
■

VI: How M uch A rea in the Tropics Is Covered by Oxisols?: R esults of
the F irst Soil Surveys of the A m azon Basin ............................................ 367

A . B ackground .......................................................................................... 367
B. Som e Com mon Properties o f A m azonian Soils .....................  369
C. T he New Soils M ap of the Brazilian A m azon ........    370
D . H ow  Much A rea  in the  Tropics Is C overed by Oxisols? —  377
E . A  Realistic Concept o f Soil Diversity in the H um id

Tropics .................. ’. ..............................................................................  378
V II. M eso- and Local-scale Soil V ariation in the Tropics .............................. 379

V III. Conclusions ......................................................................................................... 381
A cknow ledgem ents......................................................................................................... 382
R efe ren ces ........................................................................................................................  383

Index ..................................................................................................................................  391
Cum ulative List of T it le s .............................................................................................  401

VLIZ (vzw)

O o s t e n d e -  - B e l g i u m

A  C entury of Evolution in Spartina anglica

A . J . G R A Y , D . F . M A R S H A L L  a n d  A . F . R A Y B O U L D

I. S u m m a r y .............................................................................................................  i
II. I n t r o d u c t io n .......................................................................................................  3

III. The H istory o f Spartina anglica  ...........................................................  4
A . T he Discovery and Spread of Spartina x  to w n se n d ii   4
B. T he Discovery and Spread of Spartina a n g lic a .......................  7

IV. The Origin of Spartina anglica ...................................................................  10
A . Early Ideas on the O rig in .................................................................  10
B. Evidence fo r the O r ig in .................................................................... 12
C. “Spartina X neyrautii" ....................................................................  20
D . Problem s over the O r ig in ................................................................. 21

V. V ariation in Spartina anglica ......................................................................  21
A . Sources of G enetic  V ariation in Spartina anglica .................  21
B. Evidence for G enetic V ariation in  Spartina a n g lic a ..............  23

VI. T he Ecology of Spartina a n g l ic a ................................................................  27
A . R ates and Pattern  of Spread and D is p e r s a l .............................  27
B. G row th and P ro d u c tio n .................................................................... 30
C. T he Niche of Spartina a n g lica ........................................................ 35
D . In teractions with O ther S p ec ies ....................................................  39
E . D ie-back, C ontrol and C o n s e rv a tio n ........................................  45

VII. The Future of Spartina a n g l ic a ................................................................   . 49
A cknowledgem ents  ............................................................................................  51
R e fe re n c e s ....................................................................................................................... 51

I. SUMMARY

T his re v ie w  d e sc rib e s  th e  o rig in  a n d  sp re a d  o f  th e  sa lt m a rs h  g rass 
Spartina  a n g lica ,  th e  f irs t sp e c im e n  o f  w h ich  w as c o lle c te d  f ro m  L y m in g - 
to n , H a m p sh ire  in  1892, a n d  p re se n ts  n e w  m a te r ia l  re la tin g  to  its 
eco logy  a n d  e v o lu tio n . U s in g  e le c tro p h o re tic a l ly  d e te c ta b le  v a r ia tio n , w e 
co n firm  th e  s tro n g  c irc u m s ta n tia l  e v id e n c e  th a t  S . ang lica  o r ig in a te d  by
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c h ro m o so m e  d o u b lin g  o f  th e  s te r ile  h y b rid  b e tw e e n  th e  O ld  W o rld  
sp ec ie s  S p a rtin a  m a ritim a  a n d  th e  N o r th  A m e ric a n  S p a rtin a  a ltern iflo ra . 
In  a d d itio n , e x te n siv e  ana ly sis  o f  iso e n zy m e  a n d  se e d  p ro te in  p h e n o 
ty p e s  in d ic a te s  th a t  S. anglica  is a lm o s t to ta l ly  lac k in g  in g e n e tic  
v a r ia tio n . T h is  m ay  re su lt  f ro m  a n a rro w  g e n e tic  b a se  fo llo w in g  a s ing le  
o rig in  o r  fro m  a  m u ltip le  o rig in  fro m  th e  u n ifo rm  p a re n ts .  I t  is lik e ly  to  
b e  m a in ta in e d  by  th e  e x te n s iv e  c lo n a l s p re a d  o f  m o st p o p u la t io n s  f ro m  a 
few , o f te n  d e lib e ra te ly  in tro d u c e d , fo u n d e rs  a n d  by  p re fe re n tia l  p a ir in g  
a t  m eio sis  b e tw e e n  id en tica l h o m o lo g o u s  c h ro m o s o m e s  p re v e n tin g  r e 
c o m b in a tio n  b e tw e e n  th e  c o m p o n e n t g e n o m es.

T h e  im p lica tio n s  o f  th e se  fin d in g s  a re  m an ifo ld . F o r  e x a m p le , th e  
g e n e tic  u n ifo rm ity  o f  th e  sp e c ie s  m ay  h e lp  to  e x p la in  w hy i t  h a s  a 
re la tiv e ly  n a rro w  eco lo g ica l a m p litu d e . A  s im p le  m u ltip le -re g re ss io n  
m o d e l in c o rp o ra tin g  la rg e ly  p h y sic a l, t id e - re la te d  v a r ia b le s  in d ic a te s  th a t  
th e  d is tr ib u tio n a l lim its  o f  S p a rtin a  in  m e tre s  a b o v e  O rd n a n c e  D a tu m  
a re  p re d ic te d  re m a rk a b ly  w ell by  tid a l r a n g e , w ith  v a r ia tio n  in  fe tc h , 
e s tu a ry  a re a  a n d  p o sitio n  o n  th e  e s tu a r in e  g ra d ie n t  s ig n ific a n tly  im p ro v 
ing  th e  p re d ic tio n  (g e n e ra tin g  e q u a tio n s  e x p la in in g  m o re  th a n  90%  o f  
th e  v a r ia tio n  in  b o th  th e  u p p e r  a n d  lo w e r lim its ) . T h a t  th e  n ich e  o f  th e  
sp ec ie s  c an  b e  so  w ell d e f in e d  is m o s t p ro b a b ly  d u e  to  its re c e n t 
e v o lu tio n  a n d  its  lack  o f  g e n e tic  d i f fe re n tia tio n  as w ell as th e  p re d o m in 
a n ce  o f  p h y sic a l, as o p p o se d  to  b io lo g ica l, fa c to rs  lim itin g  its d o w n sh o re  
sp re a d .

T h e  sp e c ie s ’ g e n e tic  u n ifo rm ity , c o u p le d  w ith  its  f re q u e n t  o c c u rre n c e  
a s  d e n se , m o n o sp e c ific  s ta n d s , m ay  a lso  a c c o u n t fo r  th e  re c e n t  ra p id  
s p re a d  in  s e v e ra l p o p u la tio n s  o f  th e  e rg o t fu n g u s . C la vicep s p u rp u re a .  
F o r  e x a m p le , in  P o o le  H a rb o u r ,  D o rs e t ,  th e  a v e ra g e  lev e l o f  in fe c te d  
in flo re sc en c e s  ro se  fro m  36%  in  1983 to  m o re  th a n  85%  in  1988.

Sp a rtin a  anglica  is, u n u su a lly  a m o n g  te m p e ra te  g ra sse s , a C 4 sp ec ie s  
(o n e  o f  o n ly  e ig h t such  sp e c ie s  in  B r i ta in ) ,  a n d  th e  im p lica tio n s  o f  th is  
m e th o d  o f  c a rb o n  fix a tio n  in  a sp ec ie s  w h o se  b io m a ss  p ro d u c tio n  a n d  
p o ss ib le  n o r th w a rd  sp re a d  m ay  b e  lim ited  b y  e a r ly  sp rin g  a n d  su m m e r 
te m p e ra tu re s  is c o n s id e re d , p a r tic u la r ly  in  re la tio n  to  p ro je c te d  c lim atic  
w a rm in g . T h e  s h o r t- te rm  cau ses  a n d  c o n se q u e n c e s  o f  d ie -b a c k  in  th e  
s o u th e rn  p a r ts  o f  th e  p la n t ’s ra n g e  a re  d e sc r ib e d , in c lu d in g  th e  c h an g e s  
in  lo w  w a te r  tid a l c h an n e ls  a cc o m p a n y in g  th e  in v as io n  a n d  su b s e q u e n t 
d e c lin e  o f  Sp a rtin a  in  a  so u th  c o a s t h a rb o u r .

In  a se c tio n  d esc rib in g  th e  sp e c ie s ’ in te ra c t io n  w ith  o th e r  sp e c ie s  w e 
d iscuss th e  e ffe c ts  o f  S p a r tin a ’’s in v as io n  on  a e r ia l  a n d  b e n th ic  in v e r te 
b ra te s  a n d  o n  o v e rw in te r in g  w ad in g  b ird s , p a r tic u la r ly  th e  d u n lin , 
C alidris a lp in a , th e  d ec lin e  in n u m b e rs  o f  w h ich  c o r re la te s  w ith  th e  
sp re a d  o f  th e  g ra ss  in B ritish  e s tu a r ie s . S o il c o n d itio n s , g ra z in g  a n d  
te m p e ra tu re  a re  im p o r ta n t  fa c to rs  a ffe c tin g  th e  c o m p e tit iv e  in te ra c tio n
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o f S. anglica  w ith  P u ccine llia  m a r it im a , th e  la t te r  in v ad in g  S . anglica  
sw ards m o re  ra p id ly  in s a n d ie r ,  g ra z e d  m a rsh e s  in m o re  n o r th e rn  
la titudes.

T h e  c o n se q u e n c e s  o f  th e  g e n e tic  b o ttle n e c k  th a t  o c c u r re d  d u rin g  th e  
sp éc ia tio n  p ro c ess  a n d  th e  re la tiv e  y o u th  o f  S', ang lica  in e v o lu tio n a ry  
term s a re  e m p h a s iz e d  th ro u g h o u t by  c o m p a r in g  th e  sp e c ie s  w ith  P. 
m aritim a. T h e  g re a te r  v a r ia tio n , p o p u la t io n  d if fe re n tia tio n  a n d  n iche  
b re ad th  o f  th e  la t te r  sp e c ie s  a re  p a r tic u la r ly  e v id e n t.

F ina lly , w e  lo o k  fo rw a rd  to  th e  c h a n g e s  w h ich  m ay  o c c u r  w ith  g lo b al 
w arm ing  a n d  ris in g  sea  lev e ls  a n d  h o w  th e y  m ay  a ffe c t th e  se c o n d  
cen tu ry  o f  th e  sp e c ie s ’ e v o lu tio n .

II. INTRODUCTION

T h e  p e re n n ia l sa lt  m arsh  g ra ss  S p a rtin a  an g lica  C .E . H u b b a rd  has 
b eco m e  th e  te x tb o o k  e x a m p le  o f  a llo p o ly p lo id  sp é c ia tio n  a n d  successfu l 
invasion  by  a n e w  sp ec ie s  (F ig . 1). F irs t  re c o rd e d  fro m  L y m in g to n , 
H a m p sh ire , in  1892, it  n o w  o c cu rs  in  te m p e ra te  z o n e s  th ro u g h o u t th e  
w o rld , m a in ly  b e c a u se  it h as b e e n  w id e ly  p la n te d  to  s ta b ilize  t id a l m u d  
flats. It h a s  p ro fo u n d ly  a lte re d  th e  eco lo g y  o f  m u d  fla ts  a n d  sa lt  m arsh es  
o ver m an y  th o u sa n d s  o f  h e c ta re s .

Fig. 1. S. anglica.
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T h e  firs t o n e  h u n d re d  y e a rs  o f  th e  “ S p a r tin a  s to ry ”  (L a m b e r t ,  1964) 
h av e  p ro d u c e d  a n  e x te n s iv e  l i te ra tu re  —a b ib lio g ra p h y  w ith  m o re  th a n  
480 re fe re n c e s  w as c o m p iled  b y  J .C .E .  H u b b a rd  m o re  th a n  25 y e a rs  ago  
( H u b b a rd , 1965, u n p u b lis h e d ) . I n  th is  c o n tr ib u tio n  w e  d o  n o t  a t te m p t  a 
c o m p re h e n s iv e  rev iew  o f  th a t  l i te ra tu re ,  b u t  h ig h lig h t th e  im p o r ta n t  
la n d m a rk s  in th e  s tu d y  o f  th e  sp ec ie s . T h e s e  in c lu d e  its  d isco v ery  an d  
sp re a d  in  th e  e a r ly  p a r t  o f  th e  c e n tu ry , th e  d e te c tiv e  w o rk  in  th e  la te  
1950s a n d  e a r ly  1960s o n  its o r ig in s , th e  e x te n s iv e  re se a rc h  d u rin g  th e  
s a m e  p e r io d  o n  its  e co lo g y , p a r tic u la r ly  in s o u th e rn  E n g la n d  w h e re  5'. 
a n g lica -d o m in a te d  m arsh es  w e re  a lre a d y  sh o w in g  e x te n s iv e  d ie -b a c k , 
a n d  th e  d e m o n s tra t io n  in  1975 th a t  th e  sp ec ie s  u tilize s  th e  C 4 p h o to sy n 
th e tic  p a th w a y . T h e se  fin d in g s  a re  d isc u sse d  in  th e  lig h t o f  r e c e n t  
s ig n ifican t a d v a n c e s  in  se v e ra l re se a rc h  a re a s . A m o n g  th e  m o st i llu m in 
a tin g  o f  th e s e  a re  b io ch e m ic a l c o n firm a tio n  o f  th e  sp e c ie s ’ o rig in s  an d  
th e  e v id e n c e  o f  a  n a rro w  g e n e tic  b a se . T h e  la t te r  is p a r tic u la r ly  re le v a n t 
in  c o n s id e r in g  th e  d e v e lo p m e n t o f  th e  sp e c ie s ’ n ic h e , its  in te ra c t io n  w ith  
o th e r  sp e c ie s , e sp ec ia lly  p a th o g e n s ,  a n d  its fu tu re  e v o lu tio n .

T h e  fo llo w in g  se c tio n s  b r in g  to g e th e r  th e s e  r e c e n t  fin d in g s a n d  
a t te m p t  to  d e m o n s tra te  th a t  S. anglica  c o n tin u e s  to  p ro v id e  a r a re  an d  
fa sc in a tin g  o p p o r tu n ity  to  g a in  in sig h t in to  th e  e a r ly  s ta g es  o f  sp ec ie s  
e v o lu tio n . In  e x am in in g  th is  c o n tin u in g  a n d  d y n a m ic  p ro c e ss  w e also  
lo o k  fo rw a rd  to  th e  p o ss ib ility  o f  cycles o f  in v as io n  a n d  d e c lin e , o f 
n o r th w a rd  sp re a d  u n d e r  g lo b a l w a rm in g , a n d  o f  c h a n g in g  re la tio n s h ip s  
w ith  p a th o g e n s  a n d  c o m p e tito rs .

III. THE HISTORY OF SPARTINA ANGLICA

A. The Discovery and Spread of Spartina x  townsendii*
In  1879, H . a n d  J .  G ro v e s  d e sc rib e d  a  p la n t  g ro w in g  o n  m u d  f la ts  a t 
H y th e ,  H a m p sh ire  “ . . . w h ic h , b y  th e  m a jo r ity  o f  c h a ra c te rs  g iv en  in 
B ritish  w o rk s , w o u ld  b e  S . a lte rn iflo ra  r a th e r  th a n  S . stric ta  [ =  S. 
m a r itim a ], y e t  w h ich  w e n o w  c o n s id e r  to  b e  th e  la t t e r ” . B y  1880, 
h o w e v e r , th e  G ro v e s  h a d  re v ise d  th e ir  o p in io n  th a t  th e  p la n t  w as a  fo rm

YNote on nomenclature: For many years it was thought that there was only one form 
of the hybrid between S. maritima and S. alterniflora, namely the fertile amphidiploid. In 
1957, however, C.E. Hubbard showed that there still existed the FI hybrid between S. 
maritima and S. alterniflora. He stated that this form was the one described by the Groves, 
and, therefore, the name “ townsendii" should only be applied to the initial hybrid rather 
than its amphidiploid derivative. This left the amphidiploid without a name. Hubbard 
(1968) invalidly published the name S. anglica for the amphidiploid, although later (in 
Heywood, 1978, p. 364) he published a valid diagnosis, so legitimizing the name. The term 
“5. anglica agg.” will be used in this article when referring specifically to both forms 
together.
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o f  Sp a rtin a  stric ta  a n d  w ro te  th a t  i t  “ . . . o c cu p ies  so  in te rm e d ia te  a 
p o sitio n  b e tw e e n  th a t  sp ec ie s  a n d  S. a lte rn iflo ra , th a t  it  a p p e a rs  d e s ir
ab le  n o t  to  in c lu d e  it  in  e ith e r” . T h e  G ro v e s  (1880 , 1882) n a m e d  th is  
p la n t Sp a rtin a  to w n sen d i  (sp e lt in itia lly  w ith  o n e  “ i” ; th e  s e c o n d  w as 
a d d e d  by  o th e r  a u th o rs  a n d  is n o w  th e  a c c e p te d  sp e llin g ) in  h o n o u r  o f 
F re d e ric k  T o w n se n d , a u th o r  o f  th e  F lora  o f  H a m p sh ire  (B r i tte n , 1906).

T h e re  is so m e  d isp u te  as to  h o w  lo n g  th e s e  fo rm s o f  S p a rtin a  h a d  
b e e n  a t  H y th e  b e fo re  th e  G ro v e s  d e sc rib e d  th e m  as a n ew  sp ec ies . 
A c co rd in g  to  H u b b a rd  (1 9 6 5 a ), th e  G ro v e s  c o lle c te d  th e  p la n ts  on 
w h ich  th e y  b a se d  th e ir  d e sc rip tio n s  in  1877. H u b b a r d  s ta te s , h o w e v e r, 
th a t a  M r R .S . H ill h a d  c o lle c te d  sp e c im en s  o f  th e  sa m e  p la n t  a t  H y th e  
in 1870, b u t  th a t  th e  p la n t  w as th o u g h t  to  b e  a  lu x u r ia n t fo rm  o f 
Spartina  m a r itim a . S u th e r la n d  a n d  E a s tw o o d  (1916) a lso  g av e  1870 as 
th e  f irs t d a te  o f  c o lle c tio n  o f  S. x  to w n se n d ii  b a se d  o n  a  sp e c im e n  in 
th e  W a rn e r  H e rb a r iu m , U n iv e rs ity  o f  S o u th a m p to n . T h e y  su g g est, 
m o re o v e r , th a t  d e sc rip tio n s  o f  S p a rtin a  a lte rn iflo ra  f ro m  n e a r  S o u th a m p 
to n  g iv en  by  S o w erb y  in  h is “ G rasses o f  G rea t B r ita in ” , p u b lish e d  in  
1861, a re  v e ry  c lo se  to  th o se  o f  S . x  to w n se n d ii  p u b lish e d  by  th e  
G ro v e s . T h e  e a r lie s t  c o n firm ed  d a te  fo r  th e  d isc o v e ry  o f  S. x  to w n se n 
d ii,  h o w e v e r , re m a in s  1870.

T h e  p la n t  s p re a d  re la tiv e ly  s low ly  a t  f irs t a n d  h a d  n o t  re a c h e d  
C ra c k n o re  H a rd  (2  m iles n o r th  o f  H y th e )  by  1883 (S ta p f , 1908), b u t  w as 
re c o rd e d  f ro m  S o u th a m p to n  in  1887 (S ta p f , 1913). S ta p f  (1913), 
h o w e v e r, d e sc rib e s  h o w  “ . . . to w a rd s  th e  e n d  o f  th e  e ig h tie s , so m e th in g  
o c c u rre d  th a t  fa v o u re d  th e  s p re a d in g  o f  th e  g ra ss” . M a rc h a n t (1967) 
c o rre la te s  th is  w ith  th e  fo rm a tio n  o f  th e  s e e d -b e a r in g  a m p h id ip lo id  S. 
a ng lica . In d e e d ,  th e  firs t c o n firm e d  re c o rd  fo r  S . an g lica  is f ro m  1892 at 
L y m in g to n , H a m p sh ire . A f te r  th is  d a te  it  o f te n  b e co m es  d ifficu lt to  
k n o w  w h e th e r  re co rd s  a re  re fe r r in g  to  S. x  to w n se n d ii  o r  S . anglica  as 
th e  d is tin c tio n  b e tw e e n  th e  tw o  w as n o t re c o g n iz e d  u n til  1957 (see  
fo o tn o te  p .4 ). G o o d m a n  e t al. (1969) s ta te  th a t  s te r ile  m a te r ia l  fe a tu re s  
la rg e ly , th o u g h  n o t  ex c lu siv e ly , in  co llec tio n s  f ro m  1892 to  1910, su c h  as 
th o se  fro m  Y a rm o u th , Is le  o f  W ig h t (1 8 9 3 ), P o o le  H a rb o u r  (1 9 0 5 ), and  
L y m in g to n  (1893 an d  1907).

A f te r  1910 it is l ik e ly  th a t  a s  S. ang lica  w as d e lib e ra te ly  in tro d u c e d  
in to  o th e r  p a r ts  o f  th e  B ritish  Isles fo r  c o a s ta l  p ro te c tio n  a n d  lan d  
re c la m a tio n  (se e  b e lo w ). S p a rtin a  x  to w n se n d ii  w as a lso  in tro d u c e d  in to  
so m e  a re a s  d u e  to  m ix e d  c o lle c tio n s  o f  b o th  sp e c ie s  b e in g  m ad e , 
e sp ec ia lly  as m a n y  co lle c tio n s  w e re  m a d e  f ro m  P o o le  H a rb o u r  w h e re  S.
X  to w n se n d ii  w as still p re se n t  in  se v e ra l s ite s  in  th e  1960s ( H u b b a rd , 
1965a). S p a rtin a  x  to w n se n d ii is s till  p re s e n t  as su b s ta n tia l  sw ard s  a t 
H y th e  a n d  h as b e e n  fo u n d  o n  th e  la n d w a rd  e d g e  o f  S. anglica  sw a rd s  in 
N o rfo lk  (S w an n , 1965), P o o le  H a r b o u r  ( H u b b a rd ,  1965a) a n d  th e
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B ris to l C h a n n e l (H o lla n d , 1982). T h e  p re fe re n c e  o f  S. x  to w n se n d ii  fo r  
th e se  h ig h e r , m o re  s ta b le  h a b ita ts  a lso  o ccu rs  in  H o lla n d  ( D r o k ,  1979). 
H u b b a rd  a n d  S te b b in g s  (1967) e s t im a te d  th a t  th e  to ta l  a r e a  c o v e re d  by 
S. x  to w n se n d ii  in  B r ita in  w as o n ly  20 h a  c o m p a re d  w ith  a b o u t 
1 2 0 0 0  h a  o f  S. anglica .

A s in  th e  B ritish  Is le s , S. anglica  h a s  b e e n  u se d  o v e rse a s  fo r  lan d  
re c la m a tio n  a n d  c o as ta l d e fe n c e ,  a n d  it se e m s in e v ita b le  th a t  so m e  S . x  
to w n se n d ii  h a s  b e e n  in tro d u c e d  a lo n g  w ith  i t ,  e sp ec ia lly  w h e n  th e  
m a te r ia l  h a d  b e e n  ta k e n  as cu ttin g s  fro m  P o o le  H a rb o u r .  S p a rtin a  x  
to w n se n d ii h as b e e n  re c o rd e d  f ro m  H o lla n d  o n  th e  b asis o f  cy to lo g ica l 
d a ta  ( D ro k ,  1979, 1983) a n d  m ay  a lso  o c c u r  in  N ew  Z e a la n d . T h e  
p re se n c e  o f  S .  x  to w n se n d ii  th e r e  is b a se d  o n  th e  fa c t th a t  m u c h  “ 5 . 
a n g lica ”  in N ew  Z e a la n d  p ro d u c e s  no  se e d  (A lla n , 1930; o b se rv a tio n s  o f
C . E . H u b b a rd  in R a n w e ll, 1967); h o w e v e r , th e  e r ra t ic  n a tu re  o f  se e d  
se t in  S . ang lica  (see  b e lo w ) m a k e s  th is a p o o r  d iag n o s tic  c h a ra c te r .

