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Article history: Freshwater hydra are among the few animal groups that show negligible senescence and can maintain high survival and
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for this phenomenon are unclear. High mortality in reproducing animals could be the consequence of increased allocation
of resources to reproduction at the expense of somatic maintenance. This hypothesis predicts that patterns of reproduc-
tion and survival are influenced by resource availability. To test this prediction we investigated survival and reproduction
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Keywor ds: at different levels of food availability in 10 lineages of H. oligactis derived from a single Hungarian population. Sex-
Cnidaria S ual reproduction was accompanied by reduced survival, but a substantial proportion of animals regenerated after sexual
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Life histo reproduction and continued reproducing asexually. Polyps belonging to different lineages showed differences in their
Senescen zz propensity to initiate sexual reproduction, gonad number and survival rate. Food availability significantly affected fecun-

dity (number of eggs or testes produced), with the largest number of gonads being produced by animals kept on a high
food regime. On the other hand, survival rate was not affected by the amount of food. These results show that survival is
conserved at the expense of reproduction in this population when food is low. It remains a question still to be answered

Survival/reproduction trade-offs

why survival is prioritized over reproduction in this population.

© 2016 Published by Elsevier Ltd.

1. Introduction

Cnidarians display one of the simplest but most versatile body
organizations within the animal kingdom, characterized by high tis-
sue plasticity and extraordinary regenerative capabilities (Holstein et
al., 2003). Perhaps due to these regenerative capabilities, some mem-
bers of this phylum display very low rates of senescence (Brock and
Strehler, 1963; Martifiez, 1998; Boehm et al., 2013; Schaible et al.,
2014, 2015). In a recent study, for instance, Schaible et al. (2015) have
shown that Hydra magnipapillata and Hydra vulgaris maintained con-
stant rates of fertility and mortality in the laboratory over a period of
eight years.

Despite their ability to forego senescence, some Hydra species un-
der specific conditions show increasing rates of age-dependent mor-
tality along with a senescence-like degeneration. As first observed by
Brien (1953) and later studied by Yoshida et al. (2006), individuals
of H. oligactis initiate sexual reproduction when the temperature is
reduced, after which they die within a few months. Sexual reproduc-
tion is followed by a reduction in the number of interstitial stem cells,
a decline in the rate of food capture and contractile movements, a
decrease in body size and an exponential increase in mortality rate
(Yoshida et al., 2006). The reasons why H. oligactis undergoes this
senescence-like degeneration are unclear.
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According to the disposable soma theory of aging, resources in-
vested into the maintenance of the soma are traded off against invest-
ment into reproductive functions (Kirkwood and Rose, 1991). As a
consequence, animals with high reproductive investment are expected
to show lower levels of self-maintenance and higher levels of aging,
a prediction that has received broad support (summarized in Boggs,
2009). Although few systematic studies have been performed on re-
productive investment in Hydra species, studies generally report a
higher number of reproductive organs (testes and ovaries) in H. oli-
gactis compared to other species (e.g., Schuchert, 2010). This raises
the possibility that the post-reproductive degeneration observed in this
species might be caused by an increased allocation of resources to re-
production at the expense of self-maintenance functions. Indeed, Reisa
(1973) suggested that the “depression” observed in sexually reproduc-
ing H. oligactis might be the consequence of interstitial stem cells be-
ing converted into germ cells instead of nematocysts, which would
prevent feeding throughout the sexual cycle.

