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Abstract Environmental stresses, particularly water
de®cit, predispose eucalypt trees to attack by the euca-
lyptus longhorned borer, Phoracantha semipunctata F.
(Coleoptera: Cerambycidae). Our experiments with
potted eucalypts revealed that reduced tree water
potential was associated with lower resistance to
colonization by neonate P. semipunctata, but the linear
relationship between water potential and colonization
success was reversed at higher larval densities. There was
no indication that the bark exudate ``kino'' served to
defend trees from borer attack. Larvae were not able to
colonize the cambium of eucalypt logs with high bark
moisture, and survival was low under high moisture
conditions in arti®cial hosts composed of pure cellulose.
In trees and cut logs with moist bark, larvae failed to
reach the cambium, feeding instead in poorer-quality
tissues just beneath the bark surface. Our ®ndings sug-
gest that variation in resistance of eucalypts to attack by
the borer is associated with moisture content of the bark.
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Introduction

Environmental stresses imposed on plants have impli-
cations for the insects that feed on them, in some cases
rendering plants more suitable as hosts by elevating

concentrations of nutrients and/or reducing chemical
defenses (e.g., Rhoades 1979; Mattson and Haack
1987a,1987b; Holtzer et al. 1988; White 1993), but in
other cases reducing host quality for insects (e.g., Price
and Clancy 1986; Price et al. 1987a,1987b; Hanks and
Denno 1993). The variable impact of host plant stress on
herbivorous insects may be partly accounted for by
feeding guild, though exceptions exist within guilds, with
stress favoring or disfavoring di�erent species of chew-
ing and sucking insects (Larsson 1989; Price 1991;
Waring and Cobb 1992; Koricheva et al. 1998). Insects
that bore in phloem and cambium of woody plants,
however, appear to be most consistent in bene®ting from
host-plant stress due to ®re damage, lightening strike,
attack by other insect species, and water de®cit (Haack
and Slansky 1987; Larsson 1989; Waring and Cobb
1992; Koricheva et al. 1998). Bark beetles in particular
depend on water stress to weaken the defenses of their
coniferous hosts (Coulson 1979; Mattson and Haack
1987a). There has been little experimental work on the
in¯uence of stress on host plant resistance to other
wood-boring insects, especially those that attack woody
angiosperms (see Larrson 1989; Waring and Cobb
1992), which di�er from conifers in the structure of
woody tissues (Panshin and de Zeeuw 1980).

We investigated the in¯uence of drought stress on
resistance of Eucalyptus species (angiosperms) to attack
by phloem-boring larvae of a cerambycid beetle,
Phoracantha semipunctata F. (Coleoptera: Cerambyc-
idae), the eucalyptus longhorned borer. Adult female
P. semipunctata deposit eggs in batches under loose bark
and the larvae penetrate the bark and mine along the
cambium, completing development in as little as
3 months (Hanks et al. 1993a). This beetle is rarely a
pest in its native Australia, where its hosts are usually
fallen or weakened eucalypt trees and fallen branches
(Chararas 1969a; Pook and Forrester 1984). However,
in regions of the world where eucalypts have been in-
troduced, P. semipunctata can be a primary pest, killing
living and apparently vigorous eucalypts (Hanks et al.
1995). The borer was ®rst discovered in California in
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1984 (Scriven et al. 1986) and has since killed inestima-
ble numbers of eucalypt trees (Paine et al. 1995).
Drought stress predisposes eucalypts to attack by
P. semipunctata (Chararas 1969a), and relative suscep-
tibilities of Eucalyptus species to attack in California are
associated with the degree to which they are adapted to
drought in Australia (Hanks et al. 1995).

Host plant resistance to cerambycid beetles has been
attributed to excessive moisture content of bark or sap-
wood, high bark turgor pressure, ¯ow of sap or resin, and
plant secondary chemicals (see Hanks 1999). Resistance
of eucalypts to attack by P. semipunctata has long been
attributed to ``kino'', a dark brown bark exudate that is
high in polyphenols and is induced when bark is dam-
aged (e.g., Hillis 1978). Nevertheless, empirical evidence
suggests that resistance to colonization by neonate larvae
is not consistently associated with kino production
(Hanks et al. 1991). Moreover, kino seems an unlikely
®rst-line defense because its induction may require sev-
eral days, or even weeks (e.g., Tippett 1986), while P.
semipunctata larvae can penetrate the bark and reach the
cambium within 24 h (L.M. Hanks, personal observa-
tions). There is evidence that resistance of eucalypts is
associated with the moisture content of the bark, and
drought stress may favor colonization by reducing bark
moisture (Chararas 1969a; Hanks et al. 1991).

We studied the in¯uence of drought stress on kino
production, bark moisture conditions, and resistance to
P. semipunctata attack by conducting experiments to
examine the relationships between the following factors:

1. Experiment 1: drought stress and water potential (Y)
of the soil and tree, and leaf conductance

2. Experiment 2: tree water relations and bark moisture
content

3. Experiment 3: tree water relations, kino exudation,
and resistance to colonization by P. semipunctata
larvae

4. Experiment 4: tree water relations, abundance of
larvae and resistance to colonization

5. Experiment 5: bark moisture content in cut eucalypt
logs and behavior of colonizing larvae

6. Experiment 6: moisture conditions in arti®cial host
``tissues'' of pure cellulose and survival of larvae.

In our stress experiments, we subjected trees and cut logs
to a broad range of stress levels to test for non-linear
responses by the insects, as recommended by Koricheva
et al. (1998).

