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colors in Fig. 4), and, likewise, we observe mixotrophy as the domi-
nant ecological strategy in the nannoplankton fossils for much of
the first 2 Ma after the K/Pg event (Fig. 3). In addition, the model
shows an increasing cell size trend, which we also see across the
nannoplankton community [see (9)] and within individual taxa, during
this interval (fig. S5). This dynamic, succession phase then stabilizes
abruptly in the model, shifting to a more diverse, equilibrium-state
community with a broader cell size spectrum (Fig. 4 and fig. S4).
This is echoed in the fossil communities, which shift to a stable
background state at ~+1.8 Ma, as diversity and cell size ranges in-
crease [Fig. 3 and see (9)]. Last, the model shows mixotrophic acme
taxa giving rise to obligate photoautotrophic descendants (as well
as obligate heterotrophs) (Fig. 4 and fig. $4), a trend that is also evident
in the fossil successions, as the dominant lineages give rise to new
coccosphere geometries with no flagellar openings (Praeprinsius to
Prinsius-Toweius and Cruciplacolithus to Coccolithus) (Figs. 1 and 3).

Examining the model’s fitness landscape allows us to explore the
key mechanisms driving the evolutionary recovery (Fig. 5). A fit-
ness landscape essentially maps the competitive ability of all possi-
ble phenotypes as a function of their contemporary environment.
In each case, the height of the landscape (here shown as colors) cor-
responds to potential net population growth rate or “fitness.” In our

example, peaks (red) in the landscape correspond to areas where a
population would successfully grow, and blue areas mark where
cells are not viable. Superimposed on this landscape are model pop-
ulations that, through time, effectively climb the fitness landscape.
During the initial phase (Fig. 5) and in the absence of larger preda-
tors, there is prolific growth of the small photoautotrophic commu-
nity. The emergence of this underexploited prey population creates
a large peak in the fitness landscape, representing a huge empty
niche for potential predators. This niche is progressively occupied
in the subsequent time slices by a rapid evolutionary succession of
larger and increasingly heterotrophic species. Across this transient
interval, mixotrophy allows small phototrophs to access the newly
emergent niche associated with the underexploited prey popula-
tion. As recovery continues, the adapting community is subjected to
opposing evolutionary factors, with smaller size conveying advan-
tage to photoautotrophs in competition for essential resources
(light and nutrients) and larger size enabling grazing and access to
the abundant prey community. These opposing factors create an evolu-
tionary branching point. One lineage continues toward a more
heterotrophic lifestyle (Figs. 4 and 5), but the transitory advantage of
mixotrophy among smaller cells mostly disappears, driving them to re-
vert to a photoautotrophic strategy. Ultimately, the system reaches

Fig. 4. Evolution of traits in the model plankton community. The tree structure describes the evolutionary development of the community, with the trajectory of each
branch describing changes in the trophic strategy and size of an individual population through time. With time progressing from the bottom up, evolutionary changes
to traits are represented by changes in the horizontal position (and color) of its respective branch in the tree. Speciation occurs when one branch divides into two. The
inset panel shows a more detailed view of the tree for the region bounded by the gray box, broadly corresponding with the cell size range of coccolithophores. The shape
of the tree is technically defined by a three-dimensional surface contour (trophic strategy, size, and time) inside which population biomass exceeds 0.01 mmol N'm=.
Note that mutation and evolution proceed much faster in the model because the model applies a simplified trait diffusion approach to evolution (24).
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Fig. 5. Evolution of the plankton community and the fitness landscape through
time. Each panel represents two-dimensional “trait space” of trophic strategy and
equivalent spherical diameter (ESD; in micrometers). Background colors (red to blue)
describe changes in fitness landscape through time, with height equivalent to
biomass-specific net population growth rate. Dots indicate extant populations, with
area proportional to population size and color (green to magenta) indicating the balance
of autotrophic and heterotrophic nutrition. At year 1, biomass is low and inorganic
resources are high, and we see a peak in the fitness landscape centered on fast
growing autotrophic cells. By year 2, the population has increased, and a new peak
in the fitness landscape has emerged for larger and more heterotrophic traits driven
by this potential prey. Over the next 100 years or so, the initial population adapts
toward the new fitness landscape peak, with small mixotrophs coexisting with the
initial photoautotrophic population. After approximately 100 years, the community
has gained sufficient size diversity to begin showing predator-prey dynamics. The
evolving community then branches, heading toward the stable coexistence of small
phytoplankton, intermediate mixotrophs, and larger zooplankton. At year 5000, it
can be seen that there are no remaining positive regions of the fitness landscape,
indicative of a community at an ecological and evolutionary equilibrium.

