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Abstract

The influence of maternal defense against natural enemies, maternal provisioning and ovi-

position site selection on offspring survival before and after hatching were examined in a

semelparous pentatomid bug, Ramosiana insignis. Oviposition occurs on leaves of Schoep-

fia schreberi, or surrounding vegetation from which nymphs migrate to feed exclusively on

S. schreberi flower buds. Oviposition is asynchronous; the mother lays additional eggs

immediately prior to hatching of the core brood that rapidly consume the additional eggs. In

the absence of maternal defense egg masses were more heavily parasitized, suffered ant

predation and an increased prevalence of sibling cannibalism. Maternal provisioning in the

form of addition eggs significantly reduced the prevalence of sibling cannibalism of core

brood eggs. Migration of the core brood away from the oviposition site was also significantly

higher in the absence of maternal provisioning. If not consumed, additional eggs were capa-

ble of producing viable progeny of both sexes, indicating that they were in fact marginal

progeny. The average clutch size on non-host vegetation was numerically greater than

clutches laid on host trees (borderline significant P = 0.058). A greater number of additional

eggs were deposited with clutches laid on non-host vegetation compared to those on the

host plant. Egg masses on non-host vegetation were less likely to be discovered by parasit-

oids, compared to those on the host tree. Overall, clutches on non-host vegetation produced

one third more offspring than clutches on the host tree. We conclude that R. insignis females

present a remarkable combination of maternal defense, provisioning of additional eggs and

oviposition site selection as strategies to enhance offspring survival in both the egg and

nymph stages.

Introduction

The decisions made by insects on where to lay eggs are expected to have a major influence on

the survival, growth, and reproductive potential of the offspring, especially for species in which
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the immature stages have limited dispersal abilities [1, 2]. Apart from abiotic factors, the sur-

vival of phytophagous insects will depend on the availability of food resources and the presence

of natural enemies [3]. Females in search of oviposition sites may reduce the likelihood of dis-

covery by predators and parasitoids by choosing to oviposit in physical refuges such as inside

plant tissues [4, 5], on non-host vegetation [6], on poor quality host plants that are not fre-

quently visited by natural enemies [7–9], or in areas of high plant diversity that reduce the

searching efficiency of natural enemies [10, 11].

Semelparous females that lay single batches of eggs can improve offspring survival by

investing part of their resources in physical defense of the eggs and early juvenile stages of

their progeny from the attack of natural enemies (the maternal defense hypothesis) [12, 13].

Offspring survival may be further improved by parental regurgitations [14], provisioning of

food items [15], or the production of trophic eggs, which are non-viable eggs or egg-like struc-

tures produced by the female as food for her offspring [16, 17]. Maternal provisioning of nutri-

tional resources may reduce offspring mortality through starvation (the provisioning

hypothesis) or reduce the prevalence of sibling cannibalism (the cannibalism reduction

hypothesis). The relative importance of each of these functions will depend on the severity of

the risk of starvation faced by offspring [18].

The production of trophic eggs has been observed in many taxa, including invertebrates

such as snails, spiders and insects [18]. Trophic eggs often have a morphologically or biochem-

ically specialized phenotype to meet the nutritional needs of offspring. Trophic eggs are non-

fertile so that nutritional resources are not used by the developing embryo [16].

In many cases the survival of offspring cannot be predicted when food resources vary

greatly over time and space. In such cases parents may opt to produce a core brood of high

quality individuals and a group of marginal offspring that can be sacrificed if necessary to

improve the survival of their siblings [19]. The marginal offspring may be reared to increase

parental fitness when nutritional resources are abundant or used to replace members of the

core brood that die during rearing [20].

One means by which parents may confer a handicap to marginal offspring is through asyn-

chronous egg production in which the late-hatching offspring are at a clear disadvantage com-

pared to their older and larger siblings. For species with egg-feeding offspring, the production

of marginal offspring through asynchronous egg production can also be viewed as a mecha-

nism by which parents provide food resources to the core brood to avoid offspring starvation

[21], or reduce the prevalence of sibling cannibalism among the members of the core brood

[19, 22]. In a manner analogous to the production of trophic eggs, the importance of the provi-

sioning and cannibalism reduction functions will depend on the risk of starvation during off-

spring development, and the relative costs of producing core and marginal offspring [18].

In the present study we examined the strategies employed by a semelparous univoltine pen-

tatomid bug, Ramosiana insignis (Blanchard) to improve the number and survival of offspring.

