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Thermal Performance Curves of
Functional Traits Aid Understanding
of Thermally Induced Changes in
Diatom-Mediated Biogeochemical
Fluxes

Kirralee G. Baker *, Charlotte M. Robinson, Dale T. Radford, Allison S. Mcinnes,
Christian Evenhuis and Martina A. Doblin

Plant Functional Biology and Climate Change Cluster, School of Life Sciences, University of Technology Sydney, Sydney,
NSW, Australia

How the functional traits (FTs) of phytoplankton change with temperature is important
for understanding the impacts of ocean warming on phytoplankton mediated
biogeochemical fluxes. This study quantifies the thermal performance curves (TPCs)
of FTs in the cosmopolitan model diatom, Thalassiosira pseudonana, to advance
understanding of trade-offs between physiological (photoacclimation, carbon fixation,
nitrate, phosphate, and silicate uptake) and morphological traits (cell volume and
frustule silicification). We show that each FT has substantial phenotypic plasticity
and exhibits a unique TPC, varying in both shape and thermal optimum, and
diverging from the growth response. The TPC for growth was symmetric with a
thermal optimum (Top) of 18°C. In comparison, the TPC for primary productivity was
warm-skewed with a Topt around 21°C, whereas frustule silicification decreased linearly
with increasing temperature. Together, this suggests that the optimal temperature for
overall fitness is a balance of trade-offs in the underlying functional traits. Moreover,
these results demonstrate that growth is not necessarily an accurate estimate of overall
biogeochemical performance and that temperature change will likely influence elemental
fluxes such as carbon and silicon. Finally, we show that temperature-driven changes in
individual traits e.g., photoacclimation, can mimic responses experienced under other
environmental stressors (high light) and so a multi-trait assessment is essential for
accurate interpretation of the cellular impact of warming. This study also reveals that
multi-trait analysis, in the context of TPCs, provides insight into the cellular physiology
regulating the whole cell response and has the potential to provide better estimates of
how diatom-mediated biogeochemical fluxes are likely to be impacted in the context of
ocean warming. Analyzing the response of multiple traits more comprehensively over
other environmental gradients may therefore provide a useful framework to advance
understanding of how taxon-specific functional traits will respond to multifaceted ocean
change.

Keywords: temperature, warming, thermal performance curves, phytoplankton, biogeochemistry, functional traits,
plasticity, photoacclimation
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INTRODUCTION

Marine phytoplankton are a ubiquitous and diverse group of
photosynthetic microbes found in the sunlit layers of our global
ocean. Their metabolic processes and therefore distribution and
abundance, are controlled by ocean temperature (Thomas et al.,
2012) which is shifting as a result of contemporary climate
change and creating novel environments not yet encountered
by phytoplankton (Boyd et al, 2010). Ocean temperature
will act selectively on phytoplankton physiology, impacting
fitness, and modifying distributions by favoring populations with
“fit phenotypes” for their respective habitats (Chevin et al,
2013). From the whole cell perspective, the “fit phenotype”
is a culmination of trade-offs between many functional traits
(FTs), the underlying elements of the phenotype that dictate
fitness and ecological function (Litchman and Klausmeier, 2008).
Trade-offs are likely to have significant implications for the
functional ecology of our marine systems, because many FTs are
either directly or indirectly related to biogeochemical processes
(Figure 1; Falkowski et al, 1998; Litchman and Klausmeier,
2008).

Diatoms, a group of silicifying phytoplankton, are major
drivers of both the carbon (C) and silicon (Si) cycles through
their proportionally large contribution to total oceanic primary
production (20-25%; Nelson et al., 1995), C export from
surface oceans, and obligate requirement for Si to build
their cell walls. When diatoms experience environmentally
stressful conditions, they become more silicified because
carbon assimilation relative to silicate uptake slows, leading
to an uncoupling between C and Si cycling (Finkel et al,
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FIGURE 1 | Typology of diatom functional traits redrawn from Litchman
and Klausmeier (2008). Trade-offs between many functional traits have
significant implications for the functional ecology of marine systems as many of
these traits are involved in resource acquisition and have direct control over
biogeochemical fluxes. Physiological traits such as nutrient uptake directly
affect the elemental cycles of carbon, nitrogen, phosphorus, and silicon;
whereas, morphological traits such as cell size and frustule silicification
regulate these biogeochemical cycles by effecting cell aggregation and cell
sinking rates.
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2010a). To advance our understanding of how diatom-mediated
biogeochemical fluxes are impacted by climate change, more
detailed experimentation, observations, and modeling are
necessary to quantify changes in specific phenotypic traits
and physiological trade-offs under different environmental
conditions.

Investigation of individual traits of an organism is known
as phenomics and the relationship between these traits and the
environmental parameter of interest is usually achieved through
measurement of performance curves, typically determined under
constant conditions along a gradient of one environmental
variable. Performance curves are powerful for modeling purposes
as they describe the shape of the trait-environment relationship.
Thermal performance curves (TPCs) are the distinct case
where temperature is chosen as the environmental variable
of interest and typically have a bell-curve shape (Huey and
Stevenson, 1979). This contrasts with performance curves for
increasing light, inorganic carbon or dissolved nutrients, which
are often hyperbolic (Cullen et al., 1993). TPCs show significant
within (and between) taxon variability, as a community wide
study demonstrated when several strains of the same species
grown under identical culture conditions had different thermal
optimum (Topy) and critical minimum (CTpin) and maximum
(CTpmayx) temperatures (Boyd et al., 2013). Furthermore, FTs
may not have the same shaped response as growth, due to
differences in their plasticity or underlying mechanistic controls
e.g., cell size often changes linearly (Atkinson et al., 2003),
and some traits remain relatively constant (Davison, 1991).
The significant diversity underlying species and trait-specific
TPCs explains why for most studies to date, traits have only
been measured at a limited number of points across the range
of an environmental parameter (Lohbeck et al., 2012) or in
numerous species but for a limited number of traits (Boyd et al.,
2013).

To our knowledge, no study to date has provided a
comprehensive analysis of multiple trait responses across a
full range of temperatures. Additionally, by detailing how
physiological traits and rate processes are controlled by
temperature, trade-offs between FTs can be examined. Trait-
based approaches such as these have been invaluable for
demonstrating that trade-offs largely determine species niches
and ecological function, but so far have only been modeled
along nutrient gradients (Litchman et al, 2007); trade-offs
between FTs along temperature gradients remain relatively
unknown.