T h e  o th e r  c o n firm ed  s ite  fo r  S. x  to w n se n d ii  is in th e  e x tre m e  so u th  
w e s t o f  F ra n c e  a n d  n o r th  e a s t  o f  S p a in  a ro u n d  H e n d a y e  a n d  S a n  
S e b a s t ia n , a lth o u g h  it h a s  o n ly  ju s t  b e e n  re c o g n iz e d  a s  su ch . In  1892 
N e y ra u t  c o lle c ted  an  u n u su a l fo rm  o f  Sp a rtin a  a t H e n d a y e  a n d  th e se  
p la n ts  w e re  n a m e d  S . x  n eyra u tii  by  F o u c a u d  in  1894 (M o b b e r le y , 
1956). T h is  sp e c ie s  h a s  lo n g  b e e n  re g a rd e d  a s  a  h y b rid  b e tw e e n  S. 
m a r itim a  a n d  S . a lte rn iflo ra  a n d  r e c e n t  e v id e n c e  f ro m  iso z y m e  s tu d ie s  
h a s  c o n firm e d  th is  (se e  b e lo w ). U n d e r  th e  In te rn a tio n a l  C o d e  o f 
B o ta n ic a l N o m e n c la tu re ,  th e re fo re ,  S. x  neyra u tii  m u s t b e  re g a rd e d  as 
a  sy n o n y m  o f  5 . x  to w n se n d ii  as it  w as th e  la te r  o f  th e  tw o  n a m e s  to  b e  
p u b lish e d  (R a y b o u ld  et a l., 1990). A lth o u g h  S. x  to w n se n d ii  o c c u r re d  in 
se v e ra l lo c a tio n s  in  th is  a r e a ,  e x te n s iv e  la n d  re c la m a tio n  r e d u c e d  i t  to  a 
sin g le  s ite  n e a r  S an  S e b a s tia n  A irp o r t  (H u b b a rd  et a l., 1978).

A n o th e r  c o m p lic a tio n  w h e n  c o n s id e r in g  th e  d is tr ib u tio n  o f  S. x  
to w n se n d ii  is th e  o c c u rre n c e  o f  p o ly h ap lo id s  d e r iv e d  fro m  S. ang lica . 
M a rc h a n t (1967) d e sc rib e d  a  se e d lin g  o f  S. ang lica  th a t  w as m o rp h o 
lo g ica lly  v e ry  c lo se  to  S . x  to w n se n d ii  r a th e r  th a n  its  S . a n g lica  p a re n t .  
A  c h ro m o so m e  c o u n t o f  th is  p la n t  g ave  2 n  =  61 , w h ich  w as e x ac tly  h a lf  
th e  n u m b e r  o f  th e  p a re n t  c lo n e  (M a rc h a n t , 1968). T h is  se e d lin g  w as 
p ro d u c e d  p re su m a b ly  by  th e  d e v e lo p m e n t o f  an  u n fe rti l iz e d  eg g  cell 
(a g a m o sp e rm y ) , a n d  its s im ila r ity  to  S. x  to w n se n d ii  is to  b e  e x p e c te d  
a s  h o m o lo g o u s  c h ro m o so m e s  in  S . an g lica  a re  id e n tic a l  a n d  c h ro m o s o m e  
p a ir in g  is p re d o m in a n tly  as b iv a le n ts  (se e  b e lo w ). S p a rtin a  anglica  
g a m e te s , th e re fo re ,  w ill b e  v e ry  s im ila r  g en e tica lly  to  S. x  to w n se n d ii.  
M a rc h a n t (1975) h as su g g e s te d  th a t  S. x  to w n se n d ii  in so m e  p a r ts  o f  th e  
c o u n try  m ay  b e  se c o n d a rily  d e r iv e d  fro m  S. anglica  by p o ly h ap lo id y . 
T h e  o c c u rre n c e  o f  d w a rf , d e n se ly  til le r in g  fo rm s  o f  S . a n g lica  t h a t  h a v e  
b e e n  d e sc rib e d  fro m  th e  B ris to l C h a n n e l  a n d  th e  D o v e y  E s tu a ry  (C h a te r
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a n d  J o n e s ,  1951; C h a te r ,  1965), f ro m  a re a s  n o r th  o f  D u b lin  (B o y le , 
1976a), so u th  w e st H o lla n d  (D ro k , 1979, 1983) a n d  N e w  Z e a la n d  
(A llan , 1930; B a sc a n d , 1970) m ay  r e p re s e n t  p o ly h a p lo id  c lo n e s ; c a re fu l 
cy to log ica l e x a m in a tio n s  a re  re q u ire d ,  h o w e v e r , to  co n firm  th is  su g g es
tio n .

B. The Discovery and Spread of Spartina anglica
A s s ta te d  a b o v e , th e  f irs t r e c o rd  fo r  S. anglica  is f ro m  L y m in g to n  in  
1892 a n d  a f te r  th is  d a te  th e re  is u n c e r ta in ty  a s  to  w h e th e r  re c o rd s  re fe r  
to  th e  s te r ile  F I  o r  th e  a m p h id ip lo id . T h e  e x ac t p lac e  a n d  d a te  o f  th e  
o rig in  is u n k n o w n . A lth o u g h  th e  r a te  o f  s p re a d  in  th e  1890s a n d  1900s 
w as ra p id ,  su g g e s tin g  s p re a d  b y  se e d , G o o d m a n  e t a l., (1969) b e lie v e  
th a t in m a n y  a re a s  th e  F I  w as p re d o m in a n t .  W h a te v e r  th e  p ro p o r t io n s , 
by 1899 e ith e r  S. anglica  o r  S. x  to w n se n d ii  h a d  b e g u n  to  co lo n ize  
P o o le  H a rb o u r  in  th e  w est a n d  C h ic h e s te r  H a rb o u r  in  th e  e a s t,  an d  
m an y  in te rv e n in g  a re a s  (S ta p f , 1908). O n  th e  n o r th  c o a s t o f  th e  Is le  o f  
W ig h t th e re  w e re  p o p u la t io n s  a t  Y a rm o u th  by  1893, o n  th e  R iv er 
M e d in a  in  1895, a n d  o n  se v e ra l m a rsh e s  b e tw e e n  R y d e  a n d  C o w es in 
1907 (S ta p f , 1908). B a ck  o n  th e  m a in la n d , C h r is tc h u rc h  H a rb o u r  w as 
b e g in n in g  to  b e  c o lo n iz ed  by 1913 (O liv e r , 1920) a n d  P a g h a m  H a rb o u r  
by 1918 (O liv e r , 1925). O liv e r  (1925) a lso  g ives a  re c o rd  fro m  th e  m o u th  
o f th e  R iv e r  R o th e r  a t R y e . T h e  c o lo n iz a tio n  o f  sa lt  m a rsh e s  b e tw e e n  
P o o le  a n d  R y e  p ro b a b ly  re p re se n ts  th e  e x te n t  o f  c o m p le te ly  n a tu ra l  
sp re a d  o f  S. an g lica  in  th e  B ritish  Is le s , a lth o u g h  e x te n s iv e  se c o n d a ry  
n a tu ra l sp re a d  fo llo w in g  d e lib e ra te  in tro d u c tio n s  h as o c c u rre d  (e .g . 
G o o d m a n  e t a l . ,  1959).

Sp a rtin a  anglica  a lso  s p re a d  to  th e  n o r th  c o a s t o f  F ra n c e  b y  n a tu ra l 
m ea n s  ( o r  by  a c c id e n ta l  sp re a d  th ro u g h  sh ip p in g  ac tiv ity ; th e re  is no  
re c o rd  o f  S . ang lica  e v e r  h av in g  b e e n  d e lib e ra te ly  in tro d u c e d  in to  
F ra n c e  (R a n w e ll,  1967)). T h e  firs t re co rd s  a re  fro m  R e v ille , on  th e  
n o rth  e a s t t ip  o f  th e  C o te n tin  P e n in su la , a n d  C a re n ta n  a t  th e  m o u th  o f 
th e  R iv e r  V ire  in  1906; s lig h tly  fu r th e r  e a s t,  th e  sp e c ie s  w as fo u n d  a t 
S a llen e lles  o n  th e  R iv e r  O rn e  ju s t  n o r th  o f  C a e n  in  1918 (O liv e r , 1925). 
By 1926 th e re  w e re  1000 h a  o f  S. anglica  a t C a re n ta n  (O liv e r , 1926).

T h e  o th e r  a re a  w h e re  S. ang lica  h as  b e e n  v e ry  su ccessfu l in  F ra n c e  is 
o n  th e  m a rsh e s  a t  th e  m o u th  o f  th e  R iv e r  S e in e . T h e  firs t re c o rd  is fro m  
T an c arv ille  in  1915 a n d  fro m  H a rv e  a n d  D e a u v ille  in  1922 (O liv e r , 
1925). O liv e r  (1926) says th a t  th e  ra te  o f  sp re a d  o f  S. anglica  o n  th e  
S e in e  m a rsh e s  w as th e  fa s te s t  h e  h a d  e v e r  s e e n , a n d  S e n a y  (1934) 
e s t im a te d  th a t  th e  p la n t  c o v e re d  1000 h a . S p a rtin a  anglica  se e m s to  h av e  
c o lo n ized  m a n y  o f  th e  e s tu a r ie s  on  th e  n o r th e rn  c o a s t o f  F ra n c e  an d
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R a n w e ll (1967) e s tim a te d  th a t  th e re  w e re  b e tw e e n  4000  a n d  8000 h a  o f  
Sp a rtin a  b y  th e  m id-1960s.

T h e  d is tr ib u tio n  o f  S. a n g lic a , b o th  in th e  B ritish  Is le s  a n d  a ro u n d  th e  
w o rld , h a s  b e e n  rad ic a lly  a lte re d  by  d e lib e ra te  in tro d u c tio n s  o f  th e  
sp ec ie s . I n  th e  1900s it w as re a lis e d  th a t  S. ang lica  w as v e ry  e ffic ie n t a t 
s tab iliz in g  b a re  m u d  fla ts  (S ta p f , 1907). T h is  le d  to  its  u til iz a tio n  by  
p r iv a te  la n d o w n e rs  a s  a  m e th o d  o f  rec la im in g  m u d  fla ts  fo r  a g r ic u ltu re  
a n d  b y  c o as ta l d e fen c e  a u th o r i t ie s  fo r  c o as ta l p ro te c tio n . M a n y  in tro d u c 
t io n s  o f  th e  sp e c ie s  h a v e  b e e n  m a d e  a ro u n d  G r e a t  B r i ta in  a n d  th e y  h av e  
b e e n  th o ro u g h ly  c a ta lo g u e d  b y  G o o d m a n  et al. (1959) a n d  H u b b a rd  an d  
S te b b in g s  (1967). T h e  firs t r e c o rd  o f  d e lib e ra te  p la n tin g  o f  S. anglica  is 
f ro m  th e  B e a u lie u  E s tu a ry  in  1898, a n d  th is  w as  fo llo w ed  by  n o r th  
N o rfo lk  in  1907 a n d  th e  L in c o ln sh ire  W ash  in  1910. M o s t o f  th e  
p la n tin g , h o w e v e r ,  w as c a r r ie d  o u t  in  th e  1920s (e .g . B ry c e , 1936) w ith  
m a jo r  e ffo r ts  (u tiliz in g  2000 o r  m o re  cu ttin g s  (R a n w e ll ,  1967)) in  th e  
T h a m e s  a n d  B la c k w a te r  E s tu a r ie s ,  th e  E x e , th e  S e v e rn  E s tu a ry  (e sp e 
cia lly  o n  th e  S o m e rse t c o a s t) ,  th e  D e e ,  an d  th e  H u m b e r .  T h e  e a s t co as t 
p lan tin g s  w e re  v e ry  su ccess fu l, a n d  d u rin g  th e  1930s v ir tu a lly  ev ery  
e s tu a ry  in  E sse x  a n d  s o u th e rn  S u ffo lk  w as e i th e r  p la n te d  w ith  Sp a rtin a  
o r  w as  c o lo n iz ed  as th e  r e su lt  o f  n a tu ra l  s p re a d  f ro m  th e  in tro d u c e d  
m a te r ia l  (G o o d m a n  et a l ,  1959). T h e  o th e r  m a jo r  p o p u la t io n  o f  S. 
anglica  o n  th e  e a s t co as t is in  th e  W ash  w ith  fu r th e r  sm a lle r  p o p u la tio n s  
a s  fa r  n o r th  as U d a le  B a y  in  th e  C ro m a r ty  F ir th  (S m ith , 1982). T h e  
p la n t  h a s  a lso  b e e n  in tro d u c e d  su ccessfu lly  o n  th e  w est c o a s t.  H u b b a rd  
a n d  S te b b in g s  (1967) re c o rd  th a t  th e  e s tu a r ie s  o f  th e  S e v e rn , th e  B u rry , 
th e  D o v e y , th e  M a w d d a c h , th e  D e e ,  th e  R ib b le ,  a n d  th e  W y re  all h a v e  
p o p u la t io n s  o f  S. anglica  in  ex cess  o f  100 h a . N u m e ro u s  o th e r  e s tu a r ie s  
a n d  sa lt  m a rs h e s  b e tw e e n  th e s e  m a jo r  s ite s  h a v e  S . anglica  p o p u la t io n s , 
w ith  th e  fu r th e s t  n o r th  b e in g  th e  Is le  o f  H a rr is  in  th e  O u te r  H e b r id e s .

G o o d m a n  e t al. (1 9 5 9 ), H u b b a rd  a n d  S te b b in g s  (1967) a n d  R a n w e ll
(1967) a ll e s t im a te d  th e  to ta l  a r e a  o f  S. anglica  in  G r e a t  B r i ta in  to  b e  
a b o u t  120 0 0  h a . T h is  h a s  b e e n  re v ise d  re c e n tly  by  C h a rm a n  (1990) to  
10 000 h a , th o u g h  C h a rm a n  p o in ts  o u t  th a t  p a r t  o f  th e  d isp a r ity  m ay  lie 
in  d iffe rin g  e s tim a tio n  p ro c e d u re s . W h a t  is c le a r ,  n e v e r th e le s s ,  is th a t  
th e re  h a v e  b e e n  sig n ifican t c h a n g e s  in  th e  d is tr ib u tio n  o f  S. ang lica  since  
1967. C h a rm a n  re c o rd s  a 4 4 %  re d u c tio n  in  c o v e r  o n  th e  e a s t c o a s t,  an  
11%  re d u c tio n  o n  th e  so u th  c o a s t,  a n d  a 40%  in c re a s e  o n  th e  w est 
co as t. T h e  so u th  a n d  e a s t c o a s t p o p u la t io n s  o f  S . anglica  a re  so m e  o f 
th e  o ld e s t,  w h ils t th o se  o n  th e  w e st c o a s t a re  m u ch  y o u n g e r . In d e e d , 
C h a rm a n  re p o r ts  th a t  20 n e w  anglica  p o p u la t io n s  h a v e  b e c o m e
e s ta b lish e d  o n  th e  w est co as t s in c e  H u b b a rd  a n d  S te b b in g s ’ su rv ey . T h is 
is e v id e n c e  th a t  S. anglica  p o p u la t io n s  u n d e rg o  a  c h a n g e  f ro m  in v as io n  
a n d  sw ard  fo rm a tio n  to  re g re s s io n  (o f te n  te rm e d  “ d ie -b a c k ” ). R e a so n s
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fo r  th is  a re  d iscu ssed  in  la te r  se c tio n s . T h e  c u r re n t  d is tr ib u tio n  o f  S. 
anglica  in  G re a t  B r i ta in  is sh o w n  in  F ig . 2.

In  I re la n d , S . anglica  w as f irs t  in tro d u c e d  on  th e  so u th  co as t in  th e  
R iv er L e e  in  1925 (C u m m in s , 1930). F u r th e r  in tro d u c tio n s  w e re  m ad e  
o n  th e  w est co as t in  th e  S h a n n o n  a n d  F e rg u s  in  1928, 1931 a n d  1932

100

M i l e s jpo

d \

Fig. 2. The distribution o f S. anglica (including records of Spartina x  towns
endii) in the  British Isles (GB-204, Ir-27, Ch.Is-1). M ap supplied by the 
Biological Records C entre , IT E , M onks W ood.
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(P ra e g e r ,  1932). O n  th e  e a s t  c o a s t,  in tro d u c tio n s  w e re  m a d e  in  th e  
D u b lin  B ay  a re a  in  1932 (B o y le , 1976a) a n d  in  B e lfa s t  L o u g h  in  1929 
(P ra e g e r , 1932). R a n w e ll (1967) e s t im a te d  th a t  th e re  w e re  b e tw e e n  200 
a n d  400 h a  o f  S. anglica  in  I re la n d .

Sp a rtin a  ang lica  h as  n o w  b e e n  su ccessfu lly  in tro d u c e d  in to  m a n y  a re a s  
o u ts id e  th e  B ritish  Is le s , n o ta b ly  H o lla n d  (4 0 0 0 -5 0 0 0  h a ) ,  G e rm a n y  
(4 0 0 -8 0 0  h a ) a n d  D e n m a rk  (500 h a ) ,  w ith  sm a lle r  in tro d u c tio n s  in 
A u s tra l ia  a n d  N ew  Z e a la n d  (R a n w e ll ,  1967). T h e  m o s t  re m a rk a b le  
s p re a d  h as b e e n  th a t  fo llo w in g  th e  in tro d u c tio n  o f  th e  sp e c ie s  to  C h in a . 
T h e  d e sc e n d e n ts  o f  o n ly  21 in d iv id u a ls , su rv iv o rs  o f  a b a tc h  o f  35 se n t 
as se e d  in  th e rm o s  flask s b y  D . S . R a n w e ll in  1963, h a v e  sp re a d , m ain ly  
b y  p la n tin g , a lo n g  a lm o s t th e  e n ti re  C h in e se  c o a s t  to  o c cu p y , by  1980, 
m o re  th a n  36 000 h a  (C h u n g , 1990). S p a rtin a  a n g lic a ’s p re s e n t  g e o 
g ra p h ic a l ra n g e  is f ro m  5 7 .5  °N to  48 °N  in  E u r o p e ,  46 °S to  35 °S in 
N ew  Z e a la n d  a n d  A u s tra l ia  (R a n w e ll,  1967), a n d  fro m  41 °N tq  21 °N  in 
C h in a  (C h u n g , 1990).

U n su ccessfu l in tro d u c tio n s  o f  S . anglica  h a v e  b e e n  m a d e  o n  th e  
e a s te rn  s e a b o a rd  o f  th e  U S A , in  th e  C a r ib b e a n  a n d  th e  G u ia n a s ,  In d ia  
a n d  S o u th  A fr ic a . R a n w e ll (1967) h a s  su g g e s te d  th a t  w in te r  te m p e ra tu re  
m ay  be th e  c ru c ia l fa c to r  in  w h e th e r  e s ta b lish m e n t is su ccessfu l; th e  
sp e c ie s  is d a m a g e d  b y  f ro s t ,  a n d  w a rm  w in te r  te m p e ra tu re s  a re  sa id  to  
im p e d e  d e v e lo p m e n t. I t  is w o r th  re m e m b e r in g , h o w e v e r , th a t  S. anglica  
su rv iv e d  fo r n e a r ly  2 y e a rs  in  B ritish  G u ia n a  a n d  w as o n ly  e x te rm in a te d  
a f te r  it  w as o v e rru n  by  a  n a tiv e  S p a rtin a  sp e c ie s , S p a rtin a  brasiliensis  
(L a m b e r t ,  1964).

T o  c o n c lu d e , it is in te re s tin g  to  n o te  th e  ro le  o f  P o o le  H a rb o u r  in  th e  
s p re a d  o f  S. ang lica , e sp ec ia lly  in  th e  lig h t o f  th e  sc a rc ity  o f  g e n e tic  
v a r ia tio n  in th e  sp ec ie s  (se e  b e lo w ). H u b b a rd  (1965a) e s t im a te d  th a t  
b e tw e e n  1924 a n d  1936 o v e r  175 000 cu ttin g s  w e re  e x p o r te d  fro m  
m a te r ia l  d e r iv e d  fro m  P o o le  H a rb o u r ,  a n d  o f  th e s e  4 6 0 0 0  w e re  p la n te d  
in  th e  B ritish  Isles. T h is  f ig u re  d o e s  n o t  in c lu d e  n u m e ro u s  b a tc h e s  o f  
se e d  fro m  th is  m a te r ia l  th a t  w e re  a lso  d isp a tc h e d . T h is  m u s t r e p re s e n t  a 
se v e re  g e n e tic  b o ttle n e c k  fo r  th e  sp ec ies .

IV. THE ORIGIN OF SPARTINA ANGLICA

A. Early Ideas on the Origin
D e sp ite  th e  fa c t th a t  th e  G ro v e s ’ d e sc rip tio n s  o f  S. x  to w n se n d ii  h a d  
e m p h a s iz e d  th a t  th e  p la n t  h a d  m a n y  m o rp h o lo g ic a l c h a ra c te rs  in te rm e d i
a te  b e tw e e n  th o se  o f  S. m a r itim a  a n d  S. a lte rn iflo ra ,  i t  is su rp r is in g  h o w  
little  th e  p o ss ib ility  o f  a h y b rid  o rig in  is c o n s id e re d  in  th e  e a r ly  
l i te ra tu re .  M o s t a u th o rs  t r ie d  to  fit th e  n e w  fo rm  in to  p re v io u s ly
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d e c rib e d  tax a . B o sw ell (in  G ro v e s  a n d  G ro v e s  1882) su g g e ste d  th a t  th e  
p la n t m ig h t b e  “ t r u e ”  S p a rtin a  g la b ra ,  a n d  T o w n se n d  (1883) th o u g h t 
th a t th e  p la n t w as a  v a r ie ty  o f  S. m a r itim a .  C o rb iè re  a n d  C h e v a lie r , 
w ritin g  in 1906 a b o u t th e  a p p e a ra n c e  o f  S p a rtin a  in  N o rm a n d y , c la im ed  
th a t S. anglica  co u ld  n o t b e  a h y b rid  as it  h a d  fe r t i le  p o lle n  an d  seed s , 
and  b e c a u se  S. a ltern iflo ra  d id  n o t o ccu r in  n o r th e rn  F ra n c e  (O liv e r, 
1925); th e y  th o u g h t th e  p la n t  to  b e  S. g labra  v a r. p ilo sa .

M an y  o f  th e  e a r ly  e x p la n a tio n s  o f  th e  a p p e a ra n c e  o f  th e  S. anglica  
agg. w e re  b a se d  o n  th e  p o ss ib ility  o f  a  d ire c t  in tro d u c tio n  o f fo re ig n  
Spartina  ta x a , u su a lly  o n e  o f  th e  n u m e ro u s  n a m e d  v a r ie tie s  in  th e  S. 
altern iflo ra /S . g labra  c o m p le x . T h is  is p ro b a b ly  m o re  a re fle c tio n  o f  th e  
co n fu sed  s ta te  o f  th e  ta x o n o m y  o f  S. a lte rn iflo ra  a t  th a t  tim e  th a n  to  any  
g re a t re se m b la n c e  o f  th e  S. anglica  agg . to  th e  p u b lish e d  d e sc rip tio n s  o f 
o th e r  ta x a  (se e  M o b b e r le y  (1956) fo r  a re v ie w  o f  th e  id eas o n  th e  
tax o n o m y  o f  S. a lte rn iflo ra ). T h e  in tro d u c tio n  o f  a  fo re ig n  sp ec ies 
th eo ry  w as d isp o se d  o f  by  S ta p f  (1 9 0 8 ), w h o  fo u n d  th a t  n o  sp ec ie s  o f  
Spartina  ex ac tly  m a tc h e d  th e  fo rm s  th a t  h a d  f irs t  a p p e a re d  a t H y th e . 
S ta p f  p ro p o se d  th a t  th e  m o s t p la u s ib le  a lte rn a tiv e  w as th a t  th e  S. 
anglica  agg . h a d  a risen  by  h y b rid iz a tio n  b e tw e e n  S . m a r itim a  a n d  S. 
a ltern iflo ra , g iv en  th e  in te rm e d ia te  m o rp h o lo g y  o f  th e  p la n ts  a n d  th e ir  
sim ila rity  to  “ S’, x  n e yra u tii” w h ich  h a d  a r is e n  in  th e  o n ly  o th e r  lo ca tio n  
w h e re  S. m a r itim a  a n d  S. a lte rn iflo ra  c o -e x is te d  (S ta p f , 1908).

T h is id e a  ra p id ly  b e c a m e  a c c e p te d , a lth o u g h  th e  u n ifo rm ity  o f  seed  
p ro g e n ie s  o f  S. anglica  c re a te d  p ro b le m s  b e c a u se  if  th e  sp ec ie s  w as a 
h y b rid , se g re g a tio n  o f  p a re n ta l  tra its  w o u ld  b e  e x p e c te d . T h e  s itu a tio n  
w as su m m ed  u p  by O liv e r  (1925) w h o  w ro te :

If it [S. anglica] is a hybrid, then it should betray its hybrid constitution.
In one respect it does this, viz. in the extrem e vegetative vigour which it 
displays. A  vigorous constitution of this kind is not unusual in a first cross; 
what is surprising is that not only is this vigour m aintained through many 
seed generations but th at the  p lan t should rem ain substantially uniform. 
There is no evidence of segregation, which is to be expected in an ordinary 
hybrid.

