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Abstract--Projected decreases in stratospheric ozone may result in increases 
in shortwave ultraviolet (UVB) irradiation at the earth's surface. Furanocou- 
matins, phototoxic compounds found in Citrus jambhiri foliage, increase in 
concentration when these plants are grown under enhanced UVB. Survivorship 
schedules of Trichoplusia ni (Lepidoptera: Noctuidae) caterpillars reared on 
plants in the presence and absence of enhanced UVB regimes differ signifi- 
cantly; larvae develop more slowly in early life when reared on plants exposed 
to increased UVB. This same developmental pattern is observed when T. ni 
larvae are reared on artificial diets amended with ecologically appropriate 
amounts of fumnocoumarins. Thus, anthropogenically derived changes in 
stratospheric ozone and concomitant changes in UV light quality at the earth's 
surface may influence ecological interactions between insects and their host 
plants by altering secondary metabolism and hence foliage quality for herbi- 
vores. 

Key Words--Citrus jambhiri, Trichoplusia hi, Lepidoptera, Noctuidae, ber- 
gapten, furanocoumadns, phototoxins, plant-herbivore interactions, psoralen, 
ultraviolet-B radiation. 

INTRODUCTION 

Cur ren t  e v i d e n c e  sugges t s  tha t  a n t h r o p o g e n i c a l l y  de r i ved  a t m o s p h e r i c  inputs  

h a v e  cause d ,  and  wil l  c o n t i n u e  to cause ,  d e c r e a s e s  in  s t r a tospher i c  o z o n e  leve l s  
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(International Ozone Trends Panel, 1988). The result of these decreases will be 
an increase in ultraviolet-B (UVB; 280-315 nm) radiation at the earth's surface 
(Blumthaler and Ambach, 1990, 1991). Increases in UVB have been shown to 
impair plant growth (Teramura, 1990), alter competitive interactions between 
plants (Barnes et al., 1988), and change levels of allelochemicals in plant tissues 
(McCloud et al., 1992; Larson et al., 1990; and see reviews in Caldwell et a l ,  
1989; Berenbaum, I988). While a recent study (Quaite et al., 1992) suggests 
that the direct effects of enhanced UVB on plant DNA may be less harmful than 
expected, effects on DNA may not be readily generalized to whole plants. 
Indeed, when whole plant effects are considered, the impact of UVB radiation 
varies widely both within and between species; there are both resistant and 
susceptible cultivars in crops such as soybeans and there are differences in UV 
sensitivity between plant species (Teramura, 1990). Effects of UVB radiation 
on plant growth have often proven difficult to demonstrate, yet alterations of 
secondary metabolism are well documented (Caldwell et al., 1989). Despite 
these findings, there is a remarkable paucity of studies investigating the effects 
of increased UVB on interactions between plants and their consumers (Pana- 
gopolous, 1992; Orth et al., 1990; Yazawa et al., 1992). Collectively, plants 
and their insect consumers represent approximately 50% of biotic diversity on 
the planet (Strong et al., 1984). Thus, effects of increased UVB radiation present 
the possibility for profound alterations of terrestrial ecosystems through effects 
on interactions between producers and consumers. 

Citrus jambhiri (rough lemon) is a rootstock plant used in commercial 
citriculture. Rootstock selection can have a profound effect on the properties of 
the scion; also, large numbers of rootstock seedlings must be propagated for 
grafting. We chose citrus for our model system since few studies have examined 
the effects of increased UVB irradiation on tropical or semitropical plants. 
Because natural levels of UVB radiation are higher in the tropics, tropical plants 
may be less susceptible to UV damage, although, since UVB radiation is less 
variable in the tropics than in temperate regions (Bowman and Kreuger, 1985), 
these plants may nonetheless be susceptible to radiation levels at or above the 
contemporary extremes. 

