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Abstract

 

Large body size confers a reproductive advantage to adults of the wood-boring beetle 

 

Phoracantha
semipunctata

 

 (F.) (Cerambycidae: Cerambycinae: Phoracanthini). Larvae of this species feed sub-
cortically in stressed and dying eucalypt trees and logs. We evaluated the influence of the larval environ-
ment on larval performance and adult body size by manipulating the post-felling age of host logs
(from freshly cut to 2-weeks-old) and the density of colonizing neonates (low density with minimal
competition for resources vs. high density with intense competition). Adult beetles emerged in
greater numbers from logs that had been subjected to the aging treatment which reduced bark
moisture content and favored colonization by neonates. Survival was greatest in larger logs having
lower densities of neonates, but was greatly diminished in all treatments by mortality during
pupation. Development time varied from 2 months to more than a year and was shortest in smaller
logs having high densities of larvae. The size of adult beetles emerging from a log was not influenced
by larval density, but was positively correlated with the age of logs when the neonates colonized, and
log size. These findings suggest that the optimal developmental conditions for 

 

P. semipunctata

 

 larvae,
in terms of larval performance and adult body size, are available in large, aged host logs having low
densities of larvae. Manipulation of the larval environment in this study resulted in a considerable
variation in adult body size, but large individuals were relatively more common in the wild popula-
tion that was the source of neonates for the experiment. Potential body size may have been constrained

 

by our use of only one host species and a narrow range of log dimensions.

 

Introduction

 

Large body size confers a fitness advantage in many species
because larger individuals dominate in aggressive com-
petition for mates, are more likely to be chosen as mates,
and are more fecund (Alcock, 1993). Dominance by
large males in aggressive competition for mates has
been documented in several species of cerambycid beetles
(e.g., Zeh et al., 1992; Goldsmith & Alcock, 1993; Hanks
et al., 1996). The adult body size of cerambycids is strongly

influenced by the larval environment, in particular
by the inherent nutritional and resistance qualities of
host plant species, and the condition of host tissues
(Andersen & Nilssen, 1983; Haack & Slansky, 1987).
The quality of host available to cerambycid larvae depends
entirely on oviposition choice by the mother, because
larvae are apodous and cannot move between host plants.
Host quality can be greatly altered, however, by intra- and
interspecific exploitative competition among wood-borers
for woody tissues (e.g., Ikeda, 1979; Ochi & Katagiri, 1979;
Khan & Maiti, 1982; Shibata, 1987; Iba, 1993; Hanks,
1999). Variation in host quality, and the inability to
move between hosts, account for a broad variation in
developmental rate and adult body size in cerambycids
(Andersen & Nilssen, 1983; Banno & Yamagami, 1991).
The nutrition of cerambycid larvae also can be influenced
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by cannibalism (e.g., Lieu, 1947; Solomon, 1972; Ochi &
Katagiri, 1979; Iba, 1993).

We evaluated the influence of the larval environment
on larval performance and adult body size for the wood-
boring beetle 

 

Phoracantha semipunctata

 

 (F.) (Cerambycidae:
Cerambycinae: Phoracanthini). This species is endemic to
Australia, and first appeared in southern California in 1984
(Paine et al., 1995). The larvae develop in eucalypts and
closely related tree species (Wang, 1995), and adults of
both sexes are attracted by plant volatiles to stressed and
dying trees, fallen branches, and cut logs (for general
biology, see Chararas, 1969; Hanks et al., 1993a, 1998, 1999).
The females deposit eggs in batches under loose bark, and
usually oviposit on a new host for a period of less than
1 month in the field (Powell, 1982; Löyttyniemi, 1983;
Hanks et al., 1993a). If suitable hosts are not available,
however, females will oviposit on the wrong host species,
resulting in greatly extended development times (Hanks
et al., 1995). Females also occasionally oviposit on pre-
sumably healthy and resistant eucalypts, resulting in the
death of larvae during colonization or development
(L.M. Hanks, pers. obs.).