O liv e r  g o e s  o n  to  say  th a t  th e  lack  o f  s e g re g a tio n  m ay  n o t  n ecessa rily  
b e  a  p ro b le m  a n d  a p p e a rs  to  p ro p o se  th e  p o ss ib ility  th a t  th e  c h a ra c te r 
istics o f  S. anglica  c o u ld  b e  e x p la in e d  by a llo p o ly p lo id y :

This circumstance [lack of segregation], which at first sight seems to 
negative the hybrid theory, does not however absolutely close the door to 
it, because there  exists a class of hybrids characterized by perfect stability.
But it would be prem ature to  assert that 5. townsendii belonged to this 
class, w ithout the production of evidence.

H u sk in s  (1 9 3 0 a ,b ) f in a lly  p ro v id e d  th is  e v id e n c e  w h e n  h e  m a d e  c h ro m o 
so m e co u n ts  o n  S. anglica  a n d  its p u ta t iv e  p a re n ts ,  a n d  fo u n d  th e m  to
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b e  in  p e rfe c t a g re e m e n t w ith  th e  th e o ry  o f  an  a llo p o ly p lo id  o r ig in . 
A lth o u g h  H u s k in s ’ f ig u res h a v e  p ro v e d  to  b e  in a c c u ra te  (se e  b e lo w ) , th e  
p u b lic a tio n  o f  h is p a p e rs  firm ly  e s ta b lish e d  a llo p o ly p lo id y  a s  th e  p re v a il
in g  th e o ry  to  a c c o u n t fo r  th e  o rig in  o f  S. a n g lica , a n d  th is  th e o ry  has 
n e v e r  b e e n  in se rio u s  d o u b t.

T h e re  is n o w  a w e a lth  o f  e v id e n c e  to  sh o w  th a t  5 . x  to w n se n d ii  is a 
h y b rid  b e tw e e n  S . m a r itim a  a n d  S. a lte rn iflo ra , a n d  th a t  c h ro m o so m e  
d o u b lin g  in  S . x  to w n se n d ii,  e i th e r  in  so m a tic  tis su e  o r  b y  th e  fu s io n  o f  
u n re d u c e d  g a m e te s , p ro d u c e d  S. ang lica . T h is  e v id e n c e  c a n  b e  sp lit 
b ro a d ly  in  fo u r  ca teg o rie s : m o rp h o lo g ic a l, h is to r ic a l,  cy to lo g ica l a n d  
b io ch e m ic a l.

B. Evidence for the Origin

1. M orphological Evidence
A s n o te d  in  a  p re v io u s  se c tio n , w h e n  th e  G ro v e s  firs t d e sc rib e d  S. x  
to w n se n d ii  th e y  th o u g h t th a t  th e  p la n t w as S. a lte rn iflo ra  b u t  th e n  
d e c id e d  th a t  it  w as S. m a r itim a  (G ro v e s  a n d  G ro v e s ,  1879), b e fo re  
e v en tu a lly  d e c id in g  th a t  th e  p la n t  w as n e i th e r  o f  th e s e  sp e c ie s . T h e  
re a so n s  fo r  th in k in g  in itia lly  th a t  th e  p la n ts  w e re  S. a lte rn iflo ra  w e re  
th a t  th e  sp e c im en s  w e re  to o  ta li to  b e  S. m a r itim a  a n d  th a t  th e  p an ic les  
c o n s is ted  o f  fo u r  to  six  sp ik es  r a th e r  th a n  th e  tw o  u su a lly  p r e s e n t  in  S. 
m a r itim a . In  a d d itio n , th e  sp ik e s  w e re  lo n g e r  a n d  h a d  m o re  sp ik e le ts  
th a n  u su a l fo r  S. m a r itim a .  T h e  G ro v e s  th o u g h t,  h o w e v e r , th a t  th e se  
w e re  u n re lia b le  c h a ra c te rs  fo r  d is tin g u ish in g  b e tw e e n  S . a lte rn iflo ra  a n d  
S . m a r itim a .  T h e  d ec is io n  to  assign  th e  fo rm s  fo u n d  a t  H y th e  to  S. 
m a r itim a  w as b a se d  o n  th e m  h a v in g  lea v es  d is tin c tly  a r tic u la te d  w ith  th e  
le a f  sh e a th s  a n d  flag  lea v es  th a t  d id  n o t  o v e r to p  th e  sp ik e s , b o th  
c h a ra c te rs  o f  S . m a ritim a . S p a rtin a  a lte rn iflo ra , o n  th e  o th e r  h a n d , h as 
le a v es  th a t  a re  m o re  c o n tin u o u s  w ith  th e  sh e a th s  a n d  flag  lea v es  th a t  
a lw ay s e x te n d  b e y o n d  th e  sp ik es.

I t  c an  b e  se e n  fro m  th e  e a r ly  co n fu s io n  th a t  5 . x  to w n se n d ii  h a s  m an y  
c h a ra c te ris tic s  in  co m m o n  w ith  b o th  S . m a r itim a  a n d  S . a lte rn iflo ra ,  
te n d in g  to w a rd s  S. a lte rn iflo ra  in in f lo re sc e n c e  s tru c tu re ,  a n d  to w a rd s  5. 
m a r itim a  in  fo lia g e  c h a ra c te rs . T h e se  h y b rid  c h a ra c te ris tic s  a re  b o rn e  
o u t  b y  th e  d a ta  o f  M a rc h a n t (1967) a n d  H u b b a rd  (1968). O th e r  
ch a ra c te ris tic s  g iv en  a s  e v id e n c e  o f  h y b rid  o rig in  a re  th e  p ro lif ic  rh iz o m e  
p ro d u c tio n , as in  S. a lte rn iflo ra , a n d  th e  d e n se  til le r in g , a s  in  S. 
m a r itim a .  T h e  m o rp h o lo g ic a l e v id e n c e  is, th e re fo re ,  c o n s is te n t w ith  S. 
x  to w n se n d ii b e in g  a h y b rid  b e tw e e n  S . a lte rn iflo ra  a n d  S. m a r itim a .

T h is  b e in g  th e  case , w e m ay  ask  w h e th e r  th e  m o rp h o lo g y  o f  S.
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anglica  is c o n s is te n t w ith  it b e in g  th e  p ro d u c t  o f  c h ro m o s o m e  d o u b lin g  
in  S. x  to w n se n d ii.  T h e  fa ilu re  to  d is tin g u ish  b e tw e e n  th e  tw o  fo r  o v e r  
50 y ea rs  sh o w s th a t  th e y  h av e  m an y  f e a tu re s  in  c o m m o n . In  m o st 
resp ec ts  a p a r t  f ro m  h e ig h t , h o w e v e r , S. ang lica  is la rg e r  th a n  S. x  
tow nsend ii  (M a rc h a n t ,  1967; H u b b a rd , 1968). S p a rtin a  anglica  leav es  
ten d  to  b e  lo n g e r  a n d  w id e r , th e  ligu les a re  lo n g e r ,  a n d  th e  sp ik e s  a re  
lo n g er as a re  th e  sp ik e le ts . T h is  is su g g estiv e  o f  th e  so -c a lled  “ g ig as” 
m o rp h o lo g y  o f  in c re a se d  size  o f  p la n t  o rg a n s  re su ltin g  f ro m  in c re ased  
cell size d u e  to  p o ly p lo id y . M a rc h a n t  (1967) a lso  fo u n d  th a t  th e  v o lu m e  
of p o llen  g ra in s  o f  S. anglica  is tw ice  th a t  o f  S . x  to w n se n d ii ,  a s tro n g  
in d ica tio n  th a t  c h ro m o so m e  d o u b lin g  in  S. x  to w n se n d ii  g ave  r ise  to  S. 
anglica. T h u s , th e  m o rp h o lo g ic a l d a ta  a re  e n tire ly  c o n s is te n t w ith  th e  
classical th e o ry .

2. Historical Evidence
F ro m  in fo rm a tio n  o n  th e  h is to rica l d is tr ib u tio n  o f  S. a lte rn iflo ra  a n d  S. 
m a ritim a  it c a n  b e  sh o w n  th a t  th e  tw o  sp e c ie s  c o -e x is te d  in  S o u th a m p to n  
W a te r  im m e d ia te ly  p r io r  to  th e  d isco v ery  o f  S. x  to w n se n d ii.

Spartina  m a r itim a  o c cu rs  f ro m  B rita in  a n d  th e  L o w  C o u n tr ie s  in  th e  
n o r th , th ro u g h  F ra n c e ,  S p a in  a n d  P o r tu g a l,  a n d  in to  th e  M e d ite r ra n e a n ;  
fu r th e r  so u th  th e  p la n t  o c cu rs  in  r a th e r  iso la te d  p o p u la t io n s  d o w n  th e  
w est co as t o f  A fr ic a  fro m  M o ro c co  to  th e  C a p e  o f  G o o d  H o p e . Spartina  
m a ritim a  is u su a lly  th o u g h t o f  as a  n a tiv e  o f  th e  B ritish  Is le s . T h ro u g h 
o u t n o r th e rn  E u ro p e ,  h o w e v e r , it  sh o w s a  lack  o f  v ig o u r in  c o m p a riso n  
w ith  sp e c im en s f ro m  S p a in  a n d  A frica . T h is  le d  C h e v a lie r  (1923) to  
suggest th a t  it m ay  o n ly  b e  n a tiv e  to  A fr ic a  a n d  w as in tro d u c e d  in to  
n o r th e rn  E u ro p e  by  sh ip p in g .

T h e  first r e c o rd  fo r  S. m a r itim a  in B r ita in  is f ro m  n o r th e rn  K e n t in 
1629 (H u b b a rd , 1965b). B ro m fie ld  (1836) re c o rd e d  it f ro m  th e  m o u th  o f  
th e  R iv e r  l ic h e n  a n d  H y th e ,  a n d  T o w n se n d  (1883) d e sc rib e d  it as b e in g  
“ ra th e r  c o m m o n ”  in  H a m p sh ire .  B y  th e  1900s th e  sp ec ie s  h a d  b e e n  
re co rd e d  fro m  L in c o ln sh ire  to  n o r th  K e n t o n  th e  e a s t  c o a s t,  a n d  fro m  
C h ich e s te r  to  th e  E x e  o n  th e  so u th  co as t (S ta p f , 1908). T h is  p ro b a b ly  
re p re se n te d  th e  g re a te s t  lim it o f  S. m a r itim a  in  B r ita in  a n d  by  th e  1930s 
it w as b e co m in g  q u ite  ra re . H a ii  (1934) re c o rd s  th a t  it  h a d  b e e n  
“ p ra c tica lly  e x te rm in a te d ”  in  H a m p sh ire ,  a n d  in  a  re c e n t  su rv e y  th e  
only  lo c a tio n  fo r  th e  p la n t  o n  th e  so u th  co as t w as H a y lin g  Is lan d  
(R a y b o u ld  e t a l ,  1991b). T h e  p a t te rn  is s im ila r  o n  th e  e a s t c o a s t,  w h e re  
since 1950 th e  p la n t a p p e a rs  to  h av e  b e e n  lo s t f ro m  L in c o ln sh ire , 
N o rfo lk  a n d  K e n t a n d  n o w  o ccu rs  o n ly  o n  h ig h  lev e l sa lt m a rsh e s  in 
E ssex  a n d  s o u th e rn  S u ffo lk  (R a y b o u ld  e t a l ,  1991c).

T h e re  a p p e a r  to  b e  se v e ra l re a so n s  fo r  th e  d e c lin e  o f  S . m a r itim a . O n  
th e  so u th  c o a s t m a n y  h a b ita ts  h a v e  b e e n  d e s tro y e d  th ro u g h  lan d
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re c la m a tio n  fo r  a g ric u ltu re  o r  in d u s tr ia l  d e v e lo p m e n t;  th is  is e sp ec ia lly  
so  in  S o u th a m p to n  W a te r  (M a rc h a n t , 1967; R a y b o u ld  e t a l., 1991b). O n  
th e  e a s t  c o a s t,  a lth o u g h  so m e  p o p u la tio n s  m ay  h a v e  b e e n  lo st th ro u g h  
la n d  re c la m a tio n , th e  m a jo r  fa c to rs  h a v e  b e e n  e ro s io n  a n d  su ccess io n a l 
c h a n g e , th e  in v as io n  o f  h ig h -lev e l S. m a r itim a  h a b ita ts  by  H a lim io n e  
p o r tu la co id e s  b e in g  a  p a r tic u la r ly  co m m o n  c au se  o f  its  d e c lin e  (R a y 
b o u ld  et a l., 1991b). I t  h as  o f te n  b e e n  a ssu m e d  th a t  th e  s p re a d  o f  S. 
anglica  h a s  b e e n  im p o r ta n t in th e  d e c lin e  o f  S. m a r itim a .  T h e s e  sp ec ie s  
ra re ly  c o -o c c u r , h o w e v e r , a n d  th e  sp re a d  o f  S. ang lica  a n d  th e  d ec lin e  
o f  S. m a r itim a  a re  p ro b a b ly  tw o  in d e p e n d e n t  in d ic a to rs  o f  eco lo g ica l, 
s e d im e n ta ry  a n d  sea  leve l c h a n g e s , ra th e r  th a n  c au se  a n d  e ffec t.

S p a rtin a  a ltern iflo ra  is a n a tiv e  o f  th e  e a s te rn  s e a b o a rd  o f  N o r th  
A m e ric a  w h e re  it g row s in  la rg e  m o n o sp e c if ic  sw ard s  f ro m  N e w fo u n d 
la n d  in  th e  n o r th  to  th e  G u lf  o f  M ex ico  in  th e  so u th . T h e  sp ec ie s  is a lso  
re c o rd e d  f ro m  tro p ic a l S o u th  A m e ric a , a lth o u g h  so m e  b o ta n is ts  c o n s id e r  
th e s e  re c o rd s  re fe r  to  th e  c lo se ly  r e la te d  sp e c ie s  S. g la b ra  M u h l. 
S p a rtin a  a lte rn iflo ra  w as p ro b a b ly  in tro d u c e d  in to  S o u th a m p to n  W a te r  
fro m  th e  U S A  by  sh ip p in g . B ro m fie ld  (1836) su g g ests  th a t  th e  sp ec ie s  
m ay  h a v e  b e e n  in  th e  R iv e r  l ic h e n  s in ce  1816. T o w n se n d  (1883) re co rd s  
th a t  in  1879 it w as “ a b u n d a n t  by th e  l ic h e n  f ro m  th e  se a  u p w a rd s  to  
b e y o n d  S o u th to n  [S o u th a m p to n ]” . S ta p f  (1908) a lso  re c o rd e d  th a t  th e  
p la n t w as a b u n d a n t  in  th e  I tc h e n  a n d  S o u th a m p to n  W a te r . T h e  ra n g e  o f 
th e  sp e c ie s  e x te n d e d  u ltim a te ly  fro m  L y m in g to n  in th e  w e st to  th e  
m o u th  o f  th e  R iv e r  M e o n  in  th e  e a s t (H a ii ,  1934).

A s  is th e  case  w ith  S . m a ritim a , S . a lte rn iflo ra  h a s  u n d e rg o n e  a  m a jo r  
d e c re a se  in  d is tr ib u tio n  s in ce  th e  tu rn  o f  th e  c e n tu ry . In d u s tr ia l  d e v e lo p 
m e n t h a s  p la y e d  a la rg e  p a r t  in  th is re g re ss io n , a lth o u g h  so m e  p o p u la 
tio n s  w e re  lo s t  d u e  to  b e in g  o v e rru n  b y  S. an g lica  (M a rc h a n t ,  1967). 
S in ce  1963 th e  sp ec ie s  h a s  ex is te d  a t o n ly  o n e  s ite , a t  M a rc h w o o d  o n  th e  
w est sh o re  o f  S o u th a m p to n  W a te r  (M a rc h a n t  a n d  G o o d m a n , 1969).

F ro m  th e  re c o rd s  a v a ila b le , th e re  a p p e a r  to  b e  tw o  p lac es  w h e re  S. 
m a ritim a  a n d  S. a lte rn iflo ra  o c c u rre d  to g e th e r ,  n a m e ly  a t  th e  m o u th  o f  
th e  I tc h e n  a n d  a t H y th e . B ro m fie ld  (1836) w ro te  th a t  w h e re  th e  I tc h e n  
e n te re d  S o u th a m p to n  W a te r  “S p . stric ta  g ro w s c lo se  to  p a tc h e s  o f  Sp . 
a lte rn iflo ra ” . T o w n se n d  (1883) a lso  re c o rd e d  b o th  sp e c ie s  f ro m  th is 
lo c a tio n . T o w n se n d  a lso  re p o r te d  S. a lte rn iflo ra  a n d  S. m a r itim a  as 
g ro w in g  to g e th e r  a t  H y th e ,  a n d  th e  G ro v e s  (1879) fo u n d  sp e c im en s  o f 
S. x  to w n se n d ii  g ro w in g  am o n g s t s ta n d s  o f  S. a lte rn iflo ra .

I f  it  is a ssu m e d  th a t  S . m a r itim a  w as g ro w in g  a t th e  m o u th  o f  th e  
I tc h e n  w h e n  S. a ltern iflo ra  w as f irs t in tro d u c e d , th e n  th e  sp e c ie s  co u ld  
h a v e  e x is te d  to g e th e r  fo r  o v e r  50 y ea rs  b e fo re  th e  d isco v ery  o f  S. x  
to w n se n d ii. H is to r ic a l re c o rd s  sh o w , th e re fo re ,  th a t  th e  o rig in  o f  th e  S. 
anglica  agg . th ro u g h  h y b rid iz a tio n  w as feas ib le .
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3. Cytological Evidence
T h e  firs t w o rk  o n  th e  cy to lo g y  o f  th e  S . anglica  co m p le x  w as b y  H u sk in s  
(1 9 3 0 a ,b ). U s in g  m ito tic  cells f ro m  ro o t  t ip  m e ris te m s , h e  fo u n d  S. 
m a ritim a  h a d  2 n  =  56 , S. a lte rn iflo ra  2 n  — 70 a n d  S . anglica  I n  — 126. 
T h ese  c o u n ts  fit ex ac tly  w ith  th e  th e o ry  th a t  S . anglica  is th e  a m p h id ip 
loid d e r iv a tiv e  o f  th e  o th e r  tw o  sp ec ie s . H u sk in s  u se d  p la n ts  o f S. 
altern iflora  f ro m  N ew  Y o rk  S ta te  r a th e r  th a n  B ritish  m a te r ia l ,  w h ich  left 
h im  o p e n  to  th e  c ritic ism  th a t  h e  m ay  h a v e  e x a m in e d  a  d iffe re n t 
cy to ty p e  fro m  th e  o n e  in v o lv e d  in  th e  o rig in  o f  S. ang lica  (M a rc h a n t, 
1963). N e v e r th e le s s , th e  re su lts  se e m e d  so  co n c lu s iv e  th a t  fo r  n e a r ly  30 
years  th e  q u e s tio n  o f  th e  o rig in  o f  S. ang lica  w as n o t re -e x a m in e d .

T h e  w o rk  o f  H u b b a rd  (1957) in  p o in tin g  o u t  th a t  an  F I  h y b rid  e x is ted  
a t  o n e  tim e  p ro b a b ly  sp a rk e d  a  n ew  in te re s t  in  th e  cy to lo g y  o f  th e  S. 
anglica  c o m p lex . B o y le  a n d  K a v a n a g h  (1961) c o u n te d  2 n  =  126 fo r  S. 
anglica  f ro m  I re la n d , a lth o u g h  th e y  la te r  c o r re c te d  th is  to  I n  =  124 by 
th e  r e - in te rp re ta t io n  o f  m u ltiv a le n ts  (B o y le , 1973).

M a rc h a n t (1963) sh o w ed  th a t  H u s k in s ’ c o u n ts  w e re  in a c c u ra te , a n d  
gave c o u n ts  fo r  S . m a r itim a  o f 2 n  =  60 , fo r  S. a lte rn iflo ra  o f  2 n  =  62, 
an d  fo r S. anglica  a  ra n g e  f ro m  I n  =  120 to  124. H e  a lso  fo u n d  s te rile  
p lan ts  a t  H y th e  w ith  2 n  =  62 a n d  th e se  w e re  d e s ig n a te d  S . x  to w n se n 
dii. T h e s e  co u n ts  w e re  in  g o o d , th o u g h  n o t in  p e r fe c t  a g re e m e n t w ith  
th e  c lassical th eo ry .

M a rc h a n t (1968) g ives a d e ta ile d  a c c o u n t o f  th e  cy to lo g y  o f  th e  
co m plex . Sp a rtin a  m a r itim a  a lm o s t a lw ays fo rm s 30 b iv a le n ts  a t  m eio sis  
an d  all m ito tic  cells h a d  2 n  =  60. In  S. a lte rn iflo ra  f ro m  B rita in , 
M a rc h a n t fo u n d  so m e  in c o n s ta n c y  in  c h ro m o s o m e  n u m b e r  in  so m e  
tille rs . In  o n e  t il le r  th e re  w as a  r a n g e  fro m  I n  =  61 to  2 n  = 66  w ith  a 
m o d e  o f  62. M e io tic  c o u n ts  w e re  a lw ays n  =  31 w ith  a  m a x im u m  o f  tw o 
m u ltiv a le n ts  p e r  cell, su g g e stin g  a  p o ly so m ic  c o n s titu tio n  o f  6x +  2. 
M a rc h a n t (1970) a lso  c o u n te d  5 . a ltern iflo ra  m a te r ia l  f ro m  N o r th  
A m e ric a  a n d  fo u n d  2 n  =  62 in  all cases. T h is  e n d e d  sp e c u la tio n  th a t  S. 
a ltern iflora  e x is ted  as tw o  c h ro m o s o m e  ra c e s  o f  2 n  =  8x =  56 an d  
I n  — lOx =  70 (u n til th e  1960s it  w as th o u g h t th a t  th e  g en u s  Sp a rtin a  
h a d  a b asic  n u m b e r  o f  7 r a th e r  th a n  10).

In  S. x  to w n sen d ii  M a rc h a n t  (1968) fo u n d  so m e  v a r ia tio n  in  c h ro m o 
so m e n u m b e r  w ith in  t il le rs ,  w ith  a m o d e  o f  62. A s  w ith  S. a lte rn iflo ra , 
he  su g g e ste d  th a t  th e  v a r ia tio n  h a d  a p h y sio lo g ic a l b a s is  a s  p la n ts  th a t 
h a d  w eak  g ro w th  h a d  m o s t v a r ia tio n . M e io sis  w as sh o w n  to  b e  co m p lex  
w ith  n u m e ro u s  u n iv a le n ts  a n d  m u ltiv a le n ts  a t  m e ta p h a se  I  (F ig . 3). 
T riv a len ts  w e re  th e  m o st co m m o n  m u ltip le s , a lth o u g h  q u a d riv a le n ts  an d  
o th e r  a r ra n g e m e n ts  o c c u rre d , a n d  u su a lly  less th a n  h a lf  o f  th e  c h ro m o 
so m es w e re  le f t u n p a ire d . C h ia sm a  f re q u e n c ie s  ra n g e d  f ro m  0 .53  to  0 .75



Fig. 3. M etaphase 1 at meiosis in Spartina x  townsendii (2n =  6m +  15n +  14j 
=  62).

p e r  p a ire d  c h ro m o so m e , a n d  f ro m  17.4 to  3 1 .3  p e r  c e ll, d e p e n d in g  on  
u n iv a le n t f re q u e n c y . T h e  h ig h e s t p a ir in g  w as in  p la n ts  w ith  th e  “ d w a rf  
b ro w n ”  p h e n o ty p e  first d e sc rib e d  f ro m  th e  D o v e y  E s tu a ry  a n d  th e  
B ris to l C h a n n e l by  C h a te r  a n d  Jo n e s  (1951).

M a rc h a n t  fo u n d  a ra n g e  o f  c h ro m o so m e  n u m b e rs  in  S. ang lica  f ro m  
2 n  =  120 -  127, w ith  th e  g re a t  m a jo rity  o f  c lo n e s  h a v in g  120, 122 o r  
124. A ll c lo n e s  sh o w ed  a lm o s t re g u la r  m e io tic  p a ir in g  (F ig . 4) w ith  a 
h ig h  c h ia sm a  fre q u e n c y  o f  0 .7 4 -0 .8 6  p e r  p a ire d  c h ro m o s o m e . U n i
v a le n ts  o c c u rre d  up  to  a  m ax im u m  o f  te n  p e r  cell in  a n e u s o m a to u s  
p la n ts  d u e  to  so m e  c h ro m o so m e s  h av in g  n o  h o m o lo g u e  w ith  w h ich  to  
p a ir .  Q u a d r iv a le n ts  o c c u rre d  u p  to  a m ax im u m  o f  five  p e r  cell, an d  
tr iv a le n ts  to  a le s se r  e x te n t.

