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Scientiﬁc Signiﬁcance Statement
Polar regions are experiencing the most rapid temperature increases due to climate change with anticipated far-reaching effects
on marine primary production and the carbon cycle. Based on short-term experiments, it has been hypothesized that Arctic
Micromonas, a dominant member of the phytoplankton community, would eventually be inhibited by the increased temperatures associated with climate warming. Our experiments show that Micromonas polaris has the capacity to change its thermal
performance curve, optimum temperature for growth, and growth rate in only a few hundred generations or two years, which
should alter how we model anticipated changes in phytoplankton community structure in polar waters over the coming
century.

Abstract
Phytoplankton are sensitive to temperature and other environmental conditions expected to change with warming
over the next century. We quantiﬁed the capacity of an ecologically dominant Arctic phytoplankton species, Micromonas polaris, to adapt to changes in temperature, increased temperature and irradiance, and increased temperature
and periodic nitrogen starvation, over several hundred generations. When originally isolated, this strain of Micromonas had its maximum growth rate at 6 C, and its growth rate declined above 10 C. We ﬁnd an evolutionary
increase in growth rate, with the largest increases associated with the elevated temperature treatments, especially
when combined with repeated nitrate starvation. After several hundred generations of exposure, the growth rate of
Micromonas under 13 C almost doubled and was higher than under 6 C. This increase in growth rate is consistent
with the Arrhenius model of temperature effects on metabolism and suggests a general hypothesis for the evolutionary potential of phytoplankton to respond evolutionarily to temperature change.
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environmental changes expected with climate warming is
required to improve our understanding of how phytoplankton
community structure may change in a warming Arctic.
Our objective was to determine if the geographically widespread Arctic picoprasinophyte Micromonas has the evolutionary capacity to alter its growth rate in response to
environmental conditions expected to change with future
warming and water column stratiﬁcation. We addressed this
through long-duration laboratory experiments on M. polaris,
quantifying its growth rate over hundreds of generations of
exposure to increased temperature, increased temperature and
irradiance, and an increase in temperature in conjunction
with periodic nitrate stress. We ﬁnd evidence of evolutionary
increases in growth rate under several of the treatments.

The Arctic is undergoing rapid environmental change. Arctic warming is causing a reduction in the annual temporal
duration and spatial extent of sea ice, increases in light availability in the sea surface, and the potential annual growing
season for phytoplankton (Osborne et al. 2018). Changes in
net primary production (NPP) by phytoplankton and sea ice
algae are expected to have widespread impacts on the Arctic
food web and the global carbon cycle. Arrigo and Van Dijken
(2011) have extrapolated that the complete loss of Arctic sea
ice could increase annual Arctic NPP to ~ 730 Tg C a−1 relative
to an estimated average rate of 438 Tg C a−1 from 1978 to
1998. There is signiﬁcant spatial and temporal variability in
Arctic marine NPP (Tremblay et al. 2015) and much uncertainty in projections for how future warming will alter NPP in
the Arctic Ocean (Vancoppenolle et al. 2013). Increasing
cloudiness (Bélanger et al. 2013) and decreases in nitrate availability in the sea surface may moderate and even cause
decreases in NPP (Capotondi et al. 2012; Vancoppenolle et al.
2013). In the contemporary Arctic ocean, phytoplankton
achieve their optimal growth rate at about 6.5 C and there is
speculation that a warming ocean may restructure phytoplankton communities once temperatures exceed the ideal
range of temperatures (Coella-Camba and Agusti 2017).
Climate-driven changes in phytoplankton production and
community composition are expected to inﬂuence trophic
transfer of phytoplankton carbon to the upper food web and
export to the deep sea. Phytoplankton communities dominated
by small cells will often have lower trophic efﬁciency and rates
of carbon export to the deep sea than communities dominated
by larger cells (Laws et al. 2000; Finkel et al. 2010). Historically,
large diatoms have dominated communities in the more eutrophic regions of the Arctic, such as Bafﬁn Bay and Lancaster
Sound, while small ﬂagellate-dominated communities are found
in the oligotrophic regions of the eastern Beaufort Sea, peripheral Amundsen Gulf, and the central region of the Canadian
Arctic Archipelago (Ardyna et al. 2017). Recent increases in sea
ice melt and increased stratiﬁcation of the waters in the Canadian Arctic Basin have been associated with an increase in the
abundance of small ﬂagellates such as Micromonas
(Li et al. 2009).
Micromonas is a common and often dominant member of
phytoplankton communities in the Arctic (Not et al. 2005;
Lovejoy et al. 2007; Balzano et al. 2012; Simon et al. 2017).
Field data and short-term acclimation experiments indicate
that both warming and ocean acidiﬁcation may increase the
growth rate and ecological role of Micromonas in the Arctic
(Lovejoy et al. 2007; Li et al. 2009; Hoppe et al. 2018). There is
evidence that phytoplankton may have the capacity to evolve,
altering their responses to changing conditions (e.g., Schaum
et al. 2016; Walworth et al. 2016). More information on both
the acclimation and adaptation potential of key Arctic phytoplankton species, such as Micromonas, in response to the

