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G e n e ral in t ro d u c t i o n 

In the last  centuries , there has  been  a d rast ic  b reaching o f  the b iogeographic  b arriers that  pre -

v iously  is o lated  cont inental b io tas  for  millions  o f  y ears . A s a result  o f  increasing glo b al trade  and  

transp o rt, the num b e rs o f  p lant and  animal species translocated by humans, either deliberately or 

b y  accident, has increased dramatically (D rake e t  al. 1989, V itousek e t  al. 1996, W illiamson 1996 , 

M ack et  al. 2000).  Some of  these  intro d uced  spec ies  have  become  pe s t s  in their new  range and  

caused major environmental and economic problems.  B io log ical inv as ions  are regard e d  as  one  o f  

the greatest  threats  to  g lo b al b io d iv e rsity  (W ilc o v e  e t  al. 1998, Sala et al. 2000). Intro d uced  c rop  

pes t s , in  particular, are  causing large eco n o m ic  cos t s  (Perr ings et al. 2000), es t imated as $137 

b illion  per  year f o r the U S alone  (P imentel e t  al. 2000). A  cons id e rab le  amount  o f  b io log ical 

research has therefo re already  been  do ne on the  causes  and  c o nsequences  o f  b io log ical inv as ions , 

and their contro l. O ne  mot iv atio n  f o r this  research has  been  to  cont ro l and  prevent  inv ad e rs. A  

s econd  one , ho w ever , has  been the realization that inv as iv e  s p e c ie s  p ro v id e  s o m e  o f  o ur bes t  

o p p o rtunities  to  s tudy  contemporary  e co log ical and  e v o lutionary  p rocesses  (M ack 1985, V ermeij 

1991, L o d ge 1993, A uge et al. 2001, M o o ney &  C le land 2001, Sakai et al. 2001, L ee  2002). 

 

E cological mechanisms 

O ut o f  1000  intro d uced  p lant sp e c ies , on ly  10  become es tab lished  in natural v e getation , and  

one turns into  a pes t  that  sp reads  and  c auses  ser ious  damage (W illiamson  &  F it ter  1996). W hy  do  

these  sp e c ie s  become  inv ad e rs and  s o  m any o thers  don ’t?  A nd  w hy are  some hab itats more sus -

cep t ib le  to  inv as ion than o thers?  I f  b io log is t s  could  answ er these quest ions ,  they should  b e  ab le  

t o  p red ict  and  hence  to  p revent  future inv as ions  (M ack et al. 2000, K o lar &  L o d ge 2001).  

P rev ious  research in this context  has  o f ten used  a co m p arativ e  ap p roach to identify the 

c o m m o n charac teris t ic s  o f  successful inv ad e rs and  v ulnerab le  hab itats (e .g. G ray  1986, C raw ley 

1987, Roy  1990 , C raw ley  e t  al. 1996, R e jmanek &  R ichardson 1996 , D aehler  1998, Pysek  1998). 

A lthough the success  o f  these  s tudies  has  been  somew hat lim ited  (G ilp in 1990, L o nsd ale  1999), a 

num b e r of  generalizations  can b e  m ade . M any inv as iv e  p lants pos se s  characters  as soc iated  w ith 

w eedy  co lon izers  (B aker 1965, 1974), such as a w ide  e co log ical niche, a sho rt lif e  cyc le  w ith high 

gro w th rates , and a large numb e r  o f  seeds  that  d isp e rse w e ll. G iv e n such “p re-ad ap tation” and an 

o v erall c lim ate  matching, the chances o f  a spec ies  to  b e c o m e  inv as iv e  are  further increased by its  

num b e r  o f  intro d uctions  (W illiamson 1996), and the extent  to  w hich it  bene f its  from enemy  

release in the new  range (M aron  &  V ilà 2001, K eane &  C raw ley  2002, M itchell &  P o w er 2003). 

A lthough few  hab itats are resis tant to  inv as ion  (U sher 1988, L o d ge 1993), tho se  w ith high 

resource av ailab ility  and  a d isturb ance regime that has been  altered  by  humans ap p e ar to  b e  p arti-
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cularly  v ulnerab le  (Sher &  H yatt  1999, A lp e rt  et  al. 2000, D av is  e t  al. 2000). In ad d ition , hab itats 

m ight b e  v ulnerab le  if  niches  hav e  remained v acant during ev o lutionary histo ry (E lton 1958, 

M ack 2003) o r new ly  created  by  humans (L e v ine &  D ’A nton io  1999, D av is  e t  al. 2000). T he ev i-

dence  fo r a general re lationship  b e tw een d iv e rsity  and  inv as ib ility , ho w e v e r, remains ambiguous 

(e .g. T ilm an 1997, L av o rel e t  al. 1999, L e v ine &  D ’A nton io  1999 , D ukes  2001, W ard le  2001).  

 

Impacts of invaders 

T he p rim ary  c o ncern ab o ut p lant inv ad e rs has  o f  c o urse been their e c o n o m ic  impact in terms 

o f  c r o p  and  f o rage  lo s se s . F o r instance, the intro d uced w eeds  C irsium arvense and  Barbarea vulgaris 

greatly  reduce cro p  y ie ld s  in N o rth A merica (P imentel et al. 2000), and  tox ic  w eeds  like  E uphorbia 

esula and  Senecio jacobaea cause serious  t rouble  in A ustralian  pastures (L o nsdale  e t  al. 1994). H o w -

e v e r, inv as iv e  p lants also  threaten the structure and  f unction ing o f  natural ecosys tems  (M ack et al. 

2000, P imentel e t  al. 2000, L e v ine e t al. 2003).  

A t  the mo s t  b as ic  le v e l, inv ad e rs  co m p e te w ith nativ e  s p e c ies  and  m ay therefo re cause their 

ext inction . Islands  (e .g. F ritts &  R o d a 1998) and other  is o lat ed  b io ta such as the C ap e  F lo ra 

(R ichardson  e t  al. 1996) ap p e ar to  b e  p articularly  v ulnerab le  in this respec t . Inv as iv e  p lants als o  

change the structure and  c o m p o s ition  o f  natural c o m m unities  (e .g. H o lmes &  C o w ling 1997) and  

d isrup t tro p hic  interactions  (e .g. R ichardson  e t  al. 2000). Sev e ral stud ies , f o r instance, found that  

inv as iv e  p lants alt e red  p lant-p o llinato r interactions  in their new  range (e .g. C hittka &  Schurkens 

2001, B row n  &  M itchell 2001). E xtreme, and therefo re w e ll-kno w n, cases o f  c o m m unity  change 

af ter  inv as ion  are the alm o s t  c o m p lete  take-o v er o f  the F lo rid a ev e rglades  by  the  A ustralian 

Melaleuca quinquenervia (G o rdon 1998), o f  C alif o rnian grasslands  by  intro d uced  C entaurea spec ies  

(L e jeune &  Seas tedt  2001), an d  o f  m any U S  w e t lan d s  b y  p urp le  loo se s t rif e  (L ythrum salicaria) 

(B los sey  e t  al. 2001). F inally , inv aders  can af fec t  important ecosy s t em processes  (V itousek e t  al. 

1996, M ack &  D ’A nton io  1998 , E hrenfeld  2003). In m any p laces  o f  the  w o rld , intro d uced grasses  

hav e  altered  f ire regimes (D ’A nton io  &  V itousek 1992). O n H aw aii, the frequency o f  f ires  has  

been greatly  increased by intro d uced fountain grass  (Pennisetum setaceum) (H ughes et  al. 1991), 

w hile ano ther inv ad e r, the nitrogen-f ixing shrub  Myrica faya,  changes nutrient  cycles  and there fore  

the  dev e lo p m e nt o f  en t ire  ecosys tems  (V itousek e t  al. 1987, V itousek &  W alker 1989). 

 

E volutionary processes 

In ad d ition  to  the  eco logical  causes and consequences describ e d  ab o v e, there m ight also  b e 

e v o lutionary  p rocesses  that  p lay a ro le  in the success o f  inv ad e rs and their im p act on nativ e  

ecosys tems . In fact, biologists are just beginning to  realize  that inv as iv e  s p e c ie s  p r o v id e  s o m e  o f  
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the b e s t  m o d e l sys tems to  s tudy  rap id  e v o lution  in act ion  (T hompson  1998 , M o o ney &  C le land 

2001, Rezn ick  &  G halam b o r 2001, Sakai et al. 2001, H änf ling &  K o llm ann 2002, L ee  2002).  

T he inv ad e r itself might e v o lv e  f o r  sev e ral reasons:  F irs t ,  there might b e  e v o lution by  genet ic  

d rif t  and  inb reeding in f o und e r  populations  (B ro w n  &  M arshall 1981, B arret t  &  R ichard s o n  

1986).  Second,  inter- o r intrasp e c if ic  hyb rid ization  may create no v e l geno type s , in some  cases  

p o ly p lo id s . T here is  some  ev idence that  p o ly p lo id  hybrid s  b e c o m e  inv as iv e  p articularly  o f ten  

(B row n &  M arshall 1981, E llstrand  &  S c h ierenbeck  2000), e.g. Spartina anglica in southern 

E ngland  (T hompson  1991b). T hird , inv as ions  into  n o v e l env ironments  may o f ten inv o lv e  d rast ic  

changes in se lec t ion regimes (M o o ney &  C le land 2001) that  cause  ad ap tiv e  e v o lution , e ither by  

s o rting out  o f  the  most  suitab le geno types  o r by rapid local adaptation, in the invaders (e .g. B aker 

1974, R ice  &  M ack 1991b, W e b e r &  Schmid  1998, N euffer  &  H urka 1999). M any o f  the sp e c ies  

that  become  inv as iv e  d o  s o  o nly after a lag time (W illiamson 1996 , M ack et al. 2000), p r o b ab ly  

af ter  such ev o lutionary adjustments hav e  t aken p lace  (M o o ney &  C leland 2001). O ne hyp o thesis  

that has  been  partic ularly  inf luential in this  context  is  the E v o lution o f  Increased  C o m p e t itiv e  

A b ility  (E IC A ) hyp o thesis  b y  B los sey  &  N ö tzo ld  (1995). It p roposes  that af ter  enemy re lease in 

the no v e l range, selection has fav o ured  le s s  de f ended  but m o re v igo rous inv ad e r geno types . 

A lthough the exp e rimental e v idence  fo r E IC A  remains ambiguous (see  C hap ter 2 o f  this  thesis), 

the E IC A  hyp o thesis  has  s t imulated much of  the recent research on ev o lution  in p lant inv ad e rs. 

Just  as  inv ad e rs rap id ly  e v o lv e  in resp o nse to  n o v e l env iro nments , s o  m ay the inv ad e d  in res-

p o nse to  the inv ad e rs. Inv as iv e  s p e c ies , p articularly  if  they  become  dominant, w ill im p o s e  n o v e l, 

d irect  o r ind irect , se lect ion pressures  and there fore  cause niche  d is p lacement  in nativ e  s p e c ies  

(V itousek e t  al. 1996, M o o ney  &  C le land 2001, Sakai et al. 2001, L ee  2002).  In the extreme, 

hyb rid ization  and  introgress ion  be tw een nativ e  and  inv as iv e  s p e c ie s  may result  in extinction  o f  

the nativ e  s p e c ies  (Rhymer  &  S imberloff  1996,  H uxel 1999). In ad d ition , b e c ause  inv as iv e  p lants 

o f ten hav e  c o m p lex  e f fec t s  acros s  t rophic  le v e ls  (e .g. R ichardson  e t  al. 2000),  they may cause 

rap id  e v o lutio n  o f  s p e c ies  interactions  (T hompson  1999). H o w e v e r, ap art f rom some  w ell-d o c u-

mented  cases  o f  hos t  race formation after plant introductions (S inger e t  al. 1993, C arro ll e t  al. 

1998, F ilchak et al. 2000), lit t le  is  kno w n ab o ut the ev o lutionary  consequences o f  p lant inv as ions  

f o r nativ e  c o m p e t itors , mutualists, and  antagonis ts . 

 

Structure of this thesis 

T his  thesis  is  concerned w ith rap id  e v o lution  in inv ad e rs. It cons is t s  o f  a literature rev ie w  and  

f o ur exp e riments  that  tes t  fo r genetic  d if f e rentiation  in inv as iv e  p lant p o p ulations . M y  m o d e l 

spec ies  has  been  A lliaria petiolata, a E uro p e an herb  that is  o ne o f  the  most  ser ious  inv ad e rs o f  
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dec iduous  forests  in the U S  (N uzzo 2000; see  chap ter  3  fo r a descr ip tion  o f  the  spec ies). B ecause 

o f  it s  detr imental effects on native  ecosy s t ems , the sp e c ies  is  target  o f  an ongo ing b io c o ntro l 

p rogram (H inz  &  G erb e r 1998, 2001, B lossey  e t  al. 2001). A  time lag of almost 100 years  be tw een 

intro d uction  and  s p read  o f  A . petiolata suggests  that  ev o lutionary  changes such as  E IC A  m ight 

p lay a ro le  in the sp e c ies ’ inv as ion success . I hav e  ad d ressed this  is sue in a serie s  o f  c o m p arativ e  

exp e riments . In each, p lants w ere rais ed  f rom seed  und e r ident ical co n d itions  and then used to  

tes t  fo r genetic  v ariation  in ecologically relevant traits among and betw een nativ e  and  inv as iv e  

p o p ulations . 

C hap ter 2 is a rev iew o f  the  current  empirical ev idence  fo r genetic  d if f e rentiation  be tw een 

nativ e  and  inv as iv e  p lant p o p ulations . T he rev ie w  is  d iv id e d  into  three sect ions : F irs t , f ie ld  

c o m p arisons  o f  nativ e  and  inv as iv e  p o p ulations . M os t  o f  these  t e s ted  for  increased  v igour in the 

inv as iv e  range, the phenomenon the  E IC A  hyp o thesis  is  b ased  upon. Second , stud ies  that 

c o m p are d  m o lecular genetic  v ariation  in nativ e  v e rsus inv as iv e  p o p ulations  w ith D N A  m arkers . 

T hird , exp e riments  that  co m p are d  q uantitative  t raits  in a c o m m o n env ironment . 

C hap ters  3 and  4  are a test  o f  the E IC A  hyp o thesis  w ith A lliaria petiolata.  I use p alatab ility  tes ts  

w ith a spec ialis t  and  a generalist herb iv o re, as  w e ll as  s imulated herbivory (chap ter 3) to  tes t  the  

f irs t  p red ict ion  o f  the  E IC A  hyp o thesis , re d uced anti-herb iv o re de fence  in inv as iv e  p o p ulations . 

T he  second  pred ict io n, increased competitiv e  ab ility  in inv as iv e  p o p ulations , is  addressed  in a 

c o m p e t itio n  d ialle l exper iment (chap ter 4) in w hich o f f s p ring fro m  nativ e  and  inv as iv e  p o p ulati-

ons  are gro w n alone  or  in all p o s s ib le  p airw is e  c o m b inations . B ecause , taken togethe r,  these exp e-

riments  ad d ress  p lant gro w th, co m p e titiv e  ab ility , res is tance to  s p e c ialis t  and generalist  herb i-

v o res, an d  p lant to lerance, this is to  d ate  the  mo s t  c o m p rehensive  t e s t  o f  the  E IC A  hyp o thesis . 

C hap ter 5 inve s t igates allelo p athy as a p o tential mechanis m  o f  A lliaria inv as io n , as  w e ll as  the 

degree  to  w hich it s  e f f ec t  depends  on the  cont inental o rigin o f  A lliaria and  the target  sp e c ies . A  

n o v e l ap p roach is  used to contribute  to  the  controv e rsy ab o ut the alle lo p athic  p o tential o f  

A lliaria (M cC arthy  &  H anson 1998, V aughn &  B erho w  1999). Soil  contaminated by A lliaria is  

used for  germination exper iments w ith a congeneric  p air o f  neighb o ur sp e c ies , and activ ated  

carb o n is  used to  e lim inate allelo p athy and hence  to  tes t  for  it s  e f fec t . 

C hap ter  6 exp lo res  ev o lution  o f  pheno typ ic  p last ic ity  in the inv as io n  o f  A lliaria petiolata. I 

hyp o thesize  that  because general-purpose  genotypes  should  hav e  an ad v antage in a no v e l 

env ironment , there should  be  evo lutio n  o f  increased plasticity in inv as iv e  p o p ulations . I use  a 

greenhouse  shad ing exp e riment  to  test  this  p red ict ion  and  t o  c o m p are  phenotyp ic  p last ic ity  and  

integration  in nativ e  v e rsus inv as iv e  p o p ulations . 
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C hap ter 2  
 

Phenotyp ic and genet ic  d if f erentiation  in 

inv asiv e  p lant p o p ulations  
 

(w ith D anie l P rati, L ucile  L afuma, W illiam  E . R o gers, E v an S iemann, H arald  A uge) 

 

 

A b s trac t .  P lant inv as ions  o f t en  inv o lv e  rap id  e v o lutionary  change . F o und e r  e f fec ts , inbreed ing, 

and  rap id  ad ap tatio n  t o  n o v e l env ironments  cause genetic  d if f e rentiation  be tw een nativ e  and  

inv asiv e  p o p ulations  and  m ay contribute  to  the  success  o f  inv aders. A n influential idea in this 

context  has  been the  ev o lutio n  o f  increased competitiv e  ab ility  (E IC A ) hypothes is . It p r o p o s e s  

that af ter  enemy release plants rap id ly  ev o lv e  t o  b e  le s s  de f ended  but m o re co m p e titiv e , thereby  

increasing p lant v igour in the inv as iv e  range. T o  d e t e c t  e v o lutionary changes in inv ad e rs, co m -

p arative  s tud ie s  o f  nativ e  v e rsus inv as iv e  p o p ulations  are  needed . H ere, w e rev iew the current  

e m p irical ev id e nce fro m  (1) c o m p arisons  o f  p heno t y p ic  v ariation  in natural p o p ulations , (2) c o m-

p aris o n s  o f  m o lecular genet ic  v ariation  w ith D N A  m arkers , and  (3) c o m p arisons  o f  quantitativ e  

genetic  v ariation  in a common env ironment . T he  f ie ld  d ata suggest that increased v igour and 

reduced herbiv o ry is  common in inv as iv e  p lant p o p ulations . In m o lecular stud ies ,  the genetic  

d iv e rsity  o f  inv as iv e  p o p ulations  w as  equally  o f t en  lo w er and  e q ual to  that  o f  nativ e  p o p ulations . 

M ultip le  intro d uctio n s  o f  inv as iv e  p lants ap p e ar to  b e  the rule rather than the  except ion . H o w -

e v e r, f ie ld  c o m p arisons  and  m o lecular stud ies  are  s t ill f ew . In contrast , there hav e  b e e n  m any 

tes ts  o f  the E IC A  hyp o thesis  in a c o m m o n env ironment . T he  majo ri ty  found increased grow th 

o r  decreased  resis tance in inv as iv e  p o p ulations . T hus, there is  reasonab le sup p o rt  fo r the E IC A  

hyp o thesis , and enough empirical ev idence  to  suggest that rap id  e v o lution  is  important in plant 

inv as ions . W e  d iscuss  conceptual and  me thodo logical issues associated w ith cro s s -cont inental 

c o m p arisons  and  m ake reco mmendatio n s  f o r future research. W hen test ing f o r E IC A , greater 

emphasis  should  b e  p ut o n  c o m p e t itiv e  ab ility  and  p lant to lerance. M o reo v er, p rev ious  research 

has been  large ly restric ted  to  te s t ing f o r E IC A . It is no w  important  to  address  evolutionary  chan-

ge in o ther characteris t ics  that  could  p lay a ro le  in p lant inv as ions , esp e c ially  tho se  related  to  

b e lo w ground interactions  w ith o ther sp e c ies . 
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I n t r o d u c t i o n 

S o m e  inv as iv e  p lant sp e c ies gro w  m o re v igo rously  and produce  larger and  dense r  populations  

in their intro d uced rang than in their native  range .  Some of  these  spec ies  cause  majo r eco n o m ic 

and  env ironmental p r o b lems . T hey outcompete  nativ e  s p e c ies , change the structure and  f unctio -

ning o f  nativ e  c o m m unities  and  ecosy s t ems , and  cause subs tantial p r o b le m s  in agriculture and  

f o restry (D rake e t  al. 1989, V itousek e t  al. 1996, M ack et al. 2000). In fact, biological invasions are 

regard e d  as  one of  the  greatest  threats  to  g lo b al b io d iv e rsity  (Sala et al. 2000). In ad d ition to  these  

ap p lied  concerns, inv as iv e  sp e c ies  rep resent a majo r challenge fo r  eco log ical research b e c ause 

they rev e al our limited understanding of the population dynamics of plants,  ecological inter-

actions  be tw een sp e c ies , and the s tab ility  o f  ecosy s t ems  (L o d ge 1993, Sakai et al. 2001). M any 

q uestions  on the  success  o f  inv as iv e  p lants are  s t ill o p e n. H o w  o f t en  does  it actually occur that 

p lants gro w  larger in their inv as iv e  range? A nd  if  s o , is  this  a  consequence  of  a ben ign env iro n-

ment , p r o b ab ly  med iated through the release fro m  natural enemies  (K eane &  C raw ley  2002, 

M itchell &  P o w er 2003)?  O r is  it  because  these  p lants  ev o lv e d  tow ards  greater inv as ivenes s  in the 

new  range (B los sey  &  N ö t z o ld  1995)?  H ere, w e rev iew the  current  empirical ev id e nce that is  a-

v ailab le  to  answ er these quest ions , and  w e  ident if y  some  o f  the  remaining gaps  in our  know ledge . 

A lthough the greater v igour  o f  inv as iv e  p lants outs ide  their nativ e  range has long been 

o b s e rv e d  (e .g. P ritchard  1960), sc ientis ts  hav e  o nly recently  begun to  sy s t ematically compare na-

tiv e  and  inv as iv e  p o p ulations . T o  exp lain the increased v igour, sev e ral hy p o theses  hav e  b e e n  p ut 

f o rw ard : A c c o rding to  the  enemy re lease hyp o thesis , many of the natural herb iv o res and  p atho -

gens are absent  in the inv as iv e  range o f  p lants, and the increased grow th is a p last ic  resp o nse  to  

this  benign env ironment  (M aron  &  V ilà 2001, K eane &  C raw ley  2002, M itchell &  P o w er 2003). 

A lternativ e ly , because  p lant de fence  against herb iv o res  might be  co s t ly ,  there could  have  been  

sub s e q uent ev o lutio n  o f  le s s  de f ended  but m o re co m p etitiv e  p lant geno type s  in the inv as iv e  

range (B los sey  &  N ö tzo ld  1995). A c c o rding to  this  “ev o lutio n  o f  increased competitiv e  ab ility” 

(E IC A ) hyp o thesis , increased  v igour w o uld  result  fro m  rap id  e v o lutionary  change rather than 

f rom a p last ic  resp o nse.  

D e f ence  and  c o m p e t itiv e  ab ility  are  important characteristics of inv as iv e  p lants, but  they are  

almost  cer tainly no t the on ly  ones . M any other  scenario s  o f  e v o lutionary  change in inv as iv e  

p lants are  p o s s ib le  (e .g. B aker 1974, B row n  &  M arshall 1981, M o o ney &  C le land 2001, Sakai et 

al. 2001). R ap id genet ic  d if f e rentiation  w ill occur in any trait that is bene f icial under the no v el 

se lec t ion regime, giv e n there is  genetic  v ariatio n  f o r it. In the initial phas e  o f  c o lon ization , f o r 

instance, traits co m m o nly  associate d  w ith w eeds , such as a sho rt lif e  cyc le , high gro w th rates  and  

rep roduct iv e  e f f o rt m ay be  s e lec ted  (B aker 1965, 1974).  
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T he p o tential f o r ev o lutio n ary  change in the inv as iv e  range depends  on  the  amount of  genet ic  

v ariation  intro d uced. If  s ev e ral intro d uctions  f rom d if f e rent source regions  occurred , rap id  lo c al 

ad ap tation  is  much mo re like ly than if  there w as  only a single intro d uction. In the latter  case , 

intro d uced  spec ies  are  expec ted  to  und e rgo  a phase  o f  inb reeding b e f o re they are ab le  to  s p read  

(B arret t  &  R ichardson 1986). T herefo re, a c o m p rehensiv e  analys is  o f  t h e  p o p ulatio n  b io logy  o f  

inv as iv e  p lants als o  requires  a kno w le d ge o f  the amount and distribution of genetic variation in 

nativ e  and  inv as iv e  p o p ulations . 

H ere, w e rev iew o f  the  current  empirical ev idence  for  phenotyp ic and genetic  d if f e rentiation  

be tw een nativ e  and  inv as iv e  p lant p o p ulations . T he rev ie w  is  d iv id e d  into  three sect ions : (1) F ie ld  

c o m p aris o n s  o f  p lant size s , p o p ulations  s ize s , o r herb iv o re lo ads  in nativ e  v e rsus inv as iv e  

p o p ulations , (2) stud ies  that ad d ressed genet ic  v ariation  among and betw een nativ e  and  inv as iv e  

p o p ulations  w ith D N A  m arkers  o r allozymes , and  (3) c o m m o n garden  o r greenhouse  

exp e riments  that  co m p are  quantitative  t raits  in o f f s p ring f rom nativ e  and  inv as iv e  p o p ulations . 

 

M ate rial  and  M e t h o d s  

In o rder to  rev ie w  all currently av ailab le  d ata ab o ut co m p arisons  o f  nativ e  v e rsus intro d uced 

p lant p o p ulations , w e  carrie d  o ut a literature search, us ing d atab ases  and the references  in pub -

lished  pap e rs. In ad d ition, w e includ e d  a num b e r  o f  unpublished s tudie s  b y  c o lleagues and  b y  

ourselv e s . A  stud y  w as  includ e d  if  c o m p arisons  w ere  made  be tw een cont inents o r  d is junct areas 

w ithin cont inents, and  if  the  data f rom nativ e  and  inv as iv e  p o p ulations  w ere co llec ted  by  the  sa-

me  autho r(s) ac c o rding to  the same pro toco l. C ase s  o f  range exp ansion  w ere no t  cons id e red . W e 

c o m p iled  three  data sets: (1) c o m p arisons  o f  pheno typ ic  v ariation  in f ie ld  p o p ulations , (2) c o m p a-

risons  o f  neutral genet ic  v ariation  w ith either D N A  m arkers  o r allo z y m e s , and (3) c o m p arisons  o f  

quantitativ e  genetic  v ariation  in co m m o n garden  o r greenhouse  exper iments. 

F o r each stud y , w e reco rded  the  numbers  o f  populatio n s  c o m p are d , w hether a d if f e rence had  

been  found  be tw een nativ e  and  inv as iv e  p o p ulations , and the  d irec tion  o f  that  d if f e rence. F ie ld  

stud ies  w ere includ e d  if  they  compared  the  p lant siz e s  o r f ecund ities , herb iv o res lo ads , o r  popula-

tion  s ize s  in the nativ e  and  inv as iv e  range. T he  molecular stud ies  includ e d  all cro s s -cont inental 

c o m p arisons  w ith either D N A  m arkers  o r allozymes  that gave  e s t imates of  genetic  v ariation  

w ithin and  among populations  in the nativ e  and  inv as iv e  range, and  in some  cases  the numb e r  o f  

intro d uctions  to  the  new  range.  

T he third  d ata set  contained  all stud ies  that used  o f f s p ring f r o m  nativ e  and  inv as iv e  p o p ula-

tio n s  t o  c o m p are  quantitative  t raits  in a c o m m o n env ironment . F o r each sp e c ies  and  independent  

exp e riment , w e created one entry  in the data tab le that w as  c lass if ie d  into  the b road categories 
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p lant gro w th (G ), co m p e titiv e  ab ility  (C ), and res is tance (R ) and  to lerance  (T ) to  herb iv o ry. W e 

als o  reco rded  the  method used  and the  mos t  important variables tested.  In addition, several expe-

riment s  compare d  p heno typ ic  p last ic ity  o f  nativ e  and  inv as iv e  p o p ulations . T hese  s tudie s  d if f e red  

as  they co m p ared the resp o nse to  e n v ironmental change o f  nativ e  and  inv as iv e  p o p ulations , 

rather than their b e hav iour in a single common environment.  W e created  a sep arate  d ata tab le  f o r 

p last ic ity stud ies  w hich also  contained  inf o rmation  ab o ut the env iro n m ental f acto rs  manipulat ed . 

 

R e s u lt s  

T he few  av ailab le  f ie ld  d ata suggest that  p lant p e r fo rmance is  indeed  be t t e r  in the inv as iv e  

range than in the nativ e  range (T ab le  1). T hree out o f  f o ur stud ies  o f  p o p ulation  s iz e s  f ound  

larger av e rage  s izes  in the inv asiv e  range. In ad d ition , tw o  stud ie s  f ound greater ind iv idual plant 

s ize s , an d  f o ur stud ie s  found greater ind iv idual plant fecundity in the inv as iv e  range. T he o p p o -

s ite , lo w er p lant  f itness  o r  smaller p o p ulation s ize s  w as nev e r rep o rted . T o  d ate , three p u b lished 

stud ies  have  e s t imated herbivory in native versus invasive plant populations.  A ll o f  them found  

lo w er herb iv o re lo ads  in the inv as iv e  range. O ne stud y  (M emmot t  e t  al. 2000) d is t inguished  

be tw een spec ialis t  and generalist  herb iv o res and  f o und that  only  the sp e c ialis ts  w ere  few er in the 

inv as iv e  range. 