The colonization of hosts by neonate 

 

P. semipunctata

 

is inhibited by high bark moisture content (Hanks
et al., 1991b, 1999; Caldeira et al., 2002). Once established,
neonates feed within the cambium tissues and avoid one
another by maintaining a thin partition of wood between
feeding galleries. At high densities, competition among the
larvae is intense, and they consume the entire cambial
zone, also furrowing the inner bark and outer sapwood
(Chararas, 1969; Powell, 1982; Hanks et al., 1991a, 1993a).
Older instars are cannibalistic (see Powell, 1982; Haddan &
Fraval, 1988; L.M. Hanks, pers. obs.). Larvae may require
2 months to 1 year to complete development, and develop-
ment time is strongly influenced by ambient temperature
(Chararas, 1969; Löyttyniemi, 1983; Mendel, 1985). Mature
larvae bore into the sapwood and excavate a pupation
chamber, plugging the oval hole to the log surface (here-
after referred to as the ‘exit hole’) with coarse wood fibers.
Adult beetles exit the pupation chamber by chewing
through this plug. The sex ratio of emerging adults is
approximately 1 : 1 (e.g., Hanks et al., 1993a,b).

In southern California, adult 

 

P. semipunctata

 

 average ca.
2.3 cm in total body length, with standard deviations of ca.
0.4 cm, and females are slightly larger than males (<10%;
Hanks et al., 1993a, 1998). We have reared adult 

 

P. semi-
punctata

 

 ranging in body length from 1.26 to 3.37 cm from
field-collected eucalypt logs (L.M. Hanks, J.G. Millar and
T.D. Paine, unpubl.), a high degree of variability even for a
cerambycid species (see Andersen & Nilssen, 1983). Large
body size confers a reproductive advantage in this species
because it maximizes powers of dispersal, competitive

ability in male-male aggressive competition for mates, and
fecundity (Hanks et al., 1996, 1998; L.M. Hanks, J.G. Millar
and T.D. Paine, unpubl.).

Our goals were to evaluate how larval performance and
adult body size of 

 

P. semipunctata

 

 are influenced by larval
density and the post-felling age of host logs, testing
hypotheses that were derived from earlier observations
and experiments. These hypotheses were as follows:

 

1

 

Larvae develop fastest at low densities because nutri-
tional quality is maximal;

 

2

 

Fewer neonates succeed in colonizing recently cut logs
because of high bark moisture content;

 

3

 

Colonization success of neonates is not influenced by
their density because they avoid one another;

 

4

 

Survivorship of older instars declines with density,
because of competition for food and cannibalism; and

 

5

 

Body size of adult beetles is greatest under low density
conditions because of superior nutrition.

 

Materials and methods

 

Source of host logs

 

Neonate larvae were transferred to cut logs of 

 

Eucalyptus
trabutii

 

, a natural hybrid of 

 

Eucalyptus camaldulensis

 

Dehnhardt and 

 

Eucalyptus botryoides

 

 Sm. (Pryor, 1976).
Logs of 

 

E. trabutii

 

 are high quality hosts for 

 

P. semipunctata

 

larvae (see Hanks et al., 1993a). On 14 July 1995, we felled
four trees (mean 

 

±

 

 SD circumference at base 31.2 

 

±

 

 2.8 cm)
of the same age and provenance in a 13-year-old plantation
at the Moreno Valley Field Station of the University of
California, Riverside (UCR). We bucked the trees into 39
logs, eliminating sections with branches and standardizing
the surface area of the logs to ca. 1700 cm

 

2

 

 by measuring
their circumference and adjusting their lengths accordingly.
Therefore, logs from the base of trees were shorter and stouter
than apical logs (mean log circumference 26.0 

 

±

 

 2.1 cm,
length 64.2 

 

±

 

 5.7 cm). Within 4 h of felling, the cut ends of
the logs were sealed with melted paraffin wax to retard
desiccation (see Hanks et al., 1993b). We prepared the
logs to receive larvae by cutting a narrow slit in the bark
(ca. 4 cm deep, 7 cm long) parallel to the long axis and in
the middle of the log. Cutting a tight, V-shaped incision
allowed the apodous larvae to gain purchase and begin
boring.

