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Understanding the biology of reproduction of an organismal lineage is impor-
tant for retracing key evolutionary processes, yet gaining detailed insights
often poses major challenges. Planktonic Foraminifera are globally distributed
marine microbial eukaryotes and important contributors to the global carbon
cycle. They cannot routinely be cultured under laboratory conditions across
generations, and thus details of their life cycle remain incomplete. The pro-
duction of flagellated gametes has long been taken as an indication of
exclusively sexual reproduction, but recent research suggests the existence of
an additional asexual generation in the life cycle. To gain a better understand-
ing of the reproductive biology of planktonic Foraminifera, we applied a
dynamic, individual-based modelling approach with parameters based on
laboratory and field observations to test if sexual reproduction is sufficient
for maintaining viable populations. We show that temporal synchronization
and potentially spatial concentration of gamete release seems inevitable for
maintenance of the population under sexual reproduction. We hypothesize
that sexual reproduction is likely beneficial during the adaptation to new
environments, while population sustenance in stable environments can be
ensured through asexual reproduction.
1. Introduction
The mode of reproduction exerts a strong influence on the evolution of organ-
isms [1,2] and has ramifications for adaptation, diversification and speciation as
well as population dynamics. Sexual reproduction is assumed to be a wide-
spread, ancient trait among eukaryotes, including microbial taxa [3]. It has a
major influence on populations since gene flow alters genetic diversity and
the potential for local adaptations and speciation.

In the open ocean, exclusively sexually reproducing planktonic organisms are
confronted with the problem of mate encounter over wide geographical areas to
ensure sufficient reproductive success tomaintain viable populations.Nevertheless,
several plankton species are cosmopolitan and can maintain gene flow on a global
scale [4–6]. Purely sexually reproducing planktonic species must have developed
efficient strategies to overcome the obstacle of mate encounter to maintain gene
flow across areas with low population densities. Such adaptive strategies include
the synchronization of reproduction in time or space [7–9], mate detectionmechan-
isms through chemical communication [10], the generation of reproductive cysts
[11], or the production of eggs [12] or numerous motile gametes [13,14]. The
micro- and meso-zooplankton, such as marine planktonic protists, are especially
affected by this problem: due to their small size and limited means for active loco-
motion [15], they are subjected to passive dispersal by ocean currents. Knowledge
on the reproduction ofmany protists in their natural habitat remains limited due to
intrinsic difficulties of laboratory culturing. Consequently, many protist groups are
assumed to reproduce purely asexually [16,17], while alternations of sexual and
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Table 1. Summary of framework parameters used for reproduction
modelling of planktonic Foraminifera and the source of this information.

minimum maximum source

experiment duration (h) 48 720

gamete release

synchronization (h)

12 756 literature

Foraminifera density

(specimens m−3)

10 40 literature

gamete size (µm) 2 4 literature

gamete number (n) 12 500 400 000 calculation, this

study

gamete speed (µm s−1) 25 100 video observation
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asexual stages [18,19] and exclusively sexual reproduction have
been assumed for others [20].

Planktonic Foraminifera are non-motile marine protists
with calcitic shells that make up a sizeable proportion
of the meso-zooplankton in the world’s oceans [21]. Due
to their ubiquitous fossil record, they represent excellent
model organisms for studying the evolutionary history of
marine protists [22]. However, full exploitation of their poten-
tial as model organisms in evolutionary studies is hampered
by the fact that our knowledge of their modes of reproduction
remains scarce. Culturing experiments revealed the formation
of large numbers of biflagellated gametes that were released
into the surrounding water [13,23]. The formation of these
gametes was taken as an indication for sexual reproduction,
although fusion of gametes and zygote formation has been
described only once [24]. Asexual reproduction has yet only
been detected in rare cases and has been estimated to consti-
tute less than 1% of reproductive events [25]. Although recent
papers described events of asexual reproduction in two
species of planktonic Foraminifera [26,27], it is still specu-
lative how prevalent asexual reproduction is in this group
or what triggers its occurrence. Consequently, planktonic
Foraminifera are traditionally assumed to be mainly sexually
reproducing, dioecious organisms [23]. This contrasts with
benthic Foraminifera, among which a heterophasic life cycle
with alternating sexual and asexual generations dominates
[20]. Since planktonic species evolved from benthic ancestors
[28], it was argued that switching to purely sexual reproduc-
tion represents an important step in the evolution from a
benthic to a pelagic lifestyle [29]. However, when considering
the patchy occurrence of planktonic Foraminifera in the
open ocean with very low population densities [30,31], the
question arises as to whether viable populations can be
maintained by sexual reproduction alone. So far, it remains
debated if this can be achieved by random gamete encounters
or if further adaptive strategies, like temporal/spatial
synchronization of reproduction as suggested for some
species [7–9,32] or communication via chemical traits, are
necessary to enhance gamete encounter rates.

Here, we supplement observations from field and laboratory
experiments with mathematical modelling. Based on common
framework parameters, we model the rates of gamete fusion
by chance encounter.We further estimate the number of zygotes
that must survive and reach a reproductive state to maintain the
population. We aim to answer the following questions: (i) Can
planktonic Foraminifera maintain their populations in the open
ocean by relying on sexual reproduction or does asexual repro-
duction play a more important role than previously assumed?
(ii) How is reproductive success distributed across the popu-
lation and what does this mean for gene flow within the
population? (iii) Under which circumstances is either sexual or
asexual reproduction favourable?
2. Material and methods
We modelled sexual reproduction of planktonic Foraminifera
in MatLab v. R2017b to test possible reproductive strategies in
nature. An entirely realistic model, with several hundreds
of thousands of particles interacting in a turbulent three-
dimensional environment, was computationally not feasible.
Our model, therefore, comprises several parametrizations and
models planktonic Foraminifera and their gametes in a laminar
flow environment.
2.1. Choice of framework parameters
The range of the framework parameters used for the models was
estimated based on literature values and data. Five parameters
and their variation ranges were estimated for use in our
models (table 1). We selected parameters for modification
based on their most likely explanatory power regarding the
benefits or disadvantages of different reproductive strategies.

Gamete release is observed frequently (ca 30% of all individ-
uals) under laboratory conditions [13,] but has never been
observed in nature. Population analyses with high temporal resol-
ution suggested gametogenesis in planktonic Foraminifera to be
synchronized in time, with a lunar or semi-lunar cyclicity as a
potential trigger for gamete release [7,8,32,36,37]. Accordingly,
for most experiments, we assumed a synchronized gamete release
within 12 h. We also explicitly tested the effect of a largely unsyn-
chronized release by modelling scenarios where the gametes were
released over a period between 36 and 756 h.

To estimate a realistic range of Foraminiferapopulationdensities,
we used data from research cruises, which took standardized water
sample volumes with plankton net tows [30,31,38–40]. For our
models, we assumed 10–40 specimensm−3 for planktonic foraminif-
eral densities for most species in mesotrophic environments.

The size and shape of planktonic foraminiferal gametes was
described in detail for Hastigerina pelagica as being ‘3–4 µm in
diameter’ [33, p. 429]. Other sources assume a gamete size of
3–5 µm [23,24], but observations are rare and restricted to a
few species. For our models, we used two conservative size esti-
mates of 2 or 4 µm gamete size.

It is challenging to estimate the total number of gametes that
are produced by one adult cell due to a lack of published data. A
rough estimate for gamete numbers is given in Bé & Anderson
[13], who estimated that Trilobatus sacculifer produces at least
2.8 × 105 gametes, but who state that probably considerably
more gametes had been produced as many had already escaped
the shell at the time of observation. Schiebel & Hemleben [23]
estimate the average number of gametes produced by planktonic
Foraminifera to be approximately 300 000–400 000.

