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Abstract Facultative sexual species employ a dual reproduc-
tive strategy (heterogony) comprising primarily asexual repro-
duction with intermittent sexual reproduction. Given the
higher relative costs of sexual reproduction, elucidating the
triggers underlying these transitions might help our under-
standing of the evolution of (obligate) sex in general.
Existing hypotheses into how and when facultative sexuals
invest into sex focus largely either on environmental (habi-
tat-deterioration and resource-demanding hypotheses) or ge-
netic factors (condition-dependent hypothesis), but tend to
lack experimental evidence, especially with respect to
within-population variation. To address this deficit, we exam-
ined the influence of several variables that potentially affect
fitness (food quality, water temperature, physiological accli-
mation, and all combinations thereof) on both the lifetime
reproduction (total number of offspring) and investment into
sexual offspring per female in a clonal population of the
monogonont rotifer Brachionus rubens. Investment into sex,
both absolutely and relative to lifetime reproduction, was tied
most closely to and positively correlated with individual fit-
ness (i.e., lifetime reproduction): individuals with higher fit-
ness invested more into sexual reproduction. These results run
contra to the condition-dependent hypothesis and indicate an
energy-budget analogue of the resource-demanding hypothe-
sis. Furthermore, investment into sex increased after a period
of physiological acclimation to the new conditions, probably
because of the amelioration of short-term stress effects or
clonal selection. Our results underscore that life history and

general phenotypic considerations—here, energetic provi-
sioning of offspring, the presence of a sexual resting stage,
and the relative timing of sexual versus asexual reproduc-
tion—can modify existing hypotheses based either on environ-
mental or genetic factors alone.
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Introduction

Although sexual reproduction entails substantial costs com-
pared to asexual reproduction (reviewed in Lehtonen et al.
2012), it is nonetheless widespread and prevalent in nature
and among metazoans in particular (Schwander and Crespi
2009), a paradox that has puzzled evolutionary biologists for
decades (Maynard Smith 1978; Meirmans et al. 2012; Roze
and Otto 2012). Obligatory sex appears to be a derived state
evolutionarily, with facultative sex (i.e., primarily asexual re-
production with intermittent switches to sexual reproduction;
also known as cyclical parthenogenesis or heterogony) likely
representing the ancestral form of sexual reproduction (Dacks
and Roger 1999; Lahr et al. 2011) and facilitating the evolu-
tion of the latter by avoiding its full costs by still being able to
reproduce asexually (Green and Noakes 1995; Hurst and Peck
1996). Consequently, insights into those conditions under
which sexual reproduction becomes favoured or is triggered
in facultative sexual species (even if this strategy is re-derived
from obligate sexuality in the lineages in question) could be
crucial to furthering our understanding of the paradox of sex
and, by extension, of the transition of facultative to obligate
sexual reproduction (Hadany and Beker 2007).
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Traditional hypotheses in this context prioritize the role of
the environment in triggering sexual reproduction (see Serra
et al. 2004). The classical, “habitat-deterioration” hypothesis
(sensu Serra et al. 2004) as exemplified by aphids holds that
asexual reproduction predominates when conditions are
favourable for the species in question, with individuals max-
imizing their fitness through the less costly and more rapid
clonal propagation (de Meester et al. 2004). Indeed, at the
extreme, it has been shown that certain strains within species
of the monogonont rotifer genus Brachionus can lose the abil-
ity to engage in sexual reproduction entirely in constant,
favourable environments (Fussmann et al. 2003; Stelzer
2008; Stelzer et al. 2010; Stelzer 2011). Numerous, similar
cases in nature are known for cladocerans (especially
Daphnia) and aphids (see de Meester et al. 2004). In deterio-
rating or unstable conditions; however, a switch to the costlier
sexual reproduction occurs to derive new genotypes that
might be better adapted to the uncertain future conditions.
Although similarly focused on environmental conditions, the
resource-demanding hypothesis (sensu Serra et al. 2004) turns
this situation on its head, arguing that the greater (energetic)
costs of sexual reproduction limit its use in poor-quality envi-
ronments and increases in prevalence only when resources are
plentiful.

A relatively recent hypothesis in this debate is that of
condition-dependent sex (Hadany and Otto 2007, 2009;
Hartfield and Keightley 2012), which focuses instead on the
genetic makeup of the individuals in a population. Based on
experimental studies that observed increased recombination
levels under stressful conditions (reviewed in Hadany and
Beker 2003; Hartfield and Keightley 2012), it was proposed
that the amount that facultative sexual individuals invest into
sex should reflect their degree of adaptation to, and thus stress
caused by, current environmental conditions (Hadany and
Otto 2007, 2009).Whereas, poorly adapted individuals should
invest more in sex to potentially obtain a better genotype for
their offspring, well-adapted individuals should not to pass on
their already favourable genotype (Becks and Agrawal 2011;
Hartfield and Keightley 2012). Such a “strategic” investment
into sex could also hasten adaptation through the increased
efficiency by which less-fit alleles are purged (Hadany and
Otto 2009).

