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1  |  INTRODUC TION

Many ecosystems are usually exposed to seasonal, as well as daily fluc-
tuations in temperature. In addition to these natural variations, global 

warming threatens aquatic ecosystems worldwide through the increase 
in intensity and frequency of heatwaves (Seneviratne et al., 2021). As 
photosynthesis, in particular, photosystem II activity, is one of the most 
heat-sensitive cellular processes (Glatz et al., 1999), it is necessary to 
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Abstract
1.	 The increase in heatwave intensity and duration is challenging microalgal pho-

tosynthesis in shallow waters. In particular, the extent of photosynthesis impair-
ment or limitation due to short extreme heat stress events occurring during a 
heatwave remains unknown.

2.	 In this study, we investigated the importance of microalgal diversity and thermal 
history in response of phototrophic biofilms to severe heat stress. We exposed 
isolated microalgal strains, synthetic communities previously acclimated at three 
temperatures, and natural phototrophic biofilms sampled at different seasons to 
several temperature/duration pairs (from 31 to 44°C for 30, 60, 120 or 180 min). 
Microalgal photosynthetic activity (FV/FM) was measured after each heat stress 
and was shown to be a function of thermal dose, defined as the product of time 
and an exponential function of temperature.

3.	 It appeared that the thermal history plays an important role in tolerance to heat 
stress, with synthetic communities acclimated at highest temperature being 
more tolerant. However, the responsiveness (i.e. the strength of the response) 
to heat stress was driven by the microalgal diversity of the community.

4.	 Synthesis. Our analysis showed that although photosynthetic activity was 
negatively impacted by heat stress, gross primary productivity was even more 
strongly and rapidly impacted, highlighting the fact that in situ, even moderate 
heat stress can significantly impair primary productivity in shallow waters.
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tolerance
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better understand the effects of heat stress on photosynthetic activity 
and on the resultant primary productivity. To date, most of previous 
works on the effects of heat stress on phototrophic organisms have 
been conducted in marine systems. In pelagic systems, heatwaves 
generally induce shifts in primary producer community composition 
(Soulie et al., 2022) together with a decline in species richness (Polazzo 
et al., 2022) which can ultimately severely impair ecosystem function-
ing (Frölicher & Laufkötter,  2018). In the intertidal zone, which can 
already experience extreme heat stress during low tide, both macroal-
gal and microphytobenthic communities' productivity can be limited 
by high temperatures (Brito et al., 2013; Laviale et al., 2015; Román 
et al., 2020; Weitzman et al., 2021). In comparison, the effect of heat 
stress is poorly documented in freshwater ecosystems, especially for 
benthic microalgae despite their ecological importance.

Phototrophic biofilms represent the major part of primary produc-
tion in many shallow water bodies and running aquatic ecosystems 
(Biggs,  1990; Sánchez et al.,  2017). Because of climate change, the 
prevalence of nonperennial rivers and streams is enhanced (Messager 
et al., 2021), and the probability for benthic communities to face heat 
stress increases (Datry et al., 2014). During low-flow periods, the water 
level sharply decreases, reducing the thermal inertia of water. Flow ces-
sation enhances the correlation between water and air temperatures, 
leading to larger daily variations in temperature with notably higher water 
temperatures in the daytime (Morrill et al.,  2005). During heatwaves, 
some unusually high temperatures can be reached (Gómez et al., 2017; 
Vidal-Abarca et al., 2002), triggering acute heat stress in phototrophic 
benthic microorganisms. Given the important functional role of pho-
totrophic biofilms and the predicted climate change scenario, the effects 
of heat stress on these communities have been understudied.

The individual response to a given temperature is usually de-
fined by the organism's thermal niche, which is species dependent 
and even strain dependent (Samuels et al.,  2021). The thermal 
niche is defined by a thermal performance curve characterised by 
an optimum temperature at which performance is maximal (Romaní 
et al.,  2014). Within the curve's optimal range, if the temperature 
remains below the thermal optimum, some positive effects (e.g. 
higher growth rate) may be observed with increasing temperature 
(Angilletta Jr,  2009). When ambient temperature increases over 
the thermal optimum, several physiological responses are induced 
that may lead to cell death, depending on the duration and inten-
sity of the stress (Souffreau et al., 2010). Thermal tolerance is asso-
ciated with cellular stress responses, including the modification of 
gene expression and the synthesis of heat shock proteins (Horváth 
et al., 2012). The latter can interact with other peptides and proteins 
to prevent their denaturation by temperature and the consequent 
inactivation of cellular processes (Vinocur & Altman, 2005).

The response of communities to heat stress strongly depends on 
their thermal history, that is, the temperature the community experi-
enced for a given time before the application of the stress. Thermal 
history can alter thermal niches (Luhring & DeLong,  2017; Padfield 
et al.,  2016) and significantly modify individual tolerance to heat 
stress. Microalgae previously exposed to temperatures lower than 
their thermal optimum can enhance their individual tolerance to a new 

heat stress, as shown for marine taxa (e.g. Magozzi & Calosi, 2015; 
Sasaki & Dam, 2019). In contrast, when grown above their thermal op-
timum, marine diatoms have higher mortality rates during heatwaves 
(Samuels et al., 2021). For various aquatic taxa, growth at high but sub-
lethal temperatures can impair their ability to recover from heat stress 
(Marbà & Duarte,  2010; Samuels et al.,  2021; Siegle et al.,  2018). 
Nevertheless, the tolerance of individuals is not sufficient to infer the 
response to temperature at the community level. The thermal history 
induces changes in community composition due to competition and 
mortality that, in turn, bring changes in tolerance to temperature at 
the community scale. For instance, in freshwater, cyanobacteria tend 
to dominate the microalgal community as temperature increases 
(Watermann et al., 1999). In communities dominated by diatoms, in-
creasing temperatures reduced species diversity (Delgado et al., 2020). 
Moreover, community diversity may also affect its response to heat 
stress, in agreement with the insurance hypothesis (Yachi & Loreau, 
1999). The association of various species with slightly different ther-
mal niches could increase the general thermal niche of the community, 
thus allowing better resistance to a changing environment.

Since the effect of heat stress depends on both the duration of 
the stress and the temperature applied, understanding this effect re-
quires a parameter that summarises both pieces of information. For 
this purpose, the ‘thermal dose’ was defined as the product of time 
and an exponential function of temperature. It has been used for 
decades in clinical studies, including the application of hyperthermia 
in cancer therapy (Gerner, 1987). More recently, it was successfully 
adapted to model the impact of heat stress on microalgal viability 
and activity to minimise the risk of culture collapses in large-scale 
outdoor cultivation systems (Béchet et al., 2017). Microalgal viability 
and photosynthetic activity were both shown to be functions of the 
thermal dose. The calculation of a ‘dose of heat’ allowed us to syn-
thesise heat stress and to predict its effect on organisms.

The objective of our study was to understand how phototrophic 
biofilms respond to short and intense heat stress, as occurs during 
low-flow periods. We investigated the effects of thermal history and 
microalgal diversity on the response of photosynthesis to heat using 
the thermal dose approach. To this end, we performed several tem-
perature experiments using (1) cultivated benthic microalgal strains, 
(2) simplified microalgal communities obtained by mixing microalgal 
strains previously acclimated at contrasting temperatures and (3) natu-
ral phototrophic communities sampled during different seasons. Each 
experiment consisted of exposing microalgal samples to a wide range 
of temperatures (from 31 to 44°C) and durations (from 30 to 180 min). 
We measured the photosynthetic activity and modelled its response 
to heat as a function of the thermal dose. We hypothesised that (1) the 
response of phototrophic biofilms is controlled by the thermal history 
of the community as the tolerance to heat stress increases with accli-
mation temperature and (2) the community response to heat stress 
is also driven by its diversity, which increases its ability to mitigate 
the heat stress effect. Last, we applied the thermal dose models to 
temperature fluctuations observed in the field to test and discuss the 
significance of the thermal dose approach for predicting the effects of 
heat stress events on river primary productivity.
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2  |  MATERIAL S AND METHODS

Three similar heat stress experiments were conducted on isolated 
microalgal strains cultivated at 20°C (Experiment 1), on synthetic 
communities consisting of a mix of three microalgal strains previ-
ously acclimated at 15, 20 and 25°C before heat stress experiment 
(Experiment 2) and on natural biofilms sampled in autumn, winter, 
midsummer and at the end of summer (Experiment 3).

2.1  |  Biological material

2.1.1  |  Algal strains

The experiments were conducted on six nonaxenic microalgal 
strains: two green algae, Uronema conferviculum and Scenedesmus 
sp., both isolated from rivers in southwestern France; two diatoms, 
Gomphonema parvulum (SAG-1032-1) and Nitzschia palea (CPCC-
160); and two cyanobacteria, Komvophoron sp. (southwestern 
France) and Nostoc sp. (PCC 7120). All strains were cultivated under 
controlled conditions (20°C, light/dark cycle 16 h/8  h, 30 μmol.
m−2.s−1). Diatoms and green algae were grown in COMBO medium 
(Kilham et al., 1998), and cyanobacteria were grown in BG-11 me-
dium (Stanier et al., 1971). All these strains are common benthic spe-
cies, except Scenedesmus sp., a planktonic microalgae that is often 
found in river biofilms due to sedimentation (Lowe & Gale, 1980). 
Scenedesmus sp., Gomphonema parvulum and Komvophoron sp. were 
also acclimated at 15°C or 25°C for 5 months in the same light and 
medium conditions as for strains cultivated at 20°C. To ensure the 
good physiological state of the culture, the medium was renewed 
3 days before each experiment.

