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Abstract

1

Eucalypts are an important part of plantation foyesn Asia, but in south China
productivity is very low. This is due to infertigoils and lack of indigenous symbiotic
mycorrhizal fungi. The genuBucalyptusis unusual because it forms both arbuscular
(AM) and ectomycorrhizal (ECM) associations.

Eucalyptus urophyllssaplings were grown with and without ANGIOmus caledoniuin
and ECM [accaria laccatd fungi in a factorial design. Two experiments were
performed, one to simulate nursery conditions &edother to simulate the early stages of
plantation establishment. Plant growth was measaver 18 weeks and levels of insect
attack recorded.

The AM fungus reduced tree growth in the early esagut the effect appeared to be
transient. No effects of ECM were detected on geawth, but the ectomycorrhiza
reduced colonization by the arbuscular mycorrhi&d fungi appear to be rapid invaders
of the root system, gradually being replaced by ECM

Both fungal types affected levels of damage bydnhéerbivores. Of most importance
was the fact that herbivory by the pest inse&t®mala cupripes(Coleoptera) and
Strepsicratespp. (Lepidoptera) was decreased by ECM .

It is suggested that mycorrhizal effects on eudalypects may be determined by carbon
allocation within the plant. Future studies of &ypt mycorrhizas need to take into
account the effects of the fungi on foliar-feedingects and also the effects of insect

herbivory on mycorrhizal establishment.



Introduction

The genusEucalyptusis notable from an economic and ecological poinview. Many
species are grown as plantation forests in countsiech as China, where fast growing
eucalypts may provide a sustainable resource &opé#per pulp industry (Zhou, 1995). Since
the 1980’s, more than 1,000,000 ha of eucalypttptaoms have been established in southern
China, with a current planting rate of about 100,0@ per annum (Xet al, 2000). These
trees may also provide afforestation on denuded @degraded land areas, aiding soil
stabilization in these regions (Deli al, 2000).

In China, many eucalypt plantations occur on sofldow pH and exceptionally low
nutrient availability (Brundrett, 2000; Chest al, 2000a). As a result, the productivity of
these plantations is very low, being only about 25%he average world value (Broven al.,
1997). Eucalypts in China respond dramaticallyettilization, particularly P, N and trace
elements such as boron (Dell & Malajczuk, 1994; &tual, 2000). In addition to soil
nutrients, it has been found that Chinese soilsdafieient in mycorrhizal fungi (Delkt al,
2000) and that inoculation with ectomycorrhizal gpe can enhance growth and sapling
establishment (Zhonet al, 2000).

The genugucalyptudgs ecologically interesting because it is one efrtdlatively few
genera that can form an association with both addas (AM) and ectomycorrhizal (ECM)
fungi (Lodge, 2000). These fungi can increase lgptgrowth through a process of
improved nutrient acquisition, (especially P and &lthough the effect varies dramatically
with the species dEucalyptusstudied and the fungi inoculated (Adjoetdal.,, 1996; Luet al,
1998). Furthermore, the importance of each assogidiffers in the life of the plant. In
general, AM fungi colonize seedlings and thesaeptaced after a few months by
ectomycorrhizas through a process of competitiail€Bet al, 1992; Dos Santct al.,

2001). Cheret al.(2000b) have shown how these fungi interact terdeine the growth dE.
urophylladuring the first four months of growth. AM specasdonized first and had little
effect on ECM colonization, but ECM fungi subsediyereduced the colonization levels of
AM species. The succession of mycorrhizas didappiear to compromise growth effects and
the greatest growth responses were seen in plalasized by both types of mycorrhiza.
Therefore, in theory, an ideal strategy for outptanof this species would be to inoculate
with both types of mycorrhiza (Brundrett, 2000).



Both AM and ECM fungi have been shown to have ¢ffea foliar-feeding insects
(Gehring & Whitham, 2002). These effects may b&itpe or negative, depending on the
mode of feeding and degree of specialism of theanstudied. For both types of fungal
association, generalist chewing insects respodnegative fashion to mycorrhizal
colonization of their hosts, while specialist chegvor sucking insects show increases in
performance on mycorrhizal plants (Gamgel, 2002b). These effects have been linked to
mycorrhizal-induced changes in plant chemistrjheithrough changes in secondary
metabolites (Gange & West, 1994) or alterationglamt nitrogen content (Gange & Nice,
1997; Rieske, 2001). Given that both AM and ECMgiucan increase plant size and
nitrogen content of eucalypt foliage (Aggangaral, 1996a; Cheet al, 2000b), we
formulated the hypothesis that mycorrhizal plantsild be more attractive to insects and thus
suffer higher levels of attack (Schoonhowtral, 1998). It is important to know if this
occurs, for if it does, any beneficial effects abbk nullified, given the amount of damage
that insects can inflict on eucalypts in China @dgong, 2003).

