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Aquatic species living in productive coastal habitats with abundant primary producers have evolved 
in highly dynamic diel and seasonally fluctuating environments in terms of, for example, water 
temperature and dissolved oxygen. However, how environmental fluctuations shape the thermal 
tolerance of marine species is still poorly understood. Here we hypothesize that the degree of 
predictability of the diel environmental fluctuations in the coastal area can explain the thermal 
response of marine species. To test this hypothesis, we measured the thermal tolerance of 17 species 
of marine ectotherm from tropical, warm temperate and cold temperate latitudes under two levels 
of oxygen (around saturation and at supersaturation), and relate the results to their site-specific 
temperature and oxygen fluctuation and their environmental predictability. We demonstrate that 
oxygen and temperature fluctuations at tropical latitudes have a higher predictability than those 
at warm and cold temperate latitudes. Further, we show that marine species that are adapted to 
high predictability have the potential to tune their thermal performance when exposed to oxygen 
supersaturation, despite being constrained within a narrow safety margin. We advocate that 
the predictability of the environmental fluctuation needs to be considered when measuring and 
forecasting the response of marine animals to global warming.
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Productive aquatic environments with abundant primary producers are characterized by diel fluctuations of 
oxygen, determined by the cyclical succession of photosynthesis and community respiration, driven by the 
periodicity of light availability and temperature variations1. The partial co-dependency of the diel variation 
of dissolved oxygen on water temperature determines cyclical fluctuations which are approximately in phase2. 
Increasing the spatial and temporal resolution of observations reveals a complex pattern of variability in 
magnitude and frequency of the oscillations of these environmental drivers, including the occurrence of cyclical 
and stochastic fluctuations3–5. For example, there is a large daily variability in dissolved oxygen across marine 
environments, including a pervasive, but generally neglected, occurrence of oxygen supersaturation and its 
synchrony with changes in water temperature6–8.
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Aquatic species that have evolved in dynamic, fluctuating environments and, especially in coastal zones or 
in other productive marine habitats, are adapted to endure large daily variations in oxygen and temperature9. 
However, the effect of these fluctuations on animal physiology remains poorly understood, because only 
a few studies have been designed with an ecologically relevant experimental design9–11. Nevertheless, it has 
been demonstrated that the large diel fluctuations of dissolved oxygen in tropical coastal ecosystems shape the 
resistance and resilience of associated fauna to warming. Specifically, oxygen supersaturation conditions during 
daylight increase the thermal tolerance and improve the physiological response of species living in shallow water 
ecosystems during nocturnal hypoxia6. Increased thermal tolerance in aquatic ectotherms exposed to large 
fluctuations of dissolved oxygen is not limited to tropical environments, but also occurs in productive aquatic 
habitats across other latitudes7,12. Similarly, daily and seasonal temperature fluctuations promote physiological 
and behavioural plasticity in wild fish, increasing their thermal response and tolerance13.

Organisms respond to environmental fluctuation through two ways, so-called feedback and feedforward 
phenotypic plasticity1. The former is characteristic of organisms that perceive changes in the environment and 
respond with physiological and behavioural adjustments that tend to minimize severe negative consequences. 
For example, marine ectotherms exposed to warming produce heat shock proteins to reduce cellular damage and 
physiological disruption13,14. On the other hand, feedforward phenotypic plasticity is exhibited by organisms 
exposed to cyclical environmental variations (i.e., regular periodic fluctuations), enabling them to anticipate 
environmental changes by tuning physiological and behavioural traits. For example, Cerithidea decollata, an 
intertidal mangrove climbing snail, can predict the onset of high tide, climbing up the mangrove trunk to avoid 
submersion and predation15. Numerous studies have addressed feedback and feedforward phenotypic plasticity 
of marine ectotherms to environmental stresses (e.g.,16,17), but new studies shed light on novel organismal 
response across latitudes, especially when considering relevant ecological conditions9.

Here we investigate the influence of environmental fluctuation on the thermal tolerance of several marine 
coastal species and we tentatively interpret the results in the light of environmental predictability (i.e., the 
regularity of these environmental oscillations). Specifically, we measured and compared the effect of temperature 
and oxygen fluctuations on the thermal response of coastal ectotherms across latitudes, hypothesizing that the 
magnitude of environmental predictability influences their heat tolerance and thermal safety margins (i.e., the 
tolerable excess of heat with respect to the typical local environmental conditions) and consequently tunes their 
plastic response. To test this hypothesis, we collected timeseries of oxygen and temperature from productive 
coastal aquatic habitats from three climatic regions (i.e., tropical, warm temperate, and cold temperate) and 
analysed the thermal response of associated fauna at different levels of oxygen saturation.