For Experiment 1, the cell density of each microalgal strain sus-
pension was chosen so that the chlorophyll fluorescence signal was 
high enough to be easily detected by the PHYTO-PAM instrument 
(Phytoplankton Analyser, Heinz Walz GMBH). The chosen concen-
trations depended on cell biovolume and pigment concentration and 
covered a range from 5.106 to 8.107 cell.ml−1. For Experiment 2, syn-
thetic microalgal communities were produced by mixing one strain 
of each main algal group, that is, Scenedesmus sp., Gomphonema 
parvulum and Komvophoron sp. in equivalent biomass proportions. 
Three synthetic communities were produced with the same microal-
gae acclimated at 15°C, 20°C or 25°C. The cell concentrations of 
strains in the mix were chosen to reach a total biovolume of approx-
imately 1 106 μm3.cell−1 (Table S1).

2.1.2  |  Natural communities

Experiment 3 was performed on natural phototrophic biofilms. 
Biofilms were sampled four times throughout the year, in November 
2019 (autumn), January 2020 (winter), July 2020 (midsummer) and 
September 2020 (endsummer), on a gravel bank in the river Garonne 
(43°23′47.5″N 1°17′58.9″E, southwestern France). Biofilms were 

scrapped from 15 hand-sized pebbles with a toothbrush directly 
on site and suspended in river water. Returning to the laboratory, 
the 1-l suspension was homogenised in river water with an ultra-
turrax (T25, Janke-Kunkel) at 1000 g before filtration to 500 μm to 
remove coarse sediments and macrofauna. For each sampling date, 
the biofilm was diluted so that the initial F0, a proxy of algal biomass 
measured with PHYTO-PAM after dark adaptation, was the same. 
The diluted suspension was kept overnight at 20°C in the dark with 
bubbling before heat stress exposure.

To assess the thermal history of natural communities in the river, 
water temperature was measured every 5 min from November 2019 
to September 2020 with one data recorder (TG-4100, TinyTag) po-
sitioned at the bottom of the water line. Additional biofilm samples 
were preserved in formaldehyde (4%) for microscopic analysis to 
characterise the microalgal composition. After a first observation 
under a microscope that was completed to identify soft bodied 
algae, sulphuric acid (98%) was added to eliminate organic matter 
and to allow for only diatom frustules to remain for diatom species 
identification. For each dominant species, the average length and 
width were retrieved from the literature (Table S2), and the theo-
retical biovolume was estimated using the appropriate geometric 
formula (Hillebrand et al., 1999). The relative abundance of each 
dominant species could then be calculated based on biovolume: only 
species that represented more than 1% in terms of biovolume were 
considered to calculate diversity indices. The taxonomic diversity 
dominating each sample was assessed using richness, Shannon di-
versity and Piélou equitability indices.

2.2  |  Heat stress exposure

Microalgal and biofilm suspensions were exposed to temperatures 
from 31 to 44°C, with one-degree increments, for 30, 60, 120 or 
180 min. The tested temperature ranges were adjusted for each 
strain based on preliminary range-finding experiments. The first 
set of preliminary experiments (data not shown) was performed to 
design an alternative approach to performing each experimental 
treatment (heat stress) at a similar point in the day/night cycle of 
our cultures. Thus, the following approach was used: heat stresses 
were applied between 8  am (2  h after the start of the usual light 
period) and 6 pm, and the temperature conditions were randomly 
distributed along the day of experiment (e.g. stresses at 35, 38 and 
41 degrees in the morning and stresses at 36, 37, 39 degrees in the 
afternoon). Moreover, prior to and during heat stress exposure, each 
biological material was kept under low light condition for 12 h to en-
sure circadian rhythm does not influence the response of microalgae 
to temperature. Stress exposures were conducted in a water bath in 
1.5-ml tubes with 200 μl of biofilm or microalgal suspension in each, 
in six replicates for natural biofilms (Experiment 3) and four repli-
cates for laboratory cultures (Experiments 1 and 2) since variabil-
ity between replicates was lesser with single strains and synthetic 
communities than natural biofilms. For each experiment, unstressed 
1.5-ml tubes were used as controls (n  =  4 for Experiments 1 and 
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2, n = 6 for Experiment 3). At the end of each exposure, the tubes 
were placed in a chamber at 20°C or at temperature acclimation for 
Experiment 2 under low light intensity (neon tubes, 5  μmol pho-
tons.m−2.s−1) for 24 h to recover. The recovery duration was based 
on Béchet et al.  (2017); it allowed optimisation of the numerous 
measurements.

2.3  |  Photosynthetic activity

The photosynthetic activity was estimated 24 h after heat stress 
using the pulse amplitude modulated (PAM) fluorescence tech-
nique with a PHYTO-PAM instrument (Phytoplankton Analyser, 
Heinz Walz GMBH) following the protocol described by Barthès 
et al.  (2015). For the measurements, microalgal or biofilm suspen-
sions were first transferred from the tubes into black 96-well plates 
and then dark-acclimated for 20 min. The maximum photochemical 
quantum yield of photosystem II (FV/FM, Kitajima & Butler, 1975) of 
each sample was estimated by placing the optic fibre above each 
well. The obtained values were expressed as the percent of the 
mean value of the corresponding controls.

2.4  |  Thermal dose

To analyse the response of photosynthetic activity for each combi-
nation of exposure duration and temperature, we adapted the con-
cept of thermal dose that Béchet et al.  (2017) developed to model 
the viability and photosynthetic activity of Dunaliella salina cultures 
in response to high temperatures (Figure 1).

For each tested temperature, we first used the Weibull equa-
tion to model the response of the photosynthetic activity Y(t) (% 
of the control) as a function of the exposure duration t (min) using 
Equation 1, where λ is the abscissa of the inflexion point (min) and n 
is the shape factor (Figure 1a):

We assumed a normal distribution of model errors, that is, discrepan-
cies between the data and the theoretical model. Only temperatures 
that induce at least a 20% loss in photosynthetic activity were con-
sidered to ensure a reliable estimation of parameters; otherwise, the 
model was unable to estimate λ. Second, the inflexion points λ pro-
duced by Equation (1) were expressed as an exponential function of 
temperature T (°C) using Equation  (2), where T0,Y is the temperature 
(°C) at which photosynthetic yield reaches zero, and aY is the exponen-
tial coefficient (°C−1) (Figure 1b):

For each experiment and for each biological material, the obtained lin-
ear regression was tested through ANCOVA to test whether aY or T0,Y 

could be fixed among communities or strains depending on the experi-
ment for parsimony. For Experiments 2 and 3, the aY was thus fixed, as 
coefficients were not significantly different among communities.

Based on both Equations (1) and (2), the thermal dose dY (min) was 
defined for each combination of temperature and time as follows:

Finally, the photosynthetic activity Y(t) (% of the control) was repre-
sented as a function of the thermal dose dY(min) by fitting a Weibull 
model:

For each experiment, as there was no relationship between n and tem-
perature (Equation 1, Table S3), we used for Equation  (4), the mean 
value of the estimations obtained using Equation (1). The obtained pa-
rameter λ' (min) is the inflexion point, and b (% min−1) is the slope. In 
our study, the inflexion point λ' was used as a tolerance parameter, as 
it represents the thermal dose the algal sample was able to tolerate: 
the higher the lambda, the higher the thermal dose required to disrupt 
photosynthetic activity (Figure 1c). The slope of curve b was used as a 
responsiveness parameter, as it represents the ability of algae to cope 
with stress: the higher the slope is, the quicker the response to heat 
stress is initiated (Figure 1d).

Data analysis was conducted in R software (v 3.6.1) using the 
R package drc. For each parameter, 95% confidence intervals were 
calculated using the function ‘confint.drc’ and were used to test dif-
ferences in responses to heat stress between biological materials. If 
confidence intervals did not overlap, differences were considered 
significant.

2.5  |  Application to field conditions

To test the significance of the thermal dose approach for predicting 
the effects of heat stress events on in situ primary productivity, it 
was necessary to establish the link between photosynthetic activity 
and river phototrophic biofilm primary productivity. We performed 
an additional experiment on a natural phototrophic biofilm to estab-
lish the relationship between the loss of photosynthetic activity and 
the loss of gross primary productivity (GPP) due to heat.

The biofilm was collected in September 2020, and the sus-
pension was prepared as described before. In this experiment, we 
assumed that the relationship between productivity and photosyn-
thetic activity does not depend on exposure duration. One 30-min 
heat stress was applied to phototrophic biofilm suspensions in trip-
licate for 12 temperatures ranging from 32°C to 44°C. For each of 
the three replicates, one 15-ml tube was filled with 7.2 ml of biofilm 
suspension and placed in a water bath at an adequate temperature. 
After 30 min, the tube was removed and placed in a water bath at 
20°C. Unstressed controls were prepared the same way and main-
tained at 20°C in triplicate. After homogenisation, 200 μl of each 

(1)Y(t) = Y(0) exp

(

−

(

t

�

)n
)

.

(2)log(�) = aY

(

T − T0,Y

)

.

(3)dY = t exp
(

− aY

(

T − T0,Y

))

.