Material and methods
Arctic Micromonas strain CCMP 2099, now identiﬁed as
M. polaris (Simon et al. 2017), was obtained from the ProvasoliGuillard National Center for Marine Algae and Microbiota. Cultures were grown in natural seawater from Cape Tormentine,
Canada (salinity 30–33) enriched with f/2 trace metals and vitamins, as well as 7.5 nmol L−1 sodium selenite. Nitrate and
phosphate additions were reduced from the original f/2 concentrations to 120.1 μmol L−1 and 12.4 μmol L−1, respectively,
to moderate the maximum cell density of lines allowed to grow
into stationary phase as described in the following paragraph.
The medium was ﬁlter-sterilized (Pall Acropak 0.8/0.2 μm capsule ﬁlter). Experimental lines were initiated from small
innocula; cultures initiated from single cells were not viable.
Six replicate lines were maintained per treatment. Axenic technique was applied but the cultures were not free of bacteria.
Five treatments were investigated. Three temperature treatments: 2 C, 6 C, or 13 C at 100 μmol photons m−2 s−1 (identiﬁed as 2C, 6C, and 13C treatments). In addition, a 13 C
treatment was grown at elevated irradiance of 220 μmol photons m−2 s−1 (13HL treatment). These four treatments were
maintained as semicontinuous diluted batch cultures. All cultures
were transferred into new media in the exponential growth
phase at a cell density of 6.0–8.0 × 106 cells mL−1 and
diluted down to 1.0 × 106 cells mL−1. A ﬁfth treatment was
grown at 13 C and run repeatedly into stationary phase
nitrate limitation (13LN treatment); cultures were transferred into new media the second day in the stationary
phase (as determined at the initiation of the experiment) at
a cell density between 12.0–16.0 × 106 cells mL−1 and
diluted down to ~ 1.65 × 106 cells mL−1. All treatments were
grown under a 12:12 light:dark cycle.
Cell density was counted using a light microscope (Zeiss,
Axio Imager 2, 40X objective) and hemocytometer or with a
ﬂow cytometer (BD, Accuri™ C6 Plus). Growth rates were
2

Benner et al.

Micromonas to adapt to a warming ocean

Bayesian approach using the R packages brms and rstan
(Bürkner 2018; Carpenter et al. 2017). The leave-one-out
information criterion (LOOIC) was used to identify the model
with the best tradeoff between parsimony and ﬁt to the data.

calculated using the cell density at the beginning (n0) and end
of each transfer (n) using the following equation:

