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composition heavily relies on experimental studies that document how environmen-
tal conditions influence population growth rates. In unicellular phytoplankton, the net
population growth rate is the difference between the cell division rate and the death
Funding information rate. Along with predation and disease, phytoplankton mortality arises from abiotic
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stress. Although the effect of temperature on the net population growth rate is well
understood, studies examining thermally induced death rates in phytoplankton are
scarce. We investigated how cell division and death rates of the diatom Phaeodactylum
tricornutum varied within its thermal tolerance limits (thermal niche), and at tempera-
tures just above its upper thermal tolerance limit. We show that death rates were
largely independent of temperature when P. tricornutum was grown within its thermal
niche, but increased significantly at temperatures that approached or exceeded its
upper thermal tolerance limit. Furthermore, the sensitivity of mortality increased with
the duration of exposure to heat stress and was affected by the pre-acclimation tem-
perature. Heat waves can be expected to significantly affect phytoplankton mortality
episodically. The increasing frequency of heat waves accompanying global warming
can be expected to drive changes in phytoplankton community structure due to inter-
specific variability of thermal niches with potential implications for food web dynam-

ics and biogeochemical cycles.

KEYWORDS
cell death, global warming, mortality rate, Phaeodactylum tricornutum, thermal acclimation,
thermal response, tipping points

1 | INTRODUCTION

Phytoplankton growth generates half of the atmosphere's oxygen
through photosynthesis, thus providing the energy that fuels pe-
lagic food chains and playing key roles in biogeochemical cycles of
oxygen, carbon and nutrient elements. Predicting spatiotemporal
distributions of phytoplankton biomass and community composi-
tion heavily relies on experimental studies that document how en-

vironmental conditions influence net population growth rates, the

difference between cell division rate and the death rate. Although
the environmental controls on phytoplankton growth are well stud-
ied, the factors governing cell death rates remain unclear.

Death rates in natural phytoplankton communities range from
<0.01 to >1 day_1 (Marba et al., 2007). Studies that have calculated
death rates from measurements of cell lysis (Agusti & Duarte, 2000;
Agusti et al., 1998) include contributions to death due to biotic fac-
tors such as viral infection as well as abiotic stress-induced physio-
logical death. The death rate due to physiological stress is typically
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low under optimal growth conditions, but can increase significantly
in response to physiological stresses associated with nutrient star-
vation and prolonged darkness, although the tolerance to different
stresses varies markedly among species (Berges & Falkowski, 1998;
Brussaard et al., 1997; Timmermans et al., 2007).

Across the plant and animal kingdoms, ambient temperature,
due to its influence on metabolic rate and body size, has been
shown to govern both net growth rates and death rates, whereby
organisms with higher metabolism have higher birth rates but
shorter lifespans (McCoy & Gillooly, 2008). Although these re-
lationships are useful for describing current patterns in natural
systems, to forecast how species distributions will respond to a
changing climate we need to know whether death rates are influ-
enced by abiotic stress.

Due to the increasing frequency of heat waves accompanying
global warming in both terrestrial and aquatic systems (Frélicher
et al., 2018; Ruthrof et al., 2018), thermally induced mortality
plays a greater role in shaping community structure (Remy et al.,
2017). Consequently, a large number of studies have focused
on how thermal conditions (i.e. acute or chronic heat stress) in-
duce organism and/or cell death across a wide range of taxa.
Inopportunely, many studies such as these do not report both cell
division and death rates, and hence the impact of physiologically
induced death on population responses to environmental stress-
ors remains unclear. Experiments that report the effect of thermal
stress on mortality as the proportional change in dead or live cells
(e.g., Bouchard & Yamasaki, 2008; Samuels et al., 2021; Zuppini
et al., 2007) cannot be used to calculate death rates. Hence, stud-
ies that directly quantify both cell division and death rates from
changes in the abundances of live and dead cells in response to
heat stress are needed if we are to understand how warming will

alter populations and community composition.
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In response to warming (or cooling), an individual organism is
able to make transient cellular adjustments to physiology and bio-
chemistry via process known as acclimation (Angilletta Jr. et al.,
2003), and in doing so, can alter their thermal niche (Luhring &
Delong, 2017; Padfield et al., 2016; Schulte et al., 2011). Indeed,
thermal history has been shown to influence phytoplankton sur-
vivorship in the context of heat waves (Samuels et al., 2021) and
understanding whether acclimation plays a role in governing death

rates is warranted.