(4)Y(t) = Y(0) exp
(

−
(

dY

)n
)

.
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tube was immediately transferred into a black 96-well plate and kept 
for 20 min in the dark before measuring photosynthetic activity with 
the PHYTO-PAM instrument. The remaining volume of biofilm sus-
pension was transferred into an 8-ml transparent vial closed with a 
gas tight lid for the assessment of oxygen production with FireSting 
oxygen sensors (PyroScience). Measurements were conducted 
under low magnetic agitation. Concentrations of dissolved oxygen 
were monitored every 5 s for 5 min under light (neon lamp, 90 μmol 
photons.m−2.s−1) to measure the net primary productivity (NPP), fol-
lowed by 5 more min in the dark to measure oxygen consumption 
(respiration). The GPP was calculated as the sum of NPP and respi-
ration. Losses of photosynthetic activity and GPP were expressed 
as the percent of the mean values of the corresponding controls. 
The relationship between the loss of photosynthetic activity and the 
loss of GPP was then described through regression of a logarithmic 
equation.

Then, we used the thermal doses previously calculated on mid-
summer and endsummer biofilms for every combination of expo-
sure duration and temperature to evaluate the potential impact of 
the summer temperatures measured in the field in a disconnected 
branch of the river from mid-July to August 2020. The effective 
thermal doses inducing 10%, 25%, 50%, 75% and 90% photosyn-
thetic activity loss were estimated using the function ‘ED’ of the 
package drc. The thermal dose values were then projected on a 
heatmap using effective thermal doses as thresholds to visualise 
the potential loss of photosynthetic activity for different combina-
tions of duration and temperature. This heatmap scale was trans-
formed to visualise the potential loss of GPP using the relationship 
between photosynthetic activity and GPP previously established. 
The high summer temperature events measured in the field were 
positioned on the heatmaps considering the heat stress events 
independently.

F I G U R E  1  Thermal dose approach adapted from Béchet et al. (2017)). (a) The inflexion point λ was estimated for each tested temperature 
using the Weibull relationship between the photosynthetic activity and the exposure duration according to Equation (1). (b) The linear 
regression between log(λ) and temperature allowed us to estimate the exponential coefficient aY and the estimated temperature at which 
the photosynthetic activity reaches zero T0,Y using Equation (2). Both parameters were required for the thermal dose calculation using 
Equation (3). In plots (c) and (d), the photosynthetic activity was represented as a function of the thermal dose using Equation (4). Curve 
parameters represent tolerance (inflexion point, λ’) and responsiveness (slope, b) to thermal dose. In (c), communities have the same 
responsiveness to heat stress, but community A is more tolerant than community B, while in (d), both community tolerances are similar, but 
community A is less responsive than community B.

 13652745, 2023, 4, D
ow

nloaded from
 https://besjournals.onlinelibrary.w

iley.com
/doi/10.1111/1365-2745.14058 by U

niversité D
e T

oulouse 3, W
iley O

nline L
ibrary on [20/06/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



778  |   Journal of Ecology COURCOUL et al.

3  |  RESULTS

3.1  |  Microalgal strains

Green algae had the highest photosynthetic activity, with a mean 
(±SD) FV/FM in controls equal to 0.75 (±0.01) and 0.70 (±0.01) for 
Scenedesmus sp. and U. conferviculum, respectively. For diatom con-
trols, it was equal to 0.68 (±0.05) for G. parvulum and to 0.70 (±0.01) 
for N. palea. Cyanobacteria had the lowest photosynthetic activity, 
with values of 0.33 (±0.02) for Komvophoron sp. and 0.32 (±0.01) for 
Nostoc sp. The threshold temperature inducing a negative response 
of photosynthetic activity was variable between species. Most of 
the strains were impacted by heat stress at a temperature equal or 
above 39°C (Figure S1), while for Scenedesmus sp. the threshold tem-
perature was 41°C. Nostoc sp. was impacted by all tested tempera-
tures, but FV/FM never reached 0, while 1 h of exposure at 41°C was 
enough to fully inhibit photosynthetic activity in Komvophoron sp.

The effects of exposure duration and temperature on photosyn-
thetic activity were synthesised using the thermal dose approach 
(Figure  2a). The tolerance of microalgal strains to heat stress did 
not significantly differ between algal groups or species (Figure 2b). 
However, diatom tolerance appeared to be more variable than for 
other strains, as shown by the relatively high 95% confidence in-
terval in G. parvulum and N. palea in comparison to other species. 
In contrast to tolerance, responsiveness to heat stress was strain 
dependent (Figure  2c). Nostoc sp. was less responsive than other 
species, including the other cyanobacteria species Komvophoron sp., 

while diatoms, and notably Gomphonema sp. were more responsive 
than cyanobacteria and green algae.

3.2  |  Synthetic communities

The mean FV/FM (±SD) of the control synthetic communities was 0.63 
(±0.01), 0.66 (±0.01) and 0.55 (±0.01) for communities acclimated at 
15°C, 20°C and 25°C, respectively. The tested temperatures above 41°C 
had a significant effect (Figure S2). The thermal dose approach showed 
that tolerance to heat stress increased with the acclimation temperature 
(Figure 3a,b): the synthetic community was three times more tolerant 
to heat stress when composed of microalgal strains acclimated at 25°C 
than with microalgae acclimated at 20°C. The synthetic community ob-
tained by mixing microalgae acclimated at 15°C was less tolerant than 
that obtained by mixing microalgae acclimated at 20°C. In contrast to 
tolerance, the responsiveness of synthetic communities to heat stress 
did not depend on the acclimation temperatures (Figure 3c).

3.3  |  Natural communities

Unstressed samples had a mean (±SD) FV/FM of 0.55 (±0.02) in au-
tumn, 0.62 (±0.02) in winter, 0.37 (±0.02) in midsummer and 0.52 
(±0.03) in the endsummer. All tested temperatures had a negative 
effect on the photosynthetic activity of phototrophic biofilms. The 
response of biofilms was gradual (Figure  S3). Thermal dose analysis 

F I G U R E  2  (a) Photosynthetic activity 
response (% control) of microalgal strains 
(cyanobacteria, green algae and diatoms) 
to thermal dose (eq. min), (b) tolerance 
(λ’, inflexion point) to heat stress and (c) 
responsiveness (b, slope) to heat stress for 
microalgal strains acclimated at 20°C for 
cyanobacteria (blue), green algae (green) 
and diatoms (brown). Model-specific 
confidence intervals and estimated 
parameters ±95% confidence intervals 
are represented for each microalgal strain 
(n = 4).
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highlighted differences in tolerance and responsiveness to heat stress 
between communities (Figure 4). Winter biofilms were the least toler-
ant to heat stress, endsummer biofilms were the most tolerant, and 

midsummer and autumn biofilms had the same intermediate value of 
tolerance (Figure 4b). The endsummer community was less responsive 
to heat stress than the autumn and winter communities (Figure 4c).

F I G U R E  3  (a) Photosynthetic activity 
response (% control) of synthetic 
communities to thermal dose (eq. min) 
depending on acclimation temperature, 
(b) tolerance (λ', inflexion point) to heat 
stress and (c) responsiveness (b, slope) 
to heat stress for synthetic communities 
acclimated at 15°C (blue), 20°C (pink) and 
25°C (red). Model-specific confidence 
intervals and estimated parameters ±95% 
confidence intervals are represented for 
each synthetic community (n = 4).

F I G U R E  4  (a) Photosynthetic activity 
response (% control) of natural biofilms 
to thermal dose (eq. min) depending 
on the sampling period, (b) tolerance 
(λ', inflexion point) to heat stress and c) 
responsiveness (b, slope) to heat stress for 
natural communities in autumn (purple), 
winter (blue), midsummer (orange) and 
endsummer (yellow). Model-specific 
confidence intervals and estimated 
parameters ±95% confidence intervals are 
represented for each natural community 
(n = 6).

 13652745, 2023, 4, D
ow

nloaded from
 https://besjournals.onlinelibrary.w

iley.com
/doi/10.1111/1365-2745.14058 by U

niversité D
e T

oulouse 3, W
iley O

nline L
ibrary on [20/06/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



780  |   Journal of Ecology COURCOUL et al.

The temperatures recorded in the river 27 days before sampling 
are reported in Table 1a and Figure S4. For autumn and winter, the 
mean temperature and amplitude were relatively low compared to 
the two other communities, while for midsummer and endsummer, 
the temperatures experienced were higher but also more variable, as 
shown by the larger thermic amplitude. The midsummer algal commu-
nity had the lowest species richness, diversity and equitability indices 
(Table 1b). For autumn biofilms, large (biovolume >500 μm3) and very 
large (>1000 μm3) species accounted for 80% of the total biovolume. 
For winter and endsummer biofilms, very large species represented 
more than 60% of the total biovolume. In contrast, in the midsummer 
biofilm, the species contributing more to the total biovolume were 
small (biovolume <200 μm3) (Figure S5). It was dominated at 80% of 
the total biovolume by the cyanobacteria Leptolyngbya sp. (Figure S6). 
The other biofilms were mainly composed of diatoms. In winter and 
endsummer biofilms, the high-sized diatom Diatoma vulgaris was the 
dominant species in biovolume (60% and 40% total biovolume, re-
spectively). In the autumn biofilm, D. vulgaris and Nitzschia species 
dominated (30% of the biovolume contribution each; Figure  S6). In 
addition, autumn and endsummer biofilms were more diversified, and 
species were more evenly distributed (Table 1b).

