-

View metadata, citation and similar papers at core.ac.uk brought to you byﬁ CORE

provided by Royal Holloway Research Online

Date of preparation: May 27, 2009

12 Alan C. Gange - Erica Bower - Valerie K. Brown

15 Differential effects of insect herbivory on arbuscular mycorrhizal colonization

26 A.C. Gange&) - E. Bower

27 School of Biological Sciences,

28 Royal Holloway University of London,
29  Egham, Surrey TW20 0EX, UK

30 Tel. +44 (0) 1784 443188

31 Fax. +44 (0) 1784 470756

32 e: a.gange@rhul.ac.uk

34 V.K.Brown

35 Centre for Agri-Environmental Research,
36 Department of Agriculture,

37  University of Reading,

38 Earley Gate,

39 PO Box 237,

40 Reading RG6 6AR, UK

42 Correspondence author: A.C. Gange, address above


https://core.ac.uk/display/78876581?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1

43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75

Abstract A series of field and laboratory experiments wesadticted to examine whether
natural levels of insect herbivory affect the adular mycorrhizal colonization of two plant
species. The plant species were the highly my@airtimycotrophic)Plantago lanceolata,
which suffers small amounts of insect damage contislyoover a growing season and the
weakly mycorrhizal (non-mycotrophi&enecio jacobaea, which is frequently subject to rapid
and total defoliation by moth larvae.

Herbivory was found to reduce AM colonization i lanceolata, but had no effect irs.
jacobaea. Similarly, AM colonization reduced the level ef damage if. lanceolata, but
had no such effect i jacobaea. AM fungi were found to increase growthRflanceolata,
but this effect was only clearly seen when inseaee absent. AM fungi reduced the growth
of S jacobaea irrespective of whether insects were present.

It is concluded that the reduction of AM fungal @aization by herbivory ifP. lanceolata is
due to the reduced amount of photosynthate avaitalifee symbiont. This may only become
apparent at threshold levels of insect damage belbw these, increased photosynthesis
elicited by the mycorrhiza is able to compensatddtiage loss to the insects. HoweverSin
jacobaea, the mycorrhiza appears to be an aggressive parasid insect attack only
exacerbates the reduction in biomass. In mycotooplants, insect herbivores may be
responsible for poor functioning of the symbiosis field conditions and there is a
symmetrical interaction between insects and furkdpwever, in non-mycotrophic plants, the
interaction is strongly asymmetrical, being entir@lyavour of the mycorrhiza.

Keywords insect herbivory, arbuscular mycorrhiBhantago lanceolata, Senecio jacobaea

Introduction

Arbuscular mycorrhizal (AM) fungi form associatiowgh the roots of a wide variety of
vascular plants. The consequences of this as&ociar the host plant vary along a
continuum from positive (most common) to negative (Eimand Read 1995; Johnson et al.
1997). Traditionally, it has been assumed thaitipeseffects on plants are brought about by
the enhanced nutrient supply to a mycorrhizal pleminpared with non-mycorrhizal
conspecifics. However, it has now been shownptaaits may benefit from being
mycorrhizal in other ways. The presence of thgg@limssociates may lead to improved
performance in times of stress, for example when wateniting (Smith and Read 1997), or
if the plant is attacked by pathogenic fungi (&lgwsham et al. 1995; West 1997) or insect
herbivores (Gange and Bower 1997; Gange 2001).
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It has been suggested that, for any plant, thastsex curvilinear relation between the
extent of AM fungal colonization and the degredenefit the plant exhibits (Gange and
Ayres 1999). For some plants, there may be a pe%fifect over a wide range of
colonization densities, while for others, even Viewy levels of colonization can result in a
decrease in plant performance. Excellent expetiahexamples of these effects are given by
Francis and Read (1995). The reasons for the appaegative effect of some mycorrhizal
species on some plant species are unclear, budedbss of photosynthate to the
mycorrhiza, nutrient immobilization, altered root dation leading to allelopathy and effects
on other components of the rhizosphere microfloranf@aand Ayres 1999). It has been
estimated that losses of photosynthate to the Add@ation are in the order of 6-10% per
annum (Tinker et al. 1994). Therefore any othetdia such as herbivory, which also results
in photosynthate loss could mean that a plant ghatyicorrhizal ané@ttacked by herbivores
exhibits no benefit from the mycorrhiza, becausddhks of carbon to fungi arfterbivores
outweighs any advantage from increased nutrienkepta