 

Transferring larvae to host logs

 

Phoracantha semipunctata

 

 neonates for the experiment
were drawn from a continuous beetle rearing program at
UC Riverside [see Hanks et al. (1993b) for methods].
Adult beetles were reared from eucalypt logs that had been
collected from the field in inland counties of southern
California during 1994 and 1995. Several hundred adults
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were caged in the laboratory, and all eggs deposited during
2-day periods were pooled in one Petri dish. The Petri
dish was covered and held under ambient laboratory
conditions until the larvae hatched (ca. 5 days). Larvae less
than 2 days old were randomly selected and transferred
to the pre-cut incisions in the study logs with a damp
paintbrush (size 0000), and a triple layer of paper toweling
was stapled over the slits to hold the larvae in place.

 

Manipulating log age and density of larvae

 

The experiment included six treatments representing all
combinations of three log ages and two larval densities,
with five study logs randomly assigned to each treatment
combination (n = 30 logs). We manipulated log age by
transferring larvae to logs after varying periods of time: on
the same day that the trees were felled (0-day logs), 7 days
later, or 14 days later. These log ages were chosen in order
to simulate conditions of hosts that are available to
ovipositing females in the field, from living trees (0 days of
aging), to freshly fallen branches (7 days of aging), to older
and drier branches (14 days of aging). To confirm that the
aging treatment was effective in modifying the quality of
logs as larval hosts, we estimated the bark moisture content
of the nine logs that were not used in the experiment
(three logs per age treatment) at the time the larvae were
transferred to study logs. We sampled bark from each of
these extra logs by cutting three 2-cm squares of bark
from around the central circumference, measuring the
wet weight of each square, lyophilizing them to a constant
weight, and calculating a percentage water content. The
water content of the study logs declined significantly with
age, averaging 62 

 

±

 

 2, 54 

 

±

 

 1, and 39 

 

±

 

 1% for the 0-, 7-,
and 14-day logs, respectively (means significantly different,
ANOVA; F

 

2,8

 

 = 54.8, P<0.0001).
Densities of larvae were chosen to represent extremes

under field conditions, with minimal competition for
cambium tissues at low densities (0.0047 larvae/cm

 

2

 

 of
bark surface area, or eight larvae per log), and intense com-
petition at fourfold higher densities (0.019 larvae/cm

 

2

 

 of
bark, or 32 larvae per log; see Hanks et al., 1993a). After
transferring the neonates, study logs were held under
laboratory conditions (ca. 20 

 

°

 

C, 40% r.h.) for 24 h, with
the bark incision facing upwards, to allow the larvae to
penetrate the bark. The logs then were moved to a green-
house (30 

 

±

 

 5 

 

°

 

C, ca. 40% r.h., natural daylight) where they
were randomly positioned on wooden benches, with each
log leaning against a 10-cm high lip to minimize contact
with the bench that might hinder emergence of adults. Two
months later, logs were enclosed in envelopes of aluminum
window screen with the edges double folded and stapled,
and one end closed with binder clips to allow access for
removing adult beetles.

 

Development rate

 

We checked the log envelopes for adult beetles every
2 weeks until the first beetles emerged, then daily when
emergence rates were high, until emergence ceased (no
new beetles for 2 years). Logs were retained and envelopes
were re-checked after another 2 years to confirm that no
more adults had emerged. We recorded the emergence
date, size (see below), and sex of each beetle. The
development time was calculated as the number of days
between the date that neonates were inserted into logs to
the date that each adult was collected. Beetles that were
dead when discovered in the envelopes were eliminated
from this data set.

 

Survivorship

 

Once emergence had ceased, we stripped the study logs of
their bark to measure survivorship. After penetrating the
bark, neonates radiated out from bark incisions, etching
characteristically narrow and shallow feeding galleries into
the cambium. Older instars usually avoided feeding near
these concentrations of neonate galleries, perhaps because
the tissues had desiccated more quickly. Thus, feeding
galleries of neonates were often preserved, even in logs that
were riddled with the galleries of older larvae. We used the
number of neonate galleries as a measure of colonization
success (number of galleries/number of neonates trans-
ferred). Survivorship of later instars was calculated as
the percentage of larvae that completed development
(indicated by numbers of exit holes) from the total number
of neonates that successfully colonized the cambium (sample
size reduced because neonate galleries were indistinct
in some logs). Survival of pupation was calculated as the
percentage of beetles emerging as adults (indicated by
open exit holes) from the total number that had at least
started to make pupation chambers (including beetles that
failed to emerge, indicated by plugged exit holes). Total
survivorship was calculated as the percentage of beetles
that emerged as adults from the total number of neonates
that had been transferred to logs.