We further used data from studies of calcification intensity
in planktonic Foraminifera [41–45] (electronic supplementary
material, S1) to estimate gamete numbers for several species. We
used size–weight data of individual foraminiferal shells and the
density of calcite (ρ = 2.7102 g cm−3 [46]), to estimate the volume
of cytoplasm within the shells (electronic supplementary material,
S1). Using some other assumptions (electronic supplementary
material, S2) and a gamete size of 30 µm3 (approx. 4 µm
in diameter), we estimated the production of few tens of thou-
sands to several hundreds of thousands of gametes per
individual, depending on the species (electronic supplementary
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Figure 1. Schematic depiction of the Foraminifer reproduction model designed for this study.
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material, S2). Convincingly, our estimate for Trilobatus sacculifer
is ca 500 000 gametes per individual, which is close to the
estimate by Bé & Anderson [13]. Based on these results, we
ran our models with a range of 12 500 to 400 000 gametes
per individual, which covers the confidence intervals of our
estimate range.

To our knowledge, no observations about gamete speed in
planktonic Foraminifera have been published in peer-reviewed
sources so far. However, we used a video by Jennifer Fehrenbacher
(Oregon State University, USA) available on YouTube (https://
www.youtube.com/watch?v=iCqcKjeqR4g) to estimate gamete
speeds. The video shows a specimen of the species Neogloboqua-
drina dutertrei releasing gametes in a culturing dish. We used the
size of the foraminifer of 300 µm to approximate the scale of the
image and estimated the distance covered by individual gametes,
which appears to be 8–12 gamete body lengths per second.
Accounting for estimation errors, we ran our models with a
range of 25–100 µm s−1 as gamete speeds. The video also shows
that gametes are explosively expelled to a distance of ca 2000 µm,
but this initial expulsion is not characteristic of the gametes’ own
motion and was thus not included in our assumptions.
2.2. Model description
We used a modular model design, which allowed the reuse of
experimental set-ups so that for example the trajectories and
spawning parameters generated for one experiment could be ana-
lysed with varying numbers of released gametes. The following
module descriptions are summaries and the model is schematically
depicted in figure 1; more detailed descriptions of all modules are
available in the electronic supplementary material, S2.

Module 1 simulated the distribution of gametes by a random
walk process. Gamete release was simulated with 10 000 dimen-
sionless particles at the centre of a virtual volume which moved
along a uniformly randomized vector with regular direction
changes. Gamete densities as a function of distance from the
centre were approximated by a normal distribution. The fit of
this approximation was very good (root-mean-square error:
0.07–0.30%). For later use in Module 3, the maximum distance
travelled against time was approximated by a second-degree
polynomial function.

Module 2 simulated the movement of adult Foraminifera in a
cubic metre of sea water in a quasi-laminar flow. Starting at
random initial positions, Foraminifera were moved along a ran-
domly determined fixed starting vector which was altered at
random. The purpose of this module was the incorporation of
another random element for gamete cloud interaction. Like in
Module 1, the individual Foraminifera were dimensionless and
could not interact.

Module 3 determined the probability of encounters of the
gamete clouds of different adults based on the output from
Modules 1 and 2 (we disregard autogamy as an option, as it
has never been observed to occur in culture). All adult cells
released their gametes within the synchronization time of the
respective experiment. The number of released gametes was gen-
erated as a normally distributed random number with a mean
according to the settings of the experiment (table 1) and a standard
deviation of 20%. The maximum distance of travel for the gametes
was taken from Module 1 results. The list of probable gamete inter-
action events was stored for final analysis in Module 4.

Module 4 determined the number of gamete fusions into
zygotes. Since our simulated gametes perform a random walk,
we used the equation for particle collisions from kinetic gas
theory (equation (2.1)):

z ¼ p� d2G � vG � nA � nB, ð2:1Þ
where z is the collision frequency, dG is the gamete diameter, vG is
the gamete velocity and nA and nB are the concentrations of the
gametes of Foraminifera individuals A and B.

The validity of this approximation was tested by comparing
the collision rates obtained from equation (2.1) with direct
numerical simulations of the upper triangular matrix of gamete
concentrations in the set [5..100,5] gametes ml−3.

2.3. Data analysis
All model results were analysed in R v. 4.0.2 [47]. The relation-
ship between model parameters and reproductive success was
modelled using generalized additive models (GAMs) of the

https://www.youtube.com/watch?v=iCqcKjeqR4g
https://www.youtube.com/watch?v=iCqcKjeqR4g
https://www.youtube.com/watch?v=iCqcKjeqR4g


Table 2. Summary of results from the planktonic Foraminifera reproduction model. Coeff. var.: coefficient of variation; ind.: individual Foraminifera; pop.:
population of planktonic Foraminifera.

parameter range mean 3rd quartile

reproducing Foraminifera (n) 0–39 5.30 5.00

total zygotes produced (n) 0–228 000 604.30 16.35

zygotes per successful ind. (n) 0–114 000 94.00 2.00

zygotes per ind. across pop. (n) 0–11 400 21.00 1.00

coeff. var. gamete fusion per ind. (n, only successful ind.) 0.78–20.37 4.50 5.07

coeff. var. gamete fusion per ind. (n, entire pop.) 0.77–20.37 4.35 4.88

proportion of pop. reproducing (%) 0–97.5 17.70 26.70

coeff. var pop.-wide success rate 0.07–10.00 1.54 1.83
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form presented in equation (2.2) as implemented in the R-pack-
age ‘gamlss’ v. 5.1-7 [48], using their own fitting algorithm.
Dependent variables in the GAMs were fitted via maximum like-
lihood with P-splines based on singular value decomposition.
The family of the link-function for the GAMs was chosen
based on an evaluation of the distribution of the dependent
variable in the R-package ‘fitdistrplus’ v. 1.1-1 [49].

RS ¼ ‘(tS)þ ‘(nF)þ ‘(vG)þ ‘(dG)þ ‘(nG)þ 1, ð2:2Þ
where RS is the reproductive success parameter to be modelled,
tS is the degree of synchronization (i.e. time-window size during
which gametes are released), nF is the density of Foraminifera, vG
is the gamete velocity, dG is the gamete diameter, nG is the
number of gametes released per foraminifer, ϵ is the error term
and ℓ denotes a P-spline smooth.

The variation of reproductive success parameters was calcu-
lated as coefficient of variation CV = s/µ, where s is the standard
deviation and µ is the mean of the parameter. To estimate the dis-
tribution pattern of reproductive success across individuals (i.e.
whether all individuals had the same reproductive success), we
used Ripley’s L function [50] and visualized influential par-
ameters across the space of largest variation using flexible
discriminant analysis (FDA) [51] as implemented in the R-pack-
age ‘mda’ v. 0.5-2. The survival rate of planktonic Foraminifera
has been estimated using nonlinear regression.
3. Results
Different experimental set-ups strongly varied in their individ-
ual reproductive success and are summarized in table 2 and
electronic supplementary material, S2. On average, 5.3 individ-
ual Foraminifera were able to successfully reproduce per
experimental run, generating a total of 604.3 zygotes. With
the generated data, we evaluated reproductive success in
two ways. (i) We estimated the number of zygotes produced
(i.e. successful fusions of two gametes) per successful individ-
ual and in relation to the population. These numbers are
critical, as sufficient zygotes are required to sustain the popu-
lation. (ii) We estimated the proportion of the population that
was able to successfully reproduce and the distribution of
reproductive success across individuals. This is a quantity
for the reproductive success among planktonic Foraminifera,
which has an impact on population viability and gene flow.