3.4  |  Comparison between experiments

Communities acclimated at higher temperatures (i.e. synthetic com-
munity acclimated at 25°C and endsummer phototrophic biofilm) 
were more tolerant than other tested biological materials (Figure 5a). 
On the other hand, the responsiveness was more variable and hardly 
predictable within strains, as it seems to depend on the observed 
species. Generally, natural communities were less responsive than 
microalgal strains and synthetic communities (Figure 5b).

3.5  |  Application to field conditions

The last objective of the study was to compare the models of biofilm 
physiological response to heat stress to in situ conditions to pro-
vide insights into the potential impact of a summer heat wave in the 
natural environment. To do this comparison, we performed a new 
heat stress experiment to relate photosynthetic activity and GPP 
(Figure 6). In this experiment, unstressed biofilms had a mean FV/
FM (±SD) of 0.54 (±0.01) and a mean GPP (±sd) of 0.015 (±0.001) 
mg O2.h−1. After exposure at 44°C for 30 min, FV/FM decreased to 

TA B L E  1  (a) In situ thermal history in natural biofilms. Mean temperature represents the mean water temperature experienced during 
the 27 days before biofilm sampling, values in brackets are the mean minimal and the maximal temperatures measured during this period. 
Mean (min and max) daily temperature amplitudes represent the mean (min and max) of water temperature daily amplitudes over the 27-day 
period and (b) specific diversity indices of the algal community

Autumn Winter Midsummer Endsummer

(a)

Mean temperature (min–max) (°C) 11.5 (11.0–12.2) 7.5 (7.0–8.4) 19.7 (18.2–21.6) 21.6 (19.0–24.8)

Mean daily temperature amplitude  
(min–max) (°C)

1.2 (0.7–3.4) 1.4 (0.4–4.5) 3.4 (0.8–8.1) 5.8 (2.6–9.7)

(b)

Species richness 15 14 9 17

Diversity (Shannon) 2.21 1.61 0.78 2.12

Equitability (Piélou) 0.82 0.61 0.36 0.75

F I G U R E  5  (a) Tolerance (λ', inflexion point) and (b) responsiveness (b, slope) to heat stress of microalgal strains (n = 4), synthetic 
communities (n = 4) and natural communities (n = 6). Each point represents the mean ± 95% confidence interval of parameters for different 
tested samples in each experiment. Strains used in synthetic communities are represented with black outlines.
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0.11, and GPP decreased to 0  mg O2.h−1. The loss of GPP due to 
heat stress logarithmically increased with the loss of photosynthetic 
activity (ANOVA, r2 = 0.955, p value <0.001, Figure 6). From 35 to 
39°C, GPP was three times more affected by heat stress (loss from 
0% to 60%) than the loss of photosynthetic activity (loss from 0% to 
20%). In contrast, from 40 to 44°C, the GPP loss decreased, while 
photosynthetic activity was strongly reduced (from 30% to 80% 
loss).

Then, we used the in situ monitoring water temperatures to iden-
tify extreme events during which primary productivity can be im-
pacted. These events were then projected on heatmaps constructed 
for the midsummer and endsummer biofilms (Figure  7a). For that 
projection, thermal doses were calculated for combinations of ex-
posure duration and temperatures and traduced into levels of ef-
fects from previous results of GPP loss (Figure 6). The effects of heat 

stress depended on the biofilm sampling period and on the level of 
effects measured (i.e. GPP; Figure 7a): endsummer biofilms could be 
affected by heat stress from 33°C, while exposures of midsummer 
biofilms at 31 and 32°C for more than 1 h could induce losses of GPP.

Finally, we used heatmaps to estimate the effect of temperatures 
measured in situ on natural communities. The water temperature ex-
ceeded 30°C in the afternoon several days in summer (Figure 7b), 
especially between the 8th and 12th of August, with events higher 
than 31°C for 180 min. Temperature exhibited extreme values on 
the 6th and 7th of August, reaching 41°C during more than 2 h on 
the 7th. We positioned three heat stress events (i.e. A, B and C) on 
heatmaps as examples to estimate their potential effect on natural 
communities in the field. Event A, which corresponded to exposure 
at 31°C for 60 min, only impacted the midsummer community by in-
ducing a 30% loss of GPP. Event C corresponding to exposure at the 
same temperature for 120 min would induce between 30% and 70% 
loss of GPP. In contrast, the endsummer community would not be 
impacted by events A and C, as the water temperature would re-
main below the critical threshold of 33°C. For both midsummer and 
endsummer communities, event B would have induced a complete 
inhibition of GPP.

4  |  DISCUSSION

We used the thermal dose approach to investigate the relative con-
tribution of thermal history and diversity to the response of benthic 
freshwater microalgae to extreme heat stress. The thermal dose 
approach allows us to clearly and easily compare the response of 
photosynthetic activity between experiments thanks to the two 
metrics calculated using the Weibull model. We compared Weibull 
with logistic model, and selected the Weibull model because it fitted 

F I G U R E  6  Relationship between the loss of photosynthetic 
activity (%, FV/FM) and the loss of gross primary productivity (%, 
GPP) of natural biofilms after exposure to one 30-min heat stress at 
temperatures from 35 to 44°C.

F I G U R E  7  (a) Heatmaps for 
midsummer and endsummer biofilms 
transformed into levels of effects 
depending on the threshold calculated 
from photosynthetic activity and primary 
production losses. Values inside boxes 
are thermal doses calculated from models 
(in min). Empty boxes indicate that 
heat stress has no effect. (b) Measured 
temperature in the field from mid-July to 
August 2020. The red line corresponds 
to a threshold of 30°C, and A, B and C 
correspond to the chosen peaks, with: 
60 min at 31°C, B: 120 min at 41°C and 
C: 120 min at 31°C. The data logger was 
positioned in a branch of the Garonne 
River, temporally disconnected from the 
main stream during the low water period.
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our data the best (lowest AIC). In addition, it is commonly used for 
dose–response representations in ecotoxicological studies, as it was 
found to improve the fit compared to other models (Forfait-Dubuc 
et al., 2012; Ritz, 2010). It has been widely used in food research for 
modelling microbial heat inactivation as a nonlinear response (Smelt 
& Brul, 2014; van Boekel, 2002). The thermal dose we used in our 
study enables a full and more refined examination of community re-
sponses compared to a simple threshold analysis of ED50.

4.1  |  Effect of thermal history

The temperature at which microalgal strains grow controlled the 
tolerance of their photosynthetic activity to heat stress, confirming 
our first hypothesis. Indeed, all our microalgal strains, which were 
cultivated in the same laboratory conditions for one decade prior, 
showed the same tolerance to heat stress, while the synthetic com-
munities acclimated at different temperatures exhibited significant 
differences in tolerance. The higher the acclimation temperature is, 
the better the synthetic microalgal communities tolerate high heat 
doses. Such increased tolerance has been observed in marine co-
pepods: a 4°C increase during development enables better thermal 
tolerance (Sasaki & Dam, 2019). Similarly, phytoplankton communi-
ties acclimated to thermal conditions above their optimum exhibited 
a better tolerance to heat stress (Baker & Geider, 2021). In our study, 
the relationship between acclimation temperature and tolerance of 
photosynthetic activity of synthetic microalgal communities was 
nonlinear, with an increase in tolerance four times higher when ac-
climation temperature increased from 20°C to 25°C than from 15°C 
to 20°C. For two species belonging to the genera Scenedesmus and 
Gomphonema, 25°C was the optimal growth temperature (Guedes 
et al.,  2011; Rose,  2008), and it is likely that species grown near 
their optimal temperature could exhibit a better tolerance to heat 
stress. Such an increase in tolerance might be due to changes in cell 
physiology owing to growth temperature. For instance, it has been 
shown that marine diatoms grown at 35°C accumulate more satu-
rated and monounsaturated fatty acids at the cost of polyunsatu-
rated fatty acids than diatoms grown at lower temperatures (Scholz 
& Liebezeit, 2013). A similar phenomenon was observed in natural 
communities, with an increase in the concentration of polyunsatu-
rated fatty acids in cooler autumn (Whorley & Wehr, 2018). The de-
crease in unsaturated fatty acids has been considered responsible 
for the high-temperature tolerance of photosynthesis in a mutant 
of Chlamydomonas reinhardtii (Sato et al., 1996). Fatty acid profiles 
seem to be important to tolerate heat stress since a thermotolerant 
diatom, Chaetoceros muelleri, displayed greater changes in fatty acid 
composition than Phaedoctylum tricornutum, which is thermosensi-
tive (Rousch et al., 2003). Such biochemical changes could explain 
the observed increased tolerance to heat stress in the experiment 
where synthetic communities were grown at 25°C.