To advance understanding of how ocean warming will affect
diatom-mediated biogeochemical fluxes, we conducted an in-
depth characterization of TPCs in functional traits of the
cosmopolitan, model diatom species Thalassiosira pseudonana.
We focused specifically on morphological traits: cell size
and frustule silicification, as well as physiological traits:
photosynthesis, and the assimilation of carbon and other
nutrients (nitrogen, phosphorus, silicon). Whilst the shapes of
these TPCs have not yet been elucidated in this species, we
hypothesized that the thermal optimum and shape of individual
functional traits would differ from the whole organism growth
response.
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METHODS AND MATERIALS

Experimental Setup

The coastal centric diatom, T. pseudonana CS-173 was obtained
from the Australian National Algae Culture Collection (CSIRO,
Hobart, Australia). This marine strain originates from Moriches
Bay of the Forge River (Long Island, New York, USA) in the
North Atlantic Ocean and is identical to the National Centre
of Marine Algae and Microbiota (NCMA) strain CCMP1335.
T. pseudonana was maintained in glass Erlenmeyer flasks at
20°C in seawater medium (0.2 pwm filtered coastal seawater
obtained from Port Hacking National Reference Station, PH100,
New South Wales, Australia) with f/2 enrichment (Guillard
and Ryther, 1962); 8.82 x 107* M NaNOs; 3.62 x 107> M,
NaH,PO4 H,0; 1.06 10~* M, Na,SiO3H,0, trace metal solution
and vitamin solution). Before experimental measurements were
made, cultures of 30 ml were grown in triplicate glass vessels
for 3-4 generations over a temperature gradient spanning 11-
35°C which was monitored using a calibrated thermocouple
(Comark, United Kingdom). The temperature gradient was
established using a thermal gradient block; where hot and cold
water was generated using separate immersion heater chillers
(Julabo GmbH, Germany) and was then circulated through
milled channels at opposite ends of the block. Light (cool
white) was supplied (50 pwmol photons m—2 s~1) by an array
of light emitting diodes (LEDs; Schenzen Cidly Group, China)
set to a 12: 12 light: dark cycle. This irradiance was consistent
with previous light conditions of inoculum cultures and was
verified with a microspherical quantum sensor (Walz, Germany).
Morphological and physiological trait measurements (described
below) were made during the exponential growth phase following
3-4 generations of acclimation.

Phenotype Fitness

The exponential growth of cells was used to estimate fitness of
the phenotype expressed at each temperature (12 temperatures
across the 11-35°C gradient). Cell counts were performed
daily using a flow cytometer (BD Influx, Becton Dickinson,
Brussels, Belgium) equipped with a 50 mW laser emitting
at a fixed wavelength of 488 nm. To assess mortality and
estimate growth of live cells, a nucleic acid stain (SYTOX green,
Molecular Probes, Leden, Nederland) was used to quantify living
cells following the protocol of Peperzak and Brussaard (2011).
Briefly, samples of 100 Ll were incubated with the stain (final
concentration 0.5 wM) in the dark at room temperature for 10
min prior to flow cytometric analysis. Live cells were selected
as negative for SYTOX stain (gated on side scatter and green
fluorescence (585/40 nm) (for more information see gating logic
in Supplementary Figure 1). Population statistics were calculated
using particle counts in gates that were consistent across the
experiment, acquired with the same instrument settings.

Morphological Traits

Cellular Volume

Cells were harvested in exponential growth phase when volumes
of 1 ml were sampled and stored in glutaraldehyde (final
concentration 1% v/v) until later analysis was carried out using

a Coulter Counter equipped with a 20 wm aperture (Multisizer
4, Beckman Coulter GmbH, Germany). Sample volumes of 1
ml were diluted in 4 ml freshly filtered seawater (0.2 pm) to
meet instrument operational requirements (minimum analytical
volume of 5 ml). Population statistics were then calculated
from >500 cells, ranging from 2 to 9 pm. These cell sizes were
then calibrated against external standards with beads of known
size (2.0, 4.1, and 5.7 wm; ThermoFisher Scientific, Australia) and
produced a linear regression of R? > 0.99.

Frustule Silicification

To measure newly deposited diatom frustules, samples of 10
ml were harvested in exponential phase and incubated in the
presence of the fluorescent label Lysosensor Yellow/Blue DND-
160 (otherwise known as PDMPO, ThermoFisher Scientific,
Australia) following the labeling protocol of Leblanc and
Hutchins (2005). Briefly, cells were incubated in the presence
of the dye (final concentration 0.125 uM) along with a control
sample that did not contain PDMPO (to quantify background
fluorescence) at experimental conditions for 24 h. Following
incubation, a 500 uL aliquot of each sample was enumerated flow
cytometrically (BD Influx, Becton Dickinson, Brussels, Belgium)
where the relative fluorescence of incorporated PDMPO was
quantified against fluorescent beads (1 pwm, ThermoFisher
Scientific, Australia) at UV excitation of 355 nm and blue
fluorescence at 469/29 nm (for more information see gating
logic in Supplementary Figure 2). Fluorescence per cell was then
normalized to cellular volume (quantified by the Coulter Counter
method as described above) to correct for any differences in
fluorescence due to cell size.

