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T he `sy stem m anagement approach ’ of biological weed control was applied in a sm all-scale

® eld ex perim ent with celeria c ( root celery) , int ersown with an inbred line of the annua l weed

Sen ecio vu lgar is L . T he naturalized rust fungus Puccinia la genopho rae Cook e ( Basidio-

mycetes: Uredinales ) , a common and widespread pathogen of S. vu lga ris in Europe, was

introduced into part s of the plots, and its im pact on the com petit ive balance between the crop

and weed in the presence and absenc e of an addit ional herbicid e treatment was st udied .

C om petit ion by S. vu lga ris ( at a realized density of only 50 plants /m
2
) during the ® rst 10

week s of growth was substantial, reducin g the fresh weigh t of the celeriac bulbs by 28%. T he

epidem ic spread of the rust fungus was relat ively fast , and the tim e to infect ion was sim ilar to

that in full-area applica tions. Inocula tion with the rust fungus strongly reduced crop losses due

to competit ion with S. vu lga ris. T he fresh weigh t of the celeria c bulbs in plot s with both

S. vu lga ris and the fungus was not stat ist ically diVerent from the celeria c y ield in plots without

S. vu lga ris. T his eVect was mainly the result of the reduced biomass of S. vu lga ris, and not

reduced survival . Infec ted plants may, therefore, st ill contribute to soil cover and may help to

suppress later germ inat ing weed species. O lder plant stages were found to be infec ted earlier

than younger stages. N o signi ® cant interactions were observed between the eVects of the funga l

infec t ion and a low-dose applica tion of the herbicid e chlorbro m uron on weed perform ance.

B asic studies necessar y to develop the sy stem managem ent approach further are discussed.

Keywords: biological weed control, sy stem managem ent approach , Senecio vu lga ris, rust

fungus, weed ± crop com petit ion, celeria c

INTRODU CTION

C oncept s of weed con trol in agr icu ltur e have changed grea t ly during the pa st decades,

sh ift ing from m aximum weed su ppression (the clean -crop opt io n) to econom ic crop
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p roduct ion based on va rious th resho ld s for weed con trol (H u rle, 1997). Th is ha s been

m ain ly due to the ava ilab ility o f sp eci ® c h erb icides that a re app lied only if th e trea tment

r esu lts in a net ga in of ben e® ts. M ore recen tly, th e augm en tat io n and use o f b iod iver sity

ha s becom e a key co mponen t in develop ing sustain able agro-eco system s (U nited N at ion s

C on feren ce on Environmen t and D evelopmen t, 1992). In th is r espect , op t im al crop produc-

t io n m ay be ach ieved by a cau t iou s man ipu la t io n of the crop ’s environmen t, ba sed on

carefu lly ba lancing the negat ive and posit ive eVects o f non -crop p lan ts. T he ecologica l

im po r tance o f in cr ea sed species diversity, fo r examp le of co m pan ion plant s in ter ferin g with

pests and pathogens o f the crop, ha s been dem onst ra ted in va rio us studies (e.g . M uÈ ller -

Sch aÈ rer et al., 1992 ; Theu n issen , 1994 and referen ces therein ).

For dom inant weed sp ecies tha t ar e d iYcu lt to co ntrol by t rad it io nal m eans, th e

developmen t of new, select ive weed co n tro l methods that ca n be im p lemen ted in in tegrated

pest managem en t (IPM ) st ra tegies is essen t ia l. Such situ at io ns have recen tly been discu ssed

by M uÈ ller-Sch aÈ rer (1995) and G ressel et al. (1996) . In these ca ses, bio logica l weed co nt ro l

is an app rop ria te m eans o f co ntrol due to it s h igh degree o f select ivity and level o f

environmen ta l sa fety (M uÈ ller -Sch aÈ rer & Sch eepen s, 1997) . T he a im of this `new’ fo rm of

weed co n tro l is no t to erad icat e p lan t sp ecies, but to sh ift th e co mpet it ive ba la nce in favou r

o f the crop. T his is one o f the exp licit under lying id ea s o f the recen tly describ ed `system

m anagemen t app ro ach ’ o f b io logica l weed con trol (M uÈ ller -Sch aÈ rer & F ran tzen , 1996) .

R ed uct ion of the co mpet it ive ability o f the target weed is at t em p ted by st im u la t in g the

bu ild -up o f a d isease ep id em ic o r in sect ou tb rea k on the ta rget weed popula t io n , u sing

natura lly occu r ring o r natu ra lized an tago nists.

To develop th is app ro ach fur ther, th e con trol o f the annua l weed S enecio vulgari s L .

(A ster aceae) u sing the wid ely d ist r ib u ted natu ra lized ru st fungu s Puccinia lagenoph orae

C ooke (Basid iomycetes: U red ina les) ha s been ch osen a s a resea rch m odel (M uÈ ller-Sch aÈ rer

& F rant zen, 1996; F ran tzen & H a tch er, 1997). S . vulgaris has becom e a p rob lem weed in

ho rt icu ltu ral crops due to its sh o rt generat ion t im e, h igh seed p roduct io n and rapid germ in a-

t io n through ou t the yea r. M oreover, s-t r ia zine-resist an t popu la t ion s and pa r t ia l in sensit ivity

to phenylurea herb icides have been widely docu mented (M uÈ ller -Sch aÈ r er & Wyss, 1994) .