a stable state characterized by the coexistence of photoautotrophs,
mixotrophs, and heterotrophs. We are not arguing that the model
captures a real-world picture of ecosystem evolution, but both
fossil data and model outputs indicate that mixotrophic strategies,
acme successions, and cell size increases are key features of recover-
ing plankton communities after a mass extinction level event, with
mixotrophic nutrition providing the mechanism by which pre-
dation and top-down controls are reestablished in the recovering
food web.

Gibbs et al., Sci. Adv. 2020; 6 : eabc9123 30 October 2020

Implications

Our evidence for pervasive phagotrophy in open ocean eukaryotic
“autotrophic” survivors and recolonizers explains how a remnant of
the dominant Cretaceous primary producers survived the K/Pg
mass extinction. Alongside supporting eco-evolutionary model re-
sults, this indicates that mixotrophy in recovering communities is a
critical and predictable feature of ecosystem reconstruction. We
conclude that the protracted darkness of the impact winter acted as
a near-instantaneous state-change filter on the open ocean, strip-
ping out almost all plankton that lacked a capacity for phagotrophy.
This filter likely extended across the entire diversity of marine
plankton as virtually all extant eukaryotic photosynthetic plankton
(e.g., haptophytes, dinoflagellates, raphidophytes, and euglenophytes)
still exhibit some heterotrophic capacity [e.g., see (32-34)]. While
global cooling and ocean acidification have also been proposed as
primary or accessory K/Pg kill mechanisms (5, 7), the selectivity
seen across the survivor and repopulating plankton groups can only
be fully explained by the impact of darkness, i.e., preferential re-
moval of open ocean photoautotrophs but survival of mixotrophic
counterparts. Although high extinction rates across the calcifying
plankton could implicate acidification (7), all three major groups
survived (nannoplankton, calcareous dinoflagellates, and planktonic
foraminifera). Furthermore, we see that survivorship was spread
across eight families in the nannoplankton, with no indication of
selectivity bias in degree or style of calcification, i.e., a range of mor-
phologies survived, including both lightly and heavily calcified
forms (Table 1).

Together, the selective loss of key open ocean photoautotrophs
and prevalence of phagotophy in the surviving algal groups suggests
that primary production was drastically disrupted by the K/Pg
bolide impact, pointing to a complete cessation of all marine
photosynthesis during peak impact darkness. If not for the nutri-
tional flexibility of the eukaryotic plankton that were able to use
antecedent hunting strategies, then the K/Pg impact could have
resulted in a resetting of marine ecosystems back to a principally
prokaryotic state. The K/Pg mass extinction event is therefore dis-
tinct from all other mass extinction events that have shaped the his-
tory of life in both its rapidity, related to an instantaneous impact
event, and its darkness kill mechanism, which fundamentally dis-
rupted the base of the food chain. In this sense, the K/Pg could be
regarded as more “severe” than the end-Permian and other first-
order events, where extinctions occurred across protracted time
intervals of tens of thousands to millions of years (35, 36). These
events were predominantly associated with volcanogenically induced
climate change triggers and a broader range of kill mechanisms, in-
cluding global warming, marine anoxia, and ozone depletion (36).
Arguably, the K/Pg boundary event represents the only truly geo-
logically instantaneous mass extinction.