Because the condition of the logs might influence the
survival of males and females differently, we also tested the
influence of treatment effects on the sex ratios of adult
beetles emerging from logs. Sex ratio was calculated as the
percentage of adult females per log, including only logs
that produced at least four beetles.

 

Body size

 

The index of body size was the length of the right elytron
(in cm) which is tightly correlated with total body length
(best fit regression for n = 24 individuals of each sex,
Y = 0.63X 

 

−

 

 0.023, r

 

2

 

 = 0.96, P<0.0001). To evaluate the
influence of the experimental treatments on variation in
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body size, we compared the distribution of elytron lengths
for beetles in this study (sexes combined) with data for 550
adult 

 

P. semipunctata

 

 collected from host trees in Riverside
Co., California, in 1990 for a different study (see Hanks
et al., 1998). We tested any differences between the two
samples in body size variance with a two-tailed F-test
(Sokal & Rohlf, 1995) and tested for normality in the
distribution of body sizes with the Shapiro-Wilk test
(Analytical Software, 2000).

 

Statistical considerations

 

The performance of 

 

P. semipunctata

 

 larvae might be
influenced by several characteristics of the host logs,
including girth, length, and bark thickness (e.g., see Starzyk
& Witkowski, 1986). Log girth and length were strongly
and positively autocorrelated (r

 

2

 

 = 0.69, P<0.0001) as a
consequence of cutting the logs to a standard surface area.
Log girth and bark thickness also were autocorrelated
(r

 

2

 

 = 0.27, P = 0.0031) because bark thickness decreased
with the vertical position of the logs within trees. The accuracy
of statistical models was not improved by including
multiple autocorrelated variables, so we chose log girth as
a model term to represent these various log characteristics.

To assess the impact of the larvae on their food source,
we estimated the proportion of cambium tissues of each
study log that was lost to feeding. This was accomplished
by subsampling logs with a transparent plastic sheet
marked with a 17 

 

×

 

 23 grid of 1-cm squares, with one
square in each of the 23 rows randomly selected for
sampling. (This grid size covered about one-quarter of the
bark surface of an average study log). We wrapped the grid
around one side of the log (conducted blindly), counted
the sample squares that contained feeding galleries, then
rotated the log 180

 

°

 

 and re-sampled. The total number of
squares containing damaged cambium was then divided
by 46 (

 

×

 

 100) to yield an estimate of the percentage of
cambium consumed. This value averaged 64.3 

 

±

 

 23% (

 

±

 

 SD)
across treatments, similar to estimates of feeding damage
to 

 

E. trabutii

 

 logs in an earlier experiment (Hanks et al.,
1993a). As would be expected, the percentage of cambium
consumed was strongly and positively autocorrelated with
the density of mature larvae per log (r

 

2

 

 = 0.60, P<0.0001).
We therefore did not include a feeding damage term in
the statistical models, but assumed that the damage was
strongly associated with larval density.

Treatment effects on developmental rate, survivorship,
and body size of adult 

 

P. semipunctata

 

 were tested by
analysis of covariance (ANCOVA; PROC MIXED, SAS
Institute, 2001), and fixed effects included log age, number
of neonates transferred, and beetle sex, whereas covariates
included the density of mature larvae, elytron length, and
log circumference (choice of effects contingent on the

dependent variable). For models that lacked covariates we
used analysis of variance (ANOVA). Percentages were
arcsine transformed to meet the model assumptions. We
confirmed that the data met these assumptions with the
F

 

max

 

 test (homogeneity of variances in error terms) and the

 

G

 

-test (error terms normally distributed; Sokal & Rohlf,
1995). Differences between means were tested with full

 



 

 models, but insignificant interactions and random
effects were eliminated step-wise from the models, starting
with highest order interactions, and leaving only signifi-
cant terms (see Milliken & Johnson, 1984). There were no
significant interactions in any of the analyses (see Results).
Differences between pairs of means were tested with
the REGWQ means-separation test to control maximum
experiment-wise error rates (SAS Institute, 2001), and
the tests were ‘protected’ (i.e., means-separation tests were
contingent on a significant overall F; Day & Quinn, 1989).
Linear associations between variables were tested by
regression analysis (PROC REG, SAS Institute, 2001). In
all analyses, we confirmed that there were no patterns in the
dispersion of residuals that indicated non-linear relation-
ships between variables. We present untransformed means