We demonstrate that these involve a combination of maternal defense of the core brood, asyn-

chronous egg production and oviposition site selection. First, we examined the benefits of

physical maternal care on the survival of eggs until eclosion in the presence of natural enemies

(the maternal defense hypothesis). Next we examined whether additional eggs were produced

to improve nymph survival (provisioning hypothesis) or to reduce sibling cannibalism (canni-

balism reduction hypothesis). As the insect lays its eggs on both host and non-host plants, we

then examined the consequences of oviposition site selection on maternal provisioning and

the risk of succumbing to natural enemy attack. As migration from the non-host to the host

plant is likely to be energetically costly and potentially risky in terms of predation, we hypothe-

sized that mothers on non-host plants should invest more heavily in food provisioning to off-

spring and only use non-host plants for oviposition if non-host plants provided a specific
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survival advantage to offspring. As these studies indicated that additional eggs were provided

to meet the nutritional needs of core offspring, we then asked whether the prevalence of sibling

cannibalism and nymphal survival differed on host and non-host plants when an alternative

food source (host plant flower buds) was available that may be able to substitute for the nutri-

tional role of additional eggs. Finally, we examined whether core offspring avoided the con-

sumption of additional eggs laid by their mother in favor of eggs from an unrelated female, as

a mechanism to avoid cannibalism of marginal siblings.

Materials and methods

Life cycle of the insect

The pentatomid bug, R. insignis, is distributed from Mexico to Panama [23]. The insect feeds

exclusively on the flower buds, shoots and developing fruits (drupes) of the Gulf greytwig tree,

Schoepfia schreberi J.F. Gmel (Olacaceae). In Mexico, eggs are laid in single masses on the under-

side of S. schreberi leaves or on the non-host vegetation that surrounds host trees in the period

September-October, near the end of the rainy season [24, 25]. We have named this first batch of

eggs "core brood". Mothers remain over the egg mass and are often observed kicking away pred-

ators and parasitoid wasps. After approximately 3 weeks, eggs turn pink and the female deposits

a second batch of yellow-colored eggs at one extreme of the egg mass, usually that closest to the

leaf petiole (Fig 1). We call the second batch of eggs "additional" eggs. A few days later the

nymphs emerge synchronously and feed on the additional eggs over a period of 2–4 h, during

which the cuticle undergoes sclerotization (Fig 1). Following sclerotization the nymphs do not

feed again on additional eggs. The nymphs remain closely associated with the natal egg mass and

the mother for 12–14 days until they molt to the second instar, whereupon they migrate en
masse in search of food. The mother remains close to the natal site and dies some days later. For

nymphs that emerged on the host plant, migration to the developing flower buds of S. schreberi
normally takes just a few minutes, whereas for those that emerged on non-host vegetation, find-

ing the host plant requires descending to ground level followed by a group migration to the base

of the nearest host tree and then the ascension of the tree that, taken in all, can last several days.

Feeding and juvenile development continues until the adult stage is reached in March-April

which is the end of the dry season. Adult bugs enter an inactive phase until late in the rainy sea-

son when copulation takes place and oviposition activity begins once more [24, 25].

Study site

The study site is privately owned land to which the owners authorized access during the period of

the study. The site comprised a triangular area of 1.97 km2 defined by the three small villages of

Tejerias—altitude 924 m (19˚ 21’ N, 96˚ 54’ W), Monte Blanco—altitude 977 m (19˚ 22’ N, 96˚

55’ W), and Osto—altitude 838 m (19˚ 18’ N, 96˚ 50’ W), in the state of Veracruz, Mexico. Two

additional sites were also sampled in one experiment: Volador—altitude 703 m (19˚ 21’ N, 96˚

46’ W) and Llano Grande—altitude 870 m (19˚ 21’ N, 96˚ 53’ W), at a distance of 9 km and 3 km

from the Tejerias site, respectively. The predominant vegetation in this area is a mixture of animal

grazed pasture with fragments of oak forest, associated with coffee plantations, secondary vegeta-

tion and low deciduous forest. Observations were performed with reference to individual mature

S. schreberi trees, of 3–5 m height, that are scattered across the pasture land of the study area.

General methods

The study was performed between 2007 and 2014. Gulf greytwig trees were carefully examined

for the presence of R. insignis and their egg masses during the period September 2007 to
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Fig 1. Time series of photographs of eclosion of Ramosiana insignisnymphs. Nymphs begin hatching from core brood (pink) eggs at

12.15 hrs on 10/13/2013 and immediately consume additional yellow-colored eggs on underside of a leaf of Schoepfia schreberi host plant

over the following 2 hrs. Images dated 10/14/2013 and 10/20/2013 show presence of core brood at 1 day and 7 days post-hatching. Date

format is mo/day/yr.

https://doi.org/10.1371/journal.pone.0195665.g001
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March 2008 and September to December 2008. The height of egg masses from the ground was

measured and recorded. At the same time, the surrounding vegetation, comprising mainly

annual plants, was similarly examined in a 10 m radius around each tree. The height of egg

masses from the ground and the distance to the nearest host tree was measured and recorded.

