


and adults and larvae have been found on all three
species in several Þeld nurseries in Homestead, FL
(C.M., personal observation).

A basic understanding of the physiological re-
sponses of plants to herbivory may provide critical
information for predicting and preventing crop dam-
age (Welter 1989). Measurements of leaf gas exchange
provide information about the effects of insect feeding
on plant physiology and stress often before the ap-
pearance of any visual symptoms of stress occur
(Welter 1989, Peterson et al. 1992, Peterson et al.
1998). The majority of studies of plant responses to
insect herbivory focused on adult insects feeding on
leaves (Johnson et al. 1983, Li and Proctor 1984, Peter-
son et al. 1998, Klingeman et al. 2000), including
D. abbreviatus (Syvertsen and McCoy 1985). There
have been a few studies reported on the effect of root
damage from insect larvae on leaf gas exchange (God-
frey et al. 1993, Riedell and Reese 1999), and there are
no known reports on the effects ofD. abbreviatus root
herbivory on leaf gas exchange.

The objective of this study was to evaluate the
effects of root feeding by larvae of D. abbreviatus on
net gas exchange and growth of pygmy date palm,
green buttonwood, and live oak.

Materials and Methods

Studies were conducted from October 2003 through
July 2004 at the University of Florida, Tropical Re-
search and Education Center, Homestead, FL (25.5� N,
85.5� W). Two separate experiments were conducted
to determine the effects of 1) root feeding by larvae
of two different ages on leaf gas exchange and plant
growth, and 2) root feeding damage by multiple larval
infestations on leaf gas exchange and plant growth.
The Þrst experiment was conducted on green button-
wood from October 2003 to March 2004 and on live
oak from December 2003 to May 2004. The second
experiment was conducted on green buttonwood,
live oak, and pygmy date palm from January to
July 2004.

Plant and Insect Material

Experiment 1.Green buttonwood in 3.79-liter con-
tainers were purchased from a commercial nursery
(Princeton Nurseries II, Inc., Homestead, FL) and
transplanted into 11.35-liter containers with well
drained media consisting of 40% Florida peat, 30% pine
bark, 10% sand, 20% cypress sawdust, and 6.80 kg
dolomite/91.44 cm purchased from a local soil distrib-
utor (Lantana Peat & Soil, Boynton Beach, FL). Live
oaks in 3.79-liter containers were purchased from a
commercial nursery (Albert Livingston Tree Farms,
Homestead, FL) and transplanted into 11.35-liter con-
tainers in the same media as described for green but-
tonwood trees.
Experiment 2.Young live oak and pigmy date palms

in 3.79-liter containers were purchased from a com-
mercial nursery (Bill Ingram & Grandsons NSY,
Homestead, FL). Green buttonwood trees in 3.79-liter

containers were purchased from another nursery
(Princeton Nurseries II, Inc.). Plants were selected
based on relative uniformity of shoot and canopy size
within each species. All plants were transplanted into
11.35-liter containers in the same media as described
for experiment 1.

All plants in both experiments were fertilized once
before treatment initiation with PlantacotePlus
14-9-15 (NÐPÐK) (Helena Chemical Company, Col-
lierville, TN) controlled release fertilizer (32.5 g per
container). Plants were irrigated twice daily, at 5 a.m.
and at 5 p.m. for 30 min each time. Larvae of
D. abbreviatus were obtained from the Florida Divi-
sion of Plant Industry (Division of Agriculture and
Consumer Services, Gainesville, FL).

Treatments

Experiment 1.Larvae were sorted according to size
so that each treatment would have similar aged in-
stars. The larvae were Þrst separated into medium
(1Ð1.5-cm) or large (2-cm) size classes, measured
from the head to the tip of the abdomen. The head
capsules from 20 randomly selected larvae from each
size class were measured, and average instars per size
class were determined as described by Quintela et al.
(1998). The medium size class contained Þfth to sixth
instars, and the large size class contained eighth in-
stars.

Ten holes were made in the soil surface around each
plant with small spatulas, 4Ð8 cm from the stem, with
2.54-cm spacing between holes. The depth of the holes
alternated at 5 and 10 cm from the soil surface. Two
larvae were placed into each hole by placing one larva
covering it with soil, then placing the second larva and
covering it with soil. Each container was infested with
20 larvae. All containers were irrigated after infesta-
tion to cool the soil and keep larvae from being af-
fected by high soil temperatures.