Empirical evidence for condition-dependent sex is sparse,
having been shown directly in filamentous fungi (Schoustra
et al. 2010) and indirectly in the green alga Chlamydomonas
(Lachapelle and Bell 2012), where sex promoted survival of
stressful conditions (evolutionary rescue). Additional evi-
dence obtains from the rotifer Brachionus calyciflorus
(Becks and Agrawal 2012), where a changeover to a novel
environment (to which the individuals were presumably less
well adapted) led to an initial decrease in individual numbers
and thus absolute fitness, with densities comparable to the
former, well-adapted population being restored by a transition

phase of increased investment into sex and thus potential ad-
aptation via the novel genotypes so obtained.

Except for the study of Schoustra et al. (2010), these studies
did not investigate how individual fitness influences the
amount invested into sex, although these data are both crucial
to check the assumptions of condition-dependent sex empiri-
cally (Hadany and Otto 2007) and easily obtainable in the case
of monogonont rotifers like B. calyciflorus (Fussmann et al.
2007). Targeted investigations in this regard could help an-
swer three important questions. First, can individuals correctly
assess their (relative) fitness to determine how much they
should invest into sex (Hadany and Otto 2007)? Second, what
influence do non-genetic factors that can also determine the
success of the offspring (e.g., the amount of paternal invest-
ment possible versus the gain of a potentially fitter genotype)
have on the prediction of a higher investment of sex by poorly
adapted individuals (Hadany and Beker 2007)? Third, what
role does the environment (and how unpredictable it is) play in
determining the frequency of sexual reproduction in line with
the traditional hypotheses outlined above? Taken together,
these three questions recognize that condition-dependent sex
might have both genetic and phenotypic components, with the
latter two potentially extending the hypothesis beyond its cur-
rent, purely genetic basis.

In examining these hypotheses and questions, monogonont
rotifers provide an interesting study group. All known species
are facultative sexuals, although obligate sexuality and obli-
gate asexuality characterize the other two major rotifer clades
(Bdelloidea and Seisonidea, respectively), indicating the po-
tential for both variation and important evolutionary transi-
tions in this trait within rotifers as a group. Moreover, several
non-genetic determinants of sex in Monogononta are known.
For instance, the proximal trigger for sex in many species is
crowding, during which individuals release a protein into the
water that induces sexual reproduction (mixis) via quorum
sensing (Stelzer and Snell 2003; Snell et al. 2006) upon it
reaching a threshold concentration (see Stelzer and Snell
2003; Gilbert and Diéguez 2010; Smith and Snell 2012).
Importantly, the reaction to the mixis stimulus appears itself
to be driven by additional, non-genetic factors, including abi-
otic environmental factors (Serra et al. 2004). Although the
response to the stimulus is assumed to be proportional to
the amount of crowding (Stelzer and Snell 2003) (but pos-
sibly restricted to a small range around the threshold con-
centration), sex is never induced in all individuals of a
clonal population, even under strong stimulus conditions
and uniform habitats (Fussmann et al. 2007; Stelzer 2012).
Indeed, increasing the density above the typical thresholds
of ca. 0.1 females ml−1 (reviewed in Gilbert and Diéguez
2010) seems to increase the mixis rates only very slightly,
with studies using up to 30 females ml−1 (Fussmann et al.
2007; Becks and Agrawal 2010, 2012) not resulting in
unusually high rates.
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Returning to the three questions raised above, numerous
aspects of sexual reproduction in monogonont rotifers also
potentially ameliorate any automatic response to the mixis
stimulus (assuming uniform environmental conditions for all
individuals). Upon induction of sex, females asexually pro-
duce a new egg-type yielding sexually active (mictic) female
clones (Wallace et al. 2006) in addition to normal asexual eggs
producing further amictic female clones. Unfertilized mictic
females produce haploid male eggs via meiosis. However,
should a male fertilize a mictic female before she starts to
produce male eggs, she then exclusively produces diploid
resting eggs that normally can hatch only after a certain laten-
cy period (that might to some degree be under maternal con-
trol; Martínez-Ruiz and García-Roger 2015) and only if spe-
cific environmental cues based on temperature and light con-
ditions are met (Schröder 2005). Thus, a reasonable expecta-
tion might be that females can show differential reactions to
the mixis stimulus depending on any of current environmental
conditions (e.g., stable or deteriorating), their current physio-
logical condition, and their genetic background. For instance,
resting eggs both decrease short-term fitness gains and require
an increased energetic investment (e.g., via a greater provi-
sioning of lipid droplets; Gilbert 2004; Gilbert and Diéguez
2010) to facilitate both survival of the resting time and a suc-
cessful restart for the offspring in uncertain, future conditions.
Furthermore, the production of haploid males versus diploid
mictic/amictic females might also present different energetic
demands, especially in species with dwarf males (most
monogonont species including those in Brachionus; Ricci
andMelone 1998) because themale eggs are generally smaller
and can be produced faster and in greater quantities under
favourable conditions (King 1970; Gilbert 1974; Xi et al.
2001).