μ=

lnðnÞ− lnðn0 Þ
t

ð1Þ

Results

where t was the time between transfers in days. For the periodically nitrate-limited treatment, the culture spent approximately 2 d in stationary phase and 2 d in lag phase between
each serial dilution at time 0. Using the full time period to calculate growth rate would provide an estimate of growth rate
considerably smaller than the growth rate during exponential
phase in this treatment and make comparisons with the 13 C
nitrate-replete cultures more difﬁcult. For this reason, we
approximated the exponential growth rate in the periodically
nitrate-limited treatment as
μ=

lnðnÞ− lnðn0 Þ
:
t −4

Growth rates increased throughout the evolution experiment in all lines and treatments, although the trend varied
over time and across treatments (Table 1; Fig. 1). The growth
rate increase was lowest (μD) and slowest (K) in the 2 C treatment. The 6 C treatment showed the next smallest increase
in growth rate over the course of the experiment. The 13 C,
13 C HL, and 13 C LN treatments had the largest increases in
growth rate by the end of the experiment. With the exception
of the 13 C LN treatment, all of the treatments exhibited a
saturating increase in growth rate with increasing number of
generations of exposure (Fig. 1; Table 1). The 2 C treatment
exhibited very little change in growth rate over 260 generations of exposure, and thus little evidence of saturation, while
the 13 C LN treatment exhibited a nearly linear increase in
growth rate throughout the 170 generations of the experiment (Figs. 1, 2). For the 13 C LN treatment, the growth rate
corresponds to a realized average growth rate between dilutions and may not correspond to the maximum exponential
growth rate. This growth rate may not directly correspond to
changes in exponential growth rate if there was a change in
lag or stationary phase duration or in resource use efﬁciency,
which was not monitored. In all cases, the models ﬁt to each
line/bottle separately were deemed inferior (had larger LOOIC
scores) than the models ﬁt to pooled data within treatments;
pooled parameter estimates are provided in Table 1. The ﬁtness test on cultures grown from the 13 C treatment at
250 generations found no signiﬁcant change in growth rate at
2 C, an 8% decrease in growth rate at 6 C, and a small (3%)
increase in 13HL, relative to the growth rate of lines evolved
in the corresponding treatments (i.e., the 2C, 6C, and 13HL
treatments). This indicates that there was a shift in the optimal growth temperature from 6 C to 13 C over the course of
the experiment in the 13 C treatment.

ð2Þ

This calculation assumes there is no change in the duration of
the lag and stationary phases, but they may have changed
throughout the experiment.
Fitness tests were conducted on the 13 C treatment. Three of
the six lines of the 13 C treatment were subcultured and transferred to 2 C and 6 C. The lines for the ﬁtness test were chosen
with the lowest, highest, and average growth rate of the six lines.
After an acclimation period of 8–10 generations, growth rates
were determined. The experiment was terminated after approximately 260, 270, 330, 340, and 170 generations for the 2C, 6C
13C, 13HL, and 13LN treatments, respectively.
Since growth rates were estimated at each transfer from a
two-point estimate, the uncertainty in each growth rate estimate led to substantial variability over short periods of time;
therefore, we focus on the long-term trend rather than this
short-term variability. Changes in growth rate (μ, d−1) over
the evolutionary experiment were analyzed by regression with
a linear model (μ = μ0 + mt) and a nonlinear model using a
Michaelis–Menten saturating function (μ = μ0 + tμ+DKt ) where t is
the time in generations since the start of the experiment for
each treatment, μ0 is the growth rate at time 0, μD is the projected increase in growth rate at the end of the evolutionary
trajectory, and K is the number of generations required to
achieve half of this change (similar to Barrick et al. 2009). We
use time measured in generations rather than days as we are
seeking to identify evolutionary changes and wish to be able
to compare the evolutionary rates under contrasting conditions with very different growth rates (d−1). Outliers were
identiﬁed with the R package robustbase (Maechler et al.
2018) and removed if the robustness weight for a point as
determined by the function lmrob was less than 0.3. Models
were ﬁt with separate parameters for each bottle within each
treatment and for a single set of parameters for all bottles
pooled within a treatment. Parameters were estimated with a