T he  data f r o m  m o lecular stud ie s  must be  t reated  w ith caution  because there w ere great 

d if f e rences  in ho w  genetic  d iv e rsity  w ithin p o p ulations  and genet ic  d if f e rentiation  be tw een p o p u-

lations  w ere  calculate d . T herefo re, to  interp ret our  data, sev e ral measures, such as  F -statis t ic s , 

A M O V A  (analys is  o f  m o lecular v ariance), and s imple descriptive statistics,  w ere  cons id e red 

together . W e  f o und  a to tal o f  ten spec ies  in tw e lv e  analy se s  fo r w hich  molecular v ariation  w as 

stud ie d  in the nativ e  and  inv as iv e  range (T ab le  2). In four cases,  w ithin-p o p ulation genet ic  v ariati-

on  w as  reduced in inv as iv e  p o p ulations , w hereas  in one  case  (Squirre ll e t  al. 2001) it  w as higher. 

G enetic  d if f e rentiation  among populations  w as  m o stly  smaller in the inv as iv e  range (s ix ou t  o f  

e ight stud ies). N onetheless ,  most  s tudies suggest  that multip le  intro d uctions  hav e  o c c urred . In 

Rubus alceifolius, s ingle intro d uctions  occurred  t o  s e v e ral Ind ian O cean is lands , on  w hich the 

spec ie s  sp read  b y  ap o m ixis (A mse llem e t  al. 2001). F o r Senecio inaequidens,  the d ata suggest that it  

w as  intro d uced  to  E uro p e tw ice  (L afuma et al. 2004). 

 



T ab le  1 . F ie ld  s tudies  that  c o m p ared  p o p ulation  s izes , s ize  or  fecundity  o f  ind iv idual plants, or herbivore loads in native  ve r sus  inv as iv e  p o p ulations . “+” ind icate an 

increase in the inv as ive  range, “–“ a decrease  in the inv as ive  range, and “0” that there w as  n o  d if ference  be tw een nativ e  and  inv as iv e  p o p ulations . n denotes  the  

num b e rs o f  nativ e  /  inv as iv e  p o p ulations  used  in a study . 

Spec ies  n P o p . Size P lant  Size  P lant  fecundity  H erb iv o ry  Reference  

C arduus nutans n.a.   +  W o o d b urn &  Sheppard 1996  

C ytisus scoparius 10 /  10    – M emmott  e t  al. 2000 

L ythrum salicaria 5 /  6    +  E d w ards  e t  al. 1998 

L ythrum salicaria 102 /  102 +    E ckert  et  al. 1996 

Senecio inaequidens 18 /  5-10 + + + – P rati &  B o s s d o rf  2004a 

Silene latifolia 50 /  36 0   – W o lfe  2002 

Solidago gigantea 46 /  45 + + +  J ako b s  e t  al. 2004 

n.a.: no t av ailab le  



 16

T ab le  2 . C o m p aris o n s  o f  m o lecular v ariation  in native  ver sus  inv as iv e  p lan t  p o p ulations , us ing D N A  m arkers o r allozymes . n denotes  the  numbers  o f  nativ e  /  inv a-

s iv e  p o p ulations  used . "D iv " refers  to  genet ic  d iver s ity  w ithin p o p ulations , "D if f"  to  genet ic  d if ferent iation  among populations, and "Intro " to  the numb e r  o f  intro -

ductions  suggested by  the  data. “+” ind icates an increase in the inv as ive  range, “–“ a decrease  in the inv as ive  range, and “0” that there w as  n o  d if ference  be tw een 

nativ e  and  inv as iv e  p o p ulations .  

Spec ies  L ife  his tory  M arker n D iv 1 D if f 2 Intro  Reference  

A lliaria petiolata B iennial,  se lf ing ISSR  3 /  8  0    M eekins et al. 2001 

A lliaria petiolata B iennial, se lf ing M icrosatellites  27 /  25 – 0 multip le  W . D urka, unpub l. 

A pera spica-venti A nnual, outcross ing I sozymes  6 /  9  0  – multip le  W arw ick et  al. 1987 

Bromus mollis A nnual, se lf ing I sozymes  10 /  10 0   B row n  &  M arshall 1981 

Bromus tectorum A nnual, se lf ing I sozymes  51 /  60 – – multip le  N o v ak et al. 1991, N o v ak and  M ack 1993 

C apsella bursa-pastoris B iennial, se lf ing I sozymes  593 /  88 0  multip le  N euffer  &  H urka 1999 

E pipactis helleborine Perennial, m ixed  I sozymes  35 /  12 + –  Squirrell et al. 2001 

  c p D N A  17 /  12 + –   

H ypericum perforatum Perennial, outcross ing A F L P  18 /  32 0  multip le  M aron e t  al. 2004 

Rhododendron ponticum P erennial, outcross ing A F L P   30 /  21 0   R o ß 2003 

Rubus alceifolius Perennial, ap o m ict A F L P  16 /  16 – – s ingle  A mse llem e t  al. 2000 

Senecio inaequidens  

(N etherland  intro d uction) 

Perennial, outcross ing I sozymes  

c p D N A  

2 /  2  0  0  s ingle  L . L afuma, unpub l. 

Senecio inaequidens  

(S o uthern F rance intro d uction) 

Perennial, outcross ing I sozymes  

c p D N A  

2 /  2  – – s ingle  L . L afuma, unpub l. 

1D epending on the s tudy,  number and percentage of  polym o rphic  lo c i, genetic  d ive r s it y  f rom A M O V A , o r Shanno n  d iv e rsity  ind ices  
2F s t and G s t v alues  
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T ab le  3 . E xper iments that co m p ared  grow th (G ), compe t it iv e  ab ility  (C ), resis tance (R ), o r  to lerance (T ) in native  ver sus  inv as iv e  p lant p o p ulations . E ach line rep re-

sents  an independent  exper iment. “+” indicate an increase in the inv as iv e  range, “–“ a decrease  in the inv as ive  range, and “0” that there w as  n o  d if ference  be tw een 

nativ e  and  inv as iv e  p o p ulations . n denotes  the  numbers  o f  nativ e  /  inv as iv e  p o p ulations  us e d . 

Spec ies  G  C  R  T  n M etho d s 1 V ariab les 2 Re ference  

A lliaria petiolata – –   8  /  8  G R , intraspec if ic  d ialle l P F  B o ssdor f  e t  al. 2004a 

   0/ –  8  /  6  H B  (generalis t / spec ialist) consumptio n B o ssdor f  e t  al. 2004b  

    0  7  /  5  G R , SH  P F  B o ssdor f  e t  al. 2004b  

Barbarea vulgaris +  0  3  /  3  C G , H B  (generalist) P F , consumpt io n H . B uschm ann, unpub l. 

Bunias vulgaris 0  0   3  /  3  C G , H B  (generalist) P F , consumpt io n H . B uschmann, unpub l. 

C ardaria draba –  0  3  /  3  C G , H B  (generalist) P F , consumpt io n H . B uschmann, unpub l. 

C arduus nutans 0    7  /  7  C G  P B  W illis  e t  al. 2000 

C arduus pyncocephalus   –  1  /  1  hos t-spec if ic ity  o f  rust fungus  gro w th reductio n O liv ieri 1984 

C entaurea solstitialis 0  0   2  /  5  C G  natural herb iv o ry  C lement  1994 

C lidemia hirta 0    4  /  4  G R  gro w th rates  D eW alt  et  al. 2004 

Digitalis purpurea 0    6  /  4  C G  P B  W illis  e t  al. 2000 

E chium vulgare 0    6  /  6  C G  P B  W illis  e t  al. 2000 

E schscholzia californica + 0   10 /  10 C G , interspec if ic  c o m p . P F  L eger &  R ice  2003 

E uphorbia esula   0   1  /  6  H B  (spec ialist) consumption , H D  L ym &  C arlson 2002 

H ypericum perforatum 0 0   10 /  20 G R , interspec if ic  c o m p . P B  V ilà et  al. 2003 

 0    18 /  32 C G  (trans p lant) P F  M aron e t  al. 2004 

L ythrum salicaria +  0/ 0  6  /  6  H B  (generalis t / spec ialist) P B , H D , phenolics  W illis  e t  al. 1999 

 +  –  1  /  1  C G , H B  (spec ialist) P B , H D  B los sey  &  N ö tzo ld  1995 

 +  –  13 /  23 C G  P B , natural herb iv o ry  B los sey  &  K amil 1996 

 +    6  /  4  C G  (trans p lant) P B , gro w th rates  W illis  &  B lossey  1999 
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 +    3  /  3  G R  P F , gro w th rates  B ast lo v a &  K ve t  2002 

Mahonia aequifolium +    8  /  5  G R  P B  H . A uge, unpub l. 

Rorippa austriaca –  0  3  /  3  C G , H B  (generalist) P F , consumpt io n H . B uschmann, unpub l. 

Sapium sebiferum +  –  1  /  3  C G  P B , tannins S iemann &  R o gers 2001, 2003a 

 +  –  2  /  1  C G , H B  (generalist) P B , consumpt io n S iemann and  R o gers  2003b  

   0   1  /  1  H B  (generalis t) P B , consumpt io n L ankau et al. 2004 

 – –  + 1 /  1  C G , SH , interspec if ic  c o m p . P B , gro w th rates  R o gers &  S iemann 2004 

Senecio inaequidens +/ –   + 12 /  11 G R , aph id  infes tations  P F  A . W inkler, unpub l. 

Senecio jacobaea 0    6  /  6  C G  P B  W illis  e t  al. 2000 

   +/ –  13 /  16 H B  (generalis t / spec ialist) H P , H D , alkalo id s  J . J o sh i, unpubl. 

 +   – 13 /  16 SH  P B  J . J o sh i, unpubl. 

Solidago canadensis  –  0  3  /  9  C G , SH  P F  v an K leunen &  Schmid 2003  

 0  0   3  /  9  H B  (generalis t) P F , consumpt io n R ahm 2003 

Solidago gigantea +    26 /  12 C G  P B  G . J ako b s , unpub l. 

 + +   5  /  5  C G , interspec if ic  c o m p . P F  G . J ako b s , unpub l. 

Spartina alterniflora   –  1  /  2  G R , H B  (generalis t) P B , H P , p lant  mortality  D aehler &  Strong 1997 
1C G  = co m m o n garden, G R = greenhouse , H B  = herb iv o re b io assay , SH  = simulated herbivory  
2H D  = herb iv o re  dev e lopment , H P = herb iv o re p reference, P B  = p lant b io m ass , P F  = p lant  fecundity  
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T ab le  4 . E xper iments  that  compared phenotypic  p las t ic ity  in nativ e  v e r sus  inv as iv e  p lant p o p ulations . + = greater p lastic ity  in inv as iv e  p o p ulations ; 0 = no  d if feren-

ce  be tw een nativ e  and  inv as iv e  p o p ulations . n denotes  the  numbers  o f  nativ e  /  inv as iv e  p o p ulations  us e d . 

Spec ies  R e s ult  n P las t ic ity to  w hat?  V ariab les  Reference  

A lliaria petiolata 0 8 /  8  shad ing b io m ass , morpho logy , photosynthes is  O . B o s s d o rf , unpubl. 

C lidemia hirta 0 4 /  4  shad ing gro w th rate ,  morphology , photosynthes is  D eW alt  et  al. 2004 

H ypericum perforatum 0 9 /  10 nutrients/ m o isture  b io m ass , gro w th rate ,  morphology  S . E lmendorf,  unpubl.  

Mahonia aequifolium 0/ 0 8 /  5  shad ing/ p H  b io m ass  H . A uge, unpub l. 

Melaleuca quinquenervia +/ 0 3 /  4  p H / w ater  s tress  b io m ass , gro w th rate  K auf m an and  S m o use 2001 

Sapium sebiferum – 1 /  1  nutrients  b io m ass , gro w th rate  R o gers and  S iemann 2004 

Senecio inaequidens + 12 /  11 nutrients  r o o t  b io m ass , gro w th fo rm, rep roduct io n A . W inkler, unpub l. 

Solidago gigantea +/ + 26 /  12 shad ing/ nutrients  b io m ass , height, rep roduct io n G . J ako b s , unpub l. 

 + 5 /  5  nutrients  b io m ass , rep r o d uctio n G . J ako b s , unpub l. 

 



W e  f o und  a to tal o f  4 1  c o m p arisons  – 31 independent  s tudies  using 23 di f ferent  species  – o f  

quantitative  t raits  in nativ e  v e rsus inv as iv e  p o p ulations  (T ab les  3  and  4). M os t  o f  these  w ere 

c o m m o n garden exper iments (1 9  c o m p arisons), herb iv o re b io assays (1 1  c o m p arisons) and green-

house  exper iments (8  c o m p arisons). O v e rall, the  majo rity o f  c o m p arisons  f ound  s ignif icant gene-

tic  d if f e rences  be tw een nativ e  and  inv as iv e  p o p ulations . M o s t  p rev ious  s tudies  w ere tes ts  o f  the 

E IC A  hyp o thesis  that  co m p ared  grow th (2 7  c o m p arisons) o r resis tance (1 6  c o m p arisons) o f  nati-

v e  and  inv as iv e  p o p ulations . In contrast , on ly  f ive  s tud ies  ad d res sed  compet it iv e  ab ility , an d  f o ur 

stud ies  to lerance to  herb iv o ry. T aken together , the d ata suggest reasonab le sup p o rt  fo r the E IC A  

hyp o thesis  w ith increased gro w th in 14 out  o f  27  s tudies , and  dec reased  resis tance in 8 out  o f  16  

stud ies , w hereas  contrad icto ry results  w ere rare  (T ab le  3). W e  f o und nine co m p arative  s tud ie s  o f  

phenotyp ic  p last ic ity  in nativ e  v e rsus inv as iv e  p lant p o p ulations . M os t  o f  these  manip ulated  light 

o r nutrient  av ailab ility .  Increas e d  p last ic ity  in inv as iv e  p o p ulations  w as  found in f o ur stud ies , 

w hereas the o p p o s ite  w as  f o und  in on ly  one . 

 

D is c u s s i o n 

W hat is the empirical evidence? 

T he av ailab le  f ie ld  s tudies suggest  that  p lants and  p o p ulations  are  indeed  o f t en  larger in the 

inv as iv e  range. In ad d ition , there is  some  ev idence  for  enemy re lease. T his  contrad icts  a recent  

c o m p aris o n  o f  p lant sizes  in A merican and  E uro p e an co m m o n f lo ras  (T héb aud  &  S imberlof f  

2001) w hich d id  no t  f ind  a general t endency  for  p lants to  b e  taller in their inv as iv e  range. A  likely  

reas o n  f o r this  d if f e rence is  ho w ever  that  our data are no t  only  f ew , but also based on case 

stud ies  w here p e o p le  o f t en  chose  p rob lematic  pes t  spec ies , such as  L ythrum salicaria in N o rth 

A m erica o r Solidago gigantea in E uro p e . F lo ra c o m p arisons  are  b ased  on  all spec ies  lis t ed , includ ing 

es tab lished ones  that are  inco n s p icuous. T he b as ic  p o p ulatio n  f o r statis t ical inference differs in 

the tw o  ap p roaches,  hence the o p p o s ing results . 

T he results  f r o m  m o lecular stud ies  are ambiguous and do not yet  allow  a general conc lus ion . 

R e d uced genet ic  v ariation  in inv as iv e  p o p ulations  has  been  found  in  some spec ies  (e .g. N o v ak &  

M ack 1993, A mse llem e t  al. 2000), but this  doe s  not  ap p e ar to  b e  the rule . P articularly  in N o rth 

A merica, multip le  intro d uctions  s eem to  be  common. T here are  many more s tudies  that analysed  

m o lecular v ariation  on ly among inv as iv e  p o p ulations  (e .g. Saltons tall 2003, W alker et  al. 2003). 

O f ten they  found  ove rall genetic  v ariatio n  t o  b e  lo w  and  e x p lained this  by  a genet ic  b o ttleneck 

during intro d uction . H o w e v e r, w ithou t  comparing inv as iv e  t o  nativ e  p o p ulations , w e  w ill no t  be  

ab le  to  ad e q uate ly assess  the ro le  o f  genetic  b o ttlenecks . C learly,  more studies are needed that 

c o m p are  m o lecular genetic  v ariation  among and betw een nativ e  and  inv as iv e  p lant p o p ulations . 
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O v e rall, there is  reasonab le sup p o rt  fo r the ev o lutio n  o f  increased competitiv e  ab ility  (E IC A ) 

hyp o thesis  in inv as iv e  p lants (B lo s sey  &  N ö tzo ld  1995): increased gro w th and  d e c reased  resis tan-

ce  w as  f o und  in 52 %  and  50  %  of  the  s tudies , respec t iv e ly . A  m ajo r cav e at  o f  p rev ious  s tudies , 

how e v e r, is  that gro w th w as  o f t en  measured  in iso lat ed  p lants, i.e . in the absence  o f  compe t ition . 

G row th is  one  de terminant o f  p lant co m p e titiv e  ab ility , but at high densities  it  may no t  be  an 

ad e q uate measure o f  it  (G rime 1979, G o ld b e rg 1996). M any p lants inv ade  natural c o m m unities , 

s o  gro w th in iso lation  might hav e  lit t le  rele v ance for  their success . In fact, those  s tudies  that  co m -

p ared  nativ e  and  inv as iv e  p o p ulations  under  compet itiv e  c o n d itio n s  f o und  n o  d if f e rence o r ev e n 

results  that  contrad ict  the E IC A  hyp o thesis  (T ab le  3). A nother  problem w ith p rev ious  s tudies  is  

that  p lant de fence  w as  o f ten  tes ted  in b io assays w ith generalist  herb iv o res. H o w ev e r, inv as iv e  

p lants are  mos t ly  released  f rom spec ialist  herb iv o res in their inv as ive range (M emmot t  e t  al. 2000, 

K eane &  C raw ley  2002), and that is also  w hat E IC A  is  b ased  upon (B lo s s ey  &  N ö tzo ld  1995). 

B ecause res is tance against sp e c ialis ts  and generalis ts  are  like ly  b ased  on  d if f e rent  mechanisms , 

stud ies  that ad d ress  b o th simultaneously  o f t en  f ind  d if f e rent results  (e .g. B o s s d o rf  e t  al. 2004b). 

F inally , w hile  p lant resis tance has receiv e d  m uch attentio n  p r e v iously , another important  compo-

nent o f  p lant d e fence , p lant to lerance, has no t (M ülle r-Schärer &  Ste inger 2004). W e strongly  

recommend te s t ing f o r E IC A  under co m p e titiv e  c o n d itions , and  w e suggest that in future stud ies  

greater  emphasis  should  b e  p ut on res is tance to  s p e c ialist  herb iv o res and  p lant to lerance. 

Sev e ral o f  the stud ies  that  co m p are d  p heno typ ic  p last ic ity  in nativ e  v e rsus inv as iv e  p lant 

p o p ulatio n s  f o und  a higher degree  o f  p last ic ity  in inv as iv e  p o p ulations  (T ab le  4). O ne exp lanation 

f o r this  might be  that  p las t ic ity  allo w s  intro d uced sp e c ies  to  naturalize  acro s s  a range  o f  env iro n-

ments . T his  might b e  p articularly  bene f ic ial in founder  populations  w ith reduced  ad d itiv e  genetic  

v ariation  (B aker 1974, R ice  &  M ack 1991a, Sexton e t  al. 2002). A s a result ,  there might b e  e v o lu-

tio n  o f  increased p last ic ity  in inv as iv e  p lant p o p ulations . M o re research is  needed  to  c larify  the 

ro le  o f  e v o lutio n  o f  p last ic ity  in p lant inv as ions . 

 

W hat are we comparing? 

W hen co m p aring p lant p o p ulations  f rom the  nativ e  and the  intro d uced range, an im p o rtant 

quest ion  is  w hether w e are co m p aring the ap p ropr iate taxo n o m ic units .  Species  o f t en  v ary  in 

their chro m o s o m e  n umbers  and  in so m e  c ases  only  o ne typ e  is  inv as iv e . F o r instance, the South 

A frican Senecio inaequidens o c c urs in d ip lo id  and te t rap lo id  p o p ulations  in its nativ e  range, but all 

inv as iv e  E uro p e an p o p ulations  are tetrap lo id  (L afuma et al. 2004). T o  inve s t igate ev o lutionary 

change in inv as iv e  p o p ulations  o f  th is  spec ies ,  comparisons  should there fore  be  res t r ic t ed  to  

tetrap lo id s . H o w e v e r, if  b o th d ip lo id s  and  t e trap lo ids  hav e  b e e n intro d uced initially , but  only the 
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tetrap lo id s  b e c ame inv as iv e , a c o m p arison  be tw een the tw o  typ e s  m ay yield insight into an early 

s o rting-ou t  o f  p lant traits  that are  associated  w ith d ip lo idy . 

A  relat ed  p r o b lem occurs w hen inv ad e rs hyb rid ize , e ither among formerly  d is tant geno type s , 

o r w ith d if f e rent sp e c ies . H y b rid ization has  been recognized  as an important factor influencing 

genetic  v ariation  and  ad ap tation  in inv as iv e  p lants (B row n  &  M arshall 1981, E llstrand  &  S c h ie-

renbeck  2000). H o w ever , it  is  unclear to  w hat extent co m p arisons  be tw een nativ e  and  inv as iv e  

p o p ulations  make sense in such a context . In ad d ition , many ornamental spec ies  hav e  b e e n 

d e lib e rate ly  cro s s ed  and  s e lec t ed  to  p roduce  a v ariety  o f  c ultiv ars , s o m e  o f  w hich have  e s cap e d  t o  

b e c o m e  inv as iv e  (e .g. Mahonia aequifolium).  In these cases  it  is  p r o b ab ly  m o re inf o rmativ e  t o  c o m-

p are the traits  o f  inv as iv e  and  n o n-inv as iv e  c ultiv ars . 

In our rev ie w  w e  d id  not  cons id e r case s  o f  range exp ansion , i.e . cases w here sp e c ie s  sp read  

into  new  ranges ad jacent to  the ones  already  occupie d . A lthough such sp e c ies  are  o f t en  lis t ed  as  

inv as iv e  in many floras, w e excluded  them fo r three reasons : F irs t , it  w as  d if f icult  to  f ind  c ases  

that  met  our me thodo log ical criteria. T he  dec laratio n  o f  inv asiv e s  is  o f t en  ve ry  arb itrary in these 

cases  and based  on political rather than b iogeographic  b o und aries .  Second, range  expansion  is a 

natural p rocess  w hich eve ry  spec ies  once  und e rw ent. C ross-cont inental intro d uctions , in contrast , 

are  mos t ly  man-m ad e , and  they add  the  important dimension of  tearing dow n b iogeographic  b ar-

riers  (M o o ney &  C le land 2001). T hird , b o th the enemy release hyp o thesis  (M aron  &  V ilà 2001, 

K eane &  C raw ley  2002) and the E IC A  hyp o thesis  (B los sey  &  N ö tzo ld  1995) d o  not  ap p ly  to  

range exp ansions , b e c ause p lants  do  not  hav e  f as ter  migrations  rates  than their enemies . C o m p a-

risons  o f  central w ith marginal p o p ulations  can certainly p r o v id e  insights into  the nature o f  p lant 

c o lon ization  and  ad ap tation , just  as  c o m p aris o ns o f  m ainland  and  is land  p o p ulations  (e .g. H us-

b and  &  B arret t  1991, C o d y  &  O v e rton 1996), but  they w ere outs ide  o f  the  s cope  o f  th is  rev ie w . 

 

Other methodological issues 

W hen seeds  f rom w ild  p o p ulation  are  used to  c ultiv ate  and  c o m p are  p lants in a c o m m o n 

env ironment , p o p ulation d if f e rentiation , and thus ev o lutionary  d iv e rgence in inv as iv e  s p e c ies , w ill 

like ly  b e  o v e restimated due to  environmental m aternal e f f ec t s  (R o ach &  W ulf f  1987). N o n e  o f  

the stud ies  in T ab le  3  and  4  cont ro lle d  f o r such carry-o v er  e f fec t s  by  pre -cultiv ating p lants fo r 

one  or  sev e ral generatio n s  b e f o re the co m p arisons  w ere  made . In ad d ition , if  there are  sys tematic  

env ironmental d if f e rences be tw een the nativ e  and the inv as ive range w hich can be  carrie d  o v e r to  

the next generatio n  v ia seeds , this  might cause serious  mis interp retatio n  o f  c ros s-cont inental 

stud ies . It w o uld  b e  c e rtainly rew ard ing to  c o nduct a study  that attemp ts to  e s t imate this bias.  
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In general, cro s s -cont inental co m p arisons  require a large samp le  o f  nativ e  and  inv as iv e  p o p u-

lations . Sample size should  b e  as high as p o s s ib le , because  it increases statis t ical p o w er  fo r test ing 

cont inent ef fects , and  it  reduces  the like lihood  o f  s y s t ematic  env ironmental d if f e rences . A lternati-

v e ly , if  the  inv as ion histo ry o f  a spec ies  is  w e ll know n, one  might study  a chro n o log ical sequence 

o f  inv as iv e  p o p ulations  (B arret t  &  Sho re 1989, D aehler &  Strong 1997) o r co m p are the kno w n 

f o und e r  population  to  o ther , younger  populations  in the inv as iv e  range. A  good  example for  the 

latter ap p roach is  the research on Sapium sebiferum (S iemann &  R o gers  2001, 2003a,b ), w hich is  

one  of  the  s t ronges t  cases  in sup p o rt o f  the E IC A  hyp o thesis . H o w e v e r, in mos t  cases  multip le  

intro d uctions  (T ab le  2) o r a lack  o f  h isto rical information w ill p reclude  such ap p roaches,  so that 

o f ten a large  sample size is  the best  solution. 

 

F uture perspectives 

T he need  for  inv as iv e  p lants to  ad ap t to  n o v e l env ironments  is  o f t en  inv o ked  w ith lit t le  de tail 

on  w hich env ironmental fac tors  are  expec ted  to  be  nove l. M o s t  p lants o c c ur in similar climatic 

and  e d aphic  cond itions  in their inv as iv e  range (W illiamson 1996), so  s e lec t ion  w ill m o re like ly  b e  

exer ted b y  n o v e l c o m p e titors , herb iv o res o r pathogens.  T he  documentation  o f  such changes, 

how e v e r, has  been  v e ry lim it ed  so  far (T ab le  1). F o r instance, herb iv o re lo ad s  in nativ e  and  inv a-

s iv e  ranges w ere stud ie d  in on ly three sp e c ies . M o re co m p arativ e  f ie ld  s tudies  are  needed  o f  the  

d iv e rsity  and  abundance of  natural enemies  on  inv asiv e  p lants . 

A  s imilar lack o f  d ata concerns  the  distribut ion  o f  neutral genet ic  v ariation  as s e s s ed  by  mole-

cular m arkers  o r allozymes . B ecause  such data can help  t o  d is t inguish be tw een multip le  v e rsus 

s ingle to  f e w  intro d uctions , it  is  important  for  the interp retation o f  genet ic  d iv e rgence be tw een 

nativ e  and  inv as iv e  p o p ulations . If  m ultip le  intro d uctions  f rom d if f e rent source regions  occurred , 

genetic  d if f e rentiation  among invasive populations may result  from unequal survival of pre -

ad ap ted geno type s  (“so rting-out”; M ülle r-Schärer &  Ste inger 2004). H o w eve r, in the case o f  f e w  

intro d uctions , the same result  w o uld  suggest that  d if f e rentiation  w as creat ed  de  nov o  through re -

c o m b ination , mutation  and  s e lect ion . T hus, it  w o uld  m ake a stronger  case  fo r rap id  e v o lutionary 

change in a no v e l env ironment . 

T he ev o lutio n  o f  increased competitiv e  ab ility  hyp o thesis  (B lo s sey  &  N ö tzo ld  1995) has 

s t imulated much of the recent research on nativ e  v e rsus inv as iv e  p lant p o p ulations . H o w e v e r, as  

already mentioned  ab o v e , this  research has  mos t ly  c o m p ared  grow th o f  is o lat ed  p lants o r resis-

tance to  generalist  herb iv o res in lab o rato ry b io assays. F uture stud ies  should  te s t  for  E IC A  und e r 

c o m p e t itiv e  c o n d itions  and  ad d ress  resis tance to  s p e c ialist  herb iv o res and  p lant to lerance. A d m it-

t ed ly , a p r o b lem w ith  compet ition  exper iments is  the cho ic e  o f  ap p ropr iate  co m p e titors . P lants  
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encounter  dif f e rent  sets  o f  c o m p e t itors  in their nativ e  and  inv as iv e  range, and  they  may b e  ad ap -

ted  to  some extent  to  the ir nativ e  o nes  (C allaw ay &  A schehoug 2000). O ne so lution to  th is  might 

b e  intrasp e c if ic  compe t ition  exper iments (e .g. B o s s d o rf  e t  al. 2004a). T he bes t , alb e it  v e ry lab o ri-

ous ,  solution  are  recip rocal transp lant exp e riments  acros s  cont inents (e .g. W illis  &  B lossey  1999 , 

M aron e t  al. 2004).  

D e fence  and  c o m p e t itiv e  ab ility  are certainly no t the on ly  important traits  of  invasive plants. 

R ap id  e v o lution  might occur in any trait that is b e nef ic ial under the no v e l se lec t ion regime, giv e n 

there is  genetic  v ariatio n  f o r it. T o  d ate , on ly  one  empirical  s tudy did not address E IC A  o r  phe -

no typ ic  p last ic ity  in nativ e  v e rsus inv as iv e  p o p ulations : B uckley  e t  al. (2003) f o und that  the  seeds  

o f  C ytisus scoparius w ere heav ier in its inv as iv e  range, w hereas no  d if f e rence w as  f o und  in U lex 

europaeus. A lthough the s tudy did  no t  d is t inguish be tw een genetic  d if f e rences  and  m aternal carry-

o v er  e f fec t s , it  has  been  a v aluab le  s t ep  tow ard s  a more general ap p roach of  tes t ing f o r ev o lutio -

nary  change  in traits co m m o nly  associated  w ith w eed iness (B aker 1965). 