Another reason for selecting Citrus jambhiri was that we were interested 
in examining the effects of UVB not on growth and primary metabolism but 
rather on secondary metabolism and foliage quality for insect herbivores. Several 
classes of allelochemicals are ubiquitous in the genus Citrus: among these are 
monoterpene essential oils, the oxygenated triterpene limonoids, coumarins, and 
furanocoumarins (Waterman and Grundon, 1983; Murray et al., 1982). Fur- 
anocoumarins, phototoxic compounds found in the foliage of C. jambhiri and 
other rutaceous plants, are highly toxic to generalist insect herbivores and have 
been implicated in pathogen resistance in Citrus as well as other plants (Martin 
et al., 1966a,b; Pirone et al., 1960). Trichoplusia ni (Lepidoptera: Noctuidae), 
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the cabbage looper, is a generalist lepidopteran that includes Citrus among its 
hosts (Eichlin and Cunningham, 1978; Tietz, 1972). The susceptibility of T. ni 
to many types of phototoxic and nonphototoxic allelochemicals is documented 
(Lee, 1991; Ahmad and Pardini, 1990; Bosio et al., 1990, Lee and Berenbaum, 
1989; Larson et al., 1988; Wadleigh and Yu, 1988; Prabhaker, 1986; Altieri 
et al., 1984); so far, limonoids have not been active against T. ni (Altieri et al., 
1984), while furanocoumarins have proven highly toxic to this generalist her- 
bivore. In C. jambhiri leaves, the major furanocoumarins that we have been 
able to detect are bergapten and psoralen (McCloud et al., 1992). 

Here, we present the results of the first study to test directly the conse- 
quences of UVB enhancement on plant-insect interactions in a way that approx- 
imates stratospheric ozone depletion. In addition, we provide evidence that 
radiation in the UVB waveband can activate plant-derived photosensitizing 
agents, resulting in phototoxicity to insects. Although previous work has dem- 
onstrated that ultraviolet-A (UVA) radiation can potentiate furanocoumarins 
(Berenbaum, 1991; Trumble et al., 1991), this study represents the first evidence 
that UVB radiation applied in a fashion directly relevant to stratospheric ozone 
depletion can do so. 

METHODS AND MATERIALS 

We separated the components of this plant-insect interaction by exposing 
C. jambhiri to elevated UVB radiation in the absence of herbivores, by rearing 
T. ni on artificial diets amended with ecologically relevant concentrations of 
furanocoumarins, and, finally, by rearing 7". ni to pupation on plants receiving 
increased UVB irradiation. 

Plant Culture and UVB Irradiation. We examined furanocoumarin changes 
in C. jambhiri in the presence of increased UVB irradiation by growing rooted 
cuttings in the greenhouse under banks of fluorescent UVB bulbs. Cuttings taken 
from three mature C. jambhiri trees were rooted and allowed to grow six weeks 
before exposure to UVB. Ten cuttings of similar size and degree of apical 
dominance were selected from each of the three parental groups to yield three 
clones. Each clone of 10 cuttings was then randomly divided in half such that 
15 potted cuttings (five individuals from each of three clones) were assigned to 
treatment and control groups. 

To expose plants to UVB irradiation, we employed the standard irradiation 
protocols used in studied of simulated stratospheric ozone depletion (e.g., Mid- 
dleton and Teramura, 1993; Mirecki and Teramura, 1984). Two banks of West- 
inghouse FS-72 fluorescent UV bulbs were suspended over each half of a 1.67 
x 4.3 m greenhouse bench. Each rack was composed of 14 bulbs placed on 
20-cm centers. Half of the lamps (one side of the bench) were wrapped with 
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type S Mylar film (Gar-Ron Plastics, Baltimore, Maryland) to block UVB. This 
film does not transmit UVB wavelengths (280-320 nm); its cutoff is near 315 
nm. The remaining lamps were wrapped with cellulose acetate (Folex, Inc., 
Palmyra, New Jersey) film, which has a lower cutoff and allows UVB to pass. 
UVB bulbs were illuminated for 8 h/day, centered in the 14-hr photoperiod of 
the experiment. The plants were arranged in a 3 x 5 array under each bench 
half. Plants were periodically randomized within a bench half and bench sides 
were periodically switched to avoid position effects. 

