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Abstract Seedlings ofEucalyptus tereticornigSmith) Key words Elevated CQ - Insect feeding - Digestion -
were grown under two levels of availability each of CQEucalyptus tereticornisChrysophtharta flaveo!:

(352 and 793 pmol mdl), soil nutrients (1/24 and 1/4

Hoagland'’s solution) and light (full and 30% sunlight).
Low soil nutrient availability or high light increased théntroduction

C:N ratio of leaves, leading to lower leaf nitrogen con-

centrations, higher leaf specific weights and higher I€Vhe concentration of nutrients and plant secondary metab-
els of both total phenolics and condensed tannins. Thekgs (PSMs) in plants is very variable. This is partly due
results were consistent with other studies of the effecttof genetic differences within and between species, but
environmental resource availability on foliage composhere is an increasing realisation that the concentration of
tion. Similar results were observed when the C:N ratio BSMs in plants is a function of environmental conditions
leaves was increased under elevated.d@e changes in (Waterman and Mole 1989). The availability of resources
leaf chemistry induced by the treatments affected thithin a plant’s environment is considered to be a major
performance of 4th-instar larvae Ghrysophtharta flav- determinant of the allocation of resources by plants to
eola(Chapuis) fed on the leaves. Increased C:N ratiosREMs and of variation in nutrient concentrations in leaves.
leaves reduced digestive efficiencies and pupal body Several studies have shown that the balance between the
es and increased mortality. Below a threshold nitrogewailabilities of carbon and soil nutrients is a primary de-
concentration of approximately 1% dry mass, severe terminant of the phenotypic expression of PSMs (Bryant
ductions in the performance of larvae were recorded.al. 1983; Coley et al. 1985; Bazzaz et al. 1987).

Such changes may have significant consequences foColey et al. (1985) predicted that plants growing un-
herbivores oEucalyptusparticularly in view of project- der conditions of high relative carbon availability (e.g.

ed increases in atmospheric £0O
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high light or low soil nutrient availability) will contain
more carbon-based allelochemicals (terpenes, phenolics),
and have lower nutrient concentrations, than plants
growing under low relative carbon availability. Several
studies have provided evidence that this does in fact oc-
cur (e.g. Mihaliak and Lincoln 1985; Waterman and
Mole 1989; Herms and Mattson 1992).

Relative carbon availability may also be increased
through elevated atmospheric £@uch as may occur if
predictions of a doubling of present day £&@ncentra-
tions within the next 50-75years (Taylor and Lloyd
1992) are accurate. Using the carbon:nutrient balance
framework, we can predict that increases in carbon rela-
tive to nitrogen should increase the concentration of stor-
age and carbon-based PSMs. Although several studies
have shown that elevated ¢{@ads to a reduction in fo-
liar nutrients in many plant species (e.g. review by Luo
et al. 1994), few have shown increased levels of alloca-
tion to PSMs in these conditions. This may be because
most studies have concentrated on herbaceous species
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which allocate relatively few resources to PSMs (e.g. Feemposition of foliage

jer etal. 1992). In contrast, two recent studies of treQ fully-expanded leaves (minus petioles) less than 6 weeks old
have demonstrated a significant rise in the allocationvedre used for analysis of leaf chemistry. Leaves were removed from

resources to carbon-based PSMs under enhanced plamts after 1700 hours to ensure similar water and photosynthate

; . ; :status. A subsample of fresh leaves was frozen for later extraction of
(Lindroth etal. 1993; Roth and Lindroth 1994). Thlg’team volatile terpenes and the remainder freeze dried to minimise

suggests that we need to focus more of our attention| Q3 of terpenes (W.J. Foley, unpublished work) and to maximise the
tree species if we are to establish rules governing #x@action of condensed tannins (Cork and Krockenberger 1991).

partitioning of resources to PSMs under enhancegl COOnce dried, leaves were ground to pass through a 1-mm sieve.