It is a fair assumption that in field situationayaglant colonized by AM fungi is also
likely to be attacked by foliar-feeding insectshefe is an extensive literature showing how
foliage loss to insects can result in decreasediohehl plant yield, altered population
dynamics and community structure (Crawley 1997)ehridig and Whitham (1994) reviewed
the interactions between above-ground herbivordsyaytorrhizal fungi. In their paper,
‘herbivory’ was taken to include manual defoliat@amwell as grazing by large mammals.
For those plants which formed an AM associationbivery reduced mycorrhizal
colonization in 66% of cases. However, a feattithis review is that there were no studies
involving insect herbivores, a situation that had changed by the time of the review by
Gange and Bower (1997). In the latter paper, exidés given of a reduction in AM
colonization ofPlantago lanceolata L due to foliage removal brctia caja L., but to our
knowledge, this remains the only example of insecbivory affecting AM colonization.

The availability of carbon is likely to be a crdicfactor in understanding the multitrophic
interactions between subterranean fungi and foigegcts, because both are competitors for
this resource. It is therefore surprising thatilevthere are a number of studies that have
examined whether the presence of AM fungi can affdir-feeding insect performance,
those that have asked whether foliage removal $scits has an effect on the mycorrhiza are
conspicuous by their absence. If much leaf aréastdo foliar-feeding insects, there may be
either of two possible consequences for the myezartfl) if the carbon supply to the AM

association is maintained, then the mycorrhiza cbeltbme a carbon parasite, leading to
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strong negative effects of AM colonization on plgriwth or (2) if loss of leaf area means a
reduced carbon supply to the roots, the mycornmag decline in abundance, also resulting
in lowered plant performance, though not to theeias in (1). Scenario (1) would have the
effect of lowering the curvilinear relation of Gangnd Ayres (1999) down the y axis, while
scenario (2) would move the curve towards zero atbag axis.

Assuming that the curvilinear response of planta&Nbcolonization density is valid, and
that foliar-feeding insects can reduce AM colori@atwe hypothesised that the effect of
herbivory may differ in plants that are positiveffeated by AM fungi, compared with those
which are antagonised. Thus, in a mycotrophictphrich benefits from colonization at
virtually any density, a lowering of AM abundanceaaresult of herbivory should have little
effect plant performance. However, in a plant whighntagonised by virtually any
colonization density (hon-mycotrophic), herbivoryyratually benefit the plant to a degree,
because the ‘parasitic’ effect of the mycorrhizeeduced. We tested this hypothesis using a
series of laboratory and field experiments viatthanceolata, a species that benefits greatly
from AM colonization (Gange and West 1994) &edecio jacobaea L., which does not
(Bower 1997).

Materials and methods

Plant and insect species

P. lanceolata is a perennial forb, which can flower in its figgar from seed. It is attacked by
a range of generalist insects, none of which ugweallise substantial defoliation (Scorer
1913). Larvae oArctia caja (Lepidoptera: Arctiidae) frequently feed upon itlre UK. This
species hibernates as larvae in cold winters, flufagd intermittently if the weather is

warm. This loose diapause can be simulated in tiarddory, where larvae will feed slowly
for a long period, given adequate temperature (Fded 986).P. lanceolata is strongly
mycorrhizal and has a well-studied defensive cheyneonsisting of carbon-based iridoid
glycosides (Bowers and Stamp 1992). ColonizatioAlldyfungi can increase glycoside
content of leaves, leading to a reduction in thewgin of A. caja (Gange and West 1994).

S. jacobaea produces a rosette of leaves in its first yeanwiticonly flower having
reached a threshold size and received adequatalizattion (Prins et al. 1990). It is weakly
mycorrhizal (Harley and Harley 1987) and has amkafee chemistry based on nitrogen-
containing pyrrolizidine alkaloids. This chemistrgs been very well studied (e.g. Vrieling

and van Wijk 1994), particularly in relation to tBénnabar mothTyria jacobaeae L.), larvae
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of which frequently cause 100% defoliation in summlants can regrow some foliage and

even flower after the defoliation event (Islam andwiey 1983).

Field surveys of established plants

Two field sites were chosen on the campus of Roydlbi#ay, University of London, Surrey,
UK. The site used for sampling Bf lanceolata was a meadow, mown in spring and autumn
with the dominant vegetation beidgrostis stolonifera L., Holcus lanatus L., Leucanthemum
vulgare L., Trifolium pratense L., andP. lanceolata. Ten plants oP. lanceolata were chosen
at random at monthly intervals over the course ef calendar year. Before each plant was
disturbed, the insect fauna was removed manuallytedand identified. Total leaf number
and the number damaged by insects was recordedh faatt was carefully dug up, ensuring
that the root system remained as intact as possitd®ts were washed free of soil and

arbuscular mycorrhizal colonization of each platorded using autofluorescence

- { Deleted: b

method of McGonigle et al. (1990).