UVB dose was measured as biologically effective radiation normalized at 
300 nm (BE30o, see Mirecki and Temmura, 1984; Warner and Caldwell, 1983) 
and monitored frequently with a UVB radiometer (SED-240, International Light 
Inc., Newburyport, Massachusetts) calibrated with a portable spectroradiometer 
(Optronics OL752, Optronics Labs Inc., Orlando, Florida). BE30 o is a measure 
of the integrated fluence over the UVB waveband weighted according to Ca/d- 
well's generalized plant action spectrum (Ca/dwell, 1971). We used a moderate 
(6.4 El/day, BE30o) daily dose of UVB for our treatment. This dose simulates 
a very modest increase in UVB flux during the early season leaf flushing period 
for most citrus-growing regions in the United States. For instance, at 30°N 
latitude, the UVB flux predicted by a standard radiative transfer model (Green 
et al., 1980) ranges from 1.4 El/day BE3o o on January 1 to 5.5 El/day BE3o o 
on April 1. According to this model, UVB flux levels can increase to 9.1 
El/day at this latitude; however, the model may tend to predict higher flux levels 
than are actually measured. Booker et al. (1992) found that, in some cases, the 
model predicted flux levels that were 30% higher than measured levels. Thus, 
our experimental conditions represent a very conservative increase in UVB flu- 
ence, which may more realistically simulate the UVB environment of citrus in 
the near term. 

Since photosynthetic photon flux density can interact with enhanced UVB, 
aggravating its effects when photosynthetically active radiation levels are low 
(Ca/dwell, 1971; Mirecki and Teramura, 1984), we supplemented light levels 
with an additional bank of metal halide lamps. Eight high intensity discharge 
metal halide lamps were situated approximately 1.5 m over the banks of flu- 
orescent UVB bulbs to supplement light entering the greenhouse. The metal 
halide lamps were evenly spaced in a rectangular army over the bench upon 
which the plants were grown. 

The potted cuttings, which were undergoing a vigorous growth flush, grew 
for 10 days under the light racks before harvest and chemical analysis. At 
harvest, leaves were divided into those that completed or began expansion during 
the experimental period (young leaves) and those that were fully expanded and 
hardened before the experimental period began (old leaves). A randomly selected 
sample of young leaves and old leaves from each plant was removed and imme- 
diately frozen on dry ice for furanocoumarin and soluble protein analysis. 
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Furanocoumarin and Soluble Protein Assay. Fresh-frozen leaf material was 
weighed and ground in a mortar under liquid N2. The leaf powder was then 
suspended in cold Tris buffer (50 mM, pH 8) and vortexed; an aliquot was 
taken for soluble protein measurement. Aliquots were centrifuged to remove 
particulates (14,000g, 10 rain) and the supematants were precipitated with an 
equal volume of cold 10% trichloroacetic acid. The precipitates were than redis- 
solved in 0.1 M NaOH for protein analysis by the Lowry method (Lowry et 
al., 1951). The remaining leaf suspension was extracted with EtOAc and fur- 
anocoumarins were measured by HPLC of the extracts (McCloud et al., 1992). 

Artificial Diet Experiments. C. jambhiri foliage contains amounts of fur- 
anocoumarins that are relatively low in comparison to other furanocoumarin- 
containing species (Berenbaum, 1991; McCloud et al., 1992). In order to deter- 
mine if such small amounts of these potent phototoxins might affect the growth 
and development of T. ni, we reared caterpillars on artificial diets to which 
furanocoumarins had been added. Furanocoumarin toxicity was assayed in two 
separate experiments: in the first we exposed the caterpillars to levels of UVB 
that simulate ambient midsummer radiation in temperate latitudes; in the second, 
the range of furanocoumarin levels assayed was expanded and supplemental 
UVB was not provided. Comparison of these two experiments provides an esti- 
mate of UVB-potentiated phototoxicity of furanocoumarins. In the experiment 
in which larvae received supplemental UVB irradiation, caterpillars were irra- 
diated for 2 hr each day under Westinghouse FS-40 bulbs wrapped in cellulose 
acetate as above. Here, the dose was 3.2 kJ/day BE30o. During irradiation, 
visible light was supplied with fluorescent (Phillips Cool White) bulbs. Fluence 
levels (photosynthetically active radiation) were typically 250/~mol/m2/sec. 

