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Abstract
Split-brood field studies using the biparental, subsocial wood-
feeding cockroach Cryptocercus punctulatus indicate that pa-
rental absence in families of three different age classes of
nutritionally independent juveniles results in significantly
slower growth when compared to sib groups allowed to re-
main with adults, even when nymphs are more than 2 years
old when parents are removed. In one family that was divided
when nymphs were 15 months old and followed for 4 years
after treatment, 69 % of nymphs allowed to remain with par-
ents reached maturity in the third year of the study, while those
isolated from parents remained in the subadult stage at the 3-
year mark. In the fourth year, measurements of wet weights
and head capsule widths of the newly mature adults in the two
treatments of this family were not significantly different. A
parental vs. non-parental social environment, then, resulted
in different rates of growth to reproductive maturity, but
nymphs in both treatments ultimately reached similar adult
sizes. The results indicate that parental effects can modify
offspring ontogeny independently of the direct transfer of re-
sources in the form of trophallactic food and symbionts.

Because cockroaches in this genus are sister group to the de-
velopmentally plastic and juvenilized termites, further explo-
ration of the role of the social environment on development in
Cryptocercus is warranted.

Significance statement
Termites are eusocial cockroaches that exhibit weak or de-
layed post-embryonic development; the majority of colony
members are arrested in the small, soft-bodied, altricial
morphotype displayed by early juvenile stages of their subso-
cial sister group, Cryptocercus. Developmental dynamics in
this cockroach genus can therefore provide insight into condi-
tions that may have favored the origin of eusociality in the
lineage. Here, we demonstrate that the parental social environ-
ment in Cryptocercus punctulatus modifies offspring devel-
opment independently of the direct transfer of hindgut fluids
and does so for more than 2 years after hatch. A system in
which parent-offspring interactions modify juvenile ontogeny,
whatever the mechanism, contributes to the unique set of cir-
cumstances that ultimately resulted in the evolution of termite
eusociality.
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Introduction

Wood-feeding cockroaches in the genus Cryptocercus
are of interest not only because they are the only known
oviparous cockroaches to live in biparental family
groups in a nest (Nalepa and Bell 1997; Maekawa
et al. 2008), but also because it is now well established
that they are sister group to termites. Details of the
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family life of these insects, then, can supply key infor-
mation regarding the origins of eusociality in termites, a
group that is not only phylogenetically distant from oth-
er eusocial insects, but also uniquely different in their
diet, life history, and development.

The life history of Cryptocercus is remarkable in that
the cockroaches typically produce a single clutch of
eggs, followed by an extensive period of parental care
lasting until the death of adults at about 3 years after
hatch; the female generally outlives the male (Seelinger
and Seelinger 1983; Nalepa 1984, 1988a; Park et al.
2002). These cockroaches therefore may be classified
as semelparous, but not the usual sense. While their
entire lifetime reproduction is enacted in a single repro-
ductive episode, adults do not undergo immediate post-
reproductive death in the manner of salmon or bamboo.

Young nymphs of Cryptocercus are altricial, evident
in their small size, blindness, fragile exoskeleton, and
reliance on adults for nourishment and symbionts
(Nalepa and Bell 1997; Nalepa et al. 2008; Nalepa
2011); the dry weight of nymphs increases by more
than an order of magnitude between the first and second
instar (Nalepa and Mullins 2009). Nymphs acquire their
full complement of gut symbionts by the third instar, at
which point they are nutritionally self-sufficient (Nalepa
1990); proctodeal feeding from adults is rarely observed
after that point (Seelinger and Seelinger 1983; Park and
Choe 2003). Nonetheless, additional sources of parental-
ly provided food, including fecal pellets, cuticular secre-
tions, and wood fragments torn free by adults, may
continue to have an impact on nymphs older than the
third instar, and non-provisioning parental care in the
form of defense, sanitation, and gallery excavation con-
tinues until nymphs are significantly melanized and at
least half grown. This occurs in Cryptocercus
punctulatus at about 3 years of age, coinciding with
the approximate post-reproduction longevity of parents
(Nalepa and Grayson 2011).

