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Effect of temperature
on the unimodal size scaling
of phytoplankton growth

Cristina Fernandez-Gonzalez*?*! & Emilio Marafidn?2

Contrary to predictions by the allometric theory, there is evidence that phytoplankton growth rates
peak at intermediate cell sizes. However, it is still unknown if this pattern may result from the effect
of experimental temperature. Here we test whether temperature affects the unimodal size scaling
pattern of phytoplankton growth by (1) growing Synechococcus sp., Ostreococcus tauri, Micromonas
commoda and Pavlova lutheri at 18 °C and 25 °C, and (2) using thermal response curves available in
the literature to estimate the growth rate at 25 °C as well as the maximum growth rate at optimal
temperature for 22 species assayed previously at 18 °C. We also assess the sensitivity of growth

rate estimates to the metric employed for measuring standing stocks, by calculating growth rates
based on in vivo fluorescence, chlorophyll a concentration, cell abundance and biomass (particulate
organic carbon and nitrogen content). Our results show that the unimodal size scaling pattern of
phytoplankton growth, with a peak at intermediate cell sizes, is observed at 18 °C, 25 °C and at the
optimal temperature for growth, and that it prevails irrespective of the standing-stock metric used.
The unimodal size scaling pattern of phytoplankton growth is supported by two independent field
observations reported in the literature: (i) a positive relationship between cell size and metabolic rate
in the picophytoplankton size range and (ii) the dominance of intermediate-size cells in nutrient-rich
waters during blooms.

Phytoplankton size structure is one of the main factors that control the trophic organisation of planktonic
communities?. Small cells (<5 pm in equivalent spherical diameter, ESD) have a high affinity for nutrients
and low resource requirements, which makes them particularly well-adapted to oligotrophic regions, where
they support complex food webs that favour nutrient recycling and sustain low carbon export to upper trophic
levels. In contrast, larger cells (=5-10 um in ESD) dominate in nutrient-rich environments, characterised by
shorter and simpler microbial food webs that allow higher carbon transfer towards upper trophic levels and the
ocean’s interior®.

The metabolic theory of ecology (MTE) predicts that temperature and size are two universal factors that
control the metabolic rate of all organisms. According to this theory, individual metabolic rates (R) scale with
body size (expressed as mass, M) to the power of %, (R o« M 1, Kleiber’s rule)*%, which means that mass-specific
metabolic rates (metabolic rate per unit of mass, RM) and growth rates increase with decreasing body size fol-
lowing a size-scaling exponent of — % (RM oc M~ %).

It is still unclear if Kleiber’s rule applies to unicellular organisms. Raven’ found that the expected, continued
increase in growth rates with decreasing cell size was not observed for cyanobacteria (cell volume range: 0.1-50
pm?; 0.5-4.5 pm in ESD) and chlorophytes (1-1000 pm? 1-12 um). Instead, maximum growth rates started
to decrease below 5 um? for cyanobacteria and below 50 um? for chlorophytes, as predicted on the basis of the
increased fraction of cell volume occupied by non-scalable components. This unimodal relationship between
cell size and growth rate was later corroborated by field observations. An experiment with pico- and nanophy-
toplankton natural assemblages, covering a cell size range from 0.6 to 10 um in ESD, found that growth rates
peaked at cell diameters between 2 and 3 pum, regardless of nutrient conditions or water temperature®. A further
compilation of phytoplankton growth rates, obtained with the dilution technique or derived from *C-based
primary production data, showed that the relationship between mass-specific growth rate and cell size, covering
from prokaryotes to large eukaryotes (0.6-10.5 pm in ESD), was unimodal and peaked at approximately 5.4 and
2.8 um of ESD for rates estimated with the dilution technique and *C, respectively’.