Materials and methods

Experiment 1. Drought stress and tree water relations

To study the in¯uence of drought stress on tree water relations, we
withheld water from six pottedEucalyptus rudisEndl. trees that were
13.6 � 1.43 cm in circumference at 10 cm above the soil line. Trees
of this species produce kino (Tippett 1986) and drought stress ren-
ders them susceptible to attack byP. semipunctata (Chararas 1969a).
Our study trees were ~2 years old in 5-gallon (19-l) plastic pots with

soil of sandy loam and ®r shavings (1:2). Because of height limita-
tions in the lathe house (walls and ceiling of 6-cm wide aluminium
strips) and greenhouse, all trees were topped at ~3 m and allowed to
recover outdoors for at least 1 month prior to experiments.

On 31 July 1995, we moved six trees into a greenhouse
(27 � 5°C and 60 � 7% relative humidity, RH) on the University
of California, Riverside campus, and watered them to soil satura-
tion. We subsequently measured soil Y ()MPa), tree Y ()MPa),
and stomatal conductance daily in early mornings (~0900 hours)
and late afternoons (~1600 hours) until foliage was completely
wilted. Soil Y was measured with two 45-cm tensiometers (Irro-
meter Co. Inc., Riverside, Calif., USA) positioned 25 cm deep on
opposite sides of the trunk. We estimated tree Y from leaf xylem
pressure potentials of three leaves per tree using a pressure chamber
(Scholander et al. 1965; P.M.S. Instrument Co., Corvallis, Ore.,
USA). Stomatal conductance was measured for three leaves per
tree with a null-balance di�usion porometer (Model LI-1600,
LiCor Co., Lincoln, Neb., USA); conductance is a measure of CO2

uptake and so indicates response of the stomata (Kramer and
Boyer 1995). Because porometer readings became erratic and un-
realistically in¯ated when trees were highly stressed, we considered
a resistance value of 50 cm s)1 as evidence of stomatal closure.
After the experiment was ended, trees were watered to soil satu-
ration and later checked to con®rm that they had survived the
drought stress treatment.

Experiment 2. Tree Y and bark moisture content

To characterize the relationship between tree Y and moisture
content of bark, we subjected 40 potted and pruned E. rudis trees to
drought stress treatments. On 3 September 1995, we set trees 0.5 m
apart in a lathe house and watered some trees to soil saturation,
watered some with ~2 l of water, and the rest were not watered. At
midday on 7±10 September, we selected 20 of the 40 trees (mean
trunk circumference at 1 m: 9.04 � 0.73 cm) that represented the
full range of Y (estimated from soil Y with the linear relationship
determined in experiment 1), and measured leaf Y for ®ve leaves/
tree with the pressure chamber. Within 15 min of measuring leaf Y
of each tree, we sampled the bark to estimate moisture content by
cutting four bark plugs to the cambium with a 11.4 mm (internal
diameter) cork borer from within a 5-cm-wide band around the
trunk centered 1 m above the soil line. We immediately weighed
bark plugs, freeze-dried them to constant weight, and calculated
moisture content as (wet weight±dry weight)/wet weight. After
sampling, study trees were watered to soil saturation and moni-
tored to con®rm that they had survived the stress treatments.

Experiment 3. Drought stress and resistance to colonization
by P. semipunctata

We examined the in¯uence of drought stress on host tree resistance
to P. semipunctata by subjecting potted E. rudis trees to a drought
stress treatment, transferring larvae to trunks, and later examining
feeding galleries for presence of kino and measuring gallery length.
Use of potted plants was problematical because they dry out
quickly and require frequent watering, resulting in cycles in soil
water potential much more dramatic than occur under natural
conditions (Holtzer et al. 1988). To slow the development of
drought stress, we pruned trees of about half their foliage 3 weeks
before the experiments, and shaded them to reduce transpiration
(see Hale and Orcutt 1987). Trees were shaded in a lathe house
cubicle (4.8 m long ´ 3 m wide ´ 2.3 m high) covered above with
Masonite sheets and on all sides with a double layer of 70% shade
cloth hanging to within 0.6 m above the ground; ambient light
levels inside the cubicle were <2% of full sunlight at midday.

We established a broad range of Y in 25 study trees by varying
the amount of water provided to them over a 2-day period (as in
experiment 1) beginning on 23 September 1995. On the morning of
26 September, we selected 16 trees (trunk circumference at 1 m:
10.4 � 0.62 cm) that represented the full range of Y (estimated
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from soil Y) and moved them into the shaded cubicle. The fol-
lowing day, we took midday Y readings of three leaves per tree
with the pressure chamber and then transferred ten P. semipunctata
larvae to the trunks of each of 11 study trees. The remaining ®ve
trees served as uninfested controls to check that pruning, shading
and watering treatments would not kill study trees.

To infest study trees, we used larvae that were no more than
2 days old that had hatched from eggs deposited by adults (reared
from ®eld-infested logs) in laboratory cages (see Hanks et al. 1993a).
We tied a rubber band around the trunk of each tree at 1 m above
the soil line, and positioned two 2-cm squares of cardboard on
opposite sides of the trunk with one edge under the rubber band.
With a damp paintbrush (size 0000), we dropped larvae between the
cardboard and bark, dividing them between the two sides. Larvae
invariably oriented themselves correctly, boring into the bark.

