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Abstract. First-stadium juveniles of Polydesmus angustus born each month from May to September were reared throughout their life
cycle under controlled seasonal conditions. At maturity, the reproductive patterns of 62 females were studied individually. It was
confirmed that females born from May to August have a 1-year life cycle and those born from late August onwards a 2-year life
cycle (cohort-splitting). A third type of life cycle — interseasonal iteroparity — was observed in a few females born late in the season.
On average, annual females started to reproduce when 11.4 months old and produced 3.6 broods per female over 1.8 months; the
later they were born from May to August, the later they reproduced the following year. Biennial females started to reproduce when
19.9 months old and produced 3.8 broods per female over 2.2 months; all reproduced early in the breeding season. These results
indicate that only annual females can produce an appreciable proportion of biennial offspring from late August onwards, which rules
out direct genetic determination of life-cycle duration. The reproductive characteristics of P. angustus suggest a non-genetic mecha-
nism that can drive cohort-splitting. Because individual females reproduce for about 2 months on average, this automatically results

in cyclic variation in life-cycle duration (annual/biennial/annual) in the long-term progeny of any female.

INTRODUCTION

In many arthropod species, the duration of the life cycle
varies among individuals of the same generation (Wald-
bauer, 1978; Tauber et al., 1986; Danks, 1994). The situa-
tion in which individuals reproduce after 1 year and
others after 2 or more years within the same population is
referred to as cohort-splitting (Sunderland et al., 1976) or
parsivoltinism in insects (Torchio & Tepedino, 1982).
Willows (1987) argued that the term year-class splitting
would be more appropriate, but the original term can be
retained if a cohort is defined as the members of a popula-
tion born in the same breeding season (Sunderland et al.,
1976; Stearns, 1992). The biological mechanisms that
lead to cohort-splitting vary among species, since indi-
vidual variation in life-cycle duration may result from (1)
distinct recruitment periods coupled with environmental
influences during development, as in the woodlouse Phi-
loscia muscorum (Grundy & Sutton, 1989); (2) a genetic
polymorphism, as suggested in the butterfly Maculinea
rebeli (Thomas et al., 1998); (3) maternal effects, which
can control offspring development not only at the egg
stage but also later in the life cycle (Mousseau & Dingle,
1991); and (4) a combination of these different mecha-
nisms, as in the moth Zygaena trifolii (Wipking &
Mengelkoch, 1994).

In the millipede Polydesmus angustus Latzel, 1884,
field studies suggested that individuals born in the same
year within a population reproduced either after 1 or 2
years (David et al., 1993). This was confirmed in labora-
tory cultures kept under seasonal conditions, in which
both types of life cycle were obtained (David et al.,
1999). During the long breeding season, from May to

early October, individuals born early were annual,
whereas those born towards the end of the season were
biennial. Two steps were identified in the extended life
cycle: (1) biennial individuals of both sexes aestivated in
the penultimate stadium (stadium VII) during the first
breeding season after their birth and reached maturity in
early autumn; (2) adult females emerging in autumn did
not reproduce immediately; they overwintered a second
time and reproduced in the second breeding season after
birth (David et al., 1999). Further experiments have
shown that the development of stadium VII is slowed by
long days, whereas females enter reproductive diapause
when exposed to short days (David et al., 2003). There-
fore, individuals that do not reach stadium VII early
enough in spring are channelled towards a biennial cycle
by a two-stage photoperiodic response, as in certain
insects (Butterfield et al., 2001). It is not known,
however, whether this mechanism of cohort-splitting is
only controlled by environmental factors during develop-
ment, or whether genetic or maternal components are also
involved.