The second site was a similar meadow, close to tier site, in which the dominant
vegetation wag\. stolonifera, Luzula campestris L., Rumex acetosella L., andS. jacobaea.
Ten plants ofs. jacobaea were selected at random at monthly intervals. Indactage and

mycorrhizal colonization were recorded in the sarag as forP. lanceolata.

Manipulative field experiments

Two field sites were established, one at Imperidlgge at Silwood Park, Berkshire, UK and
one on the campus of Royal Holloway, University ohton, UK. Both sites were of sandy
loam soils, overlying Bagshot Sands. The sitellatddd Park was used for th lanceolata
experiment and was adjacent to that described imxperiment of Gange and West (1994).
Here, the soil was acidic (pH 5.4) and nutrienelewere 2.Jug NOs g* and 3.9ug P ¢*
(bicarbonate extractable). TBejacobaea experiment was at Royal Holloway and was very
similar, with a pH of 5.7, 2.ig NO; gt and 3.1ug P g*.

Each site was treated with weedkiller (‘Rounduph@ining 360 g't glyphosate) in
autumn, shallow ploughed in winter and hand raked¢llowing spring. Sixty plots, each 30
cm x 30 cm and separated by 50 cm buffer zones, weneged in a randomized block
design, with four plots in a block each allocateadne of four treatments. These were control
(natural levels of AM colonization and insect hedsy); insecticide-treated (where the foliar
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insecticide ‘BioLonglasfl (P.B.l., Waltham Cross Herts, UK), containing thatact
permethrin (53.2 gY) and systemic dimethoate (8.6%,Idiluted to 4.5 ml't, was applied at
50 ml m?); fungicide-treated (in which the granular conisail fungicide ‘Rovral’

(containing 40% w/w iprodione) was applied at thteof 2g rif formulated product) and
insecticide- and fungicide-treated. The experimeas thus a 2 x 2 factorial, with 15
replicates of each treatment. Insecticide wasiegplith a hand-held sprayer, while
fungicide was applied with a granular dispensesthBreatments took place at fortnightly
intervals. The insecticide used had contact astkesyic action, thus controlling external and
internal feeders.

Seeds oP. lanceolata andS. jacobaea were germinated in sterilized compost and planted
out one per plot at the second true leaf stagdbi®awere excluded from both sites by 2 cm
wire mesh fencing and molluscs were reduced in nutmpéhe application of ‘Mifaslug’
(containing 6% w/w metaldehyde) pellets around gaaht at fortnightly intervals.

Treatment plots were hand-weeded, but surroundiggtagon in the buffer zones was left
intact.

After 16 weeks, plants ¢¥. lanceolata had finished flowering and were harvested. Each
plant was carefully removed from the sandy soil dredshoot and root system separated.
Leaf number and the number of insect-damaged leages eounted. The shoot material was
dried at 80°C for one week and weighed. Roots weaghed free of soil and arbuscular
mycorrhizal colonization recorded as previouslyodiégd, with autofluorescence microscopy
and the cross-hair eye piece method. At this stagacobaea plants had formed rosettes and
so were maintained for a further year, being hdaedkafter 68 weeks, when all plants had
finished flowering. The same procedures and measuntsmesre undertaken as fer
lanceolata.

In order to assess the effect of AM colonizatiohaf regrowth of. jacobaea, a separate
experiment was conducted in which 40 plants (20 wa4itth 20 without fungicide) were grown,
in a field site adjacent to the one described abd\feer defoliation byT. jacobaeae, the
plants were maintained for a period of five weekd #tal leaf number on each counted at

weekly intervals.

Laboratory experiments

Regular defoliation oP. lanceolata
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Seeds oP. lanceolata were germinated in sterile sand and transplarttéteawo true leaf
stage into 13 cm diameter pots, each containinggd&0John Innes number 2 compost (Gem
Gardening). Initially, 400 g of compost was plage@ach pot and AM inoculum added by
placing a 2g layer of inert clay granules contairfityphae and spores from a culture of
Glomus intraradices, previously isolated from the field site, on top loé ttompost. The
remaining 50g of compost were placed on top of tbeutum and one seedling planted into
the centre of each pot. One hundred and sixtycapl pots were established. Plants were
maintained in a Constant Environment Room at 15°@ wiight regime of 16:8 L:D and

75% RH.