i i i The concentration of total carbon and nitrogen was determined
Pret\)ll(zus Stutdhles SquetSt :.hat th? Igg?/lnges én thte. Qw L a Perkin-Elmer Series 2400 CHN analyser. Total non-struc-
ance petween .e_con_cen ra |0n$ 0 g 5__3-'_1 nutrigyy carbohydrates (TNC) were extracted withi@.Qulphuric ac-
produced by variation in the relative availabilities of cajg (Smith et al. 1964) and the resulting monosaccharides were de-
bon and soil nutrients will have a number of consequetgmined colorimetrically using dinitrosalicylic acid (Englyst and
es for insect herbivores (Lincoln etal. 1993). These faummings 1988).

. P . To measure cell-wall carbohydrates and lignin (dietary fibre),
clude reduced digestibility, growth rates and final bodypjes of ground leaf were extracted in neutral detergenit solution

size and increased consumption rates, development tifV@g Soest et al. 1991), omitting sodium sulphite. Subsamples of
and mortality (Fajer etal. 1989; Johnson and Lincoime residue were then hydrolysed in two ways: (1) 12 M sulphuric

1991; Lincoln and Couvet 1989; Lindroth et al. 1993). acid for 1 h at 25° C, then M sulphuric acid for 2 h in a boiling

; ; ; ater bath (conditions were found optimal for liberating monosac-
We report here on experiments carried out with an %Warides from cellulose); (2) hydrolysis in thes lulphuric acid

ergreen tree specieBucalyptus tereticorni€Smith), t0 oniy to liberate non-cellulosic monosaccharides (Englyst and
determine the effects of manipulation of the availabilityummings 1988; Hoebler et al. 1989). The monosaccharides were

of CQ,, soil nutrients and light on those leaf gualitiedetermined as described above. Lignin was determined as the

considered to be of importance to herbivores. We al¥gshed and dried residue remaining after acid hydrolysis.
Total phenolics and condensed tannins were extracted in 50%

present data from experiments in which leaves from thesone ‘and then assayed by the Folin-Ciocalteu method (total
experimental trees were fed to final instar larvae of tpgenolics) and the HCI-butanol method (condensed tannins). Re-
chrysomelid beetl€hrysophtharta flaveoléChapuis), a sults are expressed as milligram quebracho equivalents per dry
common eucalypt herbivore. The data presented sh#gight (Cork and Krockenberger 1991).

that the experimental manipulations produced changes in

leaf chemistry consistent with reduced quality under iReeding experiments witBhrysophtharta flaveola

creased relative availability of carbon and that the.?e . . ) .

. wo replicate feeding experiments were carried out for each plant
changes had effects on herbivores. in each treatment combination (a total of 80 replicates). In each
replicate, four newly moulted 4th-instar larvaeMfflaveolawere
placed in 9-cm plastic petri dishes with a moistened filter paper.
Methods Leaf material from one of the treatment trees was then placed in
the petri dish which was kept at 28.0+0.5° C with a 12 h light/dark
cycle. Only the youngest fully-expanded leaves were used, and
these were replaced every two days, or earlier as required. Experi-
pots in a medium of 1:1 sand and vermiculite. Sets of five indivi _en;se W‘er% %ﬁggnsuee%;rglclc%u dl?wrg\zlatlg Ph"’(‘ad n?g:]heor dd:)ede%r' dpgﬁﬁt%dﬁ

; nati w X i i -
ual plants were assigned to all combinations of two levels eac H‘%Et (1989) and dried for 24 h at 50° C. Initial dry weights of lar-

CO,, soil nutrient and light availability. Plants were grown in h ! . A
controlled environment glasshouse at James Cook UniversityV8f Were determined using conversions from the moisture content
a subsample of 25 other larvae, allowing calculation of total dry

