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Phytoplankton adapt to changing ocean environments
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Model projections indicate that climate change may dramatically
restructure phytoplankton communities, with cascading conse-
quences for marine food webs. It is currently not known whether
evolutionary change is likely to be able to keep pace with the rate
of climate change. For simplicity, and in the absence of evidence to
the contrary, most model projections assume species have fixed
environmental preferences and will not adapt to changing envi-
ronmental conditions on the century scale. Using 15 y of observa-
tions from Station CARIACO (Carbon Retention in a Colored
Ocean), we show that most of the dominant species from a marine
phytoplankton community were able to adapt their realized niches
to track average increases in water temperature and irradiance,
but the majority of species exhibited a fixed niche for nitrate. We
do not know the extent of this adaptive capacity, so we cannot
conclude that phytoplankton will be able to adapt to the changes
anticipated over the next century, but community ecosystem mod-
els can no longer assume that phytoplankton cannot adapt.

phytoplankton | realized niches | climate change | evolution

During the last several decades, global land temperature has
increased by ~0.3 °C per decade (1), and a further increase
in global mean air temperatures of 1.1-6.4 °C is expected by 2100
(2). The warming of the oceans is resulting in spatially variable
changes in sea surface temperature (3, 4), salinity, mixed-layer
depth, and the distribution of nutrients. Ocean time series sampled
on a monthly basis document intra- and interannual changes in
physical forcing and biogeochemistry, providing crucial data for
formulating ecosystem models and characterizing how ecosystems
respond to climate change (5, 6). We have very high confidence that
climate change during the last several decades has influenced the
abundance, phenology, and geographic ranges for a wide assort-
ment of species (7-10). Further increases in global temperature may
result in significant and nonreversible changes to many populations
and communities (11, 12). If dispersal rates are rapid relative to the
rate of evolutionary adaptation, changes in climate will result in
local species being displaced by nonresident species from a regional
pool of species that are better adapted to the new conditions (13).
When modelers project changes in biotic communities under cli-
mate change scenarios, they generally assume that each species has
a genetically determined fixed environmental niche and that spe-
cies’ spatial and temporal distributions will be determined by envi-
ronmental conditions (14-17). A recent model of this type predicts
a loss of a third of tropical phytoplankton strains by 2100 with a
~2 °C increase in mean temperature (11); however, paleoecological
studies indicate organisms may be much more resilient to climate
change than these types of models suggest (18, 19).

Local populations may be able to acclimate physiologically and
then adapt through evolutionary change to gradual climate shifts.
We do not know the constraints or timescales required for phy-
toplankton to adapt to changes in environmental conditions an-
ticipated over the next century. Phytoplankton species have short
generation times and large population sizes, so they may be par-
ticularly able to adapt to rapid climate change (20, 21). In addi-
tion, temperature response curves measured in the laboratory
show that phytoplankton usually have the fastest growth rates at or
slightly below the mean temperature of the environment they were
isolated from, suggesting that natural populations are adapted to
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their local environment (15, 22), although some species have
niches that do not reflect the environmental conditions from
which they were isolated (23). Evolutionary experiments in the
laboratory indicate that phytoplankton species have the capacity
to evolve over hundreds to thousands of generations in response
to single environmental factors; specifically, changes in CO,
concentration or temperature (24-29). Laboratory evolution ex-
periments do not replicate either the highly dynamic marine en-
vironment or the trajectory of climate change, so it is necessary to
look to see how phytoplankton evolve in the field. Theoretical
studies show that species will evolve to maximize their geometric
mean fitness in temporally varying environments, so evolutionary
change is expected even if decadal-scale changes in average en-
vironmental conditions are smaller than interannual variation in
those same conditions (29). Here we explicitly test whether
phytoplankton species niches are stable or are able to adapt to
simultaneous changes in several different environmental condi-
tions over a decadal scale, using ocean time-series data. The
answer to this question is essential for modelers attempting to
predict biotic responses to changes in climate.