Results
The three sites have three radically different annual temperature regimes, reflecting the climate zone in which they 
are located (Supplementary table S1A–D; Fig. S1; Fig. S4). The Cold Temperature site has a thermal regime that 
ranges from 4 to 15 °C with peaks up to 20 °C (Fig. 1A; Fig. S1), the Warm Temperate site has a wider range from 
close to 2 °C to 35 °C (Fig. 1B; Fig. S1), whereas the Tropical site has consistently higher temperatures around 
30 °C with peaks of 41 °C in the hot period and lower than 20 °C in the colder period (Fig. 1C; Fig. S1). This is 
paralleled by the oxygen saturation regimes. All three sites showed fluctuations of oxygen from low to high levels 
of saturation but with a significant change in their typical value as well as temporal occurrence throughout the 
year (Fig. S3). In the Cold Temperate site there is a high frequency of oxygen saturation measurements around 
100%, whereas in the Warm Temperate site the oxygen saturation frequency peaks around 80%. The Tropical site 
shows a more even frequency distribution of oxygen saturation, reflecting stronger daily fluctuations regularly 
occurring throughout the year (Fig.  1C,D, Figs. S1, S3). This is explained by a highly significant correlation 
between the detrended time series of the daily oxygen saturation variation and daily mean temperature. The 
relationship was highest with a 1 h time lag in the Cold Temperate and Tropical sites (Pearson r = 0.15 and 0.16, 
respectively; P < 0.001) and at a 0 h lag for the Warm Temperate site (r = 0.24, P < 0.001). This indicates that there 
is a strong diel synchronicity between temperature and oxygen over a large latitudinal range.

Analysis of temperature as an explanatory variable to explore the fluctuation of oxygen (Fig. S1) shows that the 
increase in temperature is paralleled by an increase in the oxygen range above and below 100% saturation, with 
consistent supersaturation associated to the Tropical site at higher temperatures, whereas in the Cold Temperate 
site water can be supersaturated at intermediate temperatures but not at higher temperatures (Fig. 1E–H, Fig. 
S1).

Cross-wavelet analysis and environmental predictability
We computed the continuous cross-wavelet analysis to identify the dominant periodicities of the covariance of 
temperature and oxygen time series and to determine whether these were regular, periodic oscillations or isolated 
or intermittent bursts. All the study sites were characterized by regular daily oscillations in water temperature and 
dissolved oxygen (Fig. S3), consistently covering more than about half of the investigated period (Table 1). These 
fluctuations were particularly regular and predictable in the Tropical site, where they were present approximately 
90% of the time. The cross-wavelet analysis clearly showed that the daily oscillations of dissolved oxygen and 
water temperature co-varied approximately in phase over time, and an additional weaker co-variance emerged 
at a semi-diurnal time scale presumably linked to tides (Fig. 1I–L).

Animal survival
All the marine ectotherms tested by warming whilst exposed to experimentally induced oxygen supersaturation 
(140 ± 3% of oxygen saturation) had significantly enhanced lethal heat thresholds, extending their survival 
under high temperatures (Fig.  2 and Fig. S2; Supplementary tables S2, S3, S4, S6). However, the animals 
responded differently according to the species and the location tested6. The LT50 of the species exposed to 
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oxygen supersaturation tested in the Tropical site increased by 1° to 4 °C, compared to full saturation (97 ± 2% 
of oxygen saturation). Warm Temperate specimens showed a narrow range of increased heat tolerance with an 
increase of 0.5° up to 2 °C, whereas heat tolerance of Cold Temperate species increased by 1° up to approximately 
2.5 °C.