Brood care in C. punctulatus is known to be costly
in that it limits the future reproduction of females
(Nalepa 1988b; 2015). The potential benefits of a pa-
rental social environment to nymphs beyond nutritional
independence, however, are little explored. A notable
study is by Park and Choe (2003), who demonstrated
that the body weight and head width of young nymphs
of Cryptocercus kyebangensis were significantly larger
in groups of juveniles allowed to remain with parents
when compared to sib groups that were isolated from
them. The goal of the present study is to extend on the
work of these authors; the social environment of young
C. punctulatus was disrupted in a split-brood experi-
mental design using families with three different age
classes of nutritionally independent nymphs.

Materials and methods

Experimental design

The study was conducted at Mountain Lake Biological
Station, Giles County, Virginia, USA (37.364° N, 80.519°
W; elevation 1160 m). Pairs of adult C. punctulatus together
with their offspring were collected from rotting logs on the
grounds of the station using methods previously described
(Nalepa 1984).

In general, oothecae of C. punctulatus in this location are
deposited in the field during the months of June and July
(Cleveland et al. 1934; Nalepa 1988a); August 1 was therefore
designated as ‘hatch’ for the purpose of aging the nymphs
used in this study. Nymphal development prior to winter is
typically completed by October, at which time they have usu-
ally reached the third or fourth instar (Nalepa 1990); conse-
quently, families were collected and field boxes were set up
and opened and checked during the month of October.
Families with three age classes of nymphs were used in the
study: familieswith nymphs in their hatch-year and ∼3months
old (n=5); families with nymphs hatched the previous year
and ∼15months old (n=7); and families with nymphs hatched
2 years previously and ∼27 months old (n=5). From the data
given in their paper, it can be assumed that the nymphs used in
the study ofC. kyebangensis by Park and Choe (2003) were in
a developmental stage similar to the ∼3 month old families
used here; in that study, however, nymphs had already under-
gone their first winter (their experiments were set up in the
month of April, in the year following hatch). Parental care in
the form of supplying trophallactic food and symbionts is not
obligate in any of the age classes used in this study; however,
none of the juveniles used were fully melanized/sclerotized
and thus were poorly prepared to venture outside the natal
log (Nalepa and Grayson 2011).

All families used in the experiments had both male and
female parents present, and treatments were set up within
3 days of field collection. Nymphs in each family were split
into two equivalent groups that were placed into one of two
treatments: one group was replaced with the parents and the
other was separated from the parents.

Head capsule widths of early instars are non-overlapping
(Nalepa 1990); young nymphs are thus easily separated into
instar groups. Third and fourth instars predominated in the ∼3-
month-old families and an equal number of each instar was
placed into treatments. In the older families, nymphs of ap-
proximately equal body sizes were separated into treatment
groups; their head capsule widths were measured and tested
to assure no significant differences (t test; see supplementary
material) prior to placing the treatments in the field.

Each treatment was placed into a box made of untreated
pine that had been lined with fiberglass window screen and
filled with pieces of the log from which that family was
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collected; the natural gallery systemwas preserved as much as
possible. Boxes were tagged and wired shut, placed in the
field abutting large logs, covered with leaf litter, and left un-
disturbed until a year later. At that time, the boxes were
brought into the laboratory, opened, survivorship noted, and
head capsule widths measured using a dissecting microscope
fitted with an ocular micrometer; in one set of treatments
(Family #10, 4th year), a Cahn Electrobalance Model 7500
scale was used to measure wet weights.

For most families, the experiment was concluded after
1 year; however, two of the 3-month families were placed
back into the field in boxes replenished with wood and
checked again 2 years after the initial set up. One 15-month
family was followed for 4 years, until nymphs reached adult-
hood; the female parent in this family was marked in the third
year by scratching distinct marks into the hollow of her heavi-
ly sclerotized pronotum with an insect pin to subsequently
distinguish her from adult offspring.

A total of 17 families were initially collected, treated, and
set in the field. At the 1-year check, all of the nymphs had died
in one of the treatments in four families; these were excluded
from further analysis (n=1, 3-month family; n=1, 15-month
family; n=2, 27-month families).

Survival in the remaining families is reported but not ana-
lyzed further. Confinement of treatments to pine boxes ex-
cluded predators and also prevented exodus of the cock-
roaches from deleterious environmental conditions. During
rainy periods, for example, the insects could not escape water
that may have seeped into boxes; under natural conditions,
they typically move within their extensive gallery systems in
the log to escape such threats. Consequently, it is unlikely
survivorship in this experiment is indicative of natural mortal-
i ty. In similar but shorter-term experiments with
C. kyebangensis, Park and Choe (2003) found no significant
difference in the survivorship of their treatment groups.