During the stress period, we monitored Y twice daily with
pressure chamber readings for one leaf per tree taken from mid-
canopy. For two trees, Y fell below )3.5 MPa after 2 days and
after 3 days for another two trees; to keep these trees alive, we
watered them to soil saturation after taking a ®nal measure of Y for
three leaves per tree. The remaining trees were watered at the end of
the 4-day stress period after ®rst measuring Y. Trees were subse-
quently watered as needed to maintain soil Y above )0.02 MPa.
On 12 December (77 days after larvae had been transferred) all
study trees were dissected and lengths of larval feeding galleries
were measured with a planimeter.

Experiment 4. Drought stress, larval density
and colonization success

We examined the in¯uence of the density of P. semipunctata larvae
on the relationship between drought stress and colonization success
by subjecting trees to a stress treatment and varying the number of
larvae transferred to tree trunks. We did not prune the foliage of
these study trees to avoid contributing to tree stress. Beginning on 8
August 1996, we set up 35 E. rudis trees with one tensiometer per pot
and varied watering regimes to establish a range of stress levels (as in
experiment 2). At midday on 10 August, we selected 29 trees that
represented a broad range of Y (estimated from soil Y as in exper-
iment 2), and moved them into the shaded cubicle. The following
morning, we measured Y of trees with the pressure chamber using
three leaves per tree, and then transferred to each of 26 trees either 50
or 5 ®rst-instarP. semipunctata, simulating high and low oviposition
rates in the ®eld (Hanks et al. 1993b). To ensure an even distribution
of beetle densities across the full range of host Y, trees were ranked
by Y and beetle density treatments were assigned to alternating
ranks. Three stressed trees with Y below )2.5 MPa served as unin-
fested controls to con®rm that treatments would not kill study trees.

The experiment was replicated by setting up an additional 30
study trees with borer larvae beginning 13 August 1996 using
identical methods. These trees were moved to the shaded cubicle on
15 August and the next morning we estimated Y using three leaves
per tree and transferred 5 or 50 larvae to each of 26 trees, with four
highly stressed trees serving as controls. The 59 study trees aver-
aged (�SD) 12.4 � 1.8 cm in trunk circumference at 1 m.

For both sets of study trees, leaf Y of the most stressed trees
approached foliage-damaging levels (~3.5 MPa) within 2 days of
transferring larvae; this relatively rapid change was because they
had more foliage than the study trees of experiment 3. It was
therefore necessary to terminate the stress treatment by taking a
®nal measurement of Y (3 leaves per tree) and then watering tho-
roughly. Trees were subsequently watered regularly to maintain soil
Y above )0.02 MPa. On 8 October 1996 (56±61 days after transfer
of larvae), we dissected study trees and examined feeding galleries
for presence of kino and measured the width of cambial lesions
caused by larval feeding. We determined the proportion of the
cambium damaged by larval feeding (a measure of colonization
success) by summing lesion widths for the two sides and dividing by
circumference. We do not report lengths of feeding galleries in this
experiment because individual galleries were obliterated in the
high-density treatments.

Experiment 5. Bark moisture content
and behavior of P. semipunctata larvae

Cut logs of E. trabutii were used to examine the in¯uence of bark
moisture conditions on the behavior of P. semipunctata larvae.
E. trabutii is a hybrid of E. camaldulensis Dehnhardt and
E. botryoides Sm. (FAO 1981) and living trees of this hybrid are
highly resistant to P. semipunctata, while felled trees and cut logs
are high quality hosts (Drinkwater 1975; Hanks et al. 1993b, 1995).
On 24 August 1995, we felled two small E. trabutii trees (13 years
old) at the Moreno Valley Field Station of University of California,
Riverside and cut them into 49 logs with an average length (�SD)
of 14.4 � 0.1 cm and circumference of 32.3 � 0.7 cm. Logs were
randomly assigned to seven treatments (7 logs per treatment) that
established a range of bark moisture conditions. Moisture content
was maximized in treatment 1 by transporting freshly cut logs in a
wet plastic bag and standing them in Petri dishes full of water for
the duration of the experiment. Within 3 h of felling, ten beetle
larvae were transferred to each treatment 1 log as in experiment 3,
but using only a single cardboard square. For the remaining six
treatments, logs were allowed to desiccate under ambient labora-
tory conditions (20±24°C, ~40% RH) for a total post-felling period
of 2 h (treatment 2), 11 h (treatment 3), 23 h (treatment 4), 30 h
(treatment 5), 47 h (treatment 6), and 71 h (treatment 7). After
drying treatments, log ends were sealed with smoking-hot para�n
wax to minimize further moisture loss, and ten larvae were trans-
ferred to each log. Infested logs were randomly arranged on the
same laboratory bench.

To estimate initial bark moisture content of study logs, we cut
two bark plugs with a cork borer from 120° around the log to each
side of where larvae were to be introduced and sealed the holes with
hot para�n. We measured the thickness of plugs and freeze-dried
them to estimate moisture content (as in experiment 2). We dis-
sected each log 72 h after receiving larvae to measure the depth of
feeding galleries from the bark surface (using a wire marked with
1-mm increments) and the lateral distance traveled (parallel to the
bark surface; measured with a calliper). We then estimated ®nal
bark moisture content and thickness for four bark plugs cut from
2 cm above, below and to each side of where larvae had entered.
For all seven treatments, ®nal bark moisture content di�ered by
less than 6% from initial measures, con®rming that waxing the
ends of logs stabilized moisture content. Bark thickness (averaged
initial and ®nal measures) did not di�er signi®cantly among
treatments (overall mean � SD = 0.52 � 0.1 cm; ANOVA
F6,42 = 1.1, P > 0.05).