Artificial diets were prepared according to a standard method modified from 
Waldbauer et al. (1984). Bergapten, psoralen, or a 1 : 1 mixture of the two were 
dissolved in a small volume of acetone and added to artificial diet while the diet 
was still liquid. Furanocoumarin concentrations used in the experiment in which 
caterpillars received UVB irradiation were 100 and 10 /zg/g. In the second 
experiment, the larvae received furanocoumarin concentrations ranging from 10 
to 160/~g/g. Due to limitations in space and chemical availability, some com- 
binations were omitted (see results). Control diets had acetone added alone. 
Diets were mixed thoroughly, dispensed into 1.5-oz plastic creamer cups, and 
allowed to solidify. Solid diet were held for two days to allow the acetone to 
evaporate before neonate T. ni were introduced. Caterpillars that had hatched 
within an 8-hr period were considered a cohort and were placed singly into diet 
cups. The cups were covered and held in an insectary at 30°C for the duration 
of larval development. 

T. ni on C. jambhiri. Cohorts of T. ni larvae were reared from egg hatch 
to pupation on plants growing under enhanced UVB. Three neonate T. ni were 
introduced onto each of 60 rooted C. jambhiri cuttings. Half of the plants were 
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randomly assigned to receive UVB treatment and half served as controls. Plants 
were periodically rotated as before, and the cuttings had been growing under 
control or enhanced UVB light conditions for two weeks before the caterpillars 
were placed on them. UV fluence levels were monitored and adjusted as in 
previous experiments. Larval development was tracked until pupation, at which 
point pupae were brought to the laboratory and held until adult eclosion. Larval 
development was assessed by censusing infested plants daily and noting the 
instar of each caterpillar on each date. 

RESULTS 

Exposure to elevated levels of UVB irradiation significantly increased foliar 
furanocoumarins (Table 1). Results from the furanocoumarin assays were ana- 
lyzed as a balanced completely crossed three-way analysis of variance with plant 
clone, UVB treatment, and leaf age as fixed effects. Because of variability from 
clone to clone, we included clonal identity in our experimental design in order 
to increase our ability to see effects due to UVB irradiation. However, clonal 
origin did not account for a significant portion of the variance in furanocoumarin 
concentration in this experiment. Furanocoumarin induction was greatest in 
young leaves, in which we observed an appropriate 2.5-fold rise in psoralen 
levels, while the concentration of bergapten was slightly less than doubled (Table 
1). Soluble leaf protein content was not significantly altered by UVB treatment 
(Table 1). 

TABLE 1. MEAN CONCENTRATIONS (±SE) OF FURANOCOUMARINS AND SOLUBLE 
PROTEIN IN LEAF TISSUE OF C. j a r n b h i r i  a 

P values 

UV + UV_ UVB Leaf age UVB x leaf age 

Psoralen 
Young leaves 49.3(9.4)  20.8(3.8) 
Old leaves I3.0(3,I) 8.2(2.0) 0.006 0.0001 0.0506 

Bergapten 
Young leaves 29.1(4.6)  16.0(1.9) 
Old leaves 27.8(7.1) 13.5(1.9) 0.01 0.876 0.736 

