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Abstract
Temperature has a primary influence on phytoplankton physiology and affects
biodiversity and ecology. To examine how intraspecific diversity and temperature shape
plankton populations, we grew 12 strains of the ecologically-important coccolithophore
Gephyrocapsa huxleyi isolated from regions of different temperature for ~45
generations (2 months), each at 6-8 temperatures, and characterized the acclimated
thermal response curve of each strain. Even with virtually identical temperature optima
and overlapping cell size, strain growth rates varied between 0.45 and 1 day-1. While
some thermal curves were effectively symmetrical, others had more slowly declining
growth rates above the “thermal optimum,” and thermal niche widths varied between
16.7 and 24.8 oC. This suggests that different strains use distinct thermal response
mechanisms. We investigated the ecological implications of such intraspecific diversity
on thermal response using an ocean ecosystem simulation resolving distinct
phytoplankton thermal phenotypes. Resolving model analogs of thermal “generalists”
and “specialists” (similar to those observed in G. huxleyi) resulted in a distinctive global
biogeography of preferred thermal niche widths with a nonlinear latitudinal pattern. We
leveraged the model output to predict the ranges of the 12 strains we studied in the
laboratory and demonstrated how this approach could refine predictions of
phytoplankton thermal geographic range in situ. Our combination of observed thermal
traits and modeled biogeography highlights the capacity of diverse groups to persist
through temperature shifts.
Significance Statement Intraspecific diversity in the phytoplankton may underpin their
distribution. We show that within a single coccolithophore species, thermal response
curves have diverse trait parameters. For example, many strains had a variable range
of temperatures at which they could survive (thermal niche width). Adding this thermal
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niche width diversity to an ecosystem model simulation impacted phytoplankton
coexistence and overall biomass. These observations show that thermal niche width is
a gap in phytoplankton representation in ecosystem models that impacts modeled
phytoplankton biogeography and concomitant carbon cycle dynamics. Including thermal
tolerance is crucial to predictive modeling as ocean temperature dynamics change.

Main Text

Introduction

Temperature critically influences organism size (1–3), development (4),
distribution (5, 6), and metabolic rate (7). Many organisms are reliant on environmental
temperature, from microorganisms (8, 9), to corals (10, 11), and fish (12). The strong
relationship between physiology and temperature indicates that higher average ocean
water temperature will impact the abundance and distribution of species (13–16).
Climate change is also expected to increase temperature variability (17, 18), which
impacts organisms proportionally to their tolerable thermal range (19). Increasing
climate variability and extremes are predicted to shape ecology, including phenology,
species interactions, and dominant community assemblages (20–24).

Phytoplankton are vital to global primary production and carbon biogeochemistry
(25). Their abundance and distribution correlates with temperature (26), and thermal
response has multiplicative interactions with other drivers of phytoplankton fitness (27,
28). Thermal reaction norms describe the effect of temperature on growth rate, are
measured for individual taxa in the laboratory, and indicate potential evolutionary
tradeoffs between adaptive thermal mechanisms (such as the use of proteins with
different temperature sensitivities (29), the rate or regulation of resource use (30, 31)
(32)) and fitness (33).

The deviation of thermal reaction norms of individual ecotypes from a “standard”
form is suggested to be among the most important markers of the role of phytoplankton
diversity in shaping thermal response (34–36), but its ecological implications have not
been explored in ecosystem models to date. The width of a thermal reaction norm
indicates the tradeoff between being a temperature “generalist” capable of growing
successfully over a wide temperature range, or a “specialist” with a narrower
temperature range, but potentially with a growth rate advantage (33). The commonly
used Eppley-Norberg model (37) parameterizes thermal reaction norm width explicitly
(37–39). Thermal reaction norm width has broad relevance to ecology and species
biogeography. Janzen’s rule (40, 41) hypothesizes that at higher latitude and elevation,
higher thermal variability leads to wider thermal niche widths. Past work has found that
phytoplankton frequently do not adhere to this expectation that thermal width increases
with latitude (42). The diversity of phytoplankton makes it difficult to extrapolate point
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measurements of thermal width and local temperature to community trends, which is
key to interpreting phytoplankton studies in the context of ecological theory.