 

±

 

 1 SEM throughout, except where stated otherwise.

 

Results

 

Developmental rate

 

The emergence of adult beetles from study logs began ca.
60 days after starting the experiment (Figure 1), and a total
of 173 beetles emerged. Many beetles (ca. 40%) emerged
during a single initial peak (Figure 1), emergence then
declined during December 1995, resumed in January 1996,
and continued through the summer, for a total emergence
period of 360 days. All the logs had at least one larva that
reached pupation, but there were six logs that yielded no
adult beetles, which reduced the sample size in analyses of
developmental rate.

Figure 1 Phenology of emergence of adult Phoracantha 
semipunctata from study logs. Time 0 was the date that the larvae 
were transferred to the 0-day old study logs.
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Developmental time (neonate to adult) averaged
173 

 

±

 

 97 days (mean 

 

±

 

 SD) across treatments and was
significantly influenced by the experimental treatments
(overall ANCOVA F

 

4,23

 

 = 5.39, P = 0.0045), with signifi-
cant effects being the covariates ‘density of mature larvae’
(F

 

1,23

 

 = 10.4, P = 0.0045) and ‘log circumference’ (F

 

1,23

 

 = 9.6,
P = 0.0059). Contrary to Hypothesis 1, development was
fastest under high density conditions: mean development
time of beetles in logs having the greatest number of
mature larvae was about half that of beetles from logs
having the fewest larvae (Figure 2). Development time was
positively correlated with log circumference (r

 

2

 

 = 0.24,
best fit regression line Y = 23.3X – 384). Log age did not
have a significant effect on development time (F

 

2,23

 

 = 0.08,
P = 0.92) which averaged 216 

 

±

 

 39, 235 

 

±

 

 29, and 188 

 

±

 

24 days for the 0-, 7-, and 14-day treatments, respectively.

 

Survivorship

 

Feeding galleries of individual neonates could be counted
in 22 of the 30 study logs. The survivorship of neonates, a

measure of colonization success, averaged 61 

 

±

 

 31%
(mean 

 

±

 

 SD) across treatments, but as expected, there were
significant differences among treatments. The experiment
supported Hypothesis 2, that survival of colonization
would be lowest in the freshest logs (Figure 3A): 38 

 

±

 

 9%

Figure 2 Relationship between development time of Phoracantha 
semipunctata larvae and their density in study logs. Best fit 
regression equation: Y = −6.11X + 279 (d.f. = 23; r 2 = 0.27).

Figure 3 Survivorship of Phoracantha semipunctata larvae in study logs: (A) Mean (± SEM) survivorship of bark colonization by neonates 
in logs of three ages (post-felling) and two densities of neonates (n = 4, 4, 3, 5, 3, and 3 logs, left to right); (B) Relationship between larval 
survivorship (established neonates to pupation) and neonate density in study logs; best fit regression equation: Y = −1.46X + 91.8 
(d.f. = 21; r2 = 0.29); and (C) Mean (± SEM) total survivorship (from colonizing neonate to emerged adult; n = 5 logs for each mean).
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of neonates colonized 0-day logs, whereas nearly twice as
many colonized 7-day logs (64 

 

±

 

 11%), and even greater
numbers colonized 14-day logs (87 

 

±

 

 5%; overall ANCOVA
F

 

4,21

 

 = 3.84, P = 0.021; log age: F

 

2,21

 

 = 6.79, P = 0.0068).
Consistent with Hypothesis 3, successful colonization of
logs by neonates was not significantly influenced by the
number of neonates that had been transferred to the logs,
nor was it influenced by log circumference (ANCOVA
P>0.05).

Survivorship of older larvae (from established neonate
to pupation) averaged 71 

 

±

 

 28% (mean 

 

±

 

 SD) across
treatments and was also significantly influenced by experi-
mental treatments (overall F

 

4,21

 

 = 4.85, P = 0.0085). The
experiment supported Hypothesis 4, that larval survivor-
ship would decline with density (Figure 3B; neonate den-
sity covariate F

 

1,21

 

 = 5.44, P = 0.032). Larval survivorship
also was significantly, but positively, correlated with log
circumference (F

 

1,21

 

 = 7.24, P = 0.015; r

 

2

 

 = 0.32; best fit
regression line Y = 7.5X – 125). The log age term was not
significant (ANCOVA P>0.05).