M ülle r-Schärer &  Ste inger (2004) p r o p o s e d  an ev o lutionary  change o f  p lant lif e  cyc les  to w ard s  

p o lycarp y  in the inv as iv e  range. If herb iv o res p referentially attack larger p lant ind iv iduals and this 

has a significant effect on plant fitness, then selection should fav o ur early  rep roduct ion  and  

m o nocarp y . T he release  f rom these  enemies , in turn, m ay result  in a se lec t iv e  ad v antage o f  p o ly-

carp ic geno types  in the inv as iv e  range. A  trend  t o w ard s  p o lycarpy  has  been  obse rv e d  in sev e ral 

inv as iv e  p lants (e .g. C ynoglossum officinale, Senecio jacobaea, C entaurea stoebe). F uture research should  

examine the genetic  b asis  o f  th is  phenomenon. 

F inally , there is  increasing ev id e nce that b e lo w ground interactio n s  p lay a key ro le  in p lant 

inv as ions . Inv as iv e  p lants  may  dominate inv ad e d  c o m m unities through allelopathic inhibition of 

c o m p e t itors  (C allaw ay  &  A schehoug 2000, B ais  e t al. 2003) o r through manipulation  o f  the  

m y c o rrhiza community  and  o ther micro -o rganisms  in the so il. In fact, inv as iv e  s p e c ies  ap p e ar to  

"cultiv ate" a s o il c o m m unity suitab le  f o r their o w n pro lif e ration  (K lironomos  2002). H o w e v e r, s o  

far on ly  one  s tudy  d irect ly  c o m p are d  nativ e  and  inv as iv e  p lant p o p ulations  in this context . P rati 

&  B o s s d o rf  (2004b) inve s t igated  alle lo p athic  inhib ition o f  the  germinatio n  o f  c o -o c c urring sp e-

c ies through nativ e  and  inv as iv e  p o p ulatio n s  o f  A lliaria petiolata. T hey  found  that the alle lo p athic  

e f f ec t  depended  on  the  o rigins o f  b o th A . petiolata and the target . M o re research on  ev o lutionary 

d iv e rgence in b e lo w ground interactions  is  highly needed. 
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C hap ter 3  
 

P alatab ility  and  to lerance to  s imulated 

herb iv o ry in nativ e  and  intro d uced  

p o p ulatio n s  o f  A lliaria petiolata (B rass icaceae) 
 

(w ith D anie l P rati, S te fan Schrö d e r, H arald  A uge) 

A merican Journal of Botany, in  press  

 

 

A b s trac t .  T he E uro p e an herb  garlic  mustard  (A lliaria petiolata) is a serious  inv ad e r  o f  N o rth 

A merican deciduous  f o rests . O ne exp lanatio n  f o r i ts  success could  be  that in the ab s e n c e  o f  s p e-

c ialized  herb iv o res, se lec t ion has  fav o red  le s s  de f ended  but m o re v igo rous  genotypes . T his  id e a 

w as  addre s sed  by  comparing o f f s p ring f rom sev e ral nativ e  and  intro d uced A lliaria p o p ulations  

w ith respec t  to  the ir p alatab ility  to  insect herb iv o res and their to lerance to  s imulated herbivory. 

F eed ing rates o f  a spec ialis t  w eev il f rom the  nativ e  range w ere s ignif icantly greater on  U S  p lants, 

suggesting a lo s s  o f  resis tance in the intro d uced range . In contrast ,  there w as  s ignif icant p o p ulati-

o n  v ariatio n  b ut no  c o ntinent  ef fect  in the feeding rates o f  a generalis t  caterp illar. A f ter  s imulated 

herb iv o ry, A . petiolata sho w e d  a subs tantial regro w th cap ac ity that inv o lved  changes  in p lant 

gro w th, architecture, and allo c ation . R e m o v al o f  75%  leaf area o r  o f  all b o lting s tems reduced 

p lant  f itness  to  81%  and  58% , re spec t iv e ly , o f  the f itness  o f  c o ntro ls . T here w as no  ind icatio n  o f  

a d if f e rence in to lerance  be tw een nativ e  and  intro d uced A lliaria p o p ulations , o r  o f  a trad e-o f f  

be tw een to lerance  and  resis tance. 
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I n t r o d u c t i o n 

O ne exp lanatio n  f o r  the success  o f  inv as iv e  p lants is  that  they are released f rom their nativ e  

spec ialist  herb iv o res (M aron  &  V ilà 2001, K eane &  C raw ley  2002).  Resources  normally  lo s t  t o  

these  enemies  are allo c ated  to  grow th and  rep roduct ion , thereb y  increas ing p lant v igour and 

abundance in the new  range. Inv o king o p timal defence theory and the possib ility  o f  rap id  e v o lu-

tionary  change , B los sey  &  N ö tzo ld  (1995) recently  exp and e d  this  id e a t o  p ropose  the  “ev o lution  

o f  increased competitiv e  ab ility” (E IC A ) hyp o thesis : if  there is a trad e-o f f  b e t w een gro w th and  

de fence , then select ion should  f av o ur le s s  de f ended  but m o re co m p e titiv e  geno type s  in the new  

range. A lthough sev e ral tes t s  o f  the E IC A  hyp o thesis  have  been  carrie d  o ut recently  (D aehler &  

Strong 1997, W illis  e t  al. 1999, 2000, Siemann &  R o gers  2001), tw o  p o ints hav e  receiv e d  lit t le  

attention : the d is t inction  be tw een spec ialis t  and generalist  herb iv o res, and  be tw een resis tance and  

to lerance co m p o nents  o f  p lant de fence . A  reasonab le next  s tep  w o uld  b e  t o  include  these  into  

the concep tual framew o rk o f  the E IC A  hyp o thesis and  t o  ad just  its  p red ict ions  accordingly. 

P lant de fence  includes a range o f  s t rategies  that are  c o m m o n ly  d iv id ed  into  those  as soc iated  

w ith resis tance, i.e., any trait that reduces  the p reference o r  per formance o f  he rb iv o res and  those  

as soc iated  w ith to lerance, the degree to  w hich p lant  f itness  is  a f fec ted  by  herbiv o ry relativ e  t o  

f itness  in the und amaged state (S trauss &  A graw al 1999). B ecause  spec ialis t  insects o f ten ad ap t to  

o r even ut iliz e  p lant tox ins (B erenb aum  &  Z angerl 1992a), these are  assumed to  be  pr imarily a 

de fence  against  generalis ts  (V an d e r M eijden 1996), w hereas  the  e f f ec t  o f  spec ialis t s  may b e  

reduced  by  quantitative  de ter rents  or  by  to lerance. 

E ven  if  inv as iv e  p lants are released f rom their spec ialis t  enemies , generalis t s  may hav e  s imilar 

attack rates in the new  range (J o b in et al. 1996, M emmot t  e t  al. 2000). T hus, there is  lit t le  reas o n 

to  expec t an inv ader to  b e  le s s  de f ended  ov e rall. In contrast , one  might expec t  the  fo llo w ing: (1) 

I f  the p rim ary  de fence  against  sp e c ialis ts  is  to lerance and to lerance is  cos t ly ,  then there might b e  

se lec t ion  against  it  in the new  range. M o reo v er, if  there is a trad e-o f f  b e t w een resis tance and 

to lerance (V an d e r M eijden e t  al. 1988), then resources  might even be  re -allo c ated  to  chemical 

de fence , so  that  one  w o uld  expec t  lo w er to lerance and equal or even  h igher resis tance to  

generalis ts  in inv as ive  genotypes . (2) If  the p rim ary  de fence  against sp e c ialis ts  is a clas s  o f  chemi-

cals o ther than those  acting against generalists, then selection  might reduce the  fo rmer, but, again, 

resources  might b e  re-allo c ated  to  grow th o r generalis t  de fence . A s a result , inv as iv e  geno type s  

should  b e  less  res is tant against sp e c ialis ts , but  equal o r  more res is tant to  generalis t s . 

W e addressed these  id e as  in a serie s  o f  experiments  w ith nativ e  and  intro d uced  p o p ulations  o f  

A lliaria petiolata, a E uro p ean crucif e r that has  become  a serio u s  p est  in N o rth A merican decid u-

ous  fores ts .  W e  used  palatab ility  tes ts  to  e s t imate plant resistance to a nativ e  s p e c ialis t  and  t o  a 
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c o m m o n b io assay generalist  herb iv o re. In ad d ition , w e  carrie d  o ut clip p ing exp e riments  in w hich 

w e es t imated plant tolerance to  d if f e rent typ e s  o f  s imulated herbivory. 

 

M ate rial &  m e t h o d s  

Study species 

G arlic  mustard  [A lliaria petiolata (M . B ie b .) C av ara and  G rand e ] is a hexap lo id  m e m b e r  o f  the  

mustard  f amily (B rass icaceae) native  to  the  E uras ian temperate  zone . P lants  typ ically germinate in 

early sp ring, f o rm a rose t te  in the firs t  year, o v erw inter as a rose t te , d e v e lo p  f lo w ering stems in 

the fo llo w ing sp ring, p roduce  seeds  in June/ July , and  d ie . Self ing seems to  be  very  f requent  

(A nderson e t  al. 1996, C ruden e t  al. 1996). In E uro p e , garlic  mustard  o c c urs in mes ic  s emi-shad e  

hab itats such as  fo res t  edges  and  m o ist  w o o d lands . Intro d uced  to  N o rth A merica in the 19th 

century, the sp e c ies  has  cont inuously  expand e d  its range and  is  no w  p resent in 34 U S s tates  and  

f o ur C anad ian  p r o v inces (V . N uzzo , N ature C o nserv ancy, unpub lished repor t). G arlic  mustard  

inv ades  the understo ry o f  N o rth A merican deciduous  fores t s  w here it  may d is p lace  nativ e  p lant 

spec ies  (M cC arthy 1997), d isrup t  p lant–insect asso c iations  (P o rter  1994, H uang et al. 1995) and  

eventually  c o llapse  nativ e  f o o d  w e b s  (B . B lo s s ey , C o rnell U niv e rsity , p e rso n al c o m m unication). 

A s  a  consequence, garlic  mustard  has  become the  target  o f  a recently  es tab lished  b io c o ntro l 

research p rogram (B los sey  e t  al. 2001). 

P rev ious  eco log ical studies on garlic  mustard  e ither descr ib e d  lif e -histo ry v ariation  in its new  

range (A nderson e t  al. 1996, B yers  &  Q uinn 1998, M eekins &  M cC arthy 2002) o r f o c used  on its  

rep roduct iv e  b io logy  (B askin &  B askin 1992, C ruden &  M cC lain 1996, Susko  &  L o v ett-D oust  

1999, 2000), its  p o tential f o r co m p e titiv e  and  allelo p athic  interference (M eekins &  M cC arthy 

1999, V aughn &  B erho w  1999, R o b e rts &  A nderson 2001), o r it s  resp o nse to  env ironmental 

v ariation  (M eekins &  M cC arthy 2000, 2001). T here is a lack o f  research in tw o  areas : (1) c o m p ari-

sons  o f  nativ e  and  intro d u c e d  p o p ulations  tes t ing f o r genetic  d if f e rentiation  in inv as io n-related  

traits, and  (2) the eco lo g y  o f  p lant-herb iv o re interactions  and  p lant de fence . 

A lliaria contains glucos ino lates , p articularly  s inigrin and  its  b reakd o w n products  (L arsen et  al. 

1983, V aughn &  B erho w  1999), w hich are  p art o f  it s  de fence  chemistry but also act as feeding 

st imulants for specialist w eev ils  (N ie lsen et  al. 1989) and  Pieris larv ae (R e nw ick  &  L opez  1999). 

O ther co m p o unds  that  may p lay  a de fens iv e  ro le  includ e  f lav o no ids  that ap p e ar to  b e  f e e d ing 

deterrents  fo r Pieris larv ae (H arib al &  R enw ick 1998, 2001, Renw ick e t  al. 2001). L ittle  is  kno w n 

ab o ut the herb iv o re co m m unities  on natural A lliaria p o p ulations . A  recent literature surv e y  f o und  

69 insect sp e c ies  as soc iated  w ith A lliaria in E uro p e  (H inz  &  G erb e r 1998). N o  s urvey s  have  been  

m ade  ye t  in inv as iv e  U S  p o p ulations . 
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T ab le  1 . N ativ e  (E uro p e ) and intro d uced (U S) p o p ulatio n s  o f  A lliaria petiolata that  were  used  in this study. 

M O N , H F , and  H W  w ere used on ly  in the p alatab ility  tes ts . O H A  w as  used  only in the stem remo v al 

exper iment. 

ID  L o catio n L atitud e L o ngitud e 

E urope    

B R U  B ruck, A ustria 47º18' N  12º49' E  

B U D  B udw eis , C zech R e p ublic  48º58' N  14º29' E  

H A L  H alle , G ermany 51º28' N  11º58' E  

IA S  Iasi, R o m ania 47º09' N  27º38' E  

K O P  C o p enhagen, D enmark 55º43' N  12º34' E  

M O N  M ontpe llier, F rance 43º36' N  03º53' E  

P A R  A sco t , U K  51º25' N  00º41' W  

SO Y  Soyhières , Sw itzerland  47º24' N  07º22' E  

U SA     

C A S I p s w ich, M A  42º41' N  70º51' W  

F F  M cL ean, IL  40º29' N  89º00' W  

H F  Petersham, M A  42º54' N  72º17' W  

H W  M ahomet , IL  40º23' N  88º09' W  

O H A  A thens, O H  39º20' N  82º83' W  

O H B  A thens, O H  39º19' N  82º07' W  

V R O  D anv ille , IL  40º09' N  87º37' W  

 

In this stud y  w e  used  seeds  f rom e ight E uro p e an and  seven  U S  p o p ulations  (T ab le  1). A s  in 

o ther highly self ing species,  most of  the genetic v ariation  in A lliaria ap p e ars  to  b e  b e t w een rather 

than w ithin p o p ulations  (M eekins et al. 2001). T he p o p ulations  w ere no t  se lec t ed  fo r sp e c if ic  

hab itat criteria but  cho sen among those  av ailab le  to  c o v e r a reasonable geographic range. W e 

regard  them to  be  rand o m  s amples w ithin cont inents. In fall 2000, mature siliques w ere  co llec ted  

f rom sev e ral m o ther p lants in each p o p ulation . T he  seeds  w ere  c leaned and s tored under  cold , 

d ry co n d itions . 

 

Palatability tests 

In January  2002, s eeds  f rom sev e ral m aternal families  in each o f  e ight E uro p e an and  s ix U S 

p o p ulations  (T ab le  1) w ere p laced  in petr i d ishes  f ille d  w ith a steriliz ed  1 :1 mixture o f  s and  and  

seed ing co m p o s t (C O M P O SA N A ® A nzuchterde; C O M P O  G m b H , M ünster, G ermany) and  dark 

stratif ie d  at  4°C  f o r  100 days. T he petr i d ishes  w ere then p laced  in a c limate chamber w ith a 
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12/ 12 h light/ d ark  cyc le at 8/ 12°C , w here germinated  s eed lings w ere transferred to  planting trays 

f ille d  w ith a 1:1 mixture o f  s and  and  p o tting so il (L A T T erra® T y p  P , H A W I T A -G rup p e  G m b H , 

V echta, G ermany). T hey w ere  kep t in the chamber for  sev e ral w eeks , until no  further germina-

tion  w as  o b s e rv e d . A t  the end o f  M ay, six rep licates fro m  f o ur families per population, altogether 

336  p lants, w ere p lanted  into  0 .5 L  p o ts  f ille d  w ith the same substrate describ e d , p lus 1 g s lo w -

release fert ilizer  (O smoco te ® E xact 8-9  M  Stand ard ,  Scotts  International B V , G e ld e rmalsen, T he 

N etherlands). T he p o ts  w ere p laced  in an unheated greenhouse  and  w atered as  needed . T o  p re-

vent  the  spread  o f  an aphid  infes tation  in July , all p lants w ere treated three t imes w ith an o rganic 

insectic id e  (N eud o s an, W . N eud o rf f  G m b H  K G , Emmerthal ,  G ermany), a p o tassium  s o ap  s o lu-

tion that  suf fo c ates  the ap hid s  b ut doe s  no t  leav e  any residues  in the plant. V ery  few  p lants had  

been  co lon iz e d  b y  aph id s . N one  w ere o b s e rv e d  afterw ard s . T w o no -cho ic e  p alatab ility  tes ts  w ere 

d o ne 2–3 months  later w ith new  leaves  that  dev e lo p e d  af ter  the insectic ide  t reatment .  In each test  

w e used three rep licates fro m  e ach A lliaria family, so that each plant and insect w as  used  once . 

H alf  o f  the  rep licates fro m  e ach A lliaria family w ere used in a test w ith C eutorhynchus scrobicollis 

(C o le o p tera: C urculion id ae), a m o nophagous  w eev il that is  currently  t e s ted  as a biocontrol agent 

f o r garlic  mustard  (B los sey  e t  al. 2001). T he w eev il has been  found  in sev e ral nativ e  C entral 

E uro p e an A lliaria p o p ulations , w ith great abundance  in some  o f  them (H inz  &  G erb e r 2000). 

T he larv ae o f  C . scrobicollis m ine the ro o t cro w ns o f  garlic  mustard , w hile adult  bee t les  feed  on the  

leav e s  in the fall. In O c tobe r 2002, adult w eev ils  we re  co llec ted  in natural p o p ulations  in no rth-

eastern G ermany, b rought to  a clim ate chamber w here they w ere  kep t at 15°C  and  a 12/ 12 h 

light d ark  cyc le  and fed  w ith A lliaria leav e s  f rom a nearb y  p o p ulation not  includ e d  in this study . 

T he p alatab ility  tes ts  w ere  done  in this chamber, using male beetles only. Prior to the experiment, 

each bee t le  w as  p laced  in a petr i d ish w ith mo is t  f ilter  p ap e r and  s tarv e d  f o r 24 h. T w o  ident ical 

4-m m  d iscs  w ere taken fro m  the youngest  fully  exp and e d  roset te  lea f  o f  each p lant. In p ilo t 

f e ed ing trials w ith a range  o f  d isc  s ize s ,  4  mm w as  o p timal for maximizing the effect size relativ e  

t o  measurement erro r, given  the  small s ize  o f  the  w eev ils . In each case, w e  de termined the fresh 

w eights o f  the tw o  leaf  discs  and  immediately dried the control disc to a constant w e ight at 80°C . 

T he tes t  d isc  w as rand o m ly assigned to  one of  the  petr i d ishes  w here a w eev il f ed  on  it  f o r 24 h. 

A fter  that,  the remainder  o f  the  tes t  d isc  w as also  d rie d . W e  calculated  the  dry  w e ight b y  f resh 

w eight ratio  o f  the contro l d isc  and used this ratio  to  es t imate dry w e ight o f  the tes t  dis c  b e f o re 

f e ed ing. T his  v alue  minus d ry w e ight af te r  f eed ing estimated the leaf  mass consumed by each 

bee t le . W e used this  es t imate as a direct measure of plant palatability. 

T he  second tes t  w as  done  w ith third -instar larv ae o f  Spodoptera littoralis (L e p id o p tera: N oc tui-

d ae), a w id e ly  e m p lo y e d  generalist  herb iv o re kno w n to  f e e d  o n  p lants in o v er  40 families w o rld -
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w id e . L ab o rato ry strains o f  S . lit to ralis  had  been  p r o v id e d  b y  G ero  E ck (U niv e rsity  o f  

D üsseld o rf , D üsseld o rf , G ermany) and  bred  at  our institute since M ay 2002. T he larv ae w ere 

rais ed  on  artif ic ial d iet  at  26°C  and  a 12/ 12 h light/ d ark  cyc le . T he exp e riment  w as  ident ical to 

the one  w ith C . scrobicollis,  excep t that, because the caterp illars are  larger, 13-m m  leaf  discs  w ere 

used. A ls o , there w as  no  initial s tarv ation  per io d , because , unlike in w eev ils , s tarv ation  is  no t 

needed  to  s t imulate feeding of caterpillars, but may even  k ill them. 

 

C lipping experiments 

T o  es t imate plant tolerance, herbiv o ry w as  s imulated by manual clipping in tw o  exp e riments . 

T he  f irs t  exp e riment  w as  a  de fo liation stud y that imposed  damage typ ical o f  generalist  herb iv o res 

such as  snails  in natural A lliaria p o p ulations .  Seeds  w ere germinate d  in 2001 and plants cultiv ated  

in a clim ate chamber as  describ e d  ab o v e. In June 2001, w e  p lanted  four seedlings fro m  e ach o f  

e ight E uro p e an and  e ight U S  p o p ulations  in 1.5 -L  containers  f ille d  w ith a 1:1 mixture o f  s and  and  

p o tting so il. T he p lants w ere p laced  in an unheated greenhouse  and  w atered as  needed . In the 

fall, all p lants  receiv e d  2  g slo w -release fert ilizer  (O smoco te ® P lus  3-4M , Scotts  International B V , 

G e ld e rmalsen, N etherlands) and  w ere treated  against aph id s  w ith a sys temic  insectic id e  (B i-58, 

B A SF  A G , L udw igshafen, G ermany). T o  ensure p lant v e rnalization under realis t ic  cond itions , the 

f irs t-year rose t te s  w ere b rought to  an exp e rimental garden in N o v e m b e r, w here they w ere p acked 

into  b ark  mulch and  o v e rw intered. A  harsh f ros t  per io d  k ille d  s o m e  rose t tes , so  that  in M arch 

2002, w hen the p lants w ere returned to the greenhouse , 52 o f  64  had  surv iv e d . T hese  cons is ted  

o f  25  E uro p e an and 28  U S  p lants. O n 10 A p ril, w e reco rded  the  d iameter o f  e ach rose t te . W e 

rand o m ly  se lec ted  half  o f  the  E uro p e an and the  U S  p lants and  r emoved  75%  o f  the area o f  e ach 

leaf w ith scis so rs. T he o thers w ere le f t  as  contro ls . O n 24 A p ril, w e  c lip p e d  o n  ne w ly  p roduced  

leav e s . T he p lants w ere rand o m ized  on  a greenhouse  bench, w atered  as  needed , and harve s t ed  at 

fruit  maturity . O n each p lant, w e  counted the numb e rs o f  s t ems  and  s iliques . Siliques  and  

remaining v e getativ e  ab o v e ground  parts w ere  sep arate ly  d ried  t o  a cons tant w e ight at 80°C  and  

w eighed. T o tal ab o v e ground  b io m ass  w as  calculated  as  the sum o f  the tw o  f ract ions , and repro -

duct iv e  allo c ation  w as the ratio  b e tween reproduct iv e  and  v e getativ e  b io m ass . W e used the 

num b e r  o f  s iliques  and the ir b io m ass  as  es t imates of plant f i tness. 

In the second  expe riment , w e  s imulated herbivory by removing all apical meristems, w hich has  

a fundamentally different effect than leaf removal (T if f in &  R ausher 1999). In A lliaria, s imilar 

d amage is  caused by the root  crow n-m ining larv ae o f  C . scrobicollis, w hich o f ten kill entire  

d e v e lo p ing stems (B los sey  e t  al. 2001). T he p lants w ere rais ed  and  o v e rw intered as describ e d , 

w ith  20 seedlings fro m  e ach o f  e ight E uro p e an and  e ight U S  p o p ulations  grow n in 1-L  p o ts. 



 31 

U nfortunately , w inter mortality w as  much higher in these p lants, w ith on ly 146 surv iv o rs o f  320 . 

S o m e  ad d itional p lants  d ie d  b e f o re the start o f  the exp e riment . W e used  only  p o p ulations  that 

c o uld  s t ill b e  rep licated in each treatment, so  that eventually  o ur exp e riment  cons is t ed  o f  113  

p lants  fro m  s e v e n  E uro p e an and  f iv e  U S  p o p ulations  (T ab le  1), w ith 4-19 rep licates p e r 

p o p ulation . F rom each p o p ulation , half  o f  the p lants w ere rand o m ly chosen  to  be  c lip p e d ; the 

o thers w ere  used as  contro ls . T here w as great  phenolog ical v ariation  among populations , s o  w e  

c lip p e d  at a c o m m o n phenolog ical stage rather than at the same time. P lants w ere  c lip p e d  w hen 

they had  d e v e lo p e d  f iv e  immature fruits at least 1 cm long. T he  f irst flow ers and  f ruits  o f  A lliaria 

ap p e ar w hen b o lting starts, so  the  c lip p ing to o k  p lace  at an early stage o f  f lo w ering. W e reco rded  

the initial d iameters  o f  e ach p lant and  c ut o f f  all f lo w ering s tems above their s econd  cauline  leaf. 

T he  f irst p lants  w ere  c lip p e d  o n 12 A p ril, the last  on  21  M ay. C o ntro l p lants  w ere  measured  at  

the same stage. T he p lants w ere harve s t ed  at fruit  maturity . F o r each, w e reco rded the  numbers  

o f  s t ems  and  s iliques , d ried  the  b io m ass  f ractions  to  a cons tant w e ight at 80°C , and  calculated  

to tal ab o v e ground  b io m ass and  rep roduct iv e  allo c atio n as descr ib e d . 

 

Statistical analyses 

T he p alatab ilit y  data w ere stand ard ized  to  ze ro  mean and unity v ariance  and  analyzed  as  

nes ted  A N O V A  m o d e ls using the G L M  p rocedure  in SA S  (SA S Inst itute 2001). E ach model 

included  con t inent, p o p ulation nes ted  w ithin cont inent, family nested w ithin p o p ulation , and 

herb iv o re w e ight as a co v ariate . W e used a sequential (type  I  sum of  squares) m o d e l in w hich the 

c o v ariate  w as  f it t ed  f irs t . A s a surrogate  fo r the genetic  c o rrelation  be tw een resis tance to  s p e c ia-

lis t  and generalist  herb iv o res, w e  calculated  Pearson’s  p roduct-moment  co rrelations  be tw een the 

f e ed ing rates o f  the tw o  herb iv o res. T hese  corre lations  w ere  done  acros s  con t inents, b o th at  the 

le v e l o f  f amily and population means. 

T he leaf removal data w ere analy z e d  as a tw o -factorial A N O V A  w ith clip p ing, cont inent and 

their interaction  as  f ixed factors.  D ue to  the lo w  sample  s ize , w e  d id  no t  includ e  a p o p ulation  

le v e l in this analysis. P rio r to  the analyses , s tem numb e rs, s ilique numbers , and s ilique  b io m ass 

w ere square ro o t transformed.  T he  s tem remov al d ata w ere analyzed  as a nested A N O V A  w ith 

c lip p ing, cont inent, and  their interaction  as  f ixed factors. Populations and their interaction w ith 

c lip p ing w ere rand o m  f acto rs  nested  w ithin cont inent and  c o ntinent × clip p ing, re spec t iv e ly . 

S ilique numbers  w ere square ro o t trans formed pr io r to  analyses . In b o th analyses , w e  used  type  

III  sum o f  s q uares  to  account for the unbalanced  des ign, and  w e  includ e d  p lant d iameter  as a 

c o v ariate  to  contro l f o r  the  e f fect  o f  p lant size  at  the b e ginning o f  the exp e riment . D if f e rences 
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among continents o r  populations  in their to lerance to  herb iv o ry are  ind icated  by  s ignif icant cont i-

nent × c lip p ing and  p o p ulation  × c lip p ing interactions , re spec t iv e ly  (Sto w e e t  al. 2000). 

In ad d ition , the stem remov al d ata w ere used to  e xam ine cos t s  o f  to lerance and the relatio n-

ship  b e tw een resis tance and  t o lerance. C o sts  o f  t o lerance w ere analyzed  as a regressio n  o f  f itness  

in the damaged v s . und amaged state (Strauss  &  A graw al 1999). W e used a majo r axis (m o d e l II) 

regression  (L egendre  2001) on  lo g-transfo r m e d  p o p ulation  means, so  that  co s t s  o f  t o lerance w ere 

ind icated  by  a dev iation  o f  the  s lo p e  f rom unity . T he 11 p o p ulations  that had  been  used  bo th  in 

the p alatab ility  tes ts  and  the s tem remo v al exp e riment  (T ab le  1) w ere used to  tes t  fo r a re latio n-

ship  b e tw een resis tance and tolerance. W e  calculat e d  p o p ulatio n-le v e l t o lerance as the ratio  

be tw een damaged and undamaged trait means. A  ratio  o f  unity  ind icates p e rf ec t  compensation , 

w hereas < 1 ind icates unde r- and  > 1  ove rcompensation . U s ing these ind ices , w e  calculated the 

c o rrelations  be tw een s tand ard ized  spec ialis t  and generalis t  f eed ing rates and  t o lerance in terms of  

s ilique numbers , s ilique  b io m ass , and  to tal b io m ass . 

 

R e s u lt s  

T he  f eed ing rates o f  C . scrobicollis w ere  more  v ariab le than tho s e  o f  S. littoralis (F ig. 1). A s a 

result ,  the full A N O V A  m o d e l exp lained  67%  o f  the v ariance in S. littoralis f e ed ing, but  only  30%  

in the w eev il d ata (T ab le  2). N ativ e  and  intro d uced A lliaria p o p ulations  d if f e red  in their p alata-

b ility  to  C . scrobicollis, w hich had  h igher feeding rates on  leaf  discs  f ro m  U S  p o p ulations  (F ig. 1A ). 

T here w as a significant p o p ulation  e f f ec t  in the feeding o f  S. littoralis. T his  e f f ec t  w as no t  only  

caused  by  the  Romanian outlier p o p ulatio n  (IA S , F ig. 1 B ); it  remained  s ignif icant w hen IA S  w as 

exclud e d . T here w as no  c o rrelation  acros s  cont inents be tw een the  mean f e ed ing rates o f  s p e c ia-

lis ts  and generalis ts  at  p o p ulation (rs = -0 .099, P = 0.736) o r family (rs = -0 .080, P = 0.561) le v e ls .  