To directly interrogate the effect of diversity on thermal response, we used
Gephyrocapsa (formerly Emiliania) huxleyi as a model system. G. huxleyi is frequently
grown in the laboratory as a model phytoplankter due to its global distribution and ease
of culturing (43) as well as its developed molecular resources (44). Moreover,
intraspecific diversity within G. huxleyi is well-described, including in calcite elemental
composition, growth rate, C:N ratio, and thermal response (43, 45–48). Distinct G.
huxleyi isolates have unique thermal reaction norms (36, 49), and strain diversity can
shift thermal reaction norms in ecologically significant ways (50). Strain identity thus
may determine viral resistance via lipid remodeling (51), alkenone composition (47),
elemental composition and change (52), and trace metal speciation and use (53–55), all
of which may determine both phytoplankton community composition and nutrient export.
The G. huxleyi species complex is unusually resilient to temperature among
coccolithophores (56), which may further increase its importance as global mean
temperatures rise. G. huxleyi also has a level of diversity appropriate to test hypotheses
about coccolithophore and general phytoplankton thermal physiology. Coccolithophores
are frequently cited as suited to low temperature, low turbulence, oligotrophic
conditions, which drives predictions of declines in this group as a consequence of
climate warming (57). Despite this prediction, G. huxleyi expansions have recently been
observed in situ (58, 59). There is a pressing need to examine undersampled thermal
niche traits in G. huxleyi and other phytoplankton, as niche width and strain diversity
could impact group coexistence and overall biomass and hence explain unexpected
trends in the success of competing phytoplankton taxa.

Here, we selected 12 globally-distributed G. huxleyi isolates to assess the degree
of thermal response curve variability across strains. To explore the impact of observed
thermal trait diversity on total biomass and thermal type coexistence, we designed a
model simulation for a general phytoplankter with varying thermal optima (following
(60)) and included variable thermal response norm width among model “ecotypes”. The
large, relatively geographically-balanced collection of G. huxleyi strains that we
collected expanded available thermal response data and provided sufficient resolution
to implement a diversity-resolving model simulation. We combined the model simulation
with the laboratory dataset to demonstrate that model output can predict and diagnose
reasons for the success of dominant traits across ocean regions. Our study bridges
increasing recognition of the importance of strain-specific processes with the impacts of
intraspecific diversity on typical model representations of thermal response and global
thermal range predictions.

Results and Discussion
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G. huxleyi thermal reaction norms are intraspecifically variable

To quantify the intraspecific variability of phytoplankton thermal response due to
local thermal habitat, we selected 12 strains of G. huxleyi isolated from across the
global ocean and from a variety of global environmental regimes (Figure 1). We
acclimated strains to temperatures in the lab for at least 2 months and then
characterized thermal reaction norms. The 12 strains of G. huxleyi in this study have
distinct maximum growth rate, ratio between maximum growth rate and optimum
temperature, and thermal range (Figure 2). The total range in measured thermal widths
was 8.1°C, the range in thermal optimum was 11.4°C, and the range between maximum
growth rates at the thermal optima of the strains was 0.69 day-1. We found no significant
relationship between thermal optimum and the growth rate at the thermal optimum
(Kendall’s tau: T=34, tau=0.03, p=0.95). These results indicate that the strains we
measured did not follow any straightforward scaling between average preferred
temperature and either thermal range or maximum growth rate, highlighting the
ecosystem relevance of intraspecific diversity under constant ambient environmental
conditions. The 12 G. huxleyi strains examined here also had a broader range in
thermal optimum than previously observed (48, 49, 57) due largely to our addition of a
strain from the Southern Ocean (RCC6071) . The data from the 12 strains we examined
reaffirmed that coccolithophores have a wide range in maximum growth rates within a
relatively small range of thermal optima (Figure 2B). The Southern Ocean strain also
has a higher maximum growth rate than several strains with higher optimum growth
temperatures (Figure 2B).