C eleriac (root celery), A pium graveolens L . var. rapaceu m (M ill.) G aud . (A pia ceae), is o ften

heavily in fested by S . vulgaris in Switzerla nd (D . T. Baumann , perso nal co mmunica t io n ,

1997). R egistered herb icides a re known to have on ly a pa rt ia l eVect on S . vulgaris (Baumann ,

1996). A red uct ion of yield due to com pet it ion by S . vulgaris has been dem onst r ated fo r

let tu ce (Pau l & Ayr es, 1987) , t om atoes (Q uasem & H ill, 1994) and ca r ro ts (Wyss, 1995). The

po ten t ia l o f P . lagenophorae in fect io n to reduce the co mpet it iveness of S . vulgaris , a nd thus

to lower yield red uct ion withou t p ronounced weed mort ality, h as been sh own by Pau l and

Ayres (1987 ) for let tu ce. Comp lete killing of S . vulgaris in festat io ns in vegetab le crops by

natura l in fect io n with P . lagenop horae has occa siona lly been repo r ted (G . S. Wyss, perso na l

com municat io n , 1997). Presen t knowledge on in t eract io n s between S . vulgaris and the ru st

fu ngus P . lagenoph orae has r ecen tly been reviewed by F ran tzen and H a tch er (1997) . S . vul-

garis is one of the ® ve weed species selected fo r detailed stud ies in the fram ework of COST-

816 (E uropean co operat ion in the ® eld o f scien t i® c and techn ical research) on `Biologica l

C on trol o f Weeds in C rops’ (M uÈ ller -Sch aÈ r er & Sch eepen s, 1997).

The a im of th is study was to apply the system managem en t app ro ach in a sm a ll-scale

® eld exper im en t in celeriac, in terso wn with S . vulgaris , in o rder to mon ito r the ep id em ic

spread o f the ru st fu ngu s P . lagenophorae from in it ia l in ocu lum sou rces. A fur ther a im was

to quan t ify the im pact of the fungu s, in the p resence and absence o f an add it io nal herb icide

tr ea tm en t, on the ea rly developmen t o f celeriac, a s m ed ia ted by its eVect on the co mpet it ive

ab ilit y of S . vulgaris . T he fo llowing sp eci ® c quest ion s were addressed .

(1) W hat is th e eVect o f co mpet it io n by S . vulgaris at a sown density o f ca . 100 p lan ts /

m 2 on celeria c du ring the ® r st 2 m on th s a fter p la n t in g?

(2) D o single and jo in t app lica t io n s o f the rust fu ngu s with the herb icide trea tment

a llevia te crop lo sses due to co mpet it io n with S . vulgaris ?
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(3) C an the eVects of these trea tments on celeria c adequat ely be exp la in ed by their eVect s

on the b iom ass o f S . vulgaris?

(4) H ow fast does the ru st fu ngu s sp read , and does the t im e to in fect io n dep en d on p lant

st age?

(5) A re ther e in t era ct ion s o f the herb icide trea tm en t with p la n t stage and funga l ru st

in fect io n?

M ATER IALS AN D M ETH OD S

Species

C eleriac (roo t celery), A . graveolen s va r. rapaceu m cv. Ko jak, was sown on 26 M arch 1996

in sm a ll pots in a greenhouse. Im med ia tely before pla nt in g in the ® eld , th e celeria c was

tr ea ted with O rtho -D ifo la tan (0.15%; M aag A gro AG , D ielsdo rf, Switzer la nd) fo r p ro tect io n

aga in st in fect io n by the pathogens A lt ernaria radicin a and S eptoria apiicola.

Seed s o f an inbred line of S . vulgaris L . (A steraceae), most p robab ly S . vulgaris subsp .

vulgaris va r. vulgaris , wer e u sed , o riginally co llect ed on old dunes nea r Leiden , th e

N ether la nds. T h is p lan t lin e is known to develop rela t ively fa st and to be read ily su scep t ib le

to the ru st lin e u sed (M uÈ ller -Sch aÈ rer & F ran tzen , 1996).

Aecio sp o res o f the ru st fu ngu s P . lagenoph orae were used fo r the exper im en t. The selected

funga l rust lin e o riginated from an iso la te co llected on S . vulgaris in a vegetable ® eld at

U n tereh ren d ingen , Switzerla nd . The isola te was sp rayed on S . vulgaris plant s and the

speci® c ru st lin e was selected from a single aecium . Both S . vulgaris and P . lagenoph orae

lines were ma in ta ined in a clima te chamber with 16 h of light (150 l mol m - 2 s - 1 a t 23ë C

and 60% rela t ive hum id ity (R H )) and 8 h o f da rk (a t 15 ë C and 80% R H ).

Field Site and Experimental D esign

T he ® eld exper im en t was car ried out in 1996 at th e exper im ental fa rm of the Agr icultu ra l

Inst itu te G rangeneu ve, at Posieux (10 km from F ribou rg), Switzerla nd . A vegetab le p lo t

was p lough ed in au tum n 1995 and left uncovered du ring the winter. In sp rin g, a fter

p repa rat io n o f the bed s fo r p la n t in g, th e exper im en tal ® eld was har rowed twice to red uce

subsequen t weed p ressu re (i.e. a fter 2 weeks and the day befo re pla nt in g the celeriac).