Protein 
Young leaves 9.7(2.4) 7.6(1.1) 
Old leaves 10.3(0.9) 8.7(t .0) 0.132 0.707 0.680 

a Furanocoumarin amounts are ~tg g-t, protein amounts are mg/g. P values from ANOVA with UV 
treatment, leaf age, and plant clone (not shown) as main effects. 
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Larvae reared from egg hatch to pupation in the presence of supplemental 
UVB suffered complete mortality when their diets contained psoralen and ber- 
gapten (Table 2). The same total furanocoumarin amount (100/~g/g) was less 
toxic when the added furanocoumarin was bergapten alone. However, bergapten 
did lower survivorship relative to controls at this concentration (Table 2). The 
low bergapten concentration (10 /~g/g), did not. Mean development time of 
caterpillars on unamended diet was not significantly different from that of cat- 
erpillars surviving to pupation on amended diets, not did pupal weights of sur- 
vivors on the control and furanocoumarin-containing diets differ significantly. 

An expanded range of test concentrations of furanocoumarins allowed us 
to determine the minimum concentrations necessary to affect caterpillar devel- 
opment in the absence of supplemental UVB. Early larval development was 
significantly retarded by a dose of 80/~g/g of either bergapten or psoralen in 
artificial diet (Table 3). Caterpillars feeding on diets at this concentration grew 
to less than half the size of control larvae after five days. In contrast, the 
bergapten concentration required to extend the larval period relative to controls 
was twice this amount, 160/zg/g (Table 3). While psoralen is far more toxic to 
a variety of organisms than bergapten in the presence of UV light (Pathak and 
Fitzpatrick, 1959; Tuveson et al., 1986), its "dark"  toxicity in this experiment 
was similar to that of bergapten (Table 3). Caterpillars reared from diets con- 
taining concentrations of furanocoumarins less than 160 ~g/g suffered devel- 
opmental rate depression in early life but completed development at the same 
time as controls. 

TABLE 2. PERFORMANCE OF T. ni EXPOSED TO SIMULATED AMBIENT UVB oN 

ARTIFICIAL DIETS CONTAINING FURANOCOUMARINS a 

50 #gig each 
psoralen and 100gg/g 10 #g/g 

bergapten bergapten bergapten Control 
(N = 35) (N = 35) (N = 35) (N = 36) P 

% 5th instar survivorship 0 54.3 77.1 88.9 0.001 
% survivorship to pupation 0 25.7 54.3 52.8 0.001 
Days to pupation 12.4 12.7 11.9 0.176 
Mean pupal weight 148.6 148.9 148.5 0.999 

~P values for days to pupation and mean pupal weight (mg) from one-way analysis of variance. P 
values for survivorship to pupation and 5th instar survivorship from G test for 4 x 2 contingency 
tables. Fifth instar survivorship and survivorship to pupation of caterpillars receiving 100 t~g/g 
bergapten in diet are significantly different from control (G = 11.05, P = 0.0012, fifth-instar 
survivorship; G = 5.535, P = 0.0197, survivorship to pupation). Caterpillars were reared under 
3.2 El/day (UVB, BE3ao). 
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Change in fotiar furanocoumarin levels following exposure to UVB and 
developmental delay in young larvae reared from furanocoumarin-containing 
diets provide a context in which to evaluate larval development when the insects 
are reared on UVB-irradiated plants. We used survivorship analysis (SAS Insti- 
tute, 1989) to compare mean life expectancies between the two groups. This 
analysis treats plants as experimental units and compares the distributions of  the 
times elapsed until the loss of  all caterpillars from a plant. Survivorship of  larvae 
reared on plants grown under enhanced UVB was significantly lower than that 
of  larvae on plants without supplemental UVB (log rank chi-square = 4.36, df 
= 1, P = 0.036, Figure 1). Unexpectedly, the pupal weights of  survivors from 
the UVB-treated plants were greater (163 + 5 mg, SE, N = 49, no UVB; 178 
+ 5 mg, SE, N = 35, UVB treated; P = 0.0315) than pupal weights of  survivors 
from the treated plants. 