Larvae ofArctia caja were reared from a single egg batch obtained fréemale adult
captured at Mercury Vapour light at Silwood Patlarvae were reared on a mixed diet
consisting of leaves dfaraxacum sect.Ruderalia Kirschner, Oellgaard & Stepanek. (
officinale Wigg. Group),Rumex obtusifolius L. andRubus fruticosus L. agg. When they
reached second instar, a single larva was placédlbof the 3 week old plants and allowed
to feed for one week. Plants were enclosed in dimeesge to prevent the escape of each
larva; control (no herbivory) plants were also plén identical cages. After the week, cages
and larvae were removed and plants maintained ufissxfor two weeks. After this time, ten
randomly selected plants from each treatment (henpiaod control) were harvested and
mycorrhizal colonization of each measured as desdrabove. Foliar and root material were
separated and dried to constant weight. The henpevent was then repeated on the
remaining 70 plants that had been previously atokéh each herbivory plant again
receiving a larva for a week. Once larvae had lused in the experiment they were not used
again. In total, eight one-week herbivory eveneserperformed, each followed by a two-
week insect-free period. A total of eight harvesese performed and the experiment was
terminated after 24 weeks. No plant mortality ocediuring the experiment and no insects
died during the herbivory events. By week 12, d&@fhad moulted to the third instar, but no

other moulting took place.

Variation in the extent of defoliation & jacobaea

Plants ofS. jacobaea were produced as fét. lanceolata (above) and a total of 120 plants
were inoculated witl®. intraradices. To simulate the nature of herbivory in the field,emh
plants were eight weeks old, they were exposedsingde herbivory event, of varying
intensity. Third instar larvae of the polyphagoosth Phlogophora meticulosa L. were

introduced at the rate of 0, 3 or 6 larvae pertpdaud allowed to feed for a twelve hour
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period. Preliminary experiments had indicated thase rates and duration of feeding would
produce defoliation rates of 0, 50% and 100%. &igplicates of each treatment were
harvested on day one of the experiment (immediafedy the herbivory event) and four
further harvests took place at ten day intervaks @avperiod of 40 days. At each harvest, dry

shoot biomass was recorded and AM colonization ntedsas above.

Statistical analysis

The seasonal change in AM colonization and insediitiory of each plant species was
examined with one way ANOVA, employing date as themadiiect. All percentage data
were subjected to the angular transformation gd@nalysis (Zar 1996). The manipulative
field experiments were analyzed with two-factor AN@\after testing for normality and
homogeneity of variances, employing insecticide famgjicide as the main effects in the
UNISTATO statistical package. The effect of AM colonizatan regrowth ofs. jacobaea

was examined with a repeated measures ANOVA. Thed#dry experiments were analyzed

with two-factor ANOVA, employing herbivory and dais main effects.

Results

Field surveys of established plants

There was a significant change in AM colonizatievels of establisheld. lanceolata over

the course of one calendar yelfi(100= 6.97,P < 0.001; Fig. 1A). Colonization by
arbuscules was highest at about 27% (root lendtnzed) in winter and spring, falling to
about a third of this level during summer. No ptasuiffered 100% defoliation (total foliage
loss), but the proportion of leaves damaged rod®®86 during summer (Fig. 1B). Insect
damage also showed a distinct seasonal tilenddo= 7.11,P < 0.001), with the pattern
being almost a mirror image of that of AM colonizatidreaf damage consisted of edge
chewing by Lepidoptera and non-edge (i.e. lamin&d)achewing by Coleoptera.
Lepidopteran damage occurred mostly in early autuvhile Coleopteran damage occurred
during April — June.

S jacobaea had far lower levels of AM colonization th&nlanceolata (Fig. 1C), but there
was still a significant seasonal change in coldiora(Fi1 109= 2.48,P < 0.05) that was
similar toP. lanceolata. Colonization fell to virtually zero between Jusred September and
peaked at about 6% root length colonized in mid evinfThe pattern of insect damage was

also the opposite of that seen in colonization.(E), with 100% damage occurring in
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August, falling to about 10% damage in mid wintef;(100= 5.87,P < 0.001). The spring
peak of damage was caused almost entirellydmgitarsus jacobaeae Wat. (Coleoptera:
Chrysomelidae) while the August peak was exclugidele toT. jacobaeae. At this time,
many plants were completely defoliated by larvathis insect.

Manipulative field experiments

P. lanceolata

Application of insecticide was very effective irdteing insect damage (Fig. 2A) while
fungicide application significantly increased threortion of leaves attacked (Table 1).
Although there was a statistical interaction betw#e treatments, this is of little relevance,
as it is caused by there being no such fungicidedad increase in damage in plants treated
with both compounds, due to the insecticide beingieg.

