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All sequencing data are available in the NCBI BioProject PRJNA1062819 at: https://www.ncbi.nlm.nih.gov/bioproject/PRJNA1062819 . All other relevant data
generated or analyzed during this study are included in the manuscript and supplementary information. Source data are available for Figs. 1c,d, 2, 3, 4, 5, 6b-d, and
Supplementary Figs. 3–9 in the associated source data file. Source data are provided with this paper. Data that support the findings of this study can be accessed on
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A two-phase field experiment was performed to assess how warming history shaped the structure of the biofilm community and its
multiple dimensions of stability in response to subsequent perturbations. The treatments included a control with natural
temperature variation, fixed warming with repeated 12°C pulses above ambient temperature, and fluctuating warming with varied
pulses that maintained the same mean temperature. To generalize the effect of fluctuating warming and avoid reliance on a single
sequence, we established three distinct temporal warming sequences (fluct-s1, fluct-s2, and fluct-s3) that shared the same mean (T
= 12 °C) and variance (SD = 5 °C) but differed in their temporal profiles. After the initial warming treatments, a severe thermal shock
of 60 °C for 120 minutes was applied twice over four days. This extreme temperature, relevant to occasional site conditions, was also
tested on four additional plots that had not been pre-exposed to warming (Extreme-Only). Heating was conducted using aluminum
chambers with stoves, and aerial temperatures were monitored with iButton loggers placed both inside and outside the chambers.
To control for shading effects during heating, four plots were shaded but not warmed, and four unaltered plots served as overall
controls.

We established a total of 28 plots (over 2 km area), each consisting of a 40x40 cm area of substrate covered with biofilm (community
of cyanobacteria and microalgae living embedded in a matrix of self-produced polymeric substances). These plots were spaced 2-8
meters apart to ensure for spatial indipendence. While acknowledging the spatial and temporal variability of rocky intertidal biofilm,
we reference previous studies that successfully discerned the effects of warming using 3 to 4 replicate plots within the same study
site (Dal Bello et al. 2015, Rindi et al. 2022). Based on this precedent, we believe that our sample size is sufficient. It provides the
necessary precision to distinctively separate the effects of different warming regimes. This approach aligns with established
methodologies in our field, ensuring that our findings are both reliable and scientifically valid.

Biofilm biomass was evaluated for experimental plots in 9 times during the durations of the study, except for Extreme-only plots that
were sampled starting from mid-June, 40 days before the imposition of temperature extremes (LR and HJ). Biofilm communities were
sequenced at four key stages: the experiment's start, post-thermal history imposition, after extreme events, and at the experiment's
conclusion (LR and JH). This was conducted across 3 plots per treatment, resulting in a total of 78 samples.
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Rock samples covered in biofilm were collected at four different times during the experiment, using a hammer and chisel, from three
plots per treatment, yielding 78 samples in total (LR and HJ). Samples were taken randomly, with a 5 cm buffer from adjacent sample
edges, and stored under cold, dark conditions before freezing at -80 °C. For DNA extraction, excess rock was manually removed,
samples were pulverized, and DNA was extracted using the Qiagen DNeasy PowerSoil Kit (HJ). DNA quality was assessed using
NanoDrop and Qubit systems (HJ). Sequencing was performed on an Illumina HiSeq2500, with reads de-multiplexed based on the
Illumina indexing system.

The study was performed between May and September 2018. Warming pulses were performed for six times at biweekly frequency
fromMay to August 2018 (2018-05-07, 2018-05-25, 2018-06-04, 2018-06-07, 2018-06-21, 2018-07-03)(LR and JH). Extreme
temperature treatments were applied on two days—approximately one week after the imposition of warming pulses—on
2018-07-26 and 2018-07-30. Biofilm biomass was evaluated using an IR sensing camera on nine dates throughout the study
(2018-05-22, 2018-05-30, 2018-06-20, 2018-06-27, 2018-07-09, 2018-08-13, 2018-08-29, 2018-09-10, and 2018-09-21). Note that
Extreme-only plots were sampled starting in mid-June, 40 days before the imposition of temperature extremes.Rock samples covered
in biofilm for DNA extraction were collected at four different times (2018-05-22, 2018-07-25, 2018-08-13, 2018-09-21).

All biofilm biomass data were included in the analysis. However, for DNA analysis, one rock sample from the fixed-warming
treatment, collected during the first sampling, was excluded from sequencing due to its excessively low DNA concentration, resulting
in a total of 77 samples.

We used four replicate plots per experimental condition for biomass measurements to ensure robust statistical power and
reproducibility. To further validate our findings, we established three distinct random temporal warming sequences. Each sequence
maintained the same mean and variance, ensuring that the overall intensity and variability of warming were controlled, while
differences in their temporal profiles allowed us to demonstrate that the observed effects of fluctuating warming were not specific to
a single pattern. This dual approach—adequate replication coupled with variability in the warming sequences—confirms that our
results are both reliable and generalizable, strengthening the overall robustness of our experimental design.

Experimental plots were randomly allocated to experimental treatements.

The process of data collection and analysis is blind before relevant results are revealed.

The study was performed along rocky shore of Calafuria (Livorno, 43° 30’N, 10°19’ E) between May and September 2018. The coast is
composed of gently sloping sandstone platforms with high-shore levels (0.3 - 0.5 m above mean low-level water) characterized by
assemblages of barnacles interspersed among areas of seemingly bare rock, where the biofilm develops. The annual average
temperature of the study site is around 16.4 °C, and temperature during the study period (May-September) spans a range from
about 18.2 °C to 24.8 °C. The average annual precipitation is approximately 953 mm and spans over range from about 62 mmin May
to 112 mm in September.

The study was performed along rocky shore of Calafuria (Livorno, 43° 30’N, 10°19’ E).

Rock samples were collected in compliance with national and local law.

No disturbance was caused.