Development on UVB-irradiated plants paralleled the pattern observed when 
low concentrations of furanocoumarins were fed to the caterpillars in artificial 
diets. Caterpillars feeding on plants under enhanced UVB had depressed devel- 

100. 
e~ 
• r- 90 ! 

"~ 80" 
r~ 
~ 7o 

6o 

50 

4'  

2" 

UV + 
UV- 

2 3 4 5 6 7 8 9 10 11 12 
Day 

2 3 4 5 6 7 8 9 10 11 12 

Day 

FIG. 1. Survivorship schedules (a) and growth (b) of Trichoplusia ni reared on Citrus 
jambhiri plants with and without supplemental UVB radiation (12.1 kJ/day UVB BE3o0). 
Caterpillars began to pupate on day 12. N = 90 caterpillars in each group. 
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opment through the first three larval stadia. These larvae reach third instar about 
0.5 days after controls (5.76 + 0.12 days, SE, N = 66, UVB-treated; 6.3 5: 
0.12 days, SE, N = 75, no UVB; P = 0.0015, t test). Moreover, we used a 
repeated-measures analysis of  variance on the mean larval instar on each plant 
to examine the developmental curves (Figure lb) over the first nine days of  
larval life. We found that caterpillars feeding on plants under enhanced UVB 
exhibited a significantly depressed developmental rate through this period (F1. s4 
= 11.78, P = 0.0012). However, over the entire period of  larval and pupal 
development, surviving caterpillars in both control and treatment groups devel- 
oped at the same rate. The total preadult period did not differ between the two 
groups (22.9 + 0.41 days, SE, N = 38, UVB-treated; 22.3 + 0.20 days, SE, 
N = 43, no UVB; P = 0.561, Mann-Whitney U test). 

DISCUSSION 

Our findings suggest that the combination of furanocoumarins and exposure 
to UVB radiation is more toxic to T. ni than furanocoumarins alone (cf. Tables 
1 and 3). Thus, this study provides, to our knowledge, the first evidence for 
potentiation of  phototoxins by UVB wavelengths in a eukaryotic organism. In 
comparison to controls, caterpillars feeding on diet containing bergapten at a 
concentration of  100 ~g/g fresh weight with exposure to UVB radiation suffered 
greater mortality and had an extended larval period. This furanocoumarin con- 
centration was not sufficient to extend the developmental period of caterpillars 
not exposed to UVB. Moreover, inclusion of  psoralen with bergapten into the 
diet of caterpillars that were exposed to UVB radiation resulted in complete 
mortality in this experiment. 

While it is appropriate to compare the relative differences between control 
and treated caterpillars in the two artificial diet experiments, we cannot address 
the issue of  direct effects of UVB radiation on T. ni in the absence of photo- 
toxins. In nature, and in our greenhouse study, T. ni live and feed on the 
undersides of leaves (Jones and Granett, 1982). Since they spend their larval 
lives in shade, the total UVB exposure of  the T. ni is therefore likely to be low. 
Nevertheless, diffuse and backscatter radiation may impinge on caterpillars feed- 
ing at the edge of  the canopy (Iqbal, 1983). Our artificial experiment conducted 
without supplemental UVB, then, represents a conservative estimate of the det- 
rimental effects of furanocoumarins in a nutritionally rich artificial diet. 

We observed the same distinctive effect, that is, prolongation of  early larval 
development with subsequent recovery in later life, in larvae reared on whole 
plants under enhanced UVB and larvae reared on artificial diets to which fur- 
anocoumarins had been added (Figure 1, Table 3). Delayed early larval devel- 
opment was reproduced by similar furanocoumarin concentrations in our artificial 
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diet experiments. However, the concentration required to produce this effect in 
artificial diets was 1.6 to 6.1 times higher than foliar levels measured in these 
studies. This difference may be due to the fact that artificial diets tend to improve 
performance relative to natural substrates, and both nutrient deficiency and alle- 
lochemical levels can combine to affect larval performance in an additive fashion 
(Lindroth, 1990; Reese and Field, 1986). Moreover, in other work we have 
documented foliar furanocoumarin levels in C. jambhiri well within the effective 
range suggested by the artificial diet experiments (McCloud et al., 1992). 