The aim of the present study was to clarify the repro-
ductive patterns of annual and biennial females of P.
angustus. The first objective was to provide quantitative
data on millipede reproduction, which are often incom-
plete due to the cryptic habits of the animals and the
length of time required for rearing (Snider, 1981a;
Hopkin & Read, 1992). Another objective was to shed
some light on the mechanism of cohort-splitting. Since an
individual’s life cycle seemingly depends on its month of
birth, a better understanding of cohort-splitting could be
achieved by determining the months in which annual and
biennial females reproduce. This would make it possible
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to identify which females produce biennial offspring by
the end of the breeding season. Genetic models for the
determination of life-cycle duration could be considered
if biennial offspring were primarily produced by biennial
females.

Specifically, the aims of this study were (1) to confirm
that the month of birth determines life-cycle duration in
P. angustus, by rearing millipedes born to a larger
number of parents than in previous studies; (2) to clarify
the reproductive patterns of annual and biennial females
by counting how many offspring they produce each
month until they die; and (3) subject to confirmation of
the first aim, to use the reproductive patterns to assess the
expected proportions of the two life cycles in the progeny
of annual and biennial females. For these purposes, milli-
pedes born each month in the breeding season were moni-
tored throughout their life cycle in a seasonal environ-
ment. Laboratory rearing was conducted under tempera-
ture and photoperiod conditions simulating those in the
field, failing which cohorts might not split as they do
under field conditions (Grundy & Sutton, 1989).

MATERIAL AND METHODS

Biological material

The flat-backed millipede P. angustus is very common in
north-western Europe (Kime, 1990). This saprophagous mac-
roarthropod is particularly abundant in woodland, where it
occurs in leaf litter or under dead bark. Its post-embryonic
development invariably consists of eight stadia (= instars), the
last of which is the adult (Enghoff et al., 1993). Individuals can
be assigned to a stadium by counting the number of body rings
and sexed from stadium IV onwards. Polydesmus females lay
eggs in nests made of earthy faecal material, which are easy to
find in cultures, and first stadium juveniles leave the nest soon
after hatching (Snider, 1981b).

All millipedes used in this study originated from Brunoy, 20
km south-east of Paris, France. They were born to adults either
collected from the field or reared for one generation under sea-
sonal conditions. Juveniles born each month from May to Sep-
tember were taken from 18 broods produced by 16 mothers,
which ensured a degree of genetic diversity within the samples.
Broods produced in the same month were derived from at least
three different mothers, except in May (two mothers). The life
cycle of parents from the field was not known, but parents from
the laboratory included both annual females (n = 9, mated with
annual males in at least two cases) and biennial females (n = 3,
mated with biennial males in at least two cases).

Laboratory rearing

Although this study is based on data gathered over several
years, all millipedes were reared under the same controlled con-
ditions. Within a few days of hatching, first stadium juveniles
were transferred with a brush to lidded, transparent plastic boxes
(400 ml), containing about 1 cm of sieved soil (particle size < 2
mm) and moist leaf litter. The boxes were placed in incubators
fitted with a glass door. Temperature followed the mean
monthly temperatures of the region of origin (Fig. 1), with a
daily thermoperiod (12 h cryophase : 12 h thermophase) of 4°C
amplitude, or 2°C in the three coldest months. The boxes were
exposed to the natural daylight of Montpellier, southern France
(Fig. 1), which gives life cycles similar to those obtained at the
Brunoy photoperiod (David et al., 1999). The millipedes were
fed continually with a mixture of chestnut, hazel, hornbeam and
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Fig. 1. The average seasonal environment conditions of tem-
perature (bar graph) and photoperiod (line graph) in which the
millipedes were reared in the laboratory.

oak leaf litter rinsed in distilled water. In addition, they received
a pinch of dry yeast (Saccharomyces cerevisiae) every month,
which results in adult live weights and fertility close to those
recorded in the field (David & Celerier, 1997).