MATERIALS AND METHODS

Data, sites, and material

The data and observations we present here come from both (i)
whole coccospheres (intact fossil cell coverings) that allow us to de-
termine which taxa have flagellar openings (see below) and (ii) loose
coccoliths (i.e., disarticulated coccospheres) that provide detailed
abundance, size, and diversity data through time and between dif-
ferent locations (see table S4). We show data that include coccolith
abundance data, morphometric data from individual coccoliths,
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and measurements from coccospheres, all differentiated by taxon.
We used a global array of sites, spanning a range of latitudes and
oceanographic settings (shelf, slope, and open ocean) (fig. S3 and
tables S1 and S2), including ODP Site 1209 (Shatsky Rise in the
northwest Pacific Ocean), ODP Site 1262 (Walvis Ridge in the
South Atlantic Ocean), IODP Sites 1403 and 1407 (Newfoundland
Ridge in the North Atlantic Ocean), El Kef outcrop (onshore Tunisia),
ODP Site 1049 (Blake Nose, North Atlantic Ocean), and ODP Site
690 (Maud Rise, Southern Ocean), detailed in table S2. This range
of observations is extended further by reference to previously pub-
lished scanning electron microscopy (SEM) images in which we
have identified coccosphere openings. These include coccospheres
from West Alabama (USA) (37), Geulhemmerberg (Netherlands)
(38), Deep Sea Drilling Project (DSDP) Site 356 Sao Paulo Plateau
(South Atlantic Ocean) (39), and ODP Site 738, Kerguelen Plateau
(Indian Ocean sector of the Southern Ocean) (40). Because there may
be preservational and algal community differences between open
ocean and near-shore regions, this site selection allowed us to deter-
mine the global open ocean picture of recolonization and whether
shelf to off-shelf differences may have existed. Most of the material
displayed good to excellent preservation of nannofossils except for
ODP Sites 1209 and 1210 and ODP Site 1262 that show moderate to
good preservation, i.e., some etching/dissolution and/or overgrowth
of nannofossils [following definitions of (41)], typical of carbonate-rich
deep-sea sediments. Excellent preservation at the other sites is
identified by little etching or overgrowth and the presence of features
indicative of “exceptional” preservation (42), including minute coc-
coliths, delicate structures, and intact coccospheres. Preservation of
each sample was assessed qualitatively using preservation criteria
based on levels of etching and overgrowth. Assessment was based
on appearance under light microscope (LM) observation and using
high-resolution images from SEM.

Sample preparation

Samples were prepared for LM observation, using standard smear
slide techniques (41) and SEM observation, using both smear slide
and rock-chip preparations (43). Smear slides were observed under
transmitted LM in cross-polarized and phase-contrast light at x1000.
In SEM, we used freshly cleaved untreated rock-chip preparations
allowing the observation of coccolithophore remains in situ, em-
bedded in clay matrix. This minimizes any disturbance that may
physically disrupt the articulated fossils and may allow determination
of original export pathways, for example, through observation of fecal
pellets or concentrations. We also used smear slide preparations in SEM
to enable freeing of the coccospheres from the clay matrix.

Morphological evidence for mixotrophy

The preservation of complete fossil cell-wall coverings (coccospheres) at
multiple sites (Fig. 2, fig. S2, and tables S1 and S2) allowed us to
search for diagnostic indicators of specific ecological strategies. We
imaged and recorded several thousand coccospheres of the taxa that
rose to dominance sequentially, so-called acmes (fig. S1), from
throughout the first 4 Ma after the K/Pg event from LM and SEM
(table S1). The main indicator of mixotrophy here is a clearly de-
fined, consistently sized hole in the coccosphere, representing a fla-
gellar opening. In Praeprinsius, Futyania, and early Prinsius, these
holes were present in mass occurrences of tens of thousands of
specimens in each sample preparation, across sites situated both
close to shore and in the open ocean, and from low to high latitudes
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(tables S1 and S2). In Futyania, these holes were surrounded by
modified coccoliths [circumflagellar liths; Fig. 2 and fig. S2A; e.g.,
(27, 44)], providing unequivocal evidence that these “holes” were
not a result of postmortem coccolith loss. We observed these open-
ings under LM (e.g., Fig. 2 and fig. S2B) and confirmed their pres-
ence using SEM (e.g., Fig. 2D and fig. S2A). We then systematically
quantified and imaged 100 to 200 coccosphere specimens per site
mainly under LM of all of the acme taxa—Praeprinsius, Futyania,
Prinsius, Coccolithus, Cruciplacolithus, and Neobiscutum—recording
the presence or absence of coccosphere openings (table S1). Note
that all coccospheres we recorded were from heterococcolith-
bearing coccolithophores, indicating the diploid life-cycle phase in
these taxa. We were able to determine the likelihood that cocco-
sphere openings were present in all fossil individuals for each taxon
that exhibited holes, by calculating the spherical area observed un-
der LM, given the obfuscation of the equatorial region. On the basis
of a conservative estimate that the observation of spheres via LM
allows us to clearly see from the pole of each coccosphere to about
65° in the upper and lower hemispheres, this would correspond to
60% of the surface area. Therefore, if ~60% or more of the speci-
mens exhibit holes, then we can to be confident that all the spheres
of that taxon in that population have holes (fig. S6). We also ex-
plored the morphology of the spheres under SEM, but because only
one hemisphere can be observed using this method and the equatorial
region is again typically obscured, the proportion of specimens with
observable holes will be less than for LM observation, potentially
half, i.e., only 30% of the coccosphere area. Table S1 shows the per-
centage of each taxa exhibiting holes and highlights in bold where
the values exceed these threshold percentages of 60% for LM and
30% for SEM. There is a variation in the percentage of individuals
exhibiting holes across the samples and sites, but the average per-
centage occurrences (under LM) for Praeprinsius and Futyania are
close to this 60% value (58 and 66%, respectively), indicating that it
is likely that most, if not all, individuals in the fossil populations of
these taxa have coccosphere openings.