In this study, we examine potential factors influencing the
degree of sexual reproduction in a clonal population of the
facultative sexual rotifer Brachionus rubens. In particular,
we examine the effect of three factors that potentially affect
fitness (food quality, water temperature, and time for acclima-
tion in new conditions), both separately and in combination,
on individual lifetime reproduction, noting thereby the distinc-
tion between the production of asexual and sexual offspring.
In doing so, we explicitly examine the possible link between
stressful conditions and individual fitness, a topic that has not
been well investigated to date, with the important exception of
Snell and Boyer (1988) who examined the effect of food
limitation on a low number of rotifer individuals raised direct-
ly from sexually produced resting eggs. Finally, we examined
the relative timing of sexual versus asexual reproduction (i.e.,
can the induction of sex in individual females be shifted earlier
or later depending on environment conditions), a factor that
might impact on the dynamics of (future) reproduction. Our
results thereby empirically test the hypotheses explaining the
transition to sexual reproduction in a further facultative sexual

species, with our experimental design and use of a clonal
population meaning that our focus lies more with measuring
the absolute fitness of a genotype in different environments
rather than the relative fitness among genotypes in a given
environment. By including the possibility of differential phe-
notypic effects, we expect to provide new insights into the
conditions under which sexual reproduction becomes
favoured in facultative sexual species, thereby helping to un-
derstand the paradox of sex and, by extension, the transition
from facultative to obligate sexual reproduction.

Methods

Culture conditions and experimental setup

All experimental individuals came from a clonal, stock culture
of B. rubens (density of ~ 100 individuals ml−1 at the start of
the experiments) that itself was descended from a single indi-
vidual 5 months before the start of the experiments. The foun-
der individual was obtained in 2009 from a continuously asex-
ually reproducing stock culture maintained by Gregor
Fussmann (McGill University) that is “typical” of the species
insofar as the strain does not appear to exhibit any noteworthy
peculiarities in its phenotype, physiology, or life history.
Given that reproductive behaviour is known to differ between
clonal lines (Fussmann et al. 2007; Gilbert and Schröder 2007;
Gilbert and Diéguez 2010), we specifically used a single clon-
al population to exclude significant genetic effects, thereby
ensuring that any observed differences derive almost exclu-
sively from plastic effects (and random mutations that cannot
be excluded). The stock culture and all experimental individ-
uals were incubated at 20 ± 1 °C under a 9/15 h light/dark
regime and were fed the algaeMonoraphidium minutum SAG
243–1 raised in COMBO medium (Kilham et al. 1998) at
densities of 5 × 106 cells ml−1. The stock culture was main-
tained in several plastic Petri dishes (90 × 15 mm with 40 ml
of medium), each at a density of approximately 30 individuals
ml−1 and was restarted weekly with ~ 50 individuals and fresh
algae in new Petri dishes.

Test individuals were assigned randomly to one of four
treatment groups: (1) food and temperature as in the stock
culture, (2) fed algae raised in COMBO medium with an ad-
ditional 0.5 g NaCl l−1 and a nitrogen concentration of 80 μM
instead of 350 μM (low-quality food), (3) incubated at
25 ± 1 °C (high temperature), and (4) exposed to high tem-
perature and fed low-quality food. Test groups were further
subdivided as to whether or not the individuals had the chance
to acclimate to the treatment conditions for 12 days, a value
chosen based on the results of Becks and Agrawal (2012),
who observed putatively adaptive differences after only 7 days
in examining the sexual response of the congeneric B.
calyciflorus to changed conditions. For each of the eight total
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treatment groups, 200 randomly picked individuals were
transferred to a Petri dish with 40 ml of the appropriate medi-
um and algae (with 50% of the algae being changed every
second day) and held under the appropriate temperature con-
ditions. Excess individuals were removed randomly once a
density of about 30 individuals ml−1 was reached. Food was
essentially provided ad libitum to avoid the potential negative
effects associated with insufficient food quantity shown by
Snell and Boyer (1988).