Thermal safety margins
We found a significant negative relationship (y = 2.68–0.087x; F1,15 = 12.23; Adjusted R2: 0.41 p < 0.001) between 
the thermal safety margins of each species (calculated considering the average maximum temperature at each 
location) and their respective ΔLT50 (calculated as the difference between the lethal temperature at oxygen 

Fig. 1.  (A–D) Seawater oxygen saturation and temperature in the Cold Temperate, Warm Temperate and 
Tropical coastal sites (see Supplementary figure S4 for details on temperature variations). (E–H) Increase of 
the daily mean oxygen variation in function of the daily mean temperature calculated on the detrended time 
series; the red line indicates the trend of such correlations where the shaded area represents the 95% interval of 
confidence; %a.s. = air saturation. (I–L) Cross-wavelet analysis showing the relationship between oxygen and 
temperature in the three study sites. The horizontal axis represents time, while the vertical axis represents the 
periodicity of the corresponding oscillation. The paler area is the cone of influence, where results should not 
be interpreted due to biases connected to edge effects, and the thick black contour is the 5% significance level. 
The colour scale indicates the power of the cross-wavelet. Arrows represent the relative phase of the time series 
(pointing left when the two time series are in antiphase, right when in-phase). For the tropical site, the data set 
from Giomi et al., 20196 is also included (D,H,L).
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supersaturation and full saturation). Higher ΔLT50 was significantly correlated with lower thermal safety 
margins, the lowest having been identified in our study at the Tropical site; vice versa, the lower ΔLT50 were 
associated with the species living at higher latitude exposed to lower temperature, with higher thermal safety 
margins18 (Fig. 3A). Likewise, the same significant negative relationship was confirmed when the thermal safety 
margin was calculated between the highest temperature and the LT50 under 100% oxygen saturation at each 
location (y = 1.82–0.093x; F1,15 = 4.75; Adjusted R2: 0.19; p < 0.05); although for tropical species we observed the 
occurrence of negative safety margins if oxygen supersaturation was not taken into account when calculating 
the LT50 (Fig.  3B). Indeed, for tropical species we observed that the maximum temperatures consistently 
corresponded to high oxygen levels in productive aquatic environments.

The final path model (Fig. 4; Supplementary table S5; Comparative Fit Index (CFI) 0.902 and RMSEA 0.09) 
revealed a significant correlation among oxygen and temperature fluctuations and their predictability, while the 
predictability of these two parameters had an inverse effect on the thermal safety margins (higher predictability 
means lower safety margins for the species). The thermal safety margin, in turn, is inversely correlated with 
the gain in thermal tolerance under conditions of supersaturation, showing that the lower the thermal safety 

Fig. 2.  Temperature regimes and species-specific thermal tolerance of marine organisms at three different 
latitudes. On the left, frequency distributions of seawater temperature in the Cold Temperate, Warm 
Temperature and Tropical coastal sites from February 2017 to August 2018 are shown. On the right, thermal 
tolerance of 17 marine species (6 phyla) measured as lethal temperatures (LT50) of individuals exposed at 
oxygen full saturation (red symbols) and supersaturation (cyan symbols) are shown. The size of the symbols 
represents the standard error of the average (n = 6 to 44), while the length of the black bar connecting the 
symbols indicates the net gain in tolerance between the two oxygen levels. All the animal exposed to oxygen 
supersaturation extended their thermal tolerance in all three locations, but to a larger extent at the tropical 
than at the extratropical latitudes.

 

Signal and site
Days with a statistically significant 24 h periodicity/total monitored days 
not covered by the cone of influence

Predictability of daily fluctuations 
(% of time outside of the cone 
of influence with a statistically 
significant 24 h periodicity)

T—cold temperate 168/341 49%

DO—cold temperate 242/341 71%

T—warm temperate 193/389 50%

DO—warm temperate 240/389 62%

T—tropical 133/150–339/364* 89–93%*

DO—tropical 136/150–332/364* 91–91%*

Table 1.  Predictability of the temperature (T) or oxygen (DO) fluctuations characterized by a periodicity of 
24 h in the three sites studied. For the Tropical site we also used the data set from Giomi et al., 20196 marked 
with the asterisks.
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margin, the higher the capability of the species to display compensatory mechanisms under ecologically relevant 
environmental oxygen saturation.