If post-reproductive degeneration in hydra is caused by the
trade-off between survival and reproduction, then the amount of re-
sources available to the animals is expected to influence investment
into these functions, with several possible outcomes. First, animals
facing a resource shortage might reduce their reproductive investment
to increase survival. In some cases experiencing periods of low food
availability results in higher levels of stress tolerance and lower rates
of aging, a phenomenon termed dietary restriction (e.g., Masoro and
Austad, 1996; Partridge et al., 2005; Walker et al., 2005). However,
such an effect does not occur in all species (Nakagawa et al., 2012).
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Within rotifers, for instance, closely related species may show in-
creased or decreased longevity when exposed to the same food restric-
tion treatment (Kirk, 2001). In hydra there is no evidence so far for di-
etary restriction-mediated increases in self maintenance levels (Bridge
et al., 2010; Tokolyi et al., 2016), although species differ in the way
in which oxidative stress tolerance is maintained in the face of re-
duced food availability (Tokolyi et al., 2016). Secondly, food short-
age might signal increased future mortality risk, resulting in higher
investment into reproduction and a reduction in survival, a strategy
termed “terminal investment” (Clutton-Brock, 1984; Fischer et al.,
2009; McNamara et al., 2009). Such a strategy is seen, e.g., in some
rotifers (Kirk, 2001; Stelzer, 2001) and birds (Velando et al., 2006),
which increase reproductive effort when food availability becomes
limited or their immune system is experimentally challenged. Thirdly,
in the most simplistic scenario, food shortage may reduce both repro-
duction and survival at the same time.

To test which of these scenarios, if any, occurs in H. oligactis
undergoing post-reproductive degeneration, we individually followed
hydra polyps kept at different levels of food supply and measured fe-
cundity and survival as two opposing facets of life history trade-offs.
Fecundity was quantified as number of eggs in females, while in males
we used the number of testes as a proxy for gamete production. We
predicted that fecundity and post-reproductive lifespan would be con-
comitantly reduced if both functions are valued in the same way, while
departure from a parallel reduction would indicate that one of the
functions is preserved at the expense of the other, giving rise in the
most extreme cases to “dietary restriction” (survival increased and fe-
cundity reduced) or “terminal investment” (fecundity increased and
survival reduced) effects.

2. Materials and methods
2.1. Animals and culture conditions

Animals for the present study were derived from ten polyps col-
lected in May 2015 from an oxbow lake of the Tisza river near
Tiszadorogma, Hungary (47.67N, 20.86E; Fig. 1.). We collected an-
imals that were at least 2 m apart to increase the chance that both
males and females were found and to reduce the chance that multiple

asexual members of the same genetic clone were collected. Species
identity was determined based on morphological traits and investiga-
tion of nematocysts (under 400X magnification in a light microscope)
based on Schuchert (2010). H. oligactis can be distinguished mor-
phologically from other hydra species by the presence of a distinct
stalk in the foot region, very long tentacles and asymmetric emergence
of tentacles in the buds. We note, however, that species delimitation
in Hydra is far from a resolved issue (see, e.g., the recent study of
Schwentner and Bosch, 2015), hence the possibility that this popula-
tion belongs to a distinct branch of the ‘oligactis’ group cannot, at pre-
sent, be excluded.

After collection, animals were moved to the laboratory and kept
under standardized conditions (20 °C temperature, 12/12 h photope-
riod, in a standard hydra medium containing 1.0 mM CaCl,, 0.1 mM
MgCl,.6H,0, 0.03 mM KNO;, 0.5mM NaHCO; and 0.08 mM
MgS0O,). We propagated these animals asexually by feeding them
three times a week with freshly hatched Artemia nauplii. This propa-
gation phase lasted for approximately two months, during which the
animals were kept in 6-well culture plates in groups of three hydra
specimens per well (all three belonging to the same clone).