Statistics

The Shapiro-Wilk W test for normality was run individually
for treatments within each family; the null hypothesis of a
normal population distribution was rejected in some treat-
ments. Non-parametric tests (Wilcoxon Rank Sums Test) were
consequently used to compare head capsule widths using JMP
Pro 12.0.1 (SAS, 2015). Head capsule width was the response
variable, with presence or absence of parents as the explana-
tory variable. Combined analysis of families within an age
group was addressed using a mixed model with family as
the random effect and treatment as the fixed effect.
Residuals from a mixed model were used to check assump-
tions, and response (head width) was transformed to ranks
within each family if normality and/or homogeneity of vari-
ance did not hold. The relationship between head capsule
width and wet weight of young adults was examined using

analysis of covariance, with treatment as the fixed effect, fam-
ily as the random effect factor, and wet weight as covariable.

Results

One year after experimental set up, the development of
nymphs in all families but two (#6, 15-month nymphs
(P=0.055); #13, 27-month nymphs (P=0.371)) was signifi-
cantly affected by the absence of adults (Table 1). In the two
experimental families checked again 2 years after the initial
split (Families #1, #2), significant differences between treat-
ments were retained into the second year, despite both parents
having died in the interim in family #2. In general, the younger
the family, the greater the effect of parental presence on the
development of nymphs (Table 2). When families within an
age group were pooled and analyzed as a group accounting for
family effects, the differences between treatments were signif-
icant in the 3 month (nonparametric mixed model on ranks,
P = 0.006) and 15 month (mixed model on head width,
P=0.012) age groups. The treatments were significantly dif-
ferent in two of the three 27-month families when analyzed
individually, but there was no significant difference when they
were analyzed as a group when accounting for family effects
(nonparametric mixed model on ranks, P=0.092). The latter
outcome, however, was influenced by small sample sizes and
differences in variation within families.

Family #10, where nymphs were already more than a year
old when the family was divided, displayed a significant dif-
ference between the treatment groups at the 1-year check; this
significance was lost after 2 years (P=0.077). At year three,
the difference in head capsule widths was again significant,
likely because in those nymphs allowed to remain with par-
ents, nine of the 13 (69%) had become adults. In the treatment
group without parents, all 17 nymphs were still subadults in
the third year. In year four, all juveniles in both groups had
reached maturity (Table 1, Fig. 1). Dissections of the newly
mature females indicated that all seven in the ‘with parents’
treatment, and eight of 11 (73 %) of the females in the ‘alone’
group had sperm in their spermathecae, confirming that they
were reproductively mature (note that mating between
siblings is an artifact of their confined experimental
conditions; most field collected pairs are outbred: Yaguchi
et al. 2016). In year four, wet weight of the all these new adults
was significantly related to head capsule width (P<0.001),
with no interaction between head capsule width and treatment
and no significant treatment effects (P=0.94).

Discussion

As in Cryptocercus kyebangensis (Park and Choe 2003), the
growth of early instar nutritionally independent nymphs in
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C. punctulatus was significantly affected by adult presence.
Moreover, the current study indicates that the social environ-
ment provided by adults continued to have a significant effect
on the growth of offspring in two of the three families split at

more than 2 years after hatch. The long-term observation of
family #10 (Fig. 1) suggests that these effects are embodied
primarily in the length of development until reproductive ma-
turity, as final adult size did not differ significantly between

Table 1 Effect of parental presence on the development (head capsule width) of nutritionally independent offspring in families of three age classes of
Cryptocercus punctulatus

Family Treatment Nymphs Interval No. nymphs % survival Mean head width (mm) S.E.M. Z P