The comparison between the results observed for natural com-
munities sampled in winter and sampled in summer also tends to 
highlight the effect of thermal history on biofilm tolerance to heat 

stress. In the natural environment, thermal conditions combined 
with other factors, such as irradiance, can induce the selection of 
more thermophilic species. For instance, some species from the 
genera Achnantidium, Cocconeis and Nitzschia are able to survive at 
very high temperatures (Delgado et al., 2020) and were present in 
summer and autumn but not in winter in our samples (see Figure S6). 
Another explanation for the better tolerance of summer biofilms 
to heat stress could be the high amplitude in temperature experi-
enced by the biofilms before the experiment (see Figure S4). It has 
been shown that regular temperature fluctuations can have positive 
effects, such as increased growth rates (Gill et al., 2022). Similarly, 
in another experiment conducted on the marine diatom species 
Thalassiosira pseudonana, it was shown that growth in a fluctuat-
ing environment enhanced the tolerance to heat stress through in-
creased genetic divergence over generations (approximately 1 year; 
Schaum et al., 2018). In addition, an experiment conducted on two 
seagrass species pointed out that previous exposure to thermal 
stress enhanced the ability to cope with heat stress compared to 
unstressed plants, notably through the reduced expression of genes 
related to stress (Nguyen et al., 2020).

4.2  |  Effect of microalgal diversity

In addition to thermal history, microalgal assemblage diversity is 
likely an important factor for explaining the heat stress tolerance of 
freshwater biofilms, as biofilms sampled in midsummer and at the 
end of summer displayed slight differences in their tolerance while 
experiencing very similar thermal conditions. Microalgal species 
richness and diversity might explain such differences in commu-
nity response to heat stress. The midsummer biofilm was less di-
versified than the endsummer biofilm, which exhibited the highest 
microalgal richness and diversity. In addition, endsummer biofilm 
showed the lowest evenness. When communities are dominated 
by a single or low number of species, their tolerance/resistance to 
environmental stress is reduced, as has been shown in denitrify-
ing bacterial communities exposed to salinity stress (Wittebolle 
et al., 2009), while a higher diversity induces better resistance to 
environmental stresses, as shown in a meta-analysis conducted on 
microbial communities and plants (Hong et al., 2022). While toler-
ance to heat stress did not significantly differ between the studied 
microalgal strains, the responsiveness of photosynthesis varied 
between microalgal species. Differences in responsiveness to 
heat stress were overall significant when comparing responses of 
laboratory assemblages with natural ones. Whatever the sampling 
period, complex microalgal communities were less responsive to 
increasing heat stress than microalgal strains and synthetic com-
munities, validating our second hypothesis. The reduced variability 
in responsiveness for natural communities supports the insurance 
hypothesis. In a study where the diversity level of ciliates and 
bacteria was manipulated, the authors showed that differences in 
species response to environmental changes helped stabilise the 
effects of temperature fluctuations (Leary & Petchey,  2009). To 
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explain the link between diversity and stability, Loreau and de 
Mazancourt  (2013) notably argued that the response of species 
to stressors is asynchronous and that species do not respond at 
the same speed to stress. Such mechanisms might explain the ob-
served difference in responsiveness between synthetic and natu-
ral communities and the buffering effect of diversity observed in 
our study (Figure  5b). This is consistent with another study car-
ried out on phytoplankton communities exposed to heat stress 
(+4°C for 7 h per day), which demonstrated that natural communi-
ties were better adapted to the disturbance than artificial com-
munities (Striebel et al.,  2016). In an experiment carried out on 
phytoplankton where the species richness was manipulated and 
exposed to different heat stress (+4°C), the authors highlighted 
the importance of complementarity between species to maintain 
growth and phosphorus content (Schabhüttl et al., 2013). Similar 
results have been observed in other microbial communities living 
in soil ecosystems: they showed enhanced stability after exposure 
to heat stress due to increased diversity (Tardy et al., 2014). These 
results support the importance of diversity in communities to re-
duce the responsiveness of photosynthesis to heat stress.

4.3  |  Field application of thermal dose

The objective of this study was to apply the thermal dose model 
to data collected in the field to predict the response of phototro-
phic biofilms in situ. On some days in summer, the temperature 
measured in the river exceeded 30°C for several hours (Figure 7b). 
Despite the relatively low number of such critical days, our analy-
sis highlighted the fact that a short extreme event, for instance, 
1-h exposure at 35°C, could decrease the photosynthetic activity 
by 30% 24 h after the stress. The effects of such short extreme 
events on benthic primary productivity were all more significant, 
as the relationship between photosynthetic activity and GPP was 
nonlinear (Figure 6). A 30% loss in photosynthetic activity would 
correspond to at least a 70% loss of GPP. In addition, the response 
of biofilm depended on the community composition, with the mid-
summer biofilm being less tolerant to heat stress than the end-
summer biofilm. Contrary to the photosynthetic activity that can 
be maintained at a quite high level thanks to a few more resistant 
species, GPP depends on biofilm biomass, with lower biomass im-
plying lower productivity and therefore a stronger decrease due 
to heat stress.

The application of the thermal dose approach to natural com-
munities and heatmap construction provided interesting informa-
tion regarding the potential impact of extreme heat temperature 
events in the field. Some additional experiments should be con-
ducted to decipher the potential additive properties of thermal 
doses. In the field, the temperature increase occurs more gradu-
ally than what was experimentally tested, generating a succession 
of several heat stresses, such as those applied in this study (e.g. 
1 h at 31°C + 2 h at 32°C + 1 h at 33°C). When facing a succession 
of such events during summer heat waves, phototrophic biofilms 

may acclimate and ultimately maintain a certain level of primary 
productivity. Several studies have pointed out the enhanced sta-
bility of microbial communities after repeated disturbances, such 
as heat stress (Renes et al., 2020; Samuels et al., 2021) or acidifica-
tion stress (van Moorsel et al., 2021). However, other studies have 
underscored opposite results, with a decreasing stability of com-
munities because of stress repetition (e.g. Jurburg et al.,  2017). 
Prior exposure to high temperatures can increase the sensitivity 
of organisms to heat stress. For instance, in a study conducted on 
marine diatoms grown at different temperatures and exposed to 
different heat wave intensities, it was shown that when grown at 
suboptimal temperatures, the survival of algae decreased after a 
heatwave (Samuels et al., 2021). Similarly, the thermal tolerance 
and survival of copepods was reduced when organisms were previ-
ously exposed to prior sublethal temperatures (Siegle et al., 2018). 
The response of aquatic microbial communities to repeated heat 
stress could depend on the intensity, frequency and duration be-
tween repetitions (Dal Bello et al., 2019) but also on the predict-
ability of temperature fluctuations (Gill et al., 2022).

5  |  CONCLUSIONS

Our work provides clear insight into the effects of short heat stress 
on the tolerance and responsiveness of microalgae at various levels 
of diversity. We found that the tolerance of communities to stress 
depended on thermal history or temperature acclimation, while the 
responsiveness of the photosynthetic activity of the whole commu-
nity rested on its diversity because natural communities were less 
responsive than synthetic communities. In addition, we found that a 
slight decline in photosynthetic activity could have a major impact on 
oxygen productivity and that during low flow periods in intermittent 
rivers or in shallow waters, when the thermal inertia is low, primary 
productivity can be strongly reduced. This may threaten the whole 
ecosystem as trophic chains would be impacted. The thermal dose 
approach appears to be a relevant tool to understand and compare 
the effect of heat stress and could be useful to predict the impact of 
a summer heat wave in the field, even if it needs further investigation.

AUTHOR CONTRIBUTIONS
Martin Laviale, Joséphine Leflaive and Stéphanie Boulêtreau con-
ceived the ideas. The methodology was designed with the help 
of Camille Courcoul. Camille Courcoul, Joséphine Leflaive and 
Stéphanie Boulêtreau proceeded the laboratory work. Camille 
Courcoul analysed the data with the help of Vincent Baillard, Elise 
Billoir and Martin Laviale. Camille Courcoul led the writing with the 
help of Joséphine Leflaive and Stéphanie Boulêtreau. All authors 
contributed to the drafts and gave final approval for publication.

ACKNOWLEDG EMENTS
This work is dedicated to the memory of Pr. René Le Cohu, one of 
few legendary diatomists, who performed the diatom taxonomy 
analysis. We are grateful to Jessica Ferriol for the maintenance of 

 13652745, 2023, 4, D
ow

nloaded from
 https://besjournals.onlinelibrary.w

iley.com
/doi/10.1111/1365-2745.14058 by U

niversité D
e T

oulouse 3, W
iley O

nline L
ibrary on [20/06/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



784  |   Journal of Ecology COURCOUL et al.

the laboratory algal strain collection. C. Courcoul was financially 
supported by a doctoral scholarship from the University of Toulouse.

CONFLIC T OF INTERE S T
The authors declare that the research was conducted in the absence 
of any commercial or financial relationships that could be construed 
as a potential conflict of interest.

PEER RE VIE W
The peer review history for this article is available at https://publo​
ns.com/publo​n/10.1111/1365-2745.14058.

DATA AVAIL ABILIT Y S TATEMENT
The data are available from Figshare https://doi.org/10.6084/
m9.figsh​are.20485311 (Courcoul et al., 2022).