North Queensland, Australia. Descriptions of environmental vafiL € h ? ¢ h i
ables are means£SE. The plants were assigned to either of fgignt gained for each replicate.
ach leaf was split along the midrib and one half was freeze-

separate compartments of the glasshouse: one kept at ambigent C! i
levels (35210 pumol mo¥) and the other at elevated ¢F93+29 (ﬁ'ﬁﬂgg dco{‘ﬁéagtthrgf‘shsaﬁov\}ggtgggrg&y tg]atlﬁgr|g?\/r:3tgntp\%ou:ga2erg.e
dgmined. . Any

pmol motl). In each compartment equal numbers of plants were . ". fter 24 h ' dried

then assigned to each of two nutrient treatments: low avaiIabiIﬁ’ﬂ}:‘“nr']ng.atle;r A%dwas reeze-crie I tol cor(;séant n;)ass. . ld

(1/24 Hoagland’s solution) and high availability (1/4 Hoagland’s | he intake of dry matter was calculated by subtracting total dry
ss remaining from that offered. Frass output was determined by

solution). To keep nutrient concentrations constant, the pla racting the initial dry weight of the filter paper (dried at 50° C

were irrigated with nutrient solution to saturation four times dai : ) A )
at three-hourly intervals beginning at 0800 hours. Two light tred® 24 h) from the final dry weight of the filter paper plus frass. Ni-
gen concentrations in larvae and of the leaves offered were de-

ments were also applied: plants were grown either in full sunli ned colori icallv followt ieldahl di :
or in 30% sunlight with shade applied by placing a shadecldfifmined colorimetrically following Kjeldahl digestion.

shelter over one bench in each side of the glasshouse. Whjle CO

and light treatments are pseudo-replicated, other variables likely to

affect plant growth (temperature, humidity, light period) were sim-

ilar across all treatments (see below) and thus they have been con-

sidered to be replicated for the purposes of statistical analysis. Fig. 1 Leaf characteristics oEucalyptus tereticornisseedlings
Glasshouse conditions were as follows: maximum photon flgxown under different combinations of light, nutrients and ambient

density above the full sunlight treatment was 2100 pun@ls;  CO,. Unshaded barsepresent low CQ(350 umol mott), shaded

average light period was 11 h; average day/night temperatubess represent high CO(800 umol motl). Nutrient treatments

were 29.2/25.3°C for the ambient ¢Qcompartment and were 1/24 strength Hoagland's solution (low) and 1/4 strength

29.1/25.1° C for the elevated GOompartment. The average waHoagland's solution (high). Light levels were 30% of sunlight

ter vapour concentrations during the photoperiod were 11.8+Qi&w) and full sunlight (high)Vertical barsrepresent +1 SE from

mmol mof! for the low compartment and 11.5+0.7 mmol ol the mean. Bars labelled witlifferent lettersare significantly dif-

for the high. Conditions are described fully in Woodrow (1993). ferent (Tukey’s testy=0.01}

Growth conditions of plants

Forty seedlings oE. tereticorniswere grown in 25-cm-diameter
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Insect performance ing concentrations were lower at high £®=0.0002)

Suitability of the diets was first assessed by calculation of stand Fbﬂcentra“"”S but only when high light was available
indices of digestibility (Waldbauer 1968). Performance was al =0.0002) (Fig. 1).

assessed by comparing mortality rates and final body sizes of both

male and female pupae. Data for total consumption are presented

rather than relative consumption rates (Waldbauer 1968), du E’af PSMs

the difficulty in accounting for the effects of differential mortalita‘

and time of death or pupation of individuals. . . .
pup The changes in the concentration of the total phenolic

compounds were consistent with the predictions of car-
Statistical analysis bon-nutrient balance theories. The concentration of total