2 | MODELLING

Pelagic ecosystem models typically focus on the ecological interac-
tions (disease and predation) that affect phytoplankton mortality,
neglecting mortality that arises spontaneously or in response to
adverse abiotic conditions (Follows et al., 2007). As far as we are
aware, three alternative models have been used previously to model
the temperature dependencies of cell division rate (1) and death rate
(d) in microalgae, with the specific growth rate of a population (r)
calculated as the difference between the cell division rate and the

death rate:
r=u-—d,

where r, u and d are calculated as described in Section 3.3.

In the first approach, death rates are assumed to be independent
of temperature, whereas the cell division rate is assumed to follow a
unimodal dependence on temperature, increasing with temperature
below the thermal optimum (Topt) and declining with temperature

above T_ . (Figure 1a). This is an approach used in many pelagic eco-

opt
system models (Follows et al., 2007).
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FIGURE 1 Different approaches that currently exist to account for the temperature dependence of net growth rate (solid black line). (a)
Death rate (dashed line) is assumed to be temperature independent, hence is ‘fixed’, whereas the cell division rate (gross growth rate; grey
sold line) is assumed to follow a unimodal dependence on temperature, whereby growth rate increases with temperature below the thermal
optima (Topt) and declines with temperature above Topt. In an alternative approach depicted in (b), both cell division rate and death rate are
assumed to increase with temperature, but with the death rate increasing more rapidly than cell division rate. Both approaches result in a net
growth rate (black solid line) that exhibits a unimodal, asymmetrical curve known as the thermal performance curve (TPC)
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Alternatively, in the second approach, Serra-Maia et al. (2016)
assumed that both the cell division rate and death rate obey the
Arrhenius equation:

Ep

r=A;- e(_%) -A,- e(_ﬁ),
where T is the absolute temperature (K), A, and A, are pre-exponential
factors (units of day™), E, and E, are the activation energies for the
cell division and cell death terms and R is the universal gas constant.
Although there is a mechanistic basis for this equation for chemical re-
actions, it should be considered empirical when applied to the complex
processes of cell growth and cell death.

In the third approach, Thomas et al. (2017) proposed a double
exponential model (Figure 1b), in which the cell division rate is an ex-
ponential function of temperature, and mortality includes a baseline
death rate (d,) and an exponential increasing rate, but with the death
rate increasing more rapidly than cell division rate:

r=pq .e(“Z'T) _dO _dl . e(dZ’T)7

where 4, is the cell division rate at 0°C, and g, is the exponential
change in this rate with increasing temperature, d, is a temperature-
independent death rate, while d, and d, jointly describe the exponen-
tial increase in death rate with temperature.

Although all of these approaches vyield similar TPCs for net
growth, zero net growth rates are achieved with differing assump-
tions for the temperature dependence of mortality and consequently
depict strikingly different physiological responses to heat stress.
Although both the Serra-Maia et al. (2016) and Thomas et al. (2017)
models assume high death rates within the thermal niche, datasets
that quantify rates of phytoplankton mortality are scarce and would
be valuable for those ecosystem models that incorporate mortality.
Furthermore, whether the decline in net population growth rate (r)
due to high temperature stress at temperatures between Topt and

maximum temperature limit for growth ( ) is primarily due to a

Tmax
decline of cell division or an increase in morality remains to be quan-
tified. In this study, we specifically address the following key ques-
tions: (i) ‘Does the death rate (d) depend on temperature within the
thermal tolerance limits of the model organism P. tricornutum, and if
so by how much?’ and (ii) ‘What role does thermal acclimation have

in mortality, if any?’.