Application of fungicide was successful in reducilg colonization (Fig. 2B) while
insecticide significantly increased it (Table Bgain, there was a significant interaction
between the treatments. This was caused by théhizctin the presence of insects, fungicide
had little effect on colonization, while if inseat®&re reduced, the effect of fungicide
application could be clearly seen.

Application of insecticide significantly increasddy foliar biomass, while fungicide
decreased it (Fig. 2C, Table 1). However, of moterest was the significant interaction
between the treatments, as the effect of fungicide enly clearly seen when insects were
excluded. Therefore, in this experiment, AM fungvg a growth benefit to plants only when
insects were rare and not when they were commongestige of the fact that insect herbivory
was having a negative effect on the abundance 2Byand functioning (Fig. 2C) of the
mycorrhiza.

S jacobaea

Insecticide application was extremely effectiveeducing damage in this species (Fig. 3A),
but fungicide application had no effect (Table R)eanwhile, colonization was reduced by
fungicide, but unaffected by insecticide (Fig. JBble 2). Perhaps the most interesting fact
was that application of either compound signifitairicreased dry foliar biomass of this
species (Fig. 3C, Table 2). Therefore, reducingemhizal colonization and/or insect
herbivory led to a positive growth benefit for filant, suggesting that both were detrimental
for this plant species. There were no interactlmetsveen the treatments, with the largest

plants being those treated with both insecticidéfangicide (Fig. 3C).
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The pattern of regrowth in colonized and uncolodipkants was very different (Fig. 4),
leading to a significant interaction between myhimal treatment and timé& »3,= 3.28,P <
0.05). Plants without the AM association appeaogaroduce regrowth leaves faster than
those which were colonized, suggestive that immebljiatfter defoliation, the AM
association was detrimental to the plant. Aftee¢hweeks, mycorrhizal plants had caught up
with non-mycorrhizal individuals and after five vkse AM plants had nearly twice the

number of leaves of uncolonized plants.

Laboratory experiments

P. lanceolata

Mycorrhizal colonization was virtually zero at thart of the experiment, when plants were
three weeks old (Fig. 5A). However, this increassadly and after 24 weeks, plants without
herbivory had about 36% root length colonized. biery caused a significant reduction in
AM colonization €1 144= 8.04,P < 0.01), although this did not become apparent fin¢i
‘events’ had taken place, on week 18. At the drnti@experiment, AM colonization of
plants subject to herbivory was only 20%.

The effect of herbivory was manifest in shoot (lB) and root biomass (Fig 5C). The
effect on root biomass was particularly dramafig,44= 39.79,P < 0.001) with a 58%
reduction in this parameter. After 21 weeks, raodpction had virtually ceased in attacked
plants, while that of control plants was increagiagidly. This led to a significant interaction
between herbivory and tim&{144=5.72,P < 0.001).

S jacobaea
Colonization of all plants was very similar at start of the experiment (Fig. 6). However,
after 10 days, 100% defoliation had caused a sogmif reductionF, g = 8.71,P < 0.001).
After 20 days, colonization was decreased dranibtibg total defoliation, although it had
recovered after 40 days. The 50% defoliation tneat had no significant effect on
colonization and in this and the control (no hedoyy treatment, colonization remained at
about 4% throughout the experiment.

The efficacy of the treatments can be seen in Bgiréwhich the three larvae treatment
reduced foliar biomass by 52% while the six larv@atment reduced it by 95%. Biomass
slowly recovered in each treatment, but by thearttle experiment, it was still significantly

lower in attacked plants compared with the undetiediaontrols (Es1= 9.45,P < 0.001).
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Discussion

Mycorrhizal phenology

These relatively simple, but realistic, experimertgehshown that insect herbivores can
affect the mycorrhizal colonization of plants, oua complex way. The effects were
different in the two plant species studied, becamgeorrhizal colonization appeared to be of
great benefit td. lanceolata, but detrimental t& jacobaea. Both plant species exhibited a
seasonal change in AM colonization level, with tigkly high levels from autumn through to
spring with a decrease during summer. ThroughouydheP. lanceolata was much more
heavily colonized thaf jacobaea, with the lowest level foP. lanceolata of 6% being

similar to that of the highest recorded fjacobaea, of 5.8%. S. jacobaea also exhibited
much plant to plant variation, with many individublsing uncolonized, while one specimen
(in November) had a colonization level of 21%. $easchanges in AM colonization are
typical of herbaceous plants growing in temperatesgstems, although the patterns we
observed are different to several other studies.ekample, letswaart et al. (1992) found that
colonization ofAgrogtis capillaris L. peaked in summer and was lowest in winter, as did
DeMars and Boerner (1995) who studied three diffieveoodland herbs. Indeed, our data
resemble those obtained by Merryweather and Fit@9%) with the vernaHyacinthoides
non-scripta (L.) Chouard ex Rothm.