ORCID
Camille Courcoul   https://orcid.org/0000-0002-0378-0714 
Martin Laviale   https://orcid.org/0000-0002-9719-7158 
Elise Billoir   https://orcid.org/0000-0001-9012-3298
Joséphine Leflaive   https://orcid.org/0000-0003-3605-349X 
Stéphanie Boulêtreau   https://orcid.org/0000-0002-0094-0196 

R E FE R E N C E S
Angilletta, Jr., M. J. (2009). Thermal adaptation: A theoretical and empirical 

synthesis. Oxford University Press. https://doi.org/10.1093/acpro​
f:oso/97801​98570​875.001.1

Baker, K. G., & Geider, R. J. (2021). Phytoplankton mortality in a changing 
thermal seascape. Global Change Biology, 27, 5253–5261. https://
doi.org/10.1111/gcb.15772

Barthès, A., Ten-Hage, L., Lamy, A., Rols, J.-L., & Leflaive, J. (2015). 
Resilience of aggregated microbial communities subjected to 
drought—small-scale studies. Microbial Ecology, 70, 9–20. https://
doi.org/10.1007/s0024​8-014-0532-0

Béchet, Q., Laviale, M., Arsapin, N., Bonnefond, H., & Bernard, O. (2017). 
Modeling the impact of high temperatures on microalgal viability 
and photosynthetic activity. Biotechnology for Biofuels, 10, 136. 
https://doi.org/10.1186/s1306​8-017-0823-z

Biggs, B. J. F. (1990). Periphyton communities and their environ-
ments in New Zealand rivers. New Zealand Journal of Marine and 
Freshwater Research, 24, 367–386. https://doi.org/10.1080/00288​
330.1990.9516431

Brito, A. C., Benyoucef, I., Jesus, B., Brotas, V., Gernez, P., Mendes, C. 
R., Launeau, P., Dias, M. P., & Barillé, L. (2013). Seasonality of mi-
crophytobenthos revealed by remote-sensing in a south European 
estuary. Continental Shelf Research, 66, 83–91. https://doi.
org/10.1016/j.csr.2013.07.004

Courcoul, C., Laviale, M., Baillard, V., Billoir, E., Leflaive, J., & Boulêtreau, 
S. (2022). Data from: Disentangling the effects of microalgal di-
versity and thermal history on freshwater phototrophic biofilms 
facing heat stress: A thermal dose approach. Figshare. https://doi.
org/10.6084/m9.figsh​are.20485​311.v1

Dal Bello, M., Rindi, L., & Benedetti-Cecchi, L. (2019). Temporal clustering 
of extreme climate events drives a regime shift in rocky intertidal 
biofilms. Ecology, 100, e02578. https://doi.org/10.1002/ecy.2578

Datry, T., Larned, S. T., & Tockner, K. (2014). Intermittent rivers: A chal-
lenge for freshwater ecology. Bioscience, 64, 229–235. https://doi.
org/10.1093/biosc​i/bit027

Delgado, C., Feio, M. J., Pardo, I., & Almeida, S. F. P. (2020). Effects of 
water temperature over benthic diatom communities: Insights from 
thermal springs. Plant Ecology & Diversity, 13, 325–337. https://doi.
org/10.1080/17550​874.2020.1762133

Forfait-Dubuc, C., Charles, S., Billoir, E., & Delignette-Muller, M. L. 
(2012). Survival data analyses in ecotoxicology: Critical effect 
concentrations, methods and models. What should we use? 
Ecotoxicology, 21, 1072–1083. https://doi.org/10.1007/s1064​
6-012-0860-0

Frölicher, T. L., & Laufkötter, C. (2018). Emerging risks from marine heat 
waves. Nature Communications, 9, 650. https://doi.org/10.1038/
s4146​7-018-03163​-6

Gerner, E. W. (1987). Thermal dose and time—Temperature factors for bio-
logical responses to heat shock. International Journal of Hyperthermia, 
3, 319–327. https://doi.org/10.3109/02656​73870​9140402

Gill, R. L., Collins, S., Argyle, P. A., Larsson, M. E., Fleck, R., & Doblin, 
M. A. (2022). Predictability of thermal fluctuations influences 
functional traits of a cosmopolitan marine diatom. Proceedings of 
the Royal Society B: Biological Sciences, 289, 20212581. https://doi.
org/10.1098/rspb.2021.2581

Glatz, A., Vass, I., Los, D. A., & Vígh, L. (1999). The Synechocystis 
model of stress: From molecular chaperones to membranes. Plant 
Physiology and Biochemistry, 37, 1–12. https://doi.org/10.1016/
S0981​-9428(99)80061​-8

Gómez, R., Arce, M. I., Baldwin, D. S., & Dahm, C. N. (2017). Chapter 
3.1 - water Physicochemistry in intermittent Rivers and ephemeral 
streams. In T. Datry, N. Bonada, & A. Boulton (Eds.), Intermittent riv-
ers and ephemeral streams (pp. 109–134). Academic Press. https://
doi.org/10.1016/B978-0-12-80383​5-2.00005​-X

Guedes, A. C., Amaro, H. M., Pereira, R. D., & Malcata, F. X. (2011). 
Effects of temperature and pH on growth and antioxidant content 
of the microalga Scenedesmus obliquus. Biotechnology Progress, 27, 
1218–1224. https://doi.org/10.1002/btpr.649

Hillebrand, H., Dürselen, C.-D., Kirschtel, D., Pollingher, U., & Zohary, T. 
(1999). Biovolume calculation for pelagic and benthic microalgae. 
Journal of Phycology, 35, 403–424. https://doi.org/10.1046/​j.1529-
8817.1999.35204​03.x

Hong, P., Schmid, B., De Laender, F., Eisenhauer, N., Zhang, X., Chen, H., 
Craven, D., De Boeck, H. J., Hautier, Y., Petchey, O. L., Reich, P. B., 
Steudel, B., Striebel, M., Thakur, M. P., & Wang, S. (2022). Biodiversity 
promotes ecosystem functioning despite environmental change. 
Ecology Letters, 25, 555–569. https://doi.org/10.1111/ele.13936

Horváth, I., Glatz, A., Nakamoto, H., Mishkind, M. L., Munnik, T., Saidi, 
Y., Goloubinoff, P., Harwood, J. L., & Vigh, L. (2012). Heat shock 
response in photosynthetic organisms: Membrane and lipid con-
nections. Progress in Lipid Research, 51, 208–220. https://doi.
org/10.1016/j.plipr​es.2012.02.002

Jurburg, S. D., Nunes, I., Brejnrod, A., Jacquiod, S., Priemé, A., Sørensen, 
S. J., Van Elsas, J. D., & Salles, J. F. (2017). Legacy effects on the 
recovery of soil bacterial communities from extreme tempera-
ture perturbation. Frontiers in Microbiology, 8, 1832. https://doi.
org/10.3389/fmicb.2017.01832

Kilham, S. S., Kreeger, D. A., Lynn, S. G., Goulden, C. E., & Herrera, 
L. (1998). COMBO: A defined freshwater culture medium for 
algae and zooplankton. Hydrobiologia, 377, 147–159. https://doi.
org/10.1023/A:10032​31628456

Kitajima, M., & Butler, W. L. (1975). Quenching of chlorophyll fluores-
cence and primary photochemistry in chloroplasts by dibromothy-
moquinone. Biochimica et Biophysica Acta (BBA) - Bioenergetics, 376, 
105–115. https://doi.org/10.1016/0005-2728(75)90209​-1

Laviale, M., Barnett, A., Ezequiel, J., Lepetit, B., Frankenbach, S., Méléder, 
V., Serôdio, J., & Lavaud, J. (2015). Response of intertidal benthic 
microalgal biofilms to a coupled light–temperature stress: Evidence 
for latitudinal adaptation along the Atlantic coast of southern 

 13652745, 2023, 4, D
ow

nloaded from
 https://besjournals.onlinelibrary.w

iley.com
/doi/10.1111/1365-2745.14058 by U

niversité D
e T

oulouse 3, W
iley O

nline L
ibrary on [20/06/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://publons.com/publon/10.1111/1365-2745.14058
https://publons.com/publon/10.1111/1365-2745.14058
https://doi.org/10.6084/m9.figshare.20485311
https://doi.org/10.6084/m9.figshare.20485311
https://orcid.org/0000-0002-0378-0714
https://orcid.org/0000-0002-0378-0714
https://orcid.org/0000-0002-9719-7158
https://orcid.org/0000-0002-9719-7158
https://orcid.org/0000-0001-9012-3298
https://orcid.org/0000-0001-9012-3298
https://orcid.org/0000-0003-3605-349X
https://orcid.org/0000-0003-3605-349X
https://orcid.org/0000-0002-0094-0196
https://orcid.org/0000-0002-0094-0196
https://doi.org/10.1093/acprof:oso/9780198570875.001.1
https://doi.org/10.1093/acprof:oso/9780198570875.001.1
https://doi.org/10.1111/gcb.15772
https://doi.org/10.1111/gcb.15772
https://doi.org/10.1007/s00248-014-0532-0
https://doi.org/10.1007/s00248-014-0532-0
https://doi.org/10.1186/s13068-017-0823-z
https://doi.org/10.1080/00288330.1990.9516431
https://doi.org/10.1080/00288330.1990.9516431
https://doi.org/10.1016/j.csr.2013.07.004
https://doi.org/10.1016/j.csr.2013.07.004
https://doi.org/10.6084/m9.figshare.20485311.v1
https://doi.org/10.6084/m9.figshare.20485311.v1
https://doi.org/10.1002/ecy.2578
https://doi.org/10.1093/biosci/bit027
https://doi.org/10.1093/biosci/bit027
https://doi.org/10.1080/17550874.2020.1762133
https://doi.org/10.1080/17550874.2020.1762133
https://doi.org/10.1007/s10646-012-0860-0
https://doi.org/10.1007/s10646-012-0860-0
https://doi.org/10.1038/s41467-018-03163-6
https://doi.org/10.1038/s41467-018-03163-6
https://doi.org/10.3109/02656738709140402
https://doi.org/10.1098/rspb.2021.2581
https://doi.org/10.1098/rspb.2021.2581
https://doi.org/10.1016/S0981-9428(99)80061-8
https://doi.org/10.1016/S0981-9428(99)80061-8
https://doi.org/10.1016/B978-0-12-803835-2.00005-X
https://doi.org/10.1016/B978-0-12-803835-2.00005-X
https://doi.org/10.1002/btpr.649
https://doi.org/10.1046/j.1529-8817.1999.3520403.x
https://doi.org/10.1046/j.1529-8817.1999.3520403.x
https://doi.org/10.1111/ele.13936
https://doi.org/10.1016/j.plipres.2012.02.002
https://doi.org/10.1016/j.plipres.2012.02.002
https://doi.org/10.3389/fmicb.2017.01832
https://doi.org/10.3389/fmicb.2017.01832
https://doi.org/10.1023/A:1003231628456
https://doi.org/10.1023/A:1003231628456
https://doi.org/10.1016/0005-2728(75)90209-1


    |  785Journal of EcologyCOURCOUL et al.