At the start of the experiments polyps were moved to 24-well
plates (1 polyp per well, individuals within a plate belonging to one
or two clones). 36 polyps from each original clone were used, result-
ing in a starting cohort of 360 individuals. To facilitate cleaning, we
used special plates with holes on the bottom of the wells forming a
sieve (each well had 17 holes with a diameter of 0.7 mm on the bot-
tom). The holes were too small for hydra to pass, but large enough to
let uningested Artemia nauplii pass through when the plate was raised
from the water. The plates were kept individually in plastic containers
with a flat bottom and immersed in hydra medium (wells were approx-
imately half full and polyps were kept in ~1.5 ml medium). A piece
of glass (exactly fitting the bottom of the plates) was put below the
plates to block experimental animals, detached buds or eggs leaving
the wells when the plates were not moved. For cleaning, the plates
(with the hydra) were simply taken out of their containers and moved
to clean containers with fresh medium. To prevent the accumulation
of bacteria, we moved hydra polyps to clean plates once every two
weeks.
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Fig. 1. (A) Map of the Tisza river basin around Tiszadorogma and satellite image showing the site of origin of the population from which founder polyps used in the present study
were collected (marked by a red star on the map and a red rectangle on the inset). (B) Asexual H. oligactis polyp from the Tiszadorogma population.
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We fed the animals three times a week from a dense Artemia
slurry using a micropipette, as described previously (Tokolyi et al.,
2016). Depending on their treatment, they received either 3, 6, 10 or
20 pl Artemia suspension on each occasion (1 pl contained approx-
imately 7-8 nauplii). Food treatments were distributed in plates ac-
cording to a block design (all four treatments present in every plate).
Newly detached buds were counted and removed prior to feeding. Af-
ter feeding, plates with hydra were moved to containers with fresh
medium. Experimental animals were kept under these conditions for
two weeks. After that, we lowered the temperature to 7 °C (temper-
atures below 12 °C are used to induce sexual reproduction in H. oli-
gactis; Littlefield et al., 1991; Yoshida et al., 2006; Kaliszewicz and
Lipinska, 2012; Kaliszewicz, 2015). We also switched photoperiod
to a 8/16 h light/dark cycle because there are observations suggest-
ing that a short photoperiod might induce sexual reproduction as well
(Reisa, 1973).

To quantify the intensity of sexual reproduction we recorded the
number of detached eggs in females and the number of testes in males.
Females continually produce and shed eggs during their sexual phase,
while males develop several distinct testes along the body column that
continuously produce sperm (Reisa, 1973). We counted the number of
detached eggs in females three times per week, prior to feeding. Care
was taken not to disturb the plates so that detached eggs did not escape
through the holes at the bottom of the wells. The number of testes in
male polyps was counted once a week under a stereo microscope.

Death was recorded when the animals disintegrated or disappeared
between feedings. We were extremely careful to retain experimental
animals even if they shrank to a very small size, always checking the
plates and the containers in case of a potential death event. Four ani-
mals were accidentally lost and we excluded them from all subsequent
analyses.

2.2. Statistical analyses

We analyzed data using generalized linear models (GLMs) or gen-
eralized linear mixed models (GLMMs) implemented in the R statisti-

cal environment (R Core Team, 2014), using the Ime4 R package for
GLMMs (Bates et al., 2015). We started by testing whether individual
clones differed in their propensity to start sexual reproduction, num-
ber of gonads and survival in GLMs with these variables as dependent
variables and clone ID as fixed predictor. GLMs with a Poisson distri-
bution were used to analyze fecundity (maximum number of testes per
male polyp, total number of eggs produced by a female polyp during
the sexual period), while the occurrence of sexual reproduction and
survival was analyzed with binomial GLMs (both variables have a bi-
nomial outcome: sexual reproduction observed or not, and polyps sur-
vived or died, respectively). Next, we tested the effect of food treat-
ment on the dependent variables in GLMMs (with either Poisson or
binomial distribution). GLMMs were required in this case to take into
account that our experimental animals did not represent independent
data points (polyps belonging to a given clone are more similar to each
other than expected by chance). Hence, in these analyses clone 1D
was included as a random variable, in addition to treatment as a fixed
variable. Lastly, we used GLMMs to test the relationship between fe-
cundity and survival rate. Significance of fixed variables was tested
via likelihood ratio tests (LRTs), by comparing models containing the
fixed effect to simplified models without it.