M a rc h a n t a lso  d e sc rib e d  p o ss ib le  b a ck c ro sse s  o f  .S. anglica  to  a 
p a re n ta l  sp e c ie s . T w o  u n u su a l c lo n e s  w e re  fo u n d  in  S o u th a m p to n  
W a te r .  O n e  c lo n e  g ave  a  c o u n t o f  2 n  = ca  90 a t  m e io s is , w ith  a
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Fig. 4. Diakinesis at meoisis in S. anglica (2n =  61n +  2i = 124).

m ax im u m  o f  16 u n iv a le n ts  a n d  on ly  r a re  m u ltiv a le n ts . T h e re  w as 
re la tiv e ly  lit t le  lag g in g  a t a n a p h a se ,  a n d  th e  s e c o n d  d iv is io n  w as m o re  o r 
less re g u la r , g iv ing  te t r a d s  th a t  a p p e a re d  n o rm a l. S e e d  s e t  in  th e  c lo n e  
was d e sc rib e d  as “ a b u n d a n t” . T h e  o th e r  c lo n e  g a v e  co u n ts  o f  2 n  — ca  76 
from  m ito tic  cells. A t  m eio sis  u p  to  19 u n iv a le n ts  w e re  fo u n d  w ith  few  
m u ltiv a len ts . A t  a n a p h a se  lag g a rd s  w e re  c o m m o n  w ith  a s  m a n y  as 11 
u n iv a len ts  b e in g  e x c lu d ed  fro m  d a u g h te r  n u c le i. T e tr a d s  w e re  ir re g u la r  
b u t se e d  w as s e t  o ccas io n a lly . B o th  th e se  c lo n e s  re se m b le d  S. a lte rn i
flo ra  in  m o rp h o lo g y  (M a rc h a n t , 1967) a n d  p o ss ib ly  r e p re s e n t  a  back - 
cross o f  S. ang lica  to  th is  p a re n t .  T h e  g e n o m e  re la tio n s h ip s  e lu c id a te d  
by M a rc h a n d s  w o rk  a re  sh o w n  in  F ig . 5 , a n d  s tro n g ly  s u p p o r t  th e  th e o ry  
o f th e  o rig in  as o u tlin e d  p rev io u s ly .

D e sp ite  th e  v e ry  s tro n g  e v id e n c e , f ro m  s e v e ra l so u rc e s , so m e  d o u b ts  
still re m a in e d  o v e r  th e  o rig in  o f  S . ang lica . F irs t ,  it  h a d  n o t  p ro v e d  
p o ss ib le  to  re sy n th e s iz e  th e  sp ec ie s  fro m  th e  p u ta t iv e  p a re n ts .  M a rc h a n t 
(1964) a tte m p te d  to  c ro ss  S. m a r itim a  a n d  S. a lte rn iflo ra  b y  b ag g in g
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S. m aritim a  x S. a lte rn iflo ra
2/? = 6 x + 2  = 6 22/7 = 6 x  = 6 0

S. x townsendii 
Z n -c a  6x  = 6 2

2 nd b ack cro ss  
2/7 = ca  7 6

doublingchrom osom e

S. anglica 1 s t b ac k c ro ss
Z n - c a  1 2 x = 1 2 0 ,  122  & 1 2 4  2/7 = a ? 9 0

ch ro m o so m e lossagam osperm y

aneuploids

Fig. 5. G enom e relationships in Spartina (based on M archant, 1968).

f lo w erin g  h e a d s  to g e th e r  a n d  b y  p lac in g  p o ts  in  w h ich  th e  sp e c ie s  w e re  
g ro w in g  a d ja c e n t  to  e ac h  o th e r .

In  n e ith e r  se t o f  e x p e rim e n ts  w as se e d  s e t  o n  e i th e r  sp ec ie s . M a rc h a n t 
(1964) a lso  u se d  co lch ic in e  in  an  a tte m p t to  d o u b le  th e  c h ro m o so m e  
n u m b e r  o f  S. x  to w n se n d ii  to  p ro d u c e  S. a n g lica .  T re a tm e n ts  in c lu d e d  
im m e rs io n  o f  t il le r  a n d  rh iz o m e  ap ices  in  c o lch ic in e  s o lu t io n , a p p lic a tio n  
o f  c o lc h ic in e -c o n ta in in g  a g a r  b lo ck s  to  g ro w in g  p o in ts , a n d  in je c tio n  o f 
c o lch ic in e  so lu tio n  in s id e  th e  le a f  sh e a th  en c lo s in g  th e  f lo w e rin g  sp ik es . 
In  n o  in s ta n c e  w as c h ro m o so m e  d o u b lin g  in d u c e d . A lso , R a y b o u ld
(1989) fo u n d  th a t  th e  p o lle n  o f  b o th  5 . a ltern iflo ra  a n d  S. m a r itim a  
g ro w n  in  a g la s sh o u se  w as c o m p le te ly  s te r ile  on  th e  b as is  o f  th e  
flu o ro sc e in  d ia c e ta te  te s t  (H e s lo p -H a r r is o n  e t a l., 1984), so  th a t  e x p e r i
m e n ts  to  re sy n th e s iz e  S. x  to w n se n d ii  c o u ld  n o t  b e  p e r fo rm e d . A  
se c o n d  d o u b t w as ra is e d  b y  th e  re v ised  c h ro m o s o m e  c o u n ts  p re s e n te d  
by  M a rc h a n t. T h e  c o u n ts  o f  H u sk in s  m e a n t th e  p o ss ib ility  th a t  S. 
anglica  co u ld  h a v e  a r is e n  d irec tly  fro m  e ith e r  S. a lte rn iflo ra  o r  S. 
m a ritim a  th ro u g h  a u to p o ly p lo id y  co u ld  b e  d isc o u n te d . T h e  n ew  co u n ts  
m a d e  by  M a rc h a n t , in  w h ich  th e  c h ro m o so m e  n u m b e rs  o f  b o th  S. 
m a r itim a  a n d  £ . a ltern iflo ra  a re  ro u g h ly  h a lf  th o se  o f  S. a n g lica , m e a n t 
th a t a u to p o ly p lo id y  m u st b e  c o n s id e re d .
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T h e  a v a ila b le  e v id e n c e  w as la rg e ly  a g a in s t an  a u to p o ly p lo id  o rig in . 
F irst, th e  k a ry o ty p e  o f  S. anglica  a p p e a re d  to  b e  a c o m b in a tio n  o f  th e  
k a ry o ty p es  o f  S. m a r itim a  a n d  S. a lte rn iflo ra  (M a rc h a n t , 1968). T h e  
c h ro m o so m es o f  S p a rtin a  a r e ,  h o w e v e r , v e ry  sm a ll a n d  M a rc h a n t  co u ld  
no t u n eq u iv o c a lly  c o n firm  an  a llo p o ly p lo id  o rig in  o n  th e  b as is  o f 
c h ro m o so m e  m o rp h o lo g y . S e c o n d ly , th e  c h ia sm a  f re q u e n c y  in b o th  
p u ta tiv e  p a re n ts  is h igh  (M a rc h a n t , 1968) a n d  th u s  a n  a u to p o ly p lo id  
p ro d u c ed  f ro m  e ith e r  o f  th e s e  sp ec ie s  m ig h t b e  e x p e c te d  to  h a v e  a h igh  
freq u en cy  o f  m u ltiv a le n ts . Sp a rtin a  anglica  fo rm s m u ltiv a le n ts  ra re ly  
(see  F ig . 4 , fo r  e x a m p le )  a n d  so th e  c ase  fo r  a llo p lo y p lo id y  se e m e d  
strong . T h e re  a re  s e v e ra l cases d o c u m e n te d , h o w e v e r , w h e re  a u to p o ly 
p lo ids fo rm  o n ly  b iv a le n ts . T h is  p h e n o m e n o n  h a s  b e e n  o b se rv e d , fo r 
ex am p le , in  L o tu s  co rn icu la tu s  (D a w so n , 1941), T o lm e ia  m e n z ie s ii  
(Soltis a n d  S o ltis , 1988), th e  f e ra  g e n e ra  A s p le n iu m  a n d  A d ia n tu m  
(L ovis, 1964; V id a , 1970; M a n tó n  e t a l., 1970) a n d  in  se v e ra l a rtific ia lly  
p ro d u c ed  a u to te tra p lo id  c ro p s  (T im m is  a n d  R e e s ,  1971; A rm s tro n g , 
1971; d e  W e t an d  H a r la n ,  1972). T h u s , a u to p o ly p lo id y  c o u ld  n o t be 
re jec ted  co m p le te ly .

4. Biochemical Evidence
T h e  e v id en ce  th a t  fina lly  c o n firm e d  th e  a llo p o ly p lo id  o rig in  c a m e  fro m  
isozym e e le c tro p h o re s is . In  n ew ly  fo rm e d  a llo p o ly p lo id s  th e  c o m p o n e n t 
d ip lo id  g e n o m e s  a re  o f te n  e x p re ssed  e n tire ly  (G o t t l ie b ,  1982). T h u s  an  
a llo p o ly p lo id  sp ec ie s  w o u ld  h a v e  iso zy m e p h e n o ty p e s  th a t  a r e  th e  
p ro d u c t o f  th e  a d d itio n  o f  p a re n ta l  p o ly p e p tid e  s u b u n its , re su ltin g  in  all 
the p a re n ta l  b a n d s  b e in g  p re s e n t ,  p lu s  p o ss ib le  n ew  h y b rid  b a n d s  in 
m u ltim eric  e n zy m es (R o o s e  a n d  G o t t l ie b ,  1976). In  new ly  fo rm e d  
a u to te tra p lo id s  it is a ssu m e d  th a t  n o  b a n d s  c o u ld  b e  p r e s e n t  th a t  w ere  
not p re se n t in  th e  p a re n ta l  sp e c ie s , a n d  th is  is b o rn e  o u t  b y  th e  e v id e n ce  
av ailab le  (C ra w fo rd  a n d  S m ith , 1984; S o ltis  a n d  S o ltis , 1988). I t  h as  
recen tly  b e e n  sh o w n  (G ra y  1986; R a y b o u ld  1987, 1989; G ra y  e t al., 
1990a; R a y b o u ld  et a l., 1991b) th a t  B ritish  m a te r ia l  o f  S. m a r itim a  an d
5. a ltern iflora  p o ssess  u n iq u e  b a n d s  in s e v e ra l iso zy m e  sy stem s a n d  th a t 
5. x  to w n se n d ii  c o n ta in s  a ll o f  th e s e  b a n d s  (se e  F ig . 6). In  a d d it io n , S. 
X to w n sen d ii  sh o w ed  se v e ra l n o v e l h y b rid  b a n d s  in sy s tem s w h e re  
m u ltim eric  e n zy m es  a re  fo rm e d . In  a ll sy s tem s S. anglica  h a d  p h e n o 
types id en tica l to  S . x  to w n se n d ii.  T h is  e v id e n c e  c o m p le te ly  c o n firm e d  
th e  a llo p o ly p lo id  o rig in  o f  S. ang lica . G u e n e g o u  e t al. (1988) fo u n d  
sim ilar re su lts  u sin g  F re n c h  m a te r ia l ,  a lth o u g h  c e r ta in  f e a tu re s  o f  th is 
w ork su g g est th a t  th e  g e n o ty p e s  o f  th e  p a re n ta l  m a te r ia l  th e y  e x a m in e d  
w ere n o t th o se  in v o lv e d  in  th e  o rig in  o f  S. ang lica . F o r  e x a m p le , in 
su p e ro x id e  d ism u ta se  th e y  fo u n d  th a t  b o th  S. a lte rn iflo ra  a n d  S.
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Fig. 6. Isozyme phenotypes in Spartina dem onstrating th at S . anglica pheno
types are those expected if the species is an allopolyploid derivative of S. 
alterniflora and 5. maritima, a (U pper): Esterase (1 -4  S. m aritim a, 5 -6  S. x  
townsendii, 7 - 8  S. anglica, 9 -1 1  S. alterniflora, 12 S. glabra) b. (Lower): 
Phosphoglucose isom erase (1 -3  S. alterniflora, 4 -9  S. anglica, (10-13 S. 
maritima) (with permission from  Raybould et a l., 1991a).

m a ritim a  h a d  b a n d s  th a t  w e re  n o t p re s e n t  in  S . a n g lica , w h e rea s  
R a y b o u ld  et al. fo u n d  th a t  in  B ritish  m a te r ia l  o f  th e  p a re n ta l  sp e c ie s  all 
o f  th e  p a re n ta l  b a n d s  in th is  sy s te m  a re  fo u n d  in  th e  h y b rid s . A  sim ila r 
p o s it io n  o c c u rre d  w ith  ac id  p h o sp h a ta s e s . G u e n e g o u  e t al. a lso  fo u n d  
e s te ra se  p h e n o ty p e s  w ith  n o n -p a re n ta l  b a n d s , w h ich , s in c e  m o st e s te ra se  
e n zy m es a re  m o n o m e ric  (G o t t l ie b ,  1981), f u r th e r  su g g ests  th a t  th e ir  
m a te ria l  w as n o t  in v o lv ed  in  th e  o rig in  o f  S. ang lica .

C. “ Spartina x  neyrautii”
T h e  e v id e n c e  re v ie w e d  in  th e  p re c e e d in g  se c tio n s  c o n firm s  b ey o n d  
re a so n a b le  d o u b t  th e  n a tu re  o f  th e  o rig in  o f  S . a n g lica . T h e re  is, 
h o w e v e r , fu r th e r  e v id e n c e  f ro m  a  p la n t  k n o w n  a s S . x  n e yra u tii.  In  
so u th  w est F ra n c e  th e re  w as a lso  an  a c c id e n ta l  in tro d u c tio n  o f  S. 
a ltern iflo ra . I t  w as d isc o v e re d  by  L o is e le u r  in  th e  A r d o u r  E s tu a ry  n e a r  
B a y o n n e  in  1803. B y  th e  e a r ly  1900s it h a d  sp re a d  a lo n g  th e  co as t fo r  
a b o u t  25 m iles f ro m  C a p b re to n  to  th e  B id a s so a  E s tu a ry  (S ta p f , 1908). S.

t
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m aritim a  is n a tiv e  to  th is  a re a  (M o b b e r le y , 1956). In  1892, N e y ra u t 
co llec ted  an  u n u su a l fo rm  o f  S p a rtin a  f ro m  H e n d a y e  (M o b b e r le y , 1956) 
and  th e  s ta tu s  o f  th is  p la n t a n d  s im ila r  ty p es  fo u n d  in  th e  a re a  c au sed  
m uch c o n fu sio n . W h e n  N e y ra u t  d isc o v e re d  th e  p la n t  h e  th o u g h  it to  b e  
iden tica l to  S. x  to w n se n d ii  (C h e v a lie r , 1923). In  1894 F o u c a u d  d e s
c rib ed  it a s  a h y b rid  b e tw e e n  S. m a r itim a  a n d  S. a lte rn iflo ra  (S ta p f, 
1908), b u t  n a m e d  it S. x  n eyra u tii a s  h e  b e lie v ed  it h a d  c e r ta in  
d iffe ren ces f ro m  S. x  to w n se n d ii .  T h e  h y b rid  n a tu re  o f  S. x  neyra u tii 
was c o n firm e d  b y  M a rc h a n t  (1 9 7 7 ), w h o  fo u n d  th a t  it  h a d  th e  sam e  
c h ro m o so m e  n u m b e r  a n d  m e io tic  b e h a v io u r  as S. x  to w n sen d ii  a n d  a lso  
very sim ila r m o rp h o lo g y . R a y b o u ld  e t al. (1 9 9 1 a) c o n f irm e d  th a t  th e  
p lan t is a S. m a r itim a  x S. a lte rn iflo ra  h y b rid  u s in g  iso zy m e  p h e n o ty p e s , 
and  sh o w ed  th a t  S. x  n eyra u tii  m u s t  b e  c o n s id e re d  as a sy n o n y m  o f S. 
X to w n sen d ii. T h e  fa c t th a t  S. x  to w n se n d ii  h a s  b e e n  d isc o v e re d  in  th e  
only tw o p laces  w h e re  th e  d is tr ib u tio n s  o f  S. a lte rn iflo ra  a n d  S. m a ritim a  
a re  k n o w n  to  h a v e  o v e r la p p e d  is a fu r th e r  c o n firm a tio n  o f  th e  n a tu re  o f 
its o rig in .

D. Problems Over the Origin
T w o q u e s tio n s  re m a in  to  b e  a n sw e re d  o v e r  th e  o r ig in s  o f  th e  S. anglica  
agg. F irs t ,  d id  S’, anglica  se n su  str ic to  a r ise  m o re  th a n  o n c e , a n d  se c o n d , 
do  th e  tw o  in d e p e n d e n t  o rig in s  o f  S. x  to w n se n d ii  r e p re s e n t  re c ip ro c a l 
h y b rid iz a tio n s , a s  su g g e s te d  by  A r b e r  (1 9 3 4 ). T h e  firs t q u e s tio n  h as 
been  a d d re sse d  by  R a y b o u ld  et a l., (1 991a). T h e y  fo u n d  th a t  S. anglica  
has e x tre m e ly  low  lev e ls  o f  g e n e tic  v a r ia tio n  a t iso z y m e  loci (se e  b e lo w ), 
suggesting  a  s ing le  o r ig in . T h e  p a re n ta l  sp e c ie s  a n d  S. x  to w n se n d ii,  
ho w ev er, a lso  sh o w  l i t t le  v a r ia tio n  a n d  so  a m u lt ip le  o rig in  f ro m  u n ifo rm  
p a ren ts  c a n n o t  b e  d isc o u n te d . F u r th e r  re s e a rc h  u sin g  m o re  sen sitiv e  
m eth o d s  o f  d e te c t in g  g e n e tic  v a r ia tio n  (su ch  a s  “ g e n e tic  f in g e rp r in tin g ” ) 
m ay re so lv e  th is  p ro b le m . T h e re  is n o  a v a ila b le  in fo rm a tio n  o n  th e  
second  q u e s tio n . A  p o ss ib le  s o lu t io n , h o w e v e r , m ay  b e  a  s tu d y  o f  th e  
in h eritan ce  o f  c h lo ro p la s t  o r  m ito c h o n d r ia l  m a rk e rs ,  w h ich  h a v e  b e e n  
used re c e n tly  to  d e m o n s tra te  re c ip ro c a l o rig in s  fo r  T ra g o p o g ó n  sp ec ie s  
in th e  U S A  (S o ltis  a n d  S o ltis , 1989).

V. VARIATION IN SPARTINA ANGLICA

A. Sources of Genetic Variation in Spartina anglica
T he av a ilab le  e v id e n c e  o n  th e  lev e ls  o f  g e n e tic  v a r ia tio n  in  B ritish  
p o p u la tio n s  o f  th e  p a re n ta l  sp e c ie s  o f  S . ang lica  is lim ite d  to  an  isozym e
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su rv e y  b y  R a y b o u ld  et al. (1 9 9 1 b ). T h is  fo u n d  th a t  th e  s in g le  e x ta n t 
p o p u la t io n  o f  S. a lte rn iflo ra  w as m o n o m o rp h ic , a n d , a lth o u g h  th e re  w as 
so m e  e v id e n c e  o f  v a r ia tio n  in  S. m a r itim a ,  B ritish  m a te r ia l  o f  th is 
sp ec ie s  a lso  a p p e a re d  to  b e  la rg e ly  m o n o m o rp h ic  w ith  iso zy m e v a ria tio n  
lim ite d  to  tw o  c o m p a ra tiv e ly  r a re  fo rm s  o f  th e  e n zy m es sh ik im ic  acid  
d e h y d ro g e n a se  an d  g lu ta m a te  o x a la c e ta te  tra n sa m in a se .

A s  in d ic a te d  e a r lie r ,  th is  lack  o f  s ig n ific a n t lev e ls  o f  iso z y m e  p o ly 
m o rp h ism  in  th e  p a re n ta l  sp ec ie s  m e a n s  th a t  it is n o t p o ss ib le  to  
d is tin g u ish  b e tw e e n  sing le  o r  m u ltip le  o c c u rre n c e s  o f  e i th e r  th e  o rig in a l 
h y b rid iz a tio n  e v e n t w h ich  p ro d u c e d  S. x  to w n se n d ii  o r  th e  su b s e q u e n t 
ch ro m o so m e  d o u b lin g  w h ich  p ro d u c e d  S. anglica  (a s  h as b e e n  d o n e  w ith  
o th e r  a llo p o ly p lo id  sp ec ie s  su ch  as S en ec io  ca m b re n sis  (A b b o t t  an d  
A s h to n , 1989), T ra g o p o g ó n  (R o o se  a n d  G o t t le ib ,  1976) a n d  P lagio- 
m n iu m  m e d iu m  (W y a tt et a l., 1988)). H o w e v e r ,  th e  lack  o f  en zy m e  
p o ly m o rp h ism  in  th e  p a re n ta l  sp e c ie s  d o e s  a t  le a s t su g g est th a t  e v e n  if  
m u ltip le  e v e n ts  h a v e  o c c u r re d , th e y  a re  lik e ly  to  h a v e  r e s u l te d  in 
g e n e tica lly  id en tica l fo rm s o f S. anglica .

S in ce  th e  o rig in a l fo rm a tio n  o f  th e  sp e c ie s , th e  g e n e ra tio n  o f  v a r ia tio n  
in S. anglica  m ay  h a v e  o c c u rre d  in a n u m b e r  o f  w ay s a p a r t  fro m  
c o n v e n tio n a l m u ta t io n . O n e  p o ss ib le  so u rc e  o f  v a r ia tio n  is th ro u g h  
b a ck c ro ss in g  a n d  su b s e q u e n t  in tro g re ss io n  w ith  o n e  o f  th e  p a re n ta l  
sp ec ie s . S o m e  e v id e n ce  o f  th e  ty p e  o f  c h ro m o so m a l p o ly m o rp h ism  th a t  
m ig h t b e  a sso c ia te d  w ith  su ch  e v e n ts  ex is ts  (se e  S e c tio n  IV  a b o v e ) . T w o  
fu r th e r  p o te n tia l  so u rc e s  o f  v a r ia tio n  a re  c h ro m o so m a l in  o r ig in . In  an  
a llo p o ly p lo id  sp ec ie s  su ch  as S. a n g lica , in  w h ich  c h ro m o s o m e  d o u b lin g  
h as re s to re d  fe rtility , p a ir in g  a t  m e ta p h a s e  I o f  m eio sis  o f te n  o n ly  o ccu rs  
b e tw e e n  h o m o lo g o u s  c h ro m o s o m e s , i .e .  e q u iv a le n t  c h ro m o s o m e s  fro m  
th e  sa m e  p a re n ta l  g e n o m e . T h is  p h e n o m e n o n , k n o w n  a s p re fe re n tia l  
p a ir in g , h a s  b e e n  e x te n s iv e ly  s tu d ie d  in  p o ly p lo id s  su c h  as w h e a t  (e .g . 
R iley  a n d  C h a p m a n , 1958). S tr ic t  p re fe re n tia l  p a ir in g  m a in ta in s  th e  
v a r ia tio n  b e tw e e n  th e  p a re n ta l  g e n o m e s  in  th e  fo rm  o f  fix ed  h e te r o 
zy g osity  (e .g . A u n g  a n d  E v a n s ,  1987). In  c o n tra s t ,  i f  h o m e o lo g o u s  
p a irin g , i .e . p a ir in g  b e tw e e n  th e  e q u iv a le n t c h ro m o s o m e  fro m  d iffe re n t 
p a re n ta l  g e n o m e s , o ccu rs , re c o m b in a tio n  b e tw e e n  th e  p a r e n ta l  g e n o m e s  
is p o ss ib le . H o m e o lo g o u s  p a ir in g —e v e n  a t re la tiv e ly  lo w  f re q u e n c ie s — 
c o u ld  le a d  to  th e  g ra d u a l re le a s e  o f  g e n e tic  v a r ia tio n  f ro m  re c o m b in a 
tio n  b e tw e e n  th e  p a re n ta l  g e n o m e s .

A  se c o n d  c h ro m o so m a l so u rc e  o f  v a r ia tio n  is th ro u g h  a n e u p lo id y  ( i.e . 
th e  g a in  o r  lo ss o f  c h ro m o so m e s)  as th e  r e su lt  o f  e i th e r  u n b a la n c e d  
se g re g a tio n  a t  m eio sis  o r  so m a tic  e v e n ts . In  g e n e ra l,  p la n t  sp e c ie s , 
e sp ec ia lly  h igh  p o ly p lo id s  su ch  as S. a n g lica , a re  re la tiv e ly  to le ra n t  o f 
th e  re su ltin g  u n b a la n c e d  c h ro m o s o m e  d o sa g e  th a t  re su lts  f ro m  a n e u p 
lo id y , a t  le a s t th ro u g h  th e  v e g e ta tiv e  s ta g e s  o f  th e i r  life  cycle . H o w e v e r ,
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th e  re su ltin g  c o m p lica tio n s  a t  m e io sis  n o rm a lly  le a d  to  a t  le a s t so m e  level 
o f re d u c e d  sex u a l fe rtility . T h is  is n o t  a  p ro b le m  in  sp e c ie s  w h ic h , like  
S. ang lica , p ro p a g a te  ex te n s iv e ly  by  a se x u a l m ea n s  (G ib b s  e t a l., 1978).