To measure individual lifetime reproduction, 35 one-day-
old females were picked at random from the stock culture for
each treatment and transferred individually into single wells of
a 48-well plate (cellstar suspension culture plate, Greiner bio-
one), each containing 400 μl of the appropriate algal medium
(see Fig. 1). Each female was controlled every 12 h over her
entire lifespan for (F1) offspring, which were similarly trans-
ferred individually to new wells filled with 400 μl of the
appropriate algae after taking note of their birth rank (e.g.,
rank 1 for the first offspring produced, rank 2 for the second,
and so on). If more than one offspring was present during the
control period, the larger one was taken to be older. Mictic
parental females (i.e., those producing male F1 offspring)
were excluded from further testing so that the effective sample
sizes could be lower than 35 (see Table 1). The F1 offspring
were held until their own first offspring (F2) hatched, with the
former being scored as either sexual if a male F2 was born or
asexual if a female F2 was born. If no F2 offspring were
produced, no status for the F1 offspring was given; all such
cases were excluded from the statistical analyses and the sam-
ple sizes were reduced accordingly. For all test individuals,

50% of the algae were renewed in each well every 2 or 3 days
over the entire course of the experiment.

To our knowledge, the minimum requirement of our clone
to emerge from its resting eggs is to slowly dry the eggs out
and keep them dry at 8 °C for about 2–3 days before again
adding medium and algae (pers. obs.). Nevertheless, as a con-
trol to determine whether or not any sexually derived off-
spring could have hatched during our experiments, sets of
40 (sexual) resting eggs from the stock culture were each kept
under the respective experimental conditions for 12 days as
were all resting eggs that were produced in the experimental
populations and that were still present at the end of the exper-
iment. In no case did any resting eggs hatch, strongly indicat-
ing that all results were obtained from clonal individuals only
and that any effect derives solely from physiological acclima-
tion and not also from selection as was the case in Becks and
Agrawal (2012). Moreover, our results indicate that it is also
likely that the stock culture was clonal as well.

Data analysis

All statistical analyses were performed in IBM SPSS Statistic
20. The influence of temperature (20 °C or 25 °C), food qual-
ity (low or high), and acclimation time (zero or 12 days) were
analysed as fixed factors on the percentage of sexual offspring
produced by the female parental generation (= percent invest-
ment in sex) using a full-factorial generalized linear model
(GLM). A negative binomial error structure with a logit link
function was used because many females showed zero invest-
ment into sexual offspring (especially in the low food quality
treatments) and thus the distribution of the percent sexual
offspring was overrepresented at zero. A second GLM
(Poisson with logit link) using the same factors, but with life-
time reproduction (i.e., the total number of offspring) as the
dependent variable was also performed. Additionally, we
analysed whether or not females produced any sexual off-
spring at all as a categorical, yes/no variable in a GLM with
the same factors as above (without interactions) and lifetime
reproduction as a covariate using a binary structure and a logit
link function. Finally, a logistic regression with stepwise mod-
el selection was used to analyse how each significant factor
(ordered from those having the highest to the lowest Wald χ2

values) enhanced the correct prediction as to whether or not an
individual is reproducing sexually. The nominal alpha for all
statistical tests was 0.05 and adjusted for multiple compari-
sons with a Bonferroni correction as needed.

Potential differential investment into sex over the reproduc-
tive lifetime of a female (i.e., whether a tendency existed
across the treatment group for the F1 offspring of a given rank
to be sexual or asexual) was analysed as in Fussmann et al.
(2007). Briefly, for each treatment group (including the stock
culture), the fate of any given offspring was modelled using a
cumulative binomial function to reflect the two possible

Stock culture
(30 individuals ml-1)

200 individuals

Treatment group
(stock, temperature, food,
or temperature and food)

No acclimation
After 12 days
of acclimation

Rank 1 Rank i Rank 1 Rank i
Individual F1

(always   )
noting birth rank

Score sex of first F2 (   /   )

35 individual
per treatment group

Score sex of first F2 (   /   )

Fig. 1 Illustration of the experimental setup
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outcomes (i.e., sexual or asexual), with the probability of it
being sexual being taken from the overall proportion of sexual
offspring across all ranks for that treatment group. For a given
rank, the observed proportion of sexual offspring was then
compared to the expected value obtained from the model, with
confidence intervals on the latter being derived from the num-
ber of reproductive females still present at that rank.
Deviations from the expected value were held to be significant
at α = 0.05 if the observed proportion of sexual offspring fell
outside the 95% confidence intervals for that rank (for more
details, see Fussmann et al. 2007).