The fate of eggs was determined by gently moving the guarding female to one side of the egg

mass, photographing each egg mass using a digital camera (Canon EOS Digital Rebel XTi,

Canon Inc.), and counting the total number of eggs, and the numbers of parasitized, predated,

hatched and unhatched eggs. Females immediately re-adopted their position over the egg mass

following photography. Parasitism was determined by the melanized (gray) appearance of par-

asitized eggs whereas predation was determined by the presence of fragments of traces of egg

chorion left by predatory ants (validated in previous observations). Cannibalism was deter-

mined by examining core brood eggs that failed to hatch for the presence of a puncture hole

and a crumpled appearance of an otherwise intact egg chorion. As other hemipteran predators

were never observed feeding on egg masses, we were confident that puncture marks in

unhatched eggs were the result of sibling cannibalism. Female bugs guarding their eggs were

marked on the dorsal thorax using a spot of non-toxic acrylic paint and egg masses were

marked using a small colored piece of plastic tape placed ~30 cm away from the egg mass, for

future identification. Females and their egg masses were re-examined at weekly intervals until

emergence and dispersal of the progeny. Unless otherwise stated, all mean values are given

with the corresponding SE value.

Benefits of maternal care: The maternal defense hypothesis

A total of 49 R. insignis females guarding their egg masses were located on S. schreberi trees

between September 2007 and March 2008. Of these, 26 randomly selected females were

removed as soon as oviposition was observed (prior to laying the additional batch of eggs), and

23 females were left guarding their eggs. Females that were taken away from their egg mass

never returned to the oviposition site. Observations on the fate of eggs were performed at

weekly intervals. The prevalence of parasitism, predation and cannibalism was determined

based on those eggs that failed to hatch. The number of progeny nymphs was counted and

recorded.

Effect of asynchronous oviposition on nymphal survival: The provisioning

hypothesis

A total of 40 female bugs that were about to lay egg masses on S. schreberi trees, or that were in

the process of oviposition, were located and marked. When experimental females were

observed to have laid the additional batch of eggs, an average of 23.3 ± 0.3 (N = 56) days after

the first oviposition, they were randomly assigned to one of two groups. For one group, addi-

tional eggs were carefully removed from the egg mass using soft entomological forceps, placed

in a glass vial and transported to the laboratory where they were placed into plastic dishes with

muslin lids and incubated at 18–20˚C until progeny emergence. For the other group, addi-

tional eggs were left undisturbed with the egg mass and mother. Nymphs began emerging

from egg masses approximately 3 days after the oviposition of additional eggs. The prevalence

of parasitism, cannibalism and predation was determined as described above. The duration of

the period during which nymphs remained associated with their natal egg masses was esti-

mated by direct observations performed at two-day intervals. Nymphs that emerged from

additional eggs in the laboratory were allowed to feed on S. schreberi fruits developing on twigs

placed in cages 20x20x20 cm with muslin walls until they reached the adult stage and could be

sexed.
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Does oviposition site selection influence maternal provisioning or exposure

to natural enemies?

A total of 93 R. insignis females guarding egg masses were located on S. schreberi trees and care-

ful searches of the vegetation surrounding each tree revealed the presence of 218 females

guarding egg masses on non-host plants. The numbers of core brood eggs and additional eggs,

and the incidence of parasitism and predation, cannibalism and egg eclosion was determined

and recorded over the entire course of development of each egg mass until the dispersal of

progeny nymphs. The height of all egg masses above the ground and distance to the nearest

host tree were measured and recorded. Samples of all non-host plants on which egg masses

were observed were taken to the laboratory and identified to species, or failing that genus, by

direct comparison with specimens held in the herbarium of the Instituto de Ecologı́a A.C.

(INECOL), Xalapa, Mexico. Voucher specimens of plants and insects collected during the

study were also deposited in the INECOL herbarium and entomological collections.

Does oviposition site selection influence the functional role of additional

eggs?