The percentage of larvae surviving pupation averaged
45 

 

±

 

 32% (mean 

 

±

 

 SD) across treatments, and was not
significantly influenced by log age, density of mature
larvae, or log circumference (overall ANCOVA F

 

4,29

 

 = 2.34,
P = 0.083). Total survivorship, from colonizing neonate to
emerged adult, averaged 21 

 

±

 

 16% (mean 

 

±

 

 SD) across
treatments and was influenced significantly only by log
age (Figure 3C; overall ANCOVA F

 

4,29

 

 = 3.21, P = 0.029;
log age F

 

2,29

 

 = 4.56, P = 0.020), averaging 10.2 

 

±

 

 3.2,
19.7 

 

± 

 

5.0, and 30.1 

 

±

 

 5.0% for log ages 0, 7, and 14 days,
respectively. Total survivorship was not significantly influ-
enced by neonate density or log circumference (ANCOVA
P>0.05). Sex ratios of adult beetles per log averaged
57 

 

±

 

 16% (mean 

 

±

 

 SD) female and were not significantly
influenced by either log age or neonate density (overall
ANCOVA F

 

3,11 = 0.06, P = 0.98).

Body size

Elytron length of P. semipunctata adults averaged
1.31 ± 0.14 (mean ± SD) cm across treatments and was
strongly influenced by the experimental treatments (overall
ANCOVA F5,117 = 10.8, P<0.0001). There was no support,
however, for Hypothesis 5, that logs with low densities of
larvae would produce the largest adults (density covariate
P>0.05). Consistent with sexual dimorphism in body size
(see Introduction), females were ca. 6% larger than males
(elytron lengths 1.36 ± 0.016 and 1.28 ± 0.021 cm, respec-
tively; beetle sex term significant: F1,117 = 12.0, P = 0.0007).
The log age term also was significant (F2,117 = 5.47, P =
0.0054), with logs that received larvae on day 0 producing
adults that were ca. 4.5% smaller than those emerging
from older logs (means 1.28 ± 0.028, 1.35 ± 0.023, and

1.33 ± 0.02 cm for 0-, 7-, and 14-day logs, respectively;
REGWQ P<0.05). Body size was also significantly and
positively correlated with log circumference (Figure 4;
F1,117 = 37.2, P<0.0001), with larger beetles emerging from
stouter logs.

Adult P. semipunctata emerging from study logs varied
considerably in body size (Figure 5), and elytron length
was normally distributed (Shapiro-Wilk W = 0.99, P = 0.23).
Mean elytron length (see above) was 9% smaller than that
of the 550 adult P. semipunctata that were field collected
in the 1990 study (mean 1.44 ± 0.0098, Hanks et al., 1998,
means significantly different; ANOVA F1,720 = 47.5, P<
0.0001). Variance in elytron length was 62% lower in the
present study than in the earlier study (variances 0.02 and
0.053, respectively; significantly different, F-test statistic =
2.65, P<0.001). Thus, adult P. semipunctata in the field
tended to be larger on average, resulting in a greater vari-
ance in body size compared to those that were reared under
the experimental manipulations of larval environment.

Discussion

The majority of the beetles completed development in
study logs within 3 months (Figure 1), but some indi-
viduals required more than a year to emerge as adults.
A prolonged emergence period of adult P. semipunctata
results from extended development time due to poor host
quality (Chararas, 1969; Löyttyniemi, 1983; Mendel, 1985;
Hanks et al., 1993b, 1995), as is true for other cerambycid
species (Khan & Maiti, 1982; Banno & Yamagami, 1991).
Nutritional constraints on the developmental rate of
cerambycid larvae are best illustrated by the greatly
accelerated growth rates in beetles reared on artificial diet
(e.g., Ivanovic et al., 1989).