With the specific goal of identifying generalists and specialists, we compared our
thermal performance characterizations to a prior data compilation for coccolithophores
(57), and added a recent set of thermal characterizations of G. huxleyi (49) (Figure 2B).
Our globally-sampled data affirm that thermal trait diversity within the cosmopolitan
species G. huxleyi is representative of all known thermal response data for
coccolithophores (Figure 2A,B; Supplementary Figure 1), hence G. huxleyi is
exceptionally phenotypically variable. However, the total diversity of coccolithophore
thermal responses is undersampled–only four other species of coccolithophore were
present in the two datasets combined (49, 57). Our work underscores the importance of
considering intraspecific variability, in that characterizing a single isolate is insufficient to
capture the flexibility of phytoplankton thermal response and inform parameterizations
of phytoplankton thermal limits in models (61–63).

Generalist and specialist strategies may influence the ecology of phytoplankton
within and between thermal types and determine the water temperatures at which they
can be successful. We evaluated G. huxleyi’s thermal niche width in the laboratory
experiments by recalculating the width of the thermal response curve using the
temperatures at which the simulated growth rate via the Norberg parameterization
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crossed zero. The 12 strains fell along a range of thermal width values, with strain
RCC1212 being the most “specialist”, while strain RCC3963 was the most “generalist”
(Figure 2B). Given the relationship between maximum growth rate and thermal optimum
and other factors influencing growth, it is difficult to ascertain from laboratory data
whether a penalty exists. We could not assign a straightforward growth rate cost to a
broader thermal niche width. Although more thermal range flexibility would likely
necessitate a lower maximum growth rate (33, 64), neither our data nor previous data
compilations supported a significant penalty (Supplementary Figure 25). The
relationship between maximum growth rate and thermal optimum complicates the
evaluation of the cost.

We used a second thermal width parameter for the range of temperatures that
fell within 80% of the maximum measured growth rate. We call this the “plateau
parameter,” since it captures the scenario that we frequently observed in which a range
of temperatures appeared to be close to equally suitable for growth (Supplementary
Figure 2). The plateau parameter had a range of 6.5°C between strains, and similarly
had no significant relationship with optimum temperature (Kendall’s tau: T=22,
tau=-0.33, p=0.15) or maximum growth rate at the thermal optimum (Kendall’s tau:
T=25, tau=-0.24, p=0.31). The plateau parameter was weakly correlated with the
thermal width (Kendall’s tau: T=47, tau=0.42, p=0.063). Strains with a high range of
survivable temperatures tended to have high growth rates across that survivable
temperature range, but their maximum growth rates did not occupy a uniform proportion
of the range (Supplementary Figure 2). A larger measured thermal niche width only
partially explained the larger range of temperatures around the thermal optimum with
similar, near-maximum growth rates. The phytoplankton thermal types we measured
were hence diverse in thermal optimum, thermal niche width, and range of temperatures
with high, near-maximum growth rates.

Varying modeled thermal width traits predicts distinct biogeographies of generalists and
specialists

Our observations of the thermal traits of G. huxleyi highlight the variability in
thermal niche width present in a single marine species. To understand how this diversity
may impact G. huxleyi and other phytoplankton distribution at the ecosystem scale, we
took an ecological modeling approach. To isolate the role of thermal reaction norm in
determining phytoplankton distribution and biomass, we used the Darwin model, an
ecosystem layer on the MIT general circulation model (60, 65). We resolved sixty
identical phytoplankton ecotypes with the same light and nutrient requirements and
susceptibility to predation. These ecotypes only differed in their thermal optima and
thermal niche widths. We chose six thermal widths that linearly spanned the
approximate range of thermal niche widths we observed across G. huxleyi strains
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(Figure 3C). Both our experiments and a previous data compilation did not find a clear
relationship between thermal niche width and growth rate (42), but imposing a
hypothesized growth rate penalty in the model ensured that a wider niche width would
not be a universally beneficial trait (Supplementary Figure 4). To interpret the impact of
this penalty, we compared our results to a no and a high penalty model scenario
(Supplementary Information; Supplementary Figure 4. Comparing the no- and
high-penalty scenario to the intermediate penalty we used in this study revealed that
while generalist biomass correlates strongly with temperature variability in the no-cost
scenario (Supplementary Figure 4A), there was low overall thermal niche width diversity,
which contrasts with our laboratory observations. The high-cost scenario was
completely specialist-dominated and showed the least correlation to temperature
variability (Supplementary Figure 4C). The intermediate penalty scheme that we
adopted provided a reasonable tradeoff between these two extremes that was
consistent with the observation that many different thermal niche widths are indeed
found in situ, suggesting that a penalty may exist even if not directly observed.

