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The number of conspecifics present during the juvenile stages can have profound consequences on development
rates and adult body size, traits often closely related to fitness. Conspecifics can have direct negative effects on each
other due to resource competition, and also direct positive effects due to benefits like improved thermoregulation.
We investigated morphological and developmental consequences of juvenile group size in the leaf-footed cactus bug
Narnia femorata (Hemiptera: Coreidae). These insects are ideal to test the consequences of social environment during
development because nymphs naturally aggregate in groups of varying size. Furthermore, the sexual dimorphism of
this species allowed us to test for sex-specific effects of developmental density. Males possess enlarged hind legs used
as weapons in male-male contests, yet females are physically larger. We found insects from smaller groups had 43%
higher mortality than those from the larger groups. On average, adult body and hind leg sizes did not differ across
densities for either sex. Interestingly, we found that those first to mature into adults within a sibling group became
the largest adults. The largest, fastest males to adulthood also wielded the biggest weapons due to the positive
allometry of this trait.

ADDITIONAL KEYWORDS: developmental time — gregariousness — heightened condition-dependence —
nymphal density — sexually selected traits — sibling competition.

INTRODUCTION could be expected if, for example, large group sizes
increase survivorship, but negatively affect body size
due to competition for resources.

Animals that live in aggregations as young often do
not all reach adulthood simultaneously (Drummond,
2006; Lihoreau & Rivault, 2008); with the noticeable
exception of gregarious lepidopterans, which mostly
emerge synchronously as adults (Costa, 2006; Allen,
2010). In fact, the rank order, relative to others in
the same cohort, in which individuals pass through
development is often associated with social dominance
and access to food and other resources in many taxa
(Fujioka, 1984; Drummond et al., 1986; Nilsson &
Svensson, 1996; Cook et al., 2000; Dey et al., 2014).

The group size of juveniles during development can
influence adult phenotypes in positive or negative
ways, depending on the ecology of each species (Peters
& Barbosa, 1977; Averill & Prokopy, 1987; Costa,
2006; Rodel et al., 2008; Allen, 2010; Laws & Belovsky,
2010; Hudson et al., 2011; Schrader et al., 2015). In
the case of gregarious insect species, large group size
during the development stages can provide several
advantages like higher survival rates and larger body
sizes as adults due to, for example, increased thermal
control, reduced individual predation risk and feeding
facilitation (reviewed in Costa, 2006, 2018). On the
gther hand, siblings in many animal species compete Both the size of the group and the order of maturation
or resources or exclude each other from access to them

[e.g. favoured spots for feeding or for thermoregulation (within thg group) are potentl.a‘lly ass.oc1af,6d with
(Mock & Lamey, 1991; Godfray & Parker, 1992; profound life-long effects. Surprisingly, little is known
Neuenschwander,‘ ot al, 9003: Drummond ’2006)]’ about how the timing of the adult moult within
Thus, a larger group size can also be detrimental to a sibling group affects adult phenotypes in any

some group members. Trade-offs of group membership arthropod (but see Cobb & Tamm, 1975; Lihoreau &
Rivault, 2008). In most of the insect research looking

into the effects of density or group size on individuals,
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experimental unit is largely or completely ignored
(Gimnig et al., 2002; Ireland & Turner, 2006; Alto
et al., 2008; Saenz et al., 2014), which is an important
omission (see Schrader et al., 2018). Detailed studies
on the combined effects of group size and within-group
developmental rates can provide us with a better
ecological context of the costs and benefits of group
living for juveniles. Aggregations of hemimetabolous
insects can provide an excellent opportunity to study
the effects of group size and the order of maturation.
Juveniles of many of these species acquire food on
their own and receive no direct help from parents (e.g.
protection, thermoregulation).

In group-living hemipterans, several fitness
benefits have been attributed to aggregation vs.
isolation during the development period. Bed bugs
(Cimex lectularius Linnaeus; Cimicidae) grow faster
in groups than in isolation (Saenz et al., 2014);
southern green shield bugs (Nezara virdula Linnaeus;
Pentatomidae) also develop faster and suffer less
predation when in groups (Lockwood & Story,
1986). Furthermore, first to third instar nymphs of
the soapberry bug (Jadera haematoloma Herrich-
Schaeffer; Rhopalidae) have higher survival and
development rates when raised in groups, rather than
isolated (Ribeiro, 1989). Feeding facilitation has also
been reported for adult hemipterans. Leptoglossus
occidentalis Heidemann (Coreidae) can feed from the
very tough seeds of the stone pine; experimentally,
groups of adult bugs were more likely to cooperatively
make a single hole through the hard seed coat from
which all feed (Farinha et al., 2018). Nevertheless, the
consequences of group living on sibling competition
and adult phenotypes have received little attention
in this diverse insect order (Costa, 2006). The need to
better understand insect societies that form juvenile
aggregations was recently highlighted (Costa, 2018)
as it can provide novel insight into the importance of
ecology for promoting group living, the early evolution
of sociality, and the role of sibling interactions in
shaping adult phenotypes. A deeper understanding
of the effect of aggregation size on trait expression
can lead us to a better integration of ecological and
evolutionary processes (Costa, 2006, 2018).