A feature of the insect-mycorrhizal literaturehst only one experiment has ever
compared the effects of AM and ECM fungi simultamgy on herbivory by an insect.
Gehring & Whitham (2002) reported that AM colonipatof hybrid cottonwood trees
(Populus angustifolix P. fremonti) reduced populations of a specialist apRidaitophorus
populicolg while ECM colonization enhanced aphid numbeigtite to controls.
Unfortunately, the experiment does not seem to baea fully factorial, and no data were
given for aphid populations on trees colonized bthtAM and ECM fungi. In this paper, we
describe the first experiment to examine AM and Ef0Rbi and the interactions between
them, on foliar-feeding insect attack®furophylla An understanding of how these different
fungi affect insect performance may go some wayni@velling the complex and little
understood phenomenon of dual mycorrhizal plantsigle, 2000).

Materials and methods

Preparation of study organisms

Two experiments were conducted between Januaryuagd®000. Experiment 1 consisted of
a controlled garden study, designed to giawarophyllain typical nursery conditions (Dell,
2000). Experiment 2 was a field outplanting=ofurophylla designed to mimic the early

establishment phase of a plantation. Both experisn®ok place in southern China.



Seeds oE. urophyllawere collected from a plantation in south Chind995 (seed lot no.
14531). They were surface sterilized in 0.25 % R&for 15 min before being washed in
sterile water. Seeds were sown into trays comtgian autoclaved mixture of sand, peat and
vermiculite (2:1:1.5 v/v), and watered once withadanced nutrient solution (Chenhal,
2000b). Thereafter, trays were maintained at 1@8¥nsoisture content with tap water at
25°C until germination occurred.

The AM fungus was$slomus caledoniur(il.H. Nicolson & Gerd.) Trappe & Gerd.,

(isolate Gc90068), isolated fromEaicalyptusplantation in south China and propagated in pot
culture on the roots dfrifolium plants. Plants were allowed to die, through dessaf
watering, and 20 g of the dry soil, containing cated roots, hyphal fragments and spores
was used as the inoculum. The ECM fungus keazaria laccata(Scop. ex. Fr.) Berk.

(isolate L1439) isolated from the same plantatiod @aintained in sterile liquid culture on
Modified Melin Norkans medium (Brundredt al, 1996). The mycelial slurry was

fragmented in a blender for 30 s and 26 evas used as the inoculum.

Nursery experiment

Experiment 1 was set up in early January 2000. I@mnelred 25 cm diameter (volume 10 I)
plastic pots were each lined with a plastic bagfdledi with 2,500 g of the autoclaved
sand:peat:vermiculite mix (above). There were toemtments, consisting of Control (no
inoculum added), AM inoculated, ECM inoculated amatulation with both fungi. For AM
inoculation, 20 g of the soil mixture was placeailayer 3 cm below the final surface of the
potting mix. ECM inoculation consisted of 20 taf mycelial slurry applied close to the
roots of the planted seedling. Dual inoculatedtsiaeceived both 20 g and 20%ai
inoculum and there were 25 replicates of eachrtreat.

Two 14 d oldE. urophyllaseedlings were planted into each pot and aftartadr two
weeks, the weaker seedling was removed. Plants gieen supplementary fertilizer every
two weeks, as described by Dell & Malajczuk (199bhey were watered daily with tap
water to maintain 12% soil moisture content (D2000). The pots were placed in an outside
arena and arranged in a randomised block desidgnom# replicate of each treatment per
block.