The largest relative populations of generalists were found in the north Pacific
Ocean and northwest Atlantic (Figure 3A), which were areas of high temperature
variation in the model (Supplementary Figure 3; Figure 3). However, some regions that
favored generalists, such as areas of the Southern Ocean, did not have high thermal
variability. Further, regions enriched with specialists included oligotrophic gyres with low
thermal variability (Figure 3A). The observation that regions with higher thermal
variability tend to favor generalists in our model is partially compatible with
generalizations of Janzen’s hypothesis (40, 41). However, our model reveals that
physical features or the timing of seasonal changes in temperature and nutrient
availability may result in an outsized role of resource availability (66) over thermal
variability in some regions (e.g., Supplementary Figures 4 and 5).

In this intermediate cost simulation, mean thermal niche width and number of
coexisting thermal niche widths (Figure 3A,B) corresponded to ocean biogeochemical
provinces, such as oligotrophic gyres and boundary currents. Due in part to these
features, abundance patterns of individual thermal types did not necessarily correlate to
thermal variability via standard metrics. These features may explain unexpected
observations in thermal niche width relative to latitude or local temperature. For
example, past work found that strains of G. huxleyi isolated from Bergen, Norway, a
region with comparatively high thermal variability, actually had a higher mean thermal
reaction norm width than isolates from Azores, Portugal, where thermal variability was
lower (36). The model predicts approximately the same mean thermal niche width
(Figure 3A; Supplementary Figure 5), and coexistence between generalists and
specialists (Supplementary Figure 8) at these two locations. This result indicates the
flexibility of the model to predicting thermal niche width coexistence amid differences in
temperature variability. While regions of very high thermal variability in the model had
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correspondingly high average thermal niche widths, average weighted thermal niche
width more frequently corresponded to basin biogeography–hence local resource
availability (66–69)–than absolute range or standard deviation in environmental
temperature (Supplementary Figures 4, 5, 6). This could be due to geographic
separation between basins, advection of specific water masses, nutrient availability, or
physical mixing.

To further explore the benefit of being a generalist, we compared the simulation
with both specialists and generalists (generalist-specialist experiment) to one with only
specialists (Figure 3C). We found that total biomass was generally lower in the
specialist-only simulation (Figure 3D). The largest changes in biomass occurred in
generalist-dominated regions (Figure 3A,D). However, there were also some increases
in biomass in regions that favored specialists, suggesting that generalists were in fact
less productive in these regions, but had nevertheless persisted in the
generalist-specialist experiment. Hence, biogeochemical conditions promoted the
existence of regional niches selecting for diverse thermal widths over maximized
community growth rate. Notably, while many regions that had more generalists than
specialists had higher total biomass in the generalist-specialist simulation as compared
to the specialist-only simulation, change in biomass was not proportional to the relative
abundance of generalists (Figures 3A,D). This suggests a higher relative importance of
other factors (e.g., nutrients or phenology) in these regions.