Results

Factors influencing sexual reproduction

Both the percent of sexual offspring as well as lifetime repro-
duction responded nearly identically to all three factors (and
their combinations) examined in this study (Tables 1 and 2).
Both showed strong, significant reductions in response to low-
quality food, whereas higher temperatures and having a period
of acclimation induced slight, but still significant increases.
By contrast, none of the interactions of these factors had a
significant influence on either dependent variable. However,
the two dependent variables do correlate with one another in
that there is a higher relative investment into sexual offspring
with higher lifetime reproduction (Fig. 2a). In absolute terms,
females producing more than seven offspring are more likely
to also produce sexual offspring than those producing fewer
than this (Fig. 2b).

Similar tendencies were noted when examining the number
of individuals investing into sex at all (Table 1). Again, the
propensity for any sexual reproduction increased significantly
with lifetime reproduction of the female (Wald χ2 = 27.805,
df = 1, p < 0.001) as well as with exposure to higher

temperatures (Wald χ2 = 10.722, df = 1, p = 0.001), but de-
creased significantly with low-quality food (Wald
χ2 = 13.331, df = 1, p < 0.001). In contrast to the previous
results, however, the presence of a period of acclimation had
no significant effect (Wald χ2 = 2.266, df = 1, p = 0.132;
goodness of fit of the overall model Pearson χ2 = 755.001,
df = 86; omnibus test: likelihood quotient χ2 = 143.830, df = 8,
p < 0.001). The strongest effect on whether or not sexual
offspring were produced derives from lifetime reproduction
(χ2 = 120.204, Nagelkerke’s (1991) R2 = 0.546; see logistic
regression in Fig. 2). The addition of food and then tempera-
ture as factors improves the fit of the model only slightly, but
still significantly (food: additional increase of ca. 2% in fit
(new Nagelkerke’s R2 = 0.579) and 9.775 for χ2, df = 1,
p = 0.002; temperature: additional increase of ca. 0.4% in fit
(new Nagelkerke’s R2 = 0.616) and 11.553 for χ2, df = 1,
p = 0.001).

Rank-timing of sexual reproduction

Potential differences in the rank-timing of sexual reproduction
showed no clear pattern (Fig. 3), possibly in part because
investment into sex (and reproduction in general) was very
low for the treatments involving low-quality food. Animals
in both the stock culture and the high temperature treatment
(with or without acclimation) showed a significant tendency to
increased sex at the early intermediate ranks, with animals in
the stock culture also showing significantly reduced sex at the
earliest ranks. Otherwise, no clear trends were apparent and
the values appear to vary relatively randomly within the 95%
confidence intervals.

Rates of sex were extremely low in the low-quality-food
treatments, where females produced only ten offspring at most
(vs. 21 to 22 for the other treatments) and no sexual offspring
were produced after rank 8 (and usually sooner). By contrast,
sexual offspring were produced for longer in the remaining

Table 1 Investment into sex and lifetime reproduction by the female parental generation as influenced by three factors (food quality, temperature, and
acclimation period), either alone or in combination. All values in the first two data columns represent means ± SDs; the overall sample size for each
treatment can be inferred from the last column

Treatment Percent sexual
offspring per female

Lifetime reproduction
per female
(number of offspring)

Number of amictic
females producing
sexual offspring

stock culture 19.17 ± 17.85 9.45 ± 4.87 20 of 29

high temperature 31.21 ± 12.99 14.03 ± 4.70 29 of 29

low-quality food 4.52 ± 12.11 4.74 ± 2.03 4 of 27

low-quality food + high temperature 7.53 ± 11.44 5.43 ± 2.49 11 of 30

acclimation (to stock culture) 33.93 ± 23.94 12.20 ± 5.21 26 of 30

acclimation + high temperature 23.73 ± 14.96 12.97 ± 4.38 29 of 30

acclimation + low-quality food 6.60 ± 14.53 5.37 ± 2.33 8 of 30

acclimation + low-quality food + high temperature 11.45 ± 12.35 6.31 ± 1.67 17 of 29
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treatments (generally until at least rank 17), with animals from
the high temperature treatment producing sexual offspring for
longer compared to the stock culture. The period of acclima-
tion tends to affect the rank-timing of sex in the stock culture
and the high temperature treatment, with sex shifting later
after acclimation, a tendency not visible in the other treatments
with low sexual reproduction rates.