B. Evidence for Genetic Variation in Spartina anglica

1. M orphological Variation
A lth o u g h  m a n y  a u th o rs  h a v e  re p o r te d  fie ld  o b se rv a tio n s  o f  m o rp h o lo 
gical v a r ia tio n  in  S. a n g lica , i t  h a s  o n ly  re c e n tly  b e e n  sy s tem atica lly  
s tu d ied . S o m e  e v id e n c e  o f  p h e n o ty p ic  v a r ia tio n  c o m e s  fro m  p la n ts  w hich  
a p p e a r  “ d is tin c t”  u n d e r  fie ld  c o n d itio n s , fo r  e x a m p le  th e  “ b ro w n  d w a r f ’ 
type id e n tif ie d  by  C h a te r  a n d  Jo n e s  (1951). M a rc h a n t  (1968) h a s  sh o w n  
th a t m a n y  d w a rf  fo rm s h a v e  a c h ro m o so m e  n u m b e r  o f  2 n  =  62 , su g g e st
ing th a t  th ey  h a v e  a p o ly h a p lo id  o r ig in . S o m e  o th e r  “ d is tin c t”  ty p es 
have b e e n  sh o w n  to  r e v e r t  to  ty p ica l S . anglica  m o rp h o lo g y  w h en  
b ro u g h t in to  a rtif ic ia l c u ltiv a tio n  (R a y b o u ld ,  1989).

S partina  ang lica  h a s  a lso  b e e n  o b se rv e d  to  d isp lay  z o n a l v a r ia tio n  in 
m o rp h o lo g y  a c ro ss  so m e  sa lt  m a rsh e s . F o r  e x a m p le , M a rk s  a n d  M ullin s 
(1984) a n d  M a rk s  a n d  T ru s c o tt  (1985) h a v e  re p o r te d  th e  z o n a tio n  o f S. 
anglica  o n  th e  sa lt  m a rs h e s  o f  th e  s o u th e rn  s h o re  o f  th e  R ib b le  e s tu a ry , 
in n o rth  w e st E n g la n d . T h e y  re co g n ize d  fo u r  z o n e s  o n  th e  b asis o f  sh o o t 
den sity  a n d  v e g e ta tiv e  v ig o u r. Z o n a tio n  o f  S. anglica  h a s  a lso  b e e n  
ex tensively  s tu d ie d  o n  th e  sa lt  m a rsh e s  o f  th e  n o r th  sh o re  o f  th e  D e e  
e s tu a ry  in C h e sh ire . T a y lo r  a n d  B u rro w s  (1968) id e n tif ie d  d iffe re n ce s  in 
tim e o f  flo w erin g , s e e d  p ro d u c tio n , r a te s  o f  til le r in g  a n d  n u m b e r  o f 
o v e rw in te rin g  s h o o ts  ac ro ss  th is  m a rsh . I f  th e s e  z o n a l d if fe re n c e s  a re  
g en etic  in  o rig in  a n d  th e  re su lt  o f  a d a p tiv e  d if fe re n tia tio n  in  re sp o n se  to  
d iffe re n t e n v iro n m e n ta lly  in d u c e d  se le c tio n  p re ssu re s  a c ro ss  th e  m a rsh , 
e x trem e ly  ra p id  m ic ro e v o lu tio n  m u s t  h a v e  o c c u rre d  s in ce  th e  o rig in a l 
co lo n iza tio n  o f  th e  C h e sh ire  m a rsh e s  o n  th e  D e e  in 1945. H o w e v e r , 
g en etic  v a r ia tio n  c a n n o t b e  in fe r re d  f ro m  su c h  o b se rv e d  z o n a l d if fe re n ti
a tio n  a lo n e  s in ce  an y  g e n e tic  e ffe c ts  w ill b e  c o n fo u n d e d  w ith  ag e  e ffec ts 
an d  a ra n g e  o f  e n v iro n m e n ta l  e ffec ts .

M a te ria l f ro m  th e  D e e  e s tu a ry  sa lt m a rsh  h as b e e n  su b je c te d  to  
carefu l s tu d y  in  a  se r ie s  o f  co m m o n  g a rd e n  e x p e r im e n ts . P la n ts  d e riv e d  
from  sin g le  t il le rs ,  f ro m  d is tin c t zo n es  sh o w e d  sig n ifican t d iffe ren ces  
ev en  a f te r  2  y e a rs  o f  c u ltiv a tio n  u n d e r  c o m m o n  e n v iro n m e n ta l c o n d i
tio n s (H ill, 1990). In  a d d itio n , p la n ts  t r a n s p la n te d  in to  th e  zo n es  fro m  
w hich  th ey  o r ig in a te d  sh o w e d  s ig n ifican tly  g re a te r  r a te s  o f  su rv iv a l th an  
p lan ts  t r a n s p la n te d  b e tw e e n  zo n es . T h is  a p p e a rs  to  in d ic a te  th a t  th e re  
m ay b e  a  g e n e tic  c o m p o n e n t  to  th e  o b se rv e d  z o n a l d i f fe re n tia tio n  acro ss 
th e  D e e  e s tu a ry  sa lt m a rsh . H o w e v e r ,  th e  u n a m b ig u o u s  re so lu tio n  o f
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su c h  m o rp h o lo g ic a l v a r ia tio n  in to  its g e n e tic  a n d  n o n -g e n e tic  c o m p o n 
e n ts  in  su ch  a p h e n o ty p ic a lly  p la s tic  sp ec ie s  as S . anglica  p o se s  a 
n u m b e r  o f  m a jo r  e x p e r im e n ta l p ro b le m s . S in ce  in d iv id u a l c lo n e s  m a y  b e  
lo n g -liv ed , th e r e  is c o n s id e ra b le  p o te n tia l  fo r  c a r ry -o v e r  e ffec ts  in to  
c lo n a l tr ia ls  u n d e r  co m m o n  g a rd e n  c o n d itio n s . C a rry -o v e r  e ffe c ts  m ay  
a r ise  in  se v e ra l w ays. F o r  e x a m p le , d iffe re n ce s  in  th e  n u tr i t io n a l  s ta tu s  
o f  th e  c lo n e s  c a n  p ro d u c e  e ffe c ts , as in  th e  d iffe re n c e s  in  sa lt  to le ra n c e  
am o n g  c lo n a l lin e s  o f  P u ccine llia  m a r itim a  w h ich  w e re  fo u n d  to  b e  
c a u se d  by  v a r ia tio n  in  th e  sa lt c o n c e n tra t io n  o f  th e  so ils  f ro m  w h ich  th e  
c lo n e s  w e re  sa m p le d  r a th e r  th a n  b y  d iffe re n c e s  in  g e n o ty p e  (G ra y  a n d  
S c o tt,  1977). C a rry -o v e r  e ffe c ts  m ay  a lso  o c c u r  in  p e re n n ia ls  f ro m  
d iffe re n ce s  in  c lo n e  a g e , o ld e r  ra m e ts  b e in g  less a b le  to  c h a n g e  th e ir  
p h e n o ty p e s  in  re sp o n se  to  e n v iro n m e n ta l c h a n g e  (B re e se  et a l., 1965). 
D if fe re n t  lev e ls  o f  v ira l in fe c tio n , to  w h ich  lo n g -liv e d  c lo n a l p la n ts  a re  
e sp ec ia lly  p ro n e ,  m ay  a lso  le a d  to  n o n -g e n e tic  d iffe re n c e s  in  g ro ss  
m o rp h o lo g y , y ie ld  a n d  c o m p e tit iv e  ab ility  (S ila n d e r , 1985) — a lth o u g h  its 
e ffe c ts  o n  g ro w th  a re  u n k n o w n , a le a f  m o ttl in g  v iru s , s p a r t in a  m o tt le  
v iru s , w as id e n tif ie d  b y  Jo n e s  (1980) an d  iso la te d  f ro m  p la n ts  in  sev e ra l 
p o p u la tio n s . U n fo r tu n a te ly ,  th e  d iffe re n ce s  in  m o rp h o lo g ic a l v a r ia tio n  in 
S. anglica  p o p u la t io n s , b o th  zo n a lly  in  th e  D e e  a n d  R ib b le  e s tu a r ie s , 
a n d  w ith in  a n d  b e tw e e n  c o m p le m e n ta ry  z o n e s  o n  d if fe re n t  sa lt  m a rsh es  
(T h o m p so n , 1990), a re  la rg e ly  o f  th e  ty p e  w h ich  c o u ld  a r ise  fro m  
d iffe re n c e s  in  c lo n a l ag e  o r  v ira l in fe c tio n  lev e ls . A lth o u g h  th e re  is no  
d ire c t e v id e n c e  o f  su c h  e ffe c ts , p la n ts  f ro m  th e  lo w e r z o n e s , w h ich  a re  
usu a lly  y o u n g e r , a re  g e n e ra lly  m o re  v ig o ro u s  a n d  h a v e  g re a te r  p h e n o 
ty p ic  p la s tic ity  (T h o m p so n , 1989, 1990; T h o m p s o n  e t al., 1990, 1991 
a ,b , c. T h o m p s o n  e t al. (1990, 1991a,b ,c ) ,  o n  th e  b as is  o f  fu r th e r  
co m m o n  g a rd e n , re c ip ro ca l t r a n s p la n t  a n d  g e n o ty p e /e n v iro n m e n t e x p e r i
m e n ts , su g g e st th a t  m o s t o f  th e  v a r ia tio n  is d u e  to  a g e - re la te d  d e c lin e  in  
v ig o u r , a n d  th u s  to  so m a tic  r a th e r  th a n  g e n e tic  d iffe re n c e s  b e tw e e n  
p o p u la tio n s .

T h e  o n ly  w ay  to  re so lv e  th is  v a r ia tio n  in to  its  g e n e tic  a n d  e n v iro n 
m e n ta l c o m p o n e n ts  w o u ld  b e  to  c a rry  o u t  a n  a p p ro p ria te ly  d e s ig n ed  
tr ia l  o f  se e d  p ro g e n ie s  (u sin g  th e  ty p e  o f  e x p e r im e n ta l  d e sig n s s u m m a r
ized  in  L a w re n c e  (1984)). T h is  h a s  n o t  p ro v e d  p o ss ib le  in  S . anglica  
b e c a u se  o f  th e  u n p re d ic ta b le  p a t te rn  o f  se e d  s e t  in  re c e n t  se a so n s , th e  
p ro b le m s  o f  c o n tro lle d  g e rm in a tio n  o f se e d , a n d  th e  d iff icu ltie s  o f 
g ro w in g  su c h  a la rg e , v ig o ro u s , rh iz o m a to u s  sa lt  m a rsh  p e re n n ia l  g ra ss  
in  a fu lly  ra n d o m iz e d  fie ld  tr ia l. Id e a lly , s e e d  p ro g e n ie s  p ro d u c e d  u n d e r  
g la s sh o u se  c o n d itio n s  sh o u ld  b e  u se d , to  a v o id  e n v iro n m e n ta l  d if fe r
en ce s  d u r in g  se e d  m a tu ra t io n , w h ich  c an  c au se  c a r ry -o v e r  e ffe c ts  (e .g . 
F u n k  e t a l., 1962; N e lso n  et a l., 1970). E v e n  s tro n g  s h o r t - te rm  e n v iro n 
m e n ta l s t im u li a t  th e  se e d lin g  s ta g e  c an  in f lu e n c e  th e  p h e n o ty p e  o f  th a t  
p la n t ’s se e d  p ro g e n y  (H a g u e  a n d  J o n e s ,  1987).
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2. Biochemical Variation
A lth o u g h  h ig h  lev e ls  o f  se e d  p ro te in  v a r ia tio n  a n d  e x te n s iv e  iso zy m e 
p o ly m o rp h ism  a re  f e a tu re s  o f  m a n y  h ig h e r  p la n t  p o p u la t io n s  (e .g . 
G e p ts , 1990; H a m ric k  a n d  G o d t ,  1990), a n  e x te n s iv e  s tu d y  o f  p ro te in  
v a ria tio n  in  S. anglica  c o n d u c te d  b y  R a y b o u ld  et al. (1 990b) fo u n d  n o  
ev id en ce  o f  s e e d  p ro te in  v a r ia tio n , a n d  fo u n d  o n ly  a s in g le  G O T  
isozym e v a r ia n t  in  a su rv e y  o f  12 d iffe re n t e n z y m e  sy s te m s. In  c o n tra s t ,  
th e  p o ly p lo id  g ra ss  P. m a r itim a  w as fo u n d  to  b e  h ig h ly  p o ly m o rp h ic  fo r  
every  iso zy m e sy s te m  s tu d ie d  in  th e  p o p u la t io n  c o ex is tin g  w ith  m o n o 
m o rp h ic  S. ang lica  o n  th e  D e e  e s tu a ry  sa lt  m a rs h e s  (R a y b o u ld  e t al., 
1991a) (F ig . 7 ) , a n d  in  s e v e ra l o th e r  p o p u la t io n s  (G ra y  e t a l., 1979). It

Fig. 7. C om parison of the variation in esterase isozymes in clones of (a) 
(Upper): S. anglica and (b) (Lower): P. maritima collected along the same 
300m  transect on the D ee estuary (with perm ission from  R aybould et a l., 
1991a).
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a p p e a rs ,  th e re fo re ,  th a t  a t  th e  p ro te in  lev e l S . anglica  h a s  e x tre m e ly  low  
lev e ls  o f  g e n e tic  v a r ia tio n . T h e  sing le  G O T  v a r ia n t  id e n tif ie d  by 
R a y b o u ld  et al. (1991a) w as c h a ra c te r iz e d  by th e  lo ss  o f  se v e ra l G O T  
b a n d s  w h ich  c o r re la te d  w ith  a  sm a ll r e d u c tio n  in  c h ro m o s o m e  n u m b e r ,  
su g g estin g  an  a n eu p lo id  o r ig in . T h e  v a r ia n t  a p p e a re d  to  b e  la rg e ly  
c o n fin e d  to  P o o le  H a rb o u r  a n d  sh o w ed  c o n s id e ra b le  v a r ia tio n  in  f re 
q u e n c y  b e tw e e n  c ree k s . I ts  sp o ra d ic  d is tr ib u tio n  e ls e w h e re  m ay  re fle c t 
e ith e r  a  se rie s  o f  sa m p lin g  e v e n ts , as P o o le  m a te r ia l  h as b e e n  d is tr ib u te d  
th ro u g h o u t B r i ta in ,  o r  a lte rn a tiv e ly  a  se rie s  o f  in d e p e n d e n t  a n e u p lo id  
o rig in s .

O f  c o u rse , a  lack  o f  e le c tro p h o re tic a lly  d e te c ta b le  v a r ia tio n  d o e s  n o t 
con clu siv e ly  sign ify  an  a b se n c e  o f  g e n e tic  v a r ia tio n . Iso z y m e  m a rk e rs  
m ay  sh o w  lo w e r lev e ls  o f  v a r ia tio n  th a n  q u a n ti ta t iv e  tra its ,  as in  
H o rd e u m  m u r in u m  (G ile s , 1984) a n d  X a n th iu m  s tru m a riu m  (M o ra n  a n d  
M a rsh a ll, 1978; M o ra n  et a l ,  1981). In  g e n e ra l,  h o w e v e r , s e e d  p ro te in s  
te n d  to  b e  m o re  v a r ia b le  th a n  iso zy m es, p ro b a b ly  b e c a u se  o f  fe w er  
fu n c tio n a l c o n s tra in ts  o n  se e d  p ro te in  s tru c tu re s  (G ille sp ie  a n d  B la- 
g ro v e , 1975; R ig h e tti  et a l., 1977). F o r  e x a m p le , D o ll  a n d  B ro w n  (1979) 
e s tim a te d  th a t  h o rd e in s  w e re  1 0 -3 0  tim e s  as v a r ia b le  as iso zy m es in 
b a rley . T h e  co m p le te ly  in v a r ia te  p ro te in  p ro f ile s  o f  S . anglica  se e d s  a re  
th e re fo re  s tro n g  in d ic a to rs  o f  g e n e tic  u n ifo rm ity  in  th e  sp e c ie s—p a r tic u 
la rly  as w e  a ssu m e  th e  se e d s  to  b e  p ro d u c e d  se x u a lly , w h e re a s  co m m o n  
g a rd e n  tr ia ls  u se  v e g e ta tiv e  tille rs  w h ich  c o u ld  b e  e n tire ly  c lo n a l. T h e  
g e n e ra l c o n c lu s io n  th a t  can  b e  d ra w n  fro m  th e  ex is tin g  in fo rm a tio n  is 
th a t ,  a p a r t  f ro m  th e  sp o ra d ic  o c c u rre n c e  o f  c h ro m o s o m e  v a ria tio n  
re su ltin g  f ro m  a n e u p lo id y , p o ly h a p lo id y  a n d  b ack -c ro ss in g  (se e  a b o v e ) , 
th e re  is lit t le  u n a m b ig u o u s  e v id e n c e  o f  g e n e tic  v a r ia tio n  in  S. ang lica . 
T h is  is w h a t o n e  m ig h t e x p e c t f ro m  b o th  its o rig in  a n d  th e  p a t t e r n  o f  its 
su b s e q u e n t sp re a d , s in ce  B ritish  m a te r ia l  o f  b o th  p a re n ta l  sp ec ie s  show s 
little  e v id e n c e  o f  v a r ia tio n ;  th e  o rig in a l h y b r id iz a tio n  e v e n t  a n d  th e  
su b s e q u e n t  c h ro m o so m e  d o u b lin g  a p p e a r  to  h a v e  o c c u rre d  a t  v e ry  lo w  
f re q u e n c y , p o ss ib ly  o n ly  o n c e , a n d  th e  p ro c e ss  o f  sm a ll-sca le  c lo n a l 
sa m p lin g  a n d  su b s e q u e n t m u ltip lic a tio n  w h ich  h as b e e n  u se d  to  p la n t 
o u t n ew  site s  w o u ld  h a v e  d ra m a tic a lly  r e d u c e d  an y  v a r ia tio n  w h ich  
m ig h t h av e  b e e n  p re se n t .  F in a lly , c o n v e n tio n a l m u ta t io n  is u n lik e ly  to  
h av e  led  to  th e  g e n e ra tio n  o f  s ig n ifican t lev e ls  o f  g e n e tic  v a r ia tio n  o v e r  
such  a s h o r t  e v o lu tio n a ry  tim e sc a le .

3. Genetic Variation in Other Clonal Salt M arsh Grasses
T h e  lack  o f  g e n e tic  v a r ia tio n  in  S. ang lica  w h ich  is lik e ly  to  b e  a  m a jo r  
fa c to r  in  th e  fu tu re  e v o lu tio n a ry  success o f  th e  sp e c ie s , is in  c o n tra s t  to  
a t le a s t so m e  o th e r  c lo n a l sa lt m a rsh  g ra sse s . G e n e tic  d i f fe re n tia tio n , 
so m e  o f  a d a p tiv e  s ig n ifican ce , h a s  b e e n  d e m o n s tra te d  in  P. m a r itim a
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u sin s c lo n a l a n d  se e d  p ro g e n y  tr ia ls  a n d  iso zy m e  s tu d ie s  (G ra y , 1985a, 
G ray  et a l ,  1979, G ra y  a n d  S c o tt,  1980), as h a s  g e n e tic  v a r ia tio n  in  sa lt 
to le ran ce  in  sa lt  m a rsh  F estuca ru b ra  u s in g  c lo n a l an d  s e e d  p ro g e n y  
m a te ria l (R h e b e rg e n  a n d  N e lis so n , 1985). P e rh a p s  m o re  sig n ifican tly , 
S ilan d er (1984 , 1985; S ila n d e r  a n d  A n to n o v ic s , 1979) p ro v id e d  e v id e n ce  
fo r a d a p tiv e  g e n e tic  v a r ia tio n  in N o r th  C a ro lin a  p o p u la t io n s  o f th e  
re la ted  Sp a rtin a  p a te n s ,  w h ich , a lth o u g h  b a se d  o n  tr ia ls  o f  c lona l 
m a te ria l, w as s u p p o r te d  by  iso zy m e v a r ia tio n . In d e e d ,  c lo n a l p lan ts  
g en era lly  a re  fo u n d  to  p o ssess  g e n e tic  v a r ia tio n , m o s t h a v in g  m u lti-  
c lonal p o p u la t io n s  w ith  m o s t c lo n e s  re s tr ic te d  to  o n e  o r  a  few  p o p u la 
tions a n d  ra re ly  b e in g  w id e sp re a d  (E lls tra n d  a n d  R o o s e ,  1987).

VI. THE ECOLOGY OF SPARTINA ANGLICA

A. Rates and Pattern of Spread and Dispersal
A s d e ta ile d  a b o v e , S. ang lica  w as su ccessfu lly  in tro d u c e d  to  c o as ta l an d  
e s tu a rin e  m u d fla ts  th ro u g h o u t  th e  w o rld , e sp e c ia lly  d u r in g  th e  1920s an d  
1930s. N a tu ra l  d isp e rsa l o f s e e d , u su a lly  in  e n ti r e  sp ik e le ts , o v e r  long  
d istances m ay  h a v e  o c c u rre d  by  tid a l c u r re n ts ,  sh ip p in g , o r  o n  th e  fe e t 
o f w ad ing  b ird s  (as su g g e s te d  b y  H a r d a k e r  (1942) a s  th e  m e a n s  b y  w h ich  
it re a c h e d  an  in la n d  s ite  o n  th e  D ro itw ic h  C a n a l (G o o d m a n  et al., 
1969)). T h e  ra te  o f  s p re a d  a t in d iv id u a l s ite s  h a s  v a r ie d  g re a tly  b u t  in 
m any a rea s  h a s  in v o lv e d  th e  ra p id  s p re a d  f ro m  tra n s p la n ts  o r  o th e r  
p ro p a g a tin g  u n its  to  fo rm  a  c o n tin u o u s  sw ard . T h is  p ro c e ss  h a s  a c q u ire d  
a te rm in o lo g y  ( H u b b a rd , 196 5 a), y o u n g  p la n ts  d e r iv e d  fro m  se e d lin g s  o r 
p lan t f ra g m e n ts  e x p a n d in g  in to  m o re  o r  less c irc u la r  “ tu sso c k s”  w h ich  
fuse to  fo rm  “ c lu m p s” , o f te n  o f  i r re g u la r  o u tlin e ,  w ith  c lu m p s finally  
coalescing  to  fo rm  a “ sw a rd ” . C a ld w ell (1957) n o te d  a p a t te rn  o f  
c o n cen tric  rin g s  o f  d iffe re n t sh o o t  d e n s ity  d is tr ib u tio n  in  ex p an d in g  
tussocks (w h ich  sh e  te rm e d  “ a u x o c lo n e s” ) ,  g ro w in g  w ith o u t c o m p e tit io n  
on o p e n  m u d fla ts . T h e  rin g s  a re  p ro d u c e d  a n n u a lly  by th e  p e r ip h e ra l 
g row th o f rh iz o m e s  b u t  a re  n o t  d e te c ta b le  in  all e x p a n d in g  tu sso c k s .

T he fo rm a tio n  o f  sw ard s is n o t  a lw ay s a  ra p id  o r  c o n tin u o u s  p ro cess . 
M any o f  th e  e a r ly  tra n s p la n ts  fa iled  o r  a p p e a re d  to  b e  h e ld  a t  th e  
tussock p h a se . T h e  k n o w n  re a so n s  fo r  fa ilu re  in c lu d e  in a p p ro p r ia te  s ite  
co nd itions ( to o  u n s ta b le ,  to o  sa n d y ) a n d  f ro s t ,  p a r tic u la r ly  a t  th e  
n o rth e rn  ed g e  o f  th e  sp e c ie s ’ ra n g e ;  th e  d e a th  o f  t ra n s p la n ts  by  f ro s t  h as 
b een  re c o rd e d  fro m  S c o tla n d  (J . B ry c e , u n p u b lis h e d ) ,  th e  n o r th  N e th e r 
lands (K a m p s , 1962), n o r th  G e rm a n y  (K ö n ig , 1948) a n d  C h in a  (C h u n g , 
1990). T h e  v e ry  s low  s p re a d  in  so m e  a re a s  m ay  h a v e  b e e n  d u e  to  th e  
in tro d u c tio n  o f  o n ly  S. x  to w n se n d ii  p la n ts , w h ich  a re  b o th  less v ig o ro u s
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v e g e ta tiv e ly  a n d  u n a b le  to  s p re a d  b y  se e d lin g s . T h is  is b e lie v e d  to 
a c c o u n t fo r  th e  slow  e x p a n s io n  o f  p o p u la tio n s  in  se v e ra l A u s tra l ia n  an d  
N ew  Z e a la n d  m arsh es  (R a n w e ll ,  1967).