There were three treatments with 16 replications
per treatment: 1) noninfested controls, 2) infested
with medium larvae, and 3) infested with large larvae.
Three months after infestation, eight replications of
each treatment were harvested to determine whether
larvae were surviving and feeding on the roots. The
remaining eight plants in each treatment were rein-
fested two times at 2-mo intervals with 20 larvae per
container each time. Larvae were selected and placed
into containers as described previously for the Þrst
infestation. All remaining plants were harvested 6 mo
after the initial infestation.
Leaf Gas Exchange. Net CO2 assimilation, stomatal

conductanceofCO2, and transpirationweremeasured
monthly with CIRAS-2 portable gas analyzer (PP Sys-
tems, Hitchin, Hetfordshire, United Kingdom) be-
tween 10 a.m. and noon. Leaf gas exchange was mea-
sured at a photosynthetic photon ßux �900 �mol m�2

s�1 with a halogen lamp Þtted on the leaf cuvette as
the light source. Leaf gas exchange was determined
for two fully expanded leaves of each plant, and the
average of the two leaves was used to represent gas
exchange values for each single-plant replication.
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Root Biomass and Larval Recovery. The roots were
carefully separated from the rooting media and rinsed
with tap water to remove excess soil. Soil from the
roots was placed into bins and carefully inspected for
larvae. Recovered larvae were separated and placed
into holding containers containing 75% ethanol. Ex-
cess water was allowed to drain from roots for 12 h, and
root fresh weights were determined. Roots were oven-
dried at 70�C to a constant weight, and root dry
weights were determined.
Experiment 2. In this experiment, Þfth to sixth in-

stars (determined by head capsule size as described
previously) were used to infest plants. Thirty-two
plants each of green buttonwood, live oak and pygmy
date palm were infested with 20 larvae per container
as described for experiment 1 and 32 plants were left
noninfested as controls. Two months after infestation,
a set of eight infested plants and eight noninfested
plants of each species were harvested. Thereafter,
eight plants of each treatment were harvested
monthly. After each harvest, all remaining plants in
the infested treatment were reinfested with 20 larvae
per container as described for experiment 1. Thus, for
the infested treatment, the Þrst set of plants harvested
was infested with a total of 20 larvae, plants harvested
after 3 mo were infested with a total of 40 larvae (20
per month), plants harvested after 4 mo were infested

with a total of 60 larvae, and plants harvested after 5
mo were infested with a total of 80 larvae.
Leaf Gas Exchange. Leaf gas exchange was mea-

sured monthly before each harvest for each set of
plants as described for experiment 1. For the set of
plants in the Þnal harvest, leaf gas exchange was mea-
sured on the week of infestation and monthly there-
after until the week of harvest.
PlantGrowth andLarvalRecovery. Plant height and

trunk diameter were measured just before treatment
initiation and again before the Þnal harvest. Plant
height was measured from the base of the stem to the
tip of the apical bud by using a measuring tape. For oak
and green buttonwood trunk diameter was measured
at 10 cm above the soil surface with an electronic
digital caliper (Fisher, Pittsburgh, PA). Leaves, stems,
and roots were harvested monthly beginning at the
end of the second month, and the number of recov-
ered larvae and fresh and dry weights of plant tissues
were determined as described for experiment 1. The
ratio of root dry weight to root fresh weight was
determined by dividing the difference between the
fresh and dry root weights by the fresh root weight.
Root dry weight/fresh weight ratios were compared
between treatments at each harvest to determine
whether there was a relationship between root suc-
culence (ratio) and treatment.

Fig. 1. Net CO2 assimilation (A), transpiration (E), and stomatal conductance (gs) of green buttonwood plants infested
with medium or large D. abbreviatus larvae and noninfested control plants. Symbols and bars represent means of eight
replications � 1 SE. Different letters indicate signiÞcant differences among treatments according to LSD test (P � 0.05).
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Temperature Measurements

Air and soil temperatures were measured with
HOBO StowAway data loggers (Onset Computer
Corp., Pocasset, MA). Data loggers used for soil mea-
surements were placed at a depth from the soil surface
of �10 cm in eight 11.35-liter containers with no plants
in them and the same media as the containers with
plants. Air temperature was measured with a data
logger placed under a bench next to the experimental
plants. Mean daily temperatures were recorded (data
not shown).