3 | MATERIALS AND METHODS

3.1 | Diatom strains and experimental design

Phaeodactylum tricornutum (CCMP 2561, strain synonym CCAP
1055/1) was maintained in semi-continuous growth in sterile, acid-
washed borosilicate Pyrex™ Duran bottles, with a working volume of
100 ml. Cultures were grown in K medium (Keller et al., 1987) with
the addition of silicic acid (1.06 x 10™* M, Na,SiOg; at concentra-
tions equivalent to those found in F/2 medium; Guillard & Ryther,

oo, MOEMIE

1962) using an artificial seawater base (Berges et al., 2001; Harrison
et al.,, 1980) and maintained under continuous illumination of
325 + 25 umol photons m?stat20°Cina growth chamber (Adaptis
CMP 6010; Conviron).

Cultures were acclimated for more than 10 generations before
an inoculum from an exponentially growing batch culture was trans-
ferred into fresh medium to establish biological replicates (n = 3).
Similarly, during exponential growth, an inoculum from each parent
culture was then diluted 1:100-1000 (depending on the growth rate)
into sterile, acid-washed borosilicate culture tubes (Fisherbrand™,
catalogue number: 11537423, Fisher Scientific UK Ltd) to initiate a
number of daughter cultures (5 ml working volume). These daugh-
ter cultures were then distributed along a temperature gradient
that was established using a tube-based thermal gradient block,
where hot and cold water generated using separate immersion
heater chillers (LT Ecocool™ 100; Grant Instruments) was circulated
through milled channels at opposite ends of the block. Once housed
in the thermal gradient block, individual tubes were monitored daily
by tracking the abundances of live and dead cells as described below.
We found that the inoculation process induced some cell death, and
in some tubes could contribute up to 20% of the initial ‘dead’ popula-
tion. Consequently, we carried out the inoculation process and incu-
bated the daughter tubes overnight at the parent culture conditions
using the thermo-gradient block. This allowed cultures to recover
from shock induced by transfer before they were subsequently heat

stressed and resulted in starting ‘live’ populations greater than 90%.

3.2 | Cell staining and flow cytometric
measurements

To assess mortality and estimate the growth, subsamples (0.12 ml)
from each tube were removed and incubated in the presence of a
nucleic acid stain (SYTOX green, Molecular Probes) to quantify live
and dead cells following a protocol based on Peperzak and Brussaard
(2011). Specifically, a working solution of SYTOX green (50 pM) was
prepared in dimethylsulfoxide (DMSO) and stored at -20°C until just
before use. This working solution (2 ul) was then added to the 0.12 ml
volumes that had been removed from individual tubes (0.5 pM final
concentration) and incubated in the dark at room temperature for
20 min. Incubated samples were then analysed by a flow cytometer
(BD Accuri Cé Plus, Becton Dickinson) equipped with a 20 mW blue
(488 nm) laser.

Using instrument-specific software (BD Accuri™ Cé Plus
Software, Version 1.0.27.1), populations of P. tricornutum were first
discriminated on bi-plots of forward-scatter (FSC; a proxy for cell
size) versus chlorophyll-a (>670 nm) fluorescence. Gated diatoms
were then discriminated as viable ‘live’ and non-viable ‘dead’ using
green fluorescence (533/30 nm) histograms, where the number of
cells permeable and impermeable to SYTOX-green were counted
and their respective proportions of the total population calcu-
lated. Representative gating is shown in Figure S1. Heat-killed cells
of P. tricornutum (60°C for 60 min) were used as positive controls
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for SYTOX staining; non-viable cells were more than two decades
brighter than the unstained, viable cells. The gating of the diatom
populations and subsequent gating of ‘live’ and ‘dead’ populations
were post-processed as both the FSC and chlorophyll fluorescence
shifted across experimental treatments. All data were acquired with
the same instrument settings.

3.3 | Calculation of net, gross growth and
death rates

The population dynamics of live and dead cells is assumed to be
given by:
dN

Lo u—d) - 1
dt (u—d) N|_y (1)

dNp

=d. 2
2 =d Ny, 2)

where y is the cell division rate (units of day’l), dis the death rate (units
of day ™), N|_is the abundance of live cells and Ny, is the abundance of
dead cells.

The specific growth rate (r), also known as the instantaneous rate
of increase (Wood et al., 2005), is the difference between cell divi-

sion and death rates:
r=u-—d. (3)
The specific growth rate, r, was calculated from:

i [T+ /NG
=In | ———1.