Treatment effects on all variables were analysed by three-way err]-enphcs increased when relat“{e carbon ava”a.b”lty
thogonal analysis of variance. Investigation of the relationshipgs increased by any of the main effects {Clight:
between the C:N ratio and other leaf variables was carried out Bs:0.00001, nutrientsP=0.0010) (Fig. 1). A significant

ing linear regression. Transformations were used where neces§gf¥raction occurred between nutrients and light

and means and standard errors calculated by back-transformigg ;
the statistics for the transformed data. Data for dry matter and i_—0.0029) as the nutrient effect was stronger under low

trogen intake in each replicate of the feeding experiments wéght. The three-way interactiorP€0.0001) was due to
pooled for all larvae such that a single data point was recordedtiee CQ, effect being significant only under high light,
each replicate. Proportion of female pupae in each replicate Wagh nutrient or low light, low nutrient conditions (Fig.

initially used as a covariate, to allow for possible differences bﬁ Condensed tannins responded similarly though there
tween sexes in digestive efficiencies. It was found to have no &f:

fect and was therefore omitted from the final analysis. Final bo{@S NO main effect of nutrients (¢:P=0.0063, light:
weights of pupae were recorded individually, which allowed f7<0.0001). Increased nutrients increased the difference

separate analysis of the effects of the treatments on body weidfésween the |ight treatmenu§<(0,0001)_

using unbalanced ANOVAs. Due to the large number of tests usedThea response of volatile terpenes was more variable;

we have used a conservativéevel of 0.01. the only significant main effect being an increase with

increased nutrient availability?€0.0003) and also an in-

teraction which indicated that high incident light also in-

Results creased concentrations of volatile terpenes, but only un-
der high nutrient availabilityf=0.0139) (Fig. 1).

Composition of foliage

Leaf nutrients Relationships between C:N ratio and other leaf variables

There was little effect of CQIlight or nutrient availabili- po|ationships between leaf C:N and other variables are

ty on total carbon concentration in the plant with the €Ximmarised in Fig. 2. Significant relationships were

ception of the significant, but small, interaction betwe%fémonstrated between the C:N ratio and most other leaf
Cf?Z Itevel alndfllg_?t availability Fezohoo,fﬂ) (Fig. 1.),['hThe characteristics, though the strength of relationships var-
ETiects on lear nitrogén were much stronger, with Megly | accordance with resource availability theories,

for treatment combinations ranging from as low e ;
. , ecific weights, total non-structural carbohydrates, total
0.42% to 2.77% (Fig. 1). Leaf nitrogen was reduced enolics and condensed tannins all increased with in-

increased atmospheric GOr light or decreased nutrien : . ; :

SO reases in the C:N ratio, while water content decreased.
availability (P<0.0001 for all). Due to the small effectyaver, in contradiction to predictions, the concentra-
on total carbon and the strong nitrogen effects, those ¢ \olatile terpenes decreased with increasing C:N,
the C:N ratio were similar, but opposite to, those of i,k the relationship was weak, and no significant

trogen (Fig. 1). The effect of CQavailability appeared o a4innship was found between C:N and any of the frac-
to be relatively greater under low nutrient condltlor{ﬁ)nS of the plant cell wall.

(P=0.0119) (Fig. 1).
Water content varied significantly between treat-
ments, being generally lower under high light or,;@® consequences of treatment —
low nutrients P<0.0001 for all). Specific weightsingyced leaf chemistry changes for beetle larvae
showed much stronger responses with increases due to
increased light or decreased nutrienB<{.0001 for Consumption of foliage by beetle larvae was greater un-
both), with a CQ effect under low nutrient, high lightder high light, high nutrient conditions than under all
conditions, causing the GOby nutrient interaction other conditions F=0.0085) (Fig. 3). Increasing the
(P=0.0029). Total non-structural carbohydrates (TN@pncentration of nutrients applied to the trees had the
were also higher when carbon availability was relativedyeatest effect on all indices of digestive efficiencies ex-
higher (CQ: P=0.0005, nutrients:P=0.0070, light: cept for approximate digestibility (AD). AD was high
P<0.0001) (Fig.1). Both cellulose and non-cellulosgend positive in all cases, while efficiency of conversion
cell-wall constituents were significantly higher at lowf ingested food (ECI) and efficiency of conversion of
nutrient availabilities #<0.0001 for both) (Fig. 1). Lign- digested food (ECD) were slightly negative on the low
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nutrient treatment when averaged over,Cd light Fig.2 Relationships between the C:N ratio of leaves and other