Statistical Analysis

Data were analyzed by a standard t-test or analysis
of variance, and means were compared with a test for
least signiÞcant difference (LSD) using SAS software
(SAS Institute, Cary, NC).

Results

Experiment 1. Leaf Gas Exchange. Leaf gas ex-
change of green buttonwood and live oak ßuctuated
with temperature, decreasing with dropping temper-
atures and increasing when temperatures increased
for all treatments. At the beginning of the experiment
in October, average monthly temperature was �25�C.

Average air and soil temperatures decreased by the
end of November to 18�C. Average air and soil tem-
peratures began to increase by February to above 21�C
(data not shown).

Larval feeding did not affect leaf gas exchange of
green buttonwood until average temperatures in-
creased above 21�C. At that temperature, net CO2

assimilation, transpiration, and stomatal conductance
of CO2 for all treatments increased from previous
levels. However, control trees had signiÞcantly higher
net CO2 assimilation, transpiration, and stomatal con-
ductance of CO2 than plants infested with medium or
large larvae 4 mo (net CO2 assimilation: F� 8.70; df �
2, 23; P� 0.0018; transpiration: F� 3.47; df � 2, 23; P�
0.05; and stomatal conductance of CO2: F� 5.03; df �
2, 23; P� 0.016) and 5 mo (net CO2 assimilation: F�
15.74; df � 2, 23; P � 0.0001; transpiration: F � 20.06;
df � 2, 23; P � 0.0001; stomatal conductance of CO2:
F� 32.97; df � 2, 23;P� 0.0001) after treatments were
initiated (Fig. 1).

Leaf gas exchange of live oak ßuctuated slightly
with temperature. Treatments were initiated during
December when temperatures were relatively low
and net CO2 assimilation, transpiration, and stomatal
conductance of CO2 were also relatively low and then
increased as average temperature increased. There

Fig. 2. Net CO2 assimilation (A), transpiration (E), and stomatal conductance (gs) of live oak plants infested with medium
or largeD. abbreviatus larvae and noninfested control plants (C). Symbols and bars represent means of eight replications �
1 SE. Different letters indicate signiÞcant differences among treatments according to LSD test (P � 0.05).
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were no signiÞcant differences in net CO2 assimila-
tion, transpiration, and stomatal conductance of CO2

among treatments with a couple of exceptions (Fig. 2).
One exception was 4 mo after the initial infestation
when stomatal conductance of CO2 of the treatment
infested with medium larvae was signiÞcantly lower
than that of the control treatment (Fig. 2). There was
no difference in stomatal conductance of CO2 among
treatments on the last two measurement dates. The
second exception was the signiÞcant reduction in net
CO2 assimilation of the large larvae treatment com-
pared with the control treatment on the Þnal mea-
surement date.
Root Weights and Larval Recovery. Fresh root

weight of green buttonwood plants infested with large
or medium larvae were signiÞcantly lower than that of
the controls (F� 3.73; df � 2, 23; P� 0.04); however,
there was no difference in dry weight (Fig. 3). There
were no signiÞcant differences in root fresh or dry
weights among treatments for live oak. For both plant
species, relatively few larvae were recovered from
individual plants compared with the total number of
larvae placed in each container. The average number
of larvae recovered did not exceed eight per container

for either treatment or plant species. There was no
signiÞcant difference in the number of larvae recov-
ered between the medium and large larvae treatments
for green buttonwood (t � �1.79, df � 14, P � 0.09)
or live oak (t � �0.39, df � 14, P � 0.70), and there
was no signiÞcant differences in the number of larvae
recovered between green buttonwood and live oak
(t � 0.69, df � 28.6, P � 0.49).
Experiment 2. Leaf Gas Exchange. There was tem-

poral variation in net CO2 assimilation, transpiration,
and stomatal conductance of CO2 throughout the ex-
perimental period for all plant species. Net CO2 as-
similation, transpiration, and stomatal conductance of
CO2 were more inhibited by larval infestation in green
buttonwood than in pygmy date palm or live oak.