The change in the number of dead cells per ml was calculated
as the abundance of dead cells at time t, subtracted from the abun-

dance of dead cells at time t + 1:
AND = ND(t +1) - ND(f). (4)

The average abundance of live cells, N_L in a time period was cal-
culated from Equation (5), where r is the specific growth rate that
results in new live cells:

— (N ¢+ 1) = N(D)
L f

(5)

Death rate (d) is commonly defined as the proportion or percent-
age of a population that dies within a given time interval. For some
organisms, the time interval is usually a year, but for microalgae a
more appropriate time interval is a day. Within the thermal niche
(T<T

) death rate (day™), d, was calculated as:

d=Inl1-]|—|]. (6)

This approach gives a minimum estimate of death rate because a
proportion of dead cells may be underestimated due to their change
in cell properties. Phytoplankton death results in degradation of
photopigments followed by disintegration into unrecognizable de-
bris. Hence, dead cells may lie outside the gating strategy outlined in
Figure S1. As such, death rates may be underestimated, particularly
at the most extreme temperatures as this process can occur within a
day (Veldhuis et al., 2001).

At temperatures where net population growth was negative
(T>T

maX), death rate was calculated from the decline in the abun-

dance of live cells.

_ N t+1)
d=1n <—NL(t) ) 7)

3.4 | Modelling temperature
dependence of growth

We fit 12 equations from the literature available in the R pack-
age ‘temperatureresponse’ (Low-Décarie et al, 2017) to the
temperature-dependent net growth rate data. We selected the
most appropriate equation based on Akaike's information criterion
(AIC) values in combination with a visual inspection of the data. In
this case, Equation (8) was found to be the ‘best’ model (Montagnes
etal., 2008):

r=a+b-T+c -T2 (8)

The parameter values in Equation (8) were found by maximum
likelihood estimation and nonlinear least-squares fits (using the
Levenberg-Marquardt method), respectively, and confidence in-
tervals were found by bootstrapping using the R package ‘modelr’
(Wickham, 2019) to generate 10,000 replicates of the data, each of

which was randomly sampled with replacement. The Topt, J7AN
(lower temperature limit for growth) and T_ . were then calculated
for each bootstrap replicate. The 95% Cl were then calculated as the
range between the 2.5th and 97.5th quantiles from the distributions

of the derived parameters.

3.5 | Modelling temperature dependence of
mortality: Post-hoc analysis

We visually evaluated our dataset post-collection and found that
the temperature dependence of death rates did not appear to sup-
port any of the three approaches outlined in the introduction above.
Instead, death rates were essentially zero for the majority of tem-

peratures examined below a threshold; following this threshold,
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death rates increased significantly. Consequently, we conducted a
post-hoc exploratory analysis in the form of piecewise regression.
Piecewise regression techniques have been used as a statistical
method to model ecological thresholds (Toms & Lesperance, 2003).
These models are also known as broken-stick models, the simplest of
which is where two straight lines are joined sharply at a breakpoint

(to represent a threshold) and can be described as:

Po+P1Ti+e; for T, <T,

mort (9)
ﬂo +ﬂ1Ti +ﬁ2 (Ti _Tmort) +€; for Ti > Tmort

where d, is the mortality for the ith temperature, T, is the correspond-
ing temperature, T_ . is the thermal threshold for mortality (i.e. the
breakpoint) and e, are residual errors. The slopes of the lines are $, and
p, + Py, and hence g, can be interpreted as the increase in the sensitiv-
ity to thermal stress.

Here, we use piecewise regression to identify the temperature
(°C), that is, breakpoint(s) (T, . ) at which death rates change abruptly
(from approximately zero). Both linear and piecewise regression
models were fitted to the relationship between temperature (°C)
and death rate. Segmented regression analysis was conducted
using the ‘segmented’ package (Muggeo, 2015) of the R software
(Version 1.1.442). The significance of this breakpoint was assessed

using sequential hypothesis testing via the Score test.