Our goal in this study was to gain insights on the
consequences of juvenile social environments on
development rates and resulting adult phenotypes.
We used the sexually dimorphic leaf-footed cactus bug
Narnia femorata Stal (Hemiptera: Coreidae); in this
species body size has important fitness consequences
for both sexes (Gillespie et al., 2014; Nolen et al., 2017,
Wilneretal.,2020). Females are on average the larger sex,
but males have enlarged hind femurs used as weapons
in male-male contests (Procter et al., 2012; Nolen et al.,
2017). These hind legs are disproportionately larger on
bigger males and their phenotypic expression has been

found to be highly sensitive to environmental quality
(Miller et al., 2016; Allen & Miller, 2017a). We tested
the effects of group size during nymphal development
and within-group moulting speed on body size and the
size of the male weapon (and female homologous trait),
and the effect of group size on development rates. As a
group living insect during the juvenile stages (Fig. 1),
we expected young N. femorata to perform better
(fitness related traits, e.g. survivorship, overall size,
development rate) at higher densities (Costa, 2006,
2018). Nonetheless, we recognized that larger group
sizes could negatively affect the size of N. femorata if
siblings compete for resources or exclude each other
from them. We also predicted that larger body sizes
would be associated with longer development times as
this is the general pattern observed for insects when
raised under similar environmental conditions (Rantala
& Roff, 2005; Nijhout et al., 2010; Teder et al., 2014).
Thus, large, slow developing males would be expected
in a high competition scenario (large group size), and
vice versa (Kasumovic & Brooks, 2011), unless social
dominance is at play.

MATERIAL AND METHODS

STUDY ORGANISM

The cactus feeding leaf-footed bug, N. femorata, has
established a population in north-central Florida

Figure 1. N. femorata undisturbed and in the wild, in
north-central Florida. A, a nymph found alone. B-D, natural
nymphal aggregations.
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(Baranowski & Slater, 1986) where it has been
primarily feeding off the native prickly pear Opuntia
mesacantha [formerly known as Opuntia humifusa
(Majure, 2014); Caryophyllales: Cactaceae] for
over 70 years. Adult males establish territories on
O. mesacantha and defend their territories against
other conspecifics using their hind legs as weapons.
Adult body size is heavily influenced by diet during
the juvenile stages (Gillespie et al., 2014; Miller
et al., 2016); bigger males are more likely to possess
disproportionately larger hind legs (Miller et al., 2016;
Allen & Miller, 2017a) and to be dominant over smaller
males in territory defence (Procter et al., 2012; Nolen
et al., 2017). Additionally, both sexes are less likely to
mate with small individuals (Gillespie et al., 2014),
and female body size has also been found to correlate
positively with egg production (Miller et al., 2013);
thus, body size and hind leg size have important
fitness consequences in this species.

Females lay clutches of eggs [range = 1-46 eggs,
mean = SD = 7.70 + 5.40 eggs per clutch, N = 804
clutches (75 females); L. Cirino, pers. comm.] on
cactus spines and offspring can develop to sexual
maturity on a single cactus. In the wild, nymphs are
commonly found in variable-sized aggregations (of
unknown relatedness) (Fig. 1). Thus, we predicted
that developing in groups would have a positive
effect on adult body size for this bug, as it has for
other insects (Gage, 1995; Allen, 2010), including
hemimetabolous species (Costa, 2006; Kasumovic
et al., 2011). In parallel with group size, moulting
order per se (i.e. 1%, 229) provides rough information
on the ranking order (development rate and nymph
size) within each sibling group in this species (P.
Allen, pers. obs.) and may also be predictive of adult
phenotypes. Nymphs are constantly interacting
with each other (Fig. 1), feeding, basking and hiding
together; it is therefore likely that these interactions
influence their development.

SOURCE POPULATION

Adults were collected from the UF/IFAS Ordway-
Swisher Biological Station (Melrose, FL, USA) in mid-
September 2014. Males and females were randomly
paired, forming 36 families. Pairs were kept in
plastic deli containers (top diameter 118 mm, bottom
diameter 85 mm, height 148 mm), with a 30 mm layer
of topsoil, and a cactus pad (O. mesacantha) with ripe
fruit attached to it (one per cup). These parental pairs
were allowed to mate freely. We obtained up to 40 eggs
from each female (4-week period) and placed them
in separate containers in a large greenhouse. Over
this time period (September-November) greenhouse
temperatures ranged from 24-30 °C.

EXPERIMENTAL NYMPHS

Once the eggs hatched and nymphs reached the
27 instar, they were split into the three group size
treatments. For each parental female we separated 35
offspring as follows: one cup with ten nymphs, three
cups with five nymphs, and five cups with two nymphs.
Within each cup, nymphs originated from the same egg
clutch (laid within minutes of each other) and reached
the 2" instar in the same 24-h period (7-8 days
after hatching in this experiment). Only 24 families
produced enough nymphs to field at least one cup per
treatment (17 complete sets), and therefore only these
families were used in this study. Ten-nymph cups were
supplied with four ripe cactus fruit each, five-nymph
cups were supplied with two ripe fruit, and two-nymph
cups with one ripe fruit; fruits were replaced when
they deteriorated. We aimed to keep food availability
similar across treatments, so that food abundance
would be less likely to be a factor influencing differences
across densities. The number of days each nymph took
to develop from 2" instar to adulthood (adult moult)
was recorded; this was our measure of developmental
time. This procedure also allowed us to keep track
of the moulting order to adulthood within every cup.
Nonetheless, to be able to make comparisons across
group size treatments we used the number of days
in reaching the adult stage within each cup, instead
of moulting order. Another reason to use this method
was the considerable variation in the time over which
nymphs in the same aggregation moulted, which is
not captured in the moulting order (e.g. orders 1% and
2" might be separated by one day or five). Thus, the
number of days since the first sibling moulted in the
same cup is a better proxy for comparing within-group
developmental rates. This was done by assigning
the first nymph(s) to moult to adult within each cup
a value of 0 (= days since first sibling moulted). The
next, and subsequent, nymphs to moult were assigned
a value corresponding to the number of days that they
moulted after the first nymph moulted. For purposes
of simplified analyses, individuals that moulted to
adulthood after five or more days were all assigned
a value of 5 (this category accounted for 21% of all
individuals; with a maximum value of 35 days).