Recordings were taken after 6 and 12 weeks arftedirtal harvest, after 18 weeks. On
each sampling occasion, sapling height and to#dinember were measured. The length (L)
and width (W) of a random sample of 25 leaves weeasuredn situon each plant. These

measurements were used to estimate the areaégchbfleaf from the equation =



0.897L*W + 6.34(r* = 0.934,P < 0.001), calculated on a sample of 250 leavesoved from
other non-experimental saplings. Insect attack theee distinct forms, edge chewing by
larvae of two species of unidentified Lepidoptegea¢metridae), holes near the centre of the
leaf caused by adults ainomala cupripe¢Coleoptera: Scarabaeidae) and feeding within a
leaf roll by larvae oStrepsicratespp. (Lepidoptera: Tortricidae). The percentageaves

on each tree that had suffered each form of dawagecalculated on each date. Therefore,
the data are not cumulative, but represent thenerfeattack at different time intervals.
Observations were made between the sampling pesindi®io other forms of insect attack
(chewing or sucking) were observed.

After 18 weeks, saplings were carefully removednfiaots and their roots washed free of
soil. A sub sample was examined for mycorrhizéddezation, while the remainder of the
plant was air dried to constant weight and totahiass measured. Roots were cleared by
soaking in a solution of 2.5% KOH overnight. ECManization was examined under light
microscopy and the percentage of mycorrhizal rpstriecorded. Ectomycorrhizal tips were
very obvious, being a silvery white in colour. Al recording, roots were examined at x
200 using a Zeiss Axiophott epifluorescence miapspsg fitted with a UV lamp and filters,
giving a transmission of 455-490 nm blue. Undesthconditions, the arbuscules fluoresce
(Ameset al, 1982), with measurements being more reliable twventional stains (Gange
et al, 1999). Arbuscular colonization was recordedhgishe cross-hair eye piece method of
McGonigleet al, (1990), with a minimum of 200 intersections alisd per slide.

Dry leaf material was ground to a powder and Peaanteasured by the molybdenum
blue method, following an acid digestion (Allen889. Total N content of foliage was
measured by semi-micro Kjeldahl digestion, follovisdthe indophenol-blue reaction (Allen,
1989).

Field experiment

The experiment took place at Zhenhai Forest Faear, Kaiping, Guangdong Province, P.R.
China. An area of land was cleared of vegetatiphurning, but not ploughed. The soil was
a lateritic red soil, with a P level of 3.1 + 0.6%) kg" (bicarbonate extractable) and pH of
3.93. Saplings were grown and inoculated withftlue mycorrhizal combinations in an
identical fashion to those in the nursery experinjeabove), and maintained for 10 weeks
post inoculation. They were transferred to thilfsste in early April 2000 and there were 25
replicates of each treatment.



The experimental site measured 45 m x 45 m (2,03%nd within this, saplings were
planted out in a randomised block design, with i@pdicate of each treatment per block.
Saplings were planted 3 m apart and were given&Qugea, 150 g of superphosphate, 30 g
KCI, 3 g of boric acid and 2 g of Zng@s recommended by >at al. (2000). This was done
to aid tree establishment, as nutrient deficiesay common reason for tree failure in soils of
low pH in southern China (Detit al, 1995). No additional fertilizer or water wasen
during the experiment.

Saplings were then grown for 18 weeks and recosdiaken after 6 and 12 weeks and at
the final harvest. On each sampling occasion,lesght and leaf number were counted, a
random sample of leaves measured for leaf aregsasand the percentage of leaves that had
suffered the three forms of insect attack count&tthe final harvest, saplings were carefully
removed from the soil, ensuring that as much ofrdla¢ system as possible was removed and
dried to constant weight. Sub samples of rootewsed for mycorrhizal recording (above),
while total P and N contents were measured in tiidaliage after total biomass had been

recorded.

Statistical analysis

All analyses were conducted using plants as repkcaFor leaf area, where many
measurements were taken per plant, we calculatechéan for each plant prior to analysis.
All data sets were tested for normality and homeggrof variances. Percentage data (insect
attack and mycorrhizal colonization) were subjedtethe angular transformation prior to
analysis (Zar, 1996). Count data (leaf numbertige) was subjected to the square root
transformation, while tree height was logarithmligédansformed. The main effect of each
fungal treatment on tree growth over time was erachiwith a Repeated Measures Analysis
of Variance. Single parameters (biomass, coloiwmzand P and N content) were examined
with Two Factor ANOVA. Insect data sets containeghy zero values on the first sampling
date (week 6) and these data were omitted fronanlagysis. Furthermore, as this left only
two dates, with clear interactions over time, walgsed insect attack separately on each date.
We appreciate that this may increase the likelihmlocbmmitting a Type | error and so tRe

value was adjusted downwards using the Bonferromection (Simes, 1986).