We also compared the specialist-only simulation to a generalist-only simulation,
which revealed different global patterns in the benefit of being a specialist versus a
generalist (Supplementary Figures 9 and 10). Most of the global ocean had higher
biomass in the generalist-only simulation. However, regions like the northwest Pacific
and Sargasso Sea had unexpectedly higher biomass in the specialist-only scenario
(Supplementary Figures 9 and 10) despite high thermal variability (Supplementary
Figure 3). Short-term bursts in specialist biomass are only beneficial when fully coupled
to the timescale of temperature change, hence mismatch between these two timescales
may explain difference in the specialist-benefit tradeoff between ocean regions.
Expected impacts differed between the generalist-only and the generalist-specialist
simulation, indicating that the presence of both specialists and generalists influences
overall biomass. The simulation results reinforced the observation that thermal niche
width influences overall predicted biomass in an ecosystem model simulation, despite
not always correlating directly with local temperature.

Strain geographic predictions highlight the role of intraspecific diversity in biogeography

The ecosystem model simulation output can be leveraged to determine which
thermal traits are likely to be most successful in each ocean region. We used the
ecosystem model output to predict the distribution of the twelve strains of G. huxleyi that
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we measured in the laboratory (Figure 4). Using the minimum and maximum
temperatures of the model thermal types that could survive at each latitude and
longitude, we calculated the probability that a hypothetical “thermal type” with the same
thermal maximum and minimum of each of the measured laboratory strains could
persist. We found agreement between the location of original isolation of the strain and
the predicted model probability that the strain would exist in that location. For example,
6 of the strains had greater than 15% probability and 3 had greater than 50% probability
(Supplementary Figure 11). The 3 strains with less than 1% probability of existence in
the model grid point corresponding to their isolation location (RCC6071, RCC914, and
CCMP1516) had high probability values nearby (Supplementary Figure 11). Latent
diversity within G. huxleyi indicates the ability of the species to survive across virtually
all global ocean regimes, yet no individual strain tested had a greater than 1%
probability in all simulated ocean regions (Supplementary Figure 12). This result
indicates that intraspecific variability in thermal trait diversity can increase the overall
success of a species in surviving a range of temperatures and may be a mechanism
that underpins the co-existence of strains in situ.

Implications for modeled current and future phytoplankton habitat

Taken together, the model analysis and laboratory results demonstrate that the
width of the thermal response curve can have a strongly deterministic influence on the
simulated distribution of phytoplankton in a diversity-resolving ecosystem model. The
varied thermal niche widths of the strains we measured in the laboratory suggest that
strains use different mechanisms to cope with environmental temperature. Genome
sequencing paired with gene expression studies will illuminate what specific differences
in biological pathways may be responsible for different observed thermal parameters
between strains (70). Thermal response mechanisms may also have variable resource
reliance, which could reduce, eliminate, or augment each strain’s thermal response
(71–73). Future work on the thermal sensitivity of phytoplankton to other environmental
drivers (e.g., nutrient-temperature relationships and trace metal availability) should also
consider intraspecific variation. Our observation that generalist-specialist simulations
show greater biomass in thermally-variable ocean regions may impact predicted
phytoplankton resilience to future climate, including increasing thermal variability (17,
20, 74) and marine heat waves (75). For example, coccolithophores may be able to
persist during short-term heat waves via their slowly increasing maximum growth rates
at their optimum temperatures and diversity of thermal niche widths, which may
increase stored resources and resilience to temperature fluctuation (76, 77). Because
G. huxleyi tends to be comparatively resilient to warming temperatures and fluctuating
nutrients among coccolithophores (56, 78), the intraspecific diversity in thermal niche
(e.g., generalist v. specialist) observed here may offer a still greater mechanistic
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advantage against temperature warming and variability. Measuring the phenotypic
flexibility that confers diverse thermal traits and encoding it in models is hence essential
to projecting future change in the balance of phytoplankton functional types with global
climate.