For green buttonwood plants harvested after 2, 4,
and 5 mo, there were no signiÞcant differences in net
CO2 assimilation, transpiration, or stomatal conduc-
tance of CO2 between treatments before harvest. For
plants harvested after 3 mo, net CO2 assimilation (t�
2.15, df � 14, P � 0.04), transpiration (t � 2.70, df �
14, P� 0.017), and stomatal conductance of CO2 (t�
3.23, df � 14, P � 0.006) were signiÞcantly lower in
infested plants than the noninfested plants (Fig. 4).

Fig. 3. Effect of medium or large D. abbreviatus larvae on mean root fresh and dry weights of green buttonwood trees.
Bars and error bars represent means of eight replications � 1 SD. Different letters indicate signiÞcant differences among
treatments according to LSD test (P � 0.05).
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Net CO2 assimilation, transpiration, and stomatal con-
ductance of CO2 of infested plants were lower than
those of the noninfested controls on every measure-
ment date except the Þrst and last (Fig. 5). There was
a signiÞcant difference in net CO2 assimilation, tran-
spiration, and stomatal conductance of CO2 between
treatments after each harvest at 1 mo [net CO2 as-
similation (t � 11.26, df � 14, P � 0.0001), transpira-
tion (t� 7.00, df � 14, P� 0.0001), stomatal conduc-
tance of CO2 (t� 7.98, df � 14,P� 0.0001)], 2 mo [net
CO2 assimilation (t � 5.56, df � 9.94, P � 0.0002),
transpiration (t� 2.45, df � 13.3, P� 0.029), stomatal
conductance of CO2 (t � 2.24, df � 13.4, P � 0.04)],
3 mo [net CO2 assimilation (t � 4.25, df � 14, P �
0.0008), transpiration (t� 5.91, df � 13.7, P� 0.0001),
stomatal conductance of CO2 (t � 7.22, df � 14, P �
0.0001)], and 4 mo [net CO2 assimilation (t � 2.20,
df � 14, P� 0.04), transpiration (t� 3.44, df � 14, P�
0.03), stomatal conductance of CO2 (t� 3.43, df � 14,
P � 0.004)] (Fig. 5).

For live oak, there was no effect of treatment on net
CO2 assimilation, transpiration, and stomatal conduc-

tance of CO2 on any measurement date before harvest
regardless of the number of infestations. For the set of
plants harvested last, where leaf gas exchange was
measuredmonthlyover time,netCO2 assimilationwas
not signiÞcantly different between treatments except
on the second month when net CO2 assimilation of the
infested plants was signiÞcantly lower than that of the
noninfested controls (data not shown). There were no
effects of treatment on stomatal conductance of CO2

or transpiration on any measurement date.
For pygmy date palms, net CO2 assimilation, tran-

spiration, and stomatal conductance of CO2 were not
signiÞcantly different between treatments regardless
of the number of infestations or harvest date. Stomatal
conductance was lower in infested plants than in the
noninfested plants after 2 mo. Although stomatal con-
ductance of CO2 remained lower in infested plants
than control plants, stomatal conductance of CO2 in-
creased in all treatments by the third month, and
differences between treatments were not signiÞcant
for the remainder of the experiment.

Fig. 4. Net CO2 assimilation (A), transpiration (E), and stomatal conductance (gs) of green buttonwood trees infested
with D. abbreviatus larvae or not infested. Trees harvested after 2 mo were infested once with 20 larvae; plants harvested
after 3, 4, and 5 mo were infested with a total of 40, 60, and 80 larvae respectively. Bars and error bars represent means of
eight replications � 1 SE. Asterisks indicate signiÞcant differences between treatments (P � 0.05).
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Plant Growth and Recovery of Larvae. Plant height
and trunk diameter of green buttonwood did not differ
signiÞcantly between treatments on the initial mea-
surement date. On the Þnal measurement date, plant
height (t � 3.44, df � 12.9, P � 0.004) and trunk
diameter (t � 3.52, df � 11, P � 0.004) were signiÞ-
cantly lower for plants in the infested treatments than
those in the noninfested plants (Table 1). Plant height
and trunk diameter of live oak did not differ signiÞ-
cantly between treatments on the initial or Þnal mea-
surement dates (Table 1).