Physiological Traits

Photophysiology

Fast repetition rate fluorometry (FRRf) was applied to assess
the electron transport kinetics of photosystem II (PSII) at
each temperature. Two milliliter samples were harvested during
exponential growth and measurements were made on each
sample immediately after being removed from the temperature
block. The first measurement was performed in the dark (semi-
dark adapted to allow down-regulation of very fast relaxing
non-photochemical quenching) and actinic white light at the
growth irradiance intensity (47 jumol photons m=2 s~!) was
supplied by a white LED for 1 min and measurements performed
at 20 s intervals during the actinic light exposure. The last
measurement of each set was used in further calculations of
photochemical efficiency. A Chelsea Technologies FASTocean
fluorometer supplied single-turnover excitation flashlets (of 1.1
s duration) at 450 nm at a rate of 2 s to achieve full saturation
of PSII reaction centers followed by longer intervals of 100
is to allow relaxation and re-oxidation of Qu. Profiles of the
fluorescence emission were fitted within the FastPro8 software
(v. 1.0.55; Chelsea Technologies) to the Kolber-Prasil-Falkowski
model to yield the minimum (Fo or F’; “indicates light adapted
samples”) and maximum fluorescence (Fy or Fy), effective
absorption cross section of PSII (o or ¢; nm?) and re-oxidation
kinetic of Qa (t; ws). Values for the photochemical efficiency
(®psp1 or Ppsyr’; both dimensionless) were calculated from these
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parameters as (Fy—Fo/Fym) or (Fy'—F//Fu’) for light adapted
samples. Sample filtrate (after filtration through 0.2 pm Millipore
syringe filters) was also measured in the FRRf to account for
background fluorescence. The data was visually inspected to
ensure no fluorescence induction in the filtrate (indicating an
absence of phytoplankton) and the mean Fg and Fy of the filtrate
were averaged into a single value to be subtracted from all Fg(or
F) and Fy; (or Fy') values.

A second series of measurements was performed to
parameterize the light-dependent response of electron transport
kinetics and identify shifts in the light-saturated rates of electron
transport and the light utilization efficiency. In the interest
of minimizing diurnal impacts (Schuback et al, 2016), we
conducted rapid light curves on a single replicate for each
temperature to reduce the time period of measurements.
Measurements of the light dependent electron transport rate
(ETR) were achieved with a rapid light curve protocol where
samples were illuminated by the FASTAct instrument chamber
that supplied actinic white light at increasing light intensities of
0, 10, 28, 47, 66, 85, 104, 123, 160, 251, 330, 402, 550, 756, 905,
1208 pmol photons m~2 s~!. Each sample was dark adapted for
10 min prior to measurement at ambient temperature, and each
actinic light intensity was applied for 20 s and measurements
collected every 10 s, with the last measurement at each light step
recorded as the fluorescence yield for that light step. The ambient
temperature of each temperature treatment was maintained
during the light curves using a flow-through water bath attached
to the FASTAct sample chamber set at the required temperature.
The electron transport rate was calculated using an in-built
“Sigma algorithm” within FASTPro8 (see Oxborough et al., 2012;
Robinson et al.,, 2014). The light dependency of the electron
transport rate was modeled by fitting ETR to a Jasby-Platt model
to derive the light utilization efficiency (a) and light saturation
irradiance (Ey).

Chlorophyll a Content

Sample volumes of 2 ml were harvested in exponential growth
phase and centrifuged at 5000 g for 5 min at 20°C. The
supernatant was discarded and cell pellets stored frozen at —80°C
until analysis (carried out within 3 months). Pigments were
extracted for 15 min in the dark at 4°C in a 3 ml volume of
3:2 90% acetone: 100% dimethyl sulfoxide extraction reagent
(Shoaf and Lium, 1976). Chlorophyll a was determined in a
fluorometer (TD-700, Turner Designs, USA) using the non-
acidification method of (Welschmeyer, 1994). The fluorometer
was calibrated with pure chlorophyll a (Sigma-Aldrich, USA),
whose concentration was calculated from absorbance via using
the coefficients in Jeftrey et al. (1997).

Primary Productivity (*C Uptake)

To estimate primary productivity across the temperature
gradient, carbon fixation rates were measured using *C-labeled
bicarbonate in small volume incubations as described in Doblin
etal. (2011). Specifically, radiolabeled NaH!4COj3 (stock solution
1.85 x 107 Bq) was added to 5 ml of culture in clear glass
tubes (1.5 pCi per tube) and incubated in the thermal gradient
block for 60-80 min under the growth irradiance. Activity in

the samples was determined by removing a 100 pl aliquot
from three randomly selected tubes and placing it into 5 ml of
refrigerated 0.1 M NaOH, adding 10 ml scintillation fluid (Ultima
Gold™, Perkin Elmer) and shaking before counting using a
liquid scintillation counter (Packard TriCarb 2900 TR). Each
temperature contained a dark sample wrapped in aluminum foil
to quantify carbon fixation in the dark. Following incubation,
tube contents were transferred to scintillation jars, acidified with
100 wL 6 M HCI and shaken on an orbital shaker for 12 h to
remove inorganic *C. Scintillation fluid (10 ml Ultima Gold™;
Perkin Elmer) was then added to each sample, vigorously shaken
and left for 3 h before counting. Counting time was set to 5 min
so that counts were within a 5% counting error.

Elemental Uptake of Nitrogen, Phosphate, and
Silicate

To estimate the net cellular uptake of N, P, and Si, (added
to cultures as nitrate, phosphate and silicate) the difference
between nutrient concentrations at the start and end of the
experiment was calculated and normalized to the difference in
cell abundance to account for differences in growth. Subsamples
at each time point were removed from all experimental vessels
and centrifuged at 5000 g for 5 min at 20°C. The supernatant
(500 ul) was then removed and stored frozen at —20°C until
colorimetric analysis to determine concentrations of nitrate
(NO3), nitrite (NOg_), phosphate (POi_), and reactive silicate
(SiOi_). Nitrate (NO3') contents were determined indirectly as
described in Schnetger and Lehners (2014). Briefly, nitrite (NO, )
concentrations were analyzed by the Griess-Ilosvay method
and subtracted from total nitrogen (NOy) obtained though the
vanadium (III) chloride reduction reaction. The nitrate values
were linear between 1 and 100 pM and the detection limit
was 0.15 WM. Inorganic phosphorus was determined by the
sensitive detection method of Hoenig et al. (1989) where values
were linear between 1 and 15 uM and the detection limit was
0.95 wM. Reactive silicate was determined by a miniaturized
modification of Strickland and Parsons (1968) where values
were linear between 1 and 150 WM and the detection limit was
9.5 PM. Where necessary, samples were diluted in order to
obtain concentrations within the linear detection range of each
colorimetric method.