Experiment 6. Moisture e�ects in arti®cial hosts

We further investigated the in¯uence of moisture conditions on
P. semipunctata larvae by varying moisture content of arti®cial
``hosts'' of paper, transferring larvae to these hosts and measuring
survival 3 days later. Paper pads (~1 cm thick) were composed of
50 disks of 7-cm-diameter ®lter paper of nearly pure cellulose (Type
P8 Qualitative, Fisher Scienti®c, Pittsburgh, Pa., USA) compressed
tightly with four binder clips (3.2 cm wide), with 5-cm squares of
Para®lm M (American National Can, Grenich, Conn., USA) under
the clips to prevent rusting. We made a cavity to receive larvae in
the center of pads by cutting a slot ~2 mm wide and ~2 cm long in
the four central disks.

A pilot study revealed that the greatest change in larval per-
formance in paper pads occurred at lower moisture contents, so
we used moisture treatments representing 100, 60, 40, 30, 20, and
10% of the saturated water volume, yielding proportional mois-
ture contents (=water mass/mass of the paper pad) of 0.69, 0.58,
0.47, 0.40, 0.31, and 0.18, respectively. We allowed ~30 min for
water to penetrate the pad, then transferred ®ve vigorous P.
semipunctata neonates to the central cavity of each pad. Five
paper pads were set up per treatment (n = 30 pads). To limit
water loss through evaporation, we placed the pads in plastic
Petri dishes sealed with Para®lm M. Petri dishes were randomized
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on the same bench and held under ambient laboratory conditions
(24 � 4°C).

The experiment was terminated 3 days after larvae were
transferred. Initial and ®nal weights of paper pads di�ered by less
than 1%, con®rming that water content had changed little. Each
pad was carefully disassembled and survivorship was calculated,
excluding larvae that had been cannibalized (indicated by presence
of a head capsule only).

Statistics

Proportions were arcsine transformed and counts were square-root
transformed to meet the assumptions of analysis of variance
(ANOVA; Sokal and Rohlf 1995). Linear relationships between
variables were examined by regression analysis and curvilinear
trends were tested by sequentially adding quadratic and cubic terms
to the regression equation and independently testing to see that
they were signi®cantly di�erent from zero (SAS Institute 1988;
PROC REG) to obtain the best ®t equation (Sokal and Rohlf
1995). Only signi®cant terms were included in the ®nal regression
model to best characterize linear relationships.

Results

Experiment 1. Drought stress and tree water relations

Subjecting potted E. rudis trees to a drought treatment
resulted in a decline in soil water moisture (becoming in-
creasingly negative) that described a third-order polyno-
mial (Fig. 1A). In spite of declining soil Y during the ®rst
50 h, leaf Y remained stable at around )1.5 MPa
(Fig. 1B). Trees may have maintained equilibrium Y ini-
tially by osmoregulation (see Kramer and Boyer 1995),
but later stomatal closure was indicated by the rapid de-
cline in conductance between 30 and 50 h (Fig. 1C). After
50 h, leaf Y began to fall in spite of low leaf conductance.

Conductance approached 0 cm/s after 80 h (Fig. 1C),
and the continuing decline of tree Y after that time
(Fig. 1B) indicated that study trees were no longer able
to compensate for water de®cit. Failure to maintain Y
equilibrium was indicated by leaf wilt, ®rst evident at
)2.0 MPa, and by progressively greater di�erences be-
tween afternoon and morning Y readings (Fig. 1B).
Leaves were nearly completely wilted at Y below
)2.5 MPa. Levels of leaf Y were similar to those of
stressed container-grown eucalypts in other studies (e.g.,
Swart et al. 1992).

All six study trees survived the drought stress treat-
ments, attesting to the ability of E. rudis to tolerate
considerable stress, but sustained permanent damage to
leaves and young branchlets, later shedding and re-
placing most of their foliage.

Experiment 2. Tree Y and bark moisture content

Bark moisture content of potted E. rudis was positively
correlated with leaf Y (Fig. 2), being high (~66%) in
trees with Y greater than )1.5 MPa, but as low as 50%
in the most severely stressed trees. Leaf Y reached higher
levels in some trees than in experiment 1 (Fig. 1) because

trees were under reduced light conditions in a lathe
house while experiment 1 was conducted at higher
temperatures in a greenhouse. All study trees survived
drought treatments and bark sampling.

Experiment 3. Drought stress and resistance
to colonization by P. semipunctata

None of the 11 E. rudis study trees that received
P. semipunctata larvae showed any evidence of kino
accumulation at the time trees were dissected, but only 4
of the 110 P. semipunctata larvae were still alive after
77 days. Nevertheless, an average (�SD) of 6.2 � 1.6

Fig. 1 Relationship between time that six potted Eucalyptus rudis
trees were subjected to a drying treatment and: A mean soil Y [best
®t regression equation: y � �1:78� 10ÿ7x3� ) �2:7� 10ÿ5x2�
+ �2:5� 10ÿ4x� ÿ 0:0085; r2 = 0.998, P < 0.0001]; B mean leaf Y
[best ®t equation y � �ÿ3:51� 10ÿ4x2� � �0:018x� ÿ 1:60; r2 = 0.93,
P < 0.0001]; C mean stomatal conductance (best ®t equation
y = )0.0046x + 0.44, r2 = 0.85, P = 0.0004)
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larvae per tree had reached the cambium before they
died, as shown by feeding galleries. Larvae formed short
galleries (<5 cm) in seven trees that had average Y
greater than )2.7 MPa during the stress treatment pe-
riod (Fig. 3). Short gallery lengths indicated that these
larvae had died very early in development. All these trees
were alive at the end of the experiment.