To determine the influence of oviposition asynchrony on the survival of nymphs, 60

unhatched egg masses with additional eggs and attendant mothers present on S. schreberi were

located at all five sites (Osto, Monte Blanco, Tejerias, El Volador and Llano Grande) in Octo-

ber 2013. Twigs with egg masses were cut, taken to the Tejerias site and each placed in 2 l

capacity plastic containers with the attendant mother. Fifteen egg masses were randomly

assigned to each of the following four treatments: (i) egg mass with additional eggs, (ii) egg

mass but with additional eggs carefully removed using a small blunt spatula, (iii) egg mass with

additional eggs and a twig of S. schreberi flower buds as food, (iv) egg mass with additional

eggs removed but with a twig of S. schreberi flower buds. The base of the twig with flower buds

was placed in a sealed tube of water. Containers were sealed with muslin onto which a moist

cotton pad was placed as a water source. Containers were placed on shelves protected from

rain and direct sunlight by an open-sided roofed shack at the Tejerias site. After hatching, the

mother was removed, the number of living nymphs was counted at weekly intervals and twigs

were replaced following each count. The phenology of twigs cut from S. schreberi trees at the

study site changed from flower buds to flowers and young fruits during the 6-wk period of the

study. The entire experiment was simultaneously performed using 60 egg masses with addi-

tional eggs collected from non-host vegetation at the same sites. These egg masses were treated

identically to those from S. schreberi and were randomly assigned to the same four treatments

and monitored for the same period.

Do nymphs avoid sibling cannibalism of additional eggs if non-siblings are available?.

To compare the feeding response and development of nymphs on siblings (marginal progeny)

and non-sibling eggs, 10 egg masses were collected in October 2013 in which the mother had

recently deposited the additional batch of eggs. Egg masses on leaves were taken to the labora-

tory and each placed in a 20 cm diameter Petri dish. Egg masses were manipulated as follows–

half of the additional eggs were carefully removed from each egg mass using a small spatula

leaving half of the original additional eggs. The removed eggs were replaced by equal propor-

tions of two types of eggs: (i) additional eggs from a different mother and (ii) core brood eggs

from a different mother that were in the yellow-pink stage and were several days away from

eclosion. Petri dishes containing individual leaves with manipulated egg masses and a moist

pad of cotton were placed in the laboratory at 20–23˚C. Egg masses were then observed at

hourly intervals during daylight and were observed continuously following eclosion of nymphs

to detect feeding preferences. Following eclosion these broods were taken to the open-sided
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shack at the Tijerias site and their development was monitored daily for the following 2 weeks

until nymphs had molted to the second instar when they would normally migrate to feed on

flower buds in the field.

Statistical analyses

The influence of female removal, additional egg removal or oviposition site on numbers of

eggs and nymphs in each clutch and the heights of clutches above the ground were checked for

normality and homogeneity of variances and compared by t-test. The relationship between

parasitism and distance to the nearest host tree was examined by Spearman’s rank correlation.

Where possible, proportional data were analyzed by fitting generalized linear models (GLMs)

with a binomial error distribution specified in GLIM 4 [26]. Where necessary, minor overdis-

persion was taken into account by scaling the error distribution [27]. The proportion of egg

parasitism or predation, proportion of cannibalized eggs and the ratio of additional to core

brood eggs were unsuitable for GLM and were subjected to Mann-Whitney U test. Body size

(pronotum width) and live weight of females from host and non-host plants were compared

by t-test. The frequencies of migrating cohorts in the presence or absence of additional eggs

were compared by χ2 test. The survival of nymphs given access to additional eggs or host plant

flower buds was analyzed by fitting Weibull models in RStudio (v. 1.0.153), the results of

which are given as χ2 statistics. All statistical procedures, with the exception of fitting general-

ized linear models and survival analyses, were performed using the Statistica v. 7.1 package

(Statsoft Inc., Tulsa, OK).

Results

Benefits of maternal care: the maternal defense hypothesis

Mean (± SE) clutch size for core brood eggs did not differ significantly between the treatments

involving females that remained with their eggs (mean 304.5 ± 7.4, N = 23) and females that

were removed (mean 308.3 ± 12.1, N = 26) (t = 0.225; d.f. = 47; P = 0.822). Core brood eggs

without maternal care were more heavily parasitized than cared-for eggs (U = 182; P = 0.019)

(Fig 2A). Almost no egg predation occurred in the presence of the mother (three eggs were

predated from a single clutch), whereas one third of the eggs (mean 105.3 eggs/clutch; median

proportion 0.167) were predated in the absence of maternal care (U = 60; P< 0.001) (Fig 2B).

The most abundant parasitoid was a species of Telenomus (Telenomus sp. 2), whereas the most

frequent predators were ants (the identity of natural enemies identified during the study is

given in S1 File).

The absence of the female (and the additional eggs that she provided) also resulted in a sig-

nificantly higher prevalence of cannibalism of core brood eggs compared to eggs that were

cared for over the entire course of their development (χ2 = 156; d.f. = 1; P< 0.001) (Fig 2C).

As a result, the mean number of nymphs produced by each female was four-fold higher in

clutches defended by the mother compared to clutches lacking maternal defense in which

additional eggs were not present (t = 6.87; d.f. = 47; P< 0.001) (Fig 2D).