In a laboratory study of 22 species spanning seven orders of magnitude in cell volume and belonging to five
phyla, Marafon et al.'® found a unimodal pattern with the highest growth rates represented by cell sizes between
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30 and 300 pm? in cell volume (equivalent to 4-8 pm in ESD). This study, and subsequent Droop-based mod-
elling work by Ward et al.!', suggested that the unimodal size scaling pattern arises from a trade-off between
size-dependent nutrient uptake, requirement and assimilation. Small cells would have their maximum growth
rate limited by a low nutrient uptake relative to their requirements and by the increasing fraction of cell volume
occupied by non-scalable components’, whereas large cells would be penalized by the larger intracellular dis-
tances to transport nutrients from the uptake to the metabolic processing sites and by the package effect, which
reduces light absorption efficiency'’, both ultimately leading to decreased nutrient assimilation®.

The cultures used by Marafién et al.'® were all grown at 18 °C. Although this approach is ecologically rel-
evant to ascertain competitive dynamics in situ because all populations in an assemblage experience the same
temperature, the species used were phylogenetically distinct and had been isolated from different locations in
the ocean. This could result in different responses to temperature as well as different optimal temperatures for
growth!2. For instance, some of the strains used in that study, such as those of the cyanobacteria Prochlorococcus
and Synechococcus, had been isolated in tropical regions, which means that their optimal growth temperatures
were likely higher than 18 °C. The possibility exists, therefore, that the decrease in growth rates with decreasing
cell size observed in the pico- to small nano-phytoplankton size range may have resulted from a suboptimal
growth temperature. In this regard, Sal et al.'?, after correcting for phylogenetic differences between species of
different cell sizes, concluded that the observed curvature in the size-scaling of growth rate reflects the adaptation
of picophytoplankton to the warm conditions typically found in oligotrophic environments.

Here we test the hypothesis that the unimodal size scaling of phytoplankton growth reported by Marafién
et al.' arises from an effect of temperature. With this aim, we use two approaches. First, to examine the extent
to which a temperature of 18 °C limits the growth rate of the smallest organisms, belonging to the left-hand side
of the unimodal pattern, we grew four species, from 0.41 to 45 um? in cell volume, at two different temperatures
(18 °C and 25 °C), and determined their growth rate using different metrics for assessing standing stocks. Sec-
ondly, we used a large data set of phytoplankton temperature-growth curves'*-'” to obtain empirical functions
that relate temperature to growth rate in the same species used by Marafon et al.'°. This allowed us to infer an
estimated maximum growth rate at 25 °C, as well as to obtain the growth rate-cell size relationship at the optimal
temperature for each species. These two approaches combined serve to determine if the unimodal size-scaling
pattern observed at 18 °C persists at 25 °C and at the optimal temperature for each species.

Results

We used laboratory experiments combined with database analyses to investigate the relationship between cell size
and growth rate of phytoplankton at 18 °C, 25 °C and the optimal temperature for growth. Our results suggest
that the unimodal size scaling of phytoplankton growth persists at all these temperatures.

Laboratory experiments. Maximum intrinsic growth rate (y,,,,) was significantly higher at 25 °C than at
18 °C for M. commoda, irrespective of the metric employed to assess phytoplankton stocks (Fig. 1, Table 1) (¢
test= —2.79, n=47, p<0.01). In the other three species, the differences in growth rates between temperatures
were not significant. Comparing the current results of p,, with those from the 2013 experiment (Marafién
et al.'” and previous unreported data), growth rates were similar in both experiments at 18 °C (¢ test=1.14,
n=114, p=0.26).

Discerning among the different metrics, we found significant or non-significant differences in growth rate
between 18 and 25 °C depending on the metric used. This was the case of O. tauri whose differences in growth
rate between the two temperatures were significant when in vivo fluorescence was used (t test=3.75, n=12,
p<0.01), but not when the other metrics were employed. Differences between temperatures were significant as
well for M. commoda when using in vivo fluorescence (f test= —2.86,n=11, p<0.05), Chla (t test= —3.72,n=12,
p<0.01), POC (t test= —2.66, n=10, p <0.05) or PON (¢ test= —4.70, n=10, p <0.01) but not with cell abundance.
For all the other species we did not find significant differences between 18 and 25 °C in any of the metrics used.