In the four remaining study trees, Y averaged less
than )2.7 MPa and larvae had a briefer opportunity to
colonize because trees required watering after 2±3 days
(compared with 4 days in the seven other trees). Nev-
ertheless, larval galleries in these trees averaged 3 to
more than 6 times longer than in the wetter trees, mostly
due to survival of four larvae in three of the trees. Al-
though old enough to have pupated, these larvae were
<12 mm in length, less than half mature size (~30 mm),
suggesting that their hosts were inadequate for devel-
opment. All four of these trees were dead above the site
where larvae had entered the trunk. All uninfested
control trees survived with Y averaging )0.78, )0.98,
)1.82, )2.15, and )2.78 MPa.

Experiment 4. Drought stress, larval density
and colonization success

Only a single P. semipunctata larva of the 1430 that had
been transferred toE. rudis study trees inAugust 1996was
still alive by the end of the study; the other larvae had
perished during the 2-month period that trees were
watered (narrow gallery diameters indicated that larvae
died while quite small). For trees receiving ®ve larvae
(Fig. 4A), the proportion of the cambium destroyed by
larval feedingwas negatively correlatedwith leafY during
the 2-day stress period; on average, less than 10% of the
cambial circumference was damaged in unstressed trees
withY below)1.2 MPa, but cambial damage doubled for
trees with Y below )2.8 MPa. In contrast, trees that
received 50 P. semipunctata larvae showed a positive re-
lationship between tree Y and cambial damage (Fig. 4B);
trees with the highest Y values lost ~70% of their cambi-
um while the driest trees lost only ~50%. In fact, larvae

Fig. 2 Relationship between leaf Y and the moisture content of bark
for 20 potted E. rudis trees. Best ®t regression equation: y �
ÿ0:015x3 ÿ 0:11x2 ÿ 0:18x + 0:58; r2 = 0.95, P < 0.0001

Fig. 3 Relationship between leaf Y (average of initial and ®nal
measures) of individual potted E. rudis trees and the average length
(�1 SE) of P. semipunctata feeding galleries along the cambium. Over
the 2- to 4-day stress period, Y ranged from ~0.6 MPa for the ®ve
wettest trees, to ~2.0 MPa for the two intermediate trees, and
~1.0 MPa for the four driest trees. Best ®t regression equation:
y = )5.6x ) 3.9; r2 = 0.63, P < 0.0037

Fig. 4 Relationship between leaf Y (average of initial and ®nal
measures) of potted E. rudis trees and the proportion of the cambial
circumference destroyed by Phoracantha semipunctata larvae at A 5
larvae per tree and B 50 larvae per tree. Data are from two replicated
experiments. Best ®t linear regression equations: A y = )0.082x )
0.015; r2 = 0.53, P < 0.0001; B y = 0.094x + 0.81; r2 = 0.41,
P = 0.0006. Open markers indicate trees that produced kino where
larvae had entered
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had completely girdled the trunks of two of the wettest
trees, which nevertheless recovered. Even trees experi-
encingY below)3.0 MPa during the stress period showed
no permanent damage to foliage, and all seven control
trees survived in spite of very low Y (below )4.0 MPa).

Kino accumulated in galleries and surrounding tis-
sues in ®ve of the study trees (Fig. 4 A,B) and these trees
were on average less stressed (Y = )1.13 � 0.34) than
trees that did not produce kino (Y = )2.27 � 0.16;
means signi®cantly di�erent, ANOVA F1,50 = 4.95,
P = 0.031). Presence of kino was not associated with
either the amount of cambium consumed, or the size of
the cambial lesion (ANOVA P > 0.05).

Rather than feeding along the cambium, 14 larvae in
nine study trees (in both treatments) fed super®cially in
the outer bark (<2 mm beneath the bark surface), but
died before the end of the experiment. Galleries of these
larvae were 6.39 � 4.3 cm long (mean � SD) and dif-
fered from typical galleries along the cambium in that
they changed little in width (<3 mm), suggesting that
larvae had not grown. Trees in which larvae made
super®cial galleries were less stressed (Y = )1.3
� 0.32 MPa; n = 9 trees) than the other trees
(Y = )2.3 � 0.17 MPa; n = 43 trees; means signi®-
cantly di�erent, ANOVA F1,50 = 6.87, P = 0.012).

Experiment 5. Bark moisture content
and behavior of P. semipunctata larvae

None of the 49 E. trabutii study logs that we arti®cially
infested with P. semipunctata larvae showed any evi-
dence of kino production. Of 10 larvae transferred to
each log, an average (�SD) of 8.3 � 1.5 were still alive
3 days later (treatment means not signi®cantly di�erent;
ANOVA F6,42 = 1.98, P = 0.09). Of these 405 surviv-
ing larvae, the proportion that had reached the cambium
was negatively associated with bark moisture content
(Fig. 5). Almost all of the larvae in the driest logs had
traveled in a nearly straight line through the bark and
then turned at the cambium at an average depth of
4.9 � 0.1 mm (n = 177 larvae). In contrast, larvae in
the wettest logs were in super®cial galleries that ran
parallel to the cambium at a depth of only
1.6 � 0.8 mm (n = 228; mean signi®cantly di�erent
from that for cambium feeders, ANOVA F1,403 = 727,
P < 0.0001). Total lengths of galleries for these super-
®cial feeders averaged 6.79 � 0.31, 16% shorter than
those of cambium feeders (8.1 � 0.21; means signi®-
cantly di�erent, ANOVA F1,395 = 8.93, P = 0.0029).