treatments (Table 1). The light treatment significantl
affected AD and ECI and both decreased when lar
were fed leaves from plants grown under high light,C

af characteristics fdE. tereticornisseedlings. Theolid linesre-
sent the regression equation for the two variables, which is giv-

above each gragh

alone did not have any statistically significant effects on
any of the digestive efficiency measures but interacted

slightly with light as increased CQncreased AD under
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low light but decreased it under high ligtR=0.0337) female pupae, with a tendency for body size to decrease
(Fig. 3). with increasing leaf C:N.

Mortality was marginally increased only for those lar-
vae fed plants grown with low concentrations of nutri-
ents. This low nutrient treatment also resulted in subst&iscussion
tially reduced body size for both males and females,
whereas male body size was sightly reduced when lar@ag results show that the chemical compositionEof
were fed leaves from plants grown under high light itereticornis seedlings varies according to the provision
tensity (Table 1). The nutrient and light treatments alsbresources in their environment, and that this has direct
interacted significantly, as body weights increased wheonsequences for the herbivores feeding on their leaves.
larvae were fed plants grown under low levels of ligManipulations of resource availability that increased the
but only when this was combined with the low nutriemelative availability of carbon caused increases in the
treatment (maleP=0.0007, femaleP=0.0034) (Fig. 3). C:N ratio of leaves and these led to increases in concen-

We also investigated the relationships between tiations of carbonbased compounds. These included in-
leaf variables measured and all measures of larval pareases in total non-structural carbohydrates, PSMs and
formance (Fig. 4). No relationship was found betweapecific weight. These manipulations also resulted in de-
consumption and any of the variables, whereas onlcraases in the nutritional quality (water and nitrogen con-
very weak negative linear relationship was found bent) of leaves. Significantly, few studies apart from this
tween AD and the log of the C:N ratio. The other threme have shown that carbon-based PSMs increased under
digestive indices (ECI, ECD, and nitrogen use efficieneyevated CQ(Lincoln et al. 1993; Lindroth et al. 1993).
NUE) all showed slight decreases with decreased leaf NSpecific weights showed nearly two-fold differences
until a threshold, at approximately 1%, at which they deetween nutrient and light treatments. &@nerally had
creased sharply. Weak linear relationships were fouleds effect on specific weight but its effects were strong-
between body size and the C:N ratio for both male aest under high light and low nutrients. Specific weight is




0.3812 (0.0390)

0.0833
0.4313 (0.0559)

0.4375 (0.0496)
0.4875 (0.0551)
0.4966

0.5861
0.4938 (0.0486)

A
Mortality

92.129 (4.6924) 0.5437 (0.0606)
122.58 (2.4012)

Female body
0.8303
0.0001
0.1023

size
91.840 (3.7373) 109.95 (4.2907)

97.209 (2.9282) 111.88 (3.7896)

0.5673
92.143 (3.8705) 105,69 (4.5062)

96.750 (2.7823) 116.56 (3.1803)
0.0035

105.22 (1.9518)

81.095 (3.9786)
0.0001

Male body

size

0.1664
0.0274
0.7405

NUE
7.799 (5.220, 4.816) 39.93 (9.300, 7.798)

0.1894

45.253 (2.560)-0.739 (2.771, 2.501) -0.243 (6.582, 6.018) 32.947 (12.980, 10.472)
9.074 (4.237, 3.962) 47.245 (7.149, 6.112)

17.131 (3,352, 3.152) 56.855 (5.013, 4.371)
23.183 (1.063, 1.039) 60.930 (2.013, 1.889)
0.3251

0.0021
16.024 (4.315, 3.995) 51.235 (6.879, 5.843)

ECD

4.611 (2.268, 2.041)