Subsequent ly, fo ur trea tmen ts were set up, each with ® ve rep licat io n s, and the resu lt in g 20

p lo ts were a rranged in a co mp letely r andom ized design in two ad jacen t celeriac crop bed s

(F igu re 1). T here were fou r trea tment s: a co ntro l without S . vulgaris (C p lo t s); in ter sown

S . vulgaris (S p lo ts); in ter sown S . vulgaris and a ru st -in fected S . vulgaris p lan t t ran sferred

in to the centr e o f ea ch p lo t (R p lo ts); and R p lot s with an addit iona l her bicide trea tment

(R + H plo ts). E ach plo t was 1.2 m wide and 3 m long. T he two celer ia c crop bed s (each

1.2 m wide) were sepa rated by a 30-cm wa lkway, and plo ts were ho rizonta lly disp laced to

red uce the ch ance o f cross-in fect io n between plo ts o f the two rows (F igu re 1). A buVer zone

o f 2 m was p lan ted with celer ia c a round the exper im enta l p lo ts.

Establishment of Field P lots and Application of Treatments

C rop. C eleriac was p lan ted on 29 M ay 1996 in fou r rows/bed (30 cm apar t) and at a

d istance o f 30 cm with in the rows. Base-fer t ilizat ion was ca r ried ou t acco rd ing to so il

analyses p rio r to p la n t in g wit h P 2 O 2 , K 2 O and M g to reach 170 kg o f N /ha (over the to ta l

veget at io n per io d), 70 kg of P /ha, 20 kg o f K /ha and 20 kg of M g /ha . N it ro gen (as

amm onium nit rat e) was app lied a s a top dressing on three occasion s (13 June, and 3 and

25 July), ea ch with 40 kg of N /ha . N o in sect icides o r fungicides were app lied to the

exper im en tal p lo ts.

S enecio. O n 29 M ay, 5400 S . vulgaris seed s were p laced on aga r (2%) in Pet r i d ishes (15 cm

in d iam eter, ea ch co nta in ing 12 3 12 seeds). O n the next day (i.e. 1 day a fter p la n t in g the
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F IG U R E 1. Experimenta l design and posit ion of plants in the plo ts.

crop), im b ibed seeds were p laced in to the exper im en ta l p lo t s with a p iece o f aga r (S, R and

R + H ) using a sp oon. Th is method was su ggest ed by K em pen aa r and Sch n ieders (1995 ) to

ob ta in fa st and unifo rm em ergence o f weeds fo r ® eld exper im ent s. Seeds were pla ced in a

gr id o f 10 3 10 cm in to 12 rows of ea ch p lo t (F igu re 1), r esu lt in g in ca . 100 S . vulgaris

p lan ts /m 2 (320 seeds /p lo t). T he germ in at ion ra tes had been assessed 2 weeks befo re the

star t of th e exper im en t and wer e found to be 80% (on aga r pla tes a fter 5 days a t 12 h of

daylight at 21 ë C and a ligh t in t ensity of 150 l mol s - 1 m - 2 , and 16 ë C in the da rk). The

cen tra l ha lf of ea ch plo t (1.2 3 1.5 m ) was used a s a test p lo t on ly, thu s co n ta in ing 4 3 5

crop p lan ts and ca . 60 S . vulgaris p lan ts. T his allowed fo r a 3-m buVer zone between the

test plo ts in the bed s and a lter nat in g p la cement in the two bed s due to the ho rizon ta l

d isp la cemen t (F igu re 1).

Apa r t fro m S . vulgaris , th e exper im enta l plo ts were kep t weed -free by hand weed ing, and
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the su rround ing buVer zo ne was weeded using an in ter -row cu lt ivat io n im p lemen t. O n

26 June and 16 July a ll exper im en tal p lo ts wer e light ly hoed between the crop and the

S . vulgaris plant s to avo id en cru st in g the so il. H ot, dry weather im m ed ia tely after sowing

severely lim ited estab lishmen t of S . vulgaris (F igure 2). To ® ll in the gaps, seed lings sown

in parallel in the greenhouse were tran sfer red from seed trays. O n 22 June, th e posit io n of

each S . vulgaris and celeria c p lan t estab lished in the test plo ts was reco rded .

Inocula tion. O n 21 June, a single ru st -in fected S . vulgaris p lan t was p la ced in the cen tre o f

each R and R + H test plo t . T hese p la nts had been sp rayed at the ® ve-lea f stage on 31 M ay

with an aecidio sp o re suspen sion o f P . lagenop horae (0.5 mg m l - 1 ). T he germ in at io n rates

were a ssessed in pa ra llel on aga r p la tes (2%): 51% germ in at ion was ach ieved a fter 4 h .

H erbicid e applica tion. C hlo rb romuron is a co mm only used post -emergence herb icide in

celery (including celer ia c) crop s in Switzerla nd . W hen using the su ggested does of 1.0±1.25 kg

o f a.i. /h a its eVect on S . vulgaris is describ ed a s on ly pa r t ia l (Baumann , 1996) . A series of

p re-tr ia ls was co nducted to determ in e the dosage to be applied in the exper im en t (R ieger ,

1996). In o rder to study the in teract io n between the herb icide and the ru st fu ngu s, S . vulgaris

p lan ts need to sh ow on ly m oder ate symp toms o f phytotoxici ty, no t be k illed d irect ly. O n

9 July, 18 days after th e tran sfer o f in ocu lum p lants to the plo ts, 0.75 kg o f a .i. /h a of

com mon ly availab le ch lo rb romuron (M a lo ran , 50% a .i.; C ib a Agro , D ielsdo rf, Switzerla nd )

was app lied in a spray vo lum e of 500 l ha - 1 to the ® ve R + H plo ts u sing a hand sp rayer

with st andard nozzles and a sp ray p ressu re o f 200 kPa .