4 | RESULTS

Segmented regression analysis identified a relationship between

mortality and temperature that was dependent on the thermal

ST v -

range examined. Death rates were largely independent of tempera-
ture when P. tricornutum was exposed to temperatures within the
thermal niche, and only become significant when cultures were ex-
posed to temperatures that approached or exceeded the T__ . Pre-
acclimation temperatures and the duration of exposure can alter the

thermal threshold for mortality (T__ ) that, in turn, has a relation to

mort
T,.ax fOr growth.

When P. tricornutum was exposed to temperatures within its
known thermal niche ~10-30°C (Siegel et al., 2020), we found no
evidence of a relationship between mortality and temperature
(Figure 2). In this thermal range, death rates were negligible even
at the longest exposure periods and irrespective of pre-acclimation
conditions (,B1 < 0.001 day'1 - °C for 10, 20 and 26.5°C at 72 h;
Table 1; Figure S2). We observed no mortality until temperatures
equalled or exceeded 27.1°C (95% Cl: 26.7, 27.6)—a thermal thresh-
old which triggered a breakpoint, that is, a change in slope. At these
breakpoints, mortality increased significantly with temperature (f,;
p < 0.001) with death rates in excess of 0.35 day™* - °C and the slope
of the increase (/)’2) was highest for cultures acclimated to supra-
optimal conditions (0.50 day™ - °C for 26.5°C at 72 h; Table 1).

Notably, we observed that T__ . (breakpoint values) was depen-

mort
dent on thermal history (Table S2). Cells grown at optimal conditions

of 20°C had a significantly colder breakpoint of 27.1°C (95% Cl: 26.7,
27.6) in comparison to those grown at sub- or supra-optimal con-
ditions with T__ . of 29.0°C (95% ClI: 28.8, 29.1) and 30.4°C (95%

mor

Cl: 29.9, 30.9), respectively. However, unlike cells grown at 10°C

whereby T was observed after 24 h, death rates were entirely in-

mort

dependent from temperature cultures grown at 26.5°CasaT_  was
not observed until 72 h, and hence T_ . were dependent on both
thermal history and exposure times. Exposure times also altered

death rates when exposed to temperatures beyond the breakpoint,
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FIGURE 2 Temperature-dependent death and net population growth rates (closed and open symbols, respectively) of Phaeodactylum
tricornutum acclimated to (a) sub-optimal (10°C), (b) optimal (20°C) and (c) supra-optimal (26.5°C) temperatures. Death rates were calculated
following 72 h of exposure. Symbols depict the mean rate of n = 3 biological replicates and are plotted along with their associated standard
deviation. Solid lines represent nonlinear least-squares fits (using the Levenberg-Marquardt method) modelled to growth rate data using
Equation (8) and death rate data using Equation (9). Broken lines correspond to the 95% confidence intervals of Equations (8) and (9),
estimated by parametric bootstrapping. Death and growth rates after 24 and 48 h of exposure are depicted alongside 72 h in Figure S2.
Note that bootstrapping was not carried out on growth rate data obtained from supra-optimal cultures due to low number of sampling

points (n = 12)
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TABLE 1 Parameters of the linear and broken-stick models (Equation 9) for temperature-dependent death rates for cultures acclimated to
sub-optimal (10°C), optimal (20°C) and supra-optimal (26.5°C) temperatures following differing exposure times (24, 48 and 72 h)

Model parameters

Time(h) T(C) Model By B, B, a R? ::h. AIC BIC
24 10 Broken stick ~ -0.0046  0.0009 0.0351" 26.3 0.65 0.62  -158.0 -149.0
Linear -0.1046  0.0017"" 0.37 0.35 -136.3 -130.9
20 brokenstick ~ -0.0379  0.0022 0.0966 " 279 0.73 0.69 -95.4 -88.8
Linear -0.1247"  0.007" 0.32 0.29 -73.7 -69.7
26.5  Broken stick 0.0288  0.0024 0.12 0.04 -44.5 -42.5
Linear 0.0288  0.0024 0.12 0.04 -44.5 -42.5
48 10 Brokenstick ~ -0.1823  0.0111' 0.14 0.12 -33.1 -27.8
Linear -0.1823  0.0111° 0.14 0.12 -33.1 -27.8
20 Brokenstick ~ -0.1467  0.0103" 0.18 0.15 -31.7 -27.7
Linear -0.1467  0.0103’ 0.18 0.15 -31.7 -27.7
26.5  Brokenstick  -0.3396  0.0206 0.29 0.23 -0.1 1.8
Linear -0.3396  0.0206' 0.29 0.23 -0.1 1.8
72 10 Broken stick 0.0389  0.001 0.3535"" 29.0 0.90 0.89  -159.6 -150.7
Linear -0.1081  0.007" 0.13 0.11 -70.2 -64.8
20 Broken stick 0.0198  0.0013 0.4126™" 271 093 0.92 -42.5 -35.9
Linear 0.6598""  0.0369"" 0.35 0.33 14.5 18.5
26.5  Broken stick 0.0138  0.0003 0.4974™" 30.4 0.90 0.88 -14.0 -10.8
Linear -0.4645  0.0241 0.19 0.13 11.8 13.8