For green buttonwood, there was a signiÞcant in-
teraction between larval infestation and harvest date
for fresh leaf (F� 4.17; df � 7, 63;P� 0.009), stem (F�
4.61; df � 7, 63; P � 0.005), and root (F � 4.01; df �
7, 63; P � 0.011) weights and dry leaf (F � 4.52; df �
7, 63; P� 0.006), stem (F� 4.18; df � 7, 63; P� 0.009),
and root (F � 6.34; df � 7, 63; P � 0.0009) weights.
Therefore, larval effects on leaf, stem, and root fresh
and dry weights were analyzed separately on each
harvest date. Leaf, stem, and root fresh weights were
lower for infested than noninfested green buttonwood

Fig. 5. Net CO2 assimilation (A), transpiration (E), and stomatal conductance (gs) of green buttonwood trees infested
monthly with 20 larvae or not infested. Symbols and bars represent means � 1 SE. Asterisks indicate signiÞcant differences
between treatments (P � 0.05).

Table 1. Effect of D. abbreviatus larvae on height and trunk diameter of green buttonwood and live oak trees

Species Treatment n

Plant ht (cm) � SD Trunk diam (mm) � SD

Initial
17 Feb. 2004

Final
22 July 2004

Initial
17 Feb. 2004

Final
22 July 2004

Green buttonwood Infested 8 65.5 � 2.3a 71.3 � 12.7 8.2 � 0.6 9.4 � 2.8
Noninfested 8 62.1 � 5.9 90.5 � 9.4 8.0 � 0.6 13.4 � 1.6
P 0.1b 0.004 0.55 0.004

Live oak Infested 8 94.6 � 5.9 121.4 � 20.0 14.1 � 3.2 18.2 � 3.3
Noninfested 8 93.3 � 5.1 134.3 � 34.8 13.0 � 2.7 16.5 � 3.8
P 0.65 0.38 0.46 0.35

aMean � SD.
b SigniÞcance level (P � 0.05) determined with a standard t-test.
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plants at each harvest date except the Þrst when there
were no differences in leaf and stem weights between
treatments (Table 2). Leaf dry weight of green but-
tonwood was lower for infested than noninfested
plants harvested after 3 or 5 mo. Stem dry weights
were not signiÞcantly different between treatments
for plants that were harvested after 2 mo. However,
stem dry weight of infested plants was signiÞcantly
lower than that of the control plants harvested after 3,
4, or 5 mo (Table 2). Root dry weights on all four
harvestdateswere signiÞcantly lower for infested than
control plants (Table 2). The root fresh weight/dry
weight ratio for green buttonwood did not differ be-
tween treatments for the Þnal two harvests (P� 0.05);
however, there was a signiÞcantly greater ratio for the
control treatment than for the larval infested treat-
ment at the Þrst two harvests (P � 0.5; data not
shown).

There were no signiÞcant interactions between
treatment and harvest date for leaf, stem, and root
fresh and dry weights of live oak or pygmy date palm
(P � 0.05). Therefore, harvest dates were pooled for
each species to test the effect of larval root feeding on
leaf, stem, and root fresh and dry weights. For live oak,
there were no signiÞcant effects of treatment on leaf,
stem, and root fresh or dry weights (Table 3). Infested
pygmy date palms had signiÞcantly lower leaf, stem,
and root fresh and dry weights than noninfested plants
(Table 3). The root dry weight/fresh weight ratio for
live oak and pygmy palm did not differ between in-
fested and control plants (P � 0.05; data not shown).
For both pygmy palm and live oak, the number of
larvae recovered at each harvest was �10.

There was a signiÞcant effect of harvest date on the
number of larvae recovered from green buttonwood
(F� 27.64; df � 3, 31; P� 0.0001), live oak (F� 10.15;
df � 3, 31;P� 0.0001), and pygmy date palm (F� 7.79;
df � 3, 31; P� 0.0006) (Table 4). There tended to be
more larvae recovered from green buttonwood than
from live oak or pygmy date palm; however, the dif-
ferences were not signiÞcant until the last harvest date
when more larvae were recovered from green but-
tonwood (F� 7.00; df � 2, 23; P� 0.004) than live oak
or pygmy date palm (Table 4).