Juveniles from each brood were reared in groups of about
twenty individuals during the earlier stadia. At stadium IV, sur-
vivors were sexed and distributed into several boxes to reduce
population density. Randomly chosen females were subse-
quently isolated in new boxes to be monitored individually.
They were mated when adult (stadium VIII) and their reproduc-
tive activity was recorded until they died. Every time a nest was
found, the female was transferred to a new box to avoid mix-
tures of broods. Once eggs hatched, offspring were collected
with Dumont tweezers and counted. For each female, the
number of broods produced, the dates of hatching, and the
number of offspring per brood (fertility) were recorded.

The birthday of an individual was the day on which it was
first observed in stadium I. As the boxes were examined at least
twice a week, the possible error in dating the birthday and other
events in the life cycle (emergence, reproduction) was between
0 and 4 days. Data were converted into months on the basis of
30.4 days per month.

Statistical analysis

All tests were based on Sokal & Rohlf (1995). The effects of
month of birth on reproductive characteristics (age at first repro-
duction, duration of the breeding period, number of broods pro-
duced and lifetime fertility) were tested using one-way
ANOVA. Before each analysis the equality of sample variances
was tested using the Fina-test and, in one case, data were power-
transformed to make the variances uniform. A posteriori com-
parisons were made using the Tukey-Kramer procedure. The
proportions of biennial offspring in females’ progeny were com-
pared using the G-test of independence with William’s correc-
tion.

RESULTS

Annual and biennial females

The life cycle of females changed with the month of
birth (Table 1). All females born from May to July, and
most of those born in August, overwintered in a stadium
> V. They reached the adult stage before 4 July the fol-
lowing year, without aestivating in stadium VII, and
reproduced in the first breeding season after birth. This is



TaBLE 1. Frequencies of three types of life cycles in Poly-
desmus angustus, recorded for females born in different months
and reared in the same seasonal environment.

Month of birth Number Type of life cycle
of females Annual Biennial Iteroparous

May 7 7 - -
June 13 13 - -
July 11 11 - -
August, fortnight 1 10 10 - -
August, fortnight 2 8 5 2 1
September 13 - 11 2
Total 62 46 13 3

the annual type of life cycle (46 out of 62). Typically,
these females did not survive to the following breeding
season. Only two survived to the start of the second
season but did not reproduce.

In contrast, females that were born from 28 August
onwards first overwintered in stadia III-IV and reached
stadium VII by the end of the following spring. Most of
these females aestivated in stadium VII, reached the adult
stage after 29 September, overwintered a second time and
started to reproduce in the second breeding season after
birth. This is the biennial type of life cycle (13 out of 62).

Three late-born females had a third type of life cycle.
Although they reached stadium VII at the same time as
biennial females, they did not aestivate in that stadium.
They became adults in late July and started to reproduce
before the end of the first breeding season. These females
overwintered a second time and resumed reproduction in
the second breeding season after birth. This type of life
cycle is referred to as interseasonal iteroparity.

Reproductive patterns of females

Reproductive characteristics of females are detailed in
Table 2. On average, annual females started to reproduce
at 11.4 months of age; their breeding period, i.e. the time
between the hatch of the first and last broods, lasted 1.8
months, during which they produced 3.6 broods; their
mean lifetime fertility was 762 offspring per female.
These characteristics varied little with the month of birth
of annual females, except for a marginally significant dif-
ference between the age at first reproduction of those
born in May and July (ANOVA, P = 0.04). In biennial
females, age at first reproduction (19.9 months on aver-
age) was significantly greater than in annual females
(ANOVA, P < 0.001). The duration of the breeding
period, number of broods per female, and lifetime fertility
were slightly, but not significantly, higher than for annual
females. The three iteroparous females had a compara-
tively low fertility, especially in their second breeding
season, during which they produced fewer offspring than
strictly biennial females (ANOVA, P < 0.01).