3.1. Scale of reproductive success
We find that across all experiments, an average of 94 zygotes
were produced by each successful foraminifer. Across the
entire population, compensating for unsuccessful individuals,
this translates to 21 zygotes per foraminifer on average.

The individual success in producing zygotes followed a
strongly positively skewed gamma distribution, containing
large numbers of zero values. We, therefore, chose a zero-
adjusted gamma distribution as link-function for the GAM
(results are shown in table 3). We observe that when only con-
sidering the successful individuals, synchronization time and
Foraminifera density did not significantly influence reproduc-
tive success. Gamete speed shows a negative relationship with
zygote production, while both gamete size and the number of
gametes produced per foraminifer positively influenced the
number of fusions (electronic supplementary material, S2).
The CV of fusions per individual is 4.50 on average. The vari-
ation follows a gamma distribution, and the fitted GAM
implies that variation increased with a relaxation of synchroni-
zation and decreased with foraminiferal density and gamete
speed (electronic supplementary material, S2). Conversely,
gamete size and number of gametes produced did not affect
the variation of reproductive success.

The interpretation changes, however, when considering
zygote production across the entire population (i.e. including
unsuccessful individuals), which is more relevant for the
retention of the population (table 3 and figure 2a). All
modelled parameters significantly influenced reproductive
success, with the success rate increasing with stricter synchro-
nization of gamete release, increases in foraminiferal density,
and number, size and speed of gametes. The CV of zygote
production across the population has a mean of 4.35. The
variation of reproductive success increased with a relaxation
of the synchronization of gamete release but could be
decreased by higher population densities and greater
gamete speed, while size and number of gametes exhibited
no controls on the variation of reproductive success across
the population (electronic supplementary material, S2).

3.2. Proportion of the population reproducing
The reproductive success of the population is expressed as
the fraction of individuals that were participating in at least
one fusion of two gametes into a zygote. Within our model
framework, 17.7% of the population reproduced successfully
on average.

The population’s reproductive success followed a zero-
inflated beta distribution. The GAM indicates that the
reproductive success was influenced by all tested par-
ameters: Stronger synchronization, higher foraminifer
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Figure 2. Reproductive success of planktonic Foraminifera depending on model parameters based on a GAM. (a) Number of zygotes produced per specimen across
the population (loge-transformed). Orange horizontal plane and trace indicate 75 zygotes per foraminifer. (b) Fraction of the population successfully reproducing
depending on model parameters.

Table 3. Results from a GAM of foraminiferal reproductive success in dependence of model parameters.

zygotes per successful
individual zygotes across population

successful proportion of
population

t-value p-value t-value p-value t-value p-value

values

intercept 4.021 <0.001 –3.571 <0.001 −47.888 <0.001

gamete release synchronization (h) −1.018 0.309 −9.656 <0.001 −59.269 <0.001

foraminifera density (specimens m−3) 0.501 0.616 3.230 0.001 41.635 <0.001

gamete size (µm) 6.488 <0.001 6.394 <0.001 −4.162 <0.001

gamete number (n) 20.881 <0.001 20.817 <0.001 2.032 0.042

gamete speed (µm s−1) −8.330 <0.001 2.484 0.013 77.086 <0.001

variation of values

intercept 10.952 <0.001 10.964 <0.001 8.147 <0.001

gamete release synchronization (h) 11.209 <0.001 12.267 <0.001 21.465 <0.001

foraminifera density (specimens m−3) −12.766 <0.001 −12.305 <0.001 −19.930 <0.001

gamete size (µm) 0.883 0.381 1.405 0.166 2.193 0.033

gamete number (n) −0.911 0.366 −0.896 0.374 −1.032 0.307

gamete speed (µm s−1) −9.743 <0.001 −11.188 <0.001 −23.756 <0.001
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densities, and larger, faster and more numerous gametes
positively influenced reproductive success (table 3 and
figure 2b; electronic supplementary material, S2). The CV
of the population-wide success rate is 1.54 on average.
The GAM on the gamma distribution shows an increase
of variation with relaxed synchronization, lower foraminif-
eral density, and larger, slower gametes; the number of
gametes exhibited no effect on success variation (table 3;
electronic supplementary material, S2).
Even in a scenario where a large proportion of the popu-
lation reproduces successfully, it is possible that most zygotes
are produced by only a few specimens. This can be tested by
looking at the distribution of two parameters: (i) the number
of successful reproductions of each individual with another
foraminifer and (ii) the proportion of zygotes produced
by each individual. Ripley’s L function implies that the
number of successful reproductions with different partners
falls in either of two groups across our experiments
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(figure 3a,c). (i) Some experiments showed a low divergence
following a shallow beta distribution or coming close to a
normal distribution (electronic supplementary material, S2).
Here, many individuals reproduced with a moderate
number of different partners, but relatively few were either
unsuccessful or reproduced with an extensive number of
other individuals. Around half of the experiments (52%) fall
in this group. (ii) In other experiments, the divergence
followed a steep beta distribution, with most of the popu-
lation reproducing with none or very few other individuals,
while few individuals performed excessively well. An FDA
shows that higher gamete production and population density
promoted low divergence, while a relaxed synchronization
time caused high divergence in the number of successful
reproductions. For the number of produced zygotes per indi-
vidual, all experiments followed a relatively steep beta
distribution, but the divergence was lower in some exper-
iments than in others (figure 3b,d; electronic supplementary
material, S2). The low-divergence group (13% of all exper-
iments) showed large numbers of individuals that did
not produce any zygotes at all, but a rather uniform distri-
bution of all successful individuals between very few and
numerous zygotes produced. Within the high-divergence
group, few individuals produced the vast majority of
zygotes. A more even distribution was promoted by larger,
faster gametes and a higher population density, while relaxed
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synchronization and a higher number of gametes bolstered a
high divergence of the number of produced zygotes.
4. Discussion
4.1. Individual reproductive success and sustainability of

the population
To evaluate the reproductive success rate necessary tomaintain a
population, data on the survival of zygotes in planktonic Fora-
minifera were needed. We estimated the probability of survival
of planktonic foraminiferal zygotes to the reproductive stage
using data from Brummer et al. [52, fig. 3], where foramini-
feral abundances have been assessed over a wide shell size
range. An exponential model for the survival of planktonic
Foraminifera during ontogeny was fitted to these data
(figure 4), assuming (i) a proloculus size (the initial foraminiferal
shell, consisting of one chamber) of 15 µm [24,53] and (ii) an
adult shell size of 125–150 µm [54]. We estimated the survival
rate of planktonic Foraminifera from the zygote to the reproduc-
tive stage as ca 5%, which compares well with estimates for
benthic Foraminifera (electronic supplementary material, S2)
and survival curves in multicellular organisms [55,56]. Under
this assumption, an average reproductive success of greater
than 70–100 zygotes per individual foraminifer would suffice
to sustain a viable population via sexual reproduction alone.