Abbreviations: AIC, Akaike's information criterion; BIC, the Schwarz Bayesian information criterion.

Where a significant difference in slopes was found, only the second equation of the broken-stick model is shown.

*Indicates significance at p < 0.05.; **Indicates significance at p < 0.01.; ***Indicates significance at p < 0.001.

whereby temperature-dependent mortality rates increased with in-
creasing duration. For example, in cultures grown at 10 and 20°C, 43,
was 4- and 10-fold higher, respectively, after 72 h in comparison to
24 h (Table 1). Interestingly and as mentioned above, $, was only sig-
nificant after 72-h meaning acclimation to supra-optimal conditions
delayed the onset of death at supra-optimal temperatures.

Finally, the T for growth appeared to correlate relatively

well with T

more the thermal threshold for death. For cultures pre-

acclimated to optimal conditions, the T__, was well predicted from
the T, (i.e. close to the 1:1 line; Figure 3) and was not significantly
affected by the duration of exposure (i.e. confidence intervals
overlap for 24- and 72-h exposure). Similarly, a strong relationship
between T_ .

following 72 h of exposure (95% Cl includes 1:1 line; Figure 3). In

and T, for sub-optimal cultures was evident only

contrast to sub-optimal and optimal cultures, following 24 h of ex-
posure, we observed no T in cultures pre-acclimated to supra-
optimal temperatures within the range that we examined, meaning
that during brief exposure to heat stress T . was greater than
32.3°C (represented by open diamond symbol in Figure 3). With lon-
ger exposure to heat stress (72 h),a T_ .
treatments was the furthest from the 1:1 line and hence showed

. was detected, but of all

the greatest disparity between T, and T__ .Indeed unlike cultures

acclimated to sub-optimal and optimal temperatures, T

inax IN supra-

optimal cultures underestimated T_ .

as growth ceased at 27.6°C

but cells remained viable until temperatures exceeded 30.4°C (95%
Cl: 29.9, 30.9).

5 | DISCUSSION

To predict changes in phytoplankton populations, we must not
only understand the conditions that favour growth but also those
that contribute to cell death, as these losses are an important com-
ponent of closing carbon fluxes in aquatic systems (Agusti et al.,
1998). In addition to affecting the carbon cycle, the population dy-
namics of phytoplankton affects carbon available to higher trophic
levels as well as phytoplankton blooms, community structure and
succession.

Cell death in response to different stress stimuli including dark-
ness and nutrient starvation (Berges & Falkowski, 1998), heat stress
(Bouchard & Yamasaki, 2008; Samuels et al., 2021), as well as many
others (Zuppini et al., 2007) is often reported in terms of the propor-
tion of dead cells relative to the total population. By contrast in this
study, we used viability staining to quantify rates of cell death in re-
sponse to temperature and in doing so provide data that support the
assumption made in many pelagic ecosystem models that mortality
rates are independent of temperature. Only when exposed to lethal
temperatures, that is, temperatures outside the thermal niche, did
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FIGURE 3 Relationship between the critical maximum
temperature (T __ ) of net growth and the thermal threshold of

max
mortality (T .,) for Phaeodactylum tricornutum acclimated to sub-

optimal (10°C; circles), optimal (20°C; squares) and supra-optimal
(26.5°C; diamonds) temperatures following 24 and 72 h of exposure
(open and closed symbols, respectively). The solid line indicates the
1:1 relationship. Error is the 95% confidence intervals of equations
(8) and (9), estimated by parametric bootstrapping (Tables S1 and
S2). Note no breakpoints (T__ ) were detected following 48 h of

mort:
exposure and are not shown

we observe significant cell death. Furthermore, the baseline death
rate of exponentially growing populations was practically zero, con-
sistent with previous observations across a wide range of species
(Timmermans et al., 2007).