We quantify the realized niche for 67 dominant phytoplankton
species (30) from Station CARIACO (Carbon Retention in a
Colored Ocean) from the CARIACO Ocean Time-Series Pro-
gram, using the MaxEnt method (31), which ignores species
abundance and only relies on the conditions under which a species
is present to describe the habitat of the species. We define the
realized niche as the hypervolume of environmental conditions
under which each species persists (32) and estimate the range of
conditions for each species from a 15-y time series with monthly
sampling. The MaxEnt method provides a robust estimate of the
realized niche and is insensitive to the challenges posed by the
detection of species at low abundance (33). During the 15 y from
1996 to 2011, there was a gradual warming of about 1 °C, an in-
crease in average irradiance, and a decrease in nitrate concentra-
tion in the upper mixed layer (0-30 m) at Station CARIACO (34).
These are regional changes resulting from the movement of the
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Fig. 1. Monthly environmental conditions averaged over the upper mixed layer (1, 7, 15, and 25 m depth) from the CARIACO Ocean Time-Series Program:
temperature (°C), irradiance (mol-m™2.d™"), and nitrate concentration (pmoI-L’1). The vertical dotted line is drawn at the boundary (January 1, 2004) between
the cool and warm periods. The straight lines are linear regressions: temperature = (24.6 + 0.3) + (0.09 + 0.03) ¢, R?=0.05, P < 0.005; irradiance = (18.1 + 0.9) +
(0.05 +0.11) t, R*= 0.001, P = 0.65; nitrate = (1.06 + 0.14) - (0.045 + 0.017) t, R* = 0.04, P = 0.03, where t is time in years since January 1, 1996, errors are one SE,
and the shaded region is the 95% confidence interval on the line. The R? is very low because of the tremendous interannual variation relative to the trend.

Inter-Tropical Convergence Zone (35). We divided the time series
into an early, cooler period and a late, warmer period and exam-
ined the stability of the realized niches of phytoplankton species
between these two periods (Fig. 1 and Table 1). It is challenging to
compare niche hypervolumes for many species, so for conve-
nience, we considered only one dimension of the realized niche at
a time and summarized the realized niche for each axis by its
mean. The weighted mean of the realized niche for each species
and environmental variable was determined from the MaxEnt
results, using the estimated probability of finding the species under
each condition as the weights. Because the environmental condi-
tions shifted slightly between the periods, the range of conditions
common to both periods was used in determining the mean niche
to avoid introducing a bias solely as a result of this change in the
range of conditions present.

Results and Discussion

On average, the species niches for temperature, irradiance, and
nitrate concentration in the upper mixed layer are not stable over
time, but shift significantly in the same direction and with comparable
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magnitude to the changes in the environmental conditions (Ta-
ble 1 and Fig. 2). Most of the dominant species of phytoplankton
in this community persist despite the environmental changes
between the two periods. A small number of species are found in
only in the cooler or warmer period (dark bars, Fig. 2), but there
are too few of these species to conclude that their niches differ
significantly from the niches of the species that are common to
both periods. There are many possible explanations for the ob-
served changes in species’ niches, including biotic interactions,
substitution of cryptic species, or evolutionary change. The shift
in mean niches is not an artifact of changing environmental
conditions alone, as the niches were computed on the basis of
environmental conditions common to both periods. We argue
that changes in the distribution of environments and physiolog-
ical acclimation are also unlikely explanations for the niche
changes. A shift in a species’ niche cannot be attributed to a
change in the probability distribution of environmental condi-
tions because the probability a species is found in a particular
environment does not depend on the frequency of occurrence of
that environment. There is no reason to expect that the shift in
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Table 1. Shift in mean niche tracks changes in environmental
conditions

Mean environment Mean niche
Variable Early Later Change Early Later Change
Temperature, °C 2493 25.66 +0.73* 24.74 25.19 +0.45*
Irradiance, mol m=.d™' 18.20 18.77 +0.57 15.87 16.45 +0.58*
Nitrate, pmoI-L'1 092 054 -038* 472 384 -0.88*

The mean environmental conditions in the upper mixed layer (0-30 m)
and species’ niches for the dominant phytoplankton at Station CARIACO
were computed in the early, cooler (November 1995-December 2003) and
later, warmer (January 2004-March 2011) periods. The change is the differ-
ence between values in the later and earlier periods. Sample sizes: 67 species
total, of which 49 species were present in both periods, 12 were lost from
the early period, and 6 gained in the later period.