In our experimental design we did not change the
volume of available space for the nymphs across
treatments (same-sized deli cup and pads), and we
kept food availability proportional to the number
of nymphs. Therefore, an increase in group size also
means an increase in density.

EXPERIMENTAL ADULTS AND MEASUREMENTS

As nymphs moulted into adults they were removed
from their cups and placed singly or as same-sex pairs
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in separate cups with fruit until they were completely
sclerotized (2 weeks), then they were frozen. A digital
camera (Canon EOS 50D) attached to a dissecting
microscope (Leica M165 C) was used to photograph
the insects, and the software Imaged (Schneider
et al., 2012) was used for the linear measurement
of pronotum width and hind femur width (average
of both left and right hind legs). We used pronotum
width as a proxy for body size, because in this species
it is highly correlated with overall body size (Procter
et al., 2012; Gillespie et al., 2014). The environmental
sensitivity of the hind femurs relative to the rest of the
body illustrates that they have heightened condition-
dependence (Miller et al., 2016; Allen & Miller, 2017a);
thus, we hypothesized that if group size during
development had any kind of effect on morphological
traits it would show up on these environmentally
sensitive appendages. We used hind femur width as our
measurement of male sexually selected weapon as it is
a simple measurement that is strongly correlated with
other hind femur metrics (Allen & Miller, 2017a, b).

STATISTICAL ANALYSIS

All the analyses were conducted using R (R Core
Team, 2017). We examined survivorship differences
across the three developmental group size treatments
(fixed factor) using a binary logistic regression. We
did not separate our survivorship analysis by sex, as
it is not possible to tell the sex of the nymphs. Each
individual nymph was assigned either a ‘0’ if it died
before reaching adulthood or a ‘1’ if it survived.

In our following analyses we only looked at those
insects that survived to adulthood (see Notes on
sample sizes). We used univariate Generalized Linear
Mixed Models (GLMMSs) to test for nymphal group size
(fixed factor), sex (fixed factor), and family (random
factor) effects on developmental time (measured as
the number of days needed to reach adulthood from
the beginning of the 2" instar), body size (= pronotum
width) and hind femur width. This was done using the
R-package nlme. Family (sibling groups distributed
across the different group sizes) was included in all the
models to account for genetic and shared-environment
contribution to overall trait variation, but otherwise
not examined/reported.

We used an Analysis of Covariance (ANCOVA) to
test for sex (fixed factor), group size (fixed factor),
and their interaction on the scaling relationships of
hind femur width with body size as the covariate. We
used the log, -log,, Ordinary Least Squares (OLS)
regression method to compare allometric slopes and
intercepts (Warton et al., 2006; Smith, 2009; Kilmer &
Rodriguez, 2017). Family was included in the models
as a random factor. Next, we used two-way ANOVAs on

each sex separately to test for group size (fixed factor),
days since first sibling (in the same cup) to moult to
adulthood (fixed factor), and their interaction effects
on body size and hind femur width.

Lastly, to test for the relationship between time
to adulthood (our metric of developmental time)
and the morphological traits (pronotum width
and hind femur width), at a population level, we
used ANCOVAs to test for the effect of group size
(fixed factor) on the slope and intercept of these
relationships. In these analyses developmental
time was used as the covariate. We included sex
(fixed factor) on the analyses expecting to find sex
differences on the intercepts (as females are overall
larger than males), but not on the slopes. Family was
included in the models as a random factor.

NOTES ON SAMPLE SIZES

Since nymph mortality directly affected group size, we
did not include cups in which the number of nymphs
that achieved adulthood was deemed too low to obtain
relevant data for development time and trait size
analyses. In the two-nymph treatment we only used
cups in which both nymphs achieved adulthood. In the
five-nymph treatment we only used cups where three
or more adults were obtained, and in the ten-nymph
treatment only cups where we got six or more adults.
Furthermore, we obtained at least one female and one
male from each treatment for 19 families.

RESULTS

LIFE HISTORY TRAITS

In total, we obtained 619 adults from 848 initial
nymphs, across all treatments. Survivorship was 62.6%
(SE = 3.82, N = 99) in the two-nymph treatment and
79.0% (SE = 3.85, N = 30) in the ten-nymph treatment
(Fig. 2A); survivorship was significantly lower in
smallest group size treatment (logistic regression;
X?=14.0,df =2, P = 0.001). Developmental time did
not differ across group sizes (F,,,, = 0.634, P = 0.53;
Fig. 2B) or sexes (F,,,, = 2.87, P = 0.091), and there
were no statistically significant interactions between
factors (F, .. = 0.326, P = 0.722).