E v e n  w h e re  th e  fe r t i le  a m p h id ip lo id  h as b e e n  in tro d u c e d  a n d  has 
b e co m e  su ccessfu lly  e s ta b lish e d , th e  ra te  o f  sp re a d  m ay  b e  re m a rk a b ly  
d isc o n tin u o u s . P a r tic u la r ly  c h a ra c te ris tic  o f  w e s te rn  a n d  n o r th e r n  s ite s  in 
B r ita in  is a p a t te rn  w h e re  in itia l c o lo n iz a tio n , w h e th e r  slo w  o r  ra p id ,  is 
fo llo w ed  b y  a lo n g  p e r io d  o f  a ro u n d  2 0 , 30 o r  e v e n  40 y e a rs  d u rin g  
w h ich  th e re  is little  o r  n o  e x p a n s io n  in  a re a  o f  th e  tu sso c k s  o r  sw ard s . 
T h is  is th e n  fo llo w ed  by  a  su d d e n  b u rs t  o f  p o p u la t io n  g ro w th . G ra y  et 
a l ,  (1990a) h av e  d o c u m e n te d  su c h  a  p a t te rn  in  th e  C o n w y  e s tu a ry  in 
N o r th  W a le s , w h e re  th e  ra p id  c o lo n iz a tio n  o f  a la rg e  m u d f la t  in th e  
u p p e r  e s tu a ry  o c cu rre d  in  th e  e a r ly  1970s, a d ja c e n t to  a sw ard  w h ich  
h a d  n o t  g ro w n  m u ch  in  a re a  fo r  a lm o st 20 y e a rs . D e a d m a n  (1984) 
re c o rd s  a s im ila r  ra p id  e x p a n s io n  b e tw e e n  th e  m id-1960s ( th e  H u b b a rd  
a n d  S te b b in g s  (1967) e s t im a te )  a n d  1982 in  se v e ra l o th e r  W elsh  e s tu a r ie s  
to  w h ich  th e  p la n t h a d  b e e n  in tro d u c e d  in  th e  1930s. In  M o re c a m b e  B ay  
th e r e  h a s  b e e n  ra p id  c o lo n iz a tio n  in  r e c e n t  y e a rs  o f  p a r ts  o f  th e  R iv e r  
K e n t e s tu a ry ,  w h e re  o n ly  iso la te d  c lu m p s w e re  p r e s e n t  u p  to  1982 (R . 
S c o tt,  p e rs . c o m m .; W h ite s id e , 1984). F u r th e r  n o r th ,  in  th e  C ro m a r ty  
F ir th  (5 7 .5  °N ), th e  p o p u la t io n s  a t  D in g w a ll B a y , p la n te d  in  1932, h a d  ?; 
n o t  in c re a se d  m u c h  in  s ize  by  1955 b u t  w e re  e x p a n d in g  by  a ro u n d  2  m  ? 
p e r  y e a r  (w ith  a m ax im u m  o f  8 m  in  1976) d u rin g  th e  1970s (S m ith , |  
1982). S im ila rly , a t  n e a rb y  U d a le  B a y , p o p u la t io n s  e s ta b lish e d  in  1948 
e x p a n d e d  in  a re a  fro m  1358 m 2 in  1970 to  4228 m 2 a  d e c a d e  la te r  |  
(S m ith , 1982).

T h e  c au ses  o f  th is  p a t te rn  a re  u n k n o w n , b u t e v id e n c e  f ro m  sev e ra l 
site s  in d ic a te s  th a t  su d d e n  s p re a d  is m a rk e d  by  a su ccessfu l p h a se  of 
se e d lin g  e s ta b lish m e n t, la s tin g  o n ly  1 o r  2  y e a rs , fo llo w ed  b y  e x p an s io n  '• 
o f  th e  m o re -o r- le s s  ev en ly  a g e d  tu sso ck s  t o  e v en tu a lly  fo rm  a sw ard . 
T h e se  e v e n ts  re q u ire  th e  c o in c id en c e  o f  h ig h  se e d  p ro d u c tio n  an d  
su ita b le  c o n d itio n s  b o th  fo r  se e d lin g  e s ta b lish m e n t a n d  su b se q u e n t 
tu sso c k  e x p a n s io n . I t  is n o t  c le a r  w h ich  o f  th e se  c o n d itio n s  is m o st \ 
f re q u e n tly  a b se n t  in  s ite s  w h e re  S. ang lica  is fa ilin g  to  sp re a d . A lth o u g h  = 
th e  sp e c ie s  is n o te d  fo r  th e  u n p re d ic ta b le  p ro d u c tio n , v iab ility  an d  
g e rm in a tio n  o f  its se e d s  ( H u b b a rd ,  1970; a n d  b e lo w ) , it  is e q u a lly  c le a r  
th a t  in  so m e  a re a s  c h an g e s  in  th e  se d im e n ta ry  re g im e  h a v e  p re c e d e d  th e  
e x p a n s io n  o f  th e  p o p u la t io n . F o r  e x a m p le , th e  tid a l f la ts  re c e n tly  
c o lo n iz ed  in  M o re c a m b e  B a y  b e c a m e  n o ta b ly  m u d d ie r , d u e  to  a  c h an g e  |  
in  p o s itio n  o f  th e  R iv e r  K e n t  lo w -w a te r  c h a n n e l, b e fo re  th e y  w e re  - 
in v ad e d .

I n  so m e  a re a s ,  c o lo n iz a tio n  o f  th e  t id a l fla ts  b e lo w  an  ex is tin g  sw ard  
o ccu rs  by  th e  su ccessfu l e s ta b lish m e n t o f  p la n t f ra g m e n ts . T h is  m ay
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fo llow  u p ro o tin g  b y  s to rm s , a s  a t  B r id g w a te r  B a y  (R a n w e ll ,  1964a), o r  
by g raz in g  a n im a ls , as a t  U d a le  B a y  (S m ith , 1982). B o th  p la n t frag m e n ts  
and  seed lin g s m ay  o c c u r  as p ro p a g a tin g  u n its  in  th e  sa m e  a re a  (C h a te r  
and J o n e s ,  1957; T a y lo r  a n d  B u rro w s , 1968). U n d e r  su ita b le  c o n d itio n s , 
seed lings m a y  o c c u r  a t  d e n s itie s  u p  to  13 000 m -2 o n  b a re  m u d  a n d  u p  
to  9750 m -2 in  th e  sw a rd , w h e re  m o s t d ie ,  th e  sw ard  b e in g  m a in ta in e d  
by rh izo m e  fo rm a tio n  a n d  tille rin g  (G o o d m a n , 1960; G o o d m a n  et al., 
1969). T h e  fa c to rs  a ffe c tin g  se e d lin g  e s ta b lish m e n t o n  b a re  m u d  h av e  
b een  s tu d ie d  e x p e r im e n ta lly  by  G ro e n e n d ijk  (1 9 8 6 ), w h o  d e m o n s tra te d  
a c ritica l in te ra c t io n  b e tw e e n  m u d f la t  e le v a tio n , a n d  h e n c e  h y d ro - 
dynam ic  s ta b ili ty , a n d  se e d  b u r ia l  d e p th  in  d e te rm in in g  se e d lin g  e m e rg 
ence  a n d  g ro w th . S e e d s  b u r ie d  b e tw e e n  1 a n d  3 cm  h a d  th e  g re a te s t  
ch ance  o f  e s ta b lish in g  a s  se e d lin g s , th o se  n e a r e r  th e  su rfa c e  b e in g  lo s t 
th ro u g h  d e s icc a tio n  o r  se d im e n t m o v e m e n t, a n d  d e e p e r  b u r ie d  seed s 
d e te r io ra tin g  ra p id ly  in  v iab ility . T h e  lo w e r e le v a t io n a l  lim its  o f  S. 
anglica  in G ro e n e n d i jk ’s s tu d y  a re a  ( th e  O o s te rs c h e ld e  in  th e  so u th  w est 
N e th e r lan d s )  w e re  c o n tro l le d  m ain ly  by w av e  a c tio n  u p ro o tin g  seed lin g s , 
su p p o rtin g  M o rle y ’s (1973) su g g e s tio n  th a t  th is  is a  m a jo r  lim itin g  fa c to r.

S eed  p ro d u c tio n  in  S. ang lica  is e x tre m e ly  v a r ia b le , b o th  te m p o ra lly  
and sp a tia lly . G o o d m a n  et a l., (1969) re c o rd e d  92%  se e d -se t a t  L y m in g 
ton  in 1954, fo llo w ed  by 18%  th e  n e x t y e a r . T a y lo r  a n d  B u rro w s  (1968) 
found  b o th  s e a so n a l (1 5 % , 38%  a n d  64%  in  su ccess iv e  y e a rs )  an d  
tu ssock  to  tu sso c k  v a r ia tio n  in  th e  D e e  e s tu a ry . D e ta i le d  s tu d ie s  o f  th e  
R ib b le  e s tu a ry  m a rs h e s  h a v e  re v e a le d  z o n a l v a r ia tio n  in  filled  sp ik e le t 
p ro d u c tio n , M a rk s  a n d  T ru s c o tt  (1985) re c o rd in g  in  1978 2 .3 % , 7 7 .1 % , 
16.9%  a n d  3 .7 %  in  su ccess iv e  z o n e s  fro m  th e  p io n e e r  to  th e  u p p e r  lim it 
o f S. ang lica . H o w e v e r , less th a n  5%  o f  th e  filled  sp ik e le ts  p ro d u c e d  
seed  w h ich  g e rm in a te d . M u llin s  a n d  M a rk s  (1987) re c o rd e d  v a lu e s  
rang ing  f ro m  3 .1  to  6 .8 % , f ro m  6 .7  to  2 5 .8 % , f ro m  2 .1  to  4 .5 %  a n d  
from  4 .0  to  5 .7 %  o v e r  th re e  y e a rs  in  th e  c o m p a ra b le  z o n e s  o f  a  n e a rb y  
m arsh . A lth o u g h  f illed  sp ik e le t  p ro d u c tio n  in  P o o le  H a r b o u r  p o p u la 
tions a v e ra g e d  27%  in  1984, n o  se e d  g e rm in a te d , a n d  v ia b le  seed  
p ro d u c tio n  h a s  b e e n  e x c e p tio n a lly  low  in  e v e ry  y e a r  s in ce  1983 (G ra y  et 
al., 1990b).

It is n o t  su rp r is in g  th a t  se e d  d o e s  n o t  s e t  in  m o s t  y e a rs  s in ce  se e d  
p ro d u c tio n  m a y  in v o lv e  th e  b re a k d o w n  o f  a  se lf - in c o m p a tib ility  sy s tem . 
R a y b o u ld  (1989) u se d  th e  p e tr i-d ish  m e th o d  o f  L u n d q v is t  (1961) to  
ex am ine  c ro ss -p o llin a tio n  o f S . anglica  f ro m  g e o g ra p h ic a lly  w ide ly  
se p a ra te d  p o p u la tio n s . In  a ll c ases, g ro w th  o f  th e  p o lle n  w as a r re s te d  
rap id ly  a n d  th e  p o lle n  tu b e s  h a d  th e  ty p ica l c u r le d  a p p e a ra n c e  fo u n d  in  
a “ w e a k ”  se lf - in c o m p a tib ility  re a c tio n  (se n su  S h iv a n n a  et a l., 1982). 
G rasses h a v e  a  tw o -lo cu s  se lf- in c o m p a tib ility  sy s te m , a n d  in  p o ly p lo id  
g rasses o n ly  o n e  a lle le  n e e d s  to  b e  m a tc h e d  a t  e ac h  lo cu s  in  th e  p o lle n
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a n d  stig m a  fo r  a  se lf- in c o m p a tib ility  re a c tio n  to  re su lt  (F e a ro n  e t a l ,  
1 9 84a ,b ,c ) . A s  S. anglica  is a  d u o d e c a p lo id  w ith  a  v e ry  n a rro w  g en e tic  
b a se , it is e x tre m e ly  u n lik e ly , th a t  th e re  a re  an y  c ro ss -c o m p a tib le  ;
g e n o ty p e s  w ith in  th e  sp ec ie s . W h en  s e e d  is p r o d u c e d , it  is o n ly  in 
in flo re sc en c e s  w h ich  a p p e a r  re la tiv e ly  e a r ly  in  th e  y e a r . In flo re sc e n ce s  
e m e rg in g  a f te r  A u g u s t on  th e  R ib b le  m a rs h e s  all fa iled  to  p ro d u c e  
m a tu re  f illed  se e d , i r re sp e c tiv e  o f  th e ir  p o s it io n  o n  th e  m a rsh  (M u llin s  |
a n d  M a rk s , 1987; M a rk s  a n d  M u llin s , 1984). T h e  d e la y e d  d e v e lo p m e n t 
o f  in f lo re sc en c e s  in  th e  h ig h e r  p a r ts  o f  th e  m a rs h  w as th u s  a m a jo r  § 
fa c to r  in  th e  m u c h  lo w e r p r o p o r t io n  o f  se e d  p ro d u c e d  in  th is  zo n e . T h e  
co n d itio n s  u n d e r  w h ich  th e  se lf- in c o m p a tib ility  sy s te m  m ay  b re a k  d o w n , 
sp o ra d ica lly  p ro d u c in g  la rg e  n u m b e rs  o f  v iab le  se e d , a re  u n k n o w n . T h e  
o c casio n a l p ro d u c tio n  o f  s e e d  in  g la s sh o u se -c u ltiv a te d  p la n ts  suggests 
th a t h ig h e r  th a n  a v e ra g e  te m p e ra tu re s  a n d  h u m id ity  m ay  b e  a fa c to r . 
H ig h  te m p e ra tu re s  a re  k n o w n  to  le a d  to  a  b re a k d o w n  in se lf- in c o m p a - ?
Ability in  o th e r  sp e c ie s , fo r  e x am p le  T r ifo liu m  rep en s  (C h e n  a n d  j
G ib so n , 1973) a n d  L il iu m  lo n g iflo ru m  (A s c h e r  a n d  P e lo q u in ,  1966). 
A d d itio n a lly , S ta p f  (1913) n o te d  th a t  h ig h  se e d  s e t  o c c u rre d  fo llo w in g  a 
h o t, d ry  su m m e r  in  1911.

In  su m m a ry , th e  n a tu ra l  sp re a d  o f  S . anglica  p o p u la t io n s  c h a ra c te r is t
ically  c o m p rise s  tw o  p h a se s : th e  in itia l in v as io n  a n d  e s ta b lish m e n t of 
se e d lin g s  o n  o p e n  m u d fla ts ,  a n d  th e  s u b s e q u e n t  ra d ia l  e x p a n s io n  o f  I
tu sso ck s  to  fo rm  c lu m p s a n d  u ltim a te ly  a sw ard . S e e d lin g  e s ta b lish m e n t i:
is a r a re  e v e n t  in  m o s t p o p u la t io n s  a n d  o f te n  fo llo w s m a n y  y e a rs  o f 
p u re ly  c lo n a l e x p a n s io n . T h is  m ay  b e  w h e n  m u d f la t  c o n d itio n s  re a c h  a 
th re s h h o ld  o f  se d im e n t ty p e  o r  s ta b ility  o r  fo llo w in g  a  y e a r  in  w h ich , |  
u n u su a lly , th e r e  is h ig h  se e d  p ro d u c tio n  (o r  w h e n  b o th  c irc u m s tan c es  
c o in c id e ) . In  th e  1970s a n d  1980s th e re  a p p e a rs  to  h a v e  b e e n  a su d d e n  
e x p an s io n  o f  s e v e ra l p o p u la t io n s  in  e s tu a r ie s  in  th e  w est a n d  n o r th  o f 
B r ita in  to  w h ich  th e  p la n t  m ay  h av e  b e e n  in tro d u c e d  in th e  1930s a n d  
1940s. O f  th e  fa c to rs  r e la te d  to  tid a l su b m e rg e n c e  w h ich  m ay  lim it th e  
se a w ard  s p re a d  o f  p o p u la t io n s , th e  tid a l u p ro o t in g  o f  se e d lin g s  is k n o w n  
to  b e  p a r tic u la r ly  e ffec tiv e .

B. Growth and Production
T h e  a n n u a l cy cle  o f  g ro w th  in  S. anglica  c o m p rise s  th e  p ro d u c tio n  in 
le a f  axils in  N o v e m b e r  o f  o v e rw in te r in g  b u d s  w h ich  th e n  g ro w  fa s t and  
f lo w er in th e  lo n g  d ay s o f  su m m e r  a n d  e a r ly  a u tu m n , th e  f lo w erin g  
cu lm s d y in g  a s  a  n ew  g e n e ra tio n  o f  b u d s  is fo rm e d  th e  fo llo w in g  f  
N o v e m b e r (G o o d m a n  et a l., 1969). R h iz o m e s  d e v e lo p  d u rin g  th e  w in te r , f  
in re sp o n se  to  s h o r t  d ay s (G o o d m a n  1960). F lo w e rin g  e x te n d s  fro m  Ju ly  
to  N o v e m b e r  a n d  e v e n , in  m ild  w in te rs , in to  th e  fo llo w in g  y e a r .
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Spartina  anglica  sw a rd s  o c c u r  ac ro ss  a w id e  ra n g e  o f  se d im e n ts  
ran g in g  fro m  c lay s, f in e  silts  a n d  o rg a n ic  m u d s  to  m o re  san d y  su b s tra ta  
and  e v en  sh in g le  w h e re  it  is re g u la r ly  in u n d a te d  by  th e  t id e . T h e y  a lso  
ex p erien ce  a  w id e  ra n g e  o f  se d im e n t a c c re tio n  r a te s ,  g e n e ra lly  v a ry in g  
from  3 m m  y e a r -1 to  as m u ch  as 8 - 1 0  cm  y e a r -1 (B ird  a n d  R a n w e ll, 
1964; R a n w e ll, 1964a; L e e  a n d  P a r tr id g e ,  1983), b u t e x tre m e ly  h igh  
annual ra te s  re c o rd e d  fo r  sh o r t  p e r io d s  in  a c tiv e ly  g ro w in g  sw afd s 
include 17 cm  a t B r id g w a te r  B a y , E n g la n d  (R a n w e ll ,  1964a), 20vcm \at 
S lo ed am , th e  N e th e r la n d s  (V e rh o e v e n , 1951), a n d  24  cm  a n d  '26 cm  at 
Q id o n g  a n d  R u d o n g , re sp e c tiv e ly , in  C h in a  (C h u n g , 1990).

T h is ra n g e  o f  c o n d itio n s  is r e fle c te d  in th e  v a r ia tio n  in  p ro d u c tiv ity . 
E stim a te s  o f  a b o v e -g ro u n d  s ta n d in g  c ro p  f ro m  B ritish  m a rsh e s  in c lu d e  
an  av e ra g e  o f  a ro u n d  825 g m -2 (d ry  w e ig h t)  o n  h ig h  m a rsh e s  a n d  a 
ran g e  f ro m  418 g m -2 to  1232 g m -2 a t B r id g w a te r  B a y  (R a n w e ll ,  1961, 
1964b), an  a v e ra g e  o f  1145 g m -2 (D u n n  e t a l., 1 981), f ro m  th e  R ib b le  
e stu a ry  m a rsh e s , a n d  a  r a n g e  o f  v a lu e s  f ro m  4 0 0 -5 0 0  g m -2 fo r  S eafie ld  
B ay in E ssex  (L o n g  e t a l., 1990). E s tim a te s  o f  a b o v e -g ro u n d  n e t  p rim a ry  
p ro d u c tio n  ra n g e  f ro m  4 7 5 -7 0 0  g m -2 y e a r -1 a t  S e a fie ld  B ay  to  
1600-1850  g m -2 y e a r -1 in  th e  R ib b le  (S c o tt  e t a l., 1990; S c o tt in  M a rk s  
and T ru sc o tt ,  1985). G ro e n e n d ijk  (1984) re p o r te d  an  a n n u a l a b o v e 
g ro u n d  n e t  p r im a ry  p ro d u c tio n  o f  1 1 6 2 -1 6 4 9  g m -2 in  a  D u tc h  sa lt 
m arsh . A ll  th e s e  f ig u re s  a re  c o n s id e ra b ly  lo w e r  th a n  th o se  re p o r te d  fo r  
S. a ltern iflora  m a rsh e s  in  N o r th  A m e ric a  (e .g . T u rn e r ,  1976) w h e re  
m axim um  v a lu e s  o f  4 8 0 0  g m -2 o f  a n n u a l a b o v e -g ro u n d  n e t  p ro d u c tiv ity  
m ay b e  re a c h e d  in  ta il c re e k -e d g e  s ta n d s  (G a lla g h e r  e t a l., 1980). In  o n e  
o f very  few  s tu d ie s  o f  b e lo w -g ro u n d  b io m a ss  in  S. a n g lica , D u n n  (1981) 
and  L o n g  e t a l ,  (1990) h a v e  sh o w n  th a t ,  a lth o u g h  th e r e  is m u ch  
y ear-to -y ea r v a r ia tio n , o n  a v e ra g e  75%  o f  th e  b io m a ss  w as b e lo w  
g ro u n d , w ith  rh iz o m e s  a cc o u n tin g  fo r a ro u n d  h a lf  th e  b e lo w -g ro u n d  
to ta l, a n d  th a t  p e a k  b e lo w -g ro u n d  b io m a ss  w as re a c h e d  in  th e  ea rly  
w in ter. T h ey  a lso  e s t im a te d  th a t  g ro ss  p r im a ry  p r o d u c tio n , w h ich  ta k e s  
acco u n t o f  th e  tu rn o v e r  o f  s h o o ts ,  ro o ts  a n d  rh iz o m e s  b e tw e e n  sa m p le s , 
in th e  S eafie ld  B a y  m a rs h  w as a ro u n d  4500 g m -2 y e a r - 1 , so m e  th re e  
tim es th e  e s t im a te  o f  n e t  p ro d u c tio n . P e rh a p s  th e  m o s t in te re s tin g  
aspect o f  th e  g ro w th  o f  S. anglica  is th e  la te  a n n u a l  d e v e lo p m e n t a n d  
te m p e ra tu re  d e p e n d e n c e  w h ich  s te m  e sse n tia lly  f ro m  its  u tiliz a tio n  o f 
the  C4 p h o to sy n th e tic  p a th w a y . T h e  sp e c ie s  is o n e  o f  a  sm a ll n u m b e r  o f 
C4 species in  th e  B ritish  f lo ra  (e ig h t k n o w n , o f  w h ich  a t  le a s t  th re e  a re  
in tro d u c tio n s —L o n g  (1983)) a n d  is e x c e p tio n a l a m o n g  th e m  in  b e in g  a 
d o m in an t c o m p o n e n t  o f  la rg e  a re a s  o f  v e g e ta t io n  (L o n g  et a l., 1975). 
T he C 4 sp e c ie s , in  w h ich  th e  f irs t p ro d u c t  o f  p h o to sy n th e tic  C 0 2 fix a tio n  
is o x a lo a c e ta te , in  c o n tra s t  to  p h o sp h o g ly c e ra te  in  C 3 sp e c ie s , m o stly  
occur in  tro p ic a l a n d  su b tro p ic a l re g io n s  a n d  a re  r a re  in  c o o l, t e m p e ra te
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c lim ates . T h e  “ K ra n z ”  le a f  a n a to m y  (n u m e ro u s  c h lo ro p la s ts  in  th e  
b u n d le  s h e a th  cells) a n d  low  C 0 2 c o m p e n sa tio n  p o in t  ( th e  a m b ie n t 
c o n c e n tra t io n  o f  C 0 2 a t w h ich  th e  n e t  flu x  o f  C 0 2 a t th e  le a f  su r fa c e  in 
th e  lig h t is z e ro )  ty p ica lly  fo u n d  in C 4 sp e c ie s  w as re p o r te d  fo r  5. 
anglica  in  1975 (seem in g ly  in d e p e n d e n tly  b y  L o n g  e t al. (1975) an d  
M a llo tt  et al. (1975)). F u r th e r  w o rk  b y  S. P . L o n g  a n d  h is c o lle ag u e s  h as 
e s ta b lish e d  th a t  S. anglica  sh o w s a t le a s t  p a r t ia l  a d a p ta t io n  to  c o o le r  
c lim a te s , b e in g  ab le  to  to le r a te ,  a n d  m a in ta in  p h o to sy n th e s is  a t ,  lo w er 
a ir  te m p e ra tu re s  th a n  n e a r ly  all o th e r  C 4 sp e c ie s  (D u n n  e t a i ,  1981; 
L o n g  a n d  W o o lh o u s e , 1978; L o n g  a n d  In co ll; 1979, L o n g , 1983; T h o m a s  
a n d  L o n g  1978). A lth o u g h  a t  o p tim u m  te m p e ra tu re s  C 4 sp e c ie s  ex h ib it 
g re a te r  n itro g e n  an d  w a te r-u se  e ffic ien cy  th a n  c o m p a ra b le  C 3 sp e c ie s , a 
fa c to r  w h ich  m ay  b e  im p o r ta n t  in th e  h ig h  to le ra n c e  o f  sa lin ity  in  S. 
anglica  a n d  its re la tiv e s , th e ir  p h o to sy n th e tic  r a te s  a re  g e n e ra lly  in fe r io r  
a t  16 °C , a n d  a t  7 - 9  °C  p h o to sy n th e tic  C 0 2 a ss im ila tio n  cease s. In  S. 
a n g lica , h o w e v e r , p h o to sy n th e tic  ra te s  o f  in d iv id u a l le a v es  e q u a l  th o se  
o f  th e  C 3 sp e c ie s  P. m a r itim a  a t  5 °C  a n d  10 °C  a n d  e x c e e d  th e m  a b o v e  
10 °C , re a c h in g  to  50%  h ig h e r  a t  25 °C . (S im ila r  re su lts  h a v e  b e e n  
o b ta in e d  fro m  o n e  o f  th e  o th e r  te m p e ra te  p e re n n ia l  C 4 sp e c ie s , C yp eru s  
lo n g u s  ( Jo n e s  e t a l., 1981.))