Discussion

Our results clearly indicate that the general (physiological)
condition of female B. rubens, as reflected by their lifetime
reproduction (i.e., fitness), is a key, proximal determinant of
the amount of sexual reproduction in these animals. This con-
clusion, however, is contingent upon the assumption that pop-
ulation densities were always above the threshold level to
induce sex via quorum sensing; otherwise, females that pro-
duced more offspring might effectively have self-induced
higher levels of sexual reproduction through the correspond-
ing higher population densities. However, there are strong
arguments against this potential “offspring effect” having in-
fluenced our results. Importantly, the minimum population
densities in our experimental setup (i.e., those of isolated fe-
males) were already at least 30× above the threshold value
reported to induce sex in B. rubens (2.5 versus 0.083 females
ml−1; Gilbert and Diéguez 2010), if not in most other
monogonont rotifer species (including four further species of
Brachionus) that have been investigated in this regard (usually
≤ 0.1 females ml−1; reviewed in Gilbert and Diéguez 2010;
Carmona et al. 2011). Moreover, autoinduction of mixis is
documented in rotifers (Gilbert and Diéguez 2010), with
Gilbert and Diéguez (2010) also reporting self-induced mixis
from individual females of B. calyciflorus kept in correspond-
ingly low volumes where the hatched offspring were removed
at regular intervals (as was done here). Thus, differential mixis

effects on our results through density changes from the tem-
porary presence of offspring are unlikely. Instead, the females
in our study appear to have been reacting differentially to a
constant mixis signal, an assumption supported by several
counterintuitive cases if the “offspring effect” is a real artefact:
some females with low lifetime reproduction still produced a
high proportion of sexual offspring and, less frequently, some
females with high lifetime reproduction produced asexual off-
spring only.

Contrary to the hypothesis of condition-dependent sex, it
was the fitter clones in our study (i.e., those with higher life-
time reproduction) that produced significantly more sexual
offspring, both absolutely as well as relative to lifetime repro-
duction. Over and above this result, we also observed impor-
tant individual variation in the investment into sex in our clone
(also Gilbert and Schröder 2007), including the two extreme,
counterintuitive cases arguing against the “offspring effect”
outlined above. By ignoring the minor effect of random mu-
tations (which cannot be excluded from occurring), these re-
sults document the potential influence of phenotypic effects
on a hypothesis of condition-dependent sex based on purely
genetic considerations.

Although the environmental factors investigated (and food
quality in particular) also influenced the propensity for sexual
reproduction (see also Serra et al. 2004), the effects were slight
and appear to be working indirectly via the physiological con-
dition of the animals given that lifetime reproduction and the
degree of sexual reproduction are influenced in the same way.
Thus, the overall condition of the individual females would
instead appear to be a key determinant if they are at all capable
of investing into sex and then how much they can invest,
essentially an energy-budget based variant of the otherwise
environmentally based resource-demanding hypothesis.
Important support for our hypothesis comes from the acclima-
tion treatments. Although the 12-day period of physiological
acclimation was relatively short (ca. eight asexual generations

Table 2 Influence of all factors and combinations thereof on the percentage of sexual offspring and lifetime reproduction per female as compared to the
respective values in the stock culture (df = 1 for each of the first seven tests)

Factors Influence on percent
sexual offspring per female

Influence on lifetime
reproduction per female

Direction of
influence

Low-quality food Wald χ2 = 91.343, p < 0.001 Wald χ2 = 273.071, p < 0.001 negative

High temperature Wald χ2 = 4.736, p = 0.03 Wald χ2 = 15.391, p < 0.001 positive

Low-quality food × high temperature Wald χ2 = 2.899, p = 0.089 Wald χ2 = 0.677, p = 0.411 none

Acclimation Wald χ2 = 3.996, p = 0.046 Wald χ2 = 5.471, p = 0.019 positive

Acclimation × high temperature Wald χ2 = 2.162, p = 0.141 Wald χ2 = 2.580, p = 0.108 none

Acclimation × low-quality food Wald χ2 = 0.835, p = 0.361 Wald χ2 = 0.255, p = 0.614 none

Acclimation × low-quality food × high temperature Wald χ2 = 2.608, p = 0.106 Wald χ2 = 3.507, p = 0.061 none

Goodness of fit Pearson χ2 = 416.66, df = 226 Pearson χ2 = 360.37, df = 226 n/a

Omnibus test of the overall fit
of the GLM versus a constant model

Likelihood-quotient χ2 = 99.461,
df = 7, p < 0.001

Likelihood-quotient χ2 = 339.432,
df = 7, p < 0.001

n/a
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or two sexual generations) and thereby, together with the ap-
parent absence of any offspring from sexual resting eggs, ex-
cludes any evolutionary adaptation, this factor nevertheless
had a significant positive effect on both lifetime reproduction
and investment into sex. Acclimation would thus appear to
improve the physical condition of the animals by ameliorating
any short-term stress response to the changing environment,
underscoring again that unfit individuals appear to invest less
into sex. Going even further, asexual competition among
clones of different fitness could already have partly removed
unfit clones (between the starting population of 200 individ-
uals and the final, maintained density of ~ 30 individuals ml−1)
and thus might be an important first step to restore fitness as

shown in experiments investigating evolutionary rescue in
Clamydomonas (Lachapelle and Bell 2012). The significant
effect of acclimation on the stock culture is unexpected, but
could be a result of adjusting to density and volume differ-
ences in moving from a larger population to being held in
isolation during the experiment.