0.1222
3.403 (1.716, 1.589)

9.027 (1.513, 1.382)
12.347 (0.728, 0.689)
0.0259

0.0001
9.920 (1.789, 1.600)

ECI

0.5244
0.2482

54.315

48.917 (2.452)
0.0022

46.326 (2.741)
49.989 (2.602)
40.927 (2.320)

AD

Amount
0.2626
125.9 (11.9)
178.7 (9.8)
0.0062
131.0
0.0242

eaten (mg)
162.6 (13.9)

142.0 (8.8)
173.6 (12.9)

High
High
Low
High

Table 1 Summary of means of measures of beetle performance for main treatments forered, positive and negative errors are provided respectively.) See Fig. 1 for explanation
Low

aged over both levels of each of the other treatments, with significance levels of diffietreatments. AD approximate digestibilityECI efficiency of conversion of ingested
ences. (n.b. values in parentheses are standard errors. Where data have been badio@f=cD efficiency of conversion of digested foddlJE nitrogen use efficienc:

Treatment
Nutrients Low

co,
Light
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strongly correlated with penetrometer measurements of
leaf toughness irk. tereticornis(l. R. Lawler, unpub-
lished data) and so the increase in specific weight at low
nutrient concentrations may have large impacts on in-
sects, particularly early instar larvae, as feeding may be
significantly limited by leaf toughness (Ohmart et al.
1987).

C:N ratio as a predictor

The C:N ratio was a good predictor of several factors
considered to be of importance to herbivores. The re-
sponses of phenolics and condensed tannins were in ac-
cordance with theoretical predictions (Bryant etal.
1983). In general, increases in the C:N ratio caused in-
creases in phenolics. Light had the strongest effect, par-
ticularly on condensed tannins.

Significant relationships were also identified between
C:N and all other variables, although the relationship
with the concentration of volatile terpenes was weakly
negative. This is strong evidence of a direct causal link
between the C:N ratio and the allocation of carbon to po-
tential defense compounds. It has been suggested that
secondary compounds accumulate via “overflow metab-
olism”, where carbohydrates in excess of those required
for primary metabolic functions are diverted into second-
ary compound production (Waterman and Mole 1989).
The C:N ratio may be a useful indicator of the amount of
this overflow, as the nitrogen content should be related to
enzyme concentrations, and therefore the metabolic ac-
tivity, of the leaf. The different effects on volatile terp-
enes, as compared to phenolic compounds (discussed in
the next section) however, suggest that other, as yet un-
identified, factors are also important.

Why do all PSMs not respond similarly?

The concentration of volatile terpenes did not behave as
predicted by the carbon-nutrient balance hypothesis. In-
creasing light intensity increased terpene concentration,
though this only occurred at high soil nutrient availabili-
ty. Counter to the hypothesis, terpene concentrations
were increased by increased soil nutrient availability.
Other studies have reported variable responses (Water-
man and Mole 1989) including decreases in terpenes in
increased nutrients (Fajer etal. 1992). Similarly, previ-
ous studies have failed to observe any effects of in-
creased CQon the concentration of total (Lincoln and
Couvet 1989; Johnson and Lincoln 1990) or individual
(Fajer et al. 1992) terpenoids. This has led to the sugges-
tion that although increasing G@hcreases the C:N ra-
tio, it does not stimulate the enzymes necesary to in-
crease allelochemical production (Johnson and Lincoln
1991; Fajer et al. 1992).