No previous study of mycorrhizal phenology has exaaisimultaneously the incidence
of insect herbivory. It is therefore tempting t@gast that the phenologies of AM
colonization recorded were direct results of faiaamage, as when damage was high,
colonization was low, (and vice versa), in botmplspecies. However, AM phenology is
also affected by environmental factors, such astspiperature and water availability (e.g.
Beena et al. 2000), though our data do suggestdhage-feeding insects are another factor

causing seasonality of mycorrhizas.

Interactions between insects and AM fungi in myaplric plants

In P. lanceolata, insect herbivory reduced AM colonization in thenipalative field
experiment by 56%. However, reducing mycorrhizadumgicide application increased the
proportion of leaves damaged by 38%. In a simi@eement, in an adjacent field site,
Gange and West (1994) also found that fungiciddiegimn increased the proportion of
damaged leaves by 58%. We found that when insesrts abundant, AM fungi had no effect

on plant biomass, but when insects were reducedpmjzas were seen to have a positive
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effect. These results suggest that foliage remoyahsects reduces the functioning of the
mycorrhiza, over the course of a season. It isetbee likely that the failure to detect a
mycorrhizal response in many field trials (McGoni@#88) has been due to the lack of insect
control in such experiments. Conversely, when Akbfuere abundant, insects had a large
negative effect on biomass, but if AM fungi wereueed, insects had no effect. The latter
result is more surprising, because one may expatptants in the fungicide treatment would
have greatly reduced biomass, by having the lonw@ehization level, through a combination
of fungicide application and increased insect hantyi. However, this did not occur and
suggests tha®. lanceolata is a plant that benefits from AM presence at vityuany
colonization density, thus confirming our origingplothesis for mycotrophic plants.
According to Gange and Ayres (1999), since theeedarvilinear response of plants to AM
colonization, it is possible to reduce AM levelsyeonsiderably, but still detect no effect on
the host plant. These data also suggest thaiettine effect of AM fungi on chewing
insects inP. lanceolata (Gange and West 1994) is of relatively less impuaréethan the
negative effect of insects on the fungal assoaiatiosecticide-treated plants therefore grew
best because they had least herbivory and higbgstization levels. One would not expect
the dual chemical treatment plants to show highembiss than the fungicide-treated plants,
because any potential increase in colonizationtiegufrom reduced herbivory would be
cancelled out by the application of fungicide.

To our knowledge, this is the first study to shinattinsect herbivory can reduce AM
colonization in field and laboratory conditionsev@ral authors have examined the effects of
large mammal grazing, with mixed results. Bethlersfgland Dakessian (1984) and Trent et
al. (1988) found that grazing reduced AM coloniaatof grasses, while Wallace (1987)
could find no effect of ungulates (mainly bison)saveral species of prairie grasses.
Meanwhile, Wallace (1981) found a positive coriielatetween grazing intensity and AM
colonization of plant species in a Serengeti geamkl Other studies have examined the
effects of manual defoliation on mycorrhizas in whioliage removal has reduced
colonization (Daft and EI-Giahmi 1978; Allsopp 19@8)had little or no effect (Borowicz
1993; Hartley and Amos 1999). However, interpretatf all these studies in terms of plant
performance is difficult, because the reverse ictéya (effect of mycorrhiza on the
herbivore) is absent in manually defoliated plamtarknown in vertebrates (Gange and
Bower 1997).

When reductions in AM colonization have been fouhd,explanation usually given is

that loss of photosynthetic tissue impairs theitgtilf plants to support the carbon demand of
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the mycorrhiza (Gehring and Whitham 1994; GangeBowler 1997). Such an hypothesis,
based on carbon limitation, is consistent with pgieiations of reduced AM levels when
photosynthesis is reduced, such as low irradiageedrally shading) (Smith and Read 1997).
When carbon allocation has been measured, it Fasfoend that clipping of foliage reduces
the availability of carbon to the roots, resultingpoorer functioning of the mycorrhiza
(Borowicz and Fitter 1990). It is possible thathzn limitation is the explanation for reduced
AM colonization in insect-attacke® lanceolata, particularly as this plant has a defensive
chemistry involving carbon-based iridoid glycosid@bsiff et al. 1965). In this respect, a
plant species likely to be colonized by AM fungiitlalso attacked by insects, faces the
classic problem of whether to ‘grow or defend’ (Herensl Mattson 1992). ‘Growth’ in this
case needs to be interpreted not just as plant lsmrbat the construction and maintenance of
the mycorrhizal association as well.