The absolute value of the calculated growth rate depended on the metric employed for measuring standing
stocks. For example, O. tauri showed significantly higher values of p,,,, (at both temperatures) based on cell
abundance compared to the other metrics for measuring standing stocks (F(4,51) =79, p <0.01, Tuckey post-
hoc test p<0.01). Considering the data for the 22 species measured at 18 °C, y,,,, calculated with the different
metrics showed a strong correlation among them in all cases (R*>0.74, n=22, p <0.01) with the best correlation
being found between POC and PON (R?=0.95, n=22, p<0.01). However, the absolute value of growth rate
for the same species differed depending on the metric used. Our data showed that y,,,, calculated with in vivo
fluorescence, Chla concentration and cell abundance tended to overestimate the biomass production rate (.,
derived from POC) (Table 1, Fig S2) by 67 £ 13% for in vivo fluorescence, 97 + 17% for Chla, and 73 + 14% for
abundance (mean + SE).

Literature data analysis. Estimated p,,, at 25 °C predicted from the thermal growth curves of the dif-
ferent species and the original data of ,,,, at 18 °C from the 2013 study'® were fitted to a Gaussian model to
compare differences between temperatures (see parameters in the legend of Figs. 2 and S4). The results showed
significant differences between the rates measured at 18 °C and at 25 °C (t test= —3.42, n=119, p<0.01). How-
ever, in spite of these differences, the unimodal pattern is observed also at 25 °C.

These unimodal patterns can be separated in two slopes, a positive slope below 300 um? of cell volume and a
negative slope from 50 um? to the largest species. There was a positive slope for the first part of the curve at both
18 °C and 25 °C (slope=0.22, R*=0.88, p<0.01 and slope =0.22, R?=0.63, p<0.01, respectively). This shows
that growth rate increases with cell size until approximately 300 um? of cell volume with no effect of temperature
(F=0.005,n=117, p>0.05).
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Figure 1. Relationship between cell volume (Vol, pm?) and maximum intrinsic growth rate (., d™!) for
the four species (Synechococcus sp., Micromonas commoda, Ostreococcus tauri and Pavlova lutheri, denoted by
different symbols) grown at 18 °C (blue) and 25 °C (red). Also shown is the data for the 22 species grown at
18 °C (grey). All growth rates have been calculated with 5 metrics for measuring standing stocks (a) In vivo
fluorescence, (b) chlorophyll a concentration (c) abundance, (d) POC concentration and e) PON concentration.
Growth rate data at 18 °C based on cell abundance (panel c) are taken from Marafion et al.?, whereas all other
growth rates based on additional metrics (panels a, b, d and e) are previously unreported data.
In vivo fluorescence Chlorophyll a Abundance POC PON
Specie n 18 (°C) 25 (°C) n 18 (°C) 25 (°C) n 18 (°C) 25 (°C) n 18 (°C) 25 (°C) n | 18(°C) 25 (°C)
Synechococcus |3 |0.33+0.02 | 042003 |3 | 0.41+0.06 |0.58+0.09 [3 |0.50+£0.06 |0.44£0.06 |1 |027+0 033+0.04 |1 |0.23%0 0.23+0.03
O. tauri 3 |074£0.04 |058+0.02 |3 |0.66£0.09 |0.63+0.03 |2 [12+0.02 |1.18+0.14 |1 [049+0.02 |0.49+0.03 |1 |0.44+0.02 |0.45+0.02
M.commoda |3 |051£0.06 [071+0.04 |3 |0.59+0.02 |0.85+0.07 |2 [08+0.1 |1.32+024 |3 [0.28+0.05 |0.54+0.14 |3 |0.22+0.02 |0.38+0.03
P lutheri 3 053+0.02 |0.58+0.03 |3 | 0.6%0.02 |0.64%001 |3 |0.61+0.06 |0.74+0.10 |1  [0.53£0.01 |0.51+0.01 |1 |0.47+0 0.48+0

Table 1. Maximum intrinsic growth rate (d™) + SE for the four species maintained at 18 and 25 °C. Growth
rates were calculated with five metrics for measuring standing stocks (in vivo fluorescence, chlorophyll a
concentration, abundance and particulate organic carbon and nitrogen content) are shown. The mean growth

rate of successive growth cycles (n) is also given.