Discussion
In marine habitats, environmental variability occurs over multiple temporal scales, including tidal and diurnal 
cycles, seasonal variations and occasional stochastic events19,20. The different periodicity, frequency of occurrence 
and magnitude of environmental variability affects the nature and scale of the physiological responses of marine 
organisms. The present data showed that the three productive coastal marine ecosystems have different regimes 
of oxygen and temperature fluctuations, particularly at the daily scale where the dominant oscillations are 
found. While the Tropical site exhibits a consistently wide range of high temperature and oxygen (up to 200% 
of saturation) fluctuations, the Warm Temperate site shows a clear seasonality with low temperatures associated 
with low oxygen variation in the winter and higher temperatures associated with higher oxygen variation during 
the summer, principally driven by the enhanced photosynthetic activity of primary producers. The summer rate 
of oxygen variation reaches values similar to that of the Tropical one. Notably, the Warm Temperate site has the 
largest thermal variation, ranging from almost 0 in winter to up to 40 °C in summer, compared to the other two 
sites, which are constrained within a narrower range of thermal variability. At the Cold Temperate site, the lowest 

Fig. 3.  Relationship between ΔLT50 (LT50 at supersaturation – LT50 at full saturation) and Thermal Safety 
Margins. Difference between the heat tolerance of animals exposed to oxygen supersaturation and full 
saturation as function of the thermal safety margins, estimated as the difference between the LT50 under 
supersaturation (A) and full saturation of oxygen (B), and the daily average of maximum environmental 
temperatures measured in the three sites studied. Note that the thermal safety margin calculated with LT50 at 
full saturation are not strictly ecologically relevant since the highest temperatures occur only in conditions of 
supersaturation; this relationship is shown only for comparison. Red line represents the regression line from 
the linear model used to test this relationship and the grey dashed line represents the 0 Thermal safety margin. 
The gain of heat tolerance due to oxygen supersaturation is higher when the thermal safety margin is lower. 
Furthermore, the species that have the higher gain are living in highly predictable environments compared 
to those with lower gain living in less predictable environments. Red dashed line indicates when the thermal 
safety margin is 0. The black segments on the top identify the points with higher or lower predictability (see 
Table 1).
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range of temperature and oxygen variation was recorded with only marginal supersaturation during winter (up 
to 140%) and mild oxygen undersaturation (~ 60%). This evidences the thermal constraints on the primary 
producers found in cold coastal waters like the North Sea21. Temperature is a well-known limiting factor for the 
growth of aquatic primary producers22. Furthermore, low temperature depresses the rate of photosynthesis in 
many seaweed and cyanobacteria species, constraining the activity of photosynthetic enzymes involved in the 
Calvin cycle, such as Rubisco23,24, limiting primary production25,26.

There is now a growing consensus on the need to investigate the physiological responses and phenotypic 
plasticity of organisms living in routinely fluctuating environments11,27, particularly in connection to 
environmental predictability1,28. The regimes of dissolved oxygen and water temperature fluctuations in the 
sites investigated here are characterized by distinct levels of predictability, peaking at more than 90% at tropical 
latitudes, while at temperate latitudes they decrease to 71% in the Cold Temperate site and to 62% in the Warm 
Temperate site (Table 1). This difference has important implications for the mechanism of the physiological 
response of organisms inhabiting the different sites because they are routinely subjected to latitude-specific 
differences in the regularity of environmental variation. The latitudinal diversity in environmental predictability 
(i.e., highest values in the tropics, lowest in the temperate regions) in productive coastal waters observed here, 
is congruent with findings of atmospheric circulation, recently modelled at planetary scales29,30. Specifically, 
the predictability of the atmosphere, which has pivotal implications for weather and associated environmental 
variation, is much higher over the longer term at tropical compared to extratropical latitudes. This is due to the 
equatorial waves being significantly more consistent than middle-latitude baroclinic disturbances, allowing a 
higher weather predictability at low latitudes29,30.

The synchrony of oxygen and temperature fluctuations is an important feature of productive aquatic 
habitats and has recently been described for tropical6, temperate8,31, polar environments32 and even freshwater 
habitats33,34. The influence of the predictability of environmental fluctuations on the plasticity of physiological 
response of aquatic organisms has been investigated with promising results. Bitter et al.35 showed that predictable 
pH fluctuations enhance the metabolic response of the Mediterranean mussel, Mytilus galloprovincialis, while 
a decrease in pH predictability depresses phenotypic plasticity in natural populations. This provides empirical 