There are many studies showing that AM fungi caneiase photosynthesis, particularly
when nutrients are limiting (Fay et al. 1996; Blatlkal. 2000). Indeed, this has been shown
for P. lanceolata (Staddon et al. 1999), but in this and other g ¢he extra carbon fixed is
allocated to the mycorrhiza, rather than the plgetf (Wright et al. 1998; Staddon et al.
1999). Such increases in carbon allocated touhgus may explain why some studies
involving manual defoliation of plants appear towhw effect on the mycorrhiza. However,
there must be a limit to the extent of defoliatibayond which the mycorrhizally-induced
increase in C fixation is no longer possible, vathresulting decrease in colonization as carbon
supply is impaired. There are very few studie$ tfaae examined whether the degree of
foliage removal affects AM colonization. Perhaps tkearest is one of the first, by Daft and
El-Giahmi (1978). In that study, there was a sutige®f a linear relation between intensity
of defoliation and AM colonization in maiz&da mays L.) and tomatol(ycopersicon
esculentum Miller), with 60% defoliation of each species rethg colonization to about 40%
of the value on undefoliated plants.

We examined the effect of the degree of defoliaiio. lanceolata by allowing damage
to accumulate on potted plants, in a manner that msithie pattern of attack in the field. In
this experiment, a reduction in AM colonization wad seen immediately, but only became
clear after 18 weeks, when plants had been attdokeetimes, for a total of five weeks. By
the end of the experiment, herbivory had reducedodMnization by 40%, a similar situation
to that seen in the experiment reported by GangdBamger (1997), in which cumulative
herbivory reduced the colonization®flanceolata by Glomus mosseae (Nicol. & Gerd.) by

33%. These data are strongly suggestive that fione the plants in these experiments were
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able to maintain the mycorrhiza, through a mycoahenhanced availability of C. However,
by about week 18 a threshold value of herbivory imaye been exceeded, meaning that the
carbon supply to the mycorrhiza began to be impanexiilting in a loss of arbuscular
colonization. Therefore, in field conditions, pleutthat are mycorrhizal may only lose the

benefits from their mutualists if insect herbivorycegds certain levels.

Interactions between insects and AM fungi in norcatsophic plants

In the mycotrophid. lanceolata, there is a virtually symmetrical interaction betwégsects
and fungi, with the advantage being in favour &fithsects. However, we found quite the
reverse situation in the non-mycotropBigacobaea. In this species, insect herbivory had no
effect on AM colonization in the manipulative figddperiment, even though many of the
plants in non-insecticide treatments were completefgliated byT. jacobaeae. AM
colonization had no effect on herbivory, with betintrol and fungicide-treated plants
suffering about 80% of their leaves damaged. Perti@most interesting result was that
irrespective of whether insects were present oer@b@M fungi had a detrimental effect on
plant growth, as application of fungicide increabammass, relative to the control. Fungicide
application can be a relatively crude tool with gfhto manipulate mycorrhizal fungi, as
other root-inhabiting fungi may also be killed.these were pathogenic, then chemical
application might be seen to increase plant growthe roots of botl®. lanceolata andS.
jacobaea from the field experiments were subjected to stginio reveal all fungal structures,
but very little non-mycorrhizal material could beufa, an identical situation to that reported
by Gange et al. (1999). We are confident thattb@ment effect thus observed is real, and
that if AM fungi colonizeS. jacobaea, they are parasitic on this plant. Thereforenfdan
control plots were smallest, being attacked by itssand a parasitic mycorrhiza.

We hypothesized that if insect herbivory reduces édbnization, then such a parasitic
effect of a mycorrhiza may disappear. This, howedigl not happen in the field experiment.
In the case o8& jacobaea colonization levels were low, variable, and simt@those of
established plants. The overriding conclusiomad in natural situations, the majority of
plants ofS. jacobaea are uncolonized by AM fungi. Of the remainder, Yiast majority
exhibit low levels of colonization, but even théseels are detrimental to the growth of the
plants. One can only assume that the fungi whicbadlanize this plant have a strong demand
for carbon and are thus parasitic, being unaffebieeven total foliage loss.

