three (wet)
simulated heatwave scenarios
(air = 20, 30 and 40�C) with
corresponding biomimetic peaks
relative to the surface
(circles = robomussels,
triangles = robolimpets).
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The other notable difference in Figure 9 is the contrast between

the sensor types attached to basalt, with RMs peaking an average of

5.7�C below RLs. This included the RMs remaining cooler than the

basalt surface under the 20�C scenario (negative values in the figure),

which was not observed for any other substrate. The reasons for such

differences on this substrate are not clear but might indicate the mod-

ulation of radiative cooling of dark-coloured RMs when attached to

the hot basalt. Further experiments with a greater level of replication

will help address this in the future.

4.5 | Implications for thermal biology in a warming
climate

Mortality resulting from the passing of critical physiological tempera-

tures on rocky shores is a threshold-driven process (Miller &

Denny, 2011; Smale & Wernberg, 2013). The factors influencing

whether such critical limits are exceeded, including substrate effects,

therefore have relevance in the context of thermal biology and climate

change. As Seuront, Ng and Lathlean (2018) note, heat transfer from

the substrate via conduction is an important determinant of epilith body

temperature during intertidal exposure. Denny and Harley (2006) also

make the point that colour contrasts between organisms (limpets in

their case) and rock facilitate substantial transfers of heat between

them. In the case when a lighter coloured and more thermally reflective

limpet is attached to a darker and more thermally absorptive rock, such

as basalt, conductive heat transfer from substrate to organism domi-

nates, whereas the opposite might be true when attached to lighter sur-

faces. Along with other critical thermal properties such as specific heat

capacity, this provides a plausible mechanism to explain why the sen-

sors attached to the darker substrates generally attained higher Tmax

values, and vice versa, especially in the case of RLs.

Thermal differences between substrates are especially important

when extreme temperatures occur during key life-history stages, such

as larval settlement (Findlay et al., 2010). For example, the post-

settlement survival of larvae on rocks that become relatively hot at

low tide (e.g. basalt) may be lower compared to those that stay cooler

(e.g. limestone and sandstone) (Raimondi, 1988; Tan et al., 2023).

Kordas et al. (2015) provide direct evidence of this using black and

white settlement plates in the Salish Sea. They attributed poor sur-

vival of barnacles, a relative absence of herbivores, and a decline in

species richness on the black plates to their 2.6�C hotter surfaces on

average relative to the white plates, although these effects did vary

seasonally and spatially on the shore. In the current study, differences

in peak temperatures between the substrates always exceeded this

2.6�C average (Figure 4), implying that thermal differences between

shores composed of contrasting rocks could give rise to similar

organism- and community-level outcomes. In addition to differences

in surface temperature, the results of this study show that the relative

porosities and drying rates of substrates could have similar ecological

effects by worsening or mitigating desiccation stress (Lathlean, Ayre, &

Minchinton, 2013; Miller, Harley, & Denny, 2009). The additional

complexities of drying (and wetting) coupled with dynamic changes in

surface colour and associated thermal properties and transfers—as

were particularly marked for basalt and sandstone—remain to be fully

examined in these contexts.

Although absolute critical thresholds are difficult to define owing

to variations in individual organisms and patterns of exposure to heat

(e.g. frequency, duration, pre-exposure conditions and so forth), lethal

limits of various intertidal species have been determined in the labora-

tory and field (e.g. Miller, 2022; Miller, Harley, & Denny, 2009). Com-

pared to the reported critical thermal limits of Mytilus edulis (25–37�C,

Jones, Mieszkowska, & Wethey, 2009), biomimetic Tmax values were

within or surpassed this range during all field exposures and labora-

tory simulations, irrespective of substrate type. Caution is expressed,

however, in directly equating these sensor values with the body tem-

peratures of living organisms (see Section 5), as they most likely repre-

sent upper extremes. Nevertheless, given that the peak temperatures

of the sensors consistently differed by several degrees or more, lim-

pets and mussels will likely experience greater thermal extremes on

shores composed of ‘hot rocks’ like basalt. These substrate effects

might translate to differences in the spatial arrangement of individuals

(Chapperon & Seuront, 2011) as well as regime shifts and altered eco-

logical interactions (Hawkins, Bohn, & Doncaster, 2015; Meunier,

Hacker, & Menge, 2024). The vulnerability of different genera to

physiological stress when exposed to the same heating conditions

was also demonstrated in this study, with those more closely attached

to their substrates (RLs) attaining higher thermal peaks as a result of

more efficient heat exchange. This effect has relevance for varying

levels of heat stress experienced by different organisms attached on

the same substrate or between the same organisms living on shores

composed of different rocks.