Only 9% of our experiments reached these numbers (com-
pare electronic supplementary material, S3), which all showed
stringent synchronization of gamete release within 12 h, large
numbers (400 000) of gametes per specimen and high popu-
lation densities (greater than or equal to 20 specimens m−3)
(compare figure 2a). In nature, planktonic Foraminifera gener-
ally occur in very low abundances [30,31]. Temporal
synchronization of their reproductive cycles was therefore
suggested as a requirement to sustain a population, driven
by either lunar cyclicity [7–9,32,37] or higher order cyclicities
[9,57,58]. Our data support the need for temporally synchro-
nized sexual reproduction to avoid unsustainably low
numbers of gamete fusions. Additionally, a stronger synchro-
nization reduces the variation in individual reproductive
success (electronic supplementary material, S2), allowing to
maintain stable population sizes. Triggers for gamete gener-
ation and synchronized release may include lunar tides
or other physical oceanic parameters such as turbulence,
turbidity or temperature [59].

Spatial concentration of adults could further aid reproduc-
tive efforts, for instance by sinking to a physical boundary
layer like the halocline, which was repeatedly suggested for
planktonic Foraminifera [9,58,60,61]. The turbulent nature of
the ocean seems to promote the concentration of plankton
into spatial clusters for reproductive purposes on smaller
scales, although it may lead to segregation of populations on
larger scales [31,62,63]. As we ran the models under laminar
flow environments, this effect could not be simulated. How-
ever, the analyses by Borgnino et al. [63] suggest that
turbulent flow would contribute to the spatial concentration
process, by locally increasing population densities, which
would help reaching the necessary population densities
implied by our model. Spatial concentration combined with
temporal synchronization of planktonic Foraminifera seems
to be mandatory to sustain populations in a natural environ-
ment under the assumption of purely sexual reproduction
(figure 2a). Chemical signalling between planktonic Foramini-
fera after concentration/pairing, which could trigger gamete
production and has been observed in diatoms [64], could
further enhance synchronization of gamete release.

The need for spatial or temporal synchronization could
be relaxed if foraminiferal gametes possessed an active
partner-detection mechanism. For some algae, a phototactic
behaviour has been described [65], which ensures a uniform
direction of movement of gametes to increase encounter rates.
Chemotaxis could increase gamete encounter rates even more
by enabling active partner tracking, if foraminiferal gametes
overcame the sensitivity limit, e.g. by having sufficient receptors
on their cell surface [66]. We decided against including such
mechanisms in our models for lack of evidence but suggest con-
centrating empirical scientific research in this area in the future.

Our models suggest that populations would not be sustain-
able in species producing less than ca 250 000 gametes (figure 2a).
In our estimates of gamete production rates, only the exception-
ally large species Trilobatus sacculifer and Orbulina universa
generate that many gametes. One possible solution may be
that smaller species produce a greater number of smaller
gametes (i.e. less than 4 µm)as opposed to fewer, larger gametes.
In this case, the smaller gametes would likely have fewer energy
reserves [34], reducing their survival time. However, this could
be offset by the increased encounter rates generated by the
increased gamete counts. Should this hypothesis be true, the
equivalent of r- and K-strategists (enforced by adult shell size)
may exist among planktonic Foraminifera, with potential impli-
cations for the adaptability of different species. Alternatively, if a
strong spatial concentration or pairing of individuals took place
prior to gamete release, this could levy the issue of low gamete
counts by significantly raising encounter rates.

4.2. Distribution of reproductive success across the
population

All models that would allow the largest fraction of the popu-
lation (greater than 40%) to reproduce successfully are
decidedly not the models that allow sustainable numbers of
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successful gamete fusions (electronic supplementary material,
S3). The production of medium numbers of faster gametes
seems to be most beneficial for an even divergence of success
across the population (figure 2b; electronic supplementary
material, S2). By contrast, the sixmodelswhich led to sustainable
populations had only 25% of the population successfully repro-
ducing sexually on average. Except for a generally beneficial
strict temporal synchronization, the model parameters which
benefitted population-preservation through sexual reproduction
were rather detrimental for the upkeep of gene flow and genetic
intermixing within the population. This discrepancy does not
seem to stem from thedistributionof thenumberof reproductive
events across individuals, as shownbyRipley’s L (figure 3a; elec-
tronic supplementarymaterial, S2).Allmodels that sustained the
population showed a low divergence of reproductive events,
meaning that most individuals reproduced with a medium
number of other individuals, thus keeping gene flow on a mod-
erate level. Rather, it is the number of zygotes produced during
these gamete cloud encounters that is skewed towards a large
discrepancy between individuals. Each successful encounter of
gamete clouds between two individuals can produce between
one and hundreds of thousands of zygotes, depending on how
many gametes of the two adult cells manage to fuse. In all
models that can sustain the population, only few gamete cloud
encounters produce large numbers of zygotes, so that most
zygotes in the population are produced by few adult cells
(figure 3b; electronic supplementary material, S2). Especially
the high number of gametes necessary to sustain the population
in ourmodels increases the divergence in the number of zygotes
individual Foraminifera produce (figure 3d).

Presumably, producing sufficient zygotes is more important
to species survival than an even distribution of reproductive suc-
cess across all individuals, although a combination of both
wouldarguablybemost beneficial.Accordingly, frameworkpar-
ameters maximizing zygote production would be favoured in
terms of evolutionary fitness, even if it means sacrificing popu-
lation-wide reproductive success and, thus, gene flow. If this
held true, it could help explain some prior observations.
(i) Norris [59] discussed in detail the problem of diversification
and speciation in the open ocean plankton, which lives in an
environment void of physical barriers which could prevent
gene flow. Should planktonic Foraminifera indeed sacrifice
gene flow for successful reproduction on the population level,
it may help explain speciation between genetically isolated
populations, even if they occur in sympatry [67–69] or undergo
speciation in a homogeneous environment [29]. (ii) It could be
shown that planktonic Foraminifera communities, when
exposed to stressful environments, most often react with an
adaptive response based on pre-existing variability rather than
innovation through evolution [70–72]. The evolvability of plank-
tonic Foraminifera may just be inherently low, but it may be that
innovations simply cannot be fixated in the population due to
reduced gene flow, which could, in turn, explain the spikes in
variation sometimes observed in fringe environments [70].
4.3. Sexual versus asexual reproduction
Planktonic Foraminifera are the onlymajor group of marine pro-
tists that have until recently been believed to reproduce nearly
purely sexually through gametes [25]. While most protists are
capable of sexual reproduction, asexual reproduction is fre-
quently dominant [73]. This is even more intriguing when
considering that planktonic Foraminifera descended from
benthic Foraminifera, which exhibit alternating sexual and
asexual reproductive cycles [20]. It was hypothesized that
planktonic Foraminifera secondarily reduced their asexual repro-
ductive cycle [29], as sexual reproduction is the more ancient
reproductive mode [3,19]. This assumption, however, raises
two main questions. (i) If asexual reproduction was secondarily
reduced in all planktonic Foraminifera, this would have had to
occur at least twice independently, since evidence suggests
that modern planktonic Foraminifera are polyphyletic [28].
(ii) Sexual reproduction conveys several benefits, like the gener-
ation and spread of beneficial mutations [1,3] and the purging
of harmful mutations [74]. Nevertheless, sexual reproduction
bears a risk of failure since it depends on the encounter of the
reproductive cells of two individuals. Planktonic Foraminifera
would be an oddity in the protist world if they truly relied
solely on sexual reproduction.