For species larger than 50 um?, the slope was negative at both temperatures (slope= —0.21, R*=0.89, p<0.01
and slope= -0.27, R*=0.65, p<0.01, for 18 and 25 °C, respectively). Again, the differences between the slopes

at 18 and 25 °C were not significant (F=0.00, n=164, p>0.05).

Finally, we also calculated the growth rate at optimal temperature (i) and we found that a significant uni-

modal pattern is also present in this data set (Fig. 3).

Discussion

Our experimental measurements of maximum growth rates together with the analysis of thermal responses
reported in the literature suggest that, although there is a slight effect of temperature on the relationship between
phytoplankton cell size and growth rate, the unimodal size scaling pattern persists at 25 °C and at the optimal
temperature for growth. This finding has implications for our understanding of the factors that control the bio-

geography of phytoplankton size structure in the ocean.

The positive relationship between growth rate and cell volume in small-sized species was maintained at both
assayed temperatures. The y,,,,, measured in our laboratory experiments was higher at 25 °C than at 18 °C in three
of the four species tested, irrespective of the metric employed (except O. tauri). However, these differences were
only significant for M. commoda, and the effect of the warmer temperature was not sufficiently strong to force
the species within the pico- and nanophytoplankton to grow as fast as those of larger cell size.

Scientific Reports | (2021) 11:953 | https://doi.org/10.1038/s41598-020-79616-0

natureresearch



www.nature.com/scientificreports/

1.8

16 4 o 18°C
25°C

1.4 4
1.2 4
1.0 1
0.8 -
0.6 1
0.4 4
0.2 4
0.0

Mo (A7)

Log Cell Vol (um®)

Figure 2. Unimodal relationship between growth rate (y, d™!) and cell volume (Vol, um?). Shown is the growth
rate experimentally measured at 18 °C by Marafi6n et al.'? (grey dots) together with the estimated growth rate at
25 °C for the same species extracted from temperature-growth curves in the global data bases (black dots). Both
curvatures were adjusted to a 3-parameter Gaussian model f=a-exp(—0.5-((x —x,)/b)?), where a is the height of
the curve’s peak, b is the width and x, is the position of the center). Grey line at 18 °C, a=0.88,b=1.72,x,=1.99
and R?=0.89, n=22, p<0.01; and black line at 25 °C, a=1.09, b=1.83, x,=1.79 and R*=0.69, n=97, p<0.01. For
visualization purposes, when there were several estimates of growth rate at 25 °C for the same species, the mean
was plotted. However, the fitting was done with all individual data points (see Figure S4). Error bars represent
standard deviation.
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Figure 3. Relationship between the growth rate measured at the optimal temperature for growth (g, d!) and
cell volume (Vol, um?) extracted from the global databases. Data was adjusted to a 3-parameter Gaussian model
f=a-exp(—0.5-((x—x,)/b)?), where a is the height of the curve’s peak, b is the width and x, is the position of the
center. a=1.10, b=2.60, x,=1.67, and R*=0.22, n=67, p <0.01. For visualization purposes, when there were
several estimates of growth rate for the same species, the mean was plotted. However, the fitting was done with
all individual data points (see Figure S4). Error bars represent standard deviation.

In general, the measured y,,,, in the experiments was within the range of growth rates reported by Maraiién
et al.'? except for O. tauri, which showed significantly higher values than those previously reported, but only when
cell abundance was used as a metric for measuring standing stocks. Chla concentration, in vivo fluorescence and
cell abundance are commonly used as a proxy of phytoplankton biomass. However, an underappreciated fact is
that the absolute value of y,,,,, can be influenced by the type of measurement used to assess standing stocks. Our
results show that these three metrics (in vivo fluorescence, Chla and cell abundance) yield consistently higher
values of 1., than those obtained with biomass metrics (POC and PON), which reflects changes in resource allo-
cation associated with unbalanced growth. Upon transfer to nutrient-rich medium in batch cultures, the popula-
tion enters the exponential growth phase and cells allocate more resources into photosynthetic machinery'®"
while their cell size decreases as population growth proceeds fast?®*!, in both cases leading to estimates of i,y
that exceed the actual rate of production of new biomass. Although the temperature dependence of growth
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rate is expected to be the same whatever metric is employed, the absolute value of growth rate is likely to differ
depending on the metric used, which can affect some comparisons between studies.