Data Analysis

Prior to this study, the TPCs for many functional traits had not
been described, so trait responses were visually inspected before
analysis. Traits that showed positive, negative, or no relationships
with temperature were described using simple linear regression
where statistical significance was accepted at p < 0.01. Traits that
exhibited a bell-shaped curve were described by the following
equation:

f(T) = ae”™ (CTyax — T) (T = CTiin) (1

This is a transformation of the equation described by Thomas
et al. (2012), Boyd et al. (2013) so that it is parameterized by
the CTyin and CT,4y temperatures. The shape of the TPC is
controlled by three important temperature traits: CTy, and
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CTax (which determine the thermal niche width), and b, a
coefficient of the Eppley curve (Eppley, 1972), an exponential
relationship thought to provide the constraint on community-
level phytoplankton growth as a function of temperature. The
optimum temperature, T,py, is where the slope of the curve is
zero. This can be found by taking the derivative of Equation (1)
with respect to T and finding where it is 0 by solving a quadratic
equation. This yields the following equation:

—B—+/B* —4AC

Topt = A (2)
where:
A=—b (2.1)
B = +bw -2 (2.2)
C = CToax + CTomin — bCTimaxCTomin (2.3)

When fitting curves to data for individual traits, it was found that
estimates of CT)y,;, produced unrealistic results and therefore it
was necessary to constrain b and CT),;, to positive values.

The parameter values in Equation (1) were found by
Maximum Likelihood Estimation (MLE) (assuming normally
distributed errors). Confidence intervals were found by
parametric bootstrapping. Using the MLE of the parameters:
(i) synthetic data with the same temperature sampling as the
experimental data was generated using Equation 1, (ii) Equation
1 was then fitted to a synthetic data set by MLE, (iii) new
parameter values, as well as the Typ; and maximum values were

stored. This process was repeated a total of 5000 times. From
these distributions the 95% confidence intervals were calculated
as the range between the 2.5th and 97.5th quantiles. These
estimates of uncertainty were vital for subsequent analyses,
as they allowed us to appropriately account for the inherent
differences in uncertainty between different traits. Confidence
bands were calculated in a similar fashion. For each synthetic
dataset the function values were stored from 0 to 40°C in 0.5°C
increments. At each stored temperature the confidence intervals
were calculated as above.

RESULTS

Consistent with our hypothesis, the TPCs of some functional
traits could be well described by bell-shaped curves, including
growth rate, primary productivity, and chlorophyll content.
These FTs had better goodness-of-fit, with relatively low values
of root mean squared error; RMSE (i.e., close to zero) and hence
better predictability with temperature (Table1). In contrast,
cellular uptake of nitrite, phosphate, and silicate was less
predictable, with higher values of RMSE (i.e., wider confidence
intervals; Table 1). Other traits were better described by linear
functions (Table 2), showing significant positive or negative
linearity with temperature (p < 0.01) including cell volume,
frustule silicification, effective quantum yield, reoxidation of
Qa and chlorophyll normalized productivity (P") (Table 2).
Other traits such as cross-sectional area servicing PSII, electron
transport rates and nitrate uptake showed no relationship with
temperature—i.e., remained relatively constant from 11 to 35°C

TABLE 1 | Estimated thermal performance curve parameters and associated uncertainty calculated from parametric bootstrapping for each functional
trait fitted using Equation 1; thermal optimum Typ¢, trait value at thermal optimum and thermal niche width.

Functional trait Units Temperature optimum (Top¢) Trait value at Topt Thermal niche width RMSE
Lower CI MLE Upper CI Lower CI MLE Upper CI Lower CI MLE Upper CI

Growth rate d-1 17 18.6 20.1 0.7 0.8 0.9 24.9 29.9 34.8 0.1
Primary productivity pgC cell=1 h=1 19.5 20.8 22.2 4.2 4.5 4.7 29 34.2 38.3 0.5
Chlorophyll content pgChl cel~1 22.9 23.9 25.3 2.2 2.4 2.6 28.4 32.1 38.1 0.4
Nitrite uptake pmol cell d~ 22.8 241 25.3 131.3 138.2 145.4 37.7 40.5 46.9 13.7
Phosphate uptake pmol cell a1 20.7 21.5 22.5 67.9 70.5 73.5 36.2 40.8 44.2 5.2
Silicate uptake pmol cell da-! 20.6 21.4 22.5 717.8 741.4 765.9 39.5 42.4 44.3 54.4

TABLE 2 | Estimated thermal reaction norm parameters for functional traits fitted using linear regression and associated uncertainty calculated by
parametric bootstrapping, including: the proportional change in trait value per degree Celsius relative to the thermal optimum (Topt) for growth (A°C) and

trait calue at thermal optimum.

Functional trait Units p-value  Adjusted-R2 A°C Trait value at Topt

Lower Cl MLE Upper CI Lower CI MLE Upper CI
Cell volume ums 0.00022 0.340 0.0033 0.0064 0.0100 23.4 23.9 24.4
Frustule silicification RFUs per um3 0.00007 0.407 -0.0183 —0.0147 —0.0099 0.240 0.256 0.271
Effective quantum yield arbitrary units 0.00034 0.323 —0.0064 —0.0059 —0.0054 0.551 0.554 0.5657
Reoxidation of Qp ns 0.00000 0.841 —0.0081 —0.0072 —0.0063 668 674 681
Chlorophyll normalized productivity pgC nghI*1 h=1 0.00004 0.439 —0.0225 —0.0186 —0.0134 11.86 13.01 14.12
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(p > 0.01). Some of these traits were more strongly correlated
with temperature than others (i.e., higher R?) such as re-
oxidation of Qa (Table 2).

T. pseudonana revealed considerable thermal plasticity,
demonstrating relatively high fitness (growth > 0.2 d~1) over a
large temperature range (Figure 2). Temperature was found to
be a good predictor of growth (RMSE = 0.1) and the MLE of the
thermal optimum for growth was 18.6 °C, with 95% confidence
interval being 17.0-20.1°C (Top range). The maximum growth
rate attained within the T, range (hereafter referred to Top for
simplicity) was estimated as 0.8 & 0.07 d ™. Growth rates were
lowest at 33°C (0.18 £ 0.1 d™!) and ceased at 35°C (CTynax)
where loss of cells indicated mortality. Samples from 35°C were
therefore excluded from further trait analyses. Unlike the CT 4y,
the CT,i, for growth was not observed in the experimental
data. As a result, we lack critical values at the lower temperature
threshold to fully characterize CTpi, and consequently, our
estimates of both CT),;, and niche widths have high uncertainty
(i.e., lie between 0 and 6°C for CT,,i,). Note this is also the case
for all remaining functional traits (Table 1).