Figure 4 Relationship between mean elytron length (± SEM) of 
Phoracantha semipunctata adults and circumference of host log 
(n = 8, 18, 12, 18, 11, 29, and 20 beetles, left to right). Best fit 
regression equation: Y = 0.027X + 0.65 (d.f. = 117; r2 = 0.18).
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The inverse relationship between development time and
density of P. semipunctata larvae (Figure 2) seems counter-
intuitive and, in fact, contradicts an earlier study (Powell,
1982). Shorter development time at high densities could
arise if competition for resources resulted in a shortage of
food and earlier pupation. However, this relationship
would result in a negative correlation between density and
adult body size, which was not evident in this study. Develop-
ment time may have been reduced at high densities
because feeding by larvae altered the physical and nutritive
qualities of logs in ways that promoted development, such
as by reducing moisture content (see below). The increase
in development time of P. semipunctata larvae with log
circumference, however, was consistent with the larger body
sizes of beetles emerging from stouter logs (see below).

Colonization by P. semipunctata neonates was not influ-
enced by density, as is true in another cerambycid species
(Togashi, 1990), but was strongly influenced by log age,
being lowest in freshly cut logs (Figure 3A). In our earlier
studies, the inhibition of colonization in fresh logs was
attributed to a high bark moisture content, with moisture
content greater than 60% presenting a barrier to coloni-
zation (Hanks et al., 1991b, 1999). Consistent with that
threshold effect, survivorship in the present experiment
was lowest in 0-day logs (bark moisture content 62%; see
Methods), but higher in the drier 7- and 14-day logs
(moisture content 54 and 39%, respectively). The coloni-
zation success of neonate P. semipunctata in 7-day logs
(averaging ca. 64%) was similar to that in logs of the same
species and age in an earlier study (77%; Hanks et al.,
1993a). High rates of neonate mortality have been attri-
buted to host plant effects in several cerambycid species
(Solomon, 1972; Roonwal, 1978; Solomon & Donley,
1983; Srot, 1983; Shibata, 1987), but to unknown causes in
another species (Grimble & Knight, 1970).

The survivorship of neonates to mature larvae (ca. 70%)
was very similar to that in E. trabutii logs in an earlier study
(65%; Hanks et al., 1993a), and in logs of a different species
in another study (73%; Hanks et al., 1993b). The inverse
relationship between the survival of older larvae (subsequent
to colonization of the log) and densities of neonates (Figure 3B)
was consistent with aggressive competition among larvae,
and cannibalism. Survivorship was only high in logs that
contained few larvae. The reduced survivorship of P. semi-
punctata larvae at high densities has been reported previously
(Paine et al., 2001), and is a common occurrence in other
cerambycid species (e.g., Ikeda, 1979; Togashi, 1986; Iba,
1993). The positive relationship between survivorship of
P. semipunctata larvae and log size has also been reported for
another cerambycid species (Banno & Yamagami, 1991).

More than half of the beetles that constructed pupation
chambers in the study logs died of unknown causes.
Mortality rates were similarly high in E. trabutii logs in an
earlier study (Hanks et al., 1993a), and many beetles died
in pupation chambers in a variety of developmental stages,
from prepupae to sclerotized adults, in other studies
(Hanks et al., 1991a, 1993b). High mortality rates during
this life stage have been reported for P. semipunctata and
other cerambycid species, also due to unknown causes
(Powell, 1982; Togashi, 1990; Banno & Yamagami, 1991).
Old eucalypt logs in the field commonly have similarly
high proportions of plugged exit holes (L.M. Hanks, pers.
obs.), confirming that death during the last instar and
pupation is an important mortality factor for P. semipunctata.
This high mortality rate could be due to several factors,
including unsuitable microclimate and microbial
infection. Larvae may also fail to complete development
because of the energy required to excavate a tunnel and
pupation chamber into the desiccated, iron-hard, and
nutrient-poor sapwood of dead eucalypts. This effort

Figure 5 Frequency distributions of elytron 
lengths of adult Phoracantha semipunctata 
emerging from study logs (‘Laboratory 
reared’) and collected in the field from host 
trees for an earlier study (‘Field captured’; 
see Methods).
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might deplete larval resources to such an extent that the
larvae cannot successfully complete development. Adults
must then bore their way to freedom through a tunnel
packed solidly with wood fibers. Thus, the protection and
safety afforded by the pupation chamber may exact a heavy
cost from the effort expended for its construction and,
later, for the adult to escape its chamber (e.g., Togashi,
1990). The lack of a density effect on the survivorship of
pupation has been reported for another cerambycid
species (Ochi & Katagiri, 1979; Togashi, 1990).