Experiment 6. Moisture e�ects in arti®cial hosts

Of the 175 P. semipunctata larvae transferred to arti®cial
(paper pad) hosts, 71 were alive 3 days later, 66 were
dead, 33 had been cannibalized, and 5 were missing.
Nearly all of the larvae had survived the 18% water
treatment and were consuming the ®lter paper, but

survivorship declined with increasing moisture content
and fell below 20% in the wettest treatment (Fig. 6).

Discussion

Our experiments do not support the hypothesis that
kino plays a role in defending eucalypts from colonizing
P. semipunctata larvae; few trees showed evidence of
kino production, and many of those that did not were
nevertheless quite e�ective in resisting colonization.
Moreover, larvae could not reach the cambium of
E. trabutii logs that hadmoist bark but produced no kino.
The idea that kino confers resistance to wood-boring
insects has been largely conjectural, based on its presence
in abandoned borer galleries (e.g., Hillis 1978; McCaw
1983), and kino production does not seem to be clearly
associated with any one environmental factor (e.g., Skene
1965; Wilkes 1986; Old et al. 1986; Tippett 1986).

Fig. 5 Relationship between the bark moisture content of E. trabutii
logs and the proportion of 10 P. semipunctata larvae that reached the
cambium within a 3-day period. Vertical and horizontal bars indicate
�1 SE around the mean proportion of larvae at the cambium and
mean bark moisture content, respectively. Best ®t regression equation:
y � ÿ24x2 � 20:9xÿ 3:6; r2 = 0.95, P = 0.0027

Fig. 6 Relationship between the moisture content of arti®cial hosts
(pads of ®lter paper) and the proportion of ®ve P. semipunctata larvae
that survived for a 3-day period. Vertical bars indicate �1 SE around
the mean. Best ®t regression equation: y = )1.74x + 1.3, r2 = 0.95,
P < 0.0011
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Our experimental treatments in experiments 3 and 4,
including pruning and shading potted trees, would seem
to be rather stressful; nevertheless, our manipulation of
moisture availability strongly a�ected the performance
of P. semipunctata larvae. Even though some potted
eucalypts were severely stressed, very few larvae survived
the few months before trees were dissected. Survivorship
was probably low because the moisture stress period
lasted only a few days; the rest of the time trees were
watered. Under ®eld conditions, eucalypts undoubtedly
experience more steady and prolonged stress conditions
that would weaken resistance and provide larvae with a
much broader window of opportunity to colonize the
cambium and destroy the vascular tissues (Chararas
1969b). Moisture-stressed eucalypts in plantations show
leaf water potentials ranging from )1.5 to )3.0 MPa
(Dye 1996; White et al. 1996), weakening resistance to
P. semipunctata (Hanks et al. 1991).

Despite the brevity of our experimental stress treat-
ments, and the fact that all study trees had been stressed
because they were in pots and had been pruned and
shaded, moisture availability nevertheless greatly in¯u-
enced colonization success of neonate P. semipunctata:
larvae left long feeding galleries in trees that had been
highly stressed for only a few days, but barely colonized
trees that were moderately stressed for twice as long
(experiment 3). The few larvae that had survived in
highly stressed trees were small, probably because their
host trees had been unstressed for most of the larval
development period. In trees with more foliage (experi-
ment 4), damage done to the cambium by ®ve larvae was
also negatively correlated with host moisture condition
during a stress period of only 2 days (Fig. 4A). These
drought stress experiments suggest that even brief peri-
ods of water de®cit may render eucalypt trees vulnerable
to attack by P. semipunctata larvae, and that irrigation
restores resistance.

Trees that received 50 P. semipunctata larvae showed
a surprising positive relationship between water de®cit
and damage to the cambium, with larvae causing slightly
more damage to the cambium of the least stressed host
trees (Fig. 4B). This change in the slope of the rela-
tionship between water potential and cambial damage
may re¯ect a ``mass attack'' e�ect: host plant defenses
may be more easily surmounted when large numbers of
borers colonize the bark, as is true for bark beetles
(Ra�a and Berryman 1983), with the result that larval
performance is more a�ected by nutritional factors than
host resistance. Colonization success of larvae (and the
amount of feeding damage to the cambium) may
therefore have been higher in trees that were less stressed
but that o�ered higher quality tissues for feeding.

P. semipunctata larvae transferred to cut E. trabutii
logs (experiment 5) showed reactions to high bark
moisture content consistent with our ®ndings in experi-
ments using potted trees: larvae were incapable of
reaching the cambium of logs with high bark moisture
content, but readily colonized drier logs. Colonization
success of larvae increased markedly in study logs with

bark moisture contents lower than 60% (Fig. 5), and in
E. rudis study trees with estimated bark moistures
between 55 and 57% (estimated from leaf Y values in
experiment 3 from the linear relationship determined in
experiment 2). A reduction in bark moisture content
from 58 to 55% was also associated with decreased
resistance to P. semipunctata in 8-year-old Eucalyptus
tereticornis Small trees in a plantation (Hanks et al.
1991). Finally, survivorship of larvae in arti®cial hosts of
paper declined from ~40% to nearly 0% between 58%
and 69% moisture content (Fig. 6). These ®ndings sug-
gest that there is a threshold moisture content near 60%
above which performance by P. semipunctata larvae is
inhibited.