Effect of asynchronous oviposition on nymphal survival: The provisioning

hypothesis

The mean number of additional eggs that were laid in the egg-removal treatment (78.0 ± 6.3)

was similar to that of the not-removed treatment (85.4 ± 9.5) (t = -0.646; d.f. = 38; P = 0.522).

Parasitism of core brood eggs was similar when additional eggs were removed or remained

with median proportion parasitism values of 0.277 and 0.227, respectively (U = 155;
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P = 0.223). In contrast, the prevalence of cannibalized eggs was slightly and significantly higher

when additional eggs were removed (median proportion 0.023) compared to the non-removal

treatment (median proportion 0.006) (U = 66; P < 0.001). This did not significantly influence

the total number of offspring that emerged in the presence or absence of additional eggs,

which was 224.3 ± 13.1 and 188.5 ± 14.5, respectively (t = -1.822; d.f. = 38; P = 0.076). How-

ever, observations made at 28 days post-emergence revealed that the number of clutches of off-

spring that had migrated away from the oviposition site was 10/20 for clutches in which the

additional eggs had been removed compared to 3/20 in the case of offspring with additional

eggs present (χ2 = 5.58; d.f. = 1; P< 0.018). From these results we conclude that that principal

function of the additional eggs is to provide nutritional resources to offspring, in line with the

provisioning hypothesis.

A high prevalence of parasitism (mean proportion 0.540, range of SE: 0.530–0.555) was

observed in the additional eggs that had been removed from oviposition sites. Moreover, in

contrast to the majority of studies on provisioning by sub-social insects, additional eggs were

found to be fertile and of those that were not parasitized, a proportion of 0.889 produced viable

progeny (N = 17 clutches). Both sexes were observed to emerge from additional eggs; the adult

sex ratio was 0.39 male (N = 7 cohorts).

Does oviposition site selection influence maternal provisioning or exposure

to natural enemies?

Eggs masses on non-host vegetation were distributed across 39 plant species from 22 families

(S1 File). Egg masses were most commonly found on species of the family Rubiaceae with a

total of 99 egg masses distributed over six species, followed in order of abundance by Myrta-

ceae (29 egg masses), Verbenaceae (17), Compositae (14), Malpighiaceae (10) and 17 addi-

tional plant families (with a total of 49 egg masses). The species of Rubiaceae that were most

commonly selected for oviposition were Chiococca alba (L.) Hitchcock (53 egg masses) and

Randia albonervia Brand (14 egg masses). Despite intensive field observations over a six-year

period (2007–2013) nymphs were never observed feeding on plants other than S. schreberi.
The average number of core brood eggs laid on non-host vegetation was numerically

greater than clutches laid on the host plant, S. schreberi (Fig 3A), an effect that was borderline

significant (t = -1.925; d.f. = 74; P = 0.058). Similarly, a significantly greater number of addi-

tional eggs were deposited with clutches laid on non-host vegetation compared to those laid

on the host plant (Fig 3A) (t = -4.601; d.f. = 74; P <0.001), such that the ratio of additional

eggs to total eggs laid (core brood + additional eggs) was also significantly higher on non-host

vegetation (median proportion 0.252) than on the host plant (median proportion 0.173)

(U = 323; P<0.001). Body size did not differ significantly between females on host and non-

host plants; the mean live body weight prior to oviposition was 881 ± 16 mg (N = 38) for

females on host plants compared to 863 ± 20 mg (N = 38) for females on non-host plants

(t = 0.679; d.f. = 74; P = 0.498). Similarly, the mean width of the pronotum at its widest point

in females from host plants (15.76 ± 0.13 mm, N = 35) and non-host plants (15.86 ± 0.12 mm,

N = 36) did not differ significantly (t = 0.538, d.f. = 69, P = 0.592).

Overall, the prevalence of egg parasitism of core brood on non-host vegetation (Fig 3B) was

significantly lower than on the host plant (U = 463; P = 0.007). This was because significantly

Fig 2. Effect of female removal on proportion of core brood eggs (A) parasitized, (B) predated, (C) cannibalized

and (D) average number of nymphs that emerged in each clutch. Values above columns indicate median (A, B) or

mean (C, D) values. Values followed by identical letters did not differ significantly (P> 0.05). Vertical bars indicate

interquartile range for median values and standard error for mean values.

https://doi.org/10.1371/journal.pone.0195665.g002
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Fig 3. Effect of oviposition site selection (host tree vs. non-host vegetation) on (A) production of core brood and

additional eggs, (B) proportion of core brood eggs parasitized, (C) production of offspring nymphs. Values above

columns indicate mean (A, C) or median (B) values. Values followed by identical letters did not differ significantly