S imulated herb iv o ry reduced  p lant f itness  in b o th exp e riments , although A lliaria had  a great 

cap ab ility to  c o m p e nsate  for  damage. A f ter  75%  leaf area remov al, d amaged plants  ended up w ith 

81%  o f  the s ilique  b io m ass  o f  cont ro ls  (T ab le  3). R e m o v al o f  b o lting stems had  a greater impact 

and  reduced  s ilique  b io m ass  to  58%  (T ab le  4).  S tem removal s ignif icantly increased stem 

num b e rs fro m  2 .9 in und amaged to 5.7 in damaged plants,  but there w as no  s uch e f fec t  af ter  leaf 

r e m o v al (T ab le  3).  S tem removal  decreased reproductiv e  allo c ation  f rom 0 .99 to  0 .80 (T ab le  4), 

w hereas after lea f  removal there w as an increase fro m  0 .80 to  0 .95 in d amaged plants (T ab le  3). 

In the s tem remo v al experiment,  plants from E uro p e an p o p ulations  had  a s ignif icantly  higher 

f itness  in terms of  s ilique  b io m ass than p lants  fro m  U S  p o p ulations , and there  w ere s ignif icant 

p o p ulation  e f f ec t s  fo r to tal b io m ass  and  rep roduct iv e  allo c ation  (T ab le  4). H o w e v e r, w e  f o und  



 33 

n o  d if f e rences  among plants in their to lerance to  he rb iv o ry, as  ind icated  by  cont inent × c lip p ing 

o r  population  × c lip p ing interactions  (T ab les  3  and  4). 

 

T ab le  2 . Summary of analyses of variance for tw o  no -cho ice  palatab ility  tes ts  w ith a spec ialis t  w eev il, 

C eutorhynchus scrobicollis, and  a generalis t  caterp illar, S p o d o p t e ra litto ralis , on  A lliaria petiolata p lants  fro m  

sev eral nativ e  E uro p e an and  inv as iv e  U S  p o p ulations . P lants  w ere rais ed  f rom seed  in a co m m o n env iro n-

ment , and  palatab ility  tes ts  w ere  done  w ith fresh leav e s  in a clim ate chamber. E f fec t s  w ith P < 0.05 are in 

b o ld f ace type . 

  C . scrobicollis S. littoralis 

S o urce d .f . F  P F  P 

H erb iv o re w eight 1  5 .28 0.023 21.48 < 0.001 

C o ntinent 1  5 .82 0.033 0.61 0.450 

P o p ulation  [C ] 12 0.60 0.833 10.92 < 0.001 

F amily [P , C ] 42 0.80 0.787 1.14 0.293 

E rro r 111     

 

T he s lo p e  o f  the  majo r axis regression  acros s  cont inents o f  d amaged vs .  undamaged popu-

lation  means d id  n o t  d if f e r f ro m  unit y  fo r any  measure o f  f itness . F o r silique  b io m ass , the slo p e  

w as  1 .19 (95%  conf id e nce interv al: 0.69-2.17), ind icating a p o s itiv e  linear re lationship  b e tw een 

f itness  in the tw o  treatments . F eed ing rates o f  C . scrobicollis and  S. littoralis d id  not  corre late  w ith 

to lerance in terms of  s ilique numbers , s ilique  b io m ass , o r to tal b io m ass  (n = 11, P > 0.50 for all 

c o rrelations). T hus, there w as no  e v id e nce  for  a trad e-o f f  b e t w een resis tance and to lerance to  

s t em remov al. I f  the outlier p o p ulation IA S  w as  exclud e d , there w as  ev e n a m arginally signif icant 

p o s itiv e  c o rrelation  be tw een resis tance (1  – p alatab ility) t o  S. littoralis and  t o lerance in terms of  

s ilique numbers  (n = 11, rs = 0.549, P = 0.099). 
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Populations of Alliaria petiolata
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(A) Ceutorhynchus scrobicollis
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(B) Spodoptera littoralis
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F ig. 1 . P alatab ility  o f  nativ e  E uro p e an (w hite  b ars) and  inv as iv e  U S  (hatched  b ars) p o p ulatio n s  o f  A lliaria 

petiolata t o  a spec ialis t  w eev il, C eutorhynchus scrobicollis (A ), and  a generalis t  caterp illar, Spodoptera littoralis (B ). 

P lants  w ere raised  f rom seed  in a co m m o n env ironment , and their leav e s  w ere  used for  no -cho ice  palata-

b ility  tes ts  in a clim ate chamber. T he v alues  are cont inental (le f t) an d  p o p ulation  (right) means  (± SE ) o f  

s tand ard ized  consumption es t imates. See T ab le  1  f o r  population  de tails , and  T ab le  2  for  the  as soc iated 

analy s e s  o f  v ariance. 

 



 35

T ab le  3 . T o lerance to  75%  leaf area removal in native E uro p e an and  inv as iv e  U S geno typ e s  o f  A lliaria petiolata. P lants  o f  d if ferent  or igin w ere raised  f rom seed  in a 

c o m m o n  e n v ironment  and  subjec ted  to  s imulated herbivory at  the beginning of the second grow ing season. F o r each trait , the treatment  by  cont inent means (± SD ) 

are given , f o llo w e d  b y  its  analys is  o f  v ariance. E f fec t s  w ith P < 0.05 are in b o ld f ace type . 

 #  S tems #  S iliques  S ilique b io m ass  [g] T o tal b io m ass  [g] R e p rod . allo c atio n 

E U  C ontro l (n = 12) 9.17 ± 1.90 336.8 ± 45.9  20.05 ± 3.00 48.89 ± 8.00 0.74 ± 0.20 

U S  C o ntro l (n = 13) 9.23 ± 2.09 329.9 ± 79.5  20.11 ± 3.30 44.32 ± 7.71 0.84 ± 0.11 

E U  C lip p e d  (n = 13) 9.54 ± 1.76 266.5 ± 54.6  17.21 ± 4.11 35.11 ± 5.21 0.98 ± 0.27 

U S  C lip p e d  (n = 14) 9.21 ± 1.53 263.9 ± 56.3  15.33 ± 4.50 32.03 ± 8.19 0.92 ± 0.19 

A nalyses of variance           

S o urce (d .f .) F  P F  P F  P F  P F  P 

P lant  d iameter  (1) 4 .53 0.039 0.03 0.856 4.52 0.039 3.32 0.075 0.00 0.946 

C lip p ing (1) 0 .20 0.655 16.62 < 0.001 12.33 0.001 39.81 < 0.001 7.95 0.007 

C o ntinent (1) 0 .16 0.687 0.13 0.725 0.03 0.861 1.53 0.223 0.14 0.709 

C lip  × C o nt (1) 0 .36 0.553 0.06 0.814 1.10 0.300 0.08 0.776 1.95 0.170 

E rro r (47)           
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T ab le  4 . T o lerance to  remo v al o f  all ap ical meris tems in nativ e  E uro p e an and  inv as iv e  U S  p o p ulations  o f  A lliaria petiolata. P lants  o f  d if ferent  or igin w ere rais ed  f rom 

seed  in a co m mon env ironment  and  subjec ted  to  s imulated herbivory at the beginning of the flow ering per io d . F o r each trait , the treatment by  cont inent means (± 

SD ) are given , f o llo w e d  b y  its  analys is  o f  v ariance. E f fec t s  w ith P < 0.05 are in b o ld f ace type . 

 #  S tems #  S iliques  S ilique b io m ass  [g] T o tal b io m ass  [g] R e p rod . allo c atio n 

E U  C ontro l (n = 31) 3.26 ± 1.37 196.1 ± 40.8  13.48 ± 2.77 26.67 ± 6.10 1.07 ± 0.22 

U S  C o ntro l (n = 28) 2.57 ± 1.69 188.5 ± 98.1  10.71 ± 4.85 22.74 ± 9.90 0.89 ± 0.28 

E U  C lip p e d  (n = 32) 6.00 ± 2.33 130.9 ± 40.9  7 .75 ± 2.60 17.13 ± 5.22 0.84 ± 0.20 

U S  C lip p e d  (n = 22) 5.27 ± 2.64 126.3 ± 43.3  6 .12 ± 3.18 13.96 ± 6.20 0.75 ± 0.24 

A nalyses of variance           

S o urce (d .f .) F  P F  P F  P F  P F  P 

P lant  d iameter  (1) 90.91 < 0.001 16.37 < 0.001 30.08 < 0.001 58.61 < 0.001 0.46 0.500 

C lip p ing (1) 63.39 < 0.001 30.42 < 0.001 73.73 < 0.001 74.71 < 0.001 15.11 < 0.001 

C o ntinent (1) 1 .44 0.258 0.03 0.863 6.28 0.031 2.33 0.158 2.88 0.120 

P o p ulation  [C ] (10) 1.66 0.104 1.38 0.204 1.40 0.196 2.59 0.009 2.04 0.039 

C lip  × C o ntinent (1) 0 .20 0.663 1.12 0.314 1.41 0.262 0.54 0.479 0.05 0.823 

C lip  × P o p ulation  [C ] 

(10) 

0.64 0.773 0.54 0.855 0.74 0.688 0.83 0.597 0.71 0.715 

E rro r (87)           
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D is c u s s i o n 

T his  is  the  f irs t  s tudy that co m p are d  b o th res is tance and tolerance in nativ e  and  intro d uced 

p o p ulatio n s  o f  an inv as iv e  p lant. W e hyp o thesized  that inv as iv e  p o p ulatio n s  o f  A lliaria petiolata 

w o uld  b e  e q ually  res is tant to  generalist  herb iv o res but  e ither less  res is tant to  s p e c ialis ts  o r less  

t o lerant t o  d amage. Re sults  fro m  p alatab ility  tes ts  w ere in ac c o rdance  w ith these p red ict ions : 

w hile  the sp e c ialis t  w eev il C eutorhynchus scrobicollis had  s ignif icantly  higher f e ed ing rates on 

intro d u c e d  p o p ulations , there w as no  d if f e rence in the feeding rates o f  the generalist  herb iv o re 

Spodoptera littoralis (F ig. 1 , T ab le  2), p resumab ly  because generalis ts  are abundant in the new  range, 

t o o . A f ter  s imulated herbivory, A . petiolata sho w e d  a t remendous regrow th cap acity (T ab les  3  and  

4), but  in contrast  to  o ur p red ict ions , to lerance w as no t lo w er in p lants  fro m  the new  range. N ext, 

w e  d iscuss  p o ss ib le  mechanisms  behind these  f ind ings and their im p licatio n s  f o r  b io c o ntro l and  

garlic  mustard  research. 

 

Palatability tests 

T he p o p ulation  e f f ec t  in Spodoptera f e ed ing rates  ind icates genetic  v ariatio n  f o r resis tance, p ro -

b ab ly  because  o f  v ariation  in gluco s ino late  le v e ls . G lucos ino lates  are regard e d  as a first  l ine of de-

fence  against generalist herb iv o res o n  B rass icaceae (Renw ick 2002). M any p rev ious  s tudie s  f o und  

natural v ariation  in glucos ino late  le v e ls  (e .g. S to w e 1998a, H arib al &  R enw ick 2001, K liebens te in 

et  al. 2002) and demonst rated  it s  eco log ical relev ance (e .g. M auric io  e t  al. 1997, Siemens &  

M itchell-O lds  1998, A graw al e t  al. 2002). A ls o , gluco s ino lates  act as fee d ing deterrents  and  tox ins 

against Spodoptera (L i e t  al. 2000, W allace  &  E igenb rode  2002). O ther co m p o unds  that  could  p lay 

a ro le  in the resis tance against Spodoptera are  p rote inase inhib itors . T ryp s in inhib itor, in particular, 

is a tox in and  f e e d ing dete rrent to  S. littoralis (D e  L e o  &  G allerani 2002). C ip o llini (2002) f o und  

s ignif icant env ironmental v ariatio n  f o r tryp s in inhib itor  le v e ls  in a natural A lliaria p o p ulation. 

L ittle  is  kno w n ab o ut the chemical de f ence  o f  A lliaria against sp e c ialist  herb iv o res, s o  w e  can 

on ly  speculate  ab o ut the increased feeding rates o f  C . scrobicollis o n  U S  p o p ulations . G lucos ino -

lates , again, c o uld  b e  inv o lv e d  if  C . scrobicollis is  a f fec ted  by  types  o ther  than S. littoralis. In  mo s t 

B rass icaceae, there is  a  complex  sys tem o f  glucos ino lates  (F ahey et  al. 2001). A t least so m e  als o  

have  negative  e f f ec t s  on  spec ialis ts  (S iemens  &  M itchell-O lds  1996,  Stow e 1998a, L i e t  al. 2000). 

K liebens te in et al. (2001) examined 34 glucosinolates in 39 A rabidopsis eco type s  and  f o und  a 

lim ited  se t  o f  characteris t ic  glucos ino late  p ro f ile s . Such a mo d ular sy s tem may allo w  d if f e rential 

resp o nses  to  v arious  herbiv o res. A lternativ e ly , ano ther clas s  o f  chemicals might be inv o lv e d . 

F lav o no id s , f o r instance, inhib it  f eed ing b y  larv ae  o f  the  o ligophagous  Pieris napi oleracea on 
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A lliaria (Renw ick e t  al. 2001). T hey  could  p lay a ro le  in the resis tance against o ther sp e c ialis t  

herb iv o res, to o . 

 

Plant tolerance 

A lliaria petiolata had  a great cap ab ility  to  t o lerate  damage. A f ter  a 75%  lo s s  o f  leaf area o r 

remo v al o f  all b o lting stems, damaged plants regained 81%  and  58% , re spec t iv e ly , o f  the  f itness  

o f  c o ntro ls  (T ab les  3  and  4). R e gro w th o f  A lliaria inv o lv e d  increased grow th, act iv atio n  o f  d o r-

m ant meris tems, as  w e ll as  changes in p lant architecture and  allo c atio n  p attern. A f ter  s tem remo -

v al, d amaged plants quickly produced new  s tems f ro m  lateral buds , w hich caused  a more branchy 

gro w th fo rm than in und amaged plants (T ab le  4). C hanges in allo c atio n  p attern depended  on  the  

typ e  o f  d amage: leaf removal increased but  s tem remov al decreased  rep roduct iv e  allo c ation 

(T ab les  3  and  4). T his  d iv e rsity  o f  mechanisms  pos s ib ly  ind icates p ast  se lec t ion  by  herb iv o res 

unaf f ec t ed  by  resis tance (Sto w e e t  al. 2000).  Specialist  herb iv o res  may hav e  b e e n  important in the 

e v o lution o f  A . petiolata. 

A p art f rom tw o  c o m p arisons  o f  a nativ e  and  an inv as iv e  s p e c ies  (Schierenbeck  e t  al. 1994; 

R o gers &  S iemann 2002), p lant to lerance has receiv e d  lit t le attention  in the context  o f  p lant inv a-

s ions . T o  o ur kno w ledge , no  o ne has  ev e r  tes ted the  p o s s ib ility  that to lerance may hav e  e v o lv e d  

during an inv as ion . H ere w e hav e  m ad e  a f irs t  at t empt  to  ad d ress  this  question . H o w e v e r, w e  

f o und  n o  d if f e rences  b e tw een nativ e  and  intro d uced  p o p ulations  (T ab les  3  and  4). O ne reason  

f o r this  could  be  that the reduced  number  o f  samples  caused by w inter mortality made the detec-

tio n  o f  p resumab ly  small cont inent  e f fects  dif f icult . A lternativ e ly , to lerance might no t hav e  e v o l-

v e d  in the new  range because  it  has other  functions  than de fence  against sp e c ialis ts  (Strauss  &  

A graw al 1999), o r it m ay no t hav e  e v o lved  ye t , given  a timescale of  150 years (~ 75 generations). 

A  p lant that has  maxim al res is tance w ill no t  be  damaged. A  highly to lerant one  w ill not  need  

t o  b e  resis tant. If  res is tance and tolerance serve  the  sam e  function  and  b o th hav e  a cos t , then w e 

should  expec t  a trad e-o f f  b e t w een the tw o  (v an de r M eijden e t  al. 1988, H erms &  M attson 1992). 

T he  empirical ev idence  fo r this trad e-o f f , ho w e v e r, is  ambiguous (e .g. S imms &  T rip let t  1994, 

F ineb lum  &  R ausher 1995, M auric io  e t  al. 1997, Sto w e  1998b , Strauss &  A graw al 1999, T if f in &  

R ausher 1999). T here w as no  ind icatio n  o f  a trad e-o f f  in our  data, and  it  is  unlike ly that this  w as  

due  to  lo w  statis t ical p o w er, b e c ause there w as  even  a marginally significant p o s itiv e  c o rrelation  

be tw een to lerance  and  resis tance to  S. littoralis. R e s is tance and tolerance might no t  be  mutually  

exclus iv e , but  to  some extent , b e  c o m p lementary (M auric io  e t  al. 1997, “less-than-ad d itiv e ”) 

mechanisms  o f  the  de fence  o f  A lliaria. A ls o , w e  f o und  a p o s itiv e  relationship  b e tw een f itness  in 
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the  damaged vs.  undamaged state in the stem remov al exp e riment , so  the  assump tio n  o f  c o s t s  o f  

t o lerance might no t  be true. 

 

Implications for biocontrol 

O ne o f  the b as ic  assumptio n s  o f  b io c o ntro l theo ry is  that inv as iv e  p lants have  been  re leased 

f rom their spec ialis t  enemies  (v an D riesche &  B ello w s  1996). If  de fence  against sp e c ialis ts  has 

b e c o m e  redundant, selection  might act against co s t ly  de fence  mechanisms  (B los sey  &  N ö tzo ld  

1995). T his  w o uld  m ake inv as iv e  geno type s  e v e n  m o re v ulnerab le  to  b io c o ntro l. O ur d ata o n  A . 

petiolata sup p o rt this  hyp o thesis : leav e s  f rom inv as iv e  p o p ulations  w ere  more  palatab le  to  the 

spec ialis t  w eev il and  potent ial b io c o ntro l agent C . scrobicollis. Still, the p lant p o p ulations  v aried  

greatly  in their resistance to  b o th herb iv o res (F ig. 1). M any b io c o ntro l stud ies  are  d o ne on  a 

s ingle target p o p ulation , although genetic  v ariatio n  f o r  defence t raits  is  common in natural p lant 

p o p ulations  (e .g. F ritz  &  P rice  1988, B erenb aum  &  Z angerl  1992b). B io c o ntro l p rograms should  

p ro f it  fro m  taking this genetic  v ariation  o f  the ir targets  into  account. 

 

G arlic mustard, plant defence, and the E IC A  hypothesis 

T he E IC A  hyp o thesis  makes tw o  m ajo r  predict ions . F irs t , p lants  fro m  the inv as iv e  range 

should  b e  d e f ended  less .  Second, they should  hav e  a higher fitness in the absence  o f  herb iv o res. 

H ere, w e hav e  f o und  expe rimental sup p o rt  fo r  the f irs t  p red ict ion , but  w e  d o  not  know  yet  

w hether this translates into  greater  f itness  o f  inv asiv e  A lliaria geno type s . T he s ignif icant cont i-

nent  e f fec t  in the s tem remov al exp e riment  (T ab le  4) suggests  the o p p o s ite , but  c learly further 

w o rk that  exp lo res this  E IC A  p red ict ion  is  needed . A ls o , w e hav e  n o  q uantitativ e  d ata yet  on the 

actual extent o f  an enemy release in U S  p o p ulations  o f  A lliaria. W o lf e  (2002) recently  sho w ed  

that  bo th  spec ialis ts  and generalis ts  w ere  reduced in the inv as iv e  range o f  Silene latifolia. H ence, 

the assump tion that  only  sp e c ialis ts  are absent  may no t alw ays be true. F inally , w e  d o  not  know  

enough about  the  de fence  chemistry o f  A lliaria, in  particular ab o ut it s  de fence  against sp e c ialis t s  

such as  C . scrobicollis. C lo s ing these gap s  in our  know ledge  w o uld  enab le us to  te s t  more  prec ise  

hyp o theses  ab o ut the ev o lution  o f  de f ence  in garlic  mustard  inv as ions . 
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C hap ter 4  
 

R e d uced  c o m p e titiv e  ab ility  in an inv as iv e  

p lant 
 

(w ith D anie l P rati, H arald  A uge, B ernhard  Schmid ) 

E cology L etters 7 :  346-353 

 

 

A b s trac t .  O ne exp lanatio n  f o r  successful p lant inv ad e rs is  that  they ev o lv e d  t o  b e  m o re 

c o m p e t itiv e . A n intuitiv e  p red ict ion  o f  th is  E v o lution o f  Increased  C o m p e t itiv e  A b ility  (E IC A ) 

hyp o thesis  nev e r  prev iously  tes ted  is  that inv as iv e  p o p ulations  should  o utcompete  the ir nativ e  

“ancesto rs” in a c o m m o n env ironment . W e tes ted  this  id e a in a d ialle l compe t ition  exper im ent 

w ith A lliaria petiolata w here o f f s p ring f rom nativ e  and  inv as iv e  p o p ulations  w ere gro w n alo n e  o r 

in all p airw is e  c o m b inations . W hile  w ithout  compet ition there  w ere no  d if f e rences  be tw een 

nativ e  and  inv as iv e  p o p ulations , nativ e  p o p ulations  outper formed inv as iv e  o nes  w hen co m p e ting 

against each o ther. O ur results  contrad ict  the E IC A  hyp o thesis and  w e  c o n c lude  that it  does  no t  

ho ld  f o r A lliaria petiolata.  Instead , w e  f o rmulate a new  E R C A  (E v o lutionary  R e d uced C o m p e t itiv e  

A b ility) hyp o thesis : if  there  is  le s s  compe t ition  in the inv as iv e  range and  c o m p e t itiv e  ab ility  inv o l-

ves  t raits  that hav e  a f itness  cos t ,  then select ion  might act against it, thereb y  reducing intrasp e c if ic  

interactions , to o . 
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I n t r o d u c t i o n 

E v o lutionary change can b e  rap id  and therefo re relev ant to  e c o log ical stud ies  (T h o m p s o n  

1998). In this  context , inv as iv e , nonind igenous  spec ie s  o f f e r  excellen t  mode l sys tems (T h o m p s o n  

1998, M o o ney &  C le land 2001, Sakai et al. 2001, L ee  2002). In f act , there are  sev e ral reasons w hy 

e v o lutionary  p roces se s  might be  expec t ed  to  p lay a ro le  in inv as ions : F irs t , inv as iv e  s p e c ies  are  

b rought into  env ironments  that are  characteriz e d  b y  n o v e l se lec t io n  p ressures (M o o ney &  

C le land 2001).  Second, only  f ew  o f  those  spec ies  intro d uced actually b e c o m e  inv as iv e  (W illiam-

son 1996), suggesting selection upon key characters.  T hird ,  many of  the  species  that  become  

inv ad e rs d o  s o  af ter  a lag time (M ack et al. 2000, Sakai et al. 2001), p o s s ib ly after ev o lutionary  

ad justments  to  the no v el env ironments  (W e b e r &  Schmid 1993, M o o ney  &  C le land 2001). 

U nderstand ing such ev o lutionary  mechanisms  might b e  c rucial f o r  the successful management of 

b io log ical inv as ions . 

O ne ev o lutionary hyp o thesis  to  e x p lain  p lant inv as ions  is  b ased  on  the  obse rv ation that intro -

duced  spec ies  are  o f ten re leased  f rom many o f  their sp e c ialized  herb iv o res and  p athogens  (M aro n  

&  V ilà 2001, K eane &  C raw ley  2002, W o lfe  2002, M itchell &  P o w er 2003). A t  the same time, 

s o m e  inv as iv e  p lants ap p ear to  p e rf o rm bet ter  in their intro d uced than in their nativ e  range (e .g. 

C raw ley  1987). Inv o king a trad e-o f f  b e t w een p lant gro w th and  de fence  (H erms &  M attson 1992), 

B los sey  &  N ö tzo ld  (1995) p roposed  that this  m ight b e  d ue to  rap id  e v o lutio n . In the absence  o f  

spec ialized  enemies  se lect ion  might fav o ur le s s  de f ended  but m o re co m pe t itiv e  inv ader 

geno type s . T his  E v o lution o f  Increased  C o m p e t itiv e  A b ility  (E IC A ) hyp o thesis  makes tw o  m ajo r 

p red ict ions : w hen co m p ared  to  nativ e  p o p ulations  in a c o m m o n env ironment , p lants  fro m  the 

intro d uced range should  b e  (1) less  res is tant to  (spec ializ e d ) enemie s  but (2) m o re co m p e titiv e  

w here  enemies  are  exclud e d . 

Recent  tes t s  o f  the  E IC A  hyp o thesis  were  o f ten res t r ic t ed  to  one  o f  the  pred ict ions  and  c o m-

p are d  f itness  (usually b io m ass) o r resis tance o f  o f f s p ring f rom nativ e  and  inv as iv e  p o p ulations  in 

a co m m o n env ironment  (B lo s sey  &  N ö tzo ld  1995 , D aehler &  Strong 1997, W illis  &  B lo s sey  

1999, W illis  e t  al. 1999, 2000, Siemann &  R o gers  2001, L eger &  R ice  2003, v an K leunen &  

Schmid  2003 , V ilà e t  al. 2003). A nother  s imple, albeit intuitiv e  p red ict ion has  nev e r  been tes ted : if  

inv as iv e  geno types  hav e  e v o lv e d  t o  b e  m o re co m p e titiv e ,  they should  b e  ab le  to  o utco m p e te their 

“ancesto rs” fro m  the nativ e  range. W e tes ted  this  id e a in a greenhouse  s tudy w ith garlic  mustard  

(A lliaria petiolata), a E uro p e an herb  that is a serious  inv ad e r in N o rth A merican deciduous  fores t s . 

W e used a d ialle l de s ign in w hich o f f s p ring f rom sev e ral nativ e  and  inv as iv e  p o p ulations  w ere 

e ither gro w n alone  or  in all p airw is e  c o m b inations  in a herb iv o re-free  env ironment . 
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O ur ap p roach dif fered  in tw o  w ays  f rom prev ious  E IC A  stud ies : F irs t , it allo w e d  s e p arating 

f itness  in the absence  o f  compe t ition  f rom d if f e rent aspec t s  o f  compe t itiv e  ab ility .  Second,  our 

f o c us on  intra- rather than intersp e c if ic  compe t ition  av o ided  the  p r o b le m  o f  c o m p e t ito r cho ice . 

I f  lo c al ad ap tation , spec ies-spec if ic  interactions  and  p o s s ib ly  coev o lutio n  p lay a ro le  in p lant inv a-

s ions  (C allaw ay  &  A schehoug 2001, K lironomos  2002 , P rati &  B o s s d o rf  2004b), then using one  

o r f ew  intersp e c if ic  compe t itor s  f rom e ither o f  the two ranges  w ill giv e  a b ias e d  p icture. 

W e asked the  fo llo w ing quest ions : (1) w hen gro w n alone , d o  p lants  fro m  inv as iv e  A lliaria 

p o p ulations  hav e  a higher fitness than p lants  fro m  nativ e  p o p ulations?  (2) d o  p lants  fro m  inv a-

s iv e  A lliaria p o p ulatio n s  o utp e rf o rm p lants  fro m  nativ e  p o p ulations  in co m p e tition?  (3) is  there a 

c o rrelation  be tw een the mean p e rf o rmance o f  A lliaria p o p ulations  in the absence  o f  compe t ition  

and their p e rf o rmance in co m p e tition?  

 

M ate rial &  m e t h o d s  

Study species 

G arlic  mustard  (A lliaria petiolata [M . B ie b .] C av ara and  G rand e ) is  a  member  of  the  mustard  

family (B rass icaceae) native  to  the  E uras ian temperate  zone  w here it gro w s  in mes ic  s emi-shad e  

hab itats such as  fo res t  edges  and  m o ist  w o o d lands . P lants  typ ically germinate in early sp ring, 

f o rm a rose t te  in the firs t  year, o v e rw inter as rose t te , d e v e lo p  f lo w ering stems in the follo w ing 

s p ring, p roduce  seeds  in June/ July , and  d ie . T he sp e c ies  w as  f irs t  intro d uced  to  N o rth A merica in 

the  mid d le  of  the 19th century. M icro s atellit e  data suggest  that  sev e ral independent  intro d uctions  

hav e  o c c urred  s ince then (O . B o s s d o rf , unpub lished  micro s atellit e  data). O v e r the las t  f ew  d e c a-

de s , the sp e c ies  rap id ly  expand e d  its range and  is  no w  p resent in at least 34 U S s tates  and  f o ur 

C anad ian  p r o v inces (N uzzo  2000). G arlic  mustard  inv ades  the understo ry o f  N o rth A merican 

dec iduous  fores t s  w here it  may displace nativ e  p lant sp e c ies  (M cC arthy 1997) and  d isrup t  p lant-

insect asso c iations  (P o rter  1994, H uang et  al. 1995). In a recent  s tudy, w e  f o und that inv asiv e  U S 

p o p ulations  o f  garlic  mustard  are  less  res is tant to  a spec ialist  herb iv o re than nativ e  E uro p e an 

p o p ulations  (B o s s d o rf  e t  al. 2004b). 

In this stud y  w e  used  seeds  f rom e ight E uro p e an and  e ight U S  p o p ulations  (T ab le  1). T he 

spec ies  is  se lf -c o m p atib le and  p rim arily autogamous (A nderson e t  al. 1996), so  that  most  genet ic  

v ariation  is  f o und  be tw een rather than w ithin p o p ulations  (M eekins et al. 2001, O . B o s s d o rf , 

unpub lished  data). In b o th cont inents, the p o p ulations  came from a mixture of  fores t ,  fores t  ed ge 

and  roadside habitats. W e regard  them to  be  rand o m  s amples w ithin cont inents. B ased  on  a long-

term data set o f  c lim atic  reco rds  (N e w  e t  al. 2000), E uro p e an and  U S  p o p ulations  d id  n o t  d if f e r  

in mean elev ation , annual t emperature, o r  precip itation  (tw o -sam p le  t-tes ts , n = 14, all P > 0.1). 
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In autumn 2000, mature siliques w ere  co llec ted  f rom sev e ral m o ther p lants  in each p o p ulation . 