We found significant differences between the growth rate measured at 18 °C and the estimated growth rate at
25 °C for the species used previously by Marafion et al.!°. However, the relationship between cell size and growth
was still unimodal at both temperatures. This result agrees with previous experimental’~ and model-based*
studies which demonstrated that the mass-specific growth rate of intermediate-size cells can be higher than
those of their smaller counterparts. This pattern may reflect the fact that the growth rate of the prokaryotes and
the smallest eukaryotes is limited because of increased maintenance metabolic costs due to restricted cell space
available relative to larger cells?®. More recently, Stawiarski et al.**, in a laboratory experiment with 9 prokaryotic
and eukaryotic picophytoplankton species spanning a range of 0.05-8 um? in cell volume (0.5-3 pm in ESD),
showed that species of intermediate cell size grew faster than both smaller and larger ones, which resulted in a
curved relationship between cell size and maximum growth rate, peaking at approximately 2 um of ESD.

Other studies have not found a significant unimodal log-log relationship between growth rate and cell size
at high temperatures (e.g. >27°C'®). However, temperatures above 27 °C are uncommon in the ocean and might
be penalising species within the intermediate to large cell-size range, which usually have been isolated from
temperate and polar regions. On the other hand, picophytoplankton have been shown to display a stronger tem-
perature sensitivity than larger phytoplankton'? although the underlying mechanism is still unclear. This pattern
might result not necessarily from cell size itself but from the biogeographical distribution of the different strains
investigated, because the smallest phytoplankton species have often been isolated in tropical environments and
are maintained at warmer temperature ranges. For example, the small species used in our experiment had been
isolated in tropical and subtropical areas with sea surface temperatures higher than 19 °C (except P, lutheri, which
had been isolated at 11 °C), which means that 25 °C was closer to their optimal temperature, thus explaining
the differences found between the two temperatures tested. However, even though 18 °C was suboptimal for the
growth of these species, we found no evidence to suggest that they were strongly limited by this experimental
temperature?®=2%. Recently, Barton & Yvon-Durocher?, in an experimental study with 18 species, found that the
relationship between cell size and growth rate at optimal temperature was best described by a negative linear
log-log relationship with a size scaling exponent of — 0.088, whereas our results suggest a unimodal pattern also
at the optimal temperature for each species. The different size-scaling patterns obtained in different studies may
reflect, in part, differences in the individual species used as well as in the data coverage of the smallest cell sizes.

The unimodal pattern of phytoplankton growth could arise from phylogenetic differences along the cell size
spectrum'. However, this would not explain why the unimodal pattern has been also observed within species
of the same taxonomic group’. Large databases of phytoplankton growth rates allow to test if the tendency for
intermediate-size species to reach the highest growth rates is encountered in different taxonomic groups. As
shown by Kremer et al.*® (their Fig. 1) for cyanobacteria, green algae and diatoms, the highest growth rates (the
upper limit of the data distribution) increase with increasing cell size up until a certain cell size and then decrease.
This result suggests that the unimodal size-scaling of phytoplankton growth does not arise from phylogenetic dif-
ferences along the size spectrum, although the latter undoubtedly contribute to the observed variability. Because
the growth responses to temperature are strongly related to the temperature regime at the location where strains
were isolated’, and considering that different taxa tend to be isolated from different regions (e.g. picocyanobac-
teria from warm regions, diatoms from temperate and polar regions), the association between phylogeny and
thermal traits measured in the laboratory may not be necessarily causal. In fact, comparison of thermal response
curves of different strains of the same species isolated from different locations reveals markedly distinct thermal
traits®”?%, with isolates from warmer locations exhibiting higher values of T,