Evaluation

T he in it ia l size o f the celer ia c p lan ts was assessed on 28 June by est im at in g to ta l lea f ar ea .

T h is was done by p ro ject ing the lea f a rea on to a gr id frame pla ced ben ea th ea ch crop

p lan t . T he to ta l lea f a rea was est im ated fo r a ll 10 crop p lan ts o f the two midd le rows of

each t est p lo t . O n 26 June, th e num bers o f leaves of all S . vulgaris p lan ts in the test p lo ts

were reco rded , together with their po sit io n s in the plo t . I n the R + H plo ts, th e number s of

leaves were co un ted a second t im e on 9 Ju ly. T he number s of leaves were taken as an

ind ica t io n o f the pheno logical stage o f the p lan ts and used to rela te funga l ru st in fect io n

and herb icide eVects r espect ively to p la n t st age.

E pidem ics. S . vulgaris p lan ts in the R and R + H plo ts were ch ecked da ily for rust in fect io n

from 1 to 19 Ju ly (i.e. sta r t ing 10 days a fter t he tran sfer o f the inocu lum p lan ts to the ® eld

p lo ts). The dat e o f the onset o f sp o ru la t io n was recorded . T hese test p lo ts wer e la ter

subd ivided in to 12 3 12 cells ea ch 10 3 10 cm in size, and one S . vulgaris plan t was random ly

assigned per cell if mo re than one p lan t was p resent per cell. Spat ia l au toco rrelat io n was

per form ed using the M oran sta t ist ic (Soka l & Oden , 1978) and su bsequent geosta t ist ics

(A non , 1995).

The eVect s o f the her bicide were assessed on four occa sions (3, 6, 10 and 16 days a fter

app licat io n). Phyto toxic symp toms o f a ll S . vulgaris p lan ts in the R + H plots were

ind ividua lly ranked acco rd ing to the Eu ropea n Weed Resea rch Society (E W R S) cla ssi ® ca t ion

schem e for pla n t to ler ance (1±9; with 1 ind icat in g no symp toms /hea lthy pla nt and 7±9

ind ica t in g heavy dam age to to tal k ill) (A non , 1992) .

On 5 Augu st , 68 days a fter pla nt in g the crop, th e num bers of S . vulgaris plant s in the test

p lo ts were co un ted and the number s of pla nts with spo rula t in g P . lagenophorae were

reco rded . P la nts were then cu t at ground level and the tota l b iomass /p lo t was determ ined

(d ry m ass at 70 ë C a fter 36 h ). T he two bo rder lin es o f each test p lo t wer e no t in cluded

because the p lan ts there predom inately escaped herb icide app licat io n . The 10 celeria c p lan ts

o f the two cen tre rows o f ea ch test plo t were dug out , and the bu lb d iam eter s and fresh

weigh ts o f the bu lbs and the leaves were determ in ed .
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W eather data. Tem perature, p recipita t ion , wind sp eed and wind direct io n were recorded

du ring the exper im en t u sing data from the F ed era l Weather Stat ion lo ca ted 200 m from the

® eld sit e.

Statistical Analyses

T he eVect o f the four trea tm en ts was ana lyzed a s a co mp letely random ized design using

analysis of va riance (A N OVA) and ana lysis of covar ia nce (A N COVA). A N OVAs fo r yield

pa rameters were ba sed on p lo t m eans to avoid pseudo rep lica t io n s. T he developmen ta l stage

o f the pla n t was used a s a cova ria te to study whether the herb icida l eVect was in ¯ uen ced

by the presence o f ru st in the R + H plo ts. A lthough the dep en den t varia te (i.e. th e sco re of

phyto toxicity symp toms) rep resented cla sses from 1 to 9, AN OVAs were co nducted a s these

va lu es ar e ba sed on a co n t inuous var ia te with lin ea rly incr ea sing step s (classes). M oreover,

a logit lo g-linear analysis ba sed on three phyto toxicity classes sh owed sim ila r r esu lt s. M ea n

separa t io n s in the AN C OVA models wer e perfo rmed using sim p le con tra sts (each trea tment

was co m pa red with the respect ive con tro l trea tmen t) and jo in t Bonferron i in terva ls to

r ed uce mult ip le co m pa risons and to avo id bia s (N o rusis, 1990). SPSS (N orusis, 1990) and

SuperAN OVA (G agnon et al., 1989) were u sed fo r regression ana lyses and AN OVA s, and

G S + G eo sta t ist ics (A non , 1995) for ana lyses o f the ep id em io logical data .

R ESULTS

Establishment

D ue to hot, dry weather fo llowing the sowing o f S . vulgaris (F igure 2) and the lim ited

num ber o f greenhouse seed lings availab le fo r tran sfer to the ® eld , only ha lf th e p la n t den sit y

envisaged co u ld be rea lized (i.e. ca . 50 S . vulgaris p lan ts /m 2 ). In add it io n, th e den sity varied

gr ea tly between the 15 p lo ts, ranging from 37 to 70 p lan ts /p lo t . T h is was ma in ly because

add it iona l tr an sfer of S . vulgaris seed lings to r ep la ce non -estab lished plan ts in the ® eld

p lo ts co uld be ach ieved only fo r th ree r andom ly selected p lo ts o f ea ch trea tmen t. On 26

June (i.e. b efo re possib le eVects of the ru st trea tment and befo re the applicat ion o f the

her bicide), in it ia l S . vulgaris den sity and individua l p lan t stage were a ssessed. T hese

pa rameters d id no t va ry am ong the S enecio t r ea tm en ts, and the trea tmen t means ranged

from 42.4 to 49.8 p lan t /m 2 with 3.8±4.2 leaves /p lan t respect ively. A ll 20 crop p lants of each

o f the t est plo ts becam e estab lished , and the average size o f these celeria c pla nt s d id not

vary between the trea tmen ts (range, 130±150 cm 2 of to tal lea f a rea /p lan t).