Temperature also affected T. pseudonana morphology, as
cell volume and frustule silicification exhibited significant linear
relationships (p < 0.001) with increasing temperature but with
opposite signs (Figure 3). Cell volume ranged between 22 £ 0.4
pwm? at the lowest (11°C) and 26 4 0.4 wm? at the highest
(33°C) temperatures assayed (15% rise overall), with a median
cell volume of 23.9 + 0.2 pm?® observed at the growth Top
(Figure 3A). In contrast, silicification of T. pseudonana decreased
with increasing temperature, from 0.3 relative fluorescence units
(RFUs) per jum? at 11°C to 0.1 RFUs per wm? at 33°C, equivalent
to a 66% reduction in frustule thickness (Figure 3B).

Photophysiological trait analysis of T. pseudonana revealed
assay temperature significantly affected a number of biophysical
properties such as light harvesting and utilization. The functional

<o o o
B [=)} oo
1 I I

Growth rate (d")

o
S}
1

0.0 -— T T T T s
10 15 20 25 30 35

Temperature (°C)

FIGURE 2 | Thermal performance curves of fitness in the cosmopolitan
model diatom Thalassiosira pseudonana depicting growth rate as a
function of temperature (n = 33, RSME = 0.1). Each symbol represents a
distinct biological replicate. The solid line corresponds to maximum likelihood
estimate with broken lines corresponding to the 95% confidence intervals of
the bell-shape function (Equation 1) estimated by parametric bootstrapping.

absorption cross-section servicing functional PSII reaction
centers (opsy) was similar (3 nm? PSII™!; p = 0.03) across all
temperatures assayed, varying by as little as 0.5 nm? over the
~20°C gradient. Greater variability in opsyy was observed at
temperature extremes (i.e., wider confidence band; Figure 4A).
While cells retained the ability to harvest light over the entire
temperature range, the ability to utilize light declined at warming
temperatures, demonstrated by a significant decrease (p < 0.001;
R? = 0.32) in the photochemical efficiency of PSII (effective
quantum yield; ®PSII) (Figure 4B). Despite the decline in light
energy being directed toward photochemistry with increasing
temperatures, electron flux through PSII was relatively similar
across all temperatures assayed, as there was no significant
relationship between ETRs and temperature (p = 0.23; R? = 0.2;
Figure 4C). There was however, an acceleration of downstream
electron transport processes (acceptor side of PSII, donor side of
PSI), accounting for the reduced operational efficiency at PSIL
This was indicated by the decrease in the re-oxidation time of
Qa () with increasing temperature (p < 0.01; R? = 0.84), from
800 ps at 11°C to 600 s at 33°C (Figure 4D). Rapid light
curve measurements indicated that there is a trend of increasing
irradiance needed to saturate photosynthesis with warming
temperatures, as the saturation irradiance (Ey) increased from
100 to 500 pmol photons m~2 s~! for samples incubated
at 11 and 33°C, respectively (Figure 4E). Finally, the thermal
performance curve of light harvesting efficiency (a) followed a
similar trend to ETRs, showing a small decrease at intermediate
temperatures. Cells at lower and higher temperatures had highest
light utilization efficiency (Figure 4F).

Temperature had a direct and predictable affect on key metrics
of carbon cycling traits of primary productivity (RSME = 0.5),
cellular chlorophyll content (RSME = 0.4) and chlorophyll
normalized productivity rates (p < 0.001; R* = 0.44; Figure 5).
Primary productivity (PP) gradually increased from 3.4 + 0.8
pgC cell™! h~! at 11°C, to a maximum rate of 4.5 & 0.2 pgC
cell /' h— ! at Topt (between 19.5 and 22.2°C) and then decreased
more sharply with warming temperatures, where PP was lowest
at 33°C with values of 1.9 4 0.1 pgC cell™! h™! (Figure 5A).
Minimum cellular chlorophyll-a content was observed at the
cold end of the temperature spectrum (0.75 % 0.3 pgChl cell™}),
rising rapidly with increasing temperature to a maximum cell
quota of 2.4 £ 0.2 pgChl cell™! between 22.9 and 25.3°C and
then gradually declined to 1.5 £ 0.25 pgChl cell™! at 33°C
(Figure 5B). Chlorophyll-normalized productivity was greatest
at colder temperatures, decreasing linearly with temperature
from ~2.4 pgC pgChl~! h=! at 11°C to ~1.3 pgC pgChl~! h~!
at 33°C (Figure 5C), at a rate of 0.37 pgC pgChl~! h=! per °C
(Table 2).

Resource acquisition of dissolved N, P, and Si by T.
pseudonana differed across the experimental temperature
gradient (Figure 6), but responded less predictably with
temperature in comparison to primary productivity and
chlorophyll content (i.e., greater RSME; Table 1). Unlike the
other dissolved nutrients measured in this study, NO3 uptake
was not affected by temperature (p = 0.04; R? = 0.01; Table 2). In
contrast to NOJ', uptake of NO; , P and Si exhibited bell-shaped
curves as a function of temperature (Figures 6B-D). The MLE
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of the thermal optimum for NO; uptake was 24.1°C, with 95%
confidence interval being 22.8-25.3°C (Top; range; Table1).
Dissolved NO, uptake increased gradually from ~80 pmol cell
d~! at 11°C to a maximum uptake rate of 138 & 7 pmol cell
d—! at Topr and then decreased gradually with further increases
in temperature to ~95 pmol cell d! at 33°C (Figure 6B). This
Tops range significantly differed from that of P and Si, where
very similar MLE of T, were obtained for both nutrients, with
maximum net uptake occurring at 21.5 and 21.4°C, respectively
(Table 1). Temperatures exceeding the T,y range of P and Si,
resulted in a gradual decline of P and Si uptake, to a minimum of
~50 pmol cell d~! and ~450 pmol cell d~%, respectively at 33°C
(Figures 6C,D). This decrease of Si uptake at supra-optimal
temperatures may also explain the reduced frustule silicification
observed with warming temperatures (Figure 3B).