The unimodal size scaling of phytoplankton maximum growth rates is relevant to understand the variability
in community structure and size structure in natural phytoplankton assemblages. The left-hand side of the uni-
modal pattern predicts a positive relationship between cell size and growth rate within the picophytoplankton
size range. A direct test of this prediction is provided by measurements of single-cell metabolic activity (isotope
uptake rates) in Prochlorococcus, Synechococcus and picoeukaryotes. Working in the California Coastal Current,
Berthelot et al.’! found that mean C-specific C fixation rates (equivalent to division rates, d!) were higher in
picoeukaryotes (1.7 um in cell diameter, division rate of ca. 0.35 d™!) than in Synechococcus (1.2 pm, ca. 0.25 d™),
whose division rates in turn were higher than those of Prochlorococcus (0.6 pm, <0.1 d™*). The same pattern was
found with N-specific N uptake rates, which increased from Prochlorococcus (ca. 0.005 h™') to Synechococcus
(0.015 h™) and then the picoeukaryotes (ca. 0.025 h™!). In a different study, conducted in the subtropical North
Atlantic, Duhamel et al.** reported that the mean biovolume-specific C fixation rate for Prochlorococcus, Synecho-
coccus and the picoeukaryotes was 22+4,49+17 and 101 + 11 fgC um™ h™!, respectively, again demonstrating
a positive relationship between cell size and growth rate. The increase in growth rates with cell size within the
picophytoplankton size range has also been observed in experiments using the dilution technique. Worden
et al.*® reported that mean growth rates for Prochlorococcus, Synechococcus and picoeukaryotes were 0.33, 0.52
and 0.71 d7!, respectively, in the Southern California Bight. More recently, Gutiérrez-Rodriguez et al.** showed
that picoeukaryotes sustained higher growth rates (0.9 d™) than Prochlorococcus and Synechococcus (0.57-0.59
d™) in the Costa Rica Dome. The positive relationship between cell size and growth rate was also reported for
picocyanobacteria in the California Current®. More broadly, the trend of increasing mass-specific metabolic
rate with increasing cell size in prokaryotes has been found both in global data analyses® and trans-oceanic
latitudinal cruises®.

Near-maximum growth rates are attained in the field under nutrient-sufficient conditions and therefore the
left-hand size of the unimodal pattern predicts increasing growth rate and dominance of progressively larger
cells as resource availability increases. However, the connection between group-specific growth rates and com-
munity structure is not immediate because trophic interactions such as grazing are also relevant. Thus, large
cells may dominate phytoplankton biomass during blooms not because they grow faster but because they suffer
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lower grazing pressure than their smaller counterparts®. However, over broad biogeographic scales in the ocean,
regions of increased phytoplankton biomass do show faster phytoplankton growth rates**. At the level of func-
tional groups, there is also evidence that diatoms sustain faster growth rates in conditions when they contribute
most to the community biomass* . In this connection, the association between a higher ability to sustain fast
growth rates and an enhanced contribution to total biomass agrees with the observation that picoeukaryotes
tend to become dominant over the picocyanobacteria Synechococcus and Prochlorococcus as conditions become
less oligotrophic®**#4. A similar result has been described also for phytoplankton of larger cell sizes, whereby
the size distribution of pico- and nanoeukaryotes in the Atlantic Ocean shifted from a biomass dominance of
picoeukaryotes in oligotrophic regions towards a dominance by nanoeukaryotes in more nutrient-rich waters*.

Finally, the unimodal size scaling of phytoplankton growth implies that the species of intermediate cell size
can be expected to dominate under conditions of high resource supply. While measurements of size-fraction-
ated Chla concentration indicate that the microphytoplankton dominate when total phytoplankton biomass is
high*”#, this result likely arises from the fact that bloom-forming species such as diatoms tend to form chains
that are trapped by the 20-um filter even if individual cell diameter is smaller than 20 um. In fact, biovolume
data based on flow cytometry and microscopy show that intermediate-size cells (nanophytoplankton) are the
dominant size class during bloom events in the NW Iberian upwelling region® and in eutrophic coastal lagoons
characterized by large phytoplankton biomass®.