Treatment EVects on Early Biomass of Celeriac

T he ind ividua l b iomass of celer ia c at t he en d o f the exper im en t (i.e. 68 days aft er p lan t in g)

was h ighly co rr elated with the in it ia l pla nt size. A s the slopes of the regression lin es were

the sam e fo r all fou r trea tmen ts (t rea tm en t 3 covaria te in tera ct io n s no t signi® ca nt), an

A N COVA model with a co mm on slope was ® t ted and the trea tment eVects on celeria c

var ia t es were ad justed fo r in it ia l crop size by using in it ia l size as a cova ria te. T he trea tmen ts

sign i® ca n tly in ¯ uenced bu lb d iam eter, bulb fr esh weight and the fo liage:bu lb rat io , bu t not

th e fr esh weigh t of the fo liage (Tab le 1). T he eVect o f co m pet it ion with S . vulgaris was most

severe fo r the fr esh weight o f the bu lb s (th e target yield varia te), signi® ca nt ly red ucing it by

28% co mpared wit h S . vulgaris -fr ee con trol p lo ts (F igure 3). T he p resence o f the ru st gr ea t ly

d im in ished th is eVect t o only 15.9% weight red uct io n, and the yield pa ramet er in these p lo ts

was not sign i® ca n tly d iVer en t from the co n tro l p lo t s. The addit iona l herb icide app licat io n

showed no fu r ther eVect on this crop var ia t e (F igu re 3). A sim ila r tren d was found fo r all

o ther crop va ria tes.

Treatment EVects as M ediated by S. vulgaris

Rust infect ion red uced the plo t d ry weigh t of S . vulgaris by 48% but p la n t num bers only by

16% when co m pa red with the S plo ts (Table 1 and F igure 3). H en ce, du ring the cou r se of
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TA BLE 1. A N COVA table of treatmen t eVect on ear ly yield variates of celeriac and on S . vulgaris. Sum s

o f squa res and sign i® cance levels of F-rat ios a re given

Celeriac S . vulgaris
(m ean /crop plant) (m ean /test plot)

Bulb Foliage : M ean

Source o f diameter Bu lb Shoot Tota l bulb Tota l N o. o f p lan t

var iat ion dfa (mm) F W b (g) F W b (g) F W b (g) rat io D W c (g) plants D W c (g)

Cova riate

(in it ia l crop size) 1 /± 329*** 1 404*** 4 821*** 11 431*** 0.17* ± ± ±

Treatment 3 /2 54* 240* 291 1 038(*) 0.44* 41 437*** 16 828*** 2.40**

R esidual 15 /16 71 241 754 1 748 0.47 17 794 2 416 1.65

A djusted means

Control 44.24 37.35 77.26 114.61 2.05 ± ± ±

S 39.39 27.05 65.9 92.94 2.49 134.07 84.4 1.55

R 41.98 31.4 70.38 101.78 2.30 70.17 71.0 0.95

R + H 42.26 30.27 71.86 102.13 2.37 5.33 7.6 0.58

aD egrees of freedom for eVects on celeriac and S . vulgaris va riat es respectively.
bF W, fresh weigh t.
cD W, dry weight.
(*)P < 0.07, *P < 0.05, **P < 0.01, ***P < 0.001.

F IG U R E 3. Trea tmen t eVects on early crop yield and S . vulgaris variates. R ela t ive plan t mean s are given (S,

crop + S . vulgaris; R , S+ ru st fungus; R + H , R + herbicid e). D iVerences from the respective

con trols were tested u sing sim ple contrasts and joint Bonferroni in tervals. ns, not sign i® cant;

**P < 0.01; ***P < 0.001.
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TABLE 2. A N OVA table of trea tmen t eVects (funga l ru st treat-

m ent with (R + H ) and without (R ) additiona l herbi-

cide app licat ion) and plan t stage on infection period

o f P . lagenophorae (treatment eVects were tested at

th e p lot level). Sum s of sq ua res and signi® cance levels

o f F-rat ios a re given

Sou rce of var iat ion d f In fection period

Treatment 1 2.8

Plot 8 64.6***

Plan t stage 11 197.8***

Treatment 3 plant stage 11 12.9

Residua l 611 759.9

***P < 0.001.

th e exper im en t, th e ru st fu ngu s P . lagenop horae main ly in ¯ uen ced p lan t b iom ass and had

on ly a sm a ll eVect on p lan t su rviva l. T he herb icide k illed most S . vulgaris p lants, bu t th is

was too la te to in ¯ uen ce crop yield (Table 1 and F igu re 3).

S . vulgaris biomass was used as a fu rther cova ria te to invest igate whether trea tmen t

eVects on the crop co u ld be exp la ined adequat ely th rough their eVect on weed b iomass.