A comparison of the thermal optima and niche widths
of different traits was made with overall fitness (Figure 7).
Functional traits were observed to separate into three distinct
groups: similar T,p; and niche width to growth (Group I),
greater T,p but similar niche width to growth (Group II), and
greater T,y and greater niche width than growth (Group III).
Some FTs appeared to overlap between different groups (e.g.,
primary productivity between Group I, II, and II), whereas
others were clearly distinguishable (e.g., Si uptake in Group III
only). Physiological traits related to photosynthesis operated over
similar niche widths but showed greater thermal optima than
growth—e.g., chlorophyll content. In comparison, FTs related to
resource acquisition (NO, P, and Si uptake) were characterized
by their ability to function over wider niche widths and higher
thermal optima in comparison to growth (Figure 7).

FTs that exhibited a significant and relatively strong
linear relationship with temperature (p < 0.05; R*> > 0.30)
are summarized in Table2, including important thermal
characteristics such as: the trait value at Ty, and the proportional
change in trait value per °C relative to the optimal for growth

(A°C). Comparing A°C between FTs provided insight into
differences in thermal sensitivities. For example, A°C was
relatively consistent between traits, changing between 0.0064
(e.g., cell volume) and 0.0186 (e.g., PY) relative units, equivalent
to 0.6 and 1.8% per degree Celsius (Table 2). However, these
traits varied in their direction of change (positive or negative;
Table 2). One trait was an exception: chlorophyll normalized
productivity (P®) that changed by 0.02 A°C Ty (i.e., gradient
more vertical) indicating increased flexibility and perhaps greater
thermal sensitivity of this trait per unit increase in temperature.

DISCUSSION
TPCs Reveal Phenotypic Plasticity

The shape and thermal optimum of TPCs are unique for each
functional trait assessed in this study. These have yielded insight
into the biological controls underlying the trait response and also
provide a measure of thermal sensitivity. The most thermally
resilient traits measured were the ops;; and ETRs, which had a
flat thermal response (Figures 4A,C). Regulation of opsyy under
thermal stress has also been found in heat tolerant phylotypes
of the symbiotic dinoflagellate Symbiodinium (McGinley et al.,
2012) suggesting that the photosynthetic apparatus of the broadly
distributed diatom T. pseudonana is also thermally stable. Large
temperature deviations from the growth T, had significant
implications on growth (reduced by 80%). In comparison, small
changes were observed for cell volume and effective quantum
yield (A°C; Table 2); both of these traits showed linear TPCs.
Nutrient fluxes (NO3, POy, SiO4) decreased by ~10% across the
temperature gradient compared to optimal conditions, with a
large proportion of the TPC being flat. The greatest magnitude
of temperature-induced change was observed for traits with bell-
shaped TPCs, specifically carbon fixation, which was ~50% lower
at temperature extremes compared to the thermal optimum.
The shape of the curves suggest that the thermal sensitivity of
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Functional cross-sectional area of PSII (n = 32, p = 0.03, R2 = 0.59); (B) Effective quantum yield (n = 33, p < 0.01, R2 = 0.32); (C) Electron transport
rate (n = 33, p = 0.23, R2 = 0.01); (D) Reoxidation time of Qp(n = 33, p < 0.01, R2 = 0.59); (E) Saturating irradiance (n = 12); and (F) Light harvesting
efficiency (n = 12), as a function of temperature. Cells were harvested from cultures grown at 50 wmol photons m~2 s~ 1, with each symbol representing a
distinct biological replicate. Solid line corresponds to maximum likelihood estimate with broken lines corresponding to the 95% confidence intervals of a linear
regression, all estimated by parametric bootstrapping. (E,F) Data shown are parameters derived from rapid light curves with a single biological replicate, hence no

MLE and confidence interval.

traits increased in the following order: flat (light harvesting;
opsir) > linear (light utilization; ®PSII, cell morphology; volume)
> concave (NOy, POy, SiOy4 flux) > bell-shaped (growth, primary
productivity, chlorophyll content). This is because in a linear
performance curve, a given amount of change in temperature
always produces the same amount of change in the trait response.
In contrast, for a trait with a bell-shaped performance curve,
the specific temperature dictates the degree of response; a given
amount of temperature change will induce a small change for

temperature close to the T,y but a large response toward the
tails. If we use the derivative of the performance curve to
define trait plasticity, we observe greater thermal sensitivity
in traits that express more plasticity (for further discussions
see; Angilletta, 2009). On the other hand, traits must have
considerable plasticity to express a flat response curve because
in order to maintain performance, cells must be able to adjust
their physiology at the same rate of the environmental change
(Schulte et al., 2011). Whichever way it is defined, it is clear
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FIGURE 5 | Thermal performance curves of physiological traits in the
diatom Thalassiosira pseudonana depicting (A) primary productivity

(n = 32, RSME = 0.5); (B) chlorophyll content (n = 29, RSME = 0.4); and
(C) chlorophyll normalized productivity (7 = 29, p < 0.01, R2 = 0.44), as
a function of temperature. Each symbol represents a distinct biological
replicate. Solid lines correspond to maximum likelihood estimate with broken
lines corresponding to the 95% confidence intervals of the (A,B) bell-shape
function (Equation 1), and (C) linear regression, all estimated by parametric
bootstrapping.

that phenotype plasticity plays a significant role in thermal
acclimation.

Temperature Driven Changes in Fitness

and Other Functional Traits

In keeping with our hypothesis, we observed the T,p; of growth
was different to the thermal optimum for each underlying
functional trait, being the lowest amongst all traits measured
(Figure 7). The mechanisms behind these trait responses are
likely due to the thermal specificity of the underlying enzymes
responsible for these processes. Furthermore, some FT TPCs
do not have a definitive thermal optimum because they
were constant (i.e., electron transport rate) or linear (i.e.,

photosynthetic efficiency of PSII, cell volume). Despite these
traits not exhibiting a typical TPC shape, it does not mean
that they are not thermally regulated. In the following sections
we discuss the likely candidates of the biological processes that
underlie the shapes and thermal optima of TPCs obtained for the
morphological and physiological traits measured in this study.