For the purposes of calculating percent “mixotrophs/flagellates”
and assigning ecology for Fig. 3 and fig. S4, we considered Praeprin-
sius, Futyania, and early Prinsius as being flagellate (based on the
presence of coccosphere openings described above). We also added
small Cruciplacolithus to this group of mixotrophs. This is because
the “flagellate” acme taxa coccospheres also exhibit unusual archi-
tectures with large numbers of very small coccoliths surrounding a
relatively large cell, consistent with the needs of a mixotrophic cell
to accommodate the apparatus for phagotrophy (a food vacuole),
photosynthesis (chloroplasts), and coccolith production (coccolith-
forming vesicles). Coccolith formation in placolith-bearing cocco-
lithophores occurs inside the cell, and the coccoliths are extruded
fully formed and at their final size. Therefore, smaller coccolith-
forming vesicles (and smaller associated coccoliths) would be ad-
vantageous, or a necessity, in small cells accommodating other large
organelles, such as a food vacuoles. Cruciplacolithus primus has this
architecture, and its living relative, Cruciplacolithis neohelis, has
coastal ecology and produces motile cells (45). Calcareous dinocysts
were also included because their modern ecology indicates a capacity
for heterotrophy (46, 47). In addition, we included holococcoliths
(predominantly Zygrhablithus) in the “percent mixotrophs” togeth-
er with the survivor taxa that exhibit architectures consistent with
mixotrophy (Table 1), but these make up only a small proportion of
total nannofossil abundance.
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Abundance data

Raw coccolith abundance data from Shatsky Rise, Walvis Ridge,
and Newfoundland Rise—in the Pacific and South and North
Atlantic oceans (illustrated in part in fig. S1), respectively—were
used to calculate the relative proportion of flagellate/mixotrophic
taxon abundance versus nonflagellate/autotrophic taxon abundance
through time. Taxon abundance data were generated from LM
smear slides with data collection following the same count and tax-
onomic protocols of (48) across all three sections. Danian abun-
dance data from ODP Site 1209 samples are published in (9) except
that Cruciplacolithus data have herein been separated into small and
large forms based on new coccolith measurement data (see below).
The Danian Walvis Ridge and Newfoundland data are new herein.
Counts from all sites were based on statistically significant counts of
500 to 1000 nannofossil liths per sample across a minimum of
10 fields of view, with taxonomy generally following (27, 49, 50).
The assemblage data were counted to generic level, with some addi-
tional division into useful morphogroups [e.g., determined by genus
and size, as detailed in (9)].

We wanted to document the trends in the incoming Danian taxa
across three locations with the highest quality age control using the
exact same taxonomic framework. The counts for both the Walvis
Ridge and Shatsky Rise sites were made by the same nannofossil
worker (S.A.A.), and the same taxonomy and approach was used by
H.K,, in collaboration with S.A.A., for Newfoundland. This was to
minimize any inconsistencies in taxonomic attribution (which is a prob-
lem in this time interval) and to eliminate any false diachroneities that
may arise from these inconsistences. ODP Site 1262 has a robust
magnetostratigraphy and an orbitally tuned stratigraphy [(51) and
updated in (52)] to which the ODP Site 1209 (which lacks reliable
magnetostratigraphy) was correlated using tie points in the x-ray
fluorescence core scanning and 8'°C data, as well as scrutiny of core
images composites [(51-53) and summarized in (9)]. The IODP Sites
1403 and 1407 (Newfoundland Ridge) age models combine biostratig-
raphy from here and shipboard (54) with cyclostratigraphy (2).