Discussion

In experiment 1, average monthly temperatures had
dropped from �27�C in October to �18�C in Decem-
ber, including several days with minimum tempera-
tures below 10�C. In green buttonwood, the reduction
in net CO2 assimilation, transpiration, and stomatal
conductance of CO2 of trees in all treatments 2 mo
after infestation was presumably the result of low
temperature because leaf gas exchange of all treat-
ments, including controls was reduced. As the average
monthly air and soil temperatures increased to �21�C
by the end of February, net CO2 assimilation, tran-
spiration, and stomatal conductance of CO2 of all
treatments increased.These results are similar to those
of Taylor and Rowley 1971 who observed an imme-
diate reduction in leaf photosynthesis in sorghum
(Sorghum hybrid), maize (Zea mays L.) and pennis-
etum (Pennisetum typhoides Burm.) as temperatures
declined from 25 to 10�C and then increased as tem-
perature returned to 25�C. Reductions in net CO2

Table 3. Effect of D. abbreviatus larvae on leaf stem and root fresh and dry weights of live oak and pygmy date palm

Species Treatment n
Fresh wt (g) � SD Dry weight (g) � SD

Leaf Stem Root Leaf Stem Root

Live oak Noninfested 32 89.0 � 28.3a 233.4 � 87.1 394.8 � 115.8 45.9 � 16.0 136.8 � 53.4 221.4 � 65.5
Infested 32 84.6 � 31.7 245.4 � 84.9 372.8 � 164.6 41.8 � 16.2 143.8 � 49.6 211.2 � 97.9
P 0.55b 0.57 0.53 0.31 0.58 0.62

Pygmy palm Noninfested 32 171.0 � 49.1 182.9 � 57.2 322.5 � 151.4 67.9 � 19.0 94.5 � 36.0 113.3 � 43.7
Infested 32 148.0 � 49.7 146.2 � 58.3 239.7 � 177.1 58.5 � 19.4 72.9 � 38.2 84.6 � 49.1
P 0.06 0.01 0.04 0.05 0.02 0.01

aMean � SD.
b SigniÞcance level (P � 0.05) determined with a standard t-test.

Table 2. Effect of D. abbreviatus larvae on green buttonwood leaf, stem, and root fresh and dry weights at each harvest date

Plant
tissue

Treatment n
Fresh wt (g) � SD Dry wt (g) � SD

April 2004 May 2004 June 2004 July 2004 April 2004 May 2004 June 2004 July 2004

Leaf Noninfested 8 197.2 � 30.8a 219.2 � 45.4 247.6 � 26.7 254.5 � 41.4 73.5 � 12.0 80.3 � 14.9 99.7 � 9.6 97.8 � 15.7
Infested 8 186.3 � 28.9 112.4 � 70.2 188.0 � 91.7 100.3 � 97.8 74.2 � 16.1 43.4 � 25.8 75.9 � 39.1 37.5 � 38.1
P 0.47b 0.003 0.09 0.001 0.91 0.004 0.11 0.001

Stem Noninfested 8 86.2 � 8.3 102.5 � 23.3 130.3 � 16.9 142.3 � 27.6 36.0 � 3.5 45.4 � 8.0 66.7 � 12.4 65.3 � 15.7
Infested 8 76.7 � 14.1 58.5 � 31.0 103.0 � 28.9 68.8 � 38.9 32.8 � 7.3 28.5 � 13.3 49.1 � 15.0 31.8 � 15.7
P 0.13 0.006 0.04 0.001 0.28 0.009 0.02 0.001

Root Noninfested 8 143.6 � 24.8 128.0 � 21.3 184.9 � 34.5 244.0 � 49.5 54.5 � 7.8 65.7 � 8.2 84.2 � 8.7 100.4 � 12.3
Infested 8 85.0 � 19.9 40.9 � 23.3 109.2 � 56.9 79.4 � 93.0 37.1 � 5.8 25.5 � 13.7 57.5 � 26.9 33.4 � 32.3
P 0.0002 �0.0001 0.007 0.001 0.0002 �0.0001 0.01 �0.0001