Extrapolation of results from the greenhouse to the field can be risky; 
nevertheless, we suggest that our findings are sufficient for such inference. 
Young C. jambhiri foliage is preferred by T. ni (McCloud, unpublished data), 
presumably because it is less tough and has a higher water content than mature 
foliage. This preferred foliage, which contains the highest furanocoumarin con- 
centrations in C. jambhiri, displays the greatest furanocoumarin induction in 
response to increased UVB. Under field conditions, insects such as T. ni typi- 
cally suffer exponentially decreasing survivorship in which the probability of 
death is constant in each instar; percent survivorship may be even lower in 
earlier developmental stages (Price, 1984). In either case, extension of the early 
period of larval life could lead to increased mortality when caterpillars are forced 
to contend with less than ideal conditions in the field (Price et al., 1980). Recent 
work has shown that extension of the early larval period as a result of host 
toxicity can interact synergistically with parasitoids to increase larval mortality 
(Johnson and Gould, 1992). Survivorship under laboratory conditions more 
nearly parallels physiological curves, and the ecological effects of increased 
vulnerability in early larval stages can, therefore, be masked. In our artificial 
diet experiment in which supplemental UVB was not provided, we did not 
observe markedly enhanced mortality in any caterpillars except those receiving 
the highest levels of dietary furanocoumarins. Greenhouse conditions may be 
considered to be intermediate between those in the laboratory and those in the 
field, especially when larvae are not caged on plants. While differential sur- 
vivorship may have contributed to the apparent developmental rebound in the 
greenhouse experiment, both this experiment and the artificial diet experiment 
without enhanced UVB suggest that low levels of dietary furanocoumarins can 
have greater effects on the early growth and development of T. ni than on later 
growth. 

Another factor that may contribute to the developmental rebound of mature 
caterpillars may be ontogenetic changes in enzymatic detoxification systems of 
T. ni. Ahmad (1992) noted that activity levels of the antioxidant enzymes super- 
oxide dismutase, catalase, and glutathione reductase increase over the period 
between third and fifth instar in T. ni. This generalist is capable of only low 
levels of cytochrome P-450-mediated metabolism of furanocoumarins (Ivie et 
al., 1983; l_~e and Berenbaum, 1990). Lee and Berenbaum (1990) provided 
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evidence for the hypothesis that animals that metabolize photosensitizers slowly 
depend on antioxidant enzymes for metabolic defense against these compounds. 
An ontogenetic increase in ability to cope with oxidative stress, then, may have 
contributed to the patterns we observed. 

Given the documented allelochemical changes of plants exposed to increased 
UVB irradiation, it is reasonable to expect stratospheric ozone depletion to have 
repercussions for a wide variety of plant-insect interactions, including many 
interactions between insects and crop plants. In this study, in contrast with other 
studies of anthropogenically induced alterations in plant quality for herbivores 
(Fajer et al., 1989; Heinrichs, 1988), we have shown that enhanced UVB can 
potentially increase, rather than decrease, plant resistance to herbivores. Results 
from our study may not be easily extrapolated to other systems; nevertheless, 
our results clearly suggest the potential for field-level effects. As a semitropical 
tree, C. j a m b h i r i  experiences high ambient levels of UVB and is presumably 
more resistant to its damaging effects than are temperate species. Additionally, 
C. j ambh i r i  contains UVB-photoactivated secondary metabolites; such com- 
pounds are probably not widely distributed among plants. Effects of elevated 
UVB are likely to be idiosyncratic and possibly unique to each herbivore-host 
association, rendering the forecasting of future ecological and economic impacts 
of elevated UVB a challenging prospect. More studies on a broad diversity of 
systems will be necessary to develop a general predictive paradigm for this 
impending global change. 
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