The increases in phenolics under high,GOndroth
etal. 1993; this study) suggest that the responses of
plants depend on the type of PSMs present. The differ-



66 OECOLOGIA 109(1997) © Springer-Verlag
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ence in responses between volatile terpenes and phefh®B9) thus perhaps those for phenolics are produced rel-
may be due to their differing biosynthetic pathwayatively more with high C:N than are those for volatile
Terpenes are products of the mevalonic acid pathwaypenes.

while phenolics are derived from the shikimic acid path- Alternatively, the production of volatile terpenes may
way, although some of the carbon in condensed tannesunder stronger genetic control (e.g. Lincoln and Cou-
is also derived from acetate (Waterman and Mole 1989t 1989). Muzika (1993) suggests that direct competi-
Secondary metabolism is regulated according to tien for carbon between phenolics and amino acids
availability of the precursors (Waterman and Molmakes a response to increased carbon more likely for
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phenolics than for terpenoids. Muzika (1993) found iproduced differences of up to 50%, and in combination
creases in individual phenolics in response to nutriemtre strong enough to reduce leaf N to below the 1%
addition, even though the concentration of total phenéireshold observed.
ics decreased. Thus there is evidence that excess carbdh is important to use absolute measures of perfor-
is used in the shikimic acid pathway but it is not yet clearance, such as pupal body size and mortality, as well as
what controls its allocation to individual phenolics. indices, to assess the effects of variable plant chemistry
Another factor that may be important is the fact thah insects. This because population dynamics are affect-
increases in phenolics have been reported only in tezkby absolutes rather than by relative estimates, such as
species, while other studies have used herbaceous spasumption and digestive efficiencies (Ohmart et al.
cies (e.g.Plantago: Fajer etal. 1992) or woody shrub€985b). Fecundity is directly related to body size in spe-
(e.g.Artemisia:Johnson and Lincoln 1990, 1991). Allocies closely related t€. flaveola(Ohmart et al. 1985a,
cation of carbon may differ between these growth hablifs On this basis, the negative relationships between C:N
because of different investment in storage and structuaatl body size for both males and females suggest that
components. Clearly, future studies of carbon patrtitiotihe resources available . tereticornisplants can di-
ing in response to elevated CBave to take account ofrectly affect the population dynamics of their herbivores.
different growth habits. Similarly, our results are indicative of an increase in
mortality for larvae feeding on leaves from the plants
grown under low nutrient regimes and this may be a sig-
Consequences of treatment effects on leaf chemistry nificant modulator of insect herbivore populations.
for an insect herbivore Our data illustrate the complexity of predicting im-
pacts of elevated atmospheric £ah animals in forests.
The results of our experiments with flaveolafed leaves The chemical composition OE. tereticornischanged
from E. tereticornisgrown under varying availabilities ofsufficiently under elevated CGso that it could be ex-
CO,, soil nutrients and light show that the changes ipected to affect insect herbivores (Lincoln etal. 1993;
duced in leaf chemistry have important consequenceslfordroth et al. 1993). However, elevated £i@ad differ-
herbivores. Consumption changed with changes in ta effects on leaf consumption and digestibility, depend-
availability of light and soil nutrients. However, the oking on light and nutrient treatments, and had no statisti-
served effect of nutrients was not consistent with previoealy significant effect on male or female body size. At
studies (e.g. Lincoln and Couvet 1989; Johnson and Limigh nutrient concentrations and high light availability,
coln 1990, 1991); consumption of plants grown with highcreased CQ@reduced leaf digestibility but this was bal-
nutrient concentrations actually increased. anced by compensatory feeding (Fig. 3). However, at low
This increase was due to the combined effects of twncentrations of nutrients and/or low light, it appeared
nutrient and light treatments, because plants grown unttet leaf consumption was already so limited that elevat-
the low nutrient regime and with high levels of light, aggd CQ could not reduce it further. The effect of GO
peared too tough for the larvae to eat. The larvae thien, may be important only in conditions in which leaf
tempted to eat these leaves but were unsuccessful, asguality is marginal, such as may occur with intermediate
denced by their chewing around the whole perimeter safil nutrient availability and high light.
the leaf, but never eating a substantial amount at anyThe foliage ofEucalyptusspecies in many forests is
point, in contrast to their usual tendency to chew a seminsidered to be of marginal quality for herbivores, par-
circular patch out of the edge of the leaf (I. R. Lawldicularly with respect to nitrogen concentrations. Typical
personal observations). This suggests that compensatotpgen concentrations iEucalyptusare rarely above
consumption could not occur where it might have befo and thus their beetle herbivores may be considered to
expected to be greatest. These results are consistent béthfeeding on a suboptimal diet (Fox and Macauley
the suggestion of Ohmart etal. (1987) that leaf tougt977). If increased atmospheric €@duces the nitro-
ness may be of vital importance for insect herbivoregen concentration of these leaves to below the threshold
These effects are likely to be even more important fofr approximately 1%, the consequences for insect herbi-
early instar larvae. vores may be great. The effects are likely to be greater
Digestibility of the diets was related to either the C:than is indicated by results here, because of stronger ef-
ratio or N alone. Approximate digestibility had a signififects on early instar larvae, particularly as a result of in-
cant, though weak, relationship with C:N. Approximatereased leaf toughness (Ohmart et al. 1987). Further ef-
digestibility was reduced by increasing C:N, althoudkcts may be observed for adults, as reduction in nitrogen
this was not related to increases in the concentrationcohtents of leaves may lead to reduced fecundity, egg vi-
cell wall carbohydrates or lignin. The results for ECgbility and adult survival (Ohmart et al. 1985b). The in-
ECD and NUE are consistent with other studies that haveased phenolic compounds observed under elevated
found a threshold nitrogen concentration, at approxdO, may also affect other insect herbivores of Eucalyp-
mately 1% dry weight, below which digestive efficiencius, such as psyllids (Ohmart and Edwards 1991).
of larvae is greatly reduced, leading to high mortality
and reduced body sizes (Fox and Macauley 1977; Oh-
mart et al. 1985a). The main effects of each treatment
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Johnson RH, Lincoln DE (1990) Sagebrush and grasshopper re-