*Change is statistically significant at the 0.05 level, according to a t test.

niches is a result of physiological acclimation, as the time for
physiological acclimation for most phytoplankton species is less
than the month-long interval between samples (30, 36). We
conclude that phytoplankton species niches are not stable but,
instead, evolve in response to environmental pressures over the
course of less than 15 y.

The structure in how species’ niches change between the two
periods suggests selection is the primary driver of the niche changes
observed. Species with the coldest niches in the earlier, cooler period
increase their temperature niche more, on average, than species with
warmer niches. In fact, there is a linear relationship between the
change in temperature niche and initial temperature niche, with a

slope of about —0.4, indicating that a species with a niche 1 °C lower
than another tends to increase its niche by 0.4 °C more than the
species with the warmer niche (Fig. 3). A similar result is found for
irradiance, except the tracking is even stronger here: the mean ir-
radiance niche increases the same amount as the mean environment,
and a species with a niche 1 mol-m=d™ lower than another in-
creases its niche by 55% of this change between the colder and
warmer periods. The situation for nitrate concentration is different.
Most species change their nitrate niche very little (points near the
dotted line in Fig. 3), whereas a minority of species are able to de-
crease their nitrate niches quite dramatically to take advantage of the
increased frequency of low-nitrate environments in the later pe-
riod. Because of a lack of ecophysiological information on the
species, it is difficult to be certain why some species can and others
cannot track changes in environmental concentrations (Fig. 3), but
we speculate that the ability to adapt to decreasing nitrate con-
centration could be facilitated by associations with nitrogen fixers
or flexibility in cell size or shape. Species are shifting their niches
away from environments that are becoming less frequent with cli-
mate change, and the more extreme the initial niche compared
with the average environmental conditions, the bigger the shift. We
tested whether species with narrower initial niches shifted their
mean niche more than species with wider niches, but our results
were inconclusive because of a correlation between niche mean
and niche width. This is likely partly an artifact: the realized niche
of species with mean near the extremes of observed conditions is
not fully observed, and so the niche width may be unreliable. There
does not appear to be any reason to expect biotic interactions such
as competition or grazing to cause the pattern observed here. This
pattern is consistent with the hypothesis that phytoplankton are
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Fig.2. The change in the distribution of mean niches in response to warming for species before and after January 1, 2004, in the CARIACO Ocean Time-Series
in pairs of panels: temperature, irradiance, and nitrate concentration. (Top) Mean niche before January 1, 2004, with species only observed in this early, cool
period shown in dark blue. (Bottom) Mean niche after January 1, 2004, with species only observed in this later, warm period shown in dark red.
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Fig. 3. Change in mean niche for the 49 species observed in both the warmer and cooler periods as a function of the mean niche in the early, cooler period for
temperature, irradiance, and nitrate concentration. There is an approximate linear relationship for temperature and irradiance indicated by the linear regressions
for temperature [AT = (0.43 + 0.06) — (0.38 + 0.11) (Teary — 24.74); R?=0.19; P < 0.002] and for irradiance [AE = (0.56 + 0.16) — (0.55 + 0.12)(Ecarly —15.80); R?=0.30;
P < 0.001, errors are one SE]. Teany is the temperature niche from the early, cooler period with mean over species of 24.74 °C, and E.,ry is the irradiance niche from
the early, cooler period with mean over species of 15.87 mol-m™2.d™" (see Table 1). The symbol color indicates the functional group of each species: diatom (green,
open circles), dinoflagellate (dark green, filled circles), cyanobacteria (cyan), coccolithophorid (black), and silicoflagellate (gray). There are no significant differ-

ences in responses to changing conditions across the taxonomic groups.

evolving to track changes in the environment, either through de
novo genetic change or selection acting on existing genetic diversity
and ecotypes (37).