S jacobaea suffers regularly from defoliation bly. jacobaeae larvae in southern England,

but most plants appear to possess powers of reganvdtitan even flower in the weeks
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479  following such a catastrophic herbivory event (island Crawley 1983). Further evidence
480 for the detrimental effect of AM colonization in ghplant was seen in our experiment on
481  regrowth of mycorrhizal and non-mycorrhizal plantsere, we found that mycorrhizal plants
482 appeared to be at a distinct disadvantage immedifatiédyving defoliation. The regrowth of
483 these plants was slower for the first three wegliggesting that energy resources which
484  might have been used by the plant were being comeaaed by the mycorrhiza. After six
485 weeks, mycorrhizal plants were slightly larger effiect that may have been the result of
486  improved photosynthesis, if the mycorrhiza elieitsimilar effect in this plant as it doesAn
487 lanceolata. This result is in direct contrast to the studiydetrick et al. (1990) where AM

488 fungi were beneficial in aiding the regrowth of tingcotrophic graséndropogon gerardii

489  Vit. following severe defoliation.

490 It is perhaps surprising that a plant can suffé%a@lefoliation and yet still have no

491 measurable loss in AM colonization. To investighie problem, we again attempted to

492  mimic the pattern of damage seen in the field, incviplants received 50% or 100%

493 defoliation by Lepidopteran larvae. Colonizatioasasignificantly reduced by total

494  defoliation, but this effect was transient and nmyleizal levels had recovered by 40 days after
495 the event. However, biomass levels had not, agajgesting that the mycorrhiza was acting
496  as a hindrance to plant growth. Therefore, in myotrophic plants such &jacobaea,

497 there is a highly asymmetrical interaction betweedh and fungus, with the advantage
498  being purely in favour of the fungus.

499
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Table 1 Summary of Analysis of Variance results testingtifie effects of insecticide (1),

fungicide (F) and the interaction between them (I5R)insect damage, mycorrhizal

colonization and plant biomass in field-groRnlanceolata. All degrees of freedom 1,56.

Leaf damage AM colonization Plant foliar biomass
F P F P F P
I 109.9 <0.001 26.68 <0.001 13.19 <0.001
F 96.51 <0.001 48.35 <0.001 10.61 <0.001
I*F 53.97 <0.001 17.09 <0.001 3.32 <0.05

Table 2 Summary of Analysis of Variance results testingtifie effects of insecticide (1),

fungicide (F) and the interaction between them (I6R)insect damage, mycorrhizal

colonization and plant biomass in field-gro&rjacobaea. All degrees of freedom 1,56.

Leaf damage

AM colonization

Plant foliar biomass

F P F P F P

| 95.19 <0.001 1.75 N.S. 23.81 <0.001
F 0.062 N.S. 4.31 <0.05 7.66 <0.01
I*F 0.91 N.S. 0.21 N.S. 0.039 N.S.
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Figure legends

Fig. 1 Naturally-occurring seasonal changes in arbuscajacorrhizal colonization (A) and
associated insect damage (proportion of leaveskaetia¢B) ofPlantago lanceolata and
colonization (C) and damage (D) $8necio jacobaea. Values are meansone standard error.
Fig. 2 Proportion of leaves damaged by insects (A), atdas mycorrhizal colonization (B)
and dry foliar biomass (C) of field-grovifiantago lanceolata. Key: control: natural levels

of insects and mycorrhizas; F: application of &wilgicide; I: application of foliar insecticide;
FI: application of both compounds. Values are meamse standard error.

Fig. 3 Proportion of leaves damaged by insects (A), atdas mycorrhizal colonization (B)
and dry foliar biomass (C) of field-grov@enecio jacobaea. Key as in Fig 3.

Fig. 4 Regrowth of mycorrhizakf) and non-mycorrhizaNf) Senecio jacobaea plants, after
total defoliation by larvae dfyria jacobaeae. Values are meanne standard error.

Fig. 5 Changes in arbuscular mycorrhizal colonizatiop &koot (B) and root (C) biomass of
Plantago lanceolata attacked one week in every three by larva@rafia caja. Herbivory
events occurred in weeks 1,4,7,10,13,16,19 and ##@xperiment and the first harvest was
on week three. Key:¥) no herbivory; ¢) herbivory. Values are meahsne standard

error.

Fig. 6 Changes in arbuscular mycorrhizal colonizationdAj shoot biomass (B) 8fnecio
jacobaea, following zero ), 50% ) or 100% ¢ ) defoliation of foliar tissues. Values are

meand one standard error.