Reproductive patterns, determined for all females born
in the same months, are shown in Fig. 2. Clearly, there
was a shift in the breeding periods in relation to the
month of birth. Annual females born in May started to
reproduce in May with a peak in May; those born in June
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Fig. 2. The reproductive patterns of female Polydesmus
angustus that were born from May to September and reared
throughout their life cycle in the same seasonal environment.

started to reproduce in May with a peak in June; those
born in July started to reproduce in June with a peak in
June; and those born in August started to reproduce in
July with a peak in August (Fig. 2). The three iteroparous
females (born in late August—September) reproduced
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TaBLE 2. Reproductive characteristics of Polydesmus angustus females, in relation to their month of birth and type of life cycle:
age at first reproduction (in months), duration of the breeding period (in months), number of broods produced, and lifetime fertility

(means + SE).

. Duration of Number of Number of

Month Ofbmh and Number  Age at ﬁ?St the breeding period broods per female offspring per female
type of life cycle of females reproduction

Istyear  2nd year Istyear  2nd year Ist year 2nd year
May, annual 7 11.8+£0.2 1.3+04 - 3.1£0.5 - 849 £ 115 -
June, annual 13 114+£0.2 23+04 - 42+0.6 - 936+ 114 -
July, annual 11 11.1+£0.2 1.6+0.4 - 32+0.7 - 674 £ 134 -
August, annual 15 11.3+0.1 2.0+0.1 - 3.7+03 - 634 + 62 -
late August & 13 19.9+0.1 - 22402 - 3.840.5 - 956+ 114
September, biennial
late August & 119402 1.1+£02 09=0.0  20+00 13+07  408=43  153%80

September, iteroparous

even later in their first breeding season, starting in Sep-
tember; but in their second breeding season they started to
reproduce in May with a peak in May. Likewise, biennial
females (all born in late August—September) started to
reproduce in May with a peak in May in the second
breeding season after their birth (Fig. 2).

Life cycles of the progeny

By combining data on the female reproductive patterns
(Fig. 2) with the relative frequencies of the different types
of life cycles (Table 1), it was possible to assess the
expected proportions of biennial offspring in the progeny
of females whose birthday was known. From Table 1,
biennial offspring were assumed to represent 25% of the
offspring hatching in late August and 85% of those
hatching in September. Under the environmental condi-
tions used in this study, annual females born in May,
which reproduced early in the season, were unlikely to
produce any biennial offspring; annual females born in
June and July reproduced a little later and were expected
to produce 5 and 4% biennial offspring, respectively;
annual females born in August were expected to produce
significantly more biennial offspring than the previous
groups (20%; G-test, P < 0.001). On the other hand, bien-
nial females, which reproduced early in the second
breeding season after their birth, were unlikely to produce
a significant proportion of biennial offspring (only 0.3%).

DISCUSSION

This study has confirmed that the life cycle of P.
angustus varies among individuals reared in the same sea-
sonal environment and strongly depends on the month of
birth. As in David et al. (1999), all females that were born
in the first part of the season (May—August) were annual,
whereas those that were born by the end of the season
(late August and later) were biennial. This pattern was
unlikely to have been obtained by chance as the sample of
females came from 18 different broods. It can therefore
be concluded that, in this species, the month of birth has a
decisive influence on the life cycle of individuals that
develop under seasonal conditions.
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A third type of life cycle was observed in a few
females, which laid eggs in two successive breeding sea-
sons (i.e., interseasonal iteroparity — Hopkin & Read,
1992). The iteroparous females were born in the same
period and began developing at the same rate as biennial
females, but did not aestivate in stadium VII. It is uncer-
tain whether this type of life cycle, previously unrecorded
in the Polydesmida (Snider, 1981a; Hopkin & Read,
1992), can influence the dynamics of field populations. It
is unknown whether the lack of aestivation results from
genetic differences, in which case it would be heritable,
or from environmental influences, both of which can
affect the occurrence and duration of diapause in arthro-
pods (Tauber et al., 1986; Danks, 2002). Environmental
conditions that induce aestivation in P. angustus are not
yet fully elucidated (David et al., 2003) and may have
been sub-optimal in our laboratory cultures. Taking this
into account and the low frequency of iteroparous females
(< 5%), they are provisionally ignored in the following
discussion.