a Mean � SD.
b SigniÞcance level (P � 0.05) determined with a standard t-test.
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assimilation also have been observed in tropical
woody plant species such as avocado (Persea ameri-
cana Mill.) and mango (Mangifera indica L.) in re-
sponse to low temperatures (Whiley et al. 1999).
Green buttonwood is a tropical plant species native to
southern Florida and its distribution into central and
northern Florida is limited by low winter tempera-
tures (Tomlinson 1980). The signiÞcant difference in
net CO2 assimilation, transpiration, and stomatal con-
ductance of CO2 between treatments when temper-
ature increased was presumably a result of increased
larval activity and root feeding in the infested treat-
ment when root temperature had warmed. LaPointe
(2000) found that the growth rate of D. abbreviatus
larvae increased exponentially with temperature from
15 to 30�C and the optimal temperature for larval
development was between 22 and 26�C. Although net
CO2 assimilation, transpiration, and stomatal conduc-
tance of CO2 were very low during periods of low soil
temperature, the average midday soil temperature
presumably warmed enough for some larval root feed-
ing to occur. There are no other known reports of the
effects of root feeding byD. abbreviatus larvae on net
CO2 assimilation, transpiration, and stomatal conduc-
tance of CO2. However, western corn root worm,
Diabrotica virgifera virgifera LeConte, caused reduc-
tions in net CO2 assimilation when larvae were ac-
tively feeding on maize root systems but did not affect
net CO2 assimilation when the larvae reached the
quiescent pupal stage (Godfrey et al. 1993, Riedell and
Reese 1999). In experiment 1, green buttonwood
plants infested with large larvae (eighth instar) ex-
hibited lower net CO2 assimilation, transpiration, and
stomatal conductance of CO2 than those infested with
medium-sized larvae (Þfth to sixth instar). It has been
reported that weight gain is greatest in larvae between
sixth and ninth instars because at these stages larvae
require large amounts of nutrients and therefore cause
signiÞcant injury to plants (Quintela et al. 1998, Rog-
ers et al. 2000). After the Þrst infestation in experiment
1, soil temperatures below 15�C may have caused some
larval mortality (LaPointe 2000), and some larvae may
have become quiescent and pupated, thereby reduc-
ing the amount of damage caused by root feeding.
However, reinfestation of larvae may have allowed the
larger larvae to continue to cause signiÞcantly more
damage.

Net CO2 assimilation, transpiration, and stomatal
conductance of CO2 were not as sensitive to larval
infestation in live oak as in green buttonwood. The oak

treatments were initiated later than the green button-
wood when temperature, on average, had increased to
above 21�C. Therefore, the temperature was presum-
ably not low enough during the oak study to affect leaf
gas exchange. Larval infestation did not signiÞcantly
and consistently affect leaf gas exchange of oak during
the 6-mo infestation period.

For green buttonwood, infested plants had lower
root fresh and dry weights than the controls. However,
the differences were signiÞcant only on fresh root
weights. Others also have reported reductions in root
weight caused by D. abbreviatus larval feeding (Rog-
ers et al. 2000, Nigg et al. 2001, Mannion et al. 2003).
For live oak, root fresh and dry weights were not
signiÞcantly different from the control trees. Green
buttonwood root systems seemed to have more dam-
age than those of the live oak, which may be due, in
part, to the differences in root system anatomy of both
species. The root system of green buttonwood was
more succulent and Þbrous than that of live oak. The
fast-growing succulent roots of green buttonwood
may be the reason that the weevil larvae prefer green
buttonwood as a host over many other ornamental
plant species (Mannion et al. 2003). Live oak had some
root damage in the form of tunneling through the bark
and cambium layer on the larger lateral roots and a
noticeable reduction in the number of smaller Þbrous
feeder roots. However, the majority of root mass was
in the large primary tap and lateral roots that were
relatively thick and root feeding did not seem to re-
duce root weight.

In experiment 2, green buttonwood trees were af-
fected by larval root feeding more than pygmy date
palm or live oak. Infestation by D. abbreviatus larvae
caused a reduction in net CO2 assimilation, transpi-
ration, and stomatal conductance of CO2 of green
buttonwood. This is consistent with results from ex-
periment 1, in which there were reductions in net CO2

assimilation, transpiration, and stomatal conductance
of CO2 of infested plants. Several green buttonwood
plants were showing signs of leaf yellowing, defolia-
tion, and wilting before harvest. These symptoms are
typical of intense weevil damage (Knapp et al. 2000).
Live oak responded as they did in experiment 1, in that
there were no visible signs of damage to the canopy
and no signiÞcant reductions in net CO2 assimilation,
transpiration, and stomatal conductance of CO2

caused by larval root feeding. For pygmy date palms,
there were no visible signs of stress to the canopy and
net CO2 assimilation, transpiration, and stomatal con-