2,411

GROUP SIZE AND MORPHOLOGICAL TRAITS

Group size during development did not result in mean
differences for adult body size (FQ’ 4y =0.740,P = 0.478;
Fig. 2C). We did find sexual size dimorphism, as
expected, with larger female body sizes (F', ,,, = 101.9,
P < 0.0001), but no group size-by-sex interactions

(F =0.096, P = 0.91). Hind femur size was also

2,411
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Figure 2. For N. femorata small group size during development, from 2* instar to adulthood, had a negative effect on
survival (A), but no effect on developmental time (B), body size (= pronotum width, C) or absolute hind femur size (D).
A, boxplots and raw data of the proportion of nymphs per cup that survived to adulthood under the three group size
treatments. B-D, box plots and means (white dots) of number of days to complete development to adulthood from beginning
of 2" instar (B), pronotum width (C) and hind femur width (D), separated by sex. Samples sizes (B-D): females 39 two-
cup nymphs, 87 five-cup nymphs and 93 ten-cup nymphs; males 36 two-cup nymphs, 107 five-cup nymphs and 84 ten-cup

nymphs, respectively.

sexually dimorphic, with males possessing larger
femurs (F,, , = 219.2, P < 0.0001; Fig. 2D). Group size
during development did not have a detectable effect on
adult hind femur size (F2,411 =0.224, P = 0.80), with no
significant interaction between factors (¥, ,,, = 0.122,
P =0.885).

Regarding the allometric slopes of the linear
relationships between body size and hind femur size,
we found no significant interaction between body size
(log pronotum width), sex and group size (F, ,,, = 1.22,
P = 0.30; see complete test results in Table 1). Slopes
across all sex and group size treatment combinations
ranged between 1.1 and 1.3 (Fig. 3). Therefore, we
carried out a single two-way ANCOVA to test for the
effects of group size, sex and their interaction on the
allometric intercepts, including family as a random
factor in the analysis. We found that hind femur
size relative to body size differed between the sexes
(F1,410 =2037.7, P < 0.0001), with a clear male-biased
sexual dimorphism (Fig. 3). There was no effect of
group size treatment on relative hind femur size

within each sex (1"2)410 =0.474, P = 0.623), and we
found no evidence of a sex-by-group size interaction
(F,, =0.462, P =0.630).

2,410

EFFECT OF WITHIN-GROUP DEVELOPMENTAL RATES
ON TRAIT SIZE

The within-group speed (days since first sibling
to moult in the same cup) in which individuals
developed into adults had a positive effect on the two
morphological traits’ sizes for both sexes (Table 2;
Fig. 4). Across group size treatments the fastest
insects to moult within a cup developed larger body
sizes and bigger hind femurs (Fig. 4); this led to
large variation in both body and weapon size across
treatments for males and females. Nonetheless, we
did not find mean differences in trait size between
groups size treatments for either trait or sex (Table 2;
Fig. 4). There were no significant interactions between
within-group speed to moult and group size treatment
for either trait or sex (Table 2).
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Table 1. ANCOVA result (slope homogeneity) testing
for the effects of group size, sex and their interactions on
the allometric slope of hind femur width, with pronotum
width (PW) as a covariate (Fig. 3). Significant effects are
highlighted in bold

Factors df F P
Body size (PW) 1,423 1555.9 < 0.0001
Sex 1,423 1756.0 < 0.0001
Group size (Grp) 2,423 0.236 0.790
Sex x Grp 1,423 0.084 0.920
PW x Sex 1,423 4.948 0.027
PW x Grp 2,423 0.120 0.887
PW x Sex x Grp 2,423 1.216 0.297
E O” y=-0.64+1.2x R?=0.80

E "

% Sex

E | : :dearlr;ale

g Group size
-..a_, 2-nymph
2 B e
£

2 =065+ 1.4x R?= 077

8 reiiieid i

Log pronotum width (mm)

Figure 3. Scaling relationships (static allometry — log,-
log10 scale) of hind femur width (male weapons) for adults
of both sexes reared at three juvenile group sizes, in
N. femorata. Regression lines with 95% confidence intervals
illustrate the allometries for each group size treatment,
separated by sex. The allometric slopes did not differ across
sexes or group size treatments (Table 1). Across sexes, the
allometric intercepts differed indicating that males have
larger hind femurs relative to body size (= pronotum width).
There were no differences in intercepts across group sizes
within each sex; thus, the linear regression equations in the
figure incorporate all treatments for each sex.

RELATIONSHIP BETWEEN INDIVIDUAL SIZE AND
DEVELOPMENT TIME AT THE POPULATION LEVEL

Across both sexes and all group size treatments, the
fastest individuals to develop achieved the largest
body sizes with the biggest hind femurs (Fig. 5). For
both morphological traits, the slopes of these linear
relationships were found to be uniform, even across
sexes (Table 3). When comparing slopes, we found
no significant interaction between developmental
time, sex and group size for body size (F,,,, = 0.43,
P = 0.65; see complete test results in Table 3), or for

hind femur size (F, ,, = 0.08, P = 0.92). The slopes
for the linear regressions between development
time (DT) and body size (PW) for both sexes ranged
between -0.041 and -0.064 (Fig. 5A-B). The slopes for
the linear regressions between DT and hind femur
size (HFW) for both sexes ranged between -0.016 and
-0.024 (Fig. 5C-D). The ANCOVAs, which included
family as a random factor, did reveal significant sexual
differences on the intercepts of the linear relationships
between developmental time and both traits (Fig. 5),
because females have larger body sizes (¥, ,,, = 181.1,
P < 0.0001) and because males have bigger hind
femurs (F1,410 = 279.0, P < 0.0001). Within each sex,
the intercepts of the group size treatments did not
differ for body size (F, ,, = 2.46, P = 0.090) or hind
femur size (FQ,410 =1.039, P = 0.355). We did not detect
any sex-by-group size interactions for either trait
(PW-F,,,=0.05P=0.950; HFW - F,, = 0.341,
P=0.711).