(P> 0.05), except for letter marked with asterisk (�) in (A) which was marginally significant (P = 0.058). Vertical bars

indicate interquartile range for median values and standard error for mean values.

https://doi.org/10.1371/journal.pone.0195665.g003
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fewer egg masses laid on non-host vegetation were attacked by parasitoids (23/38) compared

to those laid on host plants (32/38) (χ2 = 5.68, d.f. = 1; P = 0.017). Levels of parasitism of those

eggs masses that were discovered by parasitoids did not differ significantly between host

(median proportion parasitism 0.385) and non-host plants (median proportion parasitism

0.278) when unparasitized egg masses were excluded from the analysis (U = 280; P = 0.133).

Cannibalism of core brood eggs (median proportion 0.013), was similar for clutches laid on

both host and non-host vegetation (U = 697; P = 0.795).

Egg masses laid on S. schreberi were significantly higher above the ground (2.47 ± 0.13 m)

than those laid on non-host vegetation (0.94 ± 0.11 m) (t = 8.876; d.f. = 74; P<0.001). How-

ever, within each type of habitat, parasitism (excluding unparasitized clutches) was not signifi-

cantly correlated with egg mass height from the ground for host plants (r2 = 0.002, F1,30 =

0.072; P = 0.791) or non-host plants (r2 = 0.002, F1,30 = 0.050; P = 0.825). Similarly, the height

above the ground of egg masses that were discovered by parasitoids, or those not discovered,

did not differ significantly for those laid on host plants (mean height of parasitized clutches

2.42 ± 0.14 m, unparasitized clutches 2.81 ± 0.39 m; t = -1.127; d.f. = 36; P = 0.267) or those

laid on non-host vegetation (mean height of parasitized clutches 0.92 ± 0.15 m, unparasitized

clutches 0.99 ± 0.19 m; t = -0.345; d.f. = 36; P = 0.732). The average horizontal distance be-

tween egg masses laid on non-host vegetation and the nearest S. schreberi tree was 3.01 ± 0.15

m (N = 214). There was no significant correlation between distance to the nearest S. schreberi
tree and prevalence of parasitism in egg masses on non-host plants (Spearman’s rs = -0.131,

P> 0.05).

A greater proportion of core brood eggs laid on non-host vegetation hatched to produce

nymphs (median 0.780), compared to those laid on host plants (median 0.699) (U = 456;

P = 0.005). Consequently, females that oviposited on non-host vegetation produced one third

more nymphs (Fig 3C) than females that oviposited on host plants (t = -3.572; d.f. = 74;

P< 0.001).

Does oviposition site selection influence the functional role of additional

eggs?

A total of 26134 nymphs (12943 from egg masses collected from host plants, 13191 from egg

masses on non-host plants) from 120 egg masses were monitored on a weekly basis over a

6-week period, after which 1832 individuals (1667 from egg masses collected from host plants,

165 nymphs from egg masses from non-host plants) were censored for analysis. Food availabil-

ity, as additional eggs with or without flower buds, significantly influenced mean survival time

of nymphs from egg masses that originated from the host plant (Weibull χ2 = 1648; d.f. = 3;

P<0.001). Survival of nymphs from host plant egg masses was not affected by the presence of

additional eggs (Fig 4A), whereas when flower buds were available the presence of additional

eggs resulted in a significantly increased survival time compared to nymphs that had access to

flower buds in the absence of additional eggs. The role of additional eggs and flower buds on

nymphal survival was also significant for nymphs from egg masses collected on non-host

plants (Weibull χ2 = 2515; d.f. = 3; P<0.001). In this case survival was significantly extended in

the presence of additional eggs as a food source, when flower buds were both present and

absent (Fig 4B).

Do nymphs avoid sibling cannibalism of additional eggs if non-siblings are

available?

The average (±SE) number of core brood eggs in experimental egg masses was 249.4 ± 15.7.

The average number of additional eggs was 93.1 ± 7.5, of which half were removed and
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replaced with equal proportions of additional eggs from a different mother and core brood

eggs from a different mother (together averaging 86.2 ± 5.8 eggs/mass). An average of

241.6 ± 15.7 nymphs emerged from the core brood eggs and 7.8 ± 2.1 eggs/mass (proportion

0.031) did not emerge. All the additional eggs offered were immediately consumed by nymphs

with no differences in the consumption of any of the eggs from their own mother or a different

mother (both core brood and additional eggs). None of these eggs survived or produced prog-

eny. The survival of nymphs at two weeks post-eclosion was 100% and all had molted to the

second instar, at which time they migrate in the field.