Table 4. Number of D. abbreviatus larvae recovered from plants harvested 2, 3, 4, or 5 mo after infestation

Species n
Mean no. of larvae (� SD)

2 mo 3 mo 4 mo 5 mo

Green buttonwood 8 8.6 � 1.3aAa 10.0 � 2.0aA 4.3 � 2.2bA 2.8 � 1.8bA
Live oak 8 7.9 � 3.9aA 9.9 � 4.9aA 3.9 � 3.0bA 1.1 � 0.8bB
Pygmy palm 8 7.6 � 2.4aA 5.8 � 4.1abA 3.8 � 3.9bA 0.5 � 0.8cB

Total number of larvae infested for Þrst harvest, 20; second harvest, 40; third harvest, 60; and fourth harvest, 80.
aMeans within a row followed by different lower case letters and means within a column with different capital letters are signiÞcantly

different according to LSD test (P � 0.05).
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ductance of CO2 were not signiÞcantly affected by
treatment. Again, green buttonwood may have been
more sensitive than live oak and pygmy date palm
because of its ßeshier root system, which may have
encouraged more larval root feeding.

Leaf, stem, and root fresh and dry weights were
signiÞcantly lower for infested green buttonwood
than for control plants. Most infested plants, especially
those with canopies showing signs of stress, had ob-
vious root feeding damage and very limited root sys-
tems. Only one green buttonwood plant showing se-
vere stress died before harvest; all the other green
buttonwood plants survived. The roots, stems, and
leaves of infested green buttonwood trees were no-
ticeably smaller than those of the control trees. Green
buttonwood trees infested monthly and harvested at
the end of the experiment had signiÞcantly less trunk
diameter and height than the controls. A reduction in
root weight and trunk diameter because of D. abbre-
viatus larval root feeding also has been observed by
others (Nigg et al. 2001, Mannion et al. 2003). In
experiment 2, green buttonwood plants that showed
signs of leaf yellowing, and wilt had the greatest re-
duction of growth. As in experiment 1, infested live
oak did not have lower root weight than noninfested
trees. Trunk diameter and plant height of live oak
harvested at the end of the experiment 2 were not
signiÞcantly affected by treatment. The reasons for
this Þnding are not clear because larvae were recov-
ered from live oak, and there were signs of feeding
damage. It seems that oaks are more tolerant to root
damage than green buttonwood, and it may take a
longer period of feeding to cause signiÞcant damage to
live oak.

For pygmy date palm, root fresh and dry weights
were lower for infested than those of noninfested
trees. Pygmy date palm is a monocot with an adven-
titious root system (Broschat and Meerow 2000). Al-
though these adventitious roots are relatively tender
and succulent and had obvious signs of root feeding,
there were fewer larvae recovered at each harvest
compared with green buttonwood and live oak. This
may explain why green buttonwood had more damage
than pygmy date palm despite the palmÕs succulent
adventitious root system, i.e., there presumably was
greater feeding pressure on green buttonwood, which
is a preferred host (Mannion et al. 2003). In contrast,
live oak has a much tougher root system, which pre-
sumably was more resistant to larval feeding than roots
of the other species.

Although there was obvious feeding damage found
on the root systems of green buttonwood, live oak, and
pygmy date palm, only green buttonwood showed
signs of severe stress in the form of leaf yellowing, wilt,
and a signiÞcant reduction in leaf gas exchange and
plant growth. These tests were performed in contain-
ers with young trees, and although larval feeding pres-
sure was high due to reinfestation with larvae, the
treatment period in these experiments lasted only a
few months. The negative effects of larval root feeding
most likely are cumulative with constant feeding pres-
sure as it occurs in the Þeld with multiple generations

feeding year after year. Thus, under the conditions
and parameters of these studies, D. abbreviatus could
be considered an economic pest of green buttonwood.
Further studies need to be conducted on plants in the
Þeld whereD. abbreviatus are present year-round and
where there are larvae continually feeding and dam-
aging roots over a long period.
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