T he  seeds  w ere  c leaned and s tored under  cold , d ry co n d itions . 

 

T ab le  1 . N ativ e  and  inv as iv e  p o p ulatio n s  o f  A lliaria petiolata that  were  used  in this study. F o r each, the 

num b e rs o f  s urv iv ing p lants  used in analyses o f  “singles” (o n e  p lant pe r  po t ) o r “p airs” (t w o  p lants  per  

p o t) are given . 

ID  L o catio n L o ngitud e L atitud e S ingles P airs  

N ative      

B R U  B ruck, A ustria 12º49' E  47º18' N  13 15 

B U D  B udw eis , C zech R e p ublic  14º29' E  48º58' N  11 19 

H A L  H alle , G ermany 11º58' E  51º28' N  15 18 

IA S  Iasi, R o m ania 27º38' E  47º09' N  12 20 

K O P  C o p enhagen, D enmark 12º34' E  55º43' N  7 19 

M O N  M ontpe llier, F rance 03º53' E  43º36' N  4 11 

P A R  A sco t, U K  00º41' W  51º25' N  15 22 

SO Y  Soyhières , Sw itzerland  07º22' E  47º24' N  1 7  

Invasive      

C A S I p s w ich, M A  70º51' W  42º41' N  8 25 

F F  M cL ean, IL  89º00' W  40º29' N  12 18 

H F  Petersham, M A  72º17' W  42º54' N  4 2  

H W  M ahomet , IL  88º09' W  40º23' N  5 16 

O H A  A thens, O H  82º83' W  39º20' N  14 16 

O H B  A thens, O H  82º07' W  39º19' N  15 20 

V R O  D anv ille , IL  87º37' W  40º09' N  9 12 

W I M ilw aukee, W I  87º53' W  43º05' N  14 14 

 

E xperimental design 

In January  2001, s eeds  f ro m  2 0  m aternal familie s  pe r  populations  w ere p lace d  in petr i d ishes  

f ille d  w ith a steriliz ed  1 :1 mixture o f  s and  and  s e e d ing co m p o s t (C o m p o s ana® A nzuchterde, 

C o m p o  G m b H , M ünster, G ermany) and  dark stratif ie d  at 4°C  f o r  100 days . H ereafter  the petr i 

d ishes  w ere p laced  in a c lim ate chamber w ith a 12/ 12 h  light/ d ark  cyc le at 15/ 10°C , w here ger-

m inated  s eed lings w ere transferred to  planting trays filled w ith a 1:1 mixture o f  s and  and  p o tting 

s o il (L atterra® T y p  P , H aw ita-G rup p e  G m b H , V echta, G ermany; a p e at-b ased  substrate w ith 

ap p rox.  150 mg N ,  150 mg P2O 5  and 250 mg K 2O  p e r litre). A t  the end o f  M ay, the seedlings 

w ere taken to  an unheated greenhouse  and  p lanted  into  0 .5 litre p o ts  f ille d  w ith the same substra-

te  as ab o v e . In ad d ition , each p o t  receiv e d  5  g  o f  s lo w -release fert ilizer  (O smoco te ® P lus  3-4M  
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w ith 15%  N , 11%  P 2 O 5, 13%  K 2O , 2%  M gO  + trace elements ,  Scotts  International B V , G e lde r-

m alsen, T he N etherlands). T he  f inal s ize  and  s e ed  outpu t  o f  p lants in our experiment w as  s imilar 

to  that  o f  p lants in a typ ical natural p o p ulation , s o  w e  assumed our  commo n env ironment  to  be  a 

reasonab le  match o f  the nutrient-rich natural hab itats (N uzzo  2000) o f  garlic  mustard . 

E ach p o p ulation  w as gro w n in m o noculture at tw o  d e n s itie s  (o n e  p lant p e r  po t  and  tw o  p lants 

p e r  po t), and  in p airw ise  mixture w ith each o f  the o ther  populations  (tw o  p lants p e r  po t). T here 

w ere three rep licates  for  each treatment yie ld ing a to tal o f  456  po t s  and  864  p lants. W ithin each 

p o p ulation , p lants w ere chosen  at rand o m  f rom the av ailab le  s eed  families. D ue to unequal ger-

m ination success  and  chance w e  eventually  used 9-16  families per population. W e  measured the 

lengths o f  all leave s  on  each p lant and  c alculated  a sum o f  square d  leaf lengths w hich w as used  as  

an estimate of initial plant size. A  p ilo t study  show ed that this  w as a reasonab le  p red icto r f o r 

s eed ling b io m ass (r2 = 0.884, n = 100). 

T he p o ts  w ere rand o m ly arranged  o n tw o  b enches  in an unheated greenhouse , w atered as  

needed , and re -rand o m ised  tw ice  in the course  o f  the  exper iment. In N o v e m b e r 2001, all p o ts  

w ere taken to  an exp e rimental garden w here they w ere p acked into  b ark  mulch and  o v e rw intered. 

B y  the  end  o f  M arch 2003, w hen the p lants w ere returned to  the greenhouse , 413 o f  all p lants  

had  surv iv e d  (see  T ab le  1). Similar rates o f  rose t te  mortality  are  p o s s ib le  in natural A lliaria 

p o p ulations  (N uzzo  1993). W inter mortality, analysed by logistic regression (M cC ullagh &  N eld e r 

1989), w as rand o m  acro s s  c o m p e t ition treatments  and  c o ntinents (all P > 0.2) but  d id  range fro m  

11%  to  69%  be tw een p o p ulations  w ithin cont inents (P < 0.001). In A p ril, all p o ts  w ere treated  

w ith a sys temic  insectic ide  (B i-58; B A SF  A G , L udw igshafen, G ermany). T he p lants w ere harv e s -

t ed  at fruit  maturity . F o r each one  w e  measured  p lant height and  c o unted  the  numbers  o f  s iliques . 

S iliques  and the  remaining ab o v e ground  p arts w ere  dr ie d  s e p arate ly at 80°C  and  w e ighed. T o tal 

ab o v e ground  b io m ass  w as  calculated  as  the sum o f  the tw o  f ract ions .  

T o  es t imate the p recis io n  o f  d if f e rent  f itness  es t imates w e rand o m ly chose  ten  s iliques  on  each 

p lant, w eighed them and removed the  seeds  w hich w ere  counted and  w e ighed. T here w ere close  

c o rrelations  be tw een s ilique b io m ass  and  seed  number  (r2 = 0.729, P < 0.001) as  w e ll as  s ilique 

b io m ass  and  s e e d  b io m ass  (r2 = 0.864, P < 0.001), suggesting that silique b io m ass  is a reasonab le  

p red icto r f o r f itness  in  terms of  seed output  in A lliaria. 

 

Statistical analyses 

T he w inter mortality among plants caused our final data set to be unbalanced w ith miss ing 

v alues , includ ing the lo s s  o f  s o m e  p o p ulatio n  m o n o c ultures. T his rule d  o ut a calculation  o f  trad i-

tional c o m p e t ition  ind ices  (W eige lt  &  J o llif f e  2003) as  w e ll as a full diallel analysis (M cG ilchris t  
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1965). Instead , w e  tes ted  the  e f fec t s  o f  the  target  and  ne ighb o ur p lant o rigins b y  analys is  o f  v ari-

ance (Schmid  &  B azzaz  1987). T he targe t  e f fec t  is  the  mean f itness  o f  a p o p ulation  i, av e raged  

o v er all neighb o ur p o p ulations . L ikew ise , the neighb o ur ef fect  is  the  mean f itness  o f  all p lants  

that hav e  p o p ulation  i as  neighb o ur. A lthough target  and  ne ighb o ur ef fect  are  concep tually  s imi-

lar t o  compe t itiv e  resp o nse  and  e f f ec t  (G o ld b e rg 1990),  they dif f e r in that they are no t ind e p e n-

dent  f ro m  e ach o ther. E ach p lant in a p air is  used to  e s t imate both target  and neighbour effect . 

P lant  f itness  (height, ab o v e ground  b io m ass , s ilique number and  s ilique  b io m ass) w as analysed 

w ith a nested A N O V A . W e  carrie d  o ut one  analys is  o f  the  full d ata set that includ e d  all harve s t ed  

p lants, then w e  sp lit up  the  data into  s ingle p lants and  p lant p airs and  analy sed  each set  sep ara-

tely . W ith the full d ata set,  the A N O V A  m o d e l includ e d  initial p lant size  as a covariate, and plant 

dens ity , target  cont inent and  ne ighb o ur cont inent nested w ithin dens ity  as  f ixed e f fec ts . T arget  

and  ne ighb o ur p o p ulation  w ere random e f f ec t s  nes ted  w ithin cont inent. W e used af te r-w inter 

dens ity  (1  o r 2 p lants p e r  po t) rather than initial dens ity , s ince the latter had  no  s ignif icant ef fect  

on  any o f  the  dependent  v ariab les  (all P > 0.2), i.e . p lants that had  been grow ing alone  s ince the 

s tart o f  the exp e riment  d id  no t  d if f e r f rom those  that  ended  up alone  due to  w inter mortality. 

W ith single p lants,  the  model includ e d  initial p lant size , cont inent and  p o p ulatio n  o f  o rigin. W ith 

p lant p airs  it  includ e d  initial p lant size  and the  nes ted  target  and  ne ighb o ur ef fects . In all three 

analyses  w e  used  t ype-III  sum o f  squares  s ince the data w ere unb alanced  (SA S Institute 2001). 

A lthough the v ariab les  analy sed  w ere no t independent , w e  d id  no t  carry  o ut a multiv ariate  ana-

lys is  o f  v ariance (M A N O V A ), s ince this  w o uld  hav e  b e e n  d if f icult  w ith unb alanced , nes t ed  data, 

and  b e c ause  M A N O V A  is  sensitiv e  t o  d e p artures f rom multiv ariate no rmal d istributio n  o f  d ata 

(K endall 1980, C o le  e t  al. 1994). T o  account for  multip le  s tatis t ical tests o f  the  same hypothes is , 

w e  calculated the exp e c t ed  p robab ilitie s  o f  f ind ing significant results  and  c o m p ared  these  to  

o b s e rv e d  f requencies  instead of  using overly conservative B o nferron i p rocedures  (M o ran 2003). 

T o  examine the relationship  b e tw een p lant  f itness  in the absence  and  p resence o f  c o m p e t ition , 

w e extracted  the  population  least  square  means fro m  the analys is  o f  s ingles, as w e ll as  the p o p ula-

tion  least  square means of target and neighb o ur ef fects  f ro m  the analys is  o f  p lant p airs . Similar to  

regression  analy se s  fo r maternal an d  p aternal arrays  in genetic  d ialle ls  (M ather &  J inks 1982), w e  

calculated Pearson’s product-moment  co rrelations  be tw een the f itness  o f  s ingles, target effects 

and  ne ighb o ur ef fects  w ith regard  t o  p lant height, ab o v e ground  b io m ass , s ilique number and  s ili-

que  b io m ass . In this analysis a p e rfect  negativ e  c o rrelation  is  exp e c ted  be tw een p o p ulation target  

and  ne ighb o ur ef fects  if  compe t itiv e  interactions  w ere fully  recip rocal w hereas a w eaker, absent , 

o r ev e n  p o s itiv e  c o rrelation  ind icates  departure f rom full rec ip roc ity  (A s sémat  &  O ka 1980). O ne 
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p o p ulation  (H F ) w as  exclud e d  b e c ause  it  w as an extreme outlier b ased  on  on ly  tw o  surv iv ing 

p lants in p airs . 

 

R e s u lt s  

Single p lants p roduced  67%  m o re ab o v e ground  b io m ass , 66%  m o re silique  b io m ass , and 99%  

m o re siliques than p lants in p airs , suggesting that there w as strong co mpe t itio n  f o r so il resources  

in our  experiment (T ab le  2 , F ig. 1). P lant  f itness  also  s t rongly  depended  on  the  population  or igin 

(T ab les  2  and  3) and  its  interaction  w ith dens ity  (T ab le  2). T hus, f itness  had  a genet ic  c o m p o nent.  

In the analyses  o f  the  full d ata set, nativ e  p lants w ere  s ignif icantly  taller than p lants  fro m  the 

inv as iv e  range (T ab le  2 , term “C o ntinent”). T he  d if f e rences  be tw een cont inents  w ere rev e aled  

m o re clearly in the analysis restricted to plant pairs. Plants of nativ e  o rigin gro w ing in p airs  we re  

s ignif icantly  taller (+22% ) and  produced  s ignif icantly  m o re siliques  (+48% ) (T ab le  3 , term “C o n-

tinent”). In ad d ition , the neighb o ur ef fects  o f  nativ e  p lants w ere stronger than tho s e  o f  A merican 

p lants, i.e .  the fo rmer reduced the f itness  o f  target  p lants w ith respec t  to  s ilique number and  s ili-

que  b io m as s  more than d id  the  latter (T ab le  3 , term “N eighb o ur C o ntinent”). W hen single p lants 

w ere analy sed  s eparate ly , there w as hard ly any genetic  v ariation  de tec tab le . A p art f rom a p o p ulati-

on  e f f ec t  o n silique number  (F 14,142 = 3.45, P < 0.001), all cont inent and  p o p ulation  e f f ec t s  w ere 

n o n-s ignif icant. O v e rall, s ingle p lants w ere  remarkably similar in terms of their size and fecundity.  

A s  expec t ed , there w as a strong negativ e  c o rrelation  be tw een target  and neighb o ur e f fec t  fo r 

to tal ab o v e ground  b io m ass  and  s ilique  b io m ass  (T ab le  4). H o w e v e r, there w as no  c o rrelation  

be tw een the mean f itness  o f  p o p ulations  as  s ingles and their mean target and neighb o ur ef fects  in 

p lant p airs  f o r any of  the  t raits  inv e s tigated  (T ab le  4 , F ig. 2).  

In a tab le  w ith four statist ical tests  of  the same hypothesis , the p r o b ab ility  o f  f ind ing a p arti-

cular e f f ec t  to  be  s ignif icant by  chance is  1-0 .954 = 0.185 (M o ran 2003), i.e . less  than o n e  o ut o f  

f o ur tests . Since in our analy s is  o f  p lant p airs  (T ab le  3) b o th cont inent and  ne ighb o ur cont inent 

e f f ec t  w ere s ignif icant tw ice , w e are con f ident  that the o b s e rv e d  d if f e rences  be tw een nativ e  and  

inv as iv e  p o p ulations  are no t a p roduct  o f  chance. 
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T ab le  2 . Summary of analyses of variance of  the  full d ata se t  w ith all harv e s t e d  p lants . Square b rackets ind icate nesting o f  t e rms ; degrees  o f  f reedom in p arentheses 

are for  s ilique b io m ass . L eve ls  o f  s ignif icance: * P < 0.05, ** P < 0.01, *** P < 0.001. 

  H eight T o tal b io m ass  S ilique number S ilique b io m ass  

S o urce d .f . MS F  MS F  MS F  MS F  

Initial p lant  s ize  1  19.1 0 .04 1.69 0.11 0.74 0.16 1.41 0.50 

D ensity  1  3043.2 6 .95** 1784.27 111.04*** 470.80 103.06*** 277.72 98.56*** 

C o ntinent 1  7792.6 4 .66* 79.11 1.99 53.92 3.55 5.60 0.82 

P o p ulation[C ] 14 1670.9 3 .82*** 39.82 2.48** 15.19 3.32*** 6.81 2.42** 

D  × C  1  1012.9 1 .85 39.98 1.94 14.13 1.64 15.46 3.09 

D  × P [C ] 14 548.0 1 .25 20.59 1.28 8.63 1.89* 5.01 1.78* 

N eighb o ur C o ntinent[D ] 1 86.4 0 .14 79.33 3.10 12.52 3.20 16.98 4.19 

N eighb o ur P o p ulation[N C , D ] 14 606.6 1 .39 25.57 1.59 3.91 0.86 4.05 1.44 

C  × N C [D ] 1 787.6 1 .51 3.23 0.25 4.99 1.02 0.00 0.00 

P [C ] × N P [N C , D ] 120 (118) 521.4 1 .19 12.67 0.79 4.90 1.07 2.15 0.76 

R e s idual 244 (240) 437.8  16.07  4 .57  2 .82  
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T ab le  3 .  Summary of  the analy s e s  o f  v ariance o f  p lant  pairs . Square b rackets ind icate nesting o f  t e rms ; degrees  o f  f r eedom in p arentheses are  for  s ilique b io m ass . 

L e v e ls  o f  s ignif icance: * P < 0.05, ** P < 0.01, *** P < 0.001. 

  H eight T o tal b io m ass  S ilique number S ilique b io m ass  

S o urce d .f . MS F  MS F  MS F  MS F  

Initial p lant  s ize  1  225.0 0 .40 27.56 1.50 0.69 0.16 1.671 0.59 

C o ntinent 1  8224.2 5 .11* 153.54 3.99 68.85 5.36* 24.977 3.13 

P o p ulation[C ] 14 1608.3 2 .84** 38.47 2.09* 12.84 2.89** 7.974 2.80** 

N eighb o ur C o ntinent 1  127.1 0 .21 91.47 3.55 20.30 5.94* 19.064 4.67* 

N eighb o ur P o p ulation[N C ] 14 616.9 1 .09 25.76 1.40 3.42 0.77 4.082 1.43 

C  × N C  1 688.0 1 .35 1.42 0.12 1.17 0.29 0.104 0.05 

P [C ] × N P [N C ] 120 (118) 508.8 0 .90 11.67 0.64 4.05 0.91 2.015 0.71 

R e s idual 101 (97) 567.2  18.38  4 .45  2 .846  
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F ig. 1 . M ean size and fitness (+ s.e.) of native E uro p e an (o p e n  b ars) and  inv as iv e  N o rth A merican (hat-

ched  bars) p lants  o f  A lliaria petiolata in an intraspec if ic  co m p e t it ion exper iment.  Plants w ere either gro w n 

w ithout  neighb o urs  (none) or  in p airs  w ith neighb o urs  f rom the  same or  the other  continent (E U , U S). 

 

 

T ab le  4 . C o rrelations  among 15 populatio n s  o f  A lliaria petiolata be tw een the mean f itness  w hen gro w ing 

alone  and  the mean target and neighb o ur ef f ec t s  w hen gro w ing in p airs . T he v alues  are co rrelation  coe f f i-

c ients ; P-v alues  in p arentheses. 

 H eight T o tal b io m ass  S ilique b io m ass  S ilique number 

F itness  alone   

– target  ef fect 

0 .189 

(0.499) 

0.372 

(0.172) 

0.182 

(0.516) 

0.405 

(0.134) 

F itness  alone   

– neighb o ur ef f ec t  

0 .148 

(0.598) 

0.026 

(0.927) 

0.131 

(0.642) 

0.303 

(0.272) 

T arget  ef fect   

– neighb o ur ef f ec t  

–0.149 

(0.595) 

–0.798 

(0.000) 

–0.786 

(0.001) 

–0.251 

(0.366) 
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F ig. 2 . T he relationship  b e tw een mean f itness  o f  E uro p e an (w hite  c ircles) and  N o rth A merican (b lack 

c ircles) p o p ulations  o f  A lliaria petiolata w hen gro w ing alone  and their mean target and ne ighb o ur ef fec t s  

w hen gro w ing in p airs . A ll v alues  are A N O V A  least-square means of  s ilique b io m as s  [g]. See T ab le  1  f o r 

p o p ulation  de tails . 

 

D is c u s s i o n 

A  m ajo r  predict ion  o f  the  E IC A  hyp o thesis  is  that  because  o f  resource re -allo c ation  f rom 

de fence  to  grow th, p lants fro m  the inv as iv e  range w ill b e  m o re co m p e titive  than those  f rom the  

nativ e  range. In this stud y  w e  f o und that und e r  op t imal, co m p e titio n-f ree  conditions  there  w ere 

n o  d if f e rences  be tw een nativ e  and  inv as iv e  p o p ulatio n s  o f  A lliaria petiolata. W hen p lants w ere 

c o m p e t ing against conspec if ic s , ho w e v e r, nativ e  p o p ulatio n s  o utp e rf o rmed  those  f rom the inv a-

s iv e  range. T his  c o m p lete ly  contrad icts  the E IC A  hyp o thesis and  we  there fore  conc lude  that it 

doe s  no t  ho ld  f o r A lliaria petiolata. 

A  p o tential cav e at  o f  th is stud y  c o uld  be  that w e assume no ad ap tiv e  e v o lution  to  env iro n-

mental cond itions ,  excep t f o r the absence  o f  herb iv o res, in the intro d uced range. A lthough w e 

hav e  s h o w n that the source env ironments  o f  nativ e  and  inv as iv e  p o p ulations  w ere  co m p arab le  

w ith regard  to  s ev e ral im p o rtant clim atic  v ariab les , w e  canno t exclude  the  pos s ib ility  that lo c al 

ad ap tation to  o ther  env ironmental factors  is  resp o nsib le  for  the  observ e d  d if f e rences . A nother  

lim itatio n  o f  o ur stud y  is  that w inter mortality substantially reduced the sample size, so the results 

should  b e  v ie w e d  w ith so m e  c aution. 

M any recent tests  o f  the E IC A  hyp o thesis  c o m p ared  nativ e  and  inv as iv e  p o p ulations  in co m -

pe t itio n-free  env ironments . R e s ults  w ere ambiguous: invasive populations had a greater fitness in 

L ythrum salicaria (W illis  &  B lossey  1999) and  Sapium sebiferum (S iemann &  R o gers  2001), b ut there 

w ere no  d if f e rences in f o ur inv as iv e  b iennials  (W illis  e t  al. 2000). Still, f itness  in the absence  o f  
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c o m p e t ition  might no t  necessarily translate into  c o m p e t itiv e  ab ility , f o r instance if the ab ility  o f  a 

p lant to  rap id ly  exp lo it  resources  has  a  dif f e rent mechanist ic  b as is  than its ab ility  to  t o lerate  lo w  

resource le v e ls  (e .g. G rime 1979 ; G o ld b e rg 1996). T here w as no  relationship  b e tw een the av e rage 

f itness  o f  A lliaria p o p ulations  w hen gro w ing alone  and their c o m p e t itiv e  ab ility  in p airs  (F ig. 2). 

H ad  o ur exp e riment  been res tr ic ted  to  p lant singles, w e  w o uld  hav e  c o n c luded  that there are no  

d if f e rences  among nativ e  and  inv as iv e  A lliaria p o p ulations . 

T o  d ate , f ew  stud ies  used  a co m p e titiv e  e n v ironment  w hen test ing f o r E IC A . L eger &  R ice 

(2003) f o und  that inv as iv e  p o p ulatio n s  o f  E schscholzia californica w ere sup e rio r  only  when  grown 

w ithout  compet ition by  hor t icultural p o p p ies . V ilà e t  al. (2003) used a native  grass  as  compet ito r 

and  f o und  n o  d if f e rences  be tw een nativ e  and  inv asiv e  p o p ulatio n s  o f  H ypericum perforatum. H ere, 

w e hav e  argued that intersp e c if ic  compe t itors  might giv e  a b ias e d  p icture, and that  one  w ay to  

tackle this  p r o b lem is  to  f o c us on  intrasp e c if ic  compe t ition  instead. Interestingly, those  tw o  stu-

d ies  that  d id  s o  f o und  c o unterev idence  f o r E IC A . Inv as iv e  p o p ulatio n s  o f  Solidago canadensis had  a 

lo w er  f itness  than nativ e  o nes  w hen gro w ing in dense  monospec if ic  s tands  (v an K leunen &  

Schmid  2003). In our study, nativ e  p o p ulatio n s  o f  A lliaria petiolata ou tper formed inv as iv e   p o p ula-

tions  in a c o m p e t itio n  d ialle l. 

R e d uced  c o m p e t itiv e  ab ility  could  be  the  consequence o f  a genet ic  bo t t leneck w ith sub s e q uent 

inb reeding d e p ression or random changes through genetic  d rif t  (B arret t  &  H usb and 1990). B o th 

p roces se s  could  hav e  c aused  changes  in traits that con fe r co m p e titiv e  ab ility . H o w e v e r, w e think 

that this  exp lanation  is rather unlike ly  s ince A lliaria has a high selfing rate (A nderson e t  al. 1996) 

w ith lo w  w ithin-p o p ulation genet ic  v ariation  in b o th its  intro d uced and  nativ e  range (M eekins et 

al. 2001, O . B o s s d o rf , unpub lished  data). A ls o , s ignif icant d if f e rentiation  among inv as iv e  p o p ula-

tions  suggests  suff ic ient  genetic  v ariatio n  f o r ev o lutionary resp o nses . 

A nother  exp lanatio n  f o r reduced  compe t itiv e  ab ility  in inv as iv e  p o p ulations  w o uld  b e  d irect io -

nal se lec t ion . If  there are  f ew er o r w eaker co m p e titors  in the N o rth A merican hab itats inv ad e d  b y  

A lliaria petiolata, and  at  the same time resource  compet ition  inv o lves  t raits  that hav e  a f itness  co s t  

– such as a p articular gro w th fo rm, allo c ation scheme, o r  phys io log ical ap p aratus  – then there 

m ight be  s e lec t ion  against it in the inv as iv e  range. F urtherm o re, if  p lants  in inv as iv e  p o p ulations  

hav e  usually mo re intra- then intersp e c if ic  neighb o urs, an E v o lutionary  R e d uced C o m p e t itiv e  

A b ility  (E R C A ) may increase stand-le v e l f itness  (K ing 1990) b y  reducing intrasp e c if ic  interact-

ions , to o . It is conce iv ab le that E R C A  allo w s  inv asiv e  p o p ulatio n s  o f  A lliaria to  use  the sav ings 

not  spent  for  resource  compet ition  in o ther p rocesses  that  may contribute  to  their inv as ion  

success , such as  p last ic ity , t o lerance to  herb iv o ry (B o ssdor f  e t  al. 2004b), o r alle lo p athy (P rati &  

B o s s d o rf  2004b). C learly further research is  needed to  tes t  th is  new  E R C A  hypothes is . 
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C hap ter 5  
 

A lle lo p athic  inhib itio n  o f  germ inatio n  b y  

A lliaria petiolata (B rass icaceae) 
 

(w ith D anie l P rati) 

A merican Journal of Botany 91 :285-288 

 

 

A b s trac t .  G arlic  mustard  (A lliaria petiolata, B rass icaceae) is an inv as iv e , nonind igenous  spec ies  

currently  inv ad ing the und e rsto ry o f  N o rth A merican w o o d lands  w here it  is a serious threat to  

the nativ e  f lo ra. P art o f  th is  success  might b e  d ue to  alle lo p athic  interference b y  garlic  mustard . 

T w o  c o ngeneric  sp e c ies , the E uro p e an G eum urbanum and the  N o rth A merican G eum laciniatum, 

w ere  tes ted  for  alle lo p athic  inhib itio n  o f  germination  by  garlic  mustard .  Seeds  w ere germinated 

e ither on substrate  contaminated by garlic mustard or on substrate w ith contamination neutrali-

z e d  b y  act iv ated  carb o n. A lle lo p athic  e f f ec t s  o f  nativ e  E uro p e an and  inv as iv e  N o rth A merican 

garlic  mustard  p o p ulations  w ere als o  c o m p are d . A ctiv ated  carb o n increased germination  by  14% , 

ind icating that garlic mustard  c o ntaminated the substrate through root exudates.  A ct iv ated  

carb o n in turn counteracted this  e f f ec t . T he tw o  test  sp e c ie s  d if f e red  in their sensitiv ity  to  alle lo -

p athic  interference. N o rth A merican G . laciniatum had  a much stronger  increase in germination  

w hen act iv ated  carb o n w as  added to  the  substrate , independent  o f  the  or igin o f  garlic  mustard . In 

contrast , the E uro p e an G . urbanum germinated  be t t er in subs t rate  p recultiv ated  w ith N o rth 

A merican garlic mustard, w hereas activ ated  carb o n increased its germination only in substrate 

p recultiv ated  w ith E uro p ean garlic mustard . 
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I n t r o d u c t i o n 

A lle lo p athic  interference be tw een p lant sp e c ies  has o f ten been  inv o ked  to  exp lain w hy so m e  

inv as iv e , nonind igenous  p lants have  become  ex t remely  d o m inant, out -compe te  nativ e  s p e c ie s  o r 

e ven  p roduce  monospec if ic  s tands  (W ard le  e t  al. 1993, D o lling et  al. 1994, R idenour &  C allaw ay 

2001). H o w e v e r, e m p irical ev id e nce that alle lo p athic  interference plays  an im p o rtant ro le  in p lant 

inv as ions  is  s t ill am b iguous.  C o ntro lle d  b io assays to  tes t  putativ e  alle lo c hemicals o f ten failed  to  

sho w  alle lo p athic  e f fec t s  (C hoes in &  B o e rner 1991, D ie tz  e t  al. 1996, K eay et al. 2000, C o nw ay et 

al. 2002) and  are generally critic iz e d  f o r their artif ic ial nature (H arp e r 1977, W illiamson 1990). O n 

the o ther hand , a num b e r  o f  exper iments rev e aled  large d if f e rences  in the o u t c o m e  o f  c o m p e-

tition  w hen alle lo p athic  interference w as  reduced  by  ad d ing ac tiv ated  carb o n to  the substrate  

(N ils son 1994, R idenour &  C allaw ay 2001, C allaw ay &  A schehoug 2000, Siemens et al. 2002). 

W ard le  e t  al. (1998) hav e  argued that alle lochemicals may alter p lant co m p e tition  als o  ind irect ly  

through changes in  ecosys tem proper t ies . F o r instance, the p resence o f  d e c o m p o s ing leav e s  o f  

inv as iv e  p lant C arduus nutans d ec reased  nitrogen f ixation  in legume sp e c ies through a reduction  in 

n o d ulation. 