Materials and Methods

Laboratory culturing

Starter cultures were obtained from the Bigelow Laboratory for Ocean Science’s
National Center for Marine Algae and Microbiota (NCMA) for strains CCMP371, 374,
375, 379, and 2090, and from the Roscoff Culture Collection (RCC) for strains RCC874,
914, 1212, 3492, 3963, 4567, and 6071. Strain CCMP1516, which is a descendant of
the same original isolation as Strain 2090, was obtained from the Dyhrman laboratory at
Columbia University and has been observed to calcify, whereas strain CCMP2090 no
longer calcifies in culture. Maintenance cultures of each of the thirteen strains were kept
at 18oC under a 14:10 light/dark cycle and transferred approximately once per month.
Four fluorescent tube bulbs were positioned below the culture vials, one per row of the
thermal block, such that each set of culture tubes was situated directly above a bulb.
Approximately 10 centimeters from the light source, a light level of approximately 24
umol m-2 s-1 was measured. Natural seawater from Vineyard Sound, MA, USA was used
as the base for all media recipes. Strains were maintained in standard L1 media without
silica (reported herein as L1-Si; as per https://ncma.bigelow.org/algae-media-recipes).
Strains CCMP1516 and 371 were maintained in low nutrient media to help retain their
calcification state, where all nutrients, trace metals, and vitamins were added at 1/25th
of the standard concentration (reported herein as L1/25-Si; as per
https://ncma.bigelow.org/algae-media-recipes).

An aluminum thermal block was used to achieve a thermal gradient over which
strains could be incubated at increasing temperatures. The aluminum block has 80
openings across 4 rows and 20 columns for 25 mm diameter glass culture tubes.
Thermal equilibrium is maintained using insulation, and a shared light source at the
bottom of the thermal block enables constant light levels across the experiment (79, 80).
A circulating water bath was used to keep one side of the thermal gradient cool, while a
heating element on the other side set the maximum temperature of the experiment; the
low and high temperatures were selected for each set of measured strains based on
their expected thermal tolerance. Temperature extremes were set according to realistic
temperatures for the strain being tested, and temperatures were measured and
recorded regularly throughout the experiments.

Each strain was transferred via 1 mL aliquots from the maintenance stock to 6-7
different temperatures spanning the thermal gradient at the beginning of the experiment.
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Strains CCMP1516 and 371, as well as strain CCMP2090 for inter-comparability with
descendant of the same lineage strain CCMP1516, were transferred into and
maintained in the L1/25-Si media, while the remainder of the strains were transferred
into and maintained in L1-Si media for all subsequent transfers in the thermal
experiment. Cell abundances and optical properties were measured daily using flow
cytometry, with either a Guava easyCyte HT 2 or 3 (Luminex, USA) (Strains RCC874,
CCMP371, CCMP379, and CCMP374) or a BD Accuri C6 Plus equipped with a
C-Sampler (BD, USA) (Strains RCC1212, RCC6071, CCMP1516, CCMP2090,
RCC3963, RCC914, RCC3492, and CCMP375). Each strain population was maintained
in triplicate rows with identical temperatures in semi-continuous culture for a minimum of
45 generations, or approximately 2 months. Data were manually curated to ensure that
compatible points in the culture cycle were used for growth rate calculations. Maximum
growth rates were computed using the last recorded time point in exponential phase
and the first recorded time point in exponential phase according to the equation:

µ =
𝑙𝑛(𝑁

𝐹
)−𝑙𝑛(𝑁

𝑖
)

𝑡

where is the final recorded concentration in exponential phase as measured in𝑁
𝑓

cells per milliliter, is the first recorded concentration, and is the duration in days.𝑁
𝑖

𝑡

The final growth rate is expressed in dimensionless units of per day. Final thermal
reaction norms were constructed using growth rates computed from up to 3
semi-continuous transfers when data meeting the minimum quality thresholds were
available.