2,410

DISCUSSION

As predicted, insects raised at the highest density had
the lowest mortality, a pattern that suggests developing
in groups has advantages for this insect, even in the
absence of predation. Other results were unanticipated.
We found that nymph developmental group size did
not have a detectable effect on mean adult body size or
hind femur size for either sex. Yet, that pattern belies
the interesting phenomenon we detected; individual
developmental speed (days to achieve adulthood) within
a sibling group had significant effects on body and hind
leg size for both sexes. Eggs were laid at approximately
the same time and all the nymphs in a cup moulted
to the 2" instar within the same 24 h; however, adult
emergence differed by 6.34 + 7.1 days (mean + SD,
N = 104) between first and last nymph to moult to
adult within each cup. The first individuals to mature
into adults were larger, and the last were small; this
meant that the fastest males to develop grew bigger and
developed disproportionately larger weapons (Figs 3—4;
Miller et al., 2016; Allen & Miller, 2017a). Our data
highlights that when studying group size or density
effects, individual developmental speed (e.g. moulting
order, emergence date) must be considered as it provides
additional biologically relevant information.

Group living species are often conferred important
benefits from their social interactions (Costa, 2006,
2018). Increased survival at the higher densities in
N. femorata may be the result of feeding facilitation, or
better thermal regulation, and thus requires further
inquiry. Thermoregulation benefits of group living
have been described for multiple species of Lepidoptera
during the caterpillar stages (Klok & Chown, 1999;
Costa, 2006; McClure et al., 2011). However, the fact
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Table 2. Four two-way ANOVA results testing for the effects of group size, within-group developmental speed (day since
first in cup to moult), and their interaction on pronotum width (PW) and hind femur width (HFW). Significant effects are
highlighted in bold

Trait Factors df F P
Females PwW Days 5,196 25.33 < 0.0001
Group size (Grp) 2,196 1.146 0.320
Days x Grp 10, 196 1.229 0.274
HFW Days 5,194 26.84 < 0.0001
Grp 2,194 1.730 0.180
Days x Grp 10, 194 1.807 0.062
Males PW Days 5,205 13.49 < 0.0001
Grp 2,205 1.526 0.220
Days x Grp 10, 205 0.618 0.797
HFW Days 5,204 15.14 < 0.0001
Grp 2,204 1.476 0.231
Days x Grp 10, 204 0.388 0.951
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Figure 4. Effect of developmental group size (two-five-ten nymphs), and days since first sibling in the group (experimental
cup) to moult into adulthood (proxy for moulting order), on body size (A-B) and weapon size (C-D) for both sexes of N. femorata.
The fastest individuals to develop within a sibling group achieved the largest sizes; group size during development did not
have an effect on either trait (Table 2). Box plots and raw values are shown in all cases. Within each cup all insects were
given the same value (0 to 5 days) if they moulted on the same day. Individuals that moulted 5 or more days after the first
nymph were pooled together (value of 5).

© 2020 The Linnean Society of London, Biological Journal of the Linnean Society, 2020, 131, 39-49

120z AINf 62 UO Jasn eploj4 Jo Ausioniun Aq 9z¢G/8G/6€/1L/LE L/I0IE/UBBUUIOIG/WOD dNO"DlWSPED.//:SARY WOI) POPEOJUMOQ



46 P.E.ALLEN and C. W. MILLER

>

—_
£

£

~—

-'C- Group size

e

§ 2-nymph

) 5-nymph

£ = 10-nymph
=

-

o

&

[

Q .

_

E

E

S

= M

§ Group size

3 2-nymph
5 5-nymph
g = 10-nymph
-

o

£

=

Development time (days)

W

=

é s

5 Group size

o 2-nymph
E 5-nymph
= = 10-nymph
p=

-

(=

c

£ .

= |

D Development time (days)

E

E,

£L

ﬁ Group size

2 2-nymph
5 12 5-nymph
E = 10-nymph
‘2 .

o |

£

e

Development time (days)

Figure 5. For N. femorata body size (pronotum width) and hind femur size decreased with developmental time in all group
size treatments and for both females (A, C) and males (B, D), the largest insects developed faster. Lines represent linear
regressions with 95% confidence intervals for each group size treatment. Within each sex, we found no differences in slopes
or intercepts across juvenile group sizes (Table 3). Each data point corresponds to one individual. Developmental time
represents total number of days from the beginning of the 2" nymphal instar to the adult moult.

that the largest individuals developed faster within
sibling groups, and that the last to reach adulthood
were substantially smaller (Fig. 4A-B), is suggestive
of competition among siblings (e.g. fighting for feeding
spots or other resources) and reveals a steep cost of
developing in large groups. Being a large adult has
important fitness consequences in this species, as it
does in many others. In N. femorata, big males with
larger weapons are more likely to win contests against
smaller rivals (Procter et al., 2012; Nolen et al., 2017),
and smaller individuals of both sexes are less likely to
mate (Gillespie et al., 2014). Thus, group membership
trade-offs between survivorship and body size are
likely in this species.