In unstressed E. rudis trees (experiment 4), and wetter
logs of E. trabutii (experiment 5), some P. semipunctata
larvae fed super®cially in the outer bark rather than at
the cambium. Outer bark may have served as a refuge in
these hosts because moisture content is lower than in
cambial tissues (see Haack and Slansky 1987). Failure of
larvae to complete development in these tissues, how-
ever, suggests that bark o�ers an unsuitable diet, per-
haps due to its lower nutrient content relative to
cambium (Haack and Slansky 1987). Poor host quality
of outer bark is also indicated in living eucalypt trees in
Southern California that commonly show long
(>10 cm) super®cial galleries of P. semipunctata larvae
that vary little in width (indicating lack of development)
and in which larvae fail to reach pupation (L.M. Hanks,
personal observations).

Although there was a clear association between bark
moisture condition and resistance to colonization by
P. semipunctata, the possibility remains that loss of re-
sistance is due to chemical changes in drought-stressed
eucalypts such as those that occur in other plant species
(Holtzer et al. 1988). Nevertheless, the relationship be-
tween larval performance and moisture content of arti-
®cial hosts of ®lter paper (Fig. 6), completely
disassociated from host-plant chemistry, suggests that
moisture alone may in¯uence larval performance.
Drought stress apparently in¯uences host-plant resis-
tance to other insect species through direct physical
e�ects rather than by chemical or nutritional mecha-
nisms, such as by reducing turgor pressure and in-
creasing cell sap viscosity which hinders feeding by
sucking insects (e.g., Mattson and Haack 1987a; Connor
1988; Hanks and Denno 1993), or by reducing host
moisture content for gall-forming saw¯ies (Price and
Clancy 1986). Phloem-boring larvae may be especially
vulnerable to moisture conditions because they are em-
bedded in tissues of their host plant. Survival of neonate
bark beetles, for example, may be lower in pine hosts
with high bark moisture content, independent of all-
elopathic oleoresins (e.g., Miller and Berryman 1986).
Sensitivity to bark moisture could account for the as-
sociation between drought stress and host susceptibility
which is typical of many phloem-boring insects (e.g.,
Waring and Cobb 1992; Koricheva et al. 1998), espe-
cially cerambycid beetles (Hanks 1999).

406



Acknowledgements We thank Jose Arredondo, Hung Chau and
Xochilt Vasguez for their technical assistance, Brad Bowers and
Valley Crest Tree Company for supplying potted eucalypt trees,
and Jean Hanks for assistance with data analysis. We also thank
May Berenbaum, Rick Redak and anonymous reviewers for their
constructive comments on the manuscript. This work was sup-
ported by USDA-National Research Initiative Competitive Grant
No. 95-37312-1633.

References

Chararas C (1969a) Biologie et ecologie de Phoracantha semi-
punctata F. (ColeÂ opteÁ re Cerambycidae xylophage) ravageur des
eucalyptus en Tunisie, et methodes de protection des peuple-
ments. Ann Inst Natl Rech For Tunisie 2:1±37

Chararas C (1969b) EÂ tude biologique de Phoracantha semipunctata
F. (ColeÂ opteÁ re Cerambycidae xylophage) speÂ ci®que des Euca-
lyptus en Tunisie et recherches sur la vitaliteÂ et l¢adaptation de
ces essences. C R Acad Agric France 55:47

Connor EF (1988) Plant water de®cits and insect responses: the
preference of Corythucha arcuata (Heteroptera: Tingidae) for
the foliage of white oak, Quercus alba. Ecol Entomol 13:375±
381

Coulson RN (1979) Population dynamics of bark beetles. Annu
Rev Entomol 24:217±246

Drinkwater TW (1975) The present pest status of eucalyptus bor-
ers, Phoracantha spp., in South Africa. In: Durr HJR, Giliomee
JH, Neser S (eds) Proceedings of the First Congress of the
Entomological Society of South Africa. Entomological Society
of South Africa, Pretoria, pp 19±129

Dye PJ (1996) Response of Eucalyptus grandis trees to soil water
de®cits. Tree Physiol 16:233±238

FAO (1981) Eucalypts for planting (Forestry series 11). Food and
Agriculture Organization of the United Nations, New York

Haack RA, Slansky F Jr (1987) Nutritional ecology of wood-
feeding Coleoptera, Lepidoptera, and Hymenoptera. In: Slan-
sky F Jr, Rodriguez JG (eds) Nutritional ecology of insects,
mites, spiders, and related invertebrates. John Wiley, New
York, pp 449±456

Hale MG, Orcutt DM (1987) The physiology of plants under stress.
John Wiley, New York

Hanks LM (1999) In¯uence of the larval host plant on reproductive
strategies of cerambycid beetles. Annu Rev Entomol 44:483±505

Hanks LM, Denno RF (1993) Natural enemies and plant water
relations in¯uence the distribution of an armored scale insect.
Ecology 74:1081±1091

Hanks LM, Paine TD, Millar JG (1991) Mechanisms of resistance
in Eucalyptus against larvae of the eucalyptus longhorned borer
(Coleoptera: Cerambycidae). Environ Entomol 20:1583±1588