No. per treatment Age at split

1 With adults 20 ∼3 months 1 year 13 80.0a 2.74 0.04 4.202 <0.001

Alone 20 15 75.0 2.32 0.04

With adults 2 years 16 80.0 3.33 0.05 −2.619 0.009

Alone 13 65.0 3.16 0.03

2 With adults 15 ∼3 months 1 year 10 66.7 2.88 0.03 3.520 <0.001

Alone 15 14 93.3 2.50 0.06

With adults 2 yearsb 6 40.0 3.75 0.03 3.444 <0.001

Alone 14 93.3 3.21 0.04

3 With Adults 22 ∼3 months 1 year 14 63.6 2.61 0.03 4.586 <0.001

Alone 22 15 68.2 1.98 0.04

4 With adults 20 ∼3 months 1 year 9 45.0 2.42 0.02 −2.727 0.006

Alone 20 4 20.0 2.07 0.08

5 With adults 14 ∼15 months 1 year 13 92.9 3.91 0.02 4.419 <0.001

Alone 14 14 100.0 3.50 0.04

6 With adults 16 ∼15 months 1 yearc 12 75.0 3.52 0.05 1.919 0.055

Alone 16 13 81.0 3.35 0.05

7 With adults 13 ∼15 months 1 year 5 38.5 3.35 0.06 3.119 0.002

Alone 13 11 84.6 3.09 0.02

8 With adults 14 ∼15 months 1 year 13 92.9 3.76 0.05 −4.021 <0.001

Alone 14 10 71.4 3.02 0.06

9 With adults 23 ∼15 months 1 yearc 19 82.6 3.42 0.05 −3.051 0.002

Alone 23 13 56.5 3.19 0.04

10d With adults 18 ∼15 months 1 year 15 83.3 3.46 0.06 2.401 0.016

Alone 18 17 94.4 3.26 0.02

With adults 2 yearsc 14 77.8 3.95 0.06 1.766 0.077

Alone 17 94.4 3.79 0.03

With adults 3 years 13 72.2 4.56 0.05 3.922 <0.001

Alone 17 94.4 4.25 0.02

With adults 4 yearse 13 72.2 4.60 0.04 0.486 0.627

Alone 17 94.4 4.57 0.04

11 With adults 8 ∼27 months 1 year 7 87.5 4.05 0.02 2.749 0.006

Alone 8 8 100.0 3.96 0.02

12 With adults 13 ∼27 months 1 year 4 30.8 3.72 0.11 2.091 0.036

Alone 13 5 38.5 3.19 0.09

13 With adults 5 ∼27 months 1 year 5 100.0 3.68 0.10 −0.894 0.371

Alone 5 3 60.0 3.58 0.11

a It is assumed here that at least three nymphs were overlooked during the 1-year check (see year two results)
b Both adults died
cMale died
d See Fig. 1
e Female died
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treatments. Thus, the primary effect of long-term parental
presence as measured here lies in minimizing the prolonged
developmental period of juveniles. This developmental effect
is superimposed on natural variation in nymphal development
within a family, much of which is rooted in asynchronous
hatching of the oothecae and by brood size and associated
early competition for parentally provided resources (Nalepa
and Mullins 2009). Natural variation in development within a

family was demonstrated in a previous study, where both sub-
adults and adults were present in sib groups during the 4th
year of development in C. punctulatus, during the 5th year in
C. clevelandi (Nalepa et al. 1997, Table 2) and also in the
nymphs of family #10 allowed to remain with adults in this
study.

The parental social environment, then, has fitness effects
on offspring that accounts for long-term brood care, in what-
ever form it takes, and for adult investment into their own
somatic maintenance. Further work is required to tease out
the relative effects of the male and female parent. Park and
Choe (2003) demonstrated that the size of nymphs in field-
captured biparentalC. kyebangensis families was significantly
larger than in single parent families (n=8 with single parent
families; n=7 with an adult female, n=1 with an adult male).
In split brood studies with these single parents, their results
were less clear, as only two of the seven families showed
significant differences; in overall comparisons between the
treatment groups, however, it was apparent that the presence
of a single parent resulted in significantly larger offspring.
Under field conditions similar to those used in the present
study, Nalepa and Mullins (2011) showed that the physical
presence of the male influenced the onset of female reproduc-
tion in C. punctulatus but did not affect the number or early
development of nymphs.

Current evidence suggests that parental absence in
Cryptocercus has consequences for offspring long after
nymphs are able to self-feed. While nutritionally independent
juveniles are not doomed if parents die young, the time period
before they contribute to the gene pool is extended. The longer
developmental time of nymphs may additionally result in di-
minished survivorship. There is substantial early mortality in
field-collected young families, as indicated by a decline in
family size with the age of the offspring (Seelinger and
Seelinger 1983; Nalepa 1984; Park et al. 2002; Nalepa and
Mullins 2009). The survivorship of older nymphs and sub-
adults is unknown, but likely continues to decrease because
of risks associated with their exodus from the protective envi-
ronment of the natal nest.