Fig. 4.  Final path model describing how the compensation of the thermal response under ecologically relevant 
conditions (i.e., oxygen level, ΔLT50) is shaped by the Thermal Safety Margins that in turn are controlled by the 
fluctuations and predictability of oxygen and temperature. Temperature and oxygen fluctuations are correlated 
among themselves and with temperature predictability and oxygen predictability, respectively. Temperature 
and Oxygen predictability are significantly correlated. Thermal safety margins are significantly and negatively 
determined by the predictability of oxygen and temperature which means that lower predictability is related 
to higher safety margins, principally because species living in colder environments have higher thermal safety 
margins and lower oxygen and temperature predictability. In turn, thermal safety margins inversely affect 
the species ΔLT50. This means that higher thermal safety margins determine lower ΔLT50 in the thermal 
response when exposed to supersaturation and lower thermal safety margin determines a higher ΔLT50 when 
the species is exposed to supersaturation. Path diagram with standardized path coefficients reported next to 
the black solid arrows with a significant p value (p < 0.05). Significant positive correlations are reported with 
dotted lines. Non-significant pathways are given in dashed grey shafts.
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support to recent theoretical studies36,37 that have demonstrated how environmental predictability and the 
timescale of environmental variations shape the plastic phenotypic response of the mussels.

The present data from 17 marine species belonging to 6 different phyla showed a significant effect of the 
predictability of oxygen and temperature fluctuations on the plasticity of the animals’ heat tolerances when 
exposed to oxygen supersaturation. In accordance with other recent findings6–8,12,38, the oxygen supersaturation 
occurring at the three sites investigated here significantly increased the heat tolerance of the studied species. Indeed, 
oxygen supersaturation can fulfil increased metabolic demand during heating events in the environment6,12. 
However, the magnitude of the effect of oxygen supersaturation differed according to the latitude studied. 
Tropical animals had the largest increase in heat tolerance when exposed to supersaturation, while animals from 
the warm temperate latitudes had the lowest increase. We interpreted these results considering that species living 
in constant higher temperatures (i.e., in the tropics) are thermal specialists compared to thermal generalists 
that have evolved under colder and more stochastic temperature regimes39,40. Thermal generalists can sustain 
their metabolic rate across a wide thermal niche due to compensatory mechanisms of respiratory functions41 
which can allow them to perform well under irregularly varying environmental conditions. In this study, species 
living at temperate latitudes had a narrower heat response to oxygen fluctuations compared to those living at the 
tropics, likely resulting from large compensatory mechanisms expressed in the large range of temperatures they 
experience42,43. In contrast, the tropical thermal specialists, confined to a narrower thermal niche, revealed a 
broad phenotypic plasticity, which markedly extended their thermal tolerance when exposed to supersaturation. 
These results provide empirical validation for the theoretical model developed by Botero et al.36 predicting that 
rather than the amplitude of environmental oscillations it is the predictability of the environment which drives 
the phenotypic plasticity of organisms to multiple and novel environmental stressors9,44.

Predictable fluctuations of pH and oxygen in aquatic environments significantly expand the physiological 
tolerances of aquatic organisms8,27,34. These results show that oxygen and temperature predictability allow 
animals to widen the gain in heat tolerance driven by oxygen supersaturation, at least in the species studied. 
Furthermore, these results demonstrate that environmental predictability not only drives the thermal response 
of the marine species, but significantly extends the heat tolerance of thermal specialists when exposed to oxygen 
supersaturation thus broadening their thermal safety margin. The organisms from tropical latitudes, that evolved 
under high environmental predictability, are adapted to anticipate daily cyclical change in environmental 
conditions, which allows them to allocate energy more efficiently in order to endure novel conditions despite 
the magnitude of the change experienced1,45, in accordance with the feedforward phenotypic plasticity of 
physiological response. Organisms living at high latitudes are less efficient in exploiting the protective effects of 
oxygen supersaturation but display broader thermal safety margins, since they are exposed to more stochastic 
diel oxygen and temperature variations due to climatic and weather conditions, and consequently to lower 
environmental predictability. For this reason, species at high latitudes are more prone to rely on feedback 
phenotypic plasticity enduring environmental cues with compensatory mechanisms (i.e., metabolic depression 
and/or expression of heat shock proteins) rather than adopting feedforward phenotypic plasticity driven by 
environmental predictability36. When environmental conditions fluctuate constantly, and are thus, highly 
predictable, individuals can tune their phenotype to cope with prevailing conditions at diel and seasonal scale 
and likely also with novel climate events9. In the case of environments characterised by unpredictable variability, 
like in high latitudes, acclimatisation can come at a high cost. Failure to anticipate future conditions due to 
stochastic environmental variability plays a decisive role in shaping the thermal tolerance of species because it 
results in a costly subsequent change of the organisms’ thermal response2,34,35,46–48. Such a bet-hedging strategy 
is promoted in highly stochastic environments because it allows organisms to persist in stressful conditions but 
at a high cost in terms of fitness36,49.