A critical factor potentially explaining the discrepancy be-
tween the expectations from the hypothesis of condition-
dependent sex and our results is that resting eggs represent
the outcome of sexual reproduction in monogonont rotifers
like B. rubens. Because these eggs require a higher investment
of energy than the other egg types (Gilbert 1980, 2004;
Fussmann et al. 2007; Gilbert and Diéguez 2010), producing
them might be a significant hurdle for low-fitness, mictic fe-
males that were produced by mothers that themselves were
already in poor condition. Although such females could still
profitably engage in sexual reproduction by producing the
cheaper male offspring (King 1970; Gilbert 1974; Ricci and
Melone 1998; Xi et al. 2001), they still risk having to produce
resting eggs should sufficient males already exist in the pop-
ulation given that male rejection is unknown in monogonont
rotifers (Serra et al. 2004). As such, opting for the less expen-
sive asexual reproduction might represent a safer strategy for
these females. Time is also a constraint insofar that the pro-
duction of a resting egg requires three generations to accom-
plish (Serra et al. 2004). Finally, and perhaps most important-
ly, because sexual reproduction leads to an immediate resting
stage, all investment into reproduction is removed from the
ongoing population initially (although it will be recovered to
varying degrees over the long term). At the extreme, these
features associated with sex effectively reduce the short-term
fitness for those individuals investing in it, thereby providing a
short-term competitive advantage to those that manage to re-
duce or stop sexual reproduction, especially in more stable
environments (Stelzer 2012).

Additional support for a relationship between fitness and
sex opposite to that proposed under the hypothesis of
condition-dependent sex derives from theoretical demograph-
ic models for B. plicatilis (Serra and King 1999) and hetero-
gonic organisms in general (Snell 1987). Together, these stud-
ies predict that an intermediate, but continuous investment of
the lifetime reproduction into sex (as opposed to alternating
strictly between asexual and sexual reproduction) is beneficial
for long-term survival, with the optimal level being dependent
on how favourable the environmental conditions are and in-
creasing with better conditions (Serra and King 1999). The
optimum, however, never reaches “high” levels, which slow
population growth significantly (Snell 1987). The limited
amount of empirical data available support these models, in-
dicating that (far) less than 50% of the daughters of mictic
females are sexual (Serra et al. 2004). Our empirical results
extend these population-based models to indicate that the
trends also translate to the individual level, with individual

a

b

Fig. 2 Relationship between either the number of asexual offspring (a) or
the production of at least one sexual offspring (b) with the lifetime
reproduction for all females. The dashed line in a indicates total
investment into asexual offspring. In b, the number of individuals with
a given lifetime reproduction and producing either sexual (state 1) or
asexual (state 0) offspring is represented by the diameter of the filled
circle (see insert). Data in b were fitted ignoring the minor influence of
food quality and temperature (see Results)
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condition standing in for environmental condition (i.e., again,
an energy-budget based variant of the resource-demanding
hypothesis). In other words, except in extreme cases (see be-
low), most individuals invest more or less continuously into
sex, but at a higher level in individuals in better condition,
thereby promoting the long-term survival of their genotype.
If this hypothesis is true, it likewise speaks against a rigid,
stereotypical response to the mixis signal on a per individual
basis, with individual variation in the degree of investment
into sex being known (Gilbert and Schröder 2007) and also
being witnessed in this study.

All these facts together explain observations of a gradual
decrease of the investment into sex within populations over
time (Becks and Agrawal 2010, 2012; Smith and Snell 2012)
as well as of the tendency for obligate asexuals to arise in
species of Brachionus in constant environments (Fussmann
et al. 2003; Stelzer 2008; Stelzer et al. 2010; Stelzer 2011).
It cannot be excluded that latter tendencymight be more wide-
spread among monogonont rotifers; however, data in this re-
gard are missing entirely. More critically, this tendency is also
evolutionary suicide as soon as a resting stage is needed to
overwinter hostile conditions (Lehtonen et al. 2012) or to act

as a dispersal stage in time and space (e.g., resting egg banks
facilitate the overlap of generations and can comprise billions
of eggs in a moderately sized pond; de Meester et al. 2004).
Thus, individuals of B. rubens appear to be continually fol-
lowing a mixed, bet-hedging strategy in line with the preferred
theoretical demographic models of Snell (1987) and Serra and
King (1999) for environments of uncertain duration. This
strategy balances the short-term gains of the less costly asex-
ual reproduction against the long-term insurance of the cost-
lier sexual reproduction for when their habitat does indeed
eventually disintegrate (i.e., their freshwater ponds dry out;
Koste 1978), with those individuals in better physiological
condition (perhaps in part because of having a fitter genotype)
being able to invest more into the potential long-term benefits
of sex. In addition, individuals of different condition might
also be engaging in asexual reproduction for different reasons,
either because it is the only option available to them (as for
those in poor condition) or because it maintains a genotype
that is well adapted to the current conditions (as for those in
good condition as per the condition-dependent hypothesis).