3. Results

The pattern of asexual and sexual reproduction and survival
changed over the course of the experiment as shown in Fig. 2. Low-
ering the temperature inhibited budding for approximately two weeks;
then animals produced buds again for two weeks, which was followed
by initiation of sexual reproduction. Of the ten clones five were found
to be males and five to be females. The number of days elapsed from
the start of the temperature manipulation to the initiation of sexual
reproduction was 38 + 3.91 days in males and 47 + 5.65 days in fe-
males (mean + SD in both cases). Survival rate started to decrease af-
ter the initiation of sexual reproduction, but a substantial proportion
of animals survived and started budding again. We stopped the ex-
periment after 150 days, when most of the animals were either dead
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Fig. 2. Temporal patterns of asexual and sexual reproduction and survival rate of H. oligactis polyps kept on four different food regimes. Black lines show the budding rate (number
of buds/day), green lines show the proportion of the initial cohort still surviving. The mean days for the presence of gonads in males and females are indicated by blue and red lines,
respectively. The inset shows two polyps towards the end of the experiment in different stages of degeneration; the individual on the right regenerated almost completely.
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(N=109, 31% of the initial cohort) or had regenerated after sexual
reproduction and produced at least one bud (N = 176; 49%). The re-
mainder either did not initiate sexual reproduction until the end of the
study (N =33, 9%) or were in an intermediate state (i.e., survived un-
til day 150 but did not produce any buds following sexual reproduc-
tion; N = 38, 11%). We scored these intermediate animals as survivors
(even though some of them might have died later without regenerat-
ing) because they fulfilled the criterion of surviving until day 150. We
found no bias in the distribution of these animals according to food
treatment (N =8, 6, 12, 12 animals out of N =55, 64, 64, 64 surviving
animals in the 3, 6, 10, 20 pl Artemia groups, respectively; Fisher’s
exact test, p = 0.539).

Individual clones differed significantly in their propensity to ini-
tiate sexual reproduction (binomial GLM, deviance = 163.62, df =9,
p<0.001; Fig. 3A) and in the probability of surviving to the end of
the experiment (binomial GLM, deviance = 75.325, df =9, p <0.001;
Fig. 3B). The number of testes produced by males was marginally sig-
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nificantly different between clones (Poisson GLM, deviance =9.112,
df =4, p=0.058; Fig. 3C). The total number of detached eggs sig-
nificantly differed between female clones (Poisson GLM, de-
viance = 35.952, df =4, p < 0.001; Fig. 3D).

Food treatment had no effect on the occurrence of sexual repro-
duction (binomial GLMM, y*=2.829, df=3, p =0.419), but it did
have a significant effect on the number of testes in males (Poisson
GLMM, )(2 =69.454, df =3, p <0.001; Fig. 3A) and the number of
eggs in females (Poisson GLMM, % =54.015, df =3, p < 0.001; Fig.
4B). Survival probability was not affected by food treatment (binomial
GLMM, ;(2 =3.854, p = 0.278; Fig. 3C). Furthermore, survival proba-
bility was not related to fecundity neither in males (maximum number
of testes, binomial GLMM, )(2 =1.800, p = 0.180) nor in females (to-
tal number of eggs, binomial GLMM, ){2 =0.537, p=0.464). Lastly,
excluding polyps that survived until the end of the experiment but did
not regenerate following sexual reproduction (N = 38 animals) had no
qualitative effect on our results (not shown).
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Fig. 3. Differences between 10 H. oligactis clones derived from the same population in (A) their propensity to initiate sexual reproduction, (B) survival rate, (C) maximum number of
testes (only male clones shown) and (D) total number of detached eggs (only female clones shown). Error bars in panels A and B represent 95% confidence intervals obtained from

binomial GLMs.
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Fig. 4. Effects of food treatment on (A) the maximum number of testes produced by
males, (B) the number of eggs produced by females, and (C) the survival rate.

4. Discussion

In the present study we investigated the fecundity/survival
trade-off at different food levels in male and female H. oligactis un-
dergoing sexual reproduction. We found that polyps initiated gonado-
genesis irrespective of food availability, but the number of gonads
(testes or detached eggs) increased with increasing food availability.
Following sexual reproduction there was high mortality (>30% of the
initial cohort died during the course of the experiment), but the sur-
vival rate was not related to the amount of food available.