Recently, some studies documented the existence of asexual
reproduction in planktonic Foraminifera [26,27]. The occurrence
of asexual reproduction was so far estimated to comprise less
than 1% of reproductive events [25], although other studies
argue that it may even be the dominant mode of reproduction
[75]. Davis et al. [27] showed that asexually produced offspring
of planktonic Foraminifera are morphologically very variable,
indicating a high phenotypic plasticity within the group. This
phenotypic plasticity may under many circumstances be suffi-
cient to ensure survival in variable environments even without
sexual recombination and mutation. Asexual reproduction
may therefore enable planktonic Foraminifera to sustain their
populations with a reproductive mode that is more effective
and less dependent on chance than sexual reproduction. It
could ensure that even smaller species, which produce fewer
gametes and would have difficulties surviving under our
model when dependent on sexual reproduction alone, manage
to endure. Coincidentally, asexual reproduction in planktonic
Foraminifera has so far mainly been observed in smaller
species in laboratory culture [25–27]. However, plasticity is not
helpful when facing unprecedented environmental stress and
decreases during evolutionary adaptive events [76]. We hypoth-
esize that planktonic Foraminifera may have a more prevalent
asexual reproductive cycle than previously believed that can
ensure population sustenance. But they likely ensure evolu-
tionary adaptation and gene flow through a temporarily and
spatially synchronized sexual reproduction phase. Whether
these phases alternate, as in many benthic Foraminifera, or are
triggered by certain environmental conditions remains to be
established. The fact that gametogenesis occurs regularly in
laboratory culture may indicate that sexual reproduction is trig-
gered by suboptimal environmental conditions, which would
increase its value for adaptive evolution. This is consistent
with evolutionary hypotheses indicating that in taxa capable
of sexual and asexual reproduction, sexual reproduction is selec-
tively favoured under scenarios of environmental adaptation,
while asexual reproduction becomes rapidly dominant in
stable environments with a stabilizing selection regime [77].
4.4. Open questions for future studies
Through these models, we identified critical questions as
focus of future research to better understand reproduction
of the marine protist plankton:

(i) How is synchronized gamete release triggered?
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(ii) How/to what extent does spatial concentration of cells
occur prior to sexual reproduction?

(iii) Do foraminiferal gametes have means for phototaxis
or chemotaxis?

(iv) Are planktonic Foraminifera segregated into K-strate-
gists and r-strategists?

(v) What is the relative contribution of sexual and asexual
reproduction among planktonic Foraminifera and
how does it vary across groups?
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fruitful discussions of framework parameters and foraminiferal
reproduction in general. Patrick Gonzalez is thanked for providing
the hardware to run some of the models. We are grateful for com-
ments by David M. Wilkinson and one anonymous reviewer, who
helped to improve the manuscript.
oc.Interface
References
19:20210860
1. Kondrashov AS. 1988 Deleterious mutations and the
evolution of sexual reproduction. Nature 336,
435–440. (doi:10.1038/336435a0)

2. Nilsson J-Å, Svensson E. 1996 The cost of reproduction:
a new link between current reproductive effort and
future reproductive success. Proc. R. Soc. B 263,
711–714. (doi:10.1098/rspb.1996.0106)

3. Speijer D, Lukeš J, Eliáš M. 2015 Sex is a ubiquitous,
ancient, and inherent attribute of eukaryotic life.
Proc. Natl Acad. Sci. USA 112, 8827–8834. (doi:10.
1073/pnas.1501725112)

4. Weiner AKM, Weinkauf MFG, Kurasawa A, Darling
KF, Kučera M, Grimm GW. 2014 Phylogeography of
the tropical planktonic Foraminifera lineage
Globigerinella reveals isolation inconsistent with
passive dispersal by ocean currents. PLoS ONE 9,
e92148. (doi:10.1371/journal.pone.0092148)

5. McManus MA, Woodson CB. 2012 Plankton
distribution and ocean dispersal. J. Exp. Biol. 215,
1008–1016. (doi:10.1242/jeb.059014)

6. Lazarus D, Hilbrecht H, Spencer-Cervato C, Thierstein
H. 1995 Sympatric speciation and phyletic change in
Globorotalia truncatulinoides. Paleobiology 21,
28–51. (doi:10.1017/S0094837300013063)

7. Bijma J, Erez J, Hemleben C. 1990 Lunar and semi-
lunar reproductive cycles in some spinose planktonic
foraminifers. J. Foraminiferal Res. 20, 117–127.
(doi:10.2113/gsjfr.20.2.117)

8. Erez J, Almogi-Labin A, Avraham S. 1991 On the life
history of planktonic Foraminifera: lunar
reproduction cycle in Globigerinoides sacculifer
(Brady). Paleoceanogr. Paleoclimatol. 6, 295–306.
(doi:10.1029/90PA02731)

9. Meilland J, Siccha M, Kaffenberger M, Bijma J,
Kučera M. 2021 Population dynamics and
reproduction strategies of planktonic Foraminifera in
the open ocean. Biogeosciences 18, 5789–5809.
(doi:10.5194/bg-18-5789-2021)

10. Fenchel T. 2001 Eppur si muove: many water
column bacteria are motile. Aquat. Microb. Ecol. 24,
197–201. (doi:10.3354/ame024197)

11. Verni F, Rosati G. 2011 Resting cysts: a
survival strategy in Protozoa Ciliophora. Italian
J. Zool. 78, 134–145. (doi:10.1080/11250003.2011.
560579)

12. Plourde S, Runge JA. 1993 Reproduction of the
planktonic copepod Calanus finmarchicus in the
lower St. Lawrence Estuary: relation to the cycle of
phytoplankton production and evidence for a
Calanus pump. Mar. Ecol. Prog. Ser. 102, 217–227.
(doi:10.3354/meps102217)

13. Bé AWH, Anderson OR. 1976 Gametogenesis in
planktonic Foraminifera. Science 192, 890–892.
(doi:10.1126/science.946914)

14. Fuchs N, Scalco E, Kooistra WHCF, Assmy P,
Montresor M. 2013 Genetic characterization and life
cycle of the diatom Fragilariopsis kerguelensis.
Eur. J. Phycol. 48, 411–426. (doi:10.1080/09670262.
2013.849360)

15. Febvre-Chevalier C, Febvre J. 1994 Buoyancy and
swimming in marine planktonic protists. In
Mechanics and physiology of animal swimming
(eds L Maddock, Q Bone, JMV Rayner), pp. 13–26.
Cambridge, UK: Cambridge University Press.

16. Coats DW, Heinbokel JF. 1982 A study of
reproduction and other life cycle phenomena in
planktonic protists using an acridine orange
fluorescence technique. Mar. Biol. 67, 71–79.
(doi:10.1007/BF00397096)

17. Weisse T. 2008 Distribution and diversity of aquatic
protists: an evolutionary and ecological perspective.
Biodivers. Conserv. 17, 243–259. (doi:10.1007/
s10531-007-9249-4)

18. Fiore-Donno AM, Novozhilov YK, Meyer M, Schnittler
M. 2011 Genetic structure of two protist species
(Myxogastria, Amoebozoa) suggests asexual
reproduction in sexual amoebae. PLoS ONE 6,
e22872. (doi:10.1371/journal.pone.0022872)

19. Goldstein ST. 1997 Gametogenesis and the antiquity
of reproductive pattern in the Foraminiferida.
J. Foraminiferal Res. 27, 319–328. (doi:10.2113/
gsjfr.27.4.319)

20. Goldstein ST. 2002 Foraminifera: a biological
overview. In Modern Foraminifera (ed. BK Sen
Gupta), pp. 37–55. Dordrecht, The Netherlands:
Kluwer Academic Publishers.
21. de Vargas C et al. 2015 Eukaryotic plankton diversity
in the sunlit ocean. Science 348, 1261605. (doi:10.
1126/science.1261605)

22. Aze T, Ezard THG, Purvis A, Coxall HK, Stewart DRM,
Wade BS, Pearson PN. 2011 A phylogeny of
Cenozoic macroperforate planktonic Foraminifera
from fossil data. Biol. Rev. Cambridge Phil. Soc. 86,
900–927. (doi:10.1111/j.1469-185X.2011.00178.x)

23. Schiebel R, Hemleben C. 2017 Planktic foraminifers
in the modern ocean. Berlin, Germany: Springer.

24. Ketten DR, Edmond JM. 1979 Gametogenesis and
calcification of planktonic Foraminifera. Nature 278,
546–548. (doi:10.1038/278546a0)

25. Kimoto K. 2015 Planktic Foraminifera. In Marine
protists: diversity and dynamics (eds S Ohtsuka,
T Suzaki, T Horiguchi, N Suzuki, F Not),
pp. 129–178. Tokyo, Japan: Springer.