Conclusion sponses to atmospheric carbon dioxide concentration. Oecolo-
_ . ia 84:103-110

The treatments used in these experiments clearly affe son RH, Lincoln DE (1991) Sagebrush carbon allocation pat-

the nutritional quality ofE. tereticornisleaves forC. terns and grasshopper nutrition: the influence of, @Qrich-

i i _ ment and soil mineral limitation. Oecologia 87:127-134
flaveola. The magnitude of the differences between nEincoln DE, Couvet D (1989) The effect of carbon supply on allo-

trient (6-fold) and light (3-fold) treatments was much" cation to allelochemicals and caterpillar consumption of pep-
greater than that of the G@reatment (2-fold) and this  permint. Oecologia 78:112-114

appears to have obscured any possible effects gfoBO Lincoln DE, Fajer ED, Johnson RH (1993) Plant-insect herbivore

beetle performance. In reality, the nutrient concentrations ieractions in elevated Gnvironments. Trends Ecol Evol
of soll, and_therefore_the qua“ty Eﬂcalyptusjeaf, is far Lindroth RL, Kinney KK, Platz CL (1993) Responses of decidu-
more marginal than in the treatments used here. Henceous trees to elevated atmospheric ,C@roductivity, phyto-

there is a clear need for further studies using a range ofchemistry, and insect performance. Ecology 74:763-777
nutrient concentrations that more precisely reflect thds Y, Field CB, Mooney HA (1994) Predicting responses of pho-

; : ; : tosynthesis and root fraction to elevated ,C@hteractions
found in nature, to truly estimate the likely impacts of el- among carbon, nitrogen and growth. Plant Cell Environ 17:

evated CQ atmospheres on insect herbivoresEafca- 1195-1204

lyptus. These will likely be greater than indicated hengihaliak CA, Lincoln DE (1985) Growth pattern and carbon allo-

and will primarily occur via C@induced effects on leaf ~ cation to volatile leaf terpenes under nitrogen-limiting condi-
; i ; tions in Heterotheca subaxillari¢Ateraceae). Oecologia 66:

nitrogen and specific weight. 423426

. o . Muzika RM (1993) Terpenes and phenolics in response to nitro-
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