Europe. Environmental Microbiology, 17, 3662–3677. https://doi.
org/10.1111/1462-2920.12728

Leary, D. J., & Petchey, O. L. (2009). Testing a biological mechanism 
of the insurance hypothesis in experimental aquatic commu-
nities. Journal of Animal Ecology, 78, 1143–1151. https://doi.
org/10.1111/j.1365-2656.2009.01586.x

Loreau, M., & de Mazancourt, C. (2013). Biodiversity and ecosystem sta-
bility: A synthesis of underlying mechanisms. Ecology Letters, 16, 
106–115. https://doi.org/10.1111/ele.12073

Lowe, R. L., & Gale, W. F. (1980). Monitoring river periphyton with ar-
tificial benthic substrates. Hydrobiologia, 69, 235–244. https://doi.
org/10.1007/BF000​46798

Luhring, T. M., & DeLong, J. P. (2017). Scaling from metabolism to popula-
tion growth rate to understand how acclimation temperature alters 
thermal performance. Integrative and Comparative Biology, 57, 103–
111. https://doi.org/10.1093/icb/icx041

Magozzi, S., & Calosi, P. (2015). Integrating metabolic performance, 
thermal tolerance, and plasticity enables for more accurate pre-
dictions on species vulnerability to acute and chronic effects of 
global warming. Global Change Biology, 21, 181–194. https://doi.
org/10.1111/gcb.12695

Marbà, N., & Duarte, C. M. (2010). Mediterranean warming triggers sea-
grass (Posidonia oceanica) shoot mortality. Global Change Biology, 16, 
2366–2375. https://doi.org/10.1111/j.1365-2486.2009.02130.x

Messager, M. L., Lehner, B., Cockburn, C., Lamouroux, N., Pella, H., 
Snelder, T., Tockner, K., Trautmann, T., Watt, C., & Datry, T. (2021). 
Global prevalence of non-perennial rivers and streams. Nature, 594, 
391–397. https://doi.org/10.1038/s4158​6-021-03565​-5

Morrill, J. C., Bales, R. C., & Conklin, M. H. (2005). Estimating stream 
temperature from air temperature: Implications for future water 
quality. Journal of Environmental Engineering, 131, 139–146. https://
doi.org/10.1061/(ASCE)0733-9372(2005)131:1(139)

Nguyen, H. M., Kim, M., Ralph, P. J., Marín-Guirao, L., Pernice, M., & 
Procaccini, G. (2020). Stress memory in seagrasses: First insight into 
the effects of thermal priming and the role of epigenetic modifica-
tions. Frontiers in Plant Science, 11, 484. https://doi.org/10.3389/
fpls.2020.00494

Padfield, D., Yvon-Durocher, G., Buckling, A., Jennings, S., & Yvon-
Durocher, G. (2016). Rapid evolution of metabolic traits explains 
thermal adaptation in phytoplankton. Ecology Letters, 19, 133–142. 
https://doi.org/10.1111/ele.12545

Polazzo, F., Roth, S. K., Hermann, M., Mangold-Döring, A., Rico, A., 
Sobek, A., Van den Brink, P. J., & Jackson, M. C. (2022). Combined 
effects of heatwaves and micropollutants on freshwater ecosys-
tems: Towards an integrated assessment of extreme events in 
multiple stressors research. Global Change Biology, 28, 1248–1267. 
https://doi.org/10.1111/gcb.15971

Renes, S. E., Sjöstedt, J., Fetzer, I., & Langenheder, S. (2020). Disturbance 
history can increase functional stability in the face of both repeated 
disturbances of the same type and novel disturbances. Scientific 
Reports, 10, 11333. https://doi.org/10.1038/s4159​8-020-68104​-0

Ritz, C. (2010). Toward a unified approach to dose–response modeling 
in ecotoxicology. Environmental Toxicology and Chemistry, 29, 220–
229. https://doi.org/10.1002/etc.7

Román, M., Román, S., Vázquez, E., Troncoso, J., & Olabarria, C. (2020). 
Heatwaves during low tide are critical for the physiological performance 
of intertidal macroalgae under global warming scenarios. Scientific 
Reports, 10, 21408. https://doi.org/10.1038/s4159​8-020-78526​-5

Romaní, A. M., Borrego, C. M., Díaz-Villanueva, V., Freixa, A., Gich, 
F., & Ylla, I. (2014). Shifts in microbial community structure 
and function in light- and dark-grown biofilms driven by warm-
ing. Environmental Microbiology, 16, 2550–2567. https://doi.
org/10.1111/1462-2920.12428

Rose, D. T. (2008). Gomphonema parvulum (Kutzing) Kutzing: 
Ecophysiological, morphometric and observational studies of a 
species complex.

Rousch, J. M., Bingham, S. E., & Sommerfeld, M. R. (2003). Changes in 
fatty acid profiles of thermo-intolerant and thermo-tolerant marine 
diatoms during temperature stress. Journal of Experimental Marine 
Biology and Ecology, 295, 145–156. https://doi.org/10.1016/S0022​
-0981(03)00293​-4

Samuels, T., Rynearson, T. A., & Collins, S. (2021). Surviving heat-
waves: Thermal experience predicts life and death in a Southern 
Ocean Diatom. Frontiers in Marine Science, 8, 600343. https://doi.
org/10.3389/fmars.2021.600343

Sánchez, M. L., Rodríguez, P., Torremorell, A. M., Izaguirre, I., & Pizarro, 
H. (2017). Phytoplankton and Periphyton primary production in 
clear and turbid Shallow Lakes: Influence of the light environment 
on the interactions between these communities. Wetlands, 37, 67–
77. https://doi.org/10.1007/s1315​7-016-0840-x

Sasaki, M. C., & Dam, H. G. (2019). Integrating patterns of thermal tol-
erance and phenotypic plasticity with population genetics to im-
prove understanding of vulnerability to warming in a widespread 
copepod. Global Change Biology, 25, 4147–4164. https://doi.
org/10.1111/gcb.14811

Sato, N., Sonoike, K., Kawaguchi, A., & Tsuzuki, M. (1996). Contribution 
of lowered unsaturation levels of chloroplast lipids to high tem-
perature tolerance of photosynthesis in Chlamydomonas reinhardtii. 
Journal of Photochemistry and Photobiology: Biology B, Dedicated to 
Professor Dr. Horst Senger on the occasion of his 65th birthday, 36, 
333–337. https://doi.org/10.1016/S1011​-1344(96)07389​-7

Schabhüttl, S., Hingsamer, P., Weigelhofer, G., Hein, T., Weigert, A., & 
Striebel, M. (2013). Temperature and species richness effects in 
phytoplankton communities. Oecologia, 171, 527–536. https://doi.
org/10.1007/s0044​2-012-2419-4

Schaum, C.-E., Buckling, A., Smirnoff, N., Studholme, D. J., & Yvon-
Durocher, G. (2018). Environmental fluctuations accelerate mo-
lecular evolution of thermal tolerance in a marine diatom. Nature 
Communications, 9, 1719. https://doi.org/10.1038/s4146​7-018-
03906​-5

Scholz, B., & Liebezeit, G. (2013). Compatible solutes and fatty acid com-
position of five marine intertidal microphytobenthic Wadden Sea di-
atoms exposed to different temperature regimes. Diatom Research, 
28, 337–358. https://doi.org/10.1080/02692​49X.2013.802997

Seneviratne, S. I., Zhang, X., Adnan, M., Badi, W., Dereczynski, C., Di 
Luca, A., Ghosh, S., Iskandar, I., Kossin, J., Lewis, S., Otto, F., Pinto, 
I., Satoh, M., Vicente-Serrano, S. M., Wehner, M., & Zhou, B. (2021). 
Chapter 11: Weather and climate extreme events in a changing cli-
mate 254. https://doi.org/10.1017/97810​09157​896.013

Siegle, M. R., Taylor, E. B., & O'Connor, M. I. (2018). Prior heat accumula-
tion reduces survival during subsequent experimental heat waves. 
Journal of Experimental Marine Biology and Ecology, 501, 109–117. 
https://doi.org/10.1016/j.jembe.2018.01.012

Smelt, J. P. P. M., & Brul, S. (2014). Thermal inactivation of microorgan-
isms. Critical Reviews in Food Science and Nutrition, 54, 1371–1385. 
https://doi.org/10.1080/10408​398.2011.637645

Souffreau, C., Vanormelingen, P., Verleyen, E., Sabbe, K., & Vyverman, W. 
(2010). Tolerance of benthic diatoms from temperate aquatic and 
terrestrial habitats to experimental desiccation and temperature 
stress. Phycologia, 49, 309–324. https://doi.org/10.2216/09-30.1

Soulie, T., Vidussi, F., Mas, S., & Mostajir, B. (2022). Functional stability 
of a coastal Mediterranean plankton community during an exper-
imental marine heatwave. Frontiers in Marine Science, 9, 831496. 
https://doi.org/10.3389/fmars.2022.831496

Stanier, R. Y., Kunisawa, R., Mandel, M., & Cohen-Bazire, G. (1971). 
Purification and properties of unicellular blue-green algae (order 
Chroococcales). Bacteriological Reviews, 35, 171–205.