W hen ana lyzed at th e p lo t level, S . vulgaris b iomass, as a ssessed at the en d of the exper im en t,

sign i® ca n tly expla in ed the va ria t io n in a ll crop varia tes (P < 0.01). Fo r bu lb diamet er and

bu lb fresh weight no indep en den t trea tment eVects were found (P > 0.5). Trea tment s,

however, st ill h ad an eVect on the fr esh weigh t o f the sh oo t, in dep en dently o f their eVect

on weed b iomass. T his was ma in ly because crop va lues in the R + H plo ts were lower than

expected based on observed weed b iomass (da ta not presen ted ).

Epidemic of Rust Fungus and EVects of P lant Stage on Infection Period

T he inocu lum p lan ts t ran sferred were rela t ively o ld , surviving in the ® eld for on ly 1 week ,

and sp o ru la t ion may have been lim ited to a few days. T he infect ion per iodÐ in this ca se

the t im e in terva l between transfer o f the inocu lum plant s and the onset of sp o ru la t io nÐ was

17 days on average. The va ria t ion in infect ion per io d within p lo ts was relat ively low, but it

var ied sign i® ca n tly am ong p lo ts (Table 2), ranging from 15.9±17.9 days.

The addit io na l herb icide app lica t io n had no in ¯ uen ce on the infect ion per iod (Table 2).

I t d id , however, have a h igh ly sign i® can t eVect on the developmental stage o f S . vulgaris

p lan ts a t th e t im e inocu lum p lan ts were tran sfer red to the p lo ts (Tab le 2). A sign i® ca nt

negat ive lin ea r co rr ela t io n was found between plant stage and in fect io n per iod (F igu re 4).

Spo ru la t io n o f P . lagenophorae occu r red on yo unger pla nt s (one to two lea f stage) ca . 2

days la ter th an on o ld er p lan ts (n in e to 11 lea f stage). Fo r th is ana lysis, on ly p lan ts with

spo rula t in g P . lagenophorae up to 3 weeks a fter transfer o f the inocu lum p lan ts were

considered . A t that t im e, less than 1% of the S . vulgaris plant s in the S p lo ts sh owed signs

o f in fect io n (i.e. were spo ru la t in g). O bserva t ion s indica ted that a second cycle o f aeciospo re

p roduct ion may have star ted a round 4 weeks a fter th e transfer, and by the en d o f the

exper im en t (6 weeks a fter th e t ran sfer) a lm ost all pla n ts o f the en t ire exper im en t sh owed

sym ptom s o f funga l rust in fect io n .

EVect of the Herbicide and Interactio ns with P lant S tage and Fungal Rust Infection

T he eVect o f the her bicide was severe, and most pla nts wer e dead 2 weeks a fter it was

app lied . The eva lua t io n o f her bicidal act io n by cla ssifying phyto toxicity sym p tom s showed

a signi® ca n t eVect of the p la n t developm en tal st age at th e t im e o f app lica t io n (Tab le 3).

D am age symp toms were found ea rlier in yo unger p la n ts, wh ich d ied before o ld er, ¯ ower ing

p lan ts (F igure 5). If results were ad justed fo r the eVect of p la nt stage, th e p resence o f the

ru st in fect io n at th e t im e o f herb icide app licat ion had no sign i® ca n t eVect on dam age

caused by the herb icide (Table 3).
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F IG U R E 4. E Vect of p lan t stage on in fection period of the ru st fungus P . lagenophorae (m ean and

standa rd erro r).

TA BLE 3. AN COVA tab le of eVects o f p lan t stage (cova riate) and presence of

funga l r ust in fection on phyto toxicity symp toms o f S . vulgaris caused

by the herb icide (chlorbromuron ). H erb icid al eVects were assessed

3 days a fter applica tion. Sum s of squa res and sign i® cance levels of

F-rat ios a re given

Sco re o f phytotoxicit y symptoms

Source o f va r iation d f cau sed by the herb icide

Plo t 4 182.2***

Plant stage (cova ria te) 1 419.2***

F ungal rust in fection (yes /no) 1 4.8

Plant stage 3 fungal rust 2 13.7

R esidual 413 1811.5

***P < 0.001.

D ISCU SSION

EVects of C ompetition

T he exper im en t dem onst rated su bstan t ia l com pet it ion o f S . vulgaris on celer ia c du ring the

® r st 10 weeks a fter so wing of the weed , result ing in 28% red uct ion in bu lb fresh weight

(Tab le 1 and F igure 3). T h is was especia lly im pressive, a s the rea lized den sity of S . vulgaris

on average was on ly ca . 50 p lan ts /m 2 . A ® eld su rvey in Switzerla nd showed th is den sity to

be qu ite rea list ic, a lthough den sit ies o f well over 100 and even 200 plant s /m 2 have been

observed in ® eld vegetab les and newly estab lished o rch a rds (M uÈ ller -Sch aÈ r er & Wyss, 1994).