D e sp ite  th is  p a r tia l  a d a p ta t io n , d e m o n s tra te d  in  th e  la b o ra to ry  in 
p lan ts  g ro w n  a t te m p e ra tu re s  a b o v e  12 °C , d e ta ile d  fie ld  s tu d ie s  in  so u th  
e a s t  E n g la n d  h av e  sh o w n  th a t ,  w h ils t so m e  le a f  g ro w th  m ay  o c c u r  
th ro u g h o u t th e  y e a r , s ig n ifican t c a n o p y  d e v e lo p m e n t d o e s  n o t  b e g in  
u n til th e  m e a n  a ir  te m p e ra tu re  e x ce ed s  9 °C  ( D u n n , 1981; D u n n  e t al., 
1981; L o n g , 1983). T h is  is r e v e a le d  in  th e  c o n tra s t  in  g ro w th  p a t te rn  
w ith  P. m a r itim a  sh o w n  in F ig . 8 . P. m a r itim a  sh o w s an  in c re a s e  in 
sh o o t w e ig h t in  M a rc h , w h e n  a ir  te m p e ra tu re s  rise  a b o v e  5 °C , g ro w th  
p e a k in g  in  J u n e  a n d  Ju ly , w h e re a s  S. anglica  d o e s  n o t  sh o w  a n  in c re a se  
u n til J u n e , w h e n  te m p e ra tu re s  e x c e e d  9 °C , a n d  p e a k s  in  O c to b e r . 
D e sp ite  th is , b o th  sp e c ie s  h a v e  a s im ila r  n e t  p r im a ry  p ro d u c tio n , th a t  in  
S. anglica  b e in g  p ro d u c e d  o v e r  a s h o r te r  a n d  la te r  p e r io d  (H u sse y  an d  
L o n g , 1982). In d e e d , L o n g  (1983) c o n c lu d es  th a t  a d a p ta t io n  o f  S. 
ang lica , a n d  o th e r  C 4 p e re n n ia ls ,  to  co o l c lim a te s  h a s  b e e n  th ro u g h  th e ir  
a b ility  to  g ro w  an d  re p ro d u c e  d u rin g  th e  re la tiv e ly  s h o r t  p a r t  o f  th e  y e a r 
w h e n  a v e ra g e  te m p e ra tu re s  rise  a b o v e  9 - 1 0  °C , as w ell as th e  p a r tia l 
a d a p ta t io n  o f  C 0 2-a ss im ila to ry  c a p a c ity  to  lo w  te m p e ra tu re s .

T h is  f e a tu re  o f  th e  g ro w th  o f  S . anglica  m a y  b e  re f le c te d  in  th e  z o n a l 
p a t te rn  o f  se e d  p ro d u c tio n  in  m o re  n o r th e r ly  p o p u la t io n s ,  d e sc rib e d  
a b o v e , w h e re  th e  la te r  f lo w e rin g  o f  th e  h ig h  m a rs h  p la n ts  w as a tt r ib u te d  
b y  M u llin s  a n d  M a rk s  (1987) to  th e  d e la y  o f  t il le r  d e v e lo p m e n t b y  
d e p re ss e d  sp rin g  a n d  e a r ly  su m m e r  so il te m p e ra tu re s  in  th is  zo n e  
(M a rk s  a n d  M u llin s , 1990). D e ta i le d  s tu d ie s  o f  th e  t il le r  d y n a m ic s  o f  th e
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Fig. 8. The dry weights of living shoot m aterial in m onotypic stands of S. anglica 
and P. maritima in northeast Essex; also shown is m ean air tem perature. 
Modified from  Long (1983).

D ee  e s tu a ry  p o p u la t io n  le n d  s u p p o r t  to  th is  id e a . T a y lo r  a n d  B u rro w s
(1968) r e p o r t  e a r l ie r  a n d  m o re  v ig o ro u s  sh o o t  p ro d u c tio n  in  lo w e r  m arsh  
p o p u la tio n s , as do  H ill (1 9 9 0 ), T h o m p s o n  (1 9 8 9 ), a n d  T h o m p s o n  et al. 
(1 9 9 1 a ,b ), w h o  sh o w  th a t  s h o o t  p ro d u c tio n  a lso  c o n tin u e s  la te r  in  th e  
p io n ee r z o n e  a n d  th a t  th e re  a re  c le a r  z o n a l d iffe re n c e s  in  t il le r  d e m o 
graphy . T h e  m o re  v ig o ro u s  g ro w th  in  th e  p io n e e r  z o n e  is m a rk e d  by  
h igher t ille r  p ro d u c tio n  a n d  th e  g re a te r  p r o p o r t io n  o f  tille rs  w h ich  
flow er w ith in  a  y e a r . T h o m p s o n  e t al. (1 9 9 1 a) a lso  r e p o r ts  m a rk e d ly  
la te r  f lo w erin g  in  a  p o p u la t io n  o f  S. an g lica  in  th e  C ro m a r ty  F ir th ,  a 
sim ilar t r e n d  o f  la te r  f lo w e rin g  in  n o r th e r n  p o p u la t io n s  h a v in g  b e e n

i
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o b se rv e d  fo r  S. a ltern iflo ra  o n  th e  e a s t  c o a s t o f  th e  U S A  (S o m e rs  an d  
G ra n t ,  1981).

T h e  c o n tra s t  in se a so n a l g ro w th  a n d  p ro d u c tio n  b e tw e e n  S. ang lica  
a n d  P. m a r itim a  c o n se q u e n t  u p o n  th e ir  u til iz a tio n  o f  d if fe re n t  p h o to s y n 
th e tic  p a th w a y s  su g gests th a t  th e  o u tc o m e  o f  th e ir  c o m p e tit iv e  in te ra c 
tio n  w ill b e  s tro n g ly  in f lu e n c e d  by c lim a te , a n d  p a r tic u la r ly  sp rin g  an d  
e a r ly  su m m e r  te m p e ra tu re s  a n d  th e  le n g th  o f  th e  g ro w in g  se a so n . 
A lth o u g h  c o n fo u n d e d  by v a r ia tio n  in se d im e n t ty p e  a n d  g ra z in g , th e r e  is 
e v id e n c e  th a t  th e  ab ility  o f  P. m a r itim a  to  re p la c e  S. ang lica  o n  th e  
n o r th e rn  D u tc h  m a rsh e s  o f  th e  W a d d e n se a  a re a  is r e la te d  to  its 
re la tiv e ly  e a r ly  se a so n a l d e v e lo p m e n t, a n d  th u s  sh a d in g  o f  y o u n g  S. 
anglica  sh o o ts  (S c h ö lte n  a n d  R o z e m a , 1990). In  th e  so u th  N e th e r la n d s  
D e lta  a re a ,  d e n se  m o n o sp e c ific  sw ard s o f  S. ang lica  a re  c u rre n tly  
p e rs is tin g  o r , a s  in s o u th e rn  B r i ta in ,  a re  o n ly  s low ly  b e in g  in v a d e d  by  P. 
m a r itim a  a n d  o th e r  sp ec ie s . T h e  ra te  a t  w h ich  S . anglica  is b e in g  
re p la c e d  by  P. m a ritim a  a n d  o th e r  sp e c ie s , n o ta b ly  A s te r  tr ip o liu m  an d  
S u a ed a  m a r it im a , in th e  n o r th  R ib b le  m a rsh e s  (H ill, 1987), a n d  th e  
d e c re a s in g  u p p e r  lim it to  S . ang lica  sw a rd s  w ith  in c re a s in g  la ti tu d e  
(d e sc r ib e d  b e lo w ) , a re  a lso  in d ic a to rs  o f  c lim atic  e ffe c ts  o n  th e  sp e c ie s ’ 
g ro w th  a n d  c o m p e tit iv e  ab ility .

R e c e n tly , L o n g  (1990; L o n g  e t a l ,  1990) h a s  e x a m in e d  th e  in tr ig u in g  
c o n se q u e n c e s  o f  p ro je c te d  c lim atic  c h a n g e s , d u e  to  th e  a c c u m u la tio n  o f 
so -c a lled  g re e n h o u se  g a se s , o n  th e  p r im a ry  p ro d u c tiv ity  o f  S. anglica  
a n d  P. m a r itim a  u sing  a  s im p le  an a ly tic a l m o d e l. T h e  m o d e l , w h ich  
p re d ic ts  p r im a ry  p ro d u c tio n  fro m  lig h t in te rc e p tio n  a n d  co n v e rs io n  
e ffic ien c ie s , su g g ests  th a t  p ro d u c tio n  in  b o th  sp e c ie s  w ill in c re a s e , b u t 
fo r  d if fe re n t re a so n s . T h e  C 3 sp ec ie s  m ay  b e  e x p e c te d  to  in c re a se  
p r im a ry  p ro d u c tio n  p rin c ip a lly  by  in c re a s e d  c o n v e rs io n  e ffic ien cy  in  a 
h ig h  C 0 2 e n v iro n m e n t th ro u g h  re d u c e d  p h o to re s p ir a to ry  lo sses. 
H o w e v e r , o f  g re a te s t  s ig n ifican ce  in  th e  C 4 sp e c ie s  is th e  e ffe c t o f 
e le v a te d  te m p e ra tu re s  w h ich  w o u ld  e n a b le  it  to  in c re a s e  e a r ly  sp rin g  
g ro w th  (re a c h in g  th e  p o in t  w h e re  le a f  a r e a  in d e x  is su ff ic ie n t to  
in te rc e p t  30%  o f  th e  in co m in g  ra d ia tio n  50 d a y s  e a r l ie r  w ith  a 3 °C 
te m p e ra tu re  in c re a s e ) , a n d  th u s  th e  size  a n d  p h o to sy n th e t ic  c a p a c ity  o f 
th e  c an o p y . T h is  g ives a p re d ic te d  in c re a se  in  a n n u a l p ro d u c tio n  fro m  
1.3 k g m “ 2 in  1978 to  2 .1  k g m “ 2 in  2050 (L o n g , 1990).

A lth o u g h  p ro d u c e d  re la tiv e ly  la te  a n d  o v e r  a  s h o r t  p e r io d , th e  h igh 
a n d  u n ifo rm ly  d e n se  b io m a ss  p re s e n te d  by  S. ang lica  sw a rd s  h as 
a ttra c te d  v a r io u s  fo rm s o f  e x p lo ita tio n . T h e s e  in c lu d e  c ro p p in g  fo r  silage  
(H u b b a rd  a n d  R a n w e ll, 1966), p a p e r-m a k in g  (C h u n g , 1 9 90), a n d , m o re  
re c e n tly , as a  p o te n tia l  b io fu e l c ro p  (S c o tt  et a l., 1990). A lth o u g h  B ry ce  
(1941) re p o r te d  no  d im in u tio n  in  y ie ld  d u rin g  3 su ccess iv e  y e a rs ’ 
c ro p p in g  o f  a n  E n g lish  so u th  c o a s t m a rsh . S c o tt  e t al. (1 9 9 0 ), ag a in
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w o rk in g  o n  th e  R ib b le  m a rs h e s , d e m o n s tra te d  a d ec lin e  in  y ie ld  fro m  16 
dry  to n n es  h a “ 1 y e a r “ 1 to  8 to n n e s  h a “ 1 y e a r “ 1 a f te r  3 y e a rs  in  a u tu m n - 
an d  w in te r -h a rv e s te d  p lo ts . H a rv e s tin g  p lo ts  e a r ly  in  th e  se a so n  re su lte d  
in th e ir  c o lo n iz a tio n  b y  P. m a r it im a , w h ils t c u ts  in  J a n u a ry  m a in ta in e d  
S. anglica  c o v e r  (b y  in c re a s e d  s te m  d e n s ity ) . T h e  p ro d u c tio n  o f  a P. 
m a ritim a -d o m in a te d  sa lt m a rs h  by r e p e a te d  su m m e r  a n d  e a r ly  a u tu m n  
c ro p p in g s o n  th e  R ib b le  p a ra lle ls  th e  e ffe c ts  o f  g ra z in g , th e re  an d  o n  
o th e r  m arsh es . P u ccine llia  m a r itim a  re p la c e s  S. ang lica  a t  a g r e a te r  ra te  
in m arsh es  g ra ze d  by  s h e e p , th e  ra te  d e p e n d in g  o n  lo ca l s ite  c o n d itio n s  
(R a n w e ll, 1961, 1964b, 1967).

C .  The Niche of S p a r t i n a  a n g l i c a

T h e  e s ta b lish m e n t o f  S. ang lica  sw ard s  o n  m u d fla ts  th ro u g h o u t n o r th e rn  
E u ro p e  h as le d  to  th e  v iew  th a t  th e  sp e c ie s  is p h y to so c io lo g ica lly  in 
so m e  w ay  o u t o f  e q u ilib r iu m  w ith  o r  is a  “ d ish a rm o n ie  e le m e n t” 
(B e e ftin k , 1975, p .  431) in its e n v iro n m e n t,  b o th  by  b lo ck in g  th e  
“ n a tu ra l”  su ccess io n  to  o th e r  c o m m u n itie s  an d  ex h ib itin g  ex ten siv e  
d ie-b ack  in  th e  lo n g e r  e s ta b l ish e d  s ite s  (B e e f t in k , 1975, 1977). A s 
in d ic a te d  a b o v e , h o w e v e r , e x a m p le s  o f  su c c ess io n  fro m  S. anglica  
sw ards a re  fa irly  w id e sp re a d  a n d  a re  in c re as in g ly  b e in g  re p o r te d  fro m  
s tu d ies  o f  p e r m a n e n t  p lo ts  (H ill, 1987). T h e  re p la c e m e n t o f  S. anglica  
by P. m a r itim a  w as re p o r te d  f ro m  th e  F re n c h  c o a s t a s  e a r ly  as 1926 
(O liv e r, 1926). R a n w e ll’s (1 964b) s tu d ie s  a t  B r id g w a te r  B a y  c h a r te d  th e  
invasion  o f  sw ard s  by  (u su a lly  ta l le r )  sp e c ie s  su c h  a s  S c irp u s  m a ritim u s, 
P hragm ites australis  a n d  E ly m u s  p y c n a n th u s  ( -  A g ro p y r o n  p u n g e n s ) .  
U n d e r  b ra ck ish  c o n d itio n s , S . anglica  m ay  b e  su c c e e d e d  by  Ju n cu s  
m a ritim u s  a n d  F. ru b ra  (P a c k h a m  a n d  L id d le , 1970), a n d  e v e n  in  th e  
so u th  co as t s ite s  w h e re  it  is d y in g  b ack  in  th e  lo w e r z o n e s , th e  u p p e r  
lim it o f  th e  sp ec ie s  m ay  b e  in v a d e d  b y  P. m a r itim a  a n d  H a lim io n e  
p o rtu la co id es  (G ra y  a n d  P e a rs o n , 1984).

W h e th e r  it is in  th e  a c tiv e  sw ard -b u ild in g  p h a se  o r  is d y in g  b a c k , S. 
anglica  is n o w  fo u n d  th ro u g h o u t  m o st o f  its  ra n g e  a s  a b e lt  o f  v e g e ta tio n  
im m e d ia te ly  s e a w a rd  o f  th e  o th e r  sa lt m a rsh  c o m m u n itie s . A lth o u g h  
in d iv id u a l c lu m p s m ay  b e  fo u n d  a t  h ig h e r  e le v a t io n s , p a r tic u la r ly  in 
low -ly ing a re a s  su ch  a s  c re e k  ed g es  o r  p a n s ,  a n d  m a y  e v e n  o c c u r  a ro u n d  
p oo ls w ith in  re c la im e d  la n d , th e  u p p e r  lim it o f  th e  sw ard  is c o m m o n ly  
m ark e d  by  a g ra d u a l b u t  o f te n  c le a r  tra n s it io n  to  o th e r  p e re n n ia l 
v e g e ta tio n  (F ig . 9 ). T h e  b o u n d a ry  b e tw e e n  S . ang lica  sw ard s  a n d  th e  
lan d w ard  v e g e ta tio n  te n d s  to  b e  m o re  o b v io u s  in  a re a s  o f  h igh  tida l 
ran g e  a n d  o n  m o re  s te e p ly  s lo p in g  m a rs h e s  (se e , e .g . ,  P la te  1 in 
A rm s tro n g  et a l ,  1985). T h e  u p p e r  lim it o f  S. anglica  is lik e ly  to  b e  
d e te rm in e d  by  its  c o m p e tit iv e  in te ra c t io n  w ith  th e  sp e c ie s  to  lan d w ard
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J U p p e r  s a l im a r s h  

G v . v j l - o w e r  s a l t m a r s h  ( e .g .  P u c c in e l l i e t u m )  

S p a r t i n a

Fig. 9. D iagram m atic representation  of the zone typically occupied by S. anglica 
in British salt marshes.

( lis te d  a b o v e )  u n d e r  c o n d itio n s  w h ich  in c re as in g ly  fa v o u r  th e  c o m p e tito r  
o v e r  S. anglica  as m u d fla t lev e ls  rise  d u e  to  se d im e n t a c c re tio n . T h e  
fa c to rs  re la te d ,  to  in c re a s in g  t id a l su b m e rg e n c e  w h ich  a p p e a r  to  d e te r 
m in e  th e  lo w e r lim it o f  in d iv id u a l sa lt m a rsh  sp e c ie s  will a ffe c t b o th  th e  
o u tc o m e  o f  c o m p e tit io n  b e tw e e n  S. anglica  a n d  th e  sp e c ie s  a b o v e  it, 
a n d  a lso  th e  lo w e r lim it o f  S. anglica  i ts e lf  (G ra y , 1985a). In  so m e  
a re a s ,  as d e m o n s tra te d  in  a c lassic  s tu d y  o f  S a lico rn ia  sp e c ie s  by  W ie h e  
(1 9 3 5 ), a n d  b y  G ro e n e n d ijk  (1986) fo r  S. a n g lic a , th e  p h y sic a l e ffe c ts  o f  
t id a l su b m e rg e n c e  a re  im p o r ta n t  in  lim itin g  th e  p la n t ’s s e a w a rd  sp re a d . 
T h e  e ffe c ts  o f  f re q u e n c y  a n d  p e r io d ic ity  o f  tid a l su b m e rg e n c e  a re  a lso  
lik e ly  to  b e  im p o r ta n t.  F o r  e x a m p le , A rm s tro n g  e t al. (1985) sh o w ed  
th a t ,  in  th e  S. anglica  z o n e  o f  an  E n g lish  e a s t  c o a s t m a rs h , re d u c in g  
c o n d itio n s  p e rs is te d  th ro u g h o u t m u ch  o f  th e  so il p ro f ile  a n d  w e re  
in d if fe re n t to  p e r io d s  o f  e x p o su re , th e re  b e in g  p h a se s  o f  o x id a tio n  on ly  
n e a r  th e  su rfa c e  a n d  a t  n e a p  tid e  p e r io d s . B y  c o n tra s t  in  th e  zo n es  
a b o v e  S. ang lica  so il re d o x  p o te n tia ls  w e re  e i th e r  lo w e re d  m o n th ly  
d u rin g  th e  h igh  sp rin g  tid e s  o r  th e re  w e re  lo n g e r  p e r io d s  o f  o x id a tio n .

Su ch  t id e - re la te d  lim itin g  fa c to rs  w e re  p re su m a b ly  im p o r ta n t  in  r e 
s tr ic tin g  th e  s e a w a rd  a d v an c e  o f  p io n e e r  sp e c ie s  su c h  as P. m aritim a , 
A s te r  tr ip o liu m  a n d  S a lico rn ia  sp ec ie s  b e fo re  th e  a d v e n t  o f  S . ang lica . 
T h e  ab ility  o f  S . anglica  to  c o lo n iz e  th e  z o n e  b e lo w  th e s e  sp e c ie s  (a n d  in
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som e cases to  in v a d e  u p w a rd s  in to  th e  P u cc in e llia  z o n e )  s tem s fro m  th e  
su ite  o f  ev o lv e d  p h y sio lo g ica l a n d  p h y sic a l a ttr ib u te s  o f  th e  g en u s 
c o n fe rrin g  sa lin ity - a n d  f lo o d in g -to le ra n c e . T h e s e  in c lu d e  n o t o n ly  th e  
u tiliza tio n  o f  th e  C 4 p h o to sy n th e tic  p a th w a y  b u t  a lso  th e  ab ility  to  
oxidize p h y to to x in s  su ch  as F e ( I I )  c o m p o u n d s  a n d  su lp h id e s  (C a rlso n  
and  F o r re s t ,  1982; v an  D ig g e le n , et a l . ,  1986) a n d  th e  v ig o u r a n d  
to le ran c e  o f  se d im e n t a c c re tio n , g re a te r  in  th e  a llo p o ly p lo id  th a n  its 
native  p ro g e n ito r . T o g e th e r  th e se  a tt r ib u te s  h a v e  e n a b le d  S. anglica  to  
invade a  z o n e  w h ich  w as fo rm e r ly  u n o c c u p ie d , a t  le a s t  b y  p e re n n ia l 
v e g e ta tio n , a n d  co u ld  b e  re g a rd e d  as a  v a c a n t  n ich e  ( i .e .  u n e x p lo ited  
space a n d  re so u rc e s , u su a lly  o n ly  re c o g n iz e d  w h e n  it h as  b e e n  o c c u 
p ie d —G ra y , 1986).

A  re c e n t a tte m p t to  q u a n tify  th e  n ic h e  o f  S. anglica  in  te rm s  o f 
physical a n d  t id e - re la te d  v a r ia b le s  is d e sc rib e d  b y  G ra y  et al. (u n p u b l
ished). T h e ir  d a ta  s e t  c o m p rise d  m e a su re m e n ts  o f  th e  u p p e r  a n d  lo w ér 
lim it o f  S. anglica  a lo n g  107 lev e lled  lin e  tra n s e c ts  ac ro ss  sa lt m a rsh e s  in 
19 e s tu a r ie s  in  so u th  a n d  w e st B r ita in  f ro m  P o o le  H a r b o u r  to  M o re 
cam be B ay . A  c lo se  re la tio n sh ip  w as o b se rv e d  b e tw e e n  b o th  th e  u p p e r  
and  lo w e r lim its a n d  th e  tid a l ra n g e  o f  th e  e s tu a ry  (F ig . 10). In d e e d , 
sim ple l in e a r  re g re ss io n s  o f  d is tr ib u tio n  lim its  a g a in s t sp rin g  tid a l ra n g e  
in d ica ted  th a t  88%  a n d  86%  o f  th e  v a r ia tio n  in  u p p e r  a n d  lo w e r lim its , 
re sp ec tiv e ly , c o u ld  b e  a c c o u n te d  fo r  by  v a r ia tio n  in  tid a l ra n g e  a lo n e . 
O th e r v a r ia b le s  w h ich  s ig n ifican tly  im p ro v e d  th e  a b ili ty  o f  m u ltip le  
reg ress io n  e q u a tio n s  to  a c c o u n t fo r  th e  v a r ia tio n  in  d is tr ib u tio n  lim its 
w ere “ fe tch  in  th e  d ire c tio n  o f  th e  t r a n s e c t” (a  m e a su re  o f  e x p o su re ) , 
“ e s tu a ry  a r e a ” , “ e s tu a r in e n e s s”  ( th e  p o s i t io n  o f  th e  t ra n s e c t  a lo n g  th e  
g ra d ie n t fro m  e s tu a ry  m o u th  to  u p s tre a m  tid a l l im it) ,  a n d , in  th e  case  o f  
u p p e r lim its , “ l a t i tu d e ” . T h e  lo w e r lim it (L L ) o f  S. ang lica  (in  m e tre s  
O D  N ew ly n ) w as b e s t d e sc rib e d  by  th e  e q u a tio n

L L  =  - 0 .8 0 5  +  0 .366 ( S R )  +  0 .053  (F )  +  0 .135  (lo g eA ) 

(0 .1 0 2 ) (0 .0 1 9 ) (0 .0 1 6 ) (0 .025)
( R 2 =  9 3 .7 , S  =  0 .35)*

w here S R  = sp rin g  tid a l ra n g e  (m ), F  =  fe tc h  in  th e  d ire c tio n  o f  th e  
tran sec t (k m ) a n d  A  =  e s tu a ry  a re a  (k m 2). S p a rtin a  th e re fo re  e x te n d e d  
fu rth e r d o w n  th e  sh o re  th a n  w o u ld  b e  p re d ic te d  fro m  tid a l ra n g e  e ffec ts  
alone on  th o se  tra n se c ts  w ith  a  s h o r te r  s e a w a rd  fe tc h  a n d  in  sm a lle r 
estuaries.

in the equations above, the standard errors of the regression coefficients are given in 
brackets below each coefficient—the significance of the particular variable can be tested 
using Student’s t computed as r = b/SE(b) which is distributed as t with N  -  1 -  p 
degrees of freedom, where N = the number of transects and p = the number of regressor 
variables in the equation. S  = Residual standard deviation in metres.
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T h e  u p p e r  lim it (U L ) o f  S p a rtin a  w as d e sc rib e d  by:

U L  =  4 .74  
(2 .2 9 ) 

( R 2 =

+ 0 .483  (S R )  
(0 .028)

.2 , 5  =  0 .50 )

0 .0 6 8  (F )  -  0 .0 9 9  ( L )  
(0 .0 2 0 ) (0 .045)

w h e re  S R  =  ra n g e  a n d  F  =  fe tc h , as in  th e  e q u a tio n  a b o v e , a n d  L  =  
la t i tu d e  (in  d e g re e s  N  e x p re ss e d  as a d e c im al) .