A lle lo p athic  interference must b e  s p e c ie s-spec if ic  to  e x p lain w hy nonind igenous  spec ies  d o m i-

nate an inv ad e d  c o m m unity  w hile  they no rmally  do  not  reach high d o m inance in their nativ e  

c o m m unity . It is  p o s s ib le that  co -o c c urring sp e c ies  ad ap t to  alle lochemicals  released by competi-

tors ; hence , it  might b e  d if f icult  to  f ind  p ronounced  e f fec t s  in es tab lished  communities  (H arp e r 

1977). Inv as iv e  s p e c ies , ho w e v e r, d o  not  share  a  coevo lutionary histo ry w ith the co m m unity they 

inv ad e , and  one  might therefo re expect  greater alle lo p athic  e f f ec t s  in such systems. H o w e v e r, 

on ly a few  stud ie s  c o m p ared the  alle lo p athic  e f f ec t s  o f  an inv as iv e  s p e c ie s  on  compe t itor s  f rom 

the nativ e  and the  inv ad e d  range. C allaw ay &  A schehoug (2000) f o und that the o u t c o m e  o f  c o m-

pe t ition  be tw een the inv as iv e  C entaurea diffusa and gras s  spec ies  f rom the  new  and  the  o ld  range 

d e p ended  on  w hether o r no t activ ated  carb o n reduced  allo p athic  interference among them. T o  

our  know ledge , no  o ne has  ev e r  tes ted the p o s s ib ility  that  the degree o f  alle lo p athy o f  an inv ader 

m ay change as a result o f  encountering new  c o m p e titors . 

G arlic  mustard  [A lliaria petiolata (B ie b .) C av ara &  G rand e  (B rass icaceae)] is a b iennial (and 

somet imes perennial) spec ies  nativ e  t o  E uro p e  that  w as  intro d uced to  N o rth A merica in the mid 

o f  the 19th century.  In the las t  f ew  d e c ades  it  s tarted  t o  expand  rap id ly  its  range and  has  inv ad e d  

the und e rsto ry o f  m e s ic  f o rests  in no rthern U nited  S tates  and  in southern C anad a (N uzzo  1999). 

G arlic  mustard  reduces  the abundance  o f  nativ e  s p e c ies  and  dec rease s  d iv e rsity  in its new  range 

in N o rth A merica b e c ause o f  its  high co m p e titiv e  ab ility  (M cC arthy 1997, M eekins &  M cC arthy 

1999, B . B los sey , C o rnell U niv e rsity , p e rsonal c o m m unication). In ad d ition , a num b e r  o f  putativ e  
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alle lo p athic  chemicals hav e  b e e n  is o lated  (glucos ino lates  and their degrad ation  product s) that 

c o uld  b e  resp o nsib le  f o r  the success  o f  garlic  mustard  (V aughn &  B erho w  1999, but  see  also  

M cC arthy &  H anson 1998). 

H ere, w e  te s ted  for  alle lo p athic  inhib ition  o f  germination through the p resence o f  garlic  mus-

tard  in two  congener ic  compe t itor  spec ies . G eum urbanum is a nat iv e  E uro p e an sp e c ies  that o f ten 

co -o c c urs w ith garlic  mustard , w hereas  G eum laciniatum is  a  member  o f  the  inv ad e d  N o rth A meri-

can co m m unities  (M cC arthy 1997). In ad d itio n  t o  c o m p aring an o ld  w ith a new  c o m p e t itor,  w e 

used  p lants  fro m  nativ e  E uro p e an and  inv as iv e  N o rth A merican garlic mustard p o p ulations  and  

asked  w hether their alle lo p athic  p o tential d if f e red  d e p e n d ing on the  or igin o f  the  p lants. In co n-

trast to  the lab o rato ry b io assays  o f ten used to  tes t  for  alle lo p athic  e f f ec t s , our approach w as to  

gro w  garlic  mustard  in f lo w er p o ts  and  let  the sp e c ies  contaminate the subs t rate  w ith ro o t exud a-

tes .  Seed germination  w as then tested  in the contaminated substrate and compared w ith a contro l 

w here activ ated  carb o n was added to neutralize contamination. 

 

M ate ria l &  m e t h o d s  

Study species 

Seeds  o f  garlic  mustard  w ere  co llec ted  f rom natural p o p ulations  in N o rth A merica and  E uro -

p e . F o r a bet ter  geographic representation, w e  sampled seeds  f rom three  d if ferent  lo c ations  on  

each cont inent (H alle  [G ermany, 51º28' N , 11º58' E ], C o p e n h agen [D enmark, 55º43' N , 12º34' 

E ], and  Soyhières  [S w itzerland , 47º24' N , 07º22' E ] in E uro p e ; A thens [O H , 39º19' N , 82º07' W ], 

Ip sw ich [M A , 42º41' N , 70º51' W ], and  M ilw aukee  [W I, 43º05' N , 87º53' W ] in N o rth A merica), 

but  no  at tempt  w as  d o ne to  tes t  fo r  populatio n  d if f e rences . G eum urbanum L . and  G . laciniatum 

M urr. (R o saceae) are both perennial w o o d land herbs  that  co -o c c ur w ith garlic  mustard  e ither in 

its  nativ e  and  inv as iv e  range, respec t iv e ly .  Seeds  o f  G . urbanum and  G . laciniatum w ere b o ught 

f r o m  c o m m e rcial s eed  supp liers  (R ieger-H o f m ann G m b H , B laufe lden-R o ldshausen, G ermany, 

and  E rnst C o nserv ation  Seeds , M eadville, Pennsylvania, U SA ). 

 

G arlic mustard cultivation 

Seeds  o f  garlic  mustard  w e re d ark-stratif ie d  f o r  3  months  at  5°C . T ransp lanted  seed lings w ere 

cultiv ated  in small p o ts  o f  125  cm3  fo r 4 w eeks . T hen 28 seedlings o f  E uro p ean and  28  o f  N o rth 

A merican o rigin w ere p lanted  into  p o ts  containing 0.5 L  o f  a 1:1 mixture of  sand and compost  

substrate . T o  half  o f  the p o ts , f inely ground ac tiv ated  carb o n w as  added  at a concentration  o f  20  

m l p e r litre substrate . A ct iv ated  carb o n is  o f t en  used to  reduce interference b y  alle lo p athic  chemi-

cals in the so il because it  has a high af f inity to  o rganic  c o m p o unds  and  a w eak affinity to inorga-
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nic nutrients  (R idenour &  C allaw ay 2001, C allaw ay &  A schehoug 2000). A ct iv ated  carb o n d id  no t  

hav e  any direct  e f fect  on the grow th (+6%  ab o v e ground  b io m ass , F 1,52 = 0.767, P > 0.3) and  

rep roduct ion  (+16%  num b e r  o f  p o d s , F 1,52 = 0.774, P > 0.3) o f  garlic  mustard . F rom spr ing 2001 

to  early  summer 2002, the p lants w ere gro w n in a greenhouse  w ith a 25/ 15°C  d ay/ night cycle  

and  ad d itional light p r o v ided  by  500  W  lam p s . D uring w inter, the p lants w ere v e rnaliz e d  in an 

unheated greenhouse  or  in a c lim ate chamber at 5°C  w hen the greenhouse  w as to o  c o ld . P lants 

w ere harve s t ed  af ter  seed  se t , and the substrate  w as  care fully  s eparate d  f rom the  root s . 

 

The germination experiment 

T en petr i d ishes  w ere  f ille d  w ith the substrate  fro m  e ach flo w er p o t to talling 560 dishes. In 

half  o f  these , w e  p laced  10  s eeds  o f  G eum urbanum, and  in the o ther half  o f  the  pe t r i d ishes , 10 

s eed s  o f  G . laciniatum. T o  tes t  fo r a d irec t  e f f ec t  o f  activ ated  carb o n on the germinatio n  o f  e ither 

spec ies ,  10 contro l pe tr i d ishes  w ere  f ille d  w ith the same 1:1 mixture o f  s and  and  c o m p o s t  

substrate  but  w ithout  precultiv ation  w ith garlic  mustard . A ct iv ated  carb o n w as  added  at  the same 

concentration  to  half  o f  the se  d ishes . T he petr i d ishes  w ere  kep t in a re f rigerator  for  1  w eek  and  

transferred  t o  a clim ate chamber  at  15°C  w ith 14 h light. T he numb e r  o f  germinated  s eeds  w as 

reco rded  w eekly  f o r 8 w eeks . 

 

Statistical analysis 

T he to tal num b e r  o f  s eed lings that  germinated  af ter  8  w eeks  w as analyzed using a split -p lo t  

analys is  o f  d e v iance w ith activ ated  carb o n and  o rigin o f  garlic  mustard  (E uro p e  v s . N o rth A m e-

rica) as  p lo t le v e l treatment and  w ith sp e c ie s  (G . urbanum v s . G . laciniatum) and its  interactions  as  

w ithin-p lo t treatment . A s  seed  germinatio n  f o llo w s a b ino m ial d istribution , a like lih o o d -ratio  tes t  

w as  used w ith log it-link function  to  calculate  v ariance ratios  that are ap p roximately F -d istributed  

(M cC ullagh &  N elde r 1989, p p .  98ff). T he analyses  w ere co m p uted using the p rogram 

G E N S T A T  6 (P ayne et  al. 1987). 

 

R e s u lt s  

G erminatio n  o f  b e t w een the tw o  tes t  sp e c ie s  d if f e red  s ignif icantly , w ith G . laciniatum germina-

ting m o re than tw ice that o f  G . urbanum during the firs t  s ix w eeks , and  no  further germination  

w as  o b s e rv e d  thereafter  (T ab le  1 , F ig. 1). O v e rall, there w as a marginally significant increase by 

ab o ut 14%  in germination  w hen activ ated  carb o n w as  added to  the  substrate , ind icating that 

garlic  mustard  c o ntaminated the substrate through root exudates and adding activ ated  carb o n in 

turn counteracted this  e f f ec t . T he contro l exp e riment using subs t rate  w ithout a histo ry o f  garlic  
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mustard  show e d  n o  d irec t  e f f ec t  o f  activ ated  carb o n on seed  germination  (Q uasi-F  = 0.227; df  = 

1, 16; P > 0.6). H ere, activ ated  carb o n ev e n reduced germination  s lightly  from 50%  to  47% . 

T hus, the o b s e rv e d  increase o f  germination  in the main exp e riment  canno t  be  a d irec t  e f f ec t  o f  

activ ated  carb o n. 

 

T ab le  1 .  Summary of  analysis  of  deviance of  the germination success of  the tw o  spec ies  G eum urbanum and  

G . laciniatum.  Seeds  germinated  o n substrate  prev ious ly  containing garlic mustard  o f  E uro p e an o r N orth 

A merican o rigin either w ith o r w ithout activ ated  carb o n. 

S o urces  o f  v ariatio n d .f . M ean dev iance Q uasi-F  

A ctiv ated  carb o n  1  19.205 2.928(*) 

O rigin o f  garlic  mustard  1 2 .355 0.359 

A ct iv ated  carb o n × or igin  1  2 .587 0.394 

F lo w er p o t  residual 52 6.560 4.591*** 

Spec ies  1  580.6 406.2*** 

Spec ies  × act iv ated  carb o n 1 9.954 6.966** 

Spec ies  × o rigin 1 12.694 8.883** 

Spec ies  × act iv ated  carb o n × o rigin 1 9 .592 6.712* 

R e s idual  500 1.429  

L e v e ls  o f  s ignif icance: (*) P < 0.1; * P < 0.05; ** P < 0.01; *** P < 0.001 

 

T he tw o  spec ie s  d if f e red  in their reaction  to  activ ated  carb o n, i.e . in their resp o nse to  alle lo -

chemicals. G erminatio n  o f  N o rth A merican G . laciniatum cons istently  increased w hen activ ated  

carb o n w as  added to  the  substrate  (T ab le  1 , F ig. 2). T his  e f f ec t  w as  independent  f rom the  o rigin 

o f  garlic  mustard . F o r the E uro p e an G . urbanum, the p attern w as  m o re  complex. G eum urbanum 

germinated  be t ter  in substrate  in w hich N o rth A merican p o p ulations  o f  garlic  mustard  w e re 

p rev iously  cultiv ated . M o reo v e r, act iv ated  carb o n slightly  dec reased  germination  in substrate  p re-

cultiv at ed  by  N o rth A merican garlic mustard . In contrast , act iv ated  carb o n increased  germination  

w hen substrate  w as  p recultiv ated  w ith E uro p ean garlic mustard . T his  c o m p lex p attern fo r G . 

urbanum w as  ind icated  by  a s ignif icant tw o -w ay interaction  be tw een the tw o  test  sp e c ies  and the  

o rigin o f  garlic  mustard  and  a s ignif icant three-w ay interaction  be tw een sp e c ies , o rigin, and  

activ ated  carb o n (T ab le  1). T he  d if f e rence in the react ion  to  ac tiv ated  carb o n be tw een G . urbanum 

and  G . laciniatum sho w ed that  the sensitiv ity  to  the p resence o f  alle lo c hemicals in the substrate 

w as  spec ie s-spec if ic . 
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F ig. 1 . G ermination  success  (% ) o v er t ime of  tw o  tes t  species  G eum urbanum and  G . laciniatum in substrate 

p rev ious ly  contaminated by root  exudates  of  A lliaria petiolata (b roken lines) o r contamination neutralized  

w ith act iv ated  carb o n (s o lid  lines). G iven  are w eekly  means ± 1 SE . 

 

D is c u s s i o n 

T his study  show ed that garlic  mustard negativ e ly  af fected the germination  o f  co -o c c urring 

spec ies , but the result  depended  intricately on the  ident ity  o f  tes t  sp e c ies  and the  or igin o f  garlic  

mustard . T he o v erall e f f e c t  o f  alle lo p athy w as rather  small: germination  increased only by 14%  

w hen activ ated  carb o n neutralized  the  ad v e rse  e f f ec t s  o f  e ither ro o t exud ates  o r  d e c o m p o s ing 

d e ad  roo t s . H o w ever , ind iv idual-b as e d  m o d e ls  on the ro le  o f  alle lo p athy in inv as ion  show ed that 

e v e n  m o d e rate  sensitiv ity  to  alle lochemicals might shift  the outco m e  o f  b e t w een-spec ie s  c o m p e-

tition  (G o s lee  e t  al. 2001). O ur ap p roach to grow  garlic  mustard  in f lo w er p o ts  and  let  the sp e c ies  

contaminate the substrate  b y  root  exudates  rep resented a more realistic test of allelopathy than 

b io assays, at a co s t  o f  no t  b e ing ab le  to  q uantif y  d o s e -resp o nse relationship s  o r to  ident ify  the 

chemicals responsible for allelopathy. A lthough it  does  no t  mee t  all criteria t o  p r o v e  alle lo p athy 

outlined  by  W illiamson  (1990), the use o f  activ ated  carb o n could  improve our ability to  unde r-

stand  alle lo p athy. V aughn &  B erho w  (1999) is o lated  sev e ral phy to tox ic  chemicals from garlic 

mustard  (m ainly allyl iso thio c y anate  and benzyl iso thio c y anate), but  w e  d o  not  know  w hether 

these  chemicals are inv o lv e d  in our study.  F ie ld  expe riments  are  now  needed  to  t e s t  the  e f f ec t  o f  
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alle lo p athy und e r  more natural cond itions  and  to  e s t imate its magnitude relativ e  t o  resource  com-

pe t ition or  o ther  interactions . 
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F ig. 2 . G ermination  success  (% ) o f  tw o  tes t  spec ies  G eum urbanum and  G . laciniatum on substrate  p rev ious ly 

contaminated by root exudates of garlic mustard (A lliaria petiolata) f rom e ither E uro p e an (E U ) o r N orth 

A merican (U S) o rigin and  e ither w ith (hatched  b ars) o r w ithout  (o p e n  b ars) act iv ated  carb o n ad d e d  t o  the 

subs t rate . B ars  are means + 1 SE . A sterisks  ab o v e the b ars  ind icate statis t ically significant differences 

be tw een w ith and  w ithout activ ated  carb o n. 

 

W e  f o und that the tw o  spec ie s  o f  G eum d if f e red  in their sensitiv ity  to  alle lochemicals. W hen 

activ ated  carb o n w as added there  w as a much greater increase o f  germination  in the A merican G . 

laciniatum than in the E uro p e an G . urbanum. T here s t ill w as allelo p athic  inhib itio n  o f  G . urbanum 

w hen gro w ing in substrate  precultiv ated  w ith E uro p e an garlic  mustard , b ut N o rth A merican 

garlic  mustard  has  o b v ious ly  lo s t  its  “nast iness” to  a f o rmer co m p e titor.  T his  w as  the  mos t  

remarkab le  f ind ing o f  o ur exp e riment : germinatio n  o f  G . urbanum depended  on  the  or igin o f  

garlic  mustard  p o p ulations . It is  t empt ing to  inv o ke  lo c al ad ap tation  to  exp lain this  p attern. 

H o w e v e r, in ho w  f ar e v o lutionary  changes actually o c c urred  in garlic  mustard  d uring the co loni-
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zatio n  o f  N o rth A merica w as  o ut o f  the sco p e  o f  t h is  p ap e r. O ur result s  do  suggest that N o rth 

A merican garlic mustard behav e d  d if f e rently  than E uro p e an garlic  mustard , but  w hether this  

result ed  f rom a s ingle intro d uctio n  o f  o n e  p articular  population that then sp read  in N o rth A m e-

rica o r w hether the tw o  typ e s  o f  garlic  mustard  d if f e r cons istently  must remain  open . O ne w o uld  

need  to  know  m o re on the  number  o f  initial p o p ulations  and  the  co lon ization histo ry in N o rth 

A merica, but  s t ill lit t le  inf o rmation  is av ailab le  on these  aspec t s  (C av e rs et  al. 1979). A lternativ e ly , 

one  w o uld  hav e  t o  c o m p are a much larger num b e r o f  E uro p e an and  N o rth A merican p o p ulati-

ons  o f  garlic  mustard  to  te s t  the  cons is tency o f  the  d if f e rence. N e v e rtheless , our results  suggest  

that  p lant  material should  b e  c are fully  se lec ted  w hen test ing alle lo p athy in inv as iv e  s p e c ies . 

In conc lus ion , our data suggest that  alle lo p athy may contribute  to  the  success  o f  garlic  mus-

tard  as an inv ad e r  o f  N o rth A merican forests ,  but  f ie ld tr ials  are  needed to  examine the relativ e  

importance of  allelopathy vs.  other factors.  T he use o f  activ ated  carb on to  t e s t  for  alle lo p athy is  a 

fruitful ap p roach as  compared w ith lab o rato ry b io assays. F inally , the degree o f  alle lo p athic  inter-

f e rence is  spec ie s-spec if ic and can ev e n  v ary  w ithin species. T his  is  p articularly  important  for  

inv as iv e  s p e c ies  that  compete  w ith d if f e rent  sets  o f  s p e c ie s  in the nativ e  and  inv as iv e  range. 

T arget  sp e c ies  should  b e  used that  co -o c c ur w ith the alle lo p athic  spec ies  in nature to  p roduce  

meaningful d ata. 
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C hap ter 6  
 

E v o lutio n  o f  p last ic ity  and  reduced  

phenotyp ic  integration  in inv as iv e  

p o p ulatio n s  o f  A lliaria petiolata 
 

(w ith D anie l P rati, H arald  A uge, B ernhard  Schmid ) 

 

 

A b s trac t .  In o rder to  b e c o m e  s uccessful inv ad e rs, intro d uced  p lants  must  b e  ab le  to  e s tab lish 

themselv e s  in a range  o f  n o v e l env ironments . B ecause  p last ic “general-purpose”  genotypes  may 

hav e  a f itness  ad v antage in such situations , w e  m ay expec t  ev o lutio n  o f  increased phenotypic  

p last ic ity  in inv as iv e  p o p ulations . Phenotyp ic  integration , the p attern o f  c o v ariation  among traits, 

w ill how e v e r constrain the ad ap tiv e  p o tential o f  inv ad e rs. A  n o v e l env ironment  should  there fore  

se lec t  against  phenotyp ic  integration . W e tes ted this  id e a in a greenhouse shad ing experiment 

w ith o f f s p ring f rom nativ e  and  inv as iv e  p o p ulations  o f  garlic  mustard  (A lliaria petiolata). T he 

spec ies  sho w e d  a strong, typ ical shading resp o nse. T here w as  s ignif icant genetic  v ariation  among 

p o p ulations  w ith respec t  to  t rait  means and their p last ic itie s , hence a p o tential f o r  p last ic ity  to  

e v o lv e . W hen p lant traits  w ere analy sed  s eparate ly , there w as  lit t le  ev idence  for  a general d if f e ren-

ce  in p last ic ity  be tw een nativ e  and  inv as iv e  p o p ulations . H o w e v e r, there w ere  dif f e rences  in ho w  

phenotyp ic  integration  w as  a f fec ted  by  shad ing. Pheno typ ic  c o rrelation  matrices  w ere less  corre -

lated  across  env ironments  in inv as iv e  p o p ulations , ind icatin g greater multiv ariate  p last ic ity  in 

inv as iv e  p o p ulatio n s  o f  A . petiolata. It is  p o s s ib le that this  re f lec t s  se lec t io n  f o r greater o v erall 

phenotyp ic  f lexib ility  in the intro d uced range. B ecause  ev o lutionary  changes in inv ad e rs  might b e  

m o re co m p lex than p rev iously thought, the rap id ly  expand ing f ie ld  o f  e c o log ical genetics of  inva-

d e rs should  b e nef it  fro m  a co m p lex phenotype  per spec t iv e . 
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I n t r o d u c t i o n 

Inv as iv e  s p e c ie s  o f f e r  excellent  mo d e l sys tems for  s tudying rap id  e v o lutionary  change 

(T hompson  1998 , R e z nick &  G halam b o r 2001, M o o ney &  C le land 2001, Sakai et al. 2001, L ee 

2002). A d ap tiv e  e v o lutio n  t o  n o v e l b io tic  o r ab io tic  cond itions  in the inv as iv e  range (B los sey  &  

N ö tzo ld  1995 , B o s s d o rf  e t  al. 2004), genetic  d rif t  and  inb reeding d e p ression  in f o und e r  p o pulati-

ons , and  intrasp e c if ic  hyb rid isation  be tw een formerly  d is tant geno type s  (E llstrand  &  S c h ieren-

beck  2000) m ay cause rap id genet ic  d if f e rentiation  be tw een nativ e  and  intro d u c e d  p o p ulations  

and  e x p lain the frequent lag times  betw een intro d uction  and  sp read  o f  inv as iv e  s p e c ies  (M ack et 

al. 2000, Sakai et al. 2001, M ülle r-Schärer &  Ste inger 2004). 

A n eco log ical characteristic that is cons id e red  t o  b e  p articularly  important in plant inv as ions  is  

phenotyp ic  p last ic ity , i.e . the ab ility  o f  an o rganism to  exp ress  d if f e rent phenotypes , d e p e n d ing 

on the env ironment  (B radshaw  1965). E v o lutio n  o f  increased plasticity in inv ad e rs could  o c c ur 

f o r tw o  reasons : F irst, p last ic ity  allo w s  intro d uced sp e c ies  to  b e c o m e  n aturaliz e d  acro s s  a range  

o f  env ironments  (B aker 1974, A graw al 2001, Sexton e t  al. 2002). P last ic “general-purpose”  

(B aker 1965) geno types  should  hav e  a f itness  ad v antage in founder  populations  w here lo c al ad ap -

tation has no t  o c c urred  ye t  (Sexton e t  al. 2002), o r canno t  occur b e c ause  o f  a lack  o f  ad d itiv e  

genetic  v ariation  (M arshall &  J ain 1968, B aker 1974, R ice  &  M ack 1991a, W illiams e t  al. 1995). 

H ence there should  b e  an e v o lutionary “so rting out” (W eber &  Schmid 1998, M ülle r-Schärer &  

Ste inger 2004) o f  the  more  p last ic  geno type s .  Second, phenotyp ic  p last ic ity  o f  a trait is a trait in 

it se lf  that  can e v o lv e  independent ly  (Sultan 1987, T hompson  1991 ,  Schmid 1992, Scheiner 1993, 

Schlichting &  P igliucc i 1998). A s such, ev o lutio n  o f  p last ic it y  might b e  p art o f  lo c al ad ap tation. 

G iven  suf f ic ient  genetic  v ariatio n and  a no v e l env ironment  that is  m o re v ariab le  o r unp red ictab le  

than the nativ e  e n v ironment , ev o lution should  m axim ize  f itness  b y  increasing p last ic ity  (ad ap tiv e  

p last ic ity  hyp o thesis ,  e.g. Schmid 1992, V ia et  al. 1995). 

T y p ically, phenotyp ic traits  are no t independent  f ro m  e ach o ther. T here is  a  complex p attern 

o f  c o v ariation  among functionally  related traits  (“phenotyp ic  integration”, Schlichting 1989, P ig-

liucc i 2003) w hich may reflect  genetic , functional, o r  dev e lo p m e ntal relationship s  (Schlichting &  

P igliucc i 1998). Phenotyp ic  p last ic ity  can b e  inves t igated  no t  on ly at the le v e l o f  ind iv idual traits, 

but also w ith regard  to  the  corre lation structure among traits, i.e. how  the pheno type  as a w ho le 

resp o nds  to  env ironmental change. U nder rap id  env ironmental change , phenotyp ic  integration  

w ill constrain an o rganism’s  po tent ial f o r ad ap tation  (Schlichting 1989, A rno ld  1992 , M itchell-

O lds  1996, W agner &  A ltenb e rg 1996, M erilä &  B jö rklund 2004). T hus, a no v e l env ironment  

should  no t  on ly  se lec t  fo r  increased plast ic ity  but also against phenotypic integration.  
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M os t  p r ev ious  s tudies  that ad d res sed  p last ic ity  in the context  o f  p lant inv as io n s  c o m p ared the  

p last ic ity  o f  nativ e  and  inv as iv e  s p e c ies  (e .g. W illiams  &  B lack 1994, P attison e t  al. 1998, D urand  

&  G o lds te in 2001, M cD o w ell 2002), o f  s e v e ral inv as iv e  s p e c ies  (e .g. M arshall &  J ain 1968, W e b e r 

&  D ’A nton io  1998) o r sev e ral p o p ulatio n s  o f  an inv as iv e  s p e c ies  (e .g. W u &  J ain 1978, R ice  and  

M ack 1991, W illiams e t  al. 1995, Sexton e t  al. 2002, P arker et  al. 2003) in the intro d uced range. 

O v e rall, these  s tudie s  f ound that  many inv as iv e  s p e c ies  are  highly p last ic , there is  o f ten genet ic  

v ariatio n  f o r  p last ic ity , and  inv ad e rs o f ten dis p lay a greater p last ic ity  than native  congeners  or  co -

o c c urring sp e c ies . T o  d ate , f ew  stud ies  ad d ressed the  id e a that  p last ic it y  might ev o lv e  in inv as iv e  

p lants b y  c o m p aring nativ e  and  intro d u c e d  p o p ulations  in a c o m m o n env ironment  (but  see  K auf-

m an &  S m o use 2001, D eW alt  et  al. 2004). N one  o f  them ad d res sed  phenotyp ic  integration. 

H ere, w e  te s ted  for  ev o lution  o f  pheno typ ic  p last ic ity  and  integration  in a greenhouse experi-

ment  w ith garlic  mustard  (A lliaria petiolata), a E uro p e an herb  that is a serious  inv ad e r in N o rth 

A merican deciduous  fores t s . W e  f o c used  on  p last ic ity  to  shad ing, b e c ause  light is an im p o rtant 

factor in the forest  understory hab itats o f  garlic  mustard  (B yers  &  Q uinn 1998, M eekins &  M c-

C arthy 2000), and  because the shad ing resp o nse is a w ell understo o d  c as e  o f  p last ic ity  in p lants 

(Schmitt  et  al. 1999).  Specif ically, w e asked  the  fo llo w ing quest ions : (1) Is  there genetic  v ariation  

f o r  p last ic ity  to  shad ing am o ng garlic  mustard  p o p ulations?  (2) D o  p lants  f ro m  intro d u c e d  p o p u-

lations  hav e  a greater p lastic ity  than p lants  fro m  nativ e  p o p ulations?  (3) D o  nativ e  and  intro d uced 

p o p ulations  d if f e r in their degree  o f  p heno typ ic  integration  and  h o w  it  is  a f fec ted  by  shad ing? 

 

M ate rial &  m e t h o d s  

Study species 

G arlic  mustard  (A lliaria petiolata [M . B ie b .] C av ara and  G rand e ) is  a  member  of  the  mustard  f a-

m ily  (B rass icaceae) native  to  the  E uras ian temperate  zone . It gro w s  in mes ic  s emi-shade  hab itats 

such as  f o res t  edges  and  m o ist  w o o d lands . P lants  typ ically germinate in early sp ring, f o rm a 

roset te  in the first year, o v erw inter as rose t te , d e v e lo p  f lo w ering stems in the follo w ing sp ring, 

p roduce  seeds  in June/ July , and  d ie . T he sp e c ies  has  been  intro d uced  to  N o rth A merica in the 

m id d le  of  the  19th century . M icro s atellit e  data suggest that  sev e ral independent  intro d uctions  

hav e  o c c urred  s ince then (O . B o s s d o rf , unpub lished  data). In the las t  f ew  d e c ades , the sp e c ies  

rap id ly  expand e d  its range and  is  no w  p resent in at least 34 U S s tates  and  f o ur C anad ian 

p r o v inces (N uzzo  2000). A . petiolata inv ades  the understo ry o f  N o rth A merican deciduous  fores t s  

w here it  may displace nativ e  p lant sp e c ies  (M cC arthy 1997) o r  d isrup t  p lant-insect asso c iations  

(P o rter  1994; H uang et al. 1995). 
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In this  s tudy w e  used  seeds  f ro m  e ight E uro p e an and  e ight U S  p o p ulations  (T ab le  1). T he sp e-

c ies  is  se lf -c o m p atib le and primarily autogamous (A nderson e t  al. 1996), therefo re  most  genet ic  

v ariation  is  f o und  be tw een rather than w ithin p o p ulations  (M eekins et al. 2001; O . B o s s d o rf , 

unpub lished  data). In b o th cont inents, the p o p ulations  came from a mixture of  forest ,  forest  

edge , and  roads id e  hab itats. W e regard  them to  be  rand o m  s amples w ithin continents. B ased  on  a 

long-term data set o f  c lim atic  reco rds  (N e w  e t  al. 2000), E uro p e an and  U S  p o p ulations  d id  no t  

d if f e r in mean elev ation , annual t emperature, o r  precip itation  (tw o -sample t-tes ts , n = 14, all P > 

0 .1). In autumn 2000, mature siliques  w ere  co llec ted  f rom sev e ral m o ther p lants in each p o p ula-

tion . T he  seeds  w ere  c leaned and s tored under  cold , d ry co n d itions . 