26. Takagi H, Kurasawa A, Kimoto K. 2020 Observation
of asexual reproduction with symbiont transmission
in planktonic Foraminifera. J. Plankton Res. 42,
403–410. (doi:10.1093/plankt/fbaa033)

27. Davis CV, Livsey CM, Palmer HM, Hull PM, Thomas
E, Hill TM, Benitez-Nelson CR. 2020 Extensive
morphological variability in asexually produced
planktic Foraminifera. Sci. Adv. 6, eabb8930.
(doi:10.1126/sciadv.abb8930)

28. Darling KF, Wade CM, Kroon D, Leigh Brown AJ.
1997 Planktic foraminiferal molecular evolution and
their polyphyletic origins from benthic taxa. Mar.
Micropaleontol. 30, 251–266. (doi:10.1016/S0377-
8398(96)00057-6)

29. Kučera M, Silye L, Weiner AKM, Darling K, Lübben B,
Holzmann M, Pawłowski J, Schönfeld J, Morard R. 2017
Caught in the act: anatomy of an ongoing benthic–
planktonic transition in a marine protist. J. Plankton Res.
39, 436–449. (doi:10.1093/plankt/fbx018)

30. Kučera M, Morard R, Siccha M, Weiner A, Weinkauf
M. 2013 Cruise report of RV Sonne Cruise SO226-3
DipFIP: the extent and structure of cryptic diversity
in morphospecies of planktonic Foraminifera of the
Indopacific Warm Pool: Wellington–Kaohsiung,
04.03.2013–28.03.2013. Berich. MARUM Fachbereich
Geowiss. Univ. Bremen 293, 1–39.

http://dx.doi.org/10.1038/336435a0
http://dx.doi.org/10.1098/rspb.1996.0106
http://dx.doi.org/10.1073/pnas.1501725112
http://dx.doi.org/10.1073/pnas.1501725112
http://dx.doi.org/10.1371/journal.pone.0092148
http://dx.doi.org/10.1242/jeb.059014
http://dx.doi.org/10.1017/S0094837300013063
http://dx.doi.org/10.2113/gsjfr.20.2.117
http://dx.doi.org/10.1029/90PA02731
https://doi.org/10.5194/bg-18-5789-2021
http://dx.doi.org/10.3354/ame024197
http://dx.doi.org/10.1080/11250003.2011.560579
http://dx.doi.org/10.1080/11250003.2011.560579
http://dx.doi.org/10.3354/meps102217
http://dx.doi.org/10.1126/science.946914
http://dx.doi.org/10.1080/09670262.2013.849360
http://dx.doi.org/10.1080/09670262.2013.849360
http://dx.doi.org/10.1007/BF00397096
http://dx.doi.org/10.1007/s10531-007-9249-4
http://dx.doi.org/10.1007/s10531-007-9249-4
https://doi.org/10.1371/journal.pone.0022872
http://dx.doi.org/10.2113/gsjfr.27.4.319
http://dx.doi.org/10.2113/gsjfr.27.4.319
http://dx.doi.org/10.1126/science.1261605
http://dx.doi.org/10.1126/science.1261605
http://dx.doi.org/10.1111/j.1469-185X.2011.00178.x
http://dx.doi.org/10.1038/278546a0
http://dx.doi.org/10.1093/plankt/fbaa033
http://dx.doi.org/10.1126/sciadv.abb8930
http://dx.doi.org/10.1016/S0377-8398(96)00057-6
http://dx.doi.org/10.1016/S0377-8398(96)00057-6
http://dx.doi.org/10.1093/plankt/fbx018


royalsocietypublishing.org/journal/rsif
J.R.Soc.Interface

19:20210860

10

 D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//r

oy
al

so
ci

et
yp

ub
lis

hi
ng

.o
rg

/ o
n 

14
 J

un
e 

20
22

 

31. Meilland J et al. 2019 Highly replicated sampling
reveals no diurnal vertical migration but stable
species-specific vertical habitats in planktonic
Foraminifera. J. Plankton Res. 41, 127–141. (doi:10.
1093/plankt/fbz002)

32. Jonkers L, Reynolds CE, Richey J, Hall IR. 2015 Lunar
periodicity in the shell flux of planktonic
Foraminifera in the Gulf of Mexico. Biogeosciences
12, 3061–3070. (doi:10.5194/bg-12-3061-2015)

33. Spindler M, Anderson OR, Hemleben C, Bé AWH.
1978 Light and electron microscopic observations of
gametogenesis in Hastigerina pelagica
(Foraminifera). J. Eukaryotic Microbiol. 25, 427–433.
(doi:10.1111/j.1550-7408.1978.tb04164.x)

34. Bé AWH, Anderson OR, Faber WW, Caron Jr DA.
1983 Sequence of morphological and cytoplasmic
changes during gametogenesis in the planktonic
foraminifer Globigerinoides sacculifer (Brady).
Micropaleontology 29, 310–325. (doi:10.2307/
1485737)

35. Bijma J, Faber WW Jr, Hemleben C. 1990
Temperature and salinity limits for growth and
survival of some planktonic foraminifers in
laboratory cultures. J. Foraminiferal Res. 20,
95–116. (doi:10.2113/gsjfr.20.2.95)

36. Venancio IM, Franco D, Belem AL, Mulitza S, Siccha
M, Albuquerque ALS, Schulz M, Kučera M. 2016
Planktonic Foraminifera shell fluxes from a weekly
resolved sediment trap record in the southwestern
Atlantic: evidence for synchronized reproduction.
Mar. Micropaleontol. 125, 25–35. (doi:10.1016/j.
marmicro.2016.03.003)

37. Spindler M, Hemleben C, Bayer U, Bé AWH,
Anderson OR. 1979 Lunar periodicity of reproduction
in the planktonic foraminifer Hastigerina pelagica.
Mar. Ecol. 1, 61–64. (doi:10.3354/meps001061)

38. Rebotim A, Voelker AHL, Jonkers L, Waniek JJ,
Meggers H, Schiebel R, Fraile I, Schulz M, Kučera M.
2017 Factors controlling the depth habitat of
planktonic Foraminifera in the subtropical eastern
North Atlantic. Biogeosciences 14, 827–859. (doi:10.
5194/bg-14-827-2017)

39. Visbeck M et al. 2017 South Atlantic Crossing
(SACROSS)—Cruise No. M133: 15.12.2016–13.01.2017,
Cape Town (South Africa)–Stanley (Falklands). Bonn,
Gutachterpanel Forschungsschiffe.