The cosmopolitan model diatom, T. pseudonana,
demonstrated relatively high fitness over a large thermal
range (Figure 2), consistent with the global distribution of this
genus (Leblanc et al., 2012). Furthermore, maximum growth
rates were comparable to previously reported values for this
strain; ~0.9 d~! at 18°C and 80 pmol photons m~—2 sec™! (Li
and Campbell, 2013). In contrast to other studies, we found
that the thermal optimum range (17.0 and 20.1°C, centered
on 18.6°C) was slightly colder than previously reported values
(Thompson et al., 1992; Boyd et al., 2015) and may be due to the
lower growth irradiance used in our study (Sandnes et al., 2005).
In terms of morphological traits, absolute cell volumes were
within range of previously reported values (Li and Campbell,
2013) and consistent with Thompson et al. (1992), with cells
becoming larger with increasing temperature (Figure 3A). These
changes in cell volume, although small (i.e., ~10%), may have
significant implications for vertical export of carbon, as has
been demonstrated in other small, spherical phytoplankton taxa
(coccolithophores; Pantorno et al., 2013). However, the degree
of frustule silicification (Figure 3B) must also be taken into
consideration, because the density of biogenic silica exceeds that
of any other polymer and has significant effects on the density of
the cell as a whole (Raven and Waite, 2004). For example, colder
temperatures (11°C) result in smaller, thicker diatoms (Figure 3)
and may be more likely to reach the deep sea floor for burial
because of their proportionally greater cell density. In contrast,
warmer temperatures (33°C) result in larger but thinner diatoms
(Figure 3) that may sink more rapidly because of their larger
cell size (as explained above). Alternatively, thinner frustules
also reduce physical defenses, making them more palatable to
grazers (Raven and Waite, 2004) and as a result may reduce the
likelihood of the whole cell reaching the cell floor. Therefore,
interaction between these two morphological traits (i.e., cell
volume and frustule silicification) along a temperature gradient
will create different phenotypes with different functional and
biogeochemical roles.

Furthermore, the temperature driven changes in cell
volume observed in this study have significant impacts for
photophysiological responses to irradiance as cells may increase
light-harvesting pigment content to balance downstream
processes (Finkel et al., 2010b). We see evidence of temperature-
driven changes in photophysiological responses through changes
in chlorophyll normalized primary productivity (P®), light
harvesting efficiency (a), and saturation irradiance (Ey). Despite
the cross-sectional area of the pigment antennae funneling
light to PSII remaining relatively unchanged with temperature
(Figure 4A), photosynthesis-irradiance curves reveal different
functional light responses by cells at cold and high temperatures.
At cold temperatures (between 11 and 16°C) lower E; and
higher o values suggest the presence of a “bottle-neck” in
downstream electron-transport processing from harvested
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FIGURE 6 | Thermal performance curves of physiological traits in the diatom Thalassiosira pseudonana depicting uptake of dissolved nutrients (A)
nitrate (n = 33, p = 0.039, R2 = 0.10); (B) nitrite (n = 33, RSME = 13.7); (C) phosphate (n = 33, RSME = 5.2); and (D) silicate (n = 33, RSME = 54.4), as a
function of temperature. Each symbol represents a distinct biological replicate. Solid lines corresponds to maximum likelihood estimate with broken lines
corresponding to the 95% confidence intervals of (A) linear regression, and (B-D) the bell-shape function (Equation 1), all estimated by parametric bootstrapping.

photons, e.g., in the Calvin Cycle. To a phytoplankton cell, these
biomolecular triggers mimic those experienced when PSII is
under pressure from excess light, and signals cold-acclimated
cells to down-regulate chlorophyll synthesis (Behrenfeld et al.,
2016) and cell volume declines to compensate for pigment
packaging effects (Raven, 1984; Kirk, 1994). As temperature
rises, cells appear to require more light to saturate photosynthesis
despite light conditions remaining constant. This is evidenced
by the increases in saturation irradiance (Figure 4E), coupled
by corresponding declines in P® (Figure 4C) and re-oxidation
time of Qa (Figure 4D) and because E, = 1/0 * t (Sakshaug
et al., 1997). Together these results suggest that with increasing
temperature, photosynthesis becomes rate-limited by the
light reactions. As a result, cells attempt to increase light-
harvesting capacity by synthesizing nitrogen-rich chlorophyll
(Figure 5B). However, cells become increasingly larger and
pigment-packaging effects seem to counteract any benefits
associated with increased pigmentation and absolute rates of
primary productivity decline (Figure5C). As the efficiency
of the Calvin Cycle decreases, alternative electron sinks e.g.,
cyclic electron transport around PSII, Mehler reaction, terminal
oxidase activity, nitrate reduction also become progressively
more important with increasing temperature (Hancke et al.,
2008; Kulk et al., 2012).

Resource acquisition of NO,, P, and Si appeared to
conform to a TPC shape but was less predictable than growth
(Figure 6). Additionally, the curvature of these TPCs appeared
less pronounced in comparison to the TPCs of growth and
primary productivity and as a result exhibited a wider thermal
niche. As has been demonstrated previously, temperatures
below the growth optimum appeared to lower the affinity
for all inorganic substrates and is believed to be due to
more inflexible membranes leading to decreased efficiency of
embedded transporter proteins (Nedwell, 1999). Comparatively,
at higher temperatures, membranes become more fluid and may
become more susceptible to attack by reactive oxygen species
and as a result, membrane transporter proteins become targeted
by oxidative protein damage (Lesser, 2006). The TPCs of nitrite,
phosphate, and silicate suggest a high degree of thermal stability
in these physiological processes as the net uptake rates at the
hot (33°C) and cold (11°C) end of the gradient were only
reduced by ~10% in comparison to the thermal optimum. This
might mean that elemental fluxes may be relatively resilient to
temperature variation at least in comparison to other processes
such as growth and carbon fixation. In stark contrast, NO3
uptake remained relatively unaffected by temperature (weakly
significant; p = 0.04). However, this does not necessarily
mean that temperature does not mediate nitrate utilization.
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For example, the assimilation of NOj3 involves a number of
mechanisms: NO3 reductase, NO, reductase, associated active
transport systems, cellular ATP and NADPH (Mulholland and
Lomas, 2008). In T. pseudonana, these linked cellular processes
may not necessarily result in an overall TPC, even though each
underlying step may be affected by temperature (Schulte et al.,
2011). Furthermore, it is known that NO3  can be released shortly
after it is assimilated, on timescales as short as hours (Mulholland
and Lomas, 2008). As such, it is possible that measuring the
drawdown of dissolved NO3™ from the culture medium, is not a
sensitive enough method to detect temperature affects on nitrate
acquisition, due to the timescale over which the nutrient can be
exported from the cell.