Discussion
M. polaris CCMP 2099 is a common and ecologically
important member of Arctic phytoplankton communities
(Not et al. 2005; Lovejoy et al. 2007; Balzano et al. 2012;
Simon et al. 2017). Traditional shorter-term physiological
experiments have shown that the growth rate of M. polaris is
optimal between 6 C and 8 C, inhibited above 10 C and that
it is unable to tolerate temperatures above 12.5 C (Lovejoy
et al. 2007). These results have been used to hypothesize that
M. polaris may decline in abundance and geographic extent
with signiﬁcant warming in the Arctic. Demory et al. (2019)
have hypothesized that Micromonas may evolve in response to
3
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Table 1. Parameters describing how exponential growth rate, μ, increases with the number of generations, t, since the start of the
evolutionary experiment for each treatment.
μ0 (d−1)

μD (d−1)

K (gen)

n

nout

0.28 (0.27, 0.29)
0.36 (0.33, 0.38)
0.28 (0.26, 0.30)
0.35 (0.33, 0.37)
0.22 (0.20, 0.24)

0.072 (0.043, 0.11)
0.18 (0.14, 0.24)
0.29 (0.26, 0.33)
0.26 (0.22, 0.31)
0.46 (0.37, 0.58)

210 (58, 380)
160 (57, 310)
120 (77, 200)
170 (96, 270)
190 (120, 280)

321
274
414
421
203

0
2
15
8
10

Treatment
2 C
6 C
13 C
13 C HL
13 C LN

μ0 (d−1)
13 C LN

m (d−1 1000 gen−1)

0.24 (0.22, 0.25)

1.37 (1.22, 1.53)

0.1 0.3 0.5 0.7

Data for each treatment is ﬁt to the saturating function model μ = μ0 + μDt/(t + K), where μ0 is the exponential growth rate at t = 0, μD is the projected
maximum increase in exponential growth rate at the end of the evolutionary trajectory, and K is the time, in generations, for half of this increase to be
achieved. The table lists the posterior mean of each parameter and the 95% credible interval from model ﬁts using brms (Bürkner 2018). Parameters for
a linear model, μ = μ0 + m(t/1000), are also reported for the 13 C LN treatment. The leave-one-out cross-validation information criterion favored the saturating function for all treatments except for the 13 C LN treatment which favored the linear model. Sample size, n, is the number of two-point growth
rate estimates used for each model ﬁt. A small number, nout, of growth rates were deemed to be outliers and removed (using the R package robustbase;
Maechler et al. 2018).

0.1 0.3 0.5 0.7

2C

0.1 0.3 0.5 0.7

6C

0.1 0.3 0.5 0.7

13C

13HL

0.1 0.3 0.5 0.7

Growth rate (d−1)

temperature change over the next century. Our long-term
study demonstrates that populations of M. polaris have the
capacity to adapt to higher temperature (13 C), higher temperature and irradiance (13 C and 200 μmol m−2 s−1), and
higher temperature with periodic nitrate depletion within
200 generations (Figs. 1, 2; Table 1). Padﬁeld et al. (2016)
found the freshwater alga, Chlorella vulgaris was able to evolve
tolerance to high temperature after approximately 100 generations. These results, in conjunction with related studies on
other key phytoplankton species, suggest that evolutionary
dynamics will likely play a signiﬁcant role in shaping the
response of phytoplankton communities to climate change
over the next centuries (Bell and Collins 2008).
Here, we observe rapid increases in ﬁtness in all our treatments (within 100–200 generations), with close replication
across lines (Table 1; Fig. 2). Fitness increases within hundreds
of generations have been reported in several studies on eukaryotic phytoplankton (Collins and Bell 2004; Lohbeck et al.
2012; Perrineau et al. 2014). Very few beneﬁcial mutations are
expected to be ﬁxed within 300 generations in Escherichia coli
(Barrick et al. 2009), suggesting that the changes in ﬁtness in
our experiments may be due to changes in population genetic
structure or epigenetic mechanisms such as gene methylation.
But in the diatom Thalassiosira pseudonana, over 225,000
mutations were detected, 7000 ﬁxed, over 300 generations
(Schaum et al. 2018). A transcriptomic analysis of two closely
related temperate diatom species with different optimal
growth temperatures indicates that changes in baseline gene
expression can inﬂuence differences in optimal growth temperature and temperature performance curves (Liang et al.
2019). The ﬁtness trajectories we observed are consistent with
the accumulation of many changes of small effect. By contrast,