Conclusions

We have shown that the unimodal relationship between phytoplankton cell size and growth rate, previously
reported at 18 °C, persists at 25 °C and under optimal growth temperature. These results add to the growing
evidence indicating that Kleiber’s rule is not applicable to photosynthetic unicells when the entire cell size range
is considered. The unimodal size scaling pattern is supported by independent field observations indicating that 1)
phytoplankton metabolic rates increase with cell size in the picophytoplankton size range and 2) cells of interme-
diate cell size dominate during conditions on increased resource supply, when fast-growing species are favoured.

Methods

Experimental design. We grew four species of phytoplankton with cell sizes spanning the range 0.41-45
um? in cell volume (Table S1), which corresponds to the left-hand side of the unimodal pattern of size scaling
of growth rate reported by Marafién et al.!’. We maintained cultures at 18 °C and at 25 °C to assess the effect
of temperature on the left-hand side slope of the cell size-growth rate relationship. The species considered were
Synechococcus sp. (RCC33), Ostreococcus tauri (RCC745, previously known as RCC116), Micromonas commoda
(RCC496) and Pavlova lutheri (RCC1537, recently named Diachronema lutheri). Cultures were grown in dupli-
cate 250-ml flasks and growth conditions were identical to those used by Marafion et al.!” (Table S1). Irradi-
ance was set at 250 pmol photons m= s™! with a 12:12 L:D photoperiod. Cultures were acclimated at a given
temperature for at least 10 generations. During this period, we took samples every 2 days to determine in vivo
fluorescence and photosystem II quantum yield (F,/F,,). After the acclimation period, cultures were allowed to
complete 3 successive growth cycles, from inoculation to late exponential phase, during which we took daily
samples for in vivo fluorescence, F,/F,,, chlorophyll a content, and abundance. During the second growth cycle,
we also took daily samples for particulate organic carbon and nitrogen content (POC and PON).

Measurement of standing stocks. Phytoplankton standing stocks were measured with five metrics:
in vivo fluorescence, Chla concentration, cell abundance and particulate organic carbon and nitrogen (POC
and PON). In vivo fluorescence was measured with a Turner Aquafluor portable fluorometer (Turner Designs,
CA, USA). Chlorophyll a (Chla) concentration was measured fluorometrically on a TD-700 Turner Designs
fluorometer (Turner Designs, CA, USA) after filtration of 5-mL samples onto GF/F filters, which were frozen
at—20 °C and extracted with 90% HPLC-grade acetone. For the determination of cell abundance, 1.8-mL sam-
ples were taken, fixed with 180 uL of a solution of paraformaldehyde and glutaraldehyde (10%) and fast-frozen
in liquid nitrogen until analysis in a BD FACSCalibur flow cytometer (BD Biosciences, CA, USA). For POC and
PON determination, 10-20 mL samples were filtered through pre-combusted GF/F filters and stored at—20 °C.
Prior to analysis, filters were desiccated at room temperature for 48 h and samples were analysed using a Carlo
Erba Instruments EA1108 elemental analyser (CE Instruments Ltd, Wigan, UK).

Calculation of growth rates. The maximum growth rate (y,,,,) was determined for each species and tem-
perature as the slope of the linear regression between time (days) and the natural logarithm of each metric of
standing stock (abundance, Chla concentration, in vivo fluorescence, POC and PON concentration) during the
exponential growth phase. 1 is reported as the mean value + SD of the successive growth cycles on each replicate
culture performed for each species at each temperature.