Conclusion
Our study suggests that differences in environmental predictability can play a role in driving different 
physiological responses in marine species. Specifically, species exposed to predictable environments can tune 
their physiology accordingly. In contrast, species in non-predictable environments face stochastic events that 
increase the diverse bet-hedging strategies allowing them to cope with stressful conditions36.

Both the thermal safety margins of marine organisms and the predictability of the environmental fluctuations 
they are exposed to are affected by climate change, since the latter may decouple the correlations between 
environmental variables. To allow better forecasting of organism vulnerability and ecosystem resilience under 
climate change, we advocate the integration of environmental fluctuations and their predictability into future 
studies.

Material and methods
Study sites
Our study sites were located in the central Red Sea, in a coastal area characterised by fringing mangroves at 
the “Ibn Sina” field research station (22°20′19.90″N, 39°5′24.30″E) of the King Abdullah University for Science 
and Technology (KAUST, Saudi Arabia), in the Venice lagoon (45°13′37.66″N, 12°16′10.48″E) nearby the 
City of Chioggia (Italy) in an area characterized by the presence of marine macrophyte beds and seagrass 
meadows dominated by the common eelgrass (Zostera marina), and in Scotland (UK) in the rocky shoreline 
(55°53′53.20″N, 2° 7′41.83″W) at the St. Abbs Marine Station, characterized by the presence of massive bladder 
wrack algae (Fucus vesiculosus) and other marine macrophytes. The facilities used to run the experiments 
were, respectively, the ESM Lab at KAUST, the Chioggia Hydrobiological Station “Umberto D’Ancona” of the 
University of Padova (chioggia.biologia.unipd.it/en), and the St. Abbs Marine Station (marinestation.co.uk). The 
three sites are characterized by different climates and based on the Köppen-Geiger classification ​(​​​h​t​t​p​:​/​/​k​o​e​p​p​e​
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n​-​g​e​i​g​e​r​.​v​u​-​w​i​e​n​.​a​c​.​a​t​/​p​r​e​s​e​n​t​.​h​t​m​​​​​) Saudi Arabia was considered Arid and hereafter referred to as the Tropical 
Site, Venice Lagoon, considered a Mediterranean climate, and hereafter referred to as the Warm Temperate site, 
and St. Abbs (Scotland), considered Oceanic climate, and hereafter referred as the Cold Temperate site. In all 
locations the sampling was carried out within 5 m depth.

Species investigated
To characterize the effect of oxygen supersaturation in enhancing the heat tolerance of marine ectotherms, we 
sampled six different phyla in the study sites considered. For the Tropical site, we retrieved published data6 for 
six species. Specifically, 14 individuals of Thalamita crenata (Arthropoda: Portunidae), 77 of Atherinomorus sp. 
(Chordata: Atherinidae), 28 of Holothuria atra (Echinodermata: Holothuroidae), 58 of Dascyllus sp. (Chordata: 
Pomacentridae), 46 of Ophiocoma sp. (Echinodermata: Ophiocomidae) and 46 individuals of Modiolus sp. 
(Mollusca: Mytilidae).

For the Warm Temperate site, in July 2018 we collected 36 individuals of Caprella sp. (Arthropoda: 
Caprellidae), 42 of Gammarus sp. (Arthropoda: Gammaridae), 42 of Haminoea sp. (Mollusca: Haminoeidae), 42 
of Paracentrotus sp. (Echinodermata: Parechinidae), 42 of Ophitrix sp. (Echinodermata: Ophiocomidae) and 42 
individuals of Mytilus sp. (Mollusca: Mytilidae).

For the Cold Temperate site, in August 2018 we collected 12 individuals of Necora sp. (Arthropoda: 
Portunidae), 20 of Ostrea sp. (Mollusca: Ostreidae), 20 of Echinus sp. (Echinodermata: Echinidae), 12 of Ophitrix 
sp. (Echinodermata: Ophiocomidae) and 16 individuals of Mytilus sp. (Mollusca: Mytilidae).