Contrary to conventional expectations, we find that realized
niches for many species of phytoplankton are not fixed on the
decadal scale and are able to track changes in temperature and
irradiance that are faster than the average changes we anticipate
over the next century. In contrast, most, but not all, of the species
we studied did not shift their nitrate niche in response to a depletion
of this limiting resource. This may be a result of biophysical limits in
the ability of some phytoplankton to adapt to low-resource envi-
ronments. The evolutionary capacity of phytoplankton to adapt to
changing climate may, on a decadal scale, be more predictive than
short-term physiological responses in determining winners and
losers in response to climate change. Because phytoplankton are
limited by nitrate over vast regions of the ocean (38), we anticipate
that the ability to shift nitrate niches may be a major factor driving
the restructuring of phytoplankton communities during the next
century. Models with fixed traits will likely miss the community
restructuring made possible by evolutionary change. To advance our
modeling of phytoplankton traits and niches for future climate
scenarios, we need a better understanding of evolutionary capacity
and dynamics in marine communities in response to changing
environmental conditions.

Climate change scenarios over the next century project larger
changes in mean conditions and the range of conditions than were
observed in this 15-y time series. Our results cannot predict
whether species will be able to adapt to these larger changes. For
example, although many of the phytoplankton species in this study
could adapt to a change of 1 °C over a decade, this result tells us
very little about their ability to adapt to temperature changes of
several degrees over many decades. Larger temperature changes
may result in species reaching hard biochemical or physiological
limits to the temperature adaptation that is achievable. To test our
results and apply them to the next generation of models will re-
quire additional analyses of field data and a better understanding
of the mechanisms controlling changes in realized niches in
response to environmental change.

Methods

Monthly sampling at Station CARIACO recorded temperature, nitrate con-
centration, and the abundance of 67 dominant phytoplankton species (30,
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35). Irradiance in the mixed layer was estimated from monthly SeaWiFS PAR
and k490 data. We use the data from 178 sampling months during the 185 mo
from November 1995 to March 2011 at four depths sampled in the upper
mixed layer (1, 7, 15, and 25 m). We divided the time series at January 1, 2004,
leaving 95 cruises in the early period, from November 1995 to December 2003,
and 83 cruises in the later period, from January 2004 to March 2011. There is
no abrupt change in any of the environmental data, so this is an arbitrary
break chosen at a calendar year boundary near the middle of the time series.
We only analyze species that were observed more than 10 times in at least one
of the periods (39). The median number of observations per species per period
was 56. After environmental forcing is accounted for, each monthly observa-
tion of phytoplankton community structure is essentially independent of both
time of year and previous observations (30). Variables such as annual extreme
values or amplitudes that capture changes in seasonality may influence com-
munity changes, but because of the short duration of the time series, we have
few (15) observations of these data.

We used the MaxEnt method (31, 33, 39) to estimate the probability of
finding each species as a function of each environmental variable, using
presence-only data, meaning we use all of the observations of each species,
but not the abundance data and without assuming zero abundance when a
species is not detected. We permitted linear and quadratic features in the
response curve and prohibited sudden jumps (threshold and hinge features).
We constructed 95% confidence intervals on the mean niche, using 500
models for each species, using bootstrap resampling. The average width of
the 95% confidence interval for species’ niches are 0.9 °C, 2.4 mol-m=2.d~",
and 2.0 pmoI-L’1 for temperature, irradiance, and nitrate concentration,
respectively. We define a mean niche that can be compared between pe-
riods as the probability-weighted mean environmental condition for each
species restricted to the range of environmental conditions common to both
periods. This ensures the niches do not drift simply because the range of
environmental conditions has changed.

In 2005, there was a dramatic shift in the entire pelagic community at
Station CARIACO. The phytoplankton community shifted to smaller cells not
identified in this time series, and many species that were tracked dropped in
abundance 50-300-fold. This change appears to be a result of a change in
grazing rates (35) and is not linked to sudden changes in temperature or the
availability of nutrients. Using presence data rather than abundance means
our niche models were not affected by the change in species abundances.
Niches inferred from abundance data would be affected by both the change
in environmental conditions and the change in the food web, and thus
would be more challenging to interpret.
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