Total survivorship (neonate to adult; Figure 3C) averaged
ca. 20% and reflected the cumulative influences of the
environmental variables. For example, in 0-day logs, about
three out of the eight neonates successfully colonized the
low density logs, whereas about 14 out of 32 larvae estab-
lished in the high density logs (from Figure 3A), survivor-
ship of older instars at densities of three and eight neonates
was 88 and 81% (from Figure 3B), and about half of these
mature larvae died during pupation, yielding about one
adult from low density logs and three adults from high
density logs. For 14-day logs, almost all the neonates estab-
lished in low density logs, whereas 81% established in the
high density logs, survivorship of mature larvae at these
densities averaged ca. 80% and 54%, respectively, and
about half died during pupation, yielding ca. three adults
from low density logs and six adults from high density logs.
Overall, an individual neonate had the greatest odds of
reaching adulthood in the 14-day logs at low larval densities
(36% of neonates survived to adult emergence, Figure 3C).
The sexes did not differ in how they were influenced by
environmental factors, and the lack of a density effect
on sex ratio has also been reported in earlier studies on
P. semipunctata (Powell, 1982; Hanks et al., 1991a).

The body size of adult P. semipunctata increased signifi-
cantly with log circumference (Figure 4), but it should be
kept in mind that this variable was autocorrelated with log
length and bark thickness. Thus, larger body size may have
resulted from the improved nutrition provided by thicker
bark tissues, or the opportunity for larvae to develop to a
larger size in logs having thicker subcortical layers, or some
combination of these factors. The physical dimensions of
host logs did not influence the adult body size of a different
cerambycid species (Ikeda, 1979). It is significant that the
body size of P. semipunctata was not influenced by the den-
sity of larvae, consistent with an earlier study (Hanks et al.,
1991a). One explanation for this finding is that larvae
feeding under high density conditions, in which cambial
tissues are quickly consumed and/or degraded, may com-
pensate for poorer nutrition by cannibalism.

Our experiment yielded beetles that were relatively
small and with a lower variance in body size compared to
beetles of the wild population that was the source of the

neonates used in the experiment (Figure 5). Because body
size was correlated with log size (see above), maximum size
may have been constrained by the limited range of log sizes
used in the experiment. Body size of adult P. semipunctata
is also strongly influenced by larval host species (Hanks
et al., 1993a, 1995; Paine et al., 2000), as is true for other
cerambycid species (e.g., Rice, 1995). Therefore, the use of
a single host species in the present study may also have
constrained any potential variation in body size. Further-
more, under natural conditions, P. semipunctata colonizes
a broad range of host ages and sizes, from branches only a
few centimeters in diameter with very thin bark, to mature
trees with diameters greater than 1 m and bark thicker than
1 cm (L.M. Hanks, pers. obs.). Thus, the much broader
spectrum of host quality in the field could produce a
greater variation in body size of adult beetles than did the
standardized logs used in our experiments. However, our
experiments did produce small beetles in proportions
similar to those of the wild population (Figure 5), suggesting
that our experimental treatments were able to simulate
relatively poor quality larval environments.

In summary, adult P. semipunctata emerged in greater
numbers from logs that had been subjected to the aging
treatment which reduced bark moisture content and
favored colonization by neonates. Survival was greatest in
larger logs having lower densities of neonates, but was
greatly diminished in all treatments by mortality during
pupation. Development time varied from 2 months to
more than a year, and was shortest in smaller logs having
high densities of larvae. The size of adult beetles emerging
from a log was not influenced by larval density, but was
positively correlated with the age of logs when the neonates
colonized, as well as log size. These findings suggest that
the optimal developmental conditions for P. semipunctata
larvae, in terms of larval performance and adult body size,
are available in large, aged host logs having low densities of
larvae. However, intense competition among adult P. semi-
punctata for larval hosts in urban landscapes of California
results in oviposition in hosts of varying quality and high
densities of larvae (Hanks et al., 1993a), generating the
wide range of body sizes characteristic of wild populations.
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