In a ® eld exper im en t, Pau l and Ayres (1987 ) found over 50% red uct io n o f let tu ce fresh

weigh t 10 weeks aft er so wing the crop a t a S . vulgaris den sity o f 256 plan ts /m 2 . Sim ila rly,

Wyss (1995 ) observed a 50% reduct io n in co mmercially grown ca rrots when S . vulgaris was

sown at a den sity o f 1000 plant s /m 2 . S . vulgaris is typ ically an ea rly co mpet ito r, b a sed on
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F IG U R E 5. Plant stage-speci® c eVects of the herbicide treatment; phytotoxicity symp toms a re based on

th e EW R S classi® cat ion schem e. Plant d evelopmenta l stage was assessed at the tim e of

herbicide applicat ion .

it s sho r t generat io n tim e o f 3 mon th s du ring the sum mer and it s rap id est ab lishm en t a fter

so il distu rbance. H en ce, it s im pact ca n be assum ed to be h igher in sown crops com pared

with d rilled drops. The observed results a re well in agreemen t with tho se o f studies on the

cr it ica l t im e per iod fo r weed co m pet it ion in vege table crops, sh owing that yield red uct ion s

a re ma in ly ca used by co mpet it io n dur ing the ® r st h a lf o f the vegetat io n per iod (R ober ts,

1976; M uÈ ller -Sch aÈ rer & Baumann, 1993). Fo r celery and celer ia c, Sch warz et al. (1990)

r ecomm en d a weed -free per iod between the th ird and seventh week after p lan t ing.

EVects of the Rust Fungus

D ue to adver se weather co nd it ion s, th e inocu lum p lan ts wer e t ran sferred rela t ively la te (i.e.

23 days a fter so wing and when S . vulgaris p lan ts had an average o f 4.3 leaves a lready

developed ). T he eVect o f the funga l ru st trea tmen t was st ill su bstan t ia l, r ed ucing crop lo sses

due to co mpet it io n with S . vulgaris by nea rly 50%. T he fa ct th at t his eVect was m a in ly

m ed ia ted by reducing S . vulgaris b iom ass and no t su rviva l is m ost posit ive, a s in fected

p lan ts st ill co n tr ibu te to so il cover and may thus help to supp ress la ter germ ina t in g weed

species. A sign i® ca n t r ed uct io n in yield lo ss through in fect io n o f S . vulgaris by P . lageno-

phorae was a lso found by Pau l and Ayres (1987 ) fo r let tu ce, with a th resho ld o f a round

4000 rust ed p la nts /m 2 , below wh ich let tu ce yield were no t signi® ca ntly red uced co mpared

with uninocula ted p lan ts. Sim ila rly, in 1 :1 m ixtu res o f let tu ce and S . vulgaris grown in tubs,

let tu ce yield was reduced by ab ou t one th ird at densit ies eq u ivalen t to 560 and 1120

p lan ts /m 2 when plant s were un in fected co mpared with in fected ones (P au l & Ayres, 1987).

The spread o f the rust fu ngu s from the inocu lum p lan t was rela t ively fa st , bu t was non -

un iform , dep en ding on wind d irect io ns. A more in -d ep th study on the development o f such

p rim a ry fo ci is in p rep a rat io n (F rant zen & M uÈ ller -SchaÈ rer, unpublished). T he t im e between

tr an sfer o f the sp oru la t in g inocu lum p lant to the onset o f sp oru la t io n on the test p la n ts in

the ® eld averaged on ly 17 days. T h is sp eed is co mpa rab le to results ob tain ed from garden

p lo t exper im ent s, where in fect io n per io d s o f 12 ±18 days were observed fo r d istances of up

to 1.2 m from the inocu lum p lan t . These va lu es d iVered on ly sligh tly from those o f p lo ts
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with fu ll-a rea applicat ion o f aecio sp o res, sh owing infect ion per io ds o f 10 ±14 days (F rant zen

& M uÈ ller -Sch aÈ r er, unpub lished ). T he fa ct t ha t nea rly all pla n ts in a ll exper im ents were

in fect ed at th e en d of the exper im en t (i.e. 6 weeks a fter tran sfer o f the inocu lum p lan ts)

clearly shows the poten t ia l o f rap id natura l spr ea d o f th is rust fu ngus. F u rther, a clea r pla nt

stage-speci® c eVect o f the in fect io n p ro cess already found in p reviou s st ud ies (M uÈ ller -

Sch aÈ rer & F ran tzen , 1996; Wyss, 1997) co uld be co n ® rm ed . In fected pla nts that d ied o ften

had in fect ed sh oo ts, especially at th e sh oot ba se. Such hyp oco tyl in fect io n lead ing to p lan t

k ill ha s a lso been repo r ted by Paul and Ayres (1986) , and m ay be ca used by seconda ry

in fect io ns o f necrotroph ic fungi.

EVects of the Herbicide

T he herbicide k illed m ost S . vulgaris p lan ts with in 2 weeks o f app lica t io n (F igu re 5), even

though on ly 75% of the m in im a l recom men ded dose was app lied and m ost p lan ts were

a lrea dy ¯ ower ing a t the t im e o f applicat io n. Th is tr ea tm en t, however , was too la te to red uce

the eVect o f com pet it ion by the weed on celeriac yield (Tab le 1 and F igure 3). A s the

ru st±herb icide in teract io n was to be stud ied, the p resen t au thor s in ten ded to app ly the

her bicide 1 week aft er th e tran sfer o f the inocu lum p lan ts. H owever , un favou rab le weather

cond it io ns (see F igure 2) resu lted in a fu rther delay of 2 weeks. Applicat ion of th is herb icide

is generally recom men ded at th e two to four leaf stage of the weeds (Baumann, 1996). The

observed m orta lity o f ¯ ower ing p lan ts was no t expect ed on the ba sis o f p relim ina ry

exper im en ts (R ieger , 1996) or app lica t io n guid elin es (Baum ann , 1996), and may re¯ ect th e

in crea sed su scept ib ility of rusted p lan ts to the herb icide. A s the herb icide was no t app lied

a s a so le t rea tm en t this hyp o thesis cou ld not be tested . T he fact th at crop va lu es in the