40. Kučera M et al. 2019 Scales of population dynamics,
ecology and diversity of planktonic Foraminifera and
their relationship to particle flux in the Eastern
Tropical Atlantic: Cruise No. M140, 11.8.2017–
5.9.2017, Mindelo (Cabo Verde)–Las Palmas
(Spain)—FORAMFLUX. Bonn, Gutachterpanel
Forschungsschiffe.

41. Naik SS, Godad SP, Naidu PD. 2011 Does carbonate
ion control planktonic Foraminifera shell calcification
in upwelling regions? Curr. Sci. 101, 1370–1375.

42. Weinkauf MFG, Kunze JG, Waniek JJ, Kučera M.
2016 Seasonal variation in shell calcification of
planktonic Foraminifera in the NE Atlantic reveals
species-specific response to temperature,
productivity, and optimum growth conditions. PLoS
ONE 11, e148363. (doi:10.1371/journal.pone.
0148363)
43. Weinkauf MFG, Moller T, Koch MC, Kučera M. 2013
Calcification intensity in planktonic Foraminifera
reflects ambient conditions irrespective of
environmental stress. Biogeosciences 10,
6639–6655. (doi:10.5194/bg-10-6639-2013)

44. Marshall BJ, Thunell RC, Henehan MJ, Astor Y,
Wejnert KR. 2013 Planktonic foraminiferal area
density as a proxy for carbonate ion concentration: a
calibration study using the Cariaco Basin Ocean
Time Series. Paleoceanography 28, 1–14. (doi:10.
1002/palo.20034)

45. Lombard F, da Rocha RE, Bijma J, Gattuso JP. 2010
Effect of carbonate ion concentration and irradiance on
calcfication in planktonic Foraminifera. Biogeosciences
7, 247–255. (doi:10.5194/bg-7-247-2010)

46. Mindat.org Management Team. 1993–2020
Mindat.org. See https://www.mindat.org/.

47. R Core Team. 2020 R: a language and environment
for statistical computing. v. 4.0.2. Vienna, Austria: R
Foundation for Statistical Computing.

48. Rigby RA, Stasinopoulos DM. 2005 Generalized
additive models for location, scale and shape.
J. R. Stat. Soc. Ser. C 54, 507–554. (doi:10.1111/j.
1467-9876.2005.00510.x)

49. Delignette-Muller ML, Dutang C. 2015 fitdistrplus:
an R package for fitting distributions. J. Stat. Softw.
64, 4. (doi:10.18637/jss.v064.i04)

50. Ripley BD. 1976 The second-order analysis of
stationary point processes. J. Appl. Probab. 13,
255–266. (doi:10.2307/3212829)

51. Hastie T, Tibshirani R, Buja A. 1994 Flexible
discriminant analysis by optimal scoring. J. Am.
Stat. Assoc. 89, 1255–1270. (doi:10.1080/01621459.
1994.10476866)

52. Brummer G-JA, Hemleben C, Spindler M. 1988
Planktonic foraminiferal ontogeny and new
perspectives for micropalaeontology. In Planktonic
foraminifers as tracers of ocean–climate history:
ontogeny, relationships and preservation of modern
species and stable isotopes, phenotypes and
assemblage distribution in different water masses
(eds GJA Brummer, D Kroon), pp. 9–15.
Amsterdam, The Netherlands: Free University Press.

53. Brummer G-JA, Hemleben C, Spindler M. 1988
Ontogeny of extant spinose planktonic Foraminifera
(Globigenrinidae): a concept exemplified by
Globigerinoides sacculifer (Brady) and G. ruber
(d’Orbigny). In Planktonic foraminifers as tracers of
ocean–climate history: ontogeny, relationships and
preservation of modern species and stable isotopes,
phenotypes and assemblage distribution in different
water masses (eds GJA Brummer, D Kroon), pp. 17–49.
Amsterdam, The Netherlands: Free University Press.

54. Peeters F, Ivanova E, Conan S, Brummer GJ, Ganssen
G, Troelstra S, van Hinte J. 1999 A size analysis of
planktic Foraminifera from the Arabian Sea. Mar.
Micropaleontol. 36, 31–61. (doi:10.1016/S0377-
8398(98)00026-7)

55. Dahlberg MD. 1979 A review of survival rates of fish
eggs and larvae in relation to impact assessments.
Mar. Fish. Rev. 41, 1–12.

56. Rice JA, Miller TJ, Rose KA, Crowder LB, Marshall EA,
Trebitz AS, DeAngelis DL. 1993 Growth rate variation
and larval survival: inferences from an individual-
based size-dependent predation model. Can. J. Fish.
Aquat. Sci. 50, 133–142. (doi:10.1139/f93-015)

57. Jonkers L, Kučera M. 2015 Global analysis of
seasonality in the shell flux of extant planktonic
Foraminifera. Biogeosciences 12, 2207–2226.
(doi:10.5194/bg-12-2207-2015)

58. Schiebel R, Hemleben C. 2005 Modern planktic
Foraminifera. Paläontol. Z. 79, 135–148. (doi:10.
1007/BF03021758)

59. Norris RD. 2000 Pelagic species diversity,
biogeography, and evolution. Paleobiology 26,
236–258. (doi:10.1666/0094-8373(2000)26[236:
PSDBAE]2.0.CO;2)

60. Erez J, Honjo S. 1981 Comparison of isotopic
composition of planktonic Foraminifera in plankton
tows, sediment traps and sediments. Palaeogeogr.
Palaeoclimatol. Palaeoecol. 33, 129–156. (doi:10.
1016/0031-0182(81)90035-3)

61. Eggins SM, De Deckker P, Marshall J. 2003 Mg/Ca
variation in planktonic Foraminifera tests:
implications for reconstructing palaeo-seawater
temperature and habitat migration. Earth Planet.
Sci. Lett. 212, 291–306. (doi:10.1016/S0012-
821X(03)00283-8)

62. Basterretxea G, Font-Muñoz JS, Tuval I. 2020
Phytoplankton orientation in a turbulent ocean: a
microscale perspective. Front. Mar. Sci. 7, 185.
(doi:10.3389/fmars.2020.00185)

63. Borgnino M, Arrieta J, Boffetta G, De Lillo F, Tuval I. 2019
Turbulence induces clustering and segregation of non-
motile, buoyancy-regulating phytoplankton. J. R. Soc.
Interface 16, 20190324. (doi:10.1098/rsif.2019.0324)

64. Basu S et al. 2017 Finding a partner in the ocean:
molecular and evolutionary bases of the response to
sexual cues in a planktonic diatom. New Phytol.
215, 140–156. (doi:10.1111/nph.14557)

65. Togashi T, Motomura T, Ishimura T, Cox PA. 1999
Gametic behavior in a marine green alga,
Monostroma angicava: an effect of phototaxis on
mating efficiency. Sex. Plant Reprod. 12, 158–163.
(doi:10.1007/s004970050187)

66. Bialek W, Setayeshgar S. 2005 Physical limits to
biochemical signaling. Proc. Natl Acad. Sci. USA
102,10 040–10 045. (doi:10.1073/pnas.
0504321102)

67. Weiner A, Aurahs R, Kurasawa A, Kitazato H, Kučera
M. 2012 Vertical niche partitioning between cryptic
sibling species of a cosmopolitan marine planktonic
protist. Mol. Ecol. 21, 4063–4073. (doi:10.1111/j.
1365-294X.2012.05686.x)

68. de Vargas C, Norris RD, Zaninetti L, Gibb SW,
Pawłowski J. 1999 Molecular evidence of
cryptic speciation in planktonic foraminifers
and their relation to oceanic provinces. Proc. Natl
Acad. Sci. USA 96, 2864–2868. (doi:10.1073/pnas.
96.6.2864)