The thermal stress response is embedded in two dimensions—
intensity and duration (Rezende et al., 2014)—and as such can be
induced by short periods of extreme temperatures or through pro-
longed exposure to moderate temperatures (known as acute and
chronic heat stress, respectively). In this study, we characterized
cell death response of P. tricornutum induced by both acute and
chronic thermal exposures. The acute component was character-
ized by short (within 24 h) exposure to temperatures 8°C above
TOpt (28°C). This acute thermal response and therefore the thermal
threshold at which cell death occurs will be species-specific and
related to the organisms’ upper temperature limits. For example,
in the case of Dunaliella viridis, mortality occurs following 2-h ex-
posure to 40°C (Jiménez et al., 2009); a temperature 5°C beyond
T.ax (Gibor, 1956). Similarly in Chlorella saccharophila, mortality
was evident following 2-h exposure to 44°C (Zuppini et al., 2007),
a species that does not grow above 20°C (Vona et al., 2004). In
contrast, the chronic component results from stress accumu-
lated through time, whereby death rates in our study increased
with increasing exposure times and 27°C ‘became’ a lethal tem-
perature. Hence, the tipping point/temperature threshold (T

mort)

oo, MO

includes a temporal component. These findings expand upon
previous work whereby 2°C discriminated between acute versus
chronic heat stress in the free-living dinoflagellate Amphidinium
massartii (Baker et al., 2018). Likewise in the symbiotic dinofla-
gellate, Symbiodinium spp., Dunn et al. (2004) also demonstrated
that mortality is a consequence of intensity and duration. Hence,
as was demonstrated in this study, small differences in exposure
time or temperature can have significantly different outcomes for
a population's survival.

Across a wide range of marine organisms, a population's sur-
vival following heat stress is not only dependent on the thermal
intensity and duration but also the pre-acclimation (i.e. thermal his-
tory; Nguyen et al., 2020; Siegle et al., 2018; Stillman & Tagmount,
2009; Zhang et al., 2021). Similarly, here we found pre-acclimation
temperature influenced the population response, whereby P.
tricornutum acclimated to non-optimal temperatures increased
thermal tolerance as cells grown at both sub-optimal and supra-
optimal temperatures had higher thermal thresholds for mortality
than those grown at the temperature optimum. These findings are
in keeping with work from previous authors where phytoplank-
ton acclimated to hyperthermic conditions were characterized by
traits associated with an increased tolerance to oxidative stress,
for example less susceptibility to photobleaching (Takahashi et al.,
2013) or lowered intracellular levels of ROS (Buerger et al., 2020).
Increases in ROS levels have been observed to immediately pre-
cede death (Franklin et al., 2004) and in some circumstances ROS
has been directly linked to programmed cell death (Zhao et al.,
2020). It is feasible that thermal acclimation involves mechanisms
that serve to rebalance intracellular levels of ROS either by reduc-
ing production and/or by increasing scavenging. In this way, ther-
mally acclimated cells may exhibit greater thresholds for oxidative
stress, thus tolerating increased doses of temperature stress and
consequently being able to survive for longer.

Studies such as ours which aim to understand the nature of cell
death in response to stress stimuli and quantify the significance of
cell death as a loss process are important for closing carbon bud-
gets in aquatic systems and determining carbon transfer to higher
trophic levels. We were able to provide one of the first datasets
that quantify the temperature dependence of death rates. But it is
likely that the temperature threshold for mortality will be species-
specific and linked to their upper thermal limits with thermally
tolerant species having higher thresholds than thermally sensitive
species. Future efforts should aim to quantify death rates beyond
the upper thermal limits across a number of key phytoplankton.
Similarly, studies that examine the capacity for cellular repair and
regrowth following heat stress would be beneficial for predicting
local extinction events.
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