Our data indicates that at any group size within-
group developmental rates vary widely across
individuals (Fig. 4), even in the presence of ample
food and under abiotic conditions that resemble
their natural setting (e.g. temperature, humidity,
light availability). The fastest to develop achieve

larger body sizes, and this size advantage likely
translates into adult gains (Gillespie et al., 2014;
Nolen et al., 2017), with the added benefit of
increased survivorship for the larger sibling groups.
This pattern could be the result of competitive
and/or aggressive interactions between siblings,
or alternatively, genetic differences within sibling
groups, or both. Further studies are needed. In any
case, developmental rate and body size differences
were ubiquitous across families and group size
treatments, which suggests that the within-group
and one-on-one nymphal dynamics (e.g. interactions,
behaviours) are common and likely responsible for
the observed pattern. A big group size seems to
provide developmental/physiological benefits even
if an insect is not the fastest to mature (to adult);
however, those benefits dwindle as development time
in days increases; the runts suffer the most (Fig. 4).

At both group and individual levels development
time and body size are strongly negatively correlated
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Table 3. ANCOVA results (slope homogeneity) testing for the effects of group size, sex and their interactions on the
slopes of the linear relationships between developmental time (DT) and body size (pronotum width — PW), and between
DT and hind femur width (HFW). Significant effects are highlighted in bold. See Fig. 5

PW HFW

Factors df F df F P

DT 1,423 251.5 < 0.0001 1,423 227.7 < 0.0001
Sex 1,423 160.6 < 0.0001 1,423 274.6 < 0.0001
Group size (Grp) 2,423 1.96 0.140 2,423 1.05 0.351
Sex x Grp 1,423 0.16 0.852 1,423 0.408 0.665
DT x Sex 1,423 0.30 0.583 1,423 2.967 0.086
DT x Grp 2,423 2.02 0.134 2,423 0.995 0.371
DT x Sex x Grp 2,423 0.43 0.648 2,423 0.08 0.923

(Figs 4-5). We know that both traits can have
important fitness consequences. Faster development
time has been found to reduce predation risk in other
taxa (Peckarsky et al., 2001) and the benefits of a
larger body and weapon are well documented in this
species. Thus, sibling interactions could be driving
the faster developing achieve larger size pattern
seen in this species. In a separate across population
experiment (Allen & Miller, unpublished data) using
a Texas population and the same Florida population
used in this study, we found genetic differences in
the development time vs. body size relationship. Two
distinct populations exhibited the same pattern, fast
and big, except that one population was faster to
adulthood, but with a smaller maximum body size.
Hence, it is likely that there has been strong selection
for both fast developing and big individuals, to
account for the pattern seen in this species. Although
we found no body size — time to maturity trade-offs,
these may appear in other forms, such as reduced
life span or investment in primary sexual traits [e.g.
testis size (Gage, 1995; Stockley & Seal, 2001; Joseph
et al., 2017)]. Although rare (Nijhout et al., 2010;
Teder et al., 2014), this fast and big pattern is not
unique among insects (see Klingenberg & Spence,
1997).

To conclude, we found both abenefit and a cost to group
living. Group size had a positive effect on survivorship
but did not have an effect on the mean body size or the
mean hind femur width for either sex. On the other
hand, individual developmental speed within sibling
groups was strongly associated with size, in a counter-
intuitive direction. The fastest developing bugs within
a group achieved the largest adult sizes, which is
reminiscent of life history accounts for bird broods
and mammal litters (Drummond, 2006). Intraspecific
competition, social hierarchical interactions, and/or
large genetic variation across siblings likely contribute
to define adult phenotypes; the understanding of how

these factors interact can provide further clues about
the early evolution of group living.

ACKNOWLEDGEMENTS

We thank Zachary Nolen, Barbara Garrow, Jessica
Gunson, Jamie Capps, Linh Nguyen, and Emily Steffes
for help in the laboratory. Thanks to other Miller
Laboratory members and two anonymous reviewers
for helpful comments on an earlier version of this
manuscript. National Science Foundation grants 10S-
0926855 and 10S-1553100 to C.W.M. supported this
work.

REFERENCES

Allen PE. 2010. Group size effects on survivorship and adult
development in the gregarious larvae of Euselasia chrysippe
(Lepidoptera, Riodinidae). Insectes Sociaux 57: 199-204.

Allen PE, Miller CW. 2017a. Novel host plant leads to the loss
of sexual dimorphism in a sexually selected male weapon.
Proceeding of the Royal Society B: Biological Sciences 284:
20171269

Allen PE, Miller CW. 2017b. Data from: Novel host plant leads
to the loss of sexual dimorphism in a sexually-selected male
weapon. Dryad Digital Repository. doi:10.5061/dryad.5p19k.

Alto BW, Lounibos LP, Mores CN, Reiskind MH. 2008.
Larval competition alters susceptibility of adult Aedes
mosquitoes to dengue infection. Proceedings of the Royal
Society B: Biological Sciences 275: 463—-471.