Literature data analysis. We used data sets from the literature compiled by Bissinger et al.!*, Chen et al.'’,
Thomas et al.’®, and Heinle!” (data available in https://doi.org/10.17882/75434). These databases contain meas-
urements of maximum growth rate at different temperatures for 18 of the 22 different species and strains used
by Marafién et al.'’. We only used data from studies that (i) included at least 3 temperatures between 18 and
25 °C and (ii) were conducted under experimental conditions similar to those used by Marafion et al.'’. The lat-
ter include nutrient-replete conditions, a light:dark photoperiod of 12L:12D or 14L:10D and PAR higher than
50 pmol photons m™ s™! .We were not able to find experimental data with these conditions for Nannochloropsis
gaditana, Melosira nummuloides, Protoceratium reticulatum and Coscinodiscus radiatus.
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In 43% of all thermal response curves found, the number of growth rate determinations at different tempera-
tures was 6 or less. In these cases, we fit the growth rate into a linear equation (following Chen and Laws™). This
fit was done in R statistical software (v. 3.5.0) using the ‘lm’ function from ‘stats’ package (Eq. 1). The goodness
of fit was calculated with the coefficient of determination R2.

In the rest of the cases (57%), where the number of observations of growth rate versus temperature was larger
than 6, the data were fit to linear (Eq. 1), exponential (Eq. 2°!), and non-linear optimum models (Eq. 3°*°%):

Wmax =a + bx T ey
T
Mmax =2 + b (2)
vtk Ep | ki E T
=ce—, e— —| = n
Wmax = C€er 2Tk P T \ T Ep—E ®

where p,,,,, is the maximum growth rate at a certain temperature, T is the temperature in Celsius degrees in Egs. (1
and 2) and in Kelvin degrees in Eq. (3), TOPt is the optimum temperature, K is the Boltzmann’s constant, and E
and Ep indicate the steepness of the increase or decline, respectively, of i, at temperatures below or above T

Data fitting to the models described by Egs. (2 and 3) was conducted using the package ‘nls.multstart’ in
R statistical software (v. 3.5.0) with a maximum of 100,000 iterations and reasonable initial values to improve
algorithm convergence. The goodness of fit for each of these functions was estimated by using the Akaike’s criteria
(AIC) corrected for small number of observations (AIC):

AICc = AIC + 2K * (K+1)/n—K—1) (4)

where K is the number of parameters covered by the function plus 1 and n is the number of observations. In this
way we obtained empirical functions that relate temperature to growth rate, and for each strain and experiment
we selected the function with the best fit as indicated the smallest value of AIC.. We then used the growth rate
measured at 18 °C by Marafdn et al.'® to correct the model’s intercept, thus representing the effect on growth
of the experimental conditions used in 2013, and this new temperature-growth function allowed us to estimate
pat 25 °C.

When the available data allowed it, we also estimated ,, (measured at T,,) by applying Eq. (3). For growth
curves with less than 6 data points we checked data individually to select whether i, had been reached at T,
Overall, we obtained 94 estimates of growth rate at 25 °C and at the maximum/optimal temperature for growth
based on 766 temperature-growth rate data points measured in 18 species and reported in 30 publications.

Statistical analyses. To test for significant differences in the maximum growth rates of Synechococcus sp.
(RCC33), Ostreococcus tauri (RCC745), Micromonas commoda (RCC496) and Paviova lutheri (RCC1537) deter-
mined at 18 and 25 °C with data of in vivo fluorescence, Chla, abundance, POC and PON we conducted a para-
metrical Student s ¢ test. To check for significant differences in the maximum growth rate between 18 °C (from
Marafion et al.?) and 25 °C (obtained from the literature data analysis) we performed the same test and fit data
to a three-parameter Gaussian curve in Sigma Plot V.10.0 (SysTat Software, Berkshire, UK). Regression analysis
of data within the increasing (left-hand side) and decreasing (right-hand side) part of the cell size-growth rate
relationship was also done and regression coefficients were compared by ANCOVA analysis. Three-parameter
Gaussian curves were fit as well for the relationship between optimum growth rates and cell volume. All data
were checked with a homoscedasticity Levene’s test as well as with a normality Shapiro-Wilks’s test. All statisti-
cal analyses were done in IBM SPSS Statistics v.22 (IBM Corp., Armonk, N.Y., USA) and R Studio (R statistical
software, Boston, Massachusetts, US).
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