Nevertheless, the physiological costs of sex are apparently
severe enough that sex could be largely absent in severely

Fig. 3 Percentage of sexual
offspring as a function of their
birth rank for three different
treatments (food, temperature,
and acclimation) and all
combinations thereof. Bars in
black represent significant
deviations from the expected
percentage of sexual offspring
across a given treatment
(continuous line) by falling
outside the 95% confidence
intervals of this value for that rank
(dashed line; lower limit is zero if
not visible)
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degraded or challenging environments, where the habitat-
depletion model otherwise predicts the highest levels of sex
to ensure long-term transmission of the genetic information of
an individual. A cogent example is our low-quality food treat-
ment, where the costs of sex could not be compensated for
despite the essentially unlimited quantities of food provided.
In this regard, our results parallel those of other studies exam-
ining the effect of different food quantities in different species
of Brachionus (compare Snell and Boyer 1988; Lubzens et al.
1993). In particular, the study of Snell and Boyer (1988) dem-
onstrated that a minimum food requirement exists in B.
plicatilis to enable sexual reproduction at all (~ 1.5 × 103 algal
cells, which we exceeded greatly), with Gilbert (2010) indi-
cating that both mictic and amictic females of B. calyciflorus
show increased lifetime reproduction with increasing food
concentrations. Thus, although the production of asexual off-
spring represents, a posteriori, a dead-end strategy should the
environment continue to deteriorate (which cannot be known
for certain), it might also represent the only one available to
that female at the time, with a suboptimal strategy being better
than no reproduction at all. Importantly, the bet-hedging strat-
egy employed in this species, with its continual investment
into sex and increased investment under better conditions,
means that long-term genetic transmission has already been
assured by clones from previous generations, even for those
individuals that currently find themselves in a dying popula-
tion. Depending on the rate of decay of the environment, it is
also possible that future generations derived from asexual off-
spring could still engage in sexual reproduction, the optimal
strategy under such conditions.

Although the amount invested into sex by B. rubens in-
creased with fitness, a direct reaction towards changing environ-
ments and thus uncertain (reduced?) future fitness might still be
reflected by the timing of this investment by each individual
female over her reproductive lifetime. A reasonable expectation
here (contra the big bang strategy; sensu Serra and Carmona
1993) might be for the animals to shift to sexual reproduction
at an earlier age in an altered environment to ensure long-term
survival of the genotype before switching back to asexual repro-
duction for the later offspring, a tendency that might be present
in the results for the stock culture (again, possibly because of the
slight change from a larger population to isolation) and temper-
ature treatments. In the latter case, acclimation to the higher
temperatures showed a tendency to have sex comparatively lat-
er, which also fits the proposed model. Importantly, the slow-
down in asexual reproduction caused by this switch might be an
additional factor explaining the initial decreases in population
size and the relative increase of sexual reproduction observed by
Becks and Agrawal (2012) in their study, especially with respect
to the change from low- to high-quality food conditions.
However, more detailed rank-timing data, perhaps even reveal-
ing differences between individuals differing in fitness, is need-
ed to warrant this hypothesis.

Our results reinforce that the evolution of sex and the
drivers behind it are complex and that more empirical inves-
tigations, including closely related species or even different
clones within a species, are needed to verify/modify the three
hypotheses raised in the Introduction, which all fail to directly
consider phenotypic diversity. Relevant questions include the
degree to which unfit facultative sexual individuals can invest
into sex at all to restore favourable genomes (immediate dead
end?), how important life-history aspects are as modifying
factors (e.g., resting stages or maternal provisioning in gener-
al), and how important initial asexual selection is for rapid
initial acclimation. Additional support for the association of
sex with fitness could be gained by examining how different
clones that consistently vary in fitness (e.g., inbred vs. outbred
clones) react, possibly in association with different environ-
ments (e.g., constant vs. temporary habitats), with the expec-
tation that outbred clones will engage significantly more often
in sex relative to lifetime reproduction. Finally, an additional
variable that should be examined in more detail in this general
context is the timing of sexual reproduction within the repro-
ductive lifetime of individual females. Given that sexual re-
production takes more generations to complete compared to
asexual reproduction in monogonont rotifers, its relative
timing, even within individuals, might have an important,
but as yet underappreciated influence on the population dy-
namics of facultative sexual species.
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