Results



Mycorrhizal colonization

Small amounts of AM and ECM colonization were foumdreatments not inoculated with
these fungi (Fig. 1), presumably due to wind b@peres in the nursery experiment or
colonization by indigenous fungi in the field sitelowever, background levels of both fungi
were very low in the field site, as shown by cokation in control trees (Fig. 1c,d). Overall,
colonization levels by both types of fungi tendedbé higher in pot grown nursery plants than
they were in the field (Fig. 1).

Inoculation with ECM had a significant negativeeetfon AM colonization in the nursery
(F1,96=4.67,P <0.05) (Fig. 1a) and field¢ ¢ = 7.63,P < 0.01) (Fig. 1c). In both cases,
AM colonization in the dual inoculation treatmerdasMower than that of the single AM
inoculation, leading to a significant interacti@nrh between the fungi (nursefy o6 = 5.91,

P < 0.05; field:F; g6 = 7.09,P < 0.01). However, inoculation with AM fungi had effect on
colonization levels by ECM (Fig. 1, b,d).

Growth of nursery trees
No effect of either fungus was seen on tree hdfgigt 2a). However, in nursery plants, AM
inoculation decreased total leaf numterds = 6.24,P < 0.05) (Fig. 2b). The effect was most
apparent in the early parts of the experiment,kanthe final sampling date had disappeared,
leading to a weak interaction term between treatraed time in the analysi§{19,= 2.69,P
=0.06). ECM had no effect on total leaf numbenumsery grown saplings.

A similar pattern was seen with leaf area (Fig, 2¢)ere saplings inoculated with the AM
fungus produced much smaller leaves, although iortlye early part of the stud#{¢s =
4.71,P < 0.05). By week 18 of growth this effect wasloiwger apparent, leading to a
significant interaction term with timé=§ 19o= 7.55,P < 0.001). ECM inoculation had no
effects on leaf area throughout the experiment.

The reductions in leaf number and size caused byféxigi were reflected in the final
biomass of trees (Fig. 2d), with AM inoculation |y a significant negative effedt{qs =
4.68,P < 0.05). ECM inoculation had no effect on finarass and there were no

interactions between the fungi.

Growth of field grown trees
Field grown trees were considerably taller and poed more leaves than did nursery grown
specimens and final biomass was therefore higlee(Rig. 3). In the field, the pattern of

fungal effects was almost identical to those foumdursery trees. However, unlike nursery



trees, AM inoculation significantly reduced treegme (F1 96 = 14.34,P < 0.001) (Fig. 3a),
while ECM did not affect this parameter.

AM inoculation reduced total leaf numbét; (s = 11.96,P < 0.001) (Fig. 3b) and leaf area
(F106=10.54P < 0.01) (Fig. 3c). The pattern of leaf productwas different between
treatments inoculated with AM and those withouadieg to significant interaction terms
between AM treatment and date (leaf numbBerg,= 11.14,P < 0.001; leaf ared:, 192=
9.32,P <0.001). By the end of the study, the effecAbf on leaf area had disappeared (Fig.
3c) and the leaf number of AM and non-AM treatmemse also beginning to converge (Fig.
3b). AM fungi had a highly significant negativeeaft on biomassH; 6= 13.05,P < 0.001)
while ECM had no effect on final tree size (Fig).3d

Insect attack

Damage levels varied through the experiment onemyigrown trees (Fig. 4). For edge
chewing by the Geometrid larvae, there were higidyificant effects of both AMK; g6 =
26.04,P < 0.001) and ECMK; 96 = 57.42,P < 0.001), as well as a significant interaction
between themH; g6 = 28.63,P < 0.001) on week 12 (Fig. 4a). This was causethbyact

that damage levels were very high on trees inoedlaith both fungal types, but neither
fungus alone caused an increase in damage. Tfiestsdad disappeared by the end of the
study, when larvae had pupated.