Fig 4. Nymph survival time for core brood that hatched from egg masses collected on (A) host plants or (B) non-host

plants. Core brood were assigned to one of four treatments, with or without additional eggs and with or without flower buds as

food. Points labeled with identical letters did not differ significantly (Weibull analysis, P>0.05). Vertical bars indicate 95%

confidence internal.

https://doi.org/10.1371/journal.pone.0195665.g004
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Discussion

In the present study we examined a series of hypotheses related to maternal defense, material

provisioning and oviposition site selection to elucidate the strategies employed by R. insignis to

improve offspring survival before and after egg hatch. To examine the maternal defense

hypothesis, females were removed from egg masses or remained with their core brood. Natural

enemies markedly reduced the survival of eggs that were not protected by their mother.

Females were extremely effective in defending progeny eggs from predatory ants, but less

effective against parasitoid wasps. Parasitoids were often observed attempting to oviposit in

eggs on the periphery of egg masses and despite the females frequent defensive kicks, almost a

quarter of the core brood were parasitized in female guarded egg masses. These findings are

consistent with those of others on the benefits of maternal guarding in sub-social bugs in

which the eggs are attacked by predators [28–30], whereas effective protection against parasit-

oids is rare.

Removal of the additional eggs (when testing the provisioning hypothesis) did not result in

a higher prevalence of parasitism of core brood eggs. It appears that in R. insignis, additional

eggs are not deposited with the intention of providing core brood eggs with physical protection

from the attack of natural enemies. Indeed, the asynchronous oviposition of R. insignis means

that additional eggs are only present a few days prior to eclosion of nymphs so that any physi-

cal protection provided by additional eggs would be transient at best. However, laboratory

rearing of additional eggs revealed that despite their brief period of availability, additional eggs

of R. insignis were more heavily parasitized than core brood eggs, probably reflecting their

exposed location at one extreme of the egg mass, and possibly a reduced degree of maternal

protection from parasitoids given that these eggs were destined to be consumed by offspring.

In contrast, the protection of core brood in other insects may involve placing trophic eggs at

the periphery of eggs masses to act as a barrier to predators [31, 32], or by vertical stacking of

eggs to protect offspring in the lowest layer, as observed in a bruchinid beetle [33] and proba-

bly in a burrowing bug (Cydnidae) [34]. The most valuable offspring may also be protected

from natural enemies by varying maternal investment in eggs according to the risk of preda-

tion within each egg mass. Under such a scenario larger eggs are laid near the center of the egg

mass where they are protected against predation by ants, whereas smaller eggs are laid at the

edges of the egg mass where they are exposed to increased predation [28, 35].

To examine the maternal provisioning hypothesis additional eggs were removed or

remained next to core brood eggs in the presence of their mother. Removal of the additional

eggs resulted in an almost four-fold increase in the median prevalence of cannibalized eggs; an

effect also observed in the maternal defense experiment in which females were removed prior

to the oviposition of additional eggs. This tendency has also been observed in other species

when trophic eggs were removed [16]. As additional eggs appear to provide core brood with

nutritional resources during the early instars, failure to consume additional eggs is likely to be

costly to nymphs as weight gain, developmental rate and survival are markedly increased in

species in which this role is fulfilled by trophic eggs [32, 36, 37].

The functional significance of asynchronous oviposition and hatching was confirmed by

comparison of the survival of nymphs provided or not with additional eggs and host plant

food (flower buds). Provisioning of additional eggs improved survival of nymphs from host

and non-host plants when flower buds were also available, indicating that flower buds alone

cannot substitute for the nutritional benefits provided by additional eggs in R. insignis.
Laboratory rearing revealed that additional eggs were viable and hatched to produce

nymphs that developed into adults, so that these eggs were likely to have been as costly to pro-

duce as core brood eggs. It is therefore clear that R. insignis adopts an ovipositional strategy
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based on marked temporal asynchrony in egg laying so that additional eggs are, in fact, mar-

ginal offspring produced to meet the nutritional needs of the core brood. As others have

noted, the functional importance of eggs that do not have a clear trophic egg phenotype that

favors their consumption by offspring (e.g., small size, fragile chorion, non-viable), can be that

of nutrient provisioning when maternal behavior is modified to facilitate offspring feeding

[18]. If a mother is not capable of selective fertilization or the production of a distinct trophic

egg phenotype, she still may be capable of influencing which offspring are eaten by manipulat-

ing hatching asynchrony [38]. Indeed, the lacewing Chrysoperla rufilabris manipulates hatch-

ing period to favor greater heterogeneity in hatching times, facilitating higher levels of sibling

cannibalism when food resources are scare [39], whereas hatching asynchrony is maternally

manipulated to reduce cannibalism among sibling nymphs in a burrowing bug [40], or to

favor survival of the last produced offspring in a predatory mite [41]. Alternatively, some spe-

cies of bugs continue to produce trophic eggs after egg laying has ceased [42], or even after off-

spring have hatched resulting in increased nymphal survival [37].