Averill AL, Prokopy RdJ. 1987. Intraspecific competition
in the tephritid fruit fly Rhagoletis pomonella. Ecology 68:
878-886.

Baranowski RM, Slater JA. 1986. Coreidae of Florida
(Hemiptera, Heteroptera). Gainesville: Florida Department
of Agriculture and Consumer Services, Division of Plant
Industry. Contribution No. 630 Bureau of Entomology,

82 pp.

© 2020 The Linnean Society of London, Biological Journal of the Linnean Society, 2020, 131, 39-49

1202 AInP 6z Uo Jasn eplo|4 o Ausiomun AQ 924G /8G/6€/1/LE L/aIOIHE/UEBUUIOIG/WOD"dNO"OIWapedE//:SARY WoJj papeojumoq


https://doi.org/10.5061/dryad.5p19k

48 P.E.ALLEN and C. W. MILLER

Cobb JS, Tamm GR. 1975. Dominance status and molt order
in lobsters (Homarus americanus). Marine and Freshwater
Behaviour and Physiology 3: 119-124.

Cook MI, Monaghan P, Burns MD. 2000. Effects of short-
term hunger and competitive asymmetry on facultative
aggression in nestling black guillemots Cepphus grylle.
Behavioral Ecology 11: 282-2817.

Costa JT. 2006. The other insect societies. Cambridge, MA,
and London, UK: The Belknap Press of Harvard University
Press.

Costa JT. 2018. The other insect societies: overview and new
directions. Current Opinion in Insect Science 28: 40-49.

Dey CJ, O’Connor C, Quinn JS. 2014. Hatching order
affects offspring growth, survival and adult dominance in
the joint-laying pukeko Porphyrio melanotus melanotus. Ibis
156: 658-6617.

Drummond H. 2006. Dominance in vertebrate broods and
litters. The Quarterly Review of Biology 81: 3-32.

Drummond H, Gonzalez E, Osorno JL. 1986. Parent-
offspring cooperation in the blue-footed boody (Sula nebouxii):
social roles in infanticial brood reduction. Behavioral Ecology
and Sociobiology 19: 365-372.

Farinha AO, Branco M, Pereira MFC, Auger-Rozenberg M-
A, Mauricio A, Yart A, Guerreiro V,Sousa EMR, Roques A.
2018. Micro X-ray computed tomography suggests cooperative
feeding among adult invasive bugs Leptoglossus occidentalis
on mature seeds of stone pine Pinus pinea. Agricultural and
Forest Entomology 20: 18-27.

Fujioka M. 1984. Asynchronous hatching, growth and survival
of chicks of the cattle egret Bubulcus ibis. Japanese Journal
of Ornithology 33: 1-12.

Gage Md. 1995. Continuous variation in reproductive strategy
as an adaptive response to population density in the moth
Plodia interpunctella. Proceedings of the Royal Society of
London B: Biological Sciences 261: 25-30.

Gillespie SR, Tudor MS, Moore AJ, Miller CW. 2014.
Sexual selection is influenced by both developmental and
adult environments. Evolution 68: 3421-3432.

Gimnig JE, Ombok M, Otieno S, Kaufman MG, Vulule JM,
Walker ED. 2002. Density-dependent development of
Anopheles gambiae (Diptera: Culicidae) larvae in artificial
habitats. Journal of Medical Entomology 39: 162—-172.

Godfray HCJ, Parker GA. 1992. Sibling competition, parent-
offspring conflict and clutch size. Animal Behaviour 43:
473-490.

Hudson R, Bautista A, Reyes-Meza V, Montor JM,
Rodel HG. 2011. The effect of siblings on early development:
a potential contributor to personality differences in
mammals. Developmental Psychobiology 53: 564-574.

Ireland S, Turner B. 2006. The effects of larval crowding and
food type on the size and development of the blowfly, Calliphora
vomitoria. Forensic Science International 159: 175-181.

Joseph PN, Emberts Z, Sasson DA, Miller CW. 2017. Males
that drop a sexually selected weapon grow larger testes.
Evolution 72: 113-122.

Kasumovic MM, Brooks RC. 2011. It’s all who you know: the
evolution of socially cued anticipatory plasticity as a mating
strategy. The Quarterly Review of Biology 86: 181-197.

Kilmer JT, Rodriguez RL. 2017. Ordinary least squares
regression is indicated for studies of allometry. Journal of
Evolutionary Biology 30: 4-12.

Klingenberg CP, Spence dJ. 1997. On the role of body size
for life-history evolution. Ecological Entomology 22: 55—68.
Klok CJ, Chown SL. 1999. Assessing the benefits of
aggregation: thermal biology and water relations of
anomalous emperor moth caterpillars. Functional Ecology

13: 417-427.

Laws AN, Belovsky GE. 2010. How will species respond to
climate change? Examining the effects of temperature and
population density on an herbivorous insect. Environmental
Entomology 39: 312-319.

Lihoreau M, Rivault C. 2008. Tactile stimuli trigger group
effects in cockroach aggregations. Animal Behaviour 75:
1965-1972.

Lockwood JA, Story RN. 1986. Adaptive functions of nymphal
aggregation in the southern green stink bug, Nezara viridula
(L.) (Hemiptera: Pentatomidae). Environmental Entomology
15: 739-749.

Majure LC. 2014. Typifications and a nomenclatural change
in some eastern North American Opuntia (Cactaceae).
Phytoneuron 106: 1-2.