Centre chewing b. cupripesadults was significantly reduced by ECM fungi aeks 12
(F106=5.28,P <0.04) and 18K; 9= 7.81,P < 0.01) (Fig. 4b). Although AM fungi also
appeared to reduce internal chewing, the effectneasignificant, due to a relatively large
amount of variation in the data. Leaf folding®tyepsicrateslarvae was only common at the
final date and at this time, ECM fungi significanteduced the level of this form of attack
(F1.06 = 5.42,P < 0.04) (Fig. 4c).

Insect damage results from field-grown trees déffieirom those seen on nursery trees
(Fig. 5). In the field, few significant effects mefound at the levels set by tRevalue
correction procedure (0.039). However, on weekE2M inoculation was found to
significantly increase the levels of damage by@e®metrid larvaeR; 96 = 20.14,P < 0.001)
as was AM inoculationHy g6 = 5.16,P < 0.04) (Fig. 5a). This result was consistenhiitat
found on nursery trees, although in the fieldfuatigal treatments increased damage, which
was not so in nursery trees (Fig. 4a). A secomsistent result was that ECM reduced the
incidence ofStrepsicrateslamage at the end of the experiménty = 4.78,P < 0.04) (Fig.
5¢c).



Nutrient contents of foliage

The effects of the fungi on P and N content of atysnd field trees were remarkably similar
and results for field trees are presented in FigAlbfungal combinations increased P
content, with the AM inoculatiorF¢ ¢ = 14.52,P < 0.001) having a greater effect than that of
ECM (F192=6.9,P <0.05) (Fig. 6a). AM inoculation caused a coasitble increase in

foliar N content F19,= 16.01,P < 0.001) as did ECMH; o, = 13.3,P < 0.001), but there was
also a significant interaction between the fungigaal inoculation did not increase foliar N
beyond that of either single fungal inoculatiéni §, = 10.28,P < 0.01) (Fig. 6b).

Discussion

Several important and hitherto unreported factelawerged from this relatively simple
study. The first is that AM inoculation of saplggad a detrimental effect on the growth of
E. urophyllg although this effect appeared to be transieetoBdly, although ECM
inoculation successfully initiated mycorrhizal coimation, no effects on plant growth were
seen, but significant effects on insect herbivavese found. AM inoculation had little
influence on insect herbivores, but when this didus, the effect was the same as that caused
by ECM. Finally, greater mycorrhizal effects wésand on insects attacking nursery trees,
but when field effects were found, these were iast with the nursery results.

Species in the genl&ucalyptusare relatively unusual as they can form arbusauidr
ectomycorrhizal associations at the same time. d¥ew the benefit from forming the two
different types of mycorrhiza seems to depend onynéotic and abiotic factors. Perhaps
the most important biotic factor is the identitytbé fungus that is used as inoculum. Adjoud
et al. (1996) tested three AM fung{omus intraradicesG. mosseaandG. caledoniurjon
11 Eucalyptusspecies and found positive effects on growth iry @il% of the plant-fungus
combinations. Moreover, in that study, caledoniunfailed to colonizeE. urophyllg while
in the current study, an isolate of this fungusabtbnize the roots of saplings. Meanwhile,
Chenet al (2000b) found positive growth effectskn urophyllawith three AM fungi
(Glomus invermaiumAcaulospora laeviandScutellospora calospo)a The effects were not
equal between fungal species, withlaevisproducing the greatest response @nd
invermaiumthe least. Such results clearly indicate that Wlytorrhizal species are more
host specific than has previously been thoughtd8e 2002). In the experiment reported

here,G. caledoniunteduced early sapling growth, although the efégqieared to be transient
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and had virtually disappeared by week 18 of growRleduced growth of eucalypts by AM
fungi is unusual but has been reported before (fraget al, 1992). Negative effects of AM
on plants are reasonably common and usually ré&suait particular host-fungus
combinations, high colonization densities or cernvironmental conditions, such as high
soil P (Gange & Ayres, 1999). In the current expent, the latter two explanations can be
rejected easily, and one can only conclude @ataledoniums not a particularly effective
symbiont forE. urophylla Indeed, a similar conclusion was reached by<attal (2002)
with the same fungus inoculated on to orar@ér(s sinensistrees. It is not known why
some AM fungi can elicit negative growth effectgheir hosts, but a likely explanation is
that these AM species have a relatively high denfandarbon (Smith & Read, 1997).