Sexual reproduction in H. oligactis is generally thought to be an
escape strategy that enables hydra to produce resting eggs before the

onset of the winter (Reisa, 1973; Kaliszewicz and Lipiriska, 2012).
According to this hypothesis, a sudden drop in temperature signals
the beginning of a period with high mortality due to low temperatures
and/or starvation, and animals are induced to quickly develop repro-
ductive organs and produce eggs that are able to survive these ad-
verse conditions. Our observations suggest that this hypothesis cannot
fully explain the occurrence of sexual reproduction in the studied pop-
ulation. First, lowering the temperature inhibited asexual reproduction
only temporarily and the sexual phase started after a period of asex-
ual reproduction in the cold. This suggests that temperature is a cue
rather than a physiological constraint that shapes the type of repro-
duction (Reisa, 1973); the change in temperature could serve to indi-
cate the time when sexual reproduction is ecologically most favored.
This could be in the autumn, as supported by field observations of sex-
ual reproduction in this species in Switzerland (Ribi et al., 1985) and
Michigan, USA (Miller, 1936), but is probably later in our Hungar-
ian population (based on observations in the present study). Secondly,
similar to the study of Kaliszewicz and Lipiniska (2012), the amount
of food in our experiment had no influence on the probability of ini-
tiating sexual reproduction. Together, these observations suggest that
the initiation of sexual reproduction in H. oligactis is not related to
the amount of food, although other aspects of food, such as its pre-
dictability, are known to influence hydra life history traits (Schaible et
al., 2011; Rosa et al., 2016) and might be involved in this case as well.

The delayed initiation of sexual reproduction in animals exposed
to cold and the high post-reproductive survival rate of H. oligactis
polyps from our population is surprising. In most published accounts
of sexual reproduction in this species (e.g., Brien, 1953; Yoshida et
al., 2006; Kaliszewicz and Lipiriska, 2012; Kaliszewicz, 2015), expo-
sure to cold temperatures inhibits budding and initiates gametogene-
sis within 2-3 weeks, after which polyps face an exponential increase
in mortality rate (Brien, 1953; Yoshida et al., 2006). The experimen-
tal animals in the present study experienced progressive degeneration
and a decrease in body size after sexual reproduction, very similar
to that reported by Yoshida et al. (2006); however, a substantial pro-
portion survived, regenerated and resumed asexual reproduction. Al-
though these differences might be at least partly caused by differences
in the experimental setup (e.g., both temperature and photoperiod dif-
fered between the studies), intraspecific differences in post-reproduc-
tive survival are likely to exist, as Tomczyk et al. (2015) recently also
reported a strain of H. oligactis that does not experience increased
post-reproductive mortality. The physiological mechanisms responsi-
ble for this variation are unclear. Post-reproductive degeneration in
H. oligactis is generally thought to be the consequence of stem cell
depletion (“gametic crisis”; Brien, 1953; Reisa, 1973; Tardent, 1974;
Yoshida et al., 2006; Bosch, 2008). Sexual reproduction and germ cell
development in hydra depend on stem cell activity (Littlefield, 1985,
1991), hence, increased commitment of stem cells to germ cell pro-
duction is likely to reduce the differentiation of multipotent stem cells
into somatic cells necessary for survival. The study of Yoshida et al.
(2006) illustrates this pattern well, since they found a marked increase
in germ cell numbers and a drastic decrease in epithelial cells, intersti-
tial stem cells and somatic derivatives (nematocytes, nerve cells, and
gland cells) during sexual development. Therefore, an obvious expla-
nation for the high post-reproductive survival rate of the hydra pop-
ulation in the present study could be that in animals surviving sexual
reproduction fewer stem cells are converted into germ cells and a suf-
ficiently large subpopulation of stem cells remains to regenerate the
whole animal. This is an assumption that should be tested in the fu-
ture.