13LN
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Fig. 1. Exponential growth rates (d−1) measured throughout the evolution experiment estimated from successive pairs of cell counts. Individual
bottles (n = 6) within treatments are distinguished by color shades. Treatment legend: 2 C (2C), 6 C (6C), 13 C (13C), 13 C and high irradiance
(13HL), and 13 C and periodic nitrate limitation (13LN). The nonlinear
model ﬁt (Table 1) is shown as a solid line.
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t=0

over the subsequent 160 generations. This change may be a
result of an increase in the maximum growth rate during
exponential phase or a change in duration of the lag or stationary phases or a change in resource use efﬁciency. We
hypothesize that M. polaris may have adapted to the repeated
periodic low nitrate treatment through a reduction in lag
phase duration, increase in high afﬁnity uptake, or by increase
in resource use efﬁciency. In E. coli, increases of growth rate
have been associated with large decreases in lag phase over
less than 100 generations (Oxman et al. 2008). Potential evolutionary responses to higher light and periodic nutrient
depletion at the cooler treatments (2 C and 6 C) and the
potential for interaction between these treatments at all temperatures requires further investigation. In summary, treatments that are less representative of typical ancestral
conditions result in larger relative increases in ﬁtness through
selection unless constrained by genetic and biophysical challenges to improving ﬁtness.
Climate change is anticipated to lead to widespread
warming throughout the surface ocean. A survey of maximum
growth rates across phytoplankton under ideal conditions
reveals a linear to exponential increase in maximum growth
rate with increasing temperature up to a threshold temperature followed by rapid declines in growth rates at even higher
temperature (Eppley 1972; Montagnes et al. 2003; Kremer
et al. 2017). Each individual species has its own characteristic
temperature for maximum growth rate and critical temperature at which growth ceases. In the absence of adaptation to
changing temperatures, many cold-adapted Arctic species
such as M. polaris CCMP 2099 may eventually exhibit
decreases in growth rate with climate warming. Alternatively,
the cross-species pattern in maximum growth rate may deﬁne
a potential evolutionary increase in growth rates with increasing temperature.
Metabolic rates, including growth rate μ, are commonly
modeled as varying with temperature according to an Arrhenius function,

t = 250

0.5

0.4

13LN

13HL

13C

6C

2C

13LN

13HL

13C

6C

0.3

2C

Estimated growth rate (d−1)
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Fig. 2. Estimated exponential growth rates (d−1) at the initiation (t = 0)
and after 250 generations of exposure (t = 250). The horizontal axis indicates the experimental treatment according to the following legend: 2 C
(2C), 6 C (6C), 13 C (13C), 13 C and high irradiance (13HL), and 13 C
and periodic nitrate limitation (13LN). Note that 13LN lines were terminated at 170 generations and therefore are not shown on the second
panel. An alternative presentation (Supporting Information Fig. S1) emphasizes the change in exponential growth rates within treatments over time.