Proctodeal trophallaxis in Cryptocercus is suggested to af-
fect post-hatch nymphal development via its complicated im-
pact on the social, nutritional, and microbial environments of
early instars (Nalepa 2015); the present study and that of Park
and Choe (2003) demonstrate that adults also influence off-
spring development independently of trophallactic behavior.
Two aspects of the parental environment may be implicated.
First, parents may improve the nutritional status of offspring
by means other than proctodeal trophallaxis, and second,
adults may be sources of pheromonal and tactile stimuli that
directly influence offspring growth rates.

Adult wood-feeding cockroaches produce numerous large
fecal pellets as they feed on wood; these are potential sources
of protein, semiochemicals, and metabolites originating with

Table 2 Growth of nymphs (head capsule width) isolated from parents
relative to those remaining with parents in families of different three age
classes

Age of nymphs
at split (months)

No. split
families

Mean relative
growth w/o
parents at 1
year (%)

Range (%)

3 4 83.2 75.9–86.8

15 6 90.8 80.3–95.2

27 3 93.6 85.8–97.8

Fig. 1 Box plot of the head capsule widths of 15-month-old nymphs
from Family #10, half of which were allowed to remain with parents
(P), the other half isolated from parents (i.e., alone: A) and followed for
4 years (T1–T4)
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the insect excretor as well as its complex of gut symbionts
(Nalepa et al. 2001). Parents also sporadically produce unique
fecal pellets that are avidly and competitively eaten by juve-
niles (Park et al. 2002, Fig. 3c; Bell et al. 2007, Fig 5.4).
Another nutritional influence of adults is rooted in the nature
of their primary food source. The ingestion of wood is a phys-
ically difficult task, and nymphs have been observed feeding
on slivers of wood pulled free by adults (Park and Choe 2003,
Fig. 3). Cryptocercus juveniles groom their parents
(Seelingers and Seelinger 1983; Park and Choe 2003); conse-
quently, groomers may ingest cuticular secretions (Farine
et al. 1989; Park et al. 2006) and externally attached debris
as well as give and receive tactile stimulation. Physical contact
such as that which occurs during grooming and antennation is
known to significantly affect cockroach development
(Chauvin 1952; Pettit 1940; Izutsu et al. 1970; Lihoreau and
Rivault 2008). It may be that the absence of the large-bodied
parents in this study substantially decreased the tactile and
chemical stimulation experienced by nymphs, influencing
their development independently of any direct form of paren-
tal care. The tight clustering of nymphs around adults is com-
mon, particularly in young families (Seelinger and Seelinger
1983, Fig. 4; Park et al. 2002, Fig. 3a).

In cockroaches, a wide variety of traits are shaped by
their social partners (e.g., Holbrook and Schal 1998;
Moore et al. 2002; Bell et al. 2007, Table 8.3;
Lihoreau and Rivault 2008; Uzsak et al. 2014). These
‘group effects’ have been studied in cockroaches for
more than a half century, with early studies characteris-
tically comparing grouped to isolated individuals in gre-
garious species (e.g., Willis et al. 1958; Izutsu et al.
1970). The outcome of these studies was typically most
conspicuous in the youngest cockroaches, where the so-
cial environment modified behavior, synchronized
molting, and altered both developmental rates and adult
body size (Nalepa and Bandi 2000, Fig. 4; Bell et al.
2007). The current study (Table 2) is consistent with
those results, in that the youngest nutritionally indepen-
dent nymphs were most significantly affected by the
absence of their parents.

Results indicate that the parental environment provides op-
timum conditions for progressive development in
Cryptocercus for at least the first 27 months of life. Further
exploration of developmental effects arising from the family
social environment in the genus will be pivotal in analyzing
termite eusocial origins. Termites are best characterized as
hemimetabous, phenotypically plastic, juvenilized cock-
roaches that arose from a subsocial ancestor. As such, the
transition from subsocial to eusocial in the termite ancestor
was based on lineage specific family dynamics and best
framed not as the suppression of reproduction in adult off-
spring, but as the evolutionary remodeling of development
in juveniles (Nalepa 1994, 2011, 2015).
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