To produce the percent flagellated data, the raw abundance data
(fig. S1) in the form of loose coccolith data were recalculated to
number of cells by dividing lith abundance by number of liths sur-
rounding each cell—its C,—which is taxon-specific (see “Biometric
data” section below). Data file S1 provides the percent cellular
abundances for Newfoundland Ridge, Walvis Ridge, and Shatsky
Rise. Recalculating to number of cells provides a more biologically
tangible abundance (rather than the number of disarticulated
skeletal elements) and also removes the abundance bias toward
taxa where there are a high number of coccoliths per cells. We then
differentiated the cell abundances into flagellated and nonflagellated
cells based on the coccosphere data and observations (detailed
above) using the broad geographic array of observations of cocco-
spheres. Hence, we do not need coccosphere data from all sites
where we have abundance data (Shatsky Rise), rather, what we need
is confidence that our conclusion that, for example, Praeprinsius, is
flagellated wherever it occurs in the ocean.

For the Cretaceous datasets, details below, we could not convert
coccolith abundance to cell abundances (because the information
about C, for Cretaceous taxa does not as yet exist). We therefore
compared coccolith abundances for the statistical tests from both
the Cretaceous and the Danian. The Cretaceous datasets are not on
high-resolution age models, but we were able to select the upper-
most approximately 2 Ma of the latest Cretaceous based on the bio-
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stratigraphy accompanying the data, selecting data falling within
UC20b-d (55). High-resolution age models were not required for
comparison within a paired ¢ test (see below). Because we only have
limited information about coccosphere morphology for Cretaceous
taxa, we were not able to estimate “percent flagellate” forms, and so
we calculated the percentage of definitely or almost certainly non-
flagellate forms (e.g., Watznaueria and Cribrosphaerella) based on
unpublished coccosphere observations and some published cocco-
sphere images [e.g., (38)]. The remaining forms have unknown
ecology, and we assume that there may be a proportion of these taxa
that were flagellate. The percentage data given in Fig. 3 for the Cre-
taceous therefore represent the maximum possible percentage of
flagellate forms and almost certainly would, in reality, represent a
gross overestimate. In Fig. 3, we have shown the topmost part of
these Cretaceous maximum flagellate datasets, spacing the data
points closely and in stratigraphic order, but not against age. This is
to allow for a broad comparison of the Cretaceous values with the
Danian data.

Statistical analysis

We performed paired-sample ¢ tests for comparison of percent flag-
ellate cells in the early Danian (acme phase up to 64.20 Ma) with the
Late Cretaceous and the later Danian (after 64.20 Ma) (table S3).
The percent flagellate data within each stratigraphic block form
the sample set that the test compares with other sets. The test
outputs include the mean and SD of each of these sample sets.
Available records for this purpose vary between sites. To compare the
Paleogene estimates of flagellate abundance with preceding com-
munities from the Cretaceous, we used existing datasets from Walvis
Ridge [ODP Site 1262 (56)] and Shatsky Rise [ODP Site 1210 (19)
and DSDP Site 577 (57)]. No equivalent Cretaceous record exists as
yet for the Newfoundland Ridge sites (IODP Sites 1403 and 1407)
or their vicinity. In table S3, note that the df (i.e., the sample size)
varies between tests because we had to rely on the sampling resolu-
tion available for the data sources we used. This is why when a
paired ¢ test was performed between the early Danian and the Late
Cretaceous versus the early Danian and the later Danian, the means
of the early Danian block differ. The Late Cretaceous dataset is low-
er resolution than the Danian dataset, and therefore, we had to de-
grade the early Danian dataset (take every other sample rather than
every sample) for the f test to ensure that the same number of sam-
ples was being compared.