In addition to its relevance for natural rocky shores, there is some

evidence that material type impacts ecological communities on

urbanised coasts via thermal effects alongside topographic and water-

retaining influences (Aguilera, Arias, & Manzur, 2019). There is very

little research, however, in this area relative to the growth in studies

on the ecological functioning and enhancement of artificial coastal

structures (e.g. Firth et al., 2024; Kosová et al., 2023). The inclusion of

concrete in this study indicates such influences might be important.

Future research in this area could inform options for thermal refuge

provision through, for example, the careful selection and placement of

‘cool’ substrates within engineering schemes (Bauer et al., 2025;

Coombes & Naylor, 2012; Lima et al., 2016; MacArthur et al., 2020).

Finally, in thermal biology, evaporative cooling has mainly been con-

sidered in the context of water loss from body tissues of organisms

rather than from the substrate (e.g. Seuront, Ng, & Lathlean, 2018).

Interestingly, Denny and Harley (2006) suggest that evaporative cooling

was not important in predicting limpet body temperatures using a ther-

mal model based on the high accuracy of their predictions when exclud-

ing this as a variable. They did, however, use granite, a non-porous

material, in their modelling, whereas the wet and dry simulations using

materials with a range of porosities reported here indicate that evapora-

tion could have some effect on relevant metrics (i.e. thermal maxima).

This, in turn, was found to moderate biomimetic peak temperatures to

some extent (Figures 7 and 8). These observations emphasise the impor-

tance of substrate physical properties alongside type when comparing

and predicting thermal conditions and ecological responses across space

and time. Importantly, the influences of synergistic thermal and evapo-

rative processes on surface temperatures were found to vary consider-

ably between substrate types, warranting greater attention in thermal

biology studies.
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5 | FUTURE RESEARCH DIRECTIONS FOR
THERMAL BIOGEOMORPHOLOGY ON
ROCKY SHORES

Manipulative field experiments and controlled laboratory studies are

valuable approaches to studying complex environmental systems.

Relating findings to real-world conditions does, however, present sev-

eral challenges (e.g. Smith et al., 2005). Building on this work as a

proof-of-concept study, the following five research directions are

highlighted: First, the impacts of substrate sample size and physical

characteristics as used in experiments need further assessment. Rock

size influences thermal stress responses in colonising marine organ-

isms (Gedan et al., 2011), meaning there is a trade-off between using

smaller, practical samples in experiments versus data collection on

larger in situ rock masses, for which key properties such as thermal

inertia can be very different. Such scale challenges are well recognised

when using sample blocks and laboratory observations in geomorpho-

logical research (Moses, 2000; Smith et al., 2005; Viles, 2001). Using

flat, cut surfaces was a crucial part of the experimental design,

enabling standardised comparisons, but this simplifies the complex

reality of thermal transfers among the ocean, air, organisms and rock

(e.g. Lathlean et al., 2014). For example, differences in heating angles

explained some conflicting results between the field and laboratory

datasets (Section 4.2). The influences of these and other substrate

factors on the kinds of thermal differences reported here, including

different scales of surface complexity, could be explored in future

research, building on thermal biology studies by combining laboratory,

field and modelling approaches (Judge, Choi, & Helmuth, 2018;

Seuront, Ng, & Lathlean, 2018; Tan et al., 2023).

Second, the representativeness of biomimetic sensors needs fur-

ther consideration in thermal biogeomorphological research. Despite

recording data more representative of living organisms than standard

measures of temperature, biomimetic sensors cannot replicate behav-

ioural thermoregulatory responses under heat stress (Judge, Choi, &

Helmuth, 2018; Seuront, Ng, & Lathlean, 2018). In intertidal molluscs

such as limpets and mussels, these responses include actively seeking

refuge, ‘mushrooming’, ‘shell-lifting’ and ‘gaping’ behaviours

(Masanja et al., 2023; Miller & Denny, 2011; Williams et al., 2005), all

of which can significantly reduce body temperatures (Helmuth, 1999).

This limits the direct comparability of temperatures recorded using

biomimetic sensors with those experienced by living organisms,

although their value relative to standard loggers and for comparative

studies is clear. As is emphasised in thermal biology research

(e.g. Miller & Dowd, 2017), the integration of field and modelling

datasets of living organisms to supplement sensor-based experiments

is also needed in thermal biogeomorphology research.

Third, community-scale influences remain a significant gap in bio-

geomorphological understanding. While individual sensors were used

in this study to allow standardised comparisons, limpets and mussels

occur as aggregations of individuals, particularly in the case of mus-

sels, which often form dense beds of hundreds to thousands of indi-

viduals. These aggregations influence thermal conditions through

(1) shading effects, (2) water retention and (3) concurrent radiation/

conduction of heat among individuals and with the air and substrate.