Phenotype-Dependent Functional Roles

Defining the relationship between the TPCs of various
FTs provides insight into how functional roles of different
phytoplankton types can be altered under current and future
ocean temperature change. The oceanic province from which
this strain originates (North Atlantic Ocean) experiences
substantial fluctuations in temperature. On an annual timescale,
sea surface temperatures (SST) reach a maximum of ~25°C and
minimum of ~10°C in boreal summer and winter, respectively
(Reynolds and Smith, 1995; NOAA, 2015). Overlaying this
annual temperature window (solid lines; Figure 8) on the TPCs
of the various FTs obtained in this study, provided insight into
the degree of phenotypic plasticity experienced by an individual
diatom on a yearly timescale. These natural temperature
fluctuations help to explain why this strain of T. pseudonana has
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FIGURE 8 | Thermal performance curves of fitness (gray band) and
other functional traits including primary productivity (green band), cell
volume (blue band), and frustule silicification (red band) in the marine
diatom Thalassiosira pseudonana (CCMP 1335) originally isolated from
the North Atlantic Ocean. Each confidence band represents the maximum
likelihood estimate with 95% confidence intervals, both estimated by
parametric bootstrapping for each functional trait. Solid vertical lines
correspond to the thermal window currently experienced in the North Atlantic
Ocean ranging from the minimum boreal winter temperature (~10°C) and
maximum boreal summer temperature (~25°C), both estimated from monthly
sea surface temperatures for December 2014 and July 2015 obtained from
NOAA. Broken line depicts predicted estimates of future sea surface
temperature warming of the North Atlantic Ocean (Boyd et al., 2015).

wide thermal niches (i.e., >30°C) for a number of FTs including:
resource acquisition, growth and primary productivity. This
is because without phenotypic plasticity, this diatom would
be unlikely to proliferate over such a wide temperature range.
Under future ocean change, modeling suggests departures of
up to +2°C from present SST are expected by 2100 for the
North Atlantic Ocean province (Boyd et al, 2015). In these
new conditions, the annual temperature window becomes
warm-shifted (broken lines; Figure 8) and a further uncoupling
between cell volume and frustule silicification occurs, along with
a sharp decrease in primary productivity and overall fitness.

The interaction between the two morphological traits
measured along the temperature gradient, i.e., cell volume and
frustule silicification, results in different diatom phenotypes
(Figure 8) with potentially distinct functional roles. For example,
at cold temperatures, where diatom frustules are thicker, the
increased cellular density, and resistance to grazers (Raven and
Waite, 2004) may increase vertical export of C. In contrast, larger
but thinner cells, that are more palatable to grazers (Raven and
Waite, 2004) may increase the elemental residence times of C
and Si in the euphotic zone through assimilation into grazer
biomass (Hutchins et al., 1995). This may result in two alternative
pathways: either the subsequent transfer of C and Si to higher
trophic levels, or, its incorporation into fecal pellets, resulting
in more rapid transfer to the ocean’s interior (Hutchins et al.,
1995; Honjo et al., 2008). Together these results demonstrate that
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temperature can directly affect the biogeochemical fate of C and
Si, through alterations in diatom morphology.

Implications and Future Research

Directions

Quantitatively, the most important phytoplankton belong to
the centric diatoms, including genera such as Chaetoceros and
Thalassiosira because together, they contribute almost a third
of total biomass of marine diatoms, globally (Leblanc et al,
2012). Due to their high species diversity, phytoplankton blooms
dominated by Thalassiosira sp. can occur worldwide, including
in such locations as Antarctica, upwelling regions off the African
coastline, and recurrent blooms in temperate and boreal regions
(Sorokin, 1999; Leblanc et al., 2012; Schmidt and Schaechter,
2012). As evidenced by sediment traps, these episodic, seasonal
blooms that often coincide with high nutrient concentrations,
typically result in high vertical export (Sarthou et al., 2005;
Honjo et al., 2008). If the TPCs of FTs in T. pseudonana (this
study) are representative of the thermal response of the genus or
centric diatoms as a whole, we anticipate that temperature driven
distributions of diatom phenotypes may differentially regulate
the biogeochemical fate of C and Si, and subsequently, the marine
food web and biological carbon pump.

Our findings exemplify the need to better quantify the
performance curves of specific functional traits so that we
can make comparisons between their plasticity. This will help
us understand the capacity of specific taxa to physiologically
adjust to changing oceans and examine the implications of
these responses in current and future scenarios. Secondly,
whilst diatoms play a significant role in marine biogeochemical
functioning, they are not the only contributors to global
elemental cycles. We suggest that similar studies should be
conducted for model species of other functional types of
phytoplankton in order to advance the understanding of the
diversity of taxon-specific responses to temperature change and
what implications this has on the biogeochemical fluxes that
they regulate. Thirdly, current and future global change is
multifaceted and includes not only warming but also changes
in CO;, concentrations, nutrient, and light availability, as well as
the interactions between these environmental variables. Taxon-
and trait-specific performance curves are not restricted to
temperature and can therefore be extended to all of the stressors
mentioned above. Equally, it is not only the mean trajectory of
these stressors that is changing but also increased variability.
Multi-trait analyses over more resolved environmental gradients
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provides a useful framework to advance understanding of
how taxon-specific functional traits will respond to complex
ocean change and how these are likely to be differentially
distributed. Finally, we have seen evidence that the distribution
of phenotypes has changed over evolutionary timescales (Finkel
et al., 2010a), suggesting that to predict the future functioning of
the biological carbon pump and other biogeochemical processes
we must consider adaptive constraints or trade-offs between
these functional traits (Litchman et al, 2015). To explore
this, evolutionary experiments (Huertas et al., 2011) could be
combined with studies such as ours by incorporating longer
timescales on the axis of exposure.
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