This project was completed under the Saudi Arabia and KAUST ethics permit (Institutional Animal Care 
and Use Committee approval 18IACUC10) and all experiments were performed in accordance with relevant 
guidelines and regulations complying with ARRIVE guidelines (https://arriveguidelines.org) and the necessary 
requirement by the three countries where the experiments were performed.

Environmental data logging
To retrieve dissolved oxygen concentration and water temperature time series from the study sites we deployed 
three PME miniDOT® Dissolved Oxygen Loggers from August 2016 to August 2017 and February 2017 to July 
2018 for Saudi Arabia, from April 2017 to May 2018 for Venice lagoon and August 2017 to July 2018 for St. Abbs 
Marine station. The loggers were positioned in shallow water environments at the transition between the benthic 
boundary layer and the open water, in close proximity to the primary producers to better assess the influence of 
in situ metabolic activity on environmental parameters (following4,6).

Observations of dissolved oxygen concentration and corresponding water temperature were available for 
the three habitats every 10 min, during day and night. Dissolved oxygen concentration at 100% saturation in 
seawater was calculated from the PME miniDOT®.

Loggers were periodically cleaned to avoid fouling interference with oxygen and temperature measure and 
data quality was checked: all the measured values reported a data quality threshold above 98% recorded from the 
logger, indicating the robustness of the data.

Before further analysis, the time series of oxygen and temperature were detrended using the R package 
astsa50. The daily oxygen and temperature variability was calculated by subtracting the daily minimum to the 
daily maximum value of temperature and oxygen saturation along the logging period. The relationship between 
these two new variables was tested considering the temperature range as explanatory variable and the oxygen 
range as response variable.

Mortality rate LT50
Temperature-induced mortality rates and LT50s were measured following the method described by Giomi 
and colleagues51. For each species, two groups of individuals underwent different treatments: half of the 
animals were exposed to a level of dissolved oxygen saturation of 97 ± 2% (full saturation), and half to oxygen 
supersaturation around 140 ± 3% for 2 h before the start of temperature ramping. These two levels of oxygen 
saturation were comparable to those observed in the habitats examined (Fig. 1). Temperature ramping was set 
according with the natural oscillation experienced by the animal at the site, thereby mimicking the site-specific 
environmental temperature fluctuations. Specifically, the ramp was set at 1 °C every 30 min for animals in the 
Tropical and Warm Temperate sites, and  0.5  °C every 60  min for the Cold Temperate site. The temperature 
ranges tested were 25–49 °C for the Tropical site, 26–46 °C for the Warm Temperate and 15.5–37.5 °C for the 
Cold Temperate. Dissolved oxygen concentration was monitored during the entire experiment using a calibrated 
multiparametric probe (SevenGo Duo Pro SG98 Portable RDO/pH/Ion Meter, Mettler Toledo Instruments) 
and adjusted to maintain supersaturation by regulating the flow of air and nitrox (O2 at 36%). The mortality of 
individuals (defined through the nonreactivity to tactile stimulus) was assessed every 30 min. Dead individuals 
were immediately removed from the experimental tank, and the experiments were terminated when all animals 
were dead.

Prior to the experiment, the animals collected were transferred into the aquarium facilities and allowed to 
recover from handling stress for 24 h in saturated (97% of oxygen saturation) filtered seawater, according to the 
procedures described by Fusi and colleagues40, without feeding. In the laboratory, the acclimation temperature 
was set to mimic the field temperature during the night-time when animals were collected.

Wavelet and cross-wavelet analysis
Wavelet analysis was used to identify the dominant periodicities in the dissolved oxygen or temperature time 
series and depict whether they are taking place as regular, periodic oscillations or they are only found in certain 
moments or periods, for example as isolated or intermittent bursts. To compute the continuous wavelet power 
spectrum52 of the temperature and dissolved oxygen time series, each time series was percentile transformed 
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and analysed using the Morlet wavelet and the significance levels were assessed against a null hypothesis of red 
noise. The wavelet power spectrum describes, for each moment of the time span covered by the time series, the 
distribution of the variability in the time series as a function of different frequencies (or periods) of oscillation. 
This analysis allowed us to determine the relative contribution of each period (or frequency) of oscillation to 
the total variation observed in each temperature and oxygen time series, as well as how this contribution is 
spread over the time span covered by the time series. The analysis was limited to the longest period of each time 
series without gaps (except for minor gaps which were interpolated (e.g. in the case of a few missing hours in a 
day), or filled with observations from nearby days, as appropriate), as required by the statistical methodology. 
Calculations were performed using Grinsted’s MATLAB toolbox which can be found at ​h​t​t​p​s​:​​/​/​n​o​c​.​​a​c​.​u​k​/​​b​u​s​i​n​​
e​s​s​/​m​a​r​i​n​e​-​d​a​t​a​-​p​r​o​d​u​c​t​s​/​c​r​o​s​s​-​w​a​v​e​l​e​t​-​w​a​v​e​l​e​t​-​c​o​h​e​r​e​n​c​e​-​t​o​o​l​b​o​x​-​m​a​t​l​a​b​​​​​.​​