Striebel, M., Schabhüttl, S., Hodapp, D., Hingsamer, P., & Hillebrand, 
H. (2016). Phytoplankton responses to temperature increases 
are constrained by abiotic conditions and community composi-
tion. Oecologia, 182, 815–827. https://doi.org/10.1007/s0044​2-​​
016-3693-3

 13652745, 2023, 4, D
ow

nloaded from
 https://besjournals.onlinelibrary.w

iley.com
/doi/10.1111/1365-2745.14058 by U

niversité D
e T

oulouse 3, W
iley O

nline L
ibrary on [20/06/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1111/1462-2920.12728
https://doi.org/10.1111/1462-2920.12728
https://doi.org/10.1111/j.1365-2656.2009.01586.x
https://doi.org/10.1111/j.1365-2656.2009.01586.x
https://doi.org/10.1111/ele.12073
https://doi.org/10.1007/BF00046798
https://doi.org/10.1007/BF00046798
https://doi.org/10.1093/icb/icx041
https://doi.org/10.1111/gcb.12695
https://doi.org/10.1111/gcb.12695
https://doi.org/10.1111/j.1365-2486.2009.02130.x
https://doi.org/10.1038/s41586-021-03565-5
https://doi.org/10.1061/(ASCE)0733-9372(2005)131:1(139)
https://doi.org/10.1061/(ASCE)0733-9372(2005)131:1(139)
https://doi.org/10.3389/fpls.2020.00494
https://doi.org/10.3389/fpls.2020.00494
https://doi.org/10.1111/ele.12545
https://doi.org/10.1111/gcb.15971
https://doi.org/10.1038/s41598-020-68104-0
https://doi.org/10.1002/etc.7
https://doi.org/10.1038/s41598-020-78526-5
https://doi.org/10.1111/1462-2920.12428
https://doi.org/10.1111/1462-2920.12428
https://doi.org/10.1016/S0022-0981(03)00293-4
https://doi.org/10.1016/S0022-0981(03)00293-4
https://doi.org/10.3389/fmars.2021.600343
https://doi.org/10.3389/fmars.2021.600343
https://doi.org/10.1007/s13157-016-0840-x
https://doi.org/10.1111/gcb.14811
https://doi.org/10.1111/gcb.14811
https://doi.org/10.1016/S1011-1344(96)07389-7
https://doi.org/10.1007/s00442-012-2419-4
https://doi.org/10.1007/s00442-012-2419-4
https://doi.org/10.1038/s41467-018-03906-5
https://doi.org/10.1038/s41467-018-03906-5
https://doi.org/10.1080/0269249X.2013.802997
https://doi.org/10.1017/9781009157896.013
https://doi.org/10.1016/j.jembe.2018.01.012
https://doi.org/10.1080/10408398.2011.637645
https://doi.org/10.2216/09-30.1
https://doi.org/10.3389/fmars.2022.831496
https://doi.org/10.1007/s00442-016-3693-3
https://doi.org/10.1007/s00442-016-3693-3


786  |   Journal of Ecology COURCOUL et al.

Tardy, V., Mathieu, O., Lévêque, J., Terrat, S., Chabbi, A., Lemanceau, 
P., Ranjard, L., & Maron, P.-A. (2014). Stability of soil micro-
bial structure and activity depends on microbial diversity. 
Environmental Microbiology Reports, 6, 173–183. https://doi.
org/10.1111/1758-2229.12126

van Boekel, M. A. J. S. (2002). On the use of the Weibull model to describe 
thermal inactivation of microbial vegetative cells. International 
Journal of Food Microbiology, 74, 139–159. https://doi.org/10.1016/
S0168​-1605(01)00742​-5

van Moorsel, S. J., Marleau, J. N., Negrín Dastis, J. O., Bazerghi, C., 
Fugère, V., Petchey, O. L., & Gonzalez, A. (2021). Prior exposure to 
stress allows the maintenance of an ecosystem cycle following se-
vere acidification. Oikos, 130, 1062–1073. https://doi.org/10.1111/
oik.07829

Vidal-Abarca, R., Suárez, L., Gómez, R., Moreno, J. L., & Guerrero, C. (2002). 
Diel variations in physical and chemical parameters in a semi-arid 
stream in Spain (Chicamo Stream). SIL Proceedings, 1922-2010(28), 
1111–1115. https://doi.org/10.1080/03680​770.2001.11901890

Vinocur, B., & Altman, A. (2005). Recent advances in engineering plant 
tolerance to abiotic stress: Achievements and limitations. Current 
Opinion in Biotechnology, Plant biotechnology/Food biotechnology, 16, 
123–132. https://doi.org/10.1016/j.copbio.2005.02.001

Watermann, F., Hillebrand, H., Gerdes, G., Krumbein, W., & Sommer, U. 
(1999). Competition between benthic cyanobacteria and diatoms as 
influenced by different grain sizes and temperatures. Marine Ecology 
Progress Series, 187, 77–87. https://doi.org/10.3354/meps1​87077

Weitzman, B., Konar, B., Iken, K., Coletti, H., Monson, D., Suryan, R., 
Dean, T., Hondolero, D., & Lindeberg, M. (2021). Changes in rocky 
intertidal community structure during a marine heatwave in the 

Northern Gulf of Alaska. Frontiers in Marine Science, 8, 556820. 
https://doi.org/10.3389/fmars.2021.556820

Whorley, S. B., & Wehr, J. D. (2018). Multiyear patterns in benthic algal 
fatty-acid compounds under agricultural stress. Freshwater Science, 
37, 534–550. https://doi.org/10.1086/699201

Wittebolle, L., Marzorati, M., Clement, L., Balloi, A., Daffonchio, D., 
Heylen, K., Vos, P. D., Verstraete, W., & Boon, N. (2009). Initial 
community evenness favours functionality under selective stress. 
Nature, 458, 623–626. https://doi.org/10.1038/natur​e07840

Yachi, S., & Loreau, M. (1999). Biodiversity and ecosystem productivity 
in a fluctuating environment: The insurance hypothesis. PNAS, 96, 
1463–1468. https://doi.org/10.1073/pnas.96.4.1463

SUPPORTING INFORMATION
Additional supporting information can be found online in the 
Supporting Information section at the end of this article.

How to cite this article: Courcoul, C., Laviale, M., Baillard, V., 
Billoir, E., Leflaive, J., & Boulêtreau, S. (2023). Disentangling 
the effects of microalgal diversity and thermal history on 
freshwater phototrophic biofilms facing heat stress: A thermal 
dose approach. Journal of Ecology, 111, 773–786. https://doi.
org/10.1111/1365-2745.14058

 13652745, 2023, 4, D
ow

nloaded from
 https://besjournals.onlinelibrary.w

iley.com
/doi/10.1111/1365-2745.14058 by U

niversité D
e T

oulouse 3, W
iley O

nline L
ibrary on [20/06/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1111/1758-2229.12126
https://doi.org/10.1111/1758-2229.12126
https://doi.org/10.1016/S0168-1605(01)00742-5
https://doi.org/10.1016/S0168-1605(01)00742-5
https://doi.org/10.1111/oik.07829
https://doi.org/10.1111/oik.07829
https://doi.org/10.1080/03680770.2001.11901890
https://doi.org/10.1016/j.copbio.2005.02.001
https://doi.org/10.3354/meps187077
https://doi.org/10.3389/fmars.2021.556820
https://doi.org/10.1086/699201
https://doi.org/10.1038/nature07840
https://doi.org/10.1073/pnas.96.4.1463
https://doi.org/10.1111/1365-2745.14058
https://doi.org/10.1111/1365-2745.14058

	Disentangling the effects of microalgal diversity and thermal history on freshwater phototrophic biofilms facing heat stress: A thermal dose approach
	Abstract
	1|INTRODUCTION
	2|MATERIALS AND METHODS
	2.1|Biological material
	2.1.1|Algal strains
	2.1.2|Natural communities

	2.2|Heat stress exposure
	2.3|Photosynthetic activity
	2.4|Thermal dose
	2.5|Application to field conditions

	3|RESULTS
	3.1|Microalgal strains
	3.2|Synthetic communities
	3.3|Natural communities
	3.4|Comparison between experiments
	3.5|Application to field conditions

	4|DISCUSSION
	4.1|Effect of thermal history
	4.2|Effect of microalgal diversity
	4.3|Field application of thermal dose

	5|CONCLUSIONS
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGEMENTS
	CONFLICT OF INTEREST
	PEER REVIEW
	DATA AVAILABILITY STATEMENT

	REFERENCES