Biometric data

Biometric data were collected from both disarticulated coccoliths
and also fully articulated coccospheres. Routine data collection was
made using LM with some additional measurement made on SEM
images. For the Praeprinsius cell size data shown in fig. S5, measure-
ments were collected from intact coccospheres from across the sites
listed in table S1. Two images are taken from each coccosphere, one
focused on the outer coccosphere circumference, providing the coc-
cosphere and cell dimensions (the internal dimension representing
the position of the original cell), and the second focused on the outer
surface of the coccosphere, allowing the coccolith size to be measured
(58). The number of coccoliths forming each coccosphere (C,) was
also recorded. Coccolith length plotted against cell size produces an
equation that defines the regression allowing length to be converted
into estimated cell size. With this information, we were able to use
high-resolution Praeprinsius disarticulated coccolith measurements
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(long axis of the distal shields) (58) collected here from Newfoundland
and Shatsky Rise (>100 coccolith measurements per sample) to pro-
duce time series cell diameter histograms. Samples were integrated
across 250-ka bins from 0 to 2 Ma after the extinction event (fig. S5).
Images of coccospheres and disarticulated coccoliths were taken using
the QCapture program, and lengths were measured using the
Image] and CellD programs, measuring up to two decimal places.
C, data were also collected from additional Danian taxa, which,
combined with data and estimates published in (9), allowed cocco-
lith abundance data to be recalculated to cell abundance by dividing
coccolith percent by C, and then recalculating the resultant total
number of cells to 100%. The taxon Cruciplacolithus was subdivided
broadly according to coccolith size and high-resolution coccolith mea-
surements from Shatsky Rise and Newfoundland Ridge, which allowed
for quantitative differentiation of small and large forms. The coccolith
length data highlight that populations are broadly bimodal with 6.5 um
defining the trough between modes and used here as our threshold
between Cruciplacolithus large spp. and Cruciplacolithus small sp.

Eco-evolutionary modeling
We apply a “trait-based” modeling approach, which aims to repre-
sent the diversity of unicellular plankton in terms of two principal
traits: organism size and “trophic strategy” (details in Supplementary
Text). The simulated ecology conforms with our expectations based
on related ecological (nonevolutionary) models (59-61) but with
the recovery pathway notably constrained by the requirement for
new populations to evolve from those already present. Allometric
relationships with organism size explain most of observed variance
in ecophysiological rates and predator-prey interactions (62-64),
while the trophic trait parameter linearly scales resource acquisition
traits along a continuous spectrum between strictly photoautotrophic
phytoplankton and strictly organoheterotrophic zooplankton (65).
The evolutionary-ecosystem model represents a highly idealized
abstraction of the post-extinction community, with the ecological
and evolutionary emergence of a complex microbial food web from
an initial low complexity state. It is seeded in a nutrient-replete
state, mimicking the earliest recovery phase, where nutrients have
built up because of reduced biological activity during the post-
extinction darkness. These nutrients are rapidly drawn down to lim-
iting concentrations after an initial ecological response, faster than
the resolution of Fig. 4. Rather than entrain the interpretative complex-
ities of running the model in a three-dimensional ocean circulation
environment, we deliberately formulate the physical environment
as a low volume (1 m?) homogenous culture, with no spatial struc-
ture, environmental gradients, or boundaries to dispersal. The
model includes 2601 possible plankton classes, each with a unique
combination of the two principle traits (51 size classes and 51 tro-
phic classes). All plankton classes are initialized with zero biomass,
with the exception of a single population, which is seeded with a low
initial biomass. From this initial biomass, extant populations grow
(or die) as a function of both their phenotypic traits and their biotic
and abiotic environment. At each time step, populations reproduce
clonally, with a small fraction of their offspring diverted to popula-
tions with similar phenotypic traits (smaller or larger, more or less
heterotrophic), in a process analogous to mutation. This creates the
phenotypic variability on which “natural” selection can act, allow-
ing new and better adapted phenotypes to emerge in the model
community. Ecological dynamics determine the relative fitness of
different phenotypes, with evolutionary adaptation occurring as the
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community shifts incrementally toward populations with better
adapted traits. The time scales of change differ considerably be-
tween the data and the model because the model applies a simpli-
fied trait diffusion approach to evolution (66, 67).

Given the abstractions in the model, the key process we aim to
capture is not necessarily the precise time scales of recovery. The
model and data diverge in this respect because the evolution in the
trait diffusion approach we adopt (see the “Evolutionary dynamics”
section in the Supplementary Materials) proceeds much faster than
the rate of plankton mutation in the post-impact ocean. Rather, we
aim to capture the constrained evolutionary trajectory through the
represented trait space. That is, new phenotypes cannot emerge
from nothing in previously unoccupied regions of the trait space.
Instead, the community can only evolve through gradual changes to
the existing phenotypes. It is this aspect of the model that underpins
the transitions from small phototrophs to larger heterotrophic or-
ganisms via an intermediary mixotrophic stage.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/44/eabc9123/DC1
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