From an ultimate (evolutionary) perspective, differences between
populations might be related to environmental conditions (e.g., the
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risk of freezing) in the natural habitats of these populations/strains.
For example, a quick and predictable onset of winter would select for
a rapid induction of gametogenesis upon cold exposure. Other fac-
tors are likely to be involved as well, because we found that within a
single population several different life history strategies can coexist.
Even within this admittedly very limited sample of 10 clones we found
lineages that initiated sexual reproduction with high probability while
others continued budding during the whole period (results not shown).
Furthermore, some lineages survived with high probability while in
others the survival rate was less than 25%. These differences could
represent alternative life history tactics within the population (e.g., lo-
cal adaptations to differences in microhabitat) or a consequence of
temporally varying selection on life history traits (e.g., Mojica et al.,
2012). They could also be the consequence of a high rate of influx of
genetically distinct individuals into the lake from which our founder
polyps were derived. This latter hypothesis is highly plausible, given
that the lake is very close to the Tisza river, is directly connected to it
and periodically flooded by the river (the Tisza is a major river of the
region with a large drainage area and is a known habitat of H. oligac-
tis; Gelei, 1930). Interestingly, we also found that polyps belonging to
a single clone and kept under identical conditions exhibited variation
in life history traits (e.g., some polyps did not initiate sexual repro-
duction, even though most individuals belonging to the same clones
did), which could be a form of bet-hedging (diversifying reproductive
strategies to increase the chance that some of them will be successful
in a highly unpredictable environment; e.g., Olofsson et al., 2009).

Experimental manipulation of food availability significantly af-
fected fecundity, but had no effect on the survival rate. Hence, at least
over the range of food levels used in the present experiment, sexually
reproducing H. oligactis polyps preserved survival at the expense of
reproduction. This pattern is not consistent with a “dietary restriction”
or “terminal investment” effect, but neither with a model in which sur-
vival and reproduction are equally dependent on food availability. On
the other hand, a reduction in the rate of reproduction and maintenance
of somatic functions in the face of challenging conditions has been ob-
served, e.g., in reef corals (Leuzinger et al., 2011), and is generally
predicted to occur in long-lived, iteroparous animals that are expected
to favor survival over current reproduction (e.g., Gaillard et al., 2000;
Therrien et al., 2008; Kitaysky et al., 2010; Monteith et al., 2013). This
is somewhat surprising since H. oligactis is a species with a relatively
fast life history (it is characterized by a high rate of asexual reproduc-
tion and low tolerance against oxidative stress; Tokolyi et al., 2016).
Since most of the animals from the investigated population did not
die after sexual reproduction, investing more resources into survival
might enable them to survive and start asexual reproduction again fol-
lowing a sexual cycle (i.e., they might be iteroparous). Based on this
hypothesis, the relationship between food availability and survival rate
might be quite different in populations/strains that do not survive after
sexual reproduction (i.e., semelparous populations). This is a predic-
tion that should also be tested in the future.

Our results do not provide unequivocal support for the hypothesis
that post-reproductive degeneration is a consequence of reduced al-
location of resources to somatic maintenance in sexually reproducing
hydra. First, the survival rate was not influenced by food availability
(although, as discussed above, this could be a consequence of strategic
investment of resources into survival at the expense of reproduction).
Second, we found no relationship between fecundity and survival rate
in individual polyps, which is a key prediction of the hypothesis that
these two are traded off against each other. We must emphasize, how-
ever, that the variation in reproductive investment within our sample
might not be high enough to detect such a relationship, since the indi-

viduals used in the present analysis were derived from 10 clones and
variation within clones might be too small. Further studies should (i)
investigate the relationship between fecundity and survival rate on a
much wider sample of hydra populations kept under identical condi-
tions and (ii) attempt to manipulate reproductive investment indepen-
dently from food (e.g., by manipulating mate availability or popula-
tion density as ultimate factors, or potential physiological regulators
as proximate factors) to unequivocally answer this question.
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