 

T ab le  1 . N ativ e  and  inv as iv e  p o p ulations  o f  A lliaria petiolata that  were  used  in this study. 

ID  L o catio n L o ngitud e L atitud e 

N ative    

B R U  B ruck, A ustria 12º49' E  47º18' N  

B U D  B udw eis , C zech R e p ublic  14º29' E  48º58' N  

H A L  H alle , G ermany 11º58' E  51º28' N  

IA S  Iasi, R o m ania 27º38' E  47º09' N  

K O P  C o p enhagen, D enmark 12º34' E  55º43' N  

M O N  M ontpe llier, F rance 03º53' E  43º36' N  

P A R  A sco t , U K  00º41' W  51º25' N  

SO Y  Soyhières , Sw itzerland  07º22' E  47º24' N  

Invasive    

C A S I p s w ich, M A  70º51' W  42º41' N  

F F  M cL ean, IL  89º00' W  40º29' N  

H F  Petersham, M A  72º17' W  42º54' N  

H W  M ahomet , IL  88º09' W  40º23' N  

O H A  A thens, O H  82º83' W  39º20' N  

O H B  A thens, O H  82º07' W  39º19' N  

V R O  D anv ille , IL  87º37' W  40º09' N  

W I M ilw aukee, W I  87º53' W  43º05' N  

 

 

E xperimental design 

In January  2001, s eeds  f rom 20  maternal families per population w ere p laced  in petr i d ishes  

f ille d  w ith a steriliz ed  1 :1 mixture o f  s and  and  s e e d ing co m p o s t (C o m p o s ana® A nzuchterde, 

C o m p o  G m b H , M ünster, G ermany) and  dark stratif ie d  at 4°C  f o r  100 days . H ereafter  the petr i 
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d ishes  w ere p laced  in a c lim ate chamber w ith a 12/ 12 h light/ d ark  cyc le at 15/ 10°C , w here  

germinated  s eed lings w ere transferred to  planting trays filled w ith a 1:1 m ixture o f  s and  and  

p o tting so il (L atterra® T y p  P , H aw ita-G rup p e  G m b H , V echta, G ermany). T hey w ere kep t in the 

chamber  for  several w eeks , until no  further germination  w as  o b s e rv e d . A t  the end o f  M ay, six 

rep licates fro m  f o ur seed  f amilies per population, altogether 384 plants, w ere p lanted  into  1-L  

p o ts  f ille d  w ith the same substrate as above.  O n each p lant, w e  measured  c o tyle d o n length w hich 

w as  used as an estimate of initial plant s ize . 

Shad ing treatments w ere created  w ith pho to se lect iv e  p last ic  f o ils  (L ee  C o lo rtran Int., A n d o v e r, 

U K ) w hich, s imilar to  natural shad ing, m o d ify  photosynthet ically activ e  rad iation  (P A R ) and the 

red :far red ratio (R :F R ) o f  light. H alf  o f  the  rep licates f rom each seed family w ere gro w n at 85%  

P A R  and  a R :F R  o f  0 .8 (L ee  F ilter N o . 246), the other half  at  15%  P A R  and  a R :F R  o f  0 .1 (L ee 

F ilter N o . 089). In the remainder  o f  this  p ap e r, w e  w ill refer  to  these treatments  as “light” and  

“shade” . T he experiment had  a rand o m is e d  b lock  de s ign w ith six b locks  in an unheated green-

house . E ach block consis t ed  o f  tw o  b o xes rep resenting the tw o  shad ing treatments . T he p lants 

w ere rand o m ly assigned to  blocks , w ith the constraint that  each p o p ulation should  b e  p resent in 

each b lock  at  the same frequency. T here w ere 32 p lants p e r  box  and  6 4  p lants p e r  b lock . E ach 

s eed  family occurred in three blocks only. T he p o ts w ere w atered as  needed  and  re-rand o m ised  

w ithin b o xes  after  three and  s ix w eeks . A f ter  f iv e  w eeks , all p o ts  w ere  treated  w ith a sys temic  in-

sect ic id e  (B i-58; B A SF  A G , L udw igshafen, G ermany). A f ter  ten w eeks , the p lants w ere harve s t ed . 

O n each p lant w e es t imated leaf thickness as an av e rage  o f  three  measurements on f resh 

leav e s  w ith a d ial thickness  gauge . L eaf chlo ro p hyll content  w as  es t imated based on f ive measure -

ments  w ith a SPA D -502 greenness  meter  (M ino lta C o ., O saka, J ap an), a hand-held  d e v ice that 

calculates relativ e  ch lo rophyll content  b ased  on  ab s o rbance rates at  650 and 940 nm (R ichard s o n 

et  al. 2002). W e  counted the  number  o f  rose t te  leav e s , measured leaf and petiole length on the 

three largest  rose t te  leav e s , and  calculated the av e rage  leaf length:pe t io le  length ratio , a typ ical 

v ariab le  f o r quantif y ing the shad ing resp o n s e  o f  p lants (e .g. S o langaarachichi &  H arp e r 1987). 

T he p lants w ere  d iv id e d  into  roo t s , sho o ts , and  leav e s . T o tal leaf area w as  de termined w ith a L I-

3100 leaf area meter (L I-C O R  Inc., L inc o ln, N e b raska, U SA ). A ll b io m ass  samples w ere  dried  to  

a cons tant w e ight at 80°C  and  w e ighed . T o tal b io m ass  w as  calculated  as  the sum o f  the three 

b io m ass  f ractions , ro o t:sho o t ratio  as ro o t  b io m ass div ided  by  the  sum of  the  remaining fractions , 

and  s p e c if ic  leaf area (SL A ) as  leaf area div id e d  b y  leaf biomass.  T he dry  leav e s  w ere crunched, 

f ine-m ille d  and  homogeniz e d  in a b all m ill, and  analy s e d  f o r leaf nitrogen concentration  (mg g-1) 

in a V ario  E L  e lemental analyser  (E lementar A nalysensys teme G m b H , H anau, G ermany). 
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Statistical analyses 

Ind iv idual plant traits w ere analy sed  w ith nested analys is  o f  v ariance  using the G L M  p roce-

dure in SA S (SA S Institute  2001). B ecause  the  data w ere b alanced , w e used type  I  sum of  squares . 

T reatment  and  b lock  e f f ec t s  w ere analysed  at the p lo t le v e l, i.e . the b lock × treatment  interaction  

w as  used as erro r term w hen calculating F -ratio s . C o ntinent, p o p ulation nes ted  w ithin cont inent, 

s eed  family nested w ithin p o p ulation , and their interactions  w ith treatment w ere analysed  at the 

p o t le v e l. Initial p lant size  w as  included as a covariate. T o  av o id tr iv ial c o rrelations  and  to  kee p  

the numb e r  o f  n o n-independent  te s t s  as  lo w  as  p o s s ib le , w e a p rio ri restric t ed  our analyses  to  the  

f o llo w ing eight v ariab les : to tal b io m ass , ro o t:sho o t ratio , leaf  number,  specif ic  leaf area, leaf 

thickness , leaf length:pe t io le  length ratio , leaf greenness , and  leaf nitrogen concentration . P rio r to  

the analyses , to tal b io m ass , ro o t:sho o t ratio  and  leaf  number w ere sqrt -transf o rmed.  Specif ic  leaf 

area, leaf thickness, leaf length:pe t io le  length, and  leaf nitrogen w ere lo g-transfo rmed.  

T o  ad d ress  phenotyp ic  integration  in nativ e  v e rsus intro d u c e d  p o p ulations , w e  calculated  

s eparate  phenotyp ic  c o rrelation  matrice s  fo r  E uro p e an and  U S  p lants gro w ing in light and shad e , 

respec t iv e ly . P lants w ere p o o le d  acro s s  p o p ulations , so  that  each o f  the  four matrices w as  b ased  

on  96  p lants. T he  patterns o f  character  co rrelations  w ere v isualised  w ith star d iagrams  in w hich 

traits w ere  connec ted  by  so lid  lines  if  they  w ere p o sitiv e ly  c o rrelated , an d  b y  b roken lines  if  they 

w ere negativ e ly  c o rrelated  (F ig. 2). A s an ind e x  o f  phenotyp ic  integratio n  o f  e ach matrix w e 

calculated the av e rage ab s o lute  co rrelation strength in each. 

N ext , w e analysed matrix similarity across treatments for E uro p e an and  U S  p lants, re spec t i-

v e ly , and  be tw een E uro p ean and  U S  m atrices  w ithin treatments. A s  there is  no  c o nsensus on the 

mos t  ap p ropr iate  metho d  f o r  matrix comparison (M urren 2002, Step p an et al. 2002), w e used 

sev e ral ap p roaches. F irs t , w e  t e s t ed  for  overall m atrix correlation w ith M antel tes ts  in N T S Y S 

(R o hlf  2000).  Second, w e  calculated the  amount  of  change b e tw een tw o  matrices w ith an element 

b y  e lement  ap p roach sugges ted  by  Rof f  e t  al. (1999): 
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w here c is  the numb e r  o f  o f f -d iagonal e lements  in a m atrix, jθ̂  is  the av e rage  absolute  co rrela-

tion  s trength in m atrix j, and  ijθ̂  is  the ith element  o f  the  jth matrix. B as ically, T%  quantifies the 

av e rage relativ e  c hange pe r  matrix element. F inally , w e  used  common pr incip al c o m p o nent analy -

s is  (C P C A ; F lury  1988), currently  the  mos t  popular m e t h o d  f o r  c o m p aring genetic  and pheno -

typ ic  c o rrelation  matrices  (M ezey  &  H o ule  2003). C P C A  tes ts  a serie s  o f  hyp o theses  ab o ut m atrix 
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s imilarity, includ ing full equality , p ropor t ionality , o r partially shared eigenstructures (Phillip s  &  

A rno ld  1999 , S tep p an et al. 2002). W e used the jum p -up approach in the sof tw are  b y  P atrick  

Phillip s  (http :/ / d ark w ing.uo regon .edu/ ~pphil/ ). H o w e v e r, unlike the o ther tw o  m e t h o d s , C P C A  

ind icated no relationship  b e tw een the co rrelation  matrice s  o f  nativ e  and  inv asiv e  p o p ulations , and 

n o  d if f e rence in their multiv ariate  resp o nse to  shad ing. C P C A  does  hav e  its  lim itations  (H oule  e t  

al. 2002, M ezey  &  H oule  2003), and  w e think it w as unab le  to  c ap ture some  o f  the  pattern in our  

d ata. W e  w ill therefo re no t  cons id e r it in the results  and  d iscussion  o f  th is  p ap e r. 

 

R e s u lt s  

E xper imental shading strongly affected plant phenotypes  in the expec t ed  w ays  (Schmitt  et  al. 

1999; see  T ab les  2  and  3 , F ig. 1). O n av e rage , shad ing reduced total plant biomass to 45% . Shad e  

p lants had  a greater SL A  and  a lo w er ro o t:sho o t ratio , i.e .  they allo c at e d  m o re resources  to  ab o v e-

ground structures. A ls o , shad e  p lants  dev e lo p e d  leaves  that  were  thinner and had higher chlo ro -

phy ll content  and  n itrogen concentration . In ad d ition , they had  a lo w er leaf length:pe t io le  length 

ratio , i.e . re lativ e ly  longer  pet io les . 

 

T ab le  2 . T rait means of native E uro p e an and  inv as iv e  U S  p lants  o f  A lliaria petiolata gro w n at 85%  P A R  

(“L ight”) or  15%  P A R  (”Shade) f o r 10 w eeks . G reenness  v alues  are a relativ e  m e asure o f  ch lo rophyll 

content . Sample size n = 96 for  each co lumn. T he  data are b ack-trans fo rmed  least-square cont inent means 

f rom the  analy s e s  o f  v ariance. 

 L ight  Shad e 

 N ativ e  Inv as iv e   N ativ e  Inv as iv e  

T o tal b io m ass  [g] 3 .536 2.964  1 .493 1.413 

R o o t:shoot  ratio  0 .840 0.810  0 .270 0.293 

L eaf  number 5 .119 5.046  5 .048 4.885 

Spec if ic  leaf area [cm 2 g -1] 247.4 253.5  453.2 465.0 

L eaf thickness  [m m ] 33.06 32.10  23.74 22.26 

L eaf length:pe t io le  length 0.646 0.688  0 .450 0.477 

G reenness  16.58 16.82  24.40 23.10 

L eaf N  [mg g -1] 17.94 17.63  32.59 28.94 

 

Initial p lant size  s ignif icantly affected the f inal b io m ass  and  lea f  number  o f  p lants, as  w e ll as 

their SL A  and  roo t :sho o t ratio  (T ab le  3). T here w ere highly significant p o p ulation  main e f fec t s  

and  p o p ulation × shad ing interactions  in mos t  characters  inve s t igated , ind icating genetic  v ariation 

f o r trait  means and their p last ic itie s  (T ab le  3 , F ig. 1). In ad d ition , family main effects w ere s ignif i-



 68 

cant fo r ro o t:sho o t ratio , leaf  number and leaf nitrogen concentration  (T ab le  3). W ith tw o  excep -

tions , there w ere no  s ignif icant d if f e rences  be tw een nativ e  and  inv as iv e  p o p ulations  in terms of  

traits means (T ab le  3 , term “C o ntinent”) and their p last ic itie s  (T ab le  3 , term “T reatment × 

C o nt”): in resp o nse to  shad ing, p lants  fro m  inv as iv e  p o p ulations  show e d  a w eaker increase in leaf 

chlo rophy ll content  but  a s tronger decrease  in leaf thickness  than d id  p lants  fro m  nativ e  p o p ula-

tions  (T ab les  2  and  3). H o w e v e r, on ly  the f irs t  o f  these tw o  results  in the expec t ed  d irect ion  o f  

dec reas e d  p las tic ity  in inv as iv e  p o p ulations . 

T here w as  cons id e rab le  v ariation  in phenotyp ic  c o rrelatio n  p atterns o f  light and shad e  p lants, 

as  w e ll as  o f  p lants  fro m  nativ e  and  inv as iv e  o rigins (F ig. 2). O v e rall, shad e  p lants  tended to  hav e  

a stronger  av e rage  c o rrelatio n strength among phenotypic traits  (T ab le  4), i.e .  they w ere  more 

tightly phenotyp ically integrated . W hen co m p ared  w ithin treatments, matrices o f  nativ e  and  

inv as iv e  p lants w ere  co rrelated  and  had  a s imilar av e rage  c o rrelation strength (T ab les  4  and  5). 

H o w e v e r, shad ing caused greater relativ e  change p e r  matrix element in inv asiv e  p lants (T ab le  5). 

H ence , matrix co rrelation  across  t reatments  w as  lo w er in inv as iv e  p lants that in nativ e  p lants . 

 

T ab le  4 . Phenotyp ic  integration  in o f f s p ring fro m  nativ e  E uro p e an and  inv as iv e  U S  p o p ulatio n s  o f  A lliaria 

petiolata, w hen gro w n under  exper imental light o r shade  cond itions . T he  four co rrelatio n  m atrices  

cons is ted  o f  28  corre lations  among 8 traits. E ach matrix w as  b ased  on  n = 96 p lants . 

 M ean co rrelation strength %  C o rrelations  > 0 .3 

N ativ e  L ight 0 .194 25%  

Inv as iv e  L ight 0 .185 21%  

N ative  Shad e 0.245 25%  

Inv as ive  Shad e 0.254 39%  

 

 

T ab le  5 . C o m p arisons  o f  phenotyp ic  co rrelatio n  m atrices  in nativ e  E uro p e an and  inv as iv e  U S  p o p ulations  

o f  A lliaria petiolata, w hen gro w n under  exper imental light o r shade  cond itions . E ach matrix cons is t ed  o f  28  

correlations , and  w as  b ased  on  n = 96 p lants . A ll m atrix co rrelations  are significant at P < 0.001. T%  is  the 

average relative  change per  matrix element. 

 M atrix correlatio n T% 

E U  L ight v s  E U  Shad e 0.713 65.2 %  

U S  L ight v s  U S Shad e 0.652 90.9 %  

E U  L ight v s  U S  L ight 0 .697 75.8 %  

E U  Shad e  v s  U S Shad e 0.710 74.5 %  
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T ab le  3 . R e s ults  o f  analys is  o f  v ariance o f  ind iv idual plant traits. 

  Skeleton  analys is  T o tal b io m ass  R o o t:shoot  ratio  L eaf  number 

S o urce d .f . MS F  MS F  MS F  MS F  

Initial p lant  s ize  1  MSI M S I/ M S R 2 2 .283 58.33*** 0.095 15.53*** 0.520 13.37*** 

B lock  5 MSB M S B / M S R 1 0 .543 5.59* 0.080 12.89** 0.053 0.65 

Shad ing treatment 1  MST M S T / M S R 1 34.108 351.39*** 13.674 2194.45*** 0.066 0.82 

R e s idual 1 (B  ×  T ) 5 MSR1  0 .097  0 .006  0 .081  

C o ntinent  1  MSC  M S C / M SP  0 .997 1.98 0.003 0.03 0.099 0.32 

P o p ulation  [C ] 14 MSP M S P/ M S F  0 .503 11.77*** 0.115 9.96*** 0.307 4.72*** 

F amily [P ,C ] 48 MSF  M S F / M S R 2 0 .043 1.09 0.012 1.89*** 0.065 1.67** 

Shad ing × C o nt. 1  MST×C  M S T × C / M S T × P  0 .382 3.74 0.036 2.36 0.010 0.06 

Shad ing × P o p . [C ] 14 MST×P M S T × P / M S T × F  0 .102 3.50*** 0.015 1.86 0.173 4.96*** 

Shad ing × F am. [P ,C ] 48 MST×F  M S T × F / M S R 2 0 .029 0.75 0.008 1.32 0.035 0.90 

R e s idual 2 245 MSR2  0 .039  0 .006  0 .039  
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T ab le  3 . cont inued . 

Spec if ic  leaf area L eaf thickness  L eaf length:pe t io le  length L eaf greenness  L eaf nitrogen concentratio n 

MS F  MS F  MS F  MS F  MS F  

0.066 10.63** 0.001 0.17 0.032 2.21 3.99 1.04 0.052 3.23 

0.067 3.83 0.321 5.16* 0.084 3.22 94.14 4.41 0.452 4.11 

35.258 2012.61*** 11.670 187.66*** 12.737 485.28*** 4781.28 224.18*** 28.659 260.23*** 

0.017  0 .062  0 .026  21.33  0 .110  

0 .064 0.78 0.226 3.61 0.435 2.05 18.53 0.55 0.434 1.71 

0.082 9.90*** 0.063 8.89*** 0.212 10.48*** 33.78 6.33*** 0.253 9.04*** 

0.008 1.35 0.007 0.88 0.020 1.41 5.34 1.39 0.028 1.74** 

0.000 0.00 0.030 6.44* 0.001 0.02 56.98 5.08* 0.247 3.68 

0.021 2.75** 0.005 1.06 0.041 4.18*** 11.21 2.99** 0.067 4.11*** 

0.008 1.26 0.004 0.54 0.010 0.68 3.75 0.98 0.016 1.02 

0.006  0 .008  0 .014  3 .84  0 .016  
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F ig. 1 . R e action  norms to  shad ing o f  e ight nativ e  E uro p e an (s o lid  lines) and e ight inv as iv e  U S  (broken 

lines) p o p ulations  o f  garlic  mustard  (A lliaria petiolata). P lants  w ere rais ed  under  ident ical co n d itions  and 

sub jec ted  to  exper imental shading in a greenhouse  exper iment. T he  data are b ack-transformed least-square 

p o p ulation  means from the analy s e s  o f  v ariance. 
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F ig. 2 . P atterns o f  p heno typ ic  integration  in nativ e  and  inv as iv e  p o p ulations  o f  garlic  mustard  (A lliaria petiolata). O f f s p ring f rom seve ral nativ e  E uro p e an and  inv a-

s iv e  U S  p o p ulations  w ere rais ed  under  ident ical co n d itions  and  s ubjec ted  to  exper imental shading in a greenhouse  exper iment. So lid  lines are significant p o s it iv e  

correlations  (P = 0.05), b roken lines  s ignif icant negative  corre lations  (P = 0.05). T hick lines are co rrelations  s ignif icant at P = 0.001. 
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D is c u s s i o n 

In o rder to  b e c o m e  s uccessful inv ad e rs, intro d uced  p lants  must  b e  ab le  to  es tab lish them-

se lv e s  in a range o f  n o v e l env ironments . B ecause  p last ic “general-purpose”  (B aker 1965) geno -

typ e s  m ay hav e  a f itness  ad v antage in such situations  (A graw al 2001, Sexton e t  al. 2002), w e  may 

expec t  ev o lutio n  o f  increased phenotypic  p las tic ity  in inv as iv e  p o p ulations . In this stud y  w e grew  

o f f s p ring fro m  s e v e ral nativ e  and  inv as iv e  p o p ulations  o f  A lliaria petiolata in a greenhouse  shad ing 

exp e riment . W hen phenotyp ic traits  w ere analy sed  s eparate ly , w e  f o und  little  d if f e rence in the 

p last ic ity  o f  nativ e  and  inv as iv e  p o p ulations . H o w ever , there w ere  d if f e rences in ho w  p heno typ ic  

integration  w as  a f fec ted  by  shad ing. G reater change across  env ironments  in their phenotyp ic  

c o rrelation structure ind icated increased multivariate plasticity in invas iv e  p o p ulations . 

T he inv as ion success  o f  A . petiolata has been  attribu ted  by  many autho rs to  its  p last ic ity  in 

resp o nse to  v arious  env ironmental factors, including light, soil pH , s o il m o isture, and nutrient  

av ailab ility  (A nderson  &  K e lley  1995, B yers  &  Q uinn 1998, D hillion  &  A nderson 1999, M eekins 

&  M cC arthy 2000). O ur exp e rimental d ata sup p o rt this  id e a. A . petiolata d is p layed  a strong  p last ic  

resp o nse to  shad ing, w ith m o rpholog ical changes typ ical for shaded plants (e .g. P igliucci &  K o lo -

dynska 2002, Sleeman et al. 2002, D eW alt  et  al. 2004). In sp ite  o f  a 80%  reduction  o f  pho to syn-

thetically activ e  rad iation , the d e v e lo p m e nt, am o ng o thers, o f  thinner leav e s  w ith a higher chlo ro -

phy ll content  allo w e d  s h ad e d  p lants to  m aintain a p roduct iv ity  o f  almos t  50%  o f  that  o f  p lants 

gro w n in light. M o reo v er, the signif icant p o p ulation × shad ing interactions  in most  t rait s  (T ab le  

3 , F ig. 1) ind icate genetic  v ariatio n  f o r  p last ic ity  and hence the p o tential f o r  p last ic ity  to  e v o lv e  in 

A . petiolata. 

T o  d ate , f ew  stud ies  co m p are d  p heno typ ic  p last ic ity  o f  nativ e  and  inv as iv e  p o p ulations  in a 

c o m m o n env ironment . K auf m an &  S m o use (2001) c o m p ared the gro w th o f  nativ e  and  inv as iv e  

p o p ulations  o f  the  t ree  Melaleuca quinquenervia at  d if f e rent w ater and  p H  le v e ls . T hey  found  a 

greater env ironmental c o m p o nent in the resp o nse to  p H  o f  inv as iv e  p o p ulations  and  interp reted 

this as increased plast ic ity . D eW alt  et  al. (2004) inve s t igated  m o rpholog ical and  p hysio log ical 

p last ic ity  to  shad ing in the inv as ive  shrub C lidemia hirta and  f o und  litt le  d if f e rence in the p last ic ity  

o f  nativ e  and  inv as iv e  p o p ulations . B o th stud ies , ho w e v e r, w ere  done  w ith seedlings o f  long-liv e d  

spec ies  that  one  w o uld  expec t  to  hav e  rather slo w  e v o lutionary resp o nses  to  the no v e l env iro n-

ments  because  o f  the ir long generation t imes. H ere, w e  used A . petiolata as  a  model sys tem, a 

b iennial herb  that has  been naturaliz e d  in its intro d uced range fo r at least  50-75 generations . Still, 

w hen phenotyp ic traits  w ere analy sed  s eparate ly , there w as  lit t le  ev idence  for  ev o lutio n o f  

p last ic ity  in inv as iv e  p o p ulations . 
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O ne reasons  fo r this  lack  o f  a d if f e rence in p last ic ity  could  be  that  co s t s  o f  p last ic ity  (e .g. D e 

W itt  et  al. 1998, V an K leunen et  al. 2000) p rev e nted  e v o lutio n  o f  increased plasticity in a species 

that ap p e ars  to  b e generally  w e ll ad ap ted to  heterogeneous  env ironments . A f ter  all, genetic  c o n-

straints  on the  ev o lutio n  o f  p last ic ity  are  o ne o f  the reasons  w hy “D arw inian monsters” – spec ies  

cap ab le  to  p e rfec t ly  adapt  to any environment through plast ic ity  (P igliucc i 2001) – as  w e ll as 

“id e al w eeds”  (B aker 1965) d o  not  exist .  

I t  is  no w  w id e ly  recognized  that  patterns o f  c o v ariation  among phenotypic traits  are  no t  f ixed 

w ithin a spec ies , but  may  depend  on  genotype  and  env ironmental context  (e .g. M urren 2002, 

P igliucc i 2003, and references  therein). M o reo v er, if  character  co rrelations  hav e  a genetic  b as is , 

e v o lution  might act on suites  o f  c o rrelated  characters rather than on  s ingle traits (Schlichting 

1989, W agner &  A ltenb e rg 1996, P igliucci &  P reston 2004). H ere, w e hav e  f ound that  bo th  

shad ing and  c o ntinent o f  o rigin af f ec t ed  phenotyp ic  integration  in garlic  mustard .  Specif ically, w e 

f o und that  phenotyp ic  integration  w as t ighter und e r shad e d  c o n d itions , w hich could  rep resent  so -

me k ind  o f  c analization  und e r s tress , i.e . trad e-o f f s  are stronger  under  conditio n s  o f  lo w  resource 

av ailab ility . Phenotyp ic  co rrelation  matrices  w ere less  correlated  across  env ironments  in inv as iv e  

p o p ulations , ind icating greater multiv ariate  p last ic ity  in the inv ad e rs. It is  conce iv ab le that this  

indeed  ref lec t s  se lec t io n  f o r greater o v erall phenotyp ic  f lexib ility  in inv as iv e  p o p ulations . 

In conc lus ion , our s tudy ad d ressing phenotyp ic  integration  and  m ultiv ariate  p last ic ity  in nativ e  

v e rsus inv as iv e  p lant p o p ulations  suggests that  ev o lutionary  changes  in inv aders can b e  c o m p lex. 

T he rap id ly  expand ing f ie ld  o f  e c o log ical genetics o f  inv ad e rs should  b e nef it  fro m  c o nsid e ring 

b o th univ ariate  and  m ultiv ariate  phenotyp ic  resp o nses  to  n o v e l env ironments . 
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S u m m ary  

A s  a result  o f  g lo b al trad e  and transp o rt, the num b e r  o f  p lant sp e c ies  intro d uced  to  nove l 

areas by humans, either deliberately  o r  by  accident, has increased dramatically. Some o f  these  

spec ies  have  become  pe s t s  in their new  range and  c ause  majo r env ironmental and  e c o n o m ic 

p r o b lems . T o d ay, inv as iv e  s p e c ies  are regard e d  as one  of  the  greatest  threats  to  b io d iv e rsity . 

H o w e v e r, on ly  one  out o f  1000  intro d uced  spec ies turns into  a pes t . U nders tand ing w hy these 

f ew  b ecome  inv aders and  s o  m any o thers  don ’t  w o uld  b e  an important  s tep tow ard s  b e ing ab le  to  

p red ict  and  c o ntro l inv aders. It  is therefo re a great challenge for basic research. 

O ne ap p roach to this  question hav e  b e e n  c o m p arative  s tud ie s  o f  the  eco log ical characteristics 

o f  inv ad e rs. T hey  found that  many inv asiv e  p lants pos se s  t raits usually  associated  w ith agricultu-

ral w eeds , but there are  many excep tions  to  th is rule . T hus, to  b e  o r no t to  b e an inv ad e r is  no t a 

s imple question of having the right traits. O ne reaso n  f o r this  might be  that trait s  ev o lv e . E v o lu-

tionary  change can b e  rap id , an d  b io log is ts  are  jus t  b e ginning to  realize  that inv as iv e  s p e c ie s  p ro -

v id e  s o m e  o f  t h e  b e s t  o p p o rtunities  to  s tudy rap id  e v o lution  in act ion . A s  inv as ions  o f t en  inv o lv e  

d rast ic  changes in selection regimes, inv ad e rs should rap id ly  adapt  to  the  novel env ironments . 

M any o f  the sp e c ies  that  become  inv as iv e  d o  s o  o nly after a lag time, probably after such evolu -

tionary adjustments hav e  t aken p lace . 