The reproductive pattern of biennial females, which is
described here thoroughly for the first time, indicates that
they reproduce primarily early in the season. Therefore,
nearly all their offspring (> 99%) are destined to be
annual. In contrast, the reproductive patterns of annual
females indicate that some of these can reproduce up to
the end of the season. Therefore, it is primarily annual
females that produce biennial offspring. This conclusion
is supported by comparing the life cycles of females with
those of their mothers, where possible. The thirteen
females that were biennial in this study all had annual
mothers (fertilized by annual fathers in at least two cases).
On the other hand, the ten females that were known to
have biennial mothers (and also biennial fathers in eight
cases) were all annual, in accordance with their month of
birth. These observations rule out direct genetic determi-
nation of life-cycle duration. Under the constraint that all
annual females are born early and all biennial ones late in
the season, genetic models of inheritance, whether simple
mendelian, polygenic, or non-mendelian (Snustad & Sim-
mons, 2006), would require that biennial females repro-



duce late in the season. Mendelian and polygenic models
would also require that biennial males reproduce late in
the season, with a reduced level of intermating between
annual and biennial millipedes. This is most unlikely for
species in which all adults are reproductively active for
weeks or months (Wise, 1987; Schultheis et al., 2002).

A close examination of the reproductive biology of P.
angustus provides an alternative, non-genetic explanation
for the production of biennial offspring. The results sug-
gest that, over a number of generations, any female can
potentially produce progeny with both annual and bien-
nial life cycles. This possibility results from the duration
of the breeding period of individual females, which lasts
about 2 months on average. Consider an annual female
born in Mays; it is likely to reproduce not only in May the
following year, but also in June; its offspring born in June
are likely to reproduce not only in June the following
year, but also in July. Each year there is a shift in the
breeding period of a proportion of the progeny, which can
lead in a few generations to an appreciable proportion of
late-hatching individuals (from late August to October).
These millipedes will pass through two periods of dor-
mancy and have a 2-year life cycle. However, their repro-
duction will be synchronized early in the season, so that
they will produce a high proportion of annual individuals
born in May. Therefore, while the majority of the popula-
tion is annual, a part of each female’s progeny is auto-
matically involved in a cycle in life-cycle duration
(annual/biennial/annual).

The proportion of biennial individuals is much lower in
P. angustus than in other arthropods that show cohort-
splitting (Torchio & Tepedino, 1982; Thomas et al.,
1998; Menu & Desouhant, 2002). In this millipede, the
proportion of long cycles probably depends on the
number of generations required for completing the
annual/biennial/annual cycle. The number of generations
required first varies with the duration of the breeding
period of individual females. In this study, breeding
periods longer than 3 months (ten females) or even 4
months (two females) were observed, thus 2-year cycles
may appear very quickly in the progeny. The number of
generations required for completing the
annual/biennial/annual cycle is also likely to vary with all
factors that influence the rate of development. For exam-
ple, elevated temperatures result in a more rapid develop-
ment and an earlier breeding season in P. angustus
(David & Gillon, 2009), which should delay, or even pre-
vent the appearance of 2-year cycles. Conversely, envi-
ronmental conditions that delay the breeding season
should accelerate the appearance of 2-year cycles in the
progeny. Genetic differences between individuals
affecting their development rate may also be important in
this respect (Wipking & Mengelkoch, 1994).

In conclusion, this study has shown that, in P. angustus,
biennial offspring are produced late in the season, almost
exclusively by annual females. This precludes the possi-
bility of a genetic polymorphism for life-cycle duration.
However, it remains to be determined whether cohort-
splitting results only from environmental influences

during development, as in the woodlouse Philoscia mus-
corum (Grundy & Sutton, 1989), or whether a maternal
effect, e.g. an effect mediated by maternal age, influences
the development of offspring born late in the season
(Mousseau & Dingle, 1991; Fox & Czesak, 2000).
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