In the choice experiment involving R. insignis, both non-sibling additional eggs and yellow-

pink stage core brood eggs originating from other mothers were consumed rapidly following

eclosion of nymphs, indicating that nymphs did not avoid consumption of marginal siblings

(i.e., the additional eggs laid by their mother) immediately after hatching. This is unsurprising

as the only eggs in the yellow stage of development encountered by newly hatched nymphs in

nature are those provided by their mother. Under such circumstances there would be no bene-

fit to be able to discriminate between siblings and non-siblings when feeding on additional

eggs.

The benefits of the frequent use of non-host plants for oviposition were initially unclear

given that S. schreberi is the only food plant of R. insignis in this region and migration from

non-host plants in search of S. schreberi trees is likely to entail energetic costs and predation

risks to migrating nymphs. Nonetheless, it became clear that oviposition site related differ-

ences in parasitism resulted in approximately one third more offspring for females that ovipos-

ited on non-host vegetation compared to those that oviposited on the host tree. This was

because egg masses laid on the host tree were more likely to be discovered by parasitoids,

although having been discovered, the prevalence of parasitism in egg masses was similar

between both habitats. This probably reflects differences in the apparency of egg masses in

each type of habitat [43]. Egg masses laid on host trees were high (~2.5 m) above the ground

and not surrounded by plants other than the leaves of the host tree, whereas egg masses laid on

non-host vegetation were nearer to the ground (0.9 m) and almost invariably in close associa-

tion with other plant species of similar height. As such parasitoids searching non-host vegeta-

tion may have experienced difficulty in locating egg masses due to the complexity of

infochemical cues present in the ground vegetation community [44].

Female R. insignis adjusted the number of additional eggs according to oviposition site, pre-

sumably in response to the increased energetic costs and risk of starvation experienced by

nymphs during migration from non-host vegetation, in line with the provisioning hypothesis.

Each additional egg supplied an average of 5.0 nymphs with nutritional resources for clutches

laid on the host tree compared to an average of 2.7 nymphs per additional egg for clutches laid

on non-host vegetation. A similar response occurred in a cydnid bug in which an increase in

the ratio of trophic eggs to core brood eggs was observed in response to a decrease in the qual-

ity of dietary resources [45]. The nutritional importance of the additional eggs of R. insignis
was further underlined by the early migration response of nymphs from egg masses from

which the additional eggs had been removed, presumably motivated by their imminent

starvation.
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Insects often face a tradeoff during oviposition site decision making due to site specific dif-

ferences in the abundance of natural enemies for those insects that choose to oviposit on non-

standard host plants [46, 47]. The downside of selecting non-standard hosts can include fitness

costs of reduced food quality [48], toxic plant defenses [49], and temporal variation in the

abundance and diversity of natural enemies [50] and their search behavior [51]. Our findings

highlight two questions. First, what are the costs to the offspring in terms of depletion of

energy reserves and mortality risks during migration from ground vegetation to the host tree?

Several of our attempts at estimating the survival rates of migrating nymphs using video cam-

eras and direct observation failed due to the complexity of the habitat. However, energetic

costs might be estimated indirectly by comparing the growth or body weight of nymphs

undergoing migration with non-migrating conspecifics on host plants, following the

approaches taken in studies on the functional role of trophic eggs in sub-social bugs [32, 36].

Second, higher provisioning by females on non-host vegetation might indicate that oviposition

site selection is mediated by female quality. In such a case, large females with high levels of

resources would select non-host plants for oviposition with lower risks of offspring losses to

parasitoids traded off against costs for offspring migration, whereas smaller or resource

deprived females would select a host tree oviposition site with higher levels of parasitism

traded off against ready access to food resources for the offspring. The validity of these hypoth-

eses depends crucially on the risk of mortality during migration to the host tree. If larger

cohorts have a lower per capita risk of predation during migration then oviposition on non-

host plants may be costly to small females that tend to produce smaller clutches and beneficial

to larger females that lay large clutches. However, we found no evidence that larger or heavier

females selected non-host plants over host plants for oviposition so that factors that modulate

the allocation of maternal resources to reproduction and maternal provisioning in R. insignis
remain the subject of future studies. We conclude that R. insignis females present a remarkable

combination of maternal defense against natural enemies, provisioning of additional eggs and

oviposition site selection as strategies to improve offspring survival in the egg and nymph

stages.
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