MecClure M, Cannell E, Despland E. 2011. Thermal ecology
and behaviour of the nomadic social forager Malacosoma
disstria. Physiological Entomology 36: 120-127.

Miller CW, Fletcher RJ, Gillespie SR. 2013. Conspecific
and heterospecific cues override resource quality to influence
offspring production. PLoS One 8: e70268.

Miller CW, McDonald GC, Moore AdJ. 2016. The tale of
the shrinking weapon: seasonal changes in nutrition affect
weapon size and sexual dimorphism, but not contemporary
evolution. Journal of Evolutionary Biology 29: 2266-2275.

Mock DW, Lamey TC. 1991. The role of brood size in
regulating egret sibling aggression. The American Naturalist
138: 1015-1026.

Neuenschwander S, Brinkhof MW, Kolliker M,
Richner H. 2003. Brood size, sibling competition, and the
cost of begging in great tits (Parus major). Behavioural
Ecology 14: 457-462.

Nijhout HF, Roff DA, Davidowitz G. 2010. Conflicting
processes in the evolution of body size and development time.
Philosophical Transactions of the Royal Society B: Biological
Sciences 365: 567-575.

Nilsson JA, Svensson M. 1996. Sibling competition affects
nestling growth strategies in marsh tits. Journal of Animal
Ecology 65: 825-836.

Nolen ZJ, Allen PE, Miller CW. 2017. Seasonal resource
value and male size influence male aggressive interactions
in the leaf footed cactus bug, Narnia femorata. Behavioural
Processes 138: 1-6.

Peckarsky BL, Taylor BW, McIntosh AR, McPeek MA,
Lytle DA. 2001. Variation in mayfly size at metamorphosis
as a developmental response to risk of predation. Ecology 82:
740-757.

Peters TM, Barbosa P. 1977. Influence of population density
on size, fecundity, and developmental rate of insects in
culture. Annual Review of Entomology 22: 431-450.

© 2020 The Linnean Society of London, Biological Journal of the Linnean Society, 2020, 131, 39-49

1202 AInP 6z Uo Jasn eplo|4 o Ausiomun AQ 924G /8G/6€/1/LE L/aIOIHE/UEBUUIOIG/WOD"dNO"OIWapedE//:SARY WoJj papeojumoq



CONSEQUENCES OF GROUP SIZE ON MORPHOLOGY 49

Procter DS, Moore AJ, Miller CW. 2012. The form of sexual
selection arising from male—male competition depends on
the presence of females in the social environment. Journal of
Evolutionary Biology 25: 803-812.

R Core Team. 2017. R: A Language and Environment for
Statistical Computing. Vienna: R Foundation for Statistical
Computing. Available at: https://www.R-project.org/

Rantala MdJ, Roff DA. 2005. An analysis of trade-offs in
immune function, body size and development time in the
Mediterranean field cricket, Gryllus bimaculatus. Functional
Ecology 19: 323-330.

Ribeiro ST. 1989. Group effects and aposematism in Jadera
haematoloma (Hemiptera: Rhopalidae). Annals of the
Entomological Society of America 82: 466—475.

Ro6del HG, Hudson R, Von Holst D. 2008. Optimal litter size
for individual growth of European rabbit pups depends on
their thermal environment. Oecologia 155: 677—689.

Saenz VL, Santangelo RG, Vargo EL, Schal C. 2014.
Group living accelerates bed bug (Hemiptera: Cimicidae)
development. Journal of Medical Entomology 51:
293-295.

Schneider CA, Rasband WS, Eliceiri KW. 2012. NITH
Image to Imaged: 25 years of image analysis. Nature
Methods 9: 671-675.

Schrader M, Jarrett BJ, Kilner RM. 2015. Parental care
masks a density-dependent shift from cooperation to
competition among burying beetle larvae. Evolution 69:
1077-1084.

Schrader M, Jarrett BJ, Kilner RM. 2018. Parental care and
sibling competition independently increase phenotypic variation
among burying beetle siblings. Evolution 72: 2546—2552.

Smith RdJ. 2009. Use and misuse of the reduced major axis
for line-fitting. American Journal of Physical Anthropology
140: 476-486.

Stockley P, Seal Nd. 2001. Plasticity in reproductive effort
of male dung flies (Scatophaga stercoraria) as a response to
larval density. Functional Ecology 15: 96-102.

Teder T, Vellau H, Tammaru T. 2014. Age and size at
maturity: a quantitative review of diet-induced reaction
norms in insects. Evolution 68: 3217-3228.

Warton DI, Wright IJ, Falster DS, Westoby M. 2006.
Bivariate line-fitting methods for allometry. Biological
Reviews 81: 259-291.

Wilner D, Greenway EV, Cirino LA, Miller CW. 2020. Long-
term reproductive success is predicted by sexual behavior
and impaired by temporary nutritional stress during
sexual maturation. Behavioural Processes 175: 104122. doi:
10.1016/j.beproc.2020.104122.

© 2020 The Linnean Society of London, Biological Journal of the Linnean Society, 2020, 131, 39-49

1202 AInP 6z Uo Jasn eplo|4 o Ausiomun AQ 924G /8G/6€/1/LE L/aIOIHE/UEBUUIOIG/WOD"dNO"OIWapedE//:SARY WoJj papeojumoq


https://www.R-project.org/
https://doi.org/10.1016/j.beproc.2020.104122