A  hyp o thesis  that has  been v e ry inf luential in this  context  is  the E v o lution  o f  Increased  

C o m p e t itiv e  A b ility  (E IC A ) hyp o thesis . It is b ased  on  the  observ ation that  many p lants ap p e ar to  

gro w  m o re v igo rously  in their inv as iv e  range. U sually this  has  been  attributed  to  a re lease  f rom 

natural enemies . T he E IC A  hyp o thesis , in contrast , p ro poses  that af ter  enemy release  plants  ev o l-

v e d  t o  be  le s s  de f ended  but m o re co m p e titiv e . T he increased v igour w o uld therefo re result  fro m  

rap id  e v o lution rather than fro m  a p last ic  resp o nse . T he E IC A  hyp o thesis  p red icts  that, w hen 

c o m p are d  in a c o m m o n env ironment , p lants  fro m  inv as iv e  p o p ulations  should  b e  le s s  de fended  

against natural enemies bu t  more  compet itive  than p lants  fro m  nativ e  p o p ulations . 

C hap ter 2 o f  this  thesis  has rev iewed the  current  ev idence  fo r E IC A  and  f o und  reasonab le 

sup p o rt  fo r it. F ie ld  c o m p arisons  o f  nativ e  and  inv as iv e  p o p ulations  mos t ly  f o und greater  f itness  

in inv as iv e  o nes . and the  majo rity o f  c o m m o n env ironment  s tudie s  f ound  e ither increased grow th 

o r  decreased  resis tance in inv as iv e  p o p ulations . A nother  conc lus ion , ho w e v e r, has  been that  pre -

v ious  research has  been one -s id e d . A lthough E IC A  is  concerned w ith co m p e t itiv e  ab ility ,  most  

p rev ious  s tudie s  dealt  w ith gro w th in a c o m p e t itio n-free  env ironment . A ls o , w hile  many stud ies  

used herb iv o re b io assays to  e s t imate resistance in nat iv e  v e rsus inv as iv e  p o p ulations , another  

c o m p o nent o f  p lant de fence , to lerance, has hard ly  been ad d ressed . F inally , b e c ause  E IC A  has 

b e e n  s o  p o p ular, p rev ious research has  been large ly restric ted  to  te s t ing its p red ict ions , w hereas 
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e v o lutionary  change  in o ther characteris t ics  that  could  p lay a ro le  in the success o f  p lant inv ad e rs, 

such as allelo p athy o r  phenotyp ic  p last ic ity , hav e  receiv e d  m uch less  attention . I hav e  at tempted  

to  ad d ress  these sho rtco m ings in the exp e rimental p art o f  my  thes is . 

A s  a  model sys tem I  used A lliaria petiolata (garlic  mustard ), a E uro p e an herb  that has  b e c o m e  a 

serious  pes t  in N o rth A m e rican deciduous  fores t s . A  time lag of almost 100 years betw een intro -

duct ion  and  s p read  suggests that  ev o lutionary changes such as E IC A  m ight p lay a ro le  in the 

inv as ion  success  o f  A . petiolata.  I used  s eeds  f rom sev e ral nativ e  E uro p e an and  inv as iv e  U S  p o p u-

lations  to  rais e  p lants und e r ident ical conditions and to test  for genetic differentiation among and 

be tw een nativ e  and  inv as iv e  p o p ulations . 

C hap ter  3  tes ted the f irs t  p red ict ion  o f  the  E IC A  hyp o thesis . I used  p alatab ility  tes ts  as  w e ll as 

s imulated herbivory experiments to compare resistance and tolerance in native versus invasive 

p o p ulatio n s  o f  A . petiolata. Ind e e d , f e ed ing rates o f  the sp e c ialis t  w eev il and  potent ial future b io -

contro l agent C eutorhynchus scrobicollis w ere s ignif icantly greater on  U S  p lants, suggesting a lo s s  o f  

resis tance in the new  range. In contrast , there w as significant p o p ulatio n  v ariatio n  b ut no  c o nti-

nent  e f fec t  in the f e ed ing rates o f  the generalis t  caterp illar Spodoptera littoralis. A f ter  s imulated her-

b iv o ry, A . petiolata sho w ed  substantial regro w th and  changes in p lant architecture and  allo c ation . 

H o w e v e r, there w as no  d if f e rence in the to lerance of  nativ e  and  inv asiv e  p o p ulations .  

In chap ter  4  I  tes ted the seco n d  E IC A  p red ict ion  w ith a d ialle l c o m p e t ition  exper iment. O f f -

s p ring f rom nativ e  and  inv as iv e  p o p ulations  w ere gro w n alone  or  in all p airw is e  c o m b inations . 

T he ad v antage o f  this  no v e l ap p roach w as that it allo w e d  s e p arating gro w th fro m  c o m p e t itiv e  

ab ility , and  it av o ided  the  p rob le m  o f  c o m p e t itor  choice . If  lo c al ad ap tation  and  c o e v o lutio n  p lay 

a ro le  in inv as ions , any intersp e c if ic  compe t itor  w o uld  like ly hav e  giv en  a b ias e d  p icture. T here 

w as no  d if f e rence b etw een nativ e  and  inv as iv e  p o p ulations  w hen gro w ing alone . H o w e v e r, w hen 

c o m p e t ing against each o ther, nativ e  p o p ulations  outper formed inv as iv e  o nes . T o  exp lain the 

result s  I  formulate  a new  E v o lutionary  R e d uced C o m p e t itiv e  A b ility  (E R C A ) hyp o thesis : if  there 

is  le s s  compe t ition  in the inv as iv e  range and  compe t itiv e  ab ility  inv o lves  t raits  that hav e  a f itness  

cos t ,  then select ion  might act against it, thereb y  reducing intrasp e c if ic  interactions , to o . T aken 

together , chap ters  3 and  4  p r o v ide  no  cons is tent  ev idence  fo r the E IC A  hyp o thesis and  I  

therefo re conc lude  that it  does  no t  ho ld  in A lliaria petiolata. 

D e fence  and  c o m p e t itiv e  ab ility  are  important characteristics of inv as iv e  p lants, but  they are  

certainly no t the on ly  ones . R ap id genet ic  d if f e rentiatio n  w ill o c c ur in any trait  that is  b enef ic ial 

und e r the no v e l se lec t ion regime, giv e n there is  genetic  v ariatio n  f o r it. In chap ters  5 and  6  o f  th is  

thesis , I  wen t  beyond  E IC A  to  inve s t igate the ro le  o f  tw o  o ther traits  that  could  p lay  an impor-

tant ro le  in inv as iv e  p o p ulatio n s  o f  A . petiolata. 
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In chap ter  5  I  tes ted fo r alle lo p athic  inhib ition  o f  germinatio n  b y  A . petiolata.  Seeds  o f  G eum 

urbanum and  G eum laciniatum, w hich co -occur w ith A . petiolata in its nativ e  and  inv as iv e  range, 

respec t iv e ly , w ere germinated  o n so il that A . petiolata had  p rev iously  been gro w ing in. T o  half  o f  

the exp e riment , I ad d e d  activ ated  carb o n w hich ad s o rbs organic substances in the soil. A ct iv ated  

carb o n signif icantly  increased germination , ind icating that A . petiolata had  contaminated  the  so il 

through root  exudates . A ls o , the allelo p athic  e f f ec t  depended  on  the  or igins o f  A . petiolata and the  

target. T he E uro p e an G eum s pec ies  w as negativ e ly  a f fec ted  only  b y  E uro p e an A . petiolata. T his  

exp e riment  is  the  f irs t  ev idence  fo r alle lo p athic  inhib ition  o f  germinatio n  b y  A . petiolata, and  it 

demonst rates  that alle lo p athic  interference can b e  c o m p lex and  s p e c ie s-spec if ic .  

In chap ter  6 I  co m p are d  p heno typ ic  p last ic ity  and  integration  in nativ e  and  inv as iv e  p o p ula-

tio n s  o f  A . petiolata. P last ic  “general-purpose”  genotypes  should  hav e  a f itness  ad v antage in no v el 

env ironments , w hereas  phenotyp ic  integration , the p attern o f  trait co v ariation , w ill constrain the 

e v o lutionary  p o tential o f  inv ad e rs. T hus, I expec t ed  increased plastici ty but reduced pheno typ ic  

integration  in inv as iv e  p o p ulations . In a shad ing exp e riment , I f o und  s ignif icant genetic  v ariation  

f o r  p last ic ity  among populations , hence  a p o tential f o r  p last ic ity  to  e v o lv e . W hen traits  w ere ana-

ly s ed  s eparate ly , there w as no  e v id e nce  for  a d if f e rence in p last ic ity  b e tw een nativ e  and  inv as iv e  

p o p ulations . T here w ere  d if f e rences , ho w e v e r, in ho w  p heno typ ic  integration  w as  a f fec ted  by  

shad ing. Phenotyp ic  c o rrelation  matrices  w ere less  correlated  across  env ironments , ind icating 

greater multiv ariate  p last ic ity  in inv as iv e  p o p ulatio n s  o f  A . petiolata. It is  p o s s ib le that this  re f lec ts  

se lec t io n  f o r greater o v erall phenotyp ic  f lexib ility  in inv as iv e  p o p ulations . 

T o  summarize  my exper imental w o rk, I  f ound  reduced res is tance to  a spec ialist  herb iv o re, re -

duced  compe t itiv e  ab ility , and  reduced  phenotyp ic  integration  in inv as iv e  p o p ulatio n s  o f  A lliaria 

petiolata. In ad d ition , I w as ab le  to  s h o w  that the sp e c ies  can inhib it  germination  o f  ne ighb o urs 

through root  exudates . O v e rall, the study  o f  nativ e  v e rsus  inv as iv e  p o p ulations  in a c o m m o n en-

v ironment  has  p roven  to  be  a use ful t o o l f o r  detec t ing ev o lutionary  change . H o w e v e r, to  e x p lain 

the inv as ion  success  o f  A . petiolata, o ther  mechanisms than E IC A  must  b e  s o ught. I suggest that 

phenotyp ic  p last ic ity  and alle lo p athy like ly  p lay a ro le .  

O ur und e rstand ing o f  the inv as io n  o f  A . petiolata w ill b e  greatly  improved  if  f uture research 

ad d resses  (1) p lant  f itness , herb iv o re lo ads , and the  dynamics of natural populations in the nativ e  

and  inv as iv e  range, (2) the d e fence  against sp e c ialist  herb iv o res such as  C . scrobicollis, as  w e ll as ge -

netic  v ariation  in this de fence , (3) mechanis m s  o f  b e lo w ground interference be tw een A . petiolata, 

it s  co m p e titors  and  as soc iat ed  so il b io ta, and  (4) inv as io n  p athw ays and molecular  genetic  v aria-

tion  in b o th ranges, using m o lecular m arkers . A f ter  all, it  is  the amount of  genet ic  v ariation that 

de termines the p o tential f o r rap id  ad ap tiv e  e v o lution  in A lliaria petiolata. 
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Z u s a m m e nfas s u n g  

D ie  Z ahl d e r  P f lanzenarten, d ie  d urch den M enschen in neue G e b iete  v e rschle p p t w erden, is t  

durch die  G lo b alis ierung v o n H and e l und  T ransp o rt d ram atisch angestiegen. E inige d ieser  A rten 

haben s ich in ihrem neuen A real s tark ausgeb reitet und  v e rursachen d o rt w irtschaftliche Schäden 

und  U m w e ltp rob leme . Inv as iv e  A rten gelten heute als  e ine der größten G e f ahren für d ie  B io d i-

v e rsität. T atsächlich w ird  je d o c h nur jede  1000. e ingeschleppte A rt  zu einem Problem. W arum 

ausgerechnet  diese , gib t  der  W issenschaft  nach w ie  v o r Rätsel auf. W ürde  s ie  d ies  v e rstehen, dann 

w äre  s ie  in d e r L age, Inv as ionen v o rherzusagen, und  s o m it, d ie se  zu v e rhindern. 

E in A nsatz ,  mit dem man versucht hat,  diese F rage  zu beantw o rten, is t  der  V ergle ich ö k o lo -

gischer M erkmale  inv as iv e r A rten. M an fand , d ass  inv as iv e  P f lanzen o f t  M erkmale  v o n A cker-

unkräutern be s itzen. E s gib t jedoch  so  v ie le  A usnahmen v o n d ieser  R e gel, d as s  d ie  A ussichten, 

anhand  w e n iger M erkmale  v o rhersagen zu können, o b  e ine Pflanze inv as iv  w ird , nach w ie  v o r 

gering sind . E ine  m ö gliche U rsache hierfür is t , d ass  M erkmale  s ich  durch E v o lution  ve ränd e rn 

können. E v o lutionäre  P rozesse  können mitunter schnell ab laufen. Inv as iv e  A rten sind  e in gutes 

B e is p ie l d afür, d a s ie  in ihrem neuen A real o f t  drast isch v e ränd e rten Selekt io n s b e d ingungen 

ausgesetz t  s ind . E s  is t  zu v e rmuten, d ass  s ie  d arauf  m it  entsp rechender A npassung reagieren. B e i 

v ie len inv as iv en  A rten beginnt d ie  A usb reitung im neuen A real erst  nach einer V erzögerungs-

phase . E s  is t  denkbar, d as s  d ie se  durch ev o lutionäre A npassungsp rozesse  v e rursacht w ird . 

E ine neue w issenschaf t liche H y p o these , d ie  in d iesem Z usammenhang eine  w ichtige R o lle  

s p ie lt , is t  d ie  E IC A -H ypothese  (E v o lution o f  Increased  C o m p e t itiv e  A b ility  = E v o lution größe -

rer K onkurrenzstärke), d ie  zu b e antw o rten v e rsucht, w arum  inv as iv e  P f lanzen im neuen A real o f t 

b esser  w achsen als  im einheimischen. B isher w urd e  d ie s  o f t  durch eine geringere A nzahl natürli-

cher F raßfe ind e  (H erb iv o re) erklärt. D ie  E IC A -H ypothese  h ingegen v e rmutet, d ass  nach dem 

V erlust  der  F raßfe inde  e ine Selekt ion  w eniger resistenter, d afür ab e r konkurrenzstärkerer 

P f lanzen-G eno typen s tattgefunden hat. D er E rf o lg inv as iv e r  P f lanzen w ird  hier durch schnell 

ab laufende  ev o lutionäre  P rozesse  erklärt. D ie  E IC A -H y p o these  sagt v o raus , d ass  im direkten 

V ergle ich inv as iv e  G eno typ e n  b z w . P o p ulationen (1) schw ächer gegen F raßfe ind e  v e rteid igt, 

d afür ab e r (2) konkurrenzstärker  sein w erden als  e inheimische. 

In K ap itel 2 d ieser  D issertation hab e  ich  d ie gegenw ärtige B e w e is lage für E IC A  zusammen-

gestellt und überw iegend U nterstützung für d ie  H y p o these  gefunden. V ergle iche natürlicher 

P o p ulationen ze igen meist , d as s  P f lanzen im inv as iv e n A real e ine höhere  F itness  auf w e isen als  im 

e inheimischen. E benso  fand  d ie  M ehrzahl d e r Stud ien, d ie  E IC A -V o rhersagen unter kontro llie r-

ten B e d ingungen testeten, b e i invas iv en  G eno typen e in stärkeres W achstum o d e r eine v e rringerte 

R e s is tenz gegen H erb iv o re. E ine allgemeine Schlussfolgerung aus der Ü b e rsicht  empirischer 
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A rbe iten is t , d as s  d ie  F o rschung auf  d ie sem G e b iet  b isher auf  z u w enige A spekte  beschränkt w ar. 

O b w o hl d ie  E IC A -H y p o these  V o rhersagen zur K onkurrenzkraf t  macht, w urd e  b isher  meist nur 

konkurrenzfreies  W achstum einheimischer und inv as iv e r  P f lanzen-G eno typ e n v e rglichen. H erb i-

v o renab w ehr v o n  P f lanzen w urd e  f ast  ausschließlich in F o rm v o n F raßtests untersucht, d ie  d ie  

R e s is tenz gegen H erb iv o re schätzen. E in and e rer w ichtiger A spekt  v o n A b w ehr w urde  kaum 

b e rücksichtigt: T o leranz , d .h. d ie  F ähigkeit v o n  P f lanzen, F raßschäden  durch gesteigertes W achs-

tum  z u ko m p e nsieren. D a d ie  b isherige F o rschung stark auf die E IC A -H y p o these  fokuss iert  w ar, 

w urden ev o lutionäre  P rozesse  in and e ren M erkmalen, d ie  ebenso  w ichtig sein könnten für  den 

E rf o lg inv as iv e r  P f lanzen, kaum untersucht. Ich hab e  v e rsucht, einige dieser Punkte im experi-

mentellen T e il me iner A rbe it  zu b e rücksichtigen. 

A ls  B e is p ie lart w ählte ich die K n o b lauchsrauke (A lliaria petiolata), eine euro p äische  P f lanze , d ie  

in N o rdamerika inv as iv  ist  und  s ich  do rt v o r allem im U nterw uchs v o n L aub w äld e rn ausb reitet . 

D ie  s tarke  A usb reitung v o n A . petiolata in N o rdamerika b e gann erst circa 100  Jahre nach ihrer 

E inschleppung durch den M enschen, w as  ev o lutio n äre  A npassungsp rozes se  als  U rsache für den 

E rf o lg d e r A rt nahe legt. Samenmaterial v o n mehreren euro p äischen und no rdamerikanischen 

P o p ulationen w urde  v e rw endet , um  P f lanzen unter ident ischen B e d ingungen auf z uziehen und  

genetische D if f e renzierung zw ischen einheimischen und inv as iv e n  P o p ulationen zu untersuchen. 

K ap itel 3 ist ein T est  der  ers ten E IC A -V o rhersage  mit A . petiolata. M it H ilf e  v o n F raßtests und  

s imulierter H erb iv o rie  verglich ich R e s is tenz und T o leranz  v o n einheimischen und inv as iven  

P o p ulationen. D er auf  A lliaria s pez ialis ierte  Rüsse lkäfer C eutorhynchus scrobicollis z e igte signifikant 

s tärkeren F raß auf amerikanischen Pflanzen, w as tatsächlich auf eine v e rringerte Re s is tenz  der 

inv as iv e n  P o p ulationen schließen läss t . B e i e inem unsp e z ialis ierten H erb iv o ren hingegen, den 

R aupen  v o n Spodoptera littoralis, w aren keine U nterschiede  zw ischen einheimischen und inv as iv en  

P o p ulationen fes tzuste llen. Starke, künstlich erzeugte H erb iv o rie  führte zu d e utlichem K o m p e n-

sationsw achstum und morpholog ischen V eränderungen b e i A . petiolata, jedoch ohne  U nterschie-

den  zw ischen einheimischen und inv as iv e n  P o p ulationen. 

K ap itel 4 ist ein T es t  der  zw eiten E IC A -V o rhersage  mittels  e ines K onkurrenz -D ialle l-E xperi-

ments , in  dem N achkommen e inheimischer und inv as iv e r A lliaria-P o p ulationen e inzeln w uchsen 

o d e r in allen  möglichen K o m b inationen gegeneinand e r konkurrierten. D er V o rteil d ieses  A nsat-

zes  w ar, d ass  zw ischen W achstum und K onkurrenzstärke unterschieden w erden konnte , und  d e r 

E insatz einer anderen K onkurrenzart v e rmieden w urd e . D a P f lanzen im einheimischen und inva-

s iv en  A real m it unterschied lichen A rten konkurrieren, s ie  zudem an ihre einheimischen K onkur-

renten durch K o e v o lution  angep ass t  se in können, w äre  mit  keiner A rt  ein o b jekt iv e r V ergle ich 

d e r K onkurrenzstärke  mög lich gew esen. E s gab  ke inen U nterschie d  z w ischen einheimischen und 
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inv as iv e n  P f lanzen, w enn diese  e inzeln w uchsen. U nter K onkurrenzb e d ingungen hingegen w aren 

e inheimische G eno typen  s ignif ikant erfo lgre icher. D ies  s teht  im W id e rsp ruch zur E IC A -V o rher-

sage. Insgesamt bieten K ap itel 3 und 4  ke inen üb e rzeugenden B e leg  dafür, d as s  d ie  E IC A -H y p o -

these  als  E rklärung für den Inv as ionser fo lg v o n A lliaria petiolata d ienen kann. 

K onkurrenzstärke und  V erteid igungsmechanismen gegen F raßfe inde  s ind  w ichtige M erkmale 

inv as iv e r  P f lanzen, ab e r sicher nicht  d ie  e inz igen. G enetische D if f e renzierung im neuen A real 

kann in jedem M erkmal erfo lgen, d as unter den  v e ränd e rten Selekt io n s b e d ingungen v o n V o rteil 

is t . In K ap itel 5 und  6  d ieser  A rbe it  hab e  ich zw ei andere  M erkmale untersucht, d ie  b e im Invasi-

onser fo lg v o n A . petiolata e ine w ichtige R o lle  sp ie len könnten. 

In K ap itel 5 w ird untersucht, inw iefern A . petiolata alle lo p athisch, d .h. m ittels  durch W urzeln 

abgeso nderte  o rganische V erb indungen, d ie  K e imung and e rer P f lanzen hemmt. H ierzu w urd e n 

Samen v o n G eum urbanum und  G eum laciniatum, z w e ier A rten, d ie  im einheimischen bzw . inv as iven  

A real zusammen mit A . petiolata v o rkommen, auf  Boden  geke imt, in dem v o rher A . petiolata 

gew achsen w ar. Z ur H älf t e  des  V ersuchs w urd e  A ktiv k o h le  b e igemischt, die organische Substan -

zen ad s o rb iert . D ie  A ktiv k o hle hatte  e ine deutlich p o s itiv en  E f fek t  auf  d ie  K e imung der beiden 

G eum-A rten, w as  darauf  schließen läss t , d ass  A . petiolata d en B o d e n  m it  e iner keimungshemmen-

den Substanz  kontaminiert hatte. D ie  S tärke  d ieses  alle lo p athischen E f fekts  hing ab e r so w o hl v o n 

d e r H erkunft  der  Z ie lart als auch d e r A lliaria-P o p ulation  ab . D ie  K e imung der europäischen 

G eum-A rt w urde  nur durch einheimische, also  euro p äische, A lliaria-P f lanzen gehemmt. D ieses  

E xper iment ist  der erste B e w e is  dafür, d ass  A . petiolata alle lo p athisch  d ie  K eimung anderer A rten 

b e e inf lusst . E s  ze igt zudem, dass allelopathische E f f ek t e  komplex und  artabhängig sind . 

K ap itel 6 v e rgle icht  e inheimische und inv as iv e  P o p ulationen v o n A . petiolata hinsichtlich ihrer 

phäno typ ischen Plast iz ität und Integration . Phäno typ ische  P last iz ität, d ie  F ähigkeit eines G eno ty-

pen , um w e ltabhängig v e rschiedene  Phäno typen  auszubilden , s o llte  b e i de r B es ie d lung neuer A re-

ale  v o rteilhaf t  se in. Phäno typ ische Integration , d ie  K o rrelationsstruktur zw ischen M erkmalen, 

hingegen w irkt  e inschränkend auf ev o lutionäre  P roze s se . In inv as iv e n  P o p ulationen  so llt e  des-

halb  S e lekt ion  für P last iz ität, ab e r gegen phäno typ ische Integration s tat t f inden . U m  d iese  H y p o -

these zu tes ten, führte ich e in B eschattungsexp e riment  durch. Ich fand genet ische V ariation  in 

P last iz ität z w ischen P o p ulationen, ab e r keinen U nterschie d  z w ischen einheimischen und inv asi-

v e n  P o p ulationen in de r P last iz ität einze lner M erkmale . D ie  K o rrelationsstruktur inv as iv e r  P o p u-

lationen w urd e  jedoch  durch B eschattung stärker  v e ränd e rt, w as  man als größere  multiv ariate 

P last iz ität interp retieren kann. M öglicherw eise  f indet  im neuen A real tatsächlich eine Selektion  in 

R ichtung phäno typ ischer F lexib ilität statt. 
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Im exper imentellen T e il me iner A rbe it  hab e  ich herausgefunden, d ass  inv as iv e  P o p ulationen 

v o n A lliaria petiolata w eniger resis tent  gegen einen spezialis ierten H erb iv o ren und  w e n iger 

konkurrenzstark  s ind , und  d ass  s ie größere  multiv ariate  P last iz ität auf w e isen als  e inheimische 

P o p ulationen. Ich konnte  außerdem ze igen, d ass  A . petiolata durch alle lo p athische Subs tanzen  d ie  

K e imung anderer A r ten hemmen kann. D ie Inv as io n  v o n  A lliaria petiolata kann nicht durc h  d ie  

E IC A -H y p o these erklärt w erden. Stattdes sen  sp ie len v e rmutlich A lle lo p athie und  p häno typ ische 

P last iz ität eine w ichtige Rolle. D er exp e rimentelle  V ergle ich e inheimischer und inv as iv e r G eno -

typen  unter kontro llierten B e d ingungen hat sich als gute M etho d e  b e w ährt, um ev o lutionäre 

P rozes se  be i Inv as ionen zu untersuchen. 

Um den Invas ionser fo lg  von A lliaria petiolata bes ser  zu v e rstehen, s o llte  in Z ukunft  fo lgendes 

besser  untersucht w erden: (1) P f lanzengröße , H erb iv o rie und  P o p ulationsdynamik in natürlichen 

P o p ulationen des  e inheimischen und inv as iv e n A reals , (2) chemische und mo lekulare  G rund lagen 

d e r V erteid igung gegen sp e z ialis ierte  H erb iv o re, (3) W echselw irkungen zw ischen A . petiolata und  

se inen K onkurrenten, d ie üb e r A lle lo p athie  o d e r B o d e n o r g anismen v ermittelt  w erden, s o w ie  (4) 

m it H ilf e  v o n  molekularen M arkern der  U rsp rung d e r inv as iv e n  P o p ulationen, d ie  A nzahl d e r 

E inführungen, und  d ie genetische D iv e rsität in e inheimischen und inv as iv e n A real. D as  ev o lutio -

näre  Potent ial e iner inv as iv en  A rt hängt nicht zule tz t  dav o n ab , w ie  v ie l genetische V ariation  ihr 

zur V erfügung steht. 
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D ank s a g u n g  

M ein gröss ter  D ank gilt  den dre i B etreuern d ieser  A rbe it , H arald  A uge, D anie l P rati und  

B ernhard  Schmid , v o n denen ich v ie l gelernt hab e  und  d ie  d urch ihre U nterstützung und  M it-

B egeisterung v ie l zum G elingen d ieser  A rbe it  be igetragen haben . L ie b e r H arald , d anke dass D u 

m ir s o  v ie l F reiheit gelassen, so  v ie l mit mir diskutiert und D ich für mich eingesetzt  hast . L ie b e r 

D ani, d ie  G e sp räche  mit D ir und unsere  gemeinsamen A usf lüge nach Südafrika und  T e utschen-

thal w aren  das  Salz  in me iner D oktor suppe . L ie b e r B ernhard , ich b in f roh, dass ich in Z ürich 

me in z w e ites  w issenschaf t liches  Z uhause haben  durf te . 

V ie le  L eute am U F Z  haben  mir d as  L eben  le ichter o d e r angenehm gemacht. B e d anken 

möchte  ich  mich v o r allem be i A ntje  T h o n d o r f , V erena Schmidt , und  K laus H e m p e l für ihre 

U nterstützung b e im B aste ln, G ärtnern und  E rnten, b e i meinen Z immernachbarn C hrist ian und  

S te fan für  die gute A tmo s p häre , b e i d e n T e ilnehmern des  J ournal C lub  f ür d ie  interesanten 

D iskussionen, und  b e i der  A p rès M ensa-K af f ee -G ang – m it  S e p p , D ani, C hris t ian und  M artin als  

hartem  K ern – für  die  v ielen U nterhaltungen üb e r G o tt, E U -A nträge  und die  W elt. V ie len D ank 

auch an d ie  D oktorand e n und  M itarb e ite r  des  I fU , d ie  d urch ihr Interesse an meiner A rbe it und  

ihre herzliche A ufnahme  dazu be igetragen haben, d ass  meine B esuche in Z ürich immer sehr 

p rodukt iv  und  angenehm gew esen w aren. Ich danke insbe sonde re  Jochen, L uca, M ark und W illi 

für ihre G ast f reundschaft . 

D es  w e iteren möchte  ich mich b e d anken b e i B ernd  B lo s sey , E lizabeth G ault, H ariet  H inz , 

J o hannes K o llm ann, K ris t in L e w is  für d ie  A lliaria-Samen, bei E sther G erb e r und  M arjo le in Schat 

für  die  gesammelten K äfer , H aike  Ruhnke für  die  R aupenzucht, T homas  H ickler für d ie  K lim a-

d aten,  Stefan Schrö d e r für seine A rbe it an den  C lip p ing-E xper imenten, H ariet  H inz und E sther 

G erb e r für  die Beratungen über A lliaria und  K äfe r, und  b e i den  T e ilnehm e rn de s  E SF -W o rk-

sho p s  in T eutschenthal für ihre anregenden V o rträge und  D iskussionen. 

D iese  A rbe it  w äre  v ie lle icht nie  ents tanden ohne  meinen O p a P aul, d e r  mein Interesse an 

N aturkunde  gew eckt  hat und  w o hl im m e r besser  B escheid  w issen w ird  als  ich, ohne  K urt J ax, e in 

P ap e r v o n D an S imberlof f  und den „C lub  d e r to ten Ö k o logen“ in Jena, und  o hne M artin Sykes 

und  B e n  S m ith in L und , die mir bei  den ersten Schrit ten behilf lich w aren. G anz  s icher nicht  

entstanden w äre  s ie  ohne  meine E ltern, d ie  e in so lch ausuferndes , „b rot loses“  S tudium  akzept iert 

und  m ich immer finanziell und moralisch unterstützt  haben , und  o hne die  L ie b e  und  d as  D urch-

haltev e rmögen v o n Sab ine . 
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