69. Morard R, Quillévéré F, Douady CJ, de Vargas C, de
Garidel-Thoron T, Escarguel G. 2011 Worldwide
genotyping in the planktonic foraminifer
Globoconella inflata: implications for life history and
paleoceanography. PLoS ONE 6, e26665. (doi:10.
1371/journal.pone.0026665)

http://dx.doi.org/10.1093/plankt/fbz002
http://dx.doi.org/10.1093/plankt/fbz002
http://dx.doi.org/10.5194/bg-12-3061-2015
http://dx.doi.org/10.1111/j.1550-7408.1978.tb04164.x
http://dx.doi.org/10.2307/1485737
http://dx.doi.org/10.2307/1485737
https://doi.org/10.2113/gsjfr.20.2.95
http://dx.doi.org/10.1016/j.marmicro.2016.03.003
http://dx.doi.org/10.1016/j.marmicro.2016.03.003
http://dx.doi.org/10.3354/meps001061
http://dx.doi.org/10.5194/bg-14-827-2017
http://dx.doi.org/10.5194/bg-14-827-2017
http://dx.doi.org/10.1371/journal.pone.0148363
http://dx.doi.org/10.1371/journal.pone.0148363
http://dx.doi.org/10.5194/bg-10-6639-2013
http://dx.doi.org/10.1002/palo.20034
http://dx.doi.org/10.1002/palo.20034
http://dx.doi.org/10.5194/bg-7-247-2010
https://www.mindat.org/
https://www.mindat.org/
http://dx.doi.org/10.1111/j.1467-9876.2005.00510.x
http://dx.doi.org/10.1111/j.1467-9876.2005.00510.x
https://doi.org/10.18637/jss.v064.i04
http://dx.doi.org/10.2307/3212829
http://dx.doi.org/10.1080/01621459.1994.10476866
http://dx.doi.org/10.1080/01621459.1994.10476866
http://dx.doi.org/10.1016/S0377-8398(98)00026-7
http://dx.doi.org/10.1016/S0377-8398(98)00026-7
http://dx.doi.org/10.1139/f93-015
http://dx.doi.org/10.5194/bg-12-2207-2015
http://dx.doi.org/10.1007/BF03021758
http://dx.doi.org/10.1007/BF03021758
http://dx.doi.org/10.1666/0094-8373(2000)26[236:PSDBAE]2.0.CO;2
http://dx.doi.org/10.1666/0094-8373(2000)26[236:PSDBAE]2.0.CO;2
http://dx.doi.org/10.1016/0031-0182(81)90035-3
http://dx.doi.org/10.1016/0031-0182(81)90035-3
http://dx.doi.org/10.1016/S0012-821X(03)00283-8
http://dx.doi.org/10.1016/S0012-821X(03)00283-8
https://doi.org/10.3389/fmars.2020.00185
http://dx.doi.org/10.1098/rsif.2019.0324
http://dx.doi.org/10.1111/nph.14557
http://dx.doi.org/10.1007/s004970050187
http://dx.doi.org/10.1073/pnas.0504321102
http://dx.doi.org/10.1073/pnas.0504321102
http://dx.doi.org/10.1111/j.1365-294X.2012.05686.x
http://dx.doi.org/10.1111/j.1365-294X.2012.05686.x
http://dx.doi.org/10.1073/pnas.96.6.2864
http://dx.doi.org/10.1073/pnas.96.6.2864
https://doi.org/10.1371/journal.pone.0026665
https://doi.org/10.1371/journal.pone.0026665


royalsocietypublishing.org/journal/rsif
J.

11

 D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//r

oy
al

so
ci

et
yp

ub
lis

hi
ng

.o
rg

/ o
n 

14
 J

un
e 

20
22

 

70. Weinkauf MFG, Moller T, Koch MC, Kučera M. 2014
Disruptive selection and bet-hedging in planktonic
Foraminifera: shell morphology as predictor of
extinctions. Front. Ecol. Evol. 2, 64. (doi:10.3389/
fevo.2014.00064)

71. Weinkauf MFG, Bonitz FGW, Martini R, Kučera M.
2019 An extinction event in planktonic
Foraminifera preceded by stabilizing selection. PLoS
ONE 14, e0223490. (doi:10.1371/journal.pone.
0223490)

72. Brombacher A, Wilson PA, Bailey I, Ezard THG. 2017
The breakdown of static and evolutionary
allometries during climatic upheaval. Am. Nat. 190,
350–362. (doi:10.1086/692570)
73. Archibald JM, Simpson AGB, Slamovits CH, Margulis
L, Melkonian M, Chapman DJ, Corliss JO. 2017
Handbook of the protists. Cham, Switzerland:
Springer.

74. Muller HJ. 1964 The relation of recombination to
mutational advance. Mutat. Res., Fundam. Mol.
Mech. Mutagen. 1, 2–9. (doi:10.1016/0027-
5107(64)90047-8)

75. Darling K, Fenton I. 2021 Not seeing the wood for
the trees: a case for obligate alternation of
generation in non-spinose planktonic Foraminifera.
In The Micropalaeontological Society Foram Festival:
virtual meeting, 27 August 2021. Edinburgh, UK:
The Micropalaeontological Society.
76. Ho WC, Zhang J. 2018 Evolutionary adaptations to
new environments generally reverse plastic
phenotypic changes. Nat. Commun. 9, 350. (doi:10.
1038/s41467-017-02724-5)

77. Fussmann GF, Ellner SP, Hairston Jr NG. 2003
Evolution as a critical component of plankton
dynamics. Proc. R. Soc. Lond. B 270, 1015–1022.
(doi:10.1098/rspb.2003.2335)

78. Weinkauf MFG, Siccha M, Weiner AKM. 2020 Modelled
gamete fusion numbers in planktonic Foraminifera.
PANGAEA. (doi:10.1594/PANGAEA.924562)

79. Weinkauf MFG, Siccha M, Weiner AKM. 2021
Foraminifera biovolume estimator. Figshare. (doi:10.
6084/m9.figshare.13317929)
R
.So
c.Interface
19:20210860

http://dx.doi.org/10.3389/fevo.2014.00064
http://dx.doi.org/10.3389/fevo.2014.00064
http://dx.doi.org/10.1371/journal.pone.0223490
http://dx.doi.org/10.1371/journal.pone.0223490
http://dx.doi.org/10.1086/692570
http://dx.doi.org/10.1016/0027-5107(64)90047-8
http://dx.doi.org/10.1016/0027-5107(64)90047-8
http://dx.doi.org/10.1038/s41467-017-02724-5
http://dx.doi.org/10.1038/s41467-017-02724-5
http://dx.doi.org/10.1098/rspb.2003.2335
https://doi.org/10.1594/PANGAEA.924562
http://dx.doi.org/10.6084/m9.figshare.13317929
http://dx.doi.org/10.6084/m9.figshare.13317929

	Reproduction dynamics of planktonic microbial eukaryotes in the open ocean
	Introduction
	Material and methods
	Choice of framework parameters
	Model description
	Data analysis

	Results
	Scale of reproductive success
	Proportion of the population reproducing

	Discussion
	Individual reproductive success and sustainability of the population
	Distribution of reproductive success across the population
	Sexual versus asexual reproduction
	Open questions for future studies
	Data accessibility
	Authors' contributions
	Competing interests
	Funding

	Acknowledgements
	References