a few changes with large effects on ﬁtness would likely lead to
distinct ﬁtness trajectories for each culture lineage within a
treatment and jump discontinuities in growth rate over time.
On longer timescales of thousands of generations, de novo
mutations and large changes in ﬁtness may become important
(Barrick et al. 2009).
Novel conditions present a new selection regime, creating
opportunities for large and rapid changes in ﬁtness through
selection. Initially the strains will be relatively maladapted to
the new conditions, although some changes in conditions
may be too severe to permit survival and subsequent adaptation. M. polaris was isolated from the North Water Polynya
(76 N) and would have frequently encountered temperatures
between 2 C and 6 C in the environment, but would have
rarely experienced temperatures above 10 C (Lovejoy et al.
2007). Accordingly, the linear rate of change and ultimate
maximum ﬁtness change were largest in the 13 C relative to
the 2 C and 6 C treatments. Our 13 C high light and repeated
low nitrate treatments presented two more evolutionary challenges to M. polaris to test its evolutionary potential in
response to additional environmental conditions in addition
to temperature. Early physiological work on this strain
showed highest growth rates under low light conditions
(< 50 μmol m−2 s−1) (Lovejoy et al. 2007). In this experiment,
an increase in irradiance from 100 to 220 μmol m−2 s−1 led to
an immediate increase (within 10 generations) in growth rate
at 13 C, restoring growth rate to the initial maximum growth
rate achieved at 6 C and 100 μmol m−2 s−1 (Fig. 1), followed
by gradual increases in growth rate essentially identical to
those observed in the 13C treatment (Table 1). The periodic
low nitrate stress treatment resulted in the largest and most
rapid increase in exponential growth rate of all the treatments

 

Ea 1 1
μ = μ0 exp
−
k T0 T

ð3Þ

where μ0 is the growth rate at the reference temperature T0,
k = 8.62 × 10−5 eV K−1 is Boltzmann’s constant, Ea = 0.32–0.65eV is an estimated activation energy for biochemical reactions
in a cell (López-Urrutia et al. 2006), and T is temperature in
Kelvin. The ratio μ/μ0 described by the Arrhenius function is
similar in effect to the commonly used Q10-law: μ2/μ1 = Q10(T2
− T1)/10
. As with the activation energy, Q10 is empirically determined and has been estimated to be in the range of 1.53–1.88
for phytoplankton (Eppley 1972; Montagnes et al. 2003) and
for other organisms in the range 2–3. Cross-species maximum
growth rates appear to vary with temperature according to
this relationship and thus it can be used to deﬁne a hypothesis for the maximum growth rates attainable in an
5
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evolutionary experiment. Using Ea = 0.40 eV, we project that
Micromonas could achieve a maximum growth rate at 13 C
which is 50% higher than initially observed at 6 C. In our
experiment, the evolutionary outcome in the 13 C treatment
was a growth rate of 0.47 d−1 after 250 generations and we
project an ultimate maximum growth rate of 0.57 d−1
(μ0 + μD = 0.28 + 0.29 d−1, Table 1) which is 58% larger than
the initial maximum growth rate at the optimal temperature
of 6 C, in accordance with our projection. The projected
increase in the 13 C high-light treatment was essentially the
same, although the growth rates achieved were larger due to
the adaptation to elevated irradiance. The growth rate in the
13 C periodically low-nitrate treatment increased linearly and
our experiment did not yield a convincing estimate of its
anticipated maximum growth rate. Modest projected increases
in growth rate were observed for both the 2 C and 6 C lines
of 0.07 d−1 and 0.18 d−1, respectively, which we interpret as
adaptation to the speciﬁc culture conditions rather than adaptations to temperature treatment as this species was isolated
from an environment where these temperatures were commonly encountered.
Our results suggest that potential evolutionary increases in
growth rate within a species to a temperature change may be
determined by mechanisms that link temperature to maximum growth rate across species over a wide range of temperatures (Eppley 1972; Kremer et al. 2017). Extrapolating from
our results, phytoplankton may have the evolutionary potential to adapt to increases in temperature anticipated due to climate change over the coming century by overcoming the
damaging effects of elevated temperature and increasing their
maximum growth rate. Although we have tested the combined effects of temperature increase and increased irradiance
or periodic nitrate limitation, the ultimate consequences of
climate change will be more nuanced than the simple treatments explored here. Other priorities for future research
include evaluating how multiple environmental conditions
and biotic factors, including viruses (Piedade et al. 2018),
phagotrophic ability (Mckie-Krisberg and Sanders 2014), and
trade-offs between photosynthetic and respiratory processes
(Padﬁeld et al. 2016; Barton et al. 2018), may inﬂuence the
evolutionary capacity of Micromonas to respond to climate
change.
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