In contrast to AM studies, a number of experimératge demonstrated positive growth
effects of ECM inoculation on eucalypts (Joeeéal, 1998; Luet al, 1998), includinge.
urophylla(Chenet al, 2000b; Xuet al, 2001). Only one of these studies inoculated @i
ECM fungi together (Cheet al, 2000b), in which it was found that AM colonizatilevels
peaked at 8 weeks after planting, with a subseqiesiine, mirrored by an increase in ECM
colonization. A significant negative effect of EGWM AM was found in that study, a feature
also recorded in the current experiment. It wapg@ear that AM fungi are rapid colonizers
of eucalypt root systems, but that ECM fungi sloaliicompete these early colonizers in a
process of fungal succession (Dos Saetaa., 2001). One difference between our
investigation and other studies is that previou$/Edfects on growth were found over time
scales shorter than in the current experiment.sThone®t al (1998) found effects after 89
d, Luet al (1998) after 110 d and Chehal (2000b) after 112 d. However, after 126 d in
our experiments, no effect of ECM could be fou@Llr levels of colonization bl. laccata
were considerably lower than those obtained by @heh (2000b) with the closely-related
Laccaria lateritg so it may be that a certain level of colonizai®nequired to produce
changes in host growth.

A number of factors can reduce the effectivened€s@¥ fungi on eucalypts and these
include low soil pH (Aggangaet al, 1996a), competition with indigenous fungi (Aggan
et al, 1996b) and lack of mycorrhiza helper bacteriar(®aret al, 1998). The pH of the
field site in our experiment was considerably lowem the optimum of 5.2 for growth
enhancement d&. urophyllaby L. laccata(Aggangaret al, 1996a) and this may be another
reason for the apparent ineffectiveness of ECMuinstudy. Competition with indigenous
fungi is thought to be of prime importance in detering the success of field inoculated

ECM on eucalypts (Brundrett, 2000), but it may hbeen less of a factor in the current
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experiment. As with other Chinese soils (Cleéal, 2000a), natural levels of both AM and
ECM fungi appeared to be very low in our field sgesen the levels of colonization obtained
in control plants. Bacterial levels were not meadun our field soil.

One other factor that has never been taken intoust@nd that could affect both AM and
ECM colonization levels is insect herbivore atta8¢udies have shown that foliage removal
by insect herbivores can reduce AM colonizatiorelswf herbaceous plants (Garggeal.,
2002a), while Gehring & Whitham (2002) summarisrikir effects of insects on ECM
colonization levels in trees. Eucalypt plantationsouthern China are often subject to high
levels of insect herbivory (Zhenghong, 2003) andustralia, plantations are also subject to
heavy pest attack (Baket al, 2003). We suggest that future studies investigahe role of
insect herbivores in mycorrhizal establishment otplanted eucalypts would be very
rewarding.

The reverse interaction between mycorrhizas arettssi.e. the effect of colonization on
insect attack has been studied more widely (Gel&ikghitham, 2002). One of our original
hypotheses, that mycorrhizal colonization would/ate plant N content and lead to increases
in insect herbivore attack, appeared to be supgpdryaesults for edge chewing by Geometrid
larvae. However, other forms of insect attack weraffected by AM fungal colonization.
This was perhaps surprising, given that signifiedfécts of AM inoculation were found on
plant stature. Many insects show positive cornetat between attack rates and plant size
(Schoonhovewt al, 1998), but these were not apparent in our expaaris. Instead, the most
consistent finding was for ECM inoculation to dexse herbivore attack, with this effect
being found for attack bi. cupripesn the nursery experiment afdrepsicratesattack in
both experiments. These latter results may beedHtgmportance, as both of these insects
cause large amounts of damage to eucalypts in &hitta (Zhenghong, 2003). Protection
against herbivore attack is thus a hitherto undesefit from inoculating eucalypts with
ECM fungi.

One explanation for effects of mycorrhizas on fefeeding insects involves variation in
host plant N content. When arbuscular mycorrhizeiease plant N, the effect on the insect
is a positive one (Goverd al,, 2000), when they decrease N, the effect is negéBange
& Nice, 1997). However, the situation is more cdiogied with ectomycorrhizas, as Rieske
(2001) found that in conditions of high nutrientdability, ECM functioned parasitically,
leading to decreases in insect herbivore performait our study, ECM increased foliar N
content, but this did not lead to increased attatés byA. cupripesor Strepsicratespp.