Hanks LM, McElfresh JS, Millar JG, Paine TD (1993a)
Phoracantha semipunctata (Coleoptera: Cerambycidae), a seri-
ous pest of Eucalyptus in California: biology and laboratory-
rearing procedures. Ann Entomol Soc Am 86:96±102

Hanks LM, Paine TD, Millar JG (1993b) Host species preference
and larval performance in the wood-boring beetle Phoracantha
semipunctata F. Oecologia 95:22±29

Hanks LM, Paine TD, Millar JG, Hom JL (1995) Variation among
Eucalyptus species in resistance to eucalyptus longhorned borer
in California. Entomol Exp Appl 74:185±194

Hillis WE (1978) Wood quality and utilization. In: Hillis WE,
Brown AG (eds) Eucalypts for wood production. CSIRO,
Melbourne, pp 259±289

Holtzer TO, Archer TL, Norman JM (1988) Host suitability in
relation to water stress. In: Heinrichs EA (ed) Plant stress-insect
interactions. John Wiley, New York, pp 111±137

Koricheva J, Larsson S, Haukioja E (1998) Insect performance on
experimentally stressed woody plants: a meta-analysis. Annu
Rev Entomol 43:195±216

Kramer PJ, Boyer JS (1995). Water relations of plants and soils.
Academic Press, New York

Larsson S (1989) Stressful times for the plant stress-insect perfor-
mance hypothesis. Oikos 56:277±283

Mattson WJ, Haack RA (1987a) The role of drought stress in
provoking outbreaks of phytophagous insects. In: Barbosa P,
Schultz JC (eds) Insect outbreaks. Academic Press, San Diego,
pp 365±407

Mattson WJ, Haack RA (1987b) The role of drought in outbreaks
of plant-eating insects. BioScience 37:110±118

McCawWL (1983) Wood defect associated with ®re scars on jarrah
(Eucalyptus marginata Sm.). Aust For Res 13:261±266

Miller RH, Berryman AA (1986) Carbohydrate allocation and
mountain pine beetle attack in girdled lodgepole pines. Can J
For 16:1036±1040

Old KM, Murray DIL, Kile GA, Simpson J, Malafant KWJ (1986)
The pathology of fungi isolated from eucalypt cankers in south-
eastern Australia. Aust For Res 16:21±36

Paine TD, Millar JG, Hanks LM (1995) Biology of the eucalyptus
longhorned borer in California and development of an inte-
grated management program for the urban forest. Calif Agric
49:34±37

Panshin AJ, Zeeuw C de (1980) Textbook of wood technology:
structure, identi®cation, properties, and uses of the commercial
woods of the United States and Canada. McGraw-Hill, New
York

Pook EW, Forrester RI (1984) Factors in¯uencing dieback of
drought-a�ected dry sclerophyll forest tree species. Aust For
Res 14:201±217

Price PW (1991) The plant vigor hypothesis and herbivore attack.
Oikos 62:2012±2020

Price PW, Clancy KM (1986) Multiple e�ects of precipitation on
Salix lasiolepis and populations of the stem-galling saw¯y,
Euura lasiolepis. Ecol Res 1:1±14

Price PW, Roininen H, Tahvanainen J (1987a) Plant age and attack
by the bud galler, Euura mucronata. Oecologia 73:334±337

Price PW, Roininen H, Tahvanainen J (1987b) Why does the bud-
galling saw¯y, Euura mucronata, attack long shoots? Oecologia
74:1±6

Ra�a KF, Berryman AA (1983) The role of host plant resistance in
the colonization behavior and ecology of bark beetles (Cole-
optera: Scolytidae). Ecol Monogr 53:27±49

Rhoades DF (1979) Evolution of plant chemical defense against
herbivores. In: Rosenthal GA, Janzen DH (eds) Herbivores:
their interaction with secondary plant metabolites. Academic
Press, New York, pp 3±54

SAS Institute (1988) SAS/STAT user's guide for personal com-
puters, release 6.03. SAS Institute, Cary

Scholander PF, Hammel HT, Bradstreet ED, Hemmingson EA
(1965) Sap pressure in vascular plants. Science 148:339±346

Scriven GT, Reeves EL, Luck RF (1986) Beetle from Australia
threatens eucalyptus. Calif Agric 40:4±6

Skene DS (1965) The development of kino veins in Eucalyptus
obliqua L'HeÂ rit. Aust J Bot 13:367±378

Sokal RR, Rohlf FJ (1995) Biometry, 3rd edn. Freeman, New
York

Swart WJ, Conradie E, Wing®eld MJ, Venter WB (1992) E�ects of
water stress on the development of cambial lesions caused by
Cryphonectria cubensis on Eucalyptus grandis. Plant Dis 76:744±
746

Tippett JT (1986) Formation and fate of kino veins in Eucalyptus
L'HeÂ rit. International Association of wood Anatomists Bull
7:137±143

Waring GL, Cobb NS (1992) The impact of plant stress on her-
bivore population dynamics. In: Bernays E (ed) Insect-plant
interactions. CRC Press, Ann Arbor, pp 167±225

White DA, Beadle CL, Worledge D (1996) Leaf water relations of
Eucalyptus globulus ssp. globulus and E. nitens: seasonal,
drought and species e�ects. Tree Physiol 16:469±476

White TCR (1993) The inadequate environment: nitrogen and the
abundance of animals. Springer, Berlin Heidelberg New York

Wilkes J (1986) Host attributes a�ecting patterns of decay in a
regrowth eucalypt forest. Holzforschung 40:37±42

407