We also performed a cross wavelet analysis52 for the temperature and oxygen time series in each location. This 
analysis allowed the investigation of whether the two-time series co-vary and, if so, if they co-vary only in the 
case of certain frequencies of oscillation and if there is a consistent phase relationship between their oscillations.

To compute the typical amplitude of the daily fluctuations in water temperature or dissolved oxygen 
concentration over the monitored period, we carried out a Fast Fourier Transform (FFT) analysis of each time 
series and extracted the amplitude corresponding to a 24 h frequency from the resulting amplitude spectrum.

Predictability
The amount of predictability of the temperature or oxygen fluctuations was computed with reference to a 
periodicity of 24 h, i.e., the dominant period identified in the time series by the wavelet analysis. The predictability 
of a time series was defined as the fraction of the monitored time frame during which a statistically significant 
(as identified by the wavelet analysis) 24 h periodicity was present for that time series. To calculate the duration 
of the monitored time frame, only the period not covered by the cone of influence corresponding to the 24 h 
periodicity was considered, because wavelet outputs cannot be reliably interpreted within the cone of influence, 
i.e., close to the start and end of the time series52.

Statistical analyses
Differences in LT50 were assessed using the R package survival53 and the graphs were prepared using the R 
package drc54.

Thermal safety margins in Fig. 3 were calculated following Sunday and colleagues21; briefly, we computed the 
thermal safety margins by calculating the difference between each species LT50 when exposed to supersaturation 
(140%) and the mean of the daily maximum temperatures experienced by that species for each site (Fig. 3A). 
For comparison, they were also calculated as the difference between each species LT50 when exposed to full 
saturation (97%) and the mean of the maximum temperature experienced by that species for each site (Fig. 3B). 
We used a linear model to test the relationship between the safety margins and ΔLT50, calculated as the difference 
between the LT50 of the animal exposed to supersaturation and full saturation.

To quantify relationships between the oxygen and temperature fluctuation, predictability, thermal safety 
margins, and the ΔLT50 defined as the difference between LT50 measured in supersaturation and full saturation 
of oxygen, we performed a path analysis using the package lavaan55 in R. This confirmatory path analysis 
method enabled the overall fit of a multifaceted network of causality to be tested, including the estimation of 
indirect effects, while allowing the use of a nested data structure. To derive comparable estimates, all quantitative 
predictors (i.e., temperature and oxygen), thermal safety margins and ΔLT50 were standardized to a mean 
of zero and standard deviation of one. Based on the literature (i.e.,6) we constructed an a priori model with 
hypothesized pathways among oxygen and temperature fluctuations, predictability (all exogenous variables, i.e., 
variables whose variation is a result of components outside the model), thermal safety margins, and the ΔLT50 
of the species. We used a multiple hypothesis testing to select the best model to describe the relationship among 
our variables and the best model was accepted based on the Fisher’s C statistic and the best Comparative Fit 
Index (CFI) and RMSEA.

Data availability
All the data are provided as Supplementary tables data 1 (Table S1A–D, S2–5) to this manuscript and the scripts 
used for analysing those data are available at GitHub ​h​t​t​​​​p​s​:​​/​​/​g​i​t​h​u​b​​.​c​o​​m​/​M​a​​r​​c​o​​F​u​s​i​1​9​8​​0​/​O​x​y​g​e​n​_​V​a​r​i​a​b​i​l​i​t​y​_​a​
n​d​_​P​r​e​d​i​c​a​t​i​b​i​l​i​t​y​_​0​1​​​​​.​​
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