Such aggregations create cooler microhabitats and mitigate tempera-

ture extremes (Baxter, Coombes, & Viles, 2022; Chapperon &

Seuront, 2011; Miller & Dowd, 2017; Olabarria et al., 2016). Dense

organic covers also modulate substrate heating and cooling by shading

and holding water at the surface (Coombes et al., 2017; Gonzalez

et al., 2021). In addition, the thermal buffering effects of foundation

species such as canopy-forming seaweeds are critical ecosystem engi-

neering processes on rocky shores (Gutiérrez et al., 2011;

Harley, 2006; Hesketh & Harley, 2023). There is, therefore, a need to

explore such bi-directional thermal interactions between aggregations

and communities of individuals and their substrates, including the

likely spatio-temporally dynamic effects of variable organic cover

(e.g. Coombes et al., 2013; Viles et al., 2008).

Fourth, the complexity introduced by multiple environmental vari-

ables across space and time requires more investigation. Larger-scale

environmental factors play a significant role in thermal dynamics on

rocky shores but were necessarily simplified in this study. This

includes shore position, timing and duration of tidal exposure, ante-

cedent weather conditions, and water retention on the surface

(Lathlean & Seuront, 2014; Lathlean, Seuront, & Ng, 2017; Tan

et al., 2023). Topographic complexity at scales ranging from

centimetres to metres (Hesketh & Harley, 2023) and from metres to

several kilometres (Lathlean & McQuaid, 2017) also influence the

occurrence of critical temperatures and outcomes at the patch-

to-regional scale. The influences of these controls relative to (and in

combination with) substratum type remain unknown. In addition to

well-replicated field exposure studies deploying different substrates in

the same locations, the growing networks of temperature loggers

in the coastal zone (including the Coupled Temperature and Biodiver-

sity Observation Network; see Reese, 2023) offer opportunities for

rock–substratum thermal studies in combination with other factors

across a broad range of scales.

Lastly, the implications of the kinds of processes and relationships

discussed here need to be considered in the contexts of bio-

geomorphological feedbacks and dynamics. While this research has

focussed on the contributions of rocky substrates and physical prop-

erties to thermal biology, the relationships discussed have wider bio-

geomorphological relevance that warrant further attention. For

example, thermal stresses and mortality under heatwave conditions,

as shown here to be mediated by substrate hygro-thermal behaviours,

lead to shifts in the distribution and abundance of species across a

range of scales (e.g. Mieszkowska et al., 2021). This will likely involve

shifts in the occurrence of geomorphologically relevant species,

including the occurrence and activity of bioeroders (e.g. grazing lim-

pets) and bioprotectors (e.g. mussels as well as canopy-forming algae)

both on natural rocky shores and artificial structures (Baxter,

Coombes, & Viles, 2022; Coombes et al., 2013, 2017; Cooper et al.,

2025). The sensitivity of these different organisms to thermal shifts,

the changes in the efficacy of their geomorphic work, and the spatial

scales and timeframes over which such effects might play out all

require specific attention by biogeomorphologists in collaboration

with thermal biologists and ecological modellers.

6 | CONCLUSIONS

The results of this study show that alongside the diversity of other

factors influencing complex thermal dynamics on rocky shores, sub-

strate type and physical properties can mediate—if not modulate—the

temperatures recorded by biomimetic sensors. These data are
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indicative of divergent surface temperatures even when heating con-

ditions are controlled for. Regression analysis showed that peak bio-

mimetic temperatures were best explained when substrate type was

considered, and the divergent thermal responses of different sensors

(RLs and RMs) were linked to their degree of surface attachment and,

consequently, conductive thermal exchange.

These findings indicate that spatially and temporally divergent

physiological stresses in rocky shore organisms are likely influenced

by substrate type and key physical properties, including porosity and

its association with evaporative cooling of the substrate. A key

remaining challenge is determining the significance of these effects

relative to other substrate, organism and environmental factors that

influence the thermal landscape of rocky shores across a range of

scales. Nevertheless, given that substrate temperatures diverged by

many degrees under hot summertime and heatwave conditions, rock

type and thermal properties could determine whether critical thermal

limits are crossed. In addition to their implications for ecological com-

munities and biodiversity, these effects may also mediate shifts in the

abundance and distribution of geomorphologically relative species on

rocky shores. Going forward, a greater integration of approaches and

techniques from biogeomorphology and thermal biology will help

improve our understanding of the complex bi-directional thermal

interactions and outcomes on rocky shores—offering opportunities

for a new thermal biogeomorphology. This is critical for explaining

and predicting spatially and temporally variable ecological and linked

biogeomorphological responses in a warming and more extreme

climate.
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