Thermal response curve parameterization

We used the equation from Norberg (2004) to parameterize phytoplankton
growth rates across the strains we studied:

(1)𝑘(𝑇) =  𝑎 * 𝑒𝑏𝑡 * 1 − 𝑇−𝑧
𝑤/2( )2⎡⎢⎣

⎤⎥⎦
where T is temperature, k(T) is specific growth rate, w is the estimated thermal

niche width, and a, b, and z are opaque shape parameters, commonly fit using methods
like maximum likelihood estimation (39, 81, 82). We used the bbmle package (version
1.0.25) (83) to estimate parameter values for this equation for each of the strains. We
estimated the thermal optimum from the equation by using the optimize function in R
with the maximum parameter set over an interval in temperatures from zero to 40oC. We
recalculated the thermal width for the data from (57) using 0.01 as a threshold value for
when growth rate was zero at the intersection points, since the parameterizations
tended to have unrealistically high reported thermal widths when the estimated thermal
performance curves had long tails with near-zero growth rates.
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We calculated the “plateau parameter” (the range of temperatures over which
measured growth rate was within 80% of the maximum measured growth rate) using the
same search procedure to determine the intersection points. The code used to calculate
these quantities is available in the published GitHub repository.

Parameterization of Darwin 3-dimensional model simulation

To simulate more diverse thermal response curve shapes, we modified the
Darwin model (60, 65, 84). The Darwin model is designed to be flexible in the number
and types of plankton to include. Here to focus on the relevance of thermal norm
structure alone, we implement a setup where the phytoplankton types we include (either
10 or 60 types) are identical to each other except for their thermal norm and are grazed
equally by the single zooplankton grazer. The 10 or 60 phytoplankton functional types
had one of 10 thermal optimum values. We compared two simulation configurations:
thermal optimum only, wherein only thermal optimum varied between 10 different types
and roughly linearly spaced optimum values varied between 0oC and 31.5oC
corresponding to typical thermal optimum values for coccolithophores. In a second
model configuration, the same 10 thermal optimum types were simulated between 0oC
and 31.5oC, but each thermal optimum type also corresponded to 6 different thermal
niche width values (16, 18, 20, 22, 24, and 26oC). These thermal niche width values
each corresponded to a different value of both the parameters a and w in the Norberg
curve parameterization of the thermal curve. We penalized the a parameter of each
functional type by 0.05 for every degree Celsius wider its width was than the baseline
specialist phytoplankton functional type. This imposed a cost to adopting the generalist
lifestyle in the model. Because our strains varied in thermal niche width in the laboratory
without predictable changes in maximum growth rate, we applied a uniform penalty
rather than using an observed laboratory relationship between thermal width and
maximum growth rate. A single grazer class was simulated in the model, with grazing
rate scaled by temperature according to the expression:

𝑒0.065*(𝑇𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 − 24)

In each of these two experiments, the phytoplankton types were initialized with identical
biomass and the simulation was run for 10 years. The biogeography of the different
phytoplankton types reaches a quasi-steady seasonal cycle after about 3 years of
integration. We present results from the last year of this simulation.

Analysis of Darwin model output

The Darwin model results were saved in time-averaged intervals of one month, and
then the surface layer of the simulation was extracted from the model output. Biomass
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was measured in the model in units of mg/m3 in carbon units for each phytoplankton
type. Biomass-weighted thermal niche width was calculated at each gridded latitude and
longitude location according to the expression:

𝑊𝑒𝑖𝑔ℎ𝑡𝑒𝑑 𝑊𝑖𝑑𝑡ℎ (𝐿𝑜𝑛𝑔,  𝐿𝑎𝑡) =  𝑤 = 0

𝑛

∑ 𝑏𝑖𝑜𝑚𝑎𝑠𝑠[𝑤] * 𝑤𝑖𝑑𝑡ℎ𝑠[𝑤] 

𝑤 = 0

𝑛

∑ 𝑏𝑖𝑜𝑚𝑎𝑠𝑠[𝑤]

All maps were generated using the ggalt package (85) and ggplot within the R statistical
computing environment (version 4.1) (86, 87). The map projection was produced using
the coord_proj function and parameters “+proj=robin +lon_0=0 +x_0=0 +y_0=0
+ellps=WGS84 +datum=WGS84 +units=m +no_defs”. RColorBrewer was used to
create gradient color fills for maps (88).

Presence or absence of thermal niche widths was estimated by considering widths to be
“present” when they constituted at least 1% of total community biomass in at least one
time-averaged month of the simulation.