R + H plo ts were lower than expected ba sed on the observed ® na l weed b iom ass (A N COVA)

cou ld be due to bo th the lim ited t im e availab le to med ia te red uced biomass to crop yield

and to d irect phyto toxic eVect s of the herb icide ( J.-P. M ayo r, per so na l co mmun ica t io n ,

1997). The observed p lan t stage-speci ® c eVect o f the herbicide ha s also been found in

p relim in ary greenhouse exper im ents (R ieger , 1996), and is a com mon phen omen on o f fo lia r-

app lied her bicides. T he grea ter than expected eVects o f the her bicide lim ited the scope fo r

deta iled, d iVer en t ia l assessm en t o f the im pact o f the herb icide and the ru st . A na lysis o f

such in ter act io n s between ch em ica l and b io logical con trol is most im po rtan t , a s jo in t

app licat io ns may be necessary to co n tro l o ther co mponen ts in the weed co mp lex. Both

posit ive (synergist ic) and nega t ive eVects o f herbicides on the perfo rmance and eYcien cy of

funga l pathogens have been describ ed , th e ou tco me so met im es a lso va rying between

simu ltaneo us and sequen t ia l applicat ion o f the pathogen and the herb icide (P hatak et al.,

1983 ; Ca llaway et al., 1987 ; Scheepen s, 1987; Wym ore et al., 1987 ; H asan & Ayr es, 1990).

In th is co ntext , r ust fu ngi are o f sp ecia l in terest ; as they er up t th rough the ep id erm is and

cut icle o f the host in order to lib erate their sp ores, th ey dest roy the h igh cu t icu la r resist ance

to d iVusion of water va pour away from the lea f and the movement o f fo liar-a pp lied

her bicides in to the lea f (H asan & Ayres, 1990).

CON CLU SION S

T he ch ange in weed con tro l requ irem en ts in crops ha s r esu lt ed in ch anges to the b io logica l

con trol approach (M uÈ ller-SchaÈ rer & Scheepens, 1997) . The system managem en t approach

does no t invo lve weed kill, but relies on bo th the com pet it ive in teract io n between the ta rget

weed and non -host p lan ts (i.e. t he crop and o ther weed sp ecies) and the na tur al sp rea d o f

the co n tro l agen t . U n fo r tuna tely, lit t le is known of the dyn am ics o f the in tera ct io n

between the con tro l o rgan ism and p lan t co mpet it io n . H owever , severa l studies, ma in ly from

b io logica l weed con tro l liter atu re, have clearly sh own tha t d isea se reduces host co m pet it ive

® tn ess in in ter - and in tra -speci® c m ixtu res with non-hosts (Burdon et al., 1984 ; M assion &

L indow, 1986; Pau l & Ayr es, 1987; D iTomaso et al., 1996 ; Shep pard , 1996). Ayres and Pau l

(1990) reviewed stud ies o f the im pact o f P . lagenoph orae on com pet it io n o f S . vulgaris with
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var iou s non -host p la nts. The m ain eVect o f the ru st fu ngu s was to p romo te growth of the

non -host , bu t th e p ropo rt io ns of host : non -host , pa r t icu la rly p lan t den sity, were found to

in ¯ uence co mpet it io n grea tly. As a lready m en t ioned , d isease increa sed the thr eshold den sit y

a t wh ich weeds reduced crop yield (Pau l & Ayres, 1987). In a ll th ese exper im ent s, th e ru st

fu ngus was applied rep ea ted ly on a ll p lan ts to be trea ted . T he p resen t study sh owed that

sim ila r eVects co u ld be ach ieved by using the in tr in sic po ten t ia l fo r na tu ral sp rea d o f the

ru st fungu s, thu s con ® rm ing the poten t ia l o f th e system m anagemen t app ro ach in b io logica l

weed co nt ro l in crops.

F u rther da ta are needed to id en t ify the cr it ical per io d o f weed±crop co m pet it ion fo r the

ta rget crop s envisaged (M uÈ ller -Sch aÈ r er & Baum ann , 1993) in order to determ in e the t im e

ava ilab le in wh ich adeq ua te p ressu re on the S . vulgaris popu la t io n ca n be ach ieved .

Second ly, th e co nsequen ces o f a su ccessfu l su pp ression o f the ta rget weed popu la t io n fo r

b iomass and abundance o f o ther species in the weed com plex need to be stud ied , par t icula rly

in com bin at io n wit h co mm on ly used herbicides. T hird ly, S . vulgaris popula t io ns may be

com posed of several geno typ es, and recen t stud ies have shown genotyp e-speci® c rea ct ion s

to a given P . lagenop horae lin e (M uÈ ller -SchaÈ rer & F rant zen, 1996) . H ence, st rategies to

avo id the bu ild -up of resistan t /to leran t popu la t ion s m ay have to be developed . F in a lly,

m ore det ailed knowledge on the typ e and sp eed of the ep id em ic on a larger sp at ia l scale

will b e necessa ry to id en t ify the `density’ o f in it ia l inocu la needed to ach ieve adeq uate

con trol. Variou s greenhouse and ® eld studies on these fou r top ics a re underway o r will

soon be sta r ted .
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