Some insects do respond negatively to elevatedthkin diet (Schoonhoveet al, 1998) but
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the inconsistency of effects between species stgjtfest this is unlikely here. Jones & Last
(1991) suggested a variety of possible effects@¥Eon insects, depending on the relative
availability of soil nutrients and light. Underratitions of low soil nutrients and high light
(the conditions in our experiments) they suggettat ECM would increase anti-herbivore
defences, through carbon allocation to defencésarmost plant. This hypothesis may
provide an explanation for the negative effect GM found onA. cupripesadults and
Strepsicratesarvae. However, the responses of insects togiast secondary chemistry
differ greatly depending on the degree of specrali$ the insect (Schoonhovenal., 1998).

If the edge-chewing Geometrid larvae were spetsatisEucalyptughen they might be
expected to respond positively to mycorrhizal-iretichanges in leaf chemistry. Overall,
our data suggest little support for the mycorrhedalation of plant N hypothesis and seem to
provide more support for the carbon allocation higpeis of Jones & Last (1991). However,
a detailed analysis of mycorrhizas on the carb@mistry of eucalypts is required to really
address this problem.

Whichever mechanism is correct, these results shatfuture studies of mycorrhizal
effects on eucalypt growth should include a corsitilen of the insect herbivores present.
These fungi clearly have the potential to influemsect herbivore attack rates, and
experiments need to be performed in which fungatigs and soil conditions (pH and
nutrients) are varied, to determine which, if amycorrhizal combinations could be used to
reduce potential pest insect levels. Furtherntbeeeffect of insects on mycorrhizal
establishment also needs to be addressed, asadkibera hitherto unconsidered factor in

eucalypt production (Brundrett, 2000).
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Figure legends

Figurel Colonization levels oE. urophyllaby arbuscular mycorrhizal (AM) fungi and
ectomycorrhizal (ECM) fungi in nursery and fieldbgm trees. Key to treatments: Control:
no mycorrhizal addition; AM: inoculation with theM\fungusGlomus caledoniupECM:
inoculation with the ECM funguisaccaria laccata Bars represent means + one standard

error.

Figure2 Effects of dual mycorrhizal colonization on grovaf nursery trees. (a) mean
height, (b) Mean leaf number, (c) Mean leaf ared (@) mean final total dry biomass. Key to
legend: Co: no mycorrhiza (control); AM: arbuscutaycorrhizal inoculation; ECM:
ectomycorrhizal inoculation. Standard error barst@d from time graphs for clarity.

Figure 3 Effects of dual mycorrhizal colonization on growitees in the field. (a) mean
height, (b) Mean leaf number, (c) Mean leaf ares (@) mean final total dry biomass. Key to

legend as in Figure 2.

Figure4 Effects of dual mycorrhizal colonization on inskerbivore attack on nursery
grown trees. (a) chewing by Geometrid larvae cfiBwing byAnomala cupripeadults, (c)
leaf folding byStrepsicrategarvae. Key to legend as in Figure 2.

Figure5 Effects of dual mycorrhizal colonization on inskerbivore attack on trees grown
in the field. (a) chewing by Geometrid larvae, ¢hgwing by adults oAnomala cupripes
(Coleoptera), (c) leaf folding b§trepsicratespp. (Lepidoptera). Key to legend as in Figure
2.

Figure 6 Effects of dual mycorrhizal colonization on P an@dhtents of foliage from field
grown trees. Key to legend as in Figure 1. Bapsesent means * one standard error.
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Figure 1
a) AM colonization, nursery trees b) ECM colonization, nursery trees
8 <
2 24 1 S 160 -
o -
S I 4 T T
S 18 - I ° 120 - L
5 " E
T 12 - S 80 -
° %)
2 6 - S 40-
X a ’—I—‘
§ 0 T T T 1 % 0 - T T T 1
= Control AM ECM AM+ECM Control AM ECM AM+ECM
¢) AM colonization, field grown trees d) ECM colonization, field grown trees
D
% 20 - g 100 - _|_
8 154 - 5 80+ I I
o [ E 60 - L
& 10 A 3
8 I g 407
= 5 - =
= = 20 -
§ 0 T T T 1 % 0 4+—— T T T 1
=

Control AM ECM AM + ECM Control AM ECM AM + ECM



19

Figure 2
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Figure 6
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