Projection of thermal habitat of laboratory strains

The maximum thermal habitat of each strain was calculated by taking all strains that
had ever constituted at least 1% of the community at each latitude and longitude point.
The maximum and minimum temperature of each strain as assessed by the thermal
width was extracted and used to build two different normal distributions for each latitude
and longitude point. For each of the twelve strains, the probability density function value
was calculated for the minimum and maximum temperature values observed for the
strain, then normalized to the probability of the mean of the distribution (such that an
observed thermal minimum/maximum matching the mean of the distribution would have
a probability of 1). The two probabilities were combined by multiplication. We assumed
that the two probabilities were independent and could be combined in this way because
we allowed the thermal niche width and optimum to vary. Hence, the observed minimum
temperature value could not be used to predict the mean of the distribution of maximum
temperature values observed in the model and the two distributions can be assumed
independent.

Data Sharing Statement
All code used to create figures is available on GitHub at
https://github.com/AlexanderLabWHOI/2024-Krinos-Ghux-Darwin. All growth rate data
used in the model and the thermal parameters calculated for each strain is uploaded to
the online GitHub repository as well as available in Supplementary Tables 1-3.
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Figures and Tables

Figure 1. Isolation location and measurement frequency of strains of Gephyrocapsa huxleyi
tested. A: Location of original isolation for each strain, which were retrieved from either the Roscoff
Culture Collection (RCC) or the National Center for Marine Algae and Microbiota (NCMA). B:
Temperatures evaluated for each of the 12 strains.
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Figure 2. Thermal response parameters for the 12 tested strains of Gephyrocapsa huxleyi
A: Thermal response curves as parameterized by the Norberg equation for each strain. B: Maximum
growth rate compared to the estimated thermal optimum for each strain; the size of each point indicates
its thermal width. The black dotted line indicates the hypothesized Eppley relationship for
coccolithophores from Anderson et al. (2021). C: Estimated thermal optimum by latitude of isolation,
where strains with higher latitude of original isolation had higher thermal optimum values.
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Figure 3. Thermal niche width modifications to the Darwin model simulation reveal distinct global
biogeography of phytoplankton generalists and specialists A: Mean biomass-weighted thermal niche
width of 60 phytoplankton functional types in the Darwin model simulation. Whereas theory suggests that
specialists should dominate in high-latitude regions with high seasonality, we found that specialists tended
to play a larger role in the total phytoplankton community in the subtropical gyres, whereas generalists
with higher thermal niche widths thrived in temperate, mid-latitude regions. B: Number of thermal niche
widths observed with at least 1% biomass in the generalist-specialist simulation; more purple colors
indicate more thermal niche widths present, up to a maximum of 6. C: Static thermal niche width (left) vs.
specialist-generalist (right) thermal reaction norms; each color corresponds to a different thermal niche
width, with lighter colors indicating a more generalist thermal niche width. D: Percentage difference in
mean modeled biomass in the final year of the simulation between the generalist-specialist simulation and
the static specialist only simulation. Darker pink colors indicate higher biomass in the generalist-specialist
simulation, whereas green colors indicate higher biomass in the static specialist only simulation.
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Figure 4. Probabilistic projections of the environmental distributions of each of the strains of
Gephyrocapsa huxleyi measured in the laboratory. A: A representation of the methodology used to
calculate probabilities; a distribution was built from the thermal minima and maxima of all strains that
existed at each gridded latitude and longitude point in the model and constituted at least 1% of the
population. Probability was calculated using the probability density function for each distribution, then the
two probabilities were multiplied. B: The number of strains in each latitude and longitude point with at
least a 5% probability of occurring from 0 (white) to 12 (dark purple); colored diamonds indicate the
isolation locations of each of the 12 strains and are identical to the gridded locations and colors of Figure
1A. C: Predicted probability using the method from 4A for strain CCMP374. D: Predicted probability using
the method from 4A for strain RCC1212. E: Predicted probability using the method from 4A for strain
CCMP371.
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