T h e  u p p e r  lim it w as s im ila rly  a f fe c te d  b y  fe tc h  b u t  a lso  v a rie d  
s ig n ifican tly  w ith  la ti tu d e : th e  fu r th e r  n o r th  th e  m a rs h , th e  lo w e r dow n 
th e  sh o re  re la tiv e ly  sp e a k in g  w as  th e  u p p e r  lim it o f  th e  Sp a rtin a  sw ard .

B o th  e q u a tio n s  a c c o u n te d  fo r  m o re  th a n  90%  o f  th e  v a r ia tio n  in  th e  
u p p e r  o r  lo w e r lim its o f  th e  sp e c ie s , a re m a rk a b ly  h igh  p ro p o r t io n  fo r  a 
b io lo g ica l m o d e l. T h e  lo w e r  l im it co u ld  a lso  b e  p re d ic te d  in  re la tio n  to  
its  d e v ia tio n  fro m  th e  M e a n  H ig h  W a te r  N e a p  tid e s  (M H W N )—tid a l 
ra n g e  ag a in  a cc o u n tin g  fo r  m o s t o f  th e  v a r ia tio n . I n  g e n e ra l,  S . anglica  
w as  a b le  to  e x te n d  b e lo w  M H W N  in  e s tu a r ie s  w ith  a  sp rin g  tid a l ra n g e  
o f  less th a n  7 m  (F ig . 10).

T h e  re a so n s  a d v a n c e d  fo r  th e  p re c is io n  w ith  w h ich  th e  v e rtica l lim its 
o f  S . ang lica  co u ld  b e  p re d ic te d  w e re  th re e fo ld  (G ra y  e t a l., u n p u b 
lish e d ) . F ir s t ,  tid a l ra n g e  p ro v id e s  a  g o o d  g e n e ra l e s t im a to r  o f  th e  
c o m p le x  o f  in te ra c tin g  fa c to rs  w h ich  a re  lik e ly  to  b e  d e te rm in in g  th e  
lim its  o f  th e  sp ec ie s  d is tr ib u tio n , e n c o m p a ss in g  v a r ia tio n  in  tu rb id i ty  an d  
in  m e c h a n ic a l fa c to rs  su ch  as w a te r  d e p th  a n d  c u r re n t  s p e e d . S e c o n d , 
su ch  p h y sica l fa c to rs  c le a rly  c o n tro l  S. anglica  l im its , p a r tic u la r ly  th e  
lo w e r lim its , to  a d e g re e  u n u su a l  in  n a tu ra l  v e g e ta t io n . In  th e  a b se n c e  o f 
b io lo g ica l c o m p e tito rs , th e  sp e c ie s  h as e x te n d e d  se a w a rd s  to  th e  p o in t  
w h e re  t id e - re la te d  v a r ia b le s  lim it its  f u r th e r  sp re a d  ( H u b b a rd ,  1969; 
M o rle y , 1973; G ro e n e n d ijk ,  1986). S ig n ifican tly , th e  u p p e r  l im it, w h e re  
S. ang lica  m ay  in te ra c t  w ith  a  n u m b e r  o f  d if fe re n t  sp e c ie s , is lik e ly  to  b e  
fix ed  p a r tly  b y  c o m p e tit io n , a n d  th u s  b y  b io lo g ica l as w ell as ph y sica l 
fa c to rs . T h e s e  fa c to rs  a re  less easy  to  q u a n tify . In te re s t in g ly ,  th e  
d o w n sh o re  m o v e m e n t o f  th e  u p p e r  lim it w h ich  o c cu rs  w ith  in c re a s in g  
la t i tu d e  m ay  re fle c t o v e ra ll c h a n g e s  in  c o m p e tit iv e  a b ility  o f  S. anglica  
u n d e r  lo w e r te m p e ra tu re s  a n d  a  s h o r te r  g ro w in g  se a so n . T h ird ,  th e  
re la tiv e ly  re c e n t  e v o lu tio n  o f  th e  sp e c ie s  a n d  its  a p p a re n t  g e n e tic  
u n ifo rm ity  (R a y b o u ld  et a l., 1990b , a n d  ab o v e ) h a v e  p re c lu d e d  e x te n siv e  
p o p u la t io n  d if fe re n tia tio n  o f  th e  ty p e  w h ich  e n a b le s  sp e c ie s  su c h  as P. 
m a ritim a  a n d  A s te r  tr ip o liu m  to  in c re a s e  th e ir  a m p litu d e  in  sa lt  m arsh  
h a b ita ts  (G ra y  e t a l., 1979; G ra y  a n d  S c o tt,  1980; G ra y , 1 9 85a , 1987). It 
is p ro b a b le  th a t  th e  re a lis e d  n ic h e  (se n su  H u tc h in s o n  (1 9 5 7 )) o f  S. 
anglica  is c h an g in g  m o re  ra p id ly  th a n  in th e s e ,  a n d  o th e r  o ld e r ,  sp ec ies . 
T h e  d ie -b a c k  o f  sw ard s in  th e  lo w e r z o n es  o f  m a rsh e s  in  th e  so u th  o f

V ertical range of S partina

, E x trem e  lower limit o f S p a rtin a  
* ’ (a  few iso la ted  plants p resen t)

M ean high w afer sp rings  (MHW S) 

M ean high w ate r n eap s  (MHWN )

10 12
S pring  tida l range (m )

Fig. 10. V ertical range of S. anglica m arsh and spring tidal range fo r 32 sites 
from 20 estuaries. (From  left to right: Poole H arb o u r (two lines, the first from 
Ranwell et a l., 1964), Foryd Bay. Teign, D ovey. M awddach. T rae th  Bach, 
Tam ar, Tavy, M ilford H aven (two), Tywi, Taf, R ed  W harf Bay, Conwy, Lavan 
Sands, Loughor, D ee, R ibble, M ersey, Shepperdine, M orecam be Bay, Severn 
(ten sites)).

E n g la n d  a n d  e ls e w h e re , a n d  th e  c h an g e s  re su ltin g  f ro m  c o m p e titiv e  
in te ra c tio n s  a t  th e  u p p e r  lim it th ro u g h o u t its  r a n g e , a re  p a r t  o f  th is 
h igh ly  d y n a m ic  p ro c e ss  as th e  n ich e  o f  th e  sp e c ie s  evo lv es.

D. Interactions with Other Species

1. Competition with Puccinellia m aritim a
A s d e sc rib e d  a b o v e , th e  in v as io n  o f  e s ta b lish e d  S. anglica  sw ard s  by 
o th e r  v a sc u la r  p la n ts  h as b e e n  o b se rv e d  th ro u g h o u t  th e  sp e c ie s ’ ra n g e . 
T h e  m a jo r  p e re n n ia l  o c c u p a n t o f  th e  lo w e s t sa lt  m a rsh  zo n es  in  w e ste rn  
E u ro p e  p r io r  to  th e  a rriv a l o f  S. anglica  w as P. m a r itim a  (A d a m , 1981; 
D ijk e m a , 1984). I n  so m e  a re a s  S . an g lica  h as  in v a d e d  fo rm e r  P. 
m a m /m a -d o m in a te d  v e g e ta tio n , a n d  is p e rc e iv e d  as a th re a t  to  sa lt 
m arsh  p a s tu re  (R a n w e ll , 1972), w h ils t in  o th e r s  P . m a r itim a  in v ad es  an d

i
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re p la c e s  S . ang lica . T h e  te n d e n c y  fo r  P. m a r itim a  to  re p la c e  S. anglica  
in m o re  n o r th e rn  m a rsh e s  in  B r i ta in  is a lso  se e n  in  th e  N e th e r la n d s ,  
w h e re  th e re  is a m a rk e d  c o n tra s t  b e tw e e n  th e  W a d d e n se a  m a rs h e s  in 
th e  n o r th  a n d  th o se  o f  th e  D e l ta  a re a  in th e  so u th  w e st (B e e f t in k , 1977; 
D ijk e m a , 1984; S c h ö lte n  a n d  R o z e m a , 1990). T h e  n o r th /s o u th  v a r ia tio n  
in  b o th  B r ita in  a n d  th e  N e th e r la n d s  is u n fo r tu n a te ly  la rg e ly  c o n fo u n d e d  
w ith  v a r ia tio n  in  so il ty p e  a n d  g ra z in g  p re s su re . T h e  n o r th e rn  m arsh es  
a re  g e n e ra lly  sa n d ie r  an d  m o re  h e av ily  g razed .

R e c e n tly , S c h ö lte n  a n d  R o z e m a  (1990 , a n d  S c h ö lte n  e t a l., 1987) h av e  
e x am in ed  c o m p e tit io n  b e tw e e n  S. anglica  a n d  P. m a r itim a  in  th e  fie ld  
a n d  la b o ra to ry .  R e m o v a l e x p e r im e n ts  in  th e  a re a  o f  th e  sp e c ie s ’ o v e rla p  
o n  a  W a d d e n se a  sa lt m a rsh  in d ic a te d  th a t  S. an g lica  g ro w th  is s u p 
p re sse d  b y  P. m a r itim a  a t  th e  h ig h e r  lev e ls  (sh o w in g  a s ig n ifican tly  
h ig h e r  b io m ass  p ro d u c tio n  w h e n  P. m a r itim a  w as r e m o v e d ) ,  a n d  vice  
versa  lo w e r d o w n . T h e  in te ra c t in g  e ffec ts  o f  so il ty p e  (sa n d  vs  c la y ), 
sa lin ity  (sa lin e , 400 m M  N aC l vs  b ra c k ish , 200 m M  N a C l) ,  a n d  so il 
m o is tu re  (d ry  vs  w a te r lo g g e d )  w e re  a n a ly se d  in  a  c o m p e tit io n  e x p e r i
m e n t u sin g  a  re p la c e m e n t se rie s  d e s ig n  (d e  W it, 1960) a n d  th e  e ffe c ts  o f 
n u tr ie n ts  a n d  g ra z in g  w e re  in v e s tig a te d  by  a d d in g  K N 0 3 a n d  K H 2P 0 4 
a n d  by  c lip p in g . T h e  o v e ra ll re su lts  in d ic a te d  th a t  P . m a r itim a  w a s  a  
b e t te r  c o m p e tito r  u n d e r  m o s t c o n d itio n s , g a in in g  a n  a d v a n ta g e  b y  e a r ly  
g ro w th  th a t  p re -e m p ts  sp a c e  a n d  sh a d e s  e m e rg e n t  S. ang lica  sh o o ts . T h e  
a d v a n ta g e  o f  P . m a r itim a  in c re a se d  p ro g re ss iv e ly  w ith  t im e , e sp ec ia lly  
o n  sa n d . S p a rtin a  anglica  g rew  b e t te r  o n  c lay  th a n  o n  sa n d y  a n d  g ro w th  
o n  clay  w as b e t te r  u n d e r  d ry  c o n d itio n s , w h e re a s  o n  s a n d  it w as  b e t te r  
u n d e r  w a te r lo g g e d  c o n d itio n s . S a lin e  c o n d itio n s  r e d u c e d  g ro w th  in b o th  
sp e c ie s  m o re  o r  less e q u a lly , a d d e d  n u tr ie n ts  h a d  lit t le  e ffe c t o n  e ith e r  
m o n o c u ltu re s  o r  m ix tu re s , a n d  c lip p in g  a lm o s t c o m p le te ly  su p p re sse d  
th e  g ro w th  o f  y o u n g  S. an g lica  sh o o ts , w h e re a s  P. m a r itim a  w as less 
a ffe c te d , e sp e c ia lly  o n  b ra c k ish  d ry  sa n d  (S c h ö lte n  a n d  R o z e m a , 1990).

T h e se  e x p e r im e n ts  a cc o rd  w e ll w ith  f ie ld  d is tr ib u tio n s  a n d  h e lp  to  
e x p la in  h o w  P. m a r itim a  is a b le  to  in v ad e  an  S. ang lica  sw a rd , 
p a r tic u la r ly  u n d e r  lo w e r sp r in g  te m p e ra tu re s  a n d  o n  sa n d ie r  so ils . S. 
anglica  a lso  fa c ilita te s  th e  e s ta b l ish m e n t o f  P. m a r itim a  ( a n d  o th e r  
sp e c ie s)  by  th e  p ro te c tio n  it  p ro v id e s  ag a in s t u p ro o t in g  b y  tid a l  c u r re n ts ,  
th e  in c re a se d  su rfa c e  e le v a tio n  b y  a c c re tio n  o f  silt a ro u n d  th e  sh o o ts , 
s tru c tu ra l im p ro v e m e n t o f  th e  u p p e r  lay e rs  o f  se d im e n t b y  l i t te r  a c c u m u 
la t io n , a n d  b y  ra d ia l  o x y g en  loss f ro m  th e  rh iz o m e s  (R o z e m a  et al., 
1985; S c h ö lte n  a n d  R o z e m a , 1990).

2. The Ergot Fungus Claviceps purpurea
In  re c e n t y e a rs , a n d  esp ec ia lly  d u r in g  th e  p a s t  d e c a d e , m a n y  p o p u la t io n s  
o f  S. anglica  b e c o m e  h e av ily  in fe c te d  w ith  C la v icep s  p u rp u r e a  (F r .)
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T u i.,  a  p y re n o m y c e te  fu n g u s  w h ich  c au ses  e rg o t d ise ase . T h e  fu n g u s  is 
m ost v is ib le  d u rin g  th e  sc le ro tia l p h a se  w h e n  th e  sc le ro tia , o r  e rg o ts , 
m ay  b e  se e n  p ro tru d in g  fro m  th e  in f lo re sc e n c e  (F ig . 11). O v e rw in te r in g  
on o r  b e lo w  th e  m u d  su rfa c e , th e  e rg o ts  g e rm in a te  in  la te  sp rin g  a n d , 
via a p r im a ry  in fe c tio n  by  th e  sex u a l a sc o sp o re s , th e  fu n g u s c an  sp re a d  
rap id ly  th ro u g h  th e  su m m e r  b y  m e a n s  o f  a se x u a l co n id ia  e x tru d e d  fro m  
in fec ted  f lo re ts  in a s tick y  h o n e y d e w . C la vicep s  d isp lay s a c e rta in  
a m o u n t o f  h o s t  sp ec ific ity  (M a n tle , 1980), a n d  L o v e less  (1971) su g g ested  
th a t th e  s tra in  p a ra s itiz in g  S. ang lica  p ro b a b ly  d iffe rs  su ffic ien tly  to  b e  
re g a rd e d  a s  a  d is tin c t ta x o n . Sp a rtin a  ang lica  e rg o ts  h a v e  e x ce p tio n a lly  
h igh  a lk a lo id  c o n te n t  (0 .9 1 % ) , c o n sis tin g  o f  th e  ly se rg ic  acid  d e riv a tiv e s  
e rg o ta m in e  a n d  e rg o to x in e  (M a n tle , 1969).

A lth o u g h  r e p o r te d  o n  S. a lte rn iflo ra  in  th e  U S A  as lo n g  ag o  as 1895 
(E le u te r iu s , 1970), C. p u rp u r e a  d o e s  n o t  a p p e a r  to  h a v e  b e e n  re c o rd e d  
in E u ro p e  b e fo re  1960, w h e re  it o c c u rre d  a t  a  low  leve l o n  S. x  
to w n sen d ii  n e a r  D u b lin  (B o y le , 1976b). S e v e ra l re c o rd s  o f  lig h t in fec 
tions in th e  e a r ly  1960s a re  re c o rd e d  b e fo re  th e  first h e av y  in fec tio n s , in 
P o o le  H a rb o u r  in 1971 a n d  in  I re la n d  in 1975 a n d  1976 (B o y le , 1976b;

Germinating 
sclerotium 
(M ay /June) Strom ata I head 

with perithecia9 - 1 0  months 
Overwintering 
and pre-chilling 4 - 6  weeks 

(Ju n e /Ju ly )

Sexual
ascospores

Differentiation 
of sclerotia 
5  weeks

Prim ary 
infection by 
ascospores

7 -1 0  days

Secondary infection 
by conidia 
(Ju ly -N o v em b er? )

Sphacelial stage 
extrusion of honeydew 
containing asexual 
conidia

Fig. 11. Life cycle of C. purpurea  on S. anglica (reproduced with permission 
from Gray et a l., 1990b).
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G ra y  et a i ,  1990b). B y  th e  1980s, h e av y  in fe c tio n  w as a p p a re n t  in 
s e v e ra l a re a s  in c lu d in g  P o o le  H a r b o u r ,  th e  D e e  a n d  th e  R ib b le  e s 
tu a r ie s . In  20 “ p o p u la t io n s”  (e ac h  c o m p ris in g  a 0 .5  h a  a r e a  o f  S. anglica  
sw ard ) in  P o o le  H a rb o u r ,  in fe c tio n  ro se  fro m  a m e a n  o f  3 6 .4 %  o f  all 
in f lo re sc en c e s  c o n ta in in g  a t le a s t o n e  e rg o t  (o r  h o n e y d e w ) in  1983 to  a 
m e a n  o f  8 5 .2%  in  1988 (G ra y  e t al.,. 1990b). M o re  th a n  9 0 %  o f  all 
f lo w e rin g  h e a d s  w e re  in fe c te d  in  se v e ra l p o p u la t io n s . I n  th e  R ib b le  
e s tu a ry ,  in fe c tio n  ro se  f ro m  less th a n  1%  o f  in fe c te d  in f lo re sc e n c e s  in 
1981 to  as h ig h  as 52%  in  th e  m a in  sw ard  I n  1986, a n d  s im ila r  in c re a ses  
w e re  re c o rd e d  in  th e  D e e  b e tw e e n  1986 a n d  1988 (T h o m p s o n  in  G ra y  et 
a l.,  1990b).

T h e s e  e x ce p tio n a lly  h ig h , e v e n  e p id e m ic , lev e ls  o f  d ise a se  a re  r e la t 
ively  r a r e  in  n a tu ra l  p la n t c o m m u n itie s  ( B u rd o n , 1987; C la rk e  et a l . ,
1987) a n d  p ro m p t a t le a s t  tw o  im p o r ta n t  q u e s tio n s : w h a t a re  th e  e ffec ts  
o f  th e  p a th o g e n o n  th e  h o s t?  a n d  w h y  a re  in fe c tio n  lev e ls  so  h ig h ?  T h e  
firs t q u e s tio n  is d ifficu lt to  re so lv e . A lth o u g h  th e r e  is a c le a r  e ffe c t o n  
fe c u n d ity , in  th a t  e v e ry  e rg o tiz e d  f lo re t  re d u c e s  p o te n tia l  se e d  p ro d u c 
tio n  by  o n e , th e  e x tre m e ly  lo w  lev e ls  o f  se e d -s e t  in  m o s t  p o p u la t io n s  
a n d  th e  p o ss ib le  e ffec ts  o n  se e d  p ro d u c tio n  in  u n in fe c te d  f lo re ts  m a k e  
m e a s u re m e n t o f  th e  a c tu a l e ffe c t o n  fe c u n d ity  e x tre m e ly  d iff icu lt. A n  
e s t im a te  fo r  P o o le  H a rb o u r  p o p u la tio n s  in  1985 in d ic a te d  th a t  p o te n tia l  
s e e d  p ro d u c tio n  w as r e d u c e d  b y  16%  o n  a v e ra g e , b u t  by  as m u c h  as 
47%  in  so m e  p o p u la t io n s , a n d  th e re  w e re  e ig h t e rg o ts  fo r  e v e ry  filled  
sp ik e le t  (G ra y  e t a i . ,  1990b). In  a d d it io n , th e re  is l im ite d  e v id e n c e  th a t  
th e  d e m a n d  o f  th e  fu n g u s  o n  th e  h o s t’s re so u rc e s  m ay  le a d  to  h o st 
d a m a g e — a  s ig n ifican t n e g a tiv e  re la tio n s h ip  b e tw e e n  m e a n  e rg o t  w e ig h t 
a n d  n u m b e r  o f  e rg o ts  p e r  in f lo re sc e n c e  su g g e s tin g  th a t  d e v e lo p in g  
sc le ro tia  c o m p e te  fo r  lim ite d  n u tr ie n ts .  T h e  e x te n t  o f  th e  e ffe c t is 
im p o ss ib le  to  m e a su re  in  f ie ld  p o p u la t io n s  b e c a u se  it  is n o t  p o ss ib le  to  
re co g n ize  in d iv id u a l p la n ts  ( ra m e ts ) .

T h e  u n c h a ra c te ris tic a lly  h e a v y  in fe c tio n  in  S. ang lica  is m o s t  o b v io u sly  
re la te d  to  th e  fa c t th a t  th e  sp e c ie s  te n d s  to  o c c u r  as d e n s e ,  m o n o sp e c if ic  
sw a rd s , a n d  th u s  re se m b le s  a n  a g ric u ltu ra l  c ro p  in  its  v u ln e ra b ili ty  to  
e p id e m ic s  (B u rd o n  a n d  C h ilv e rs , 1982). F u r th e r m o r e ,  th e  a p p a re n t  
g e n e tic  u n ifo rm ity  o f  S. a n g lica ,  i ts  p ro l ife ra t io n  m a in ly  b y  c lo n a l 
e x p a n s io n , a n d  its  e x te n d e d  p e r io d  o f  f lo w e rin g  f ro m  Ju ly  to  N o v e m b e r  
m a k e  it e sp e c ia lly  v u ln e ra b le  to  p a th o g e n  a tta c k . S p e c u la tio n  as th e  th e  
fu tu re  d e v e lo p m e n t o f  th e  d ise a se  m u s t ta k e  a c c o u n t o f  th e  sp e c ie s ’ 
c u r re n t  in a b ility  to  ev o lv e  re s is ta n c e , o f  th e  p o ss ib le  e ffe c ts  o f  u n u su a l 
w e a th e r  c o n d itio n s  w h ich  m ig h t b re a k  th e  cycle  o f  in fe c tio n , a n d  o f  th e  
re c e n tly  d isc o v e re d  p re se n c e  o f  a  h y p e rp a ra s i te ,  th e  fu n g u s  F u sa riu m  
h e te ro sp o ru m ,  w h ich  is a p o te n tia l  a g e n t o f  b io lo g ica l c o n tro l  o f  C la
v icep s  (G ra y  e t a l . ,  1990b).
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3. Invertebrates
T h e  fa u n a  o f  S. anglica  m a rsh e s  h as re c e iv e d  v e ry  lit t le  a tte n tio n , in 
c o n tra s t  to  th a t  o f  th e  S . a lte rn iflo ra -d o m in a te d  m a rsh e s  o f  N o rth  
A m e ric a  (e .g . T e a l,  1962; D a ib e r ,  1982). P a y n e  (1973) n o te d  o n ly  fo u r 
in sect sp e c ie s  co m m o n ly  o c cu rrin g  in S. anglica  sw a rd s  in  P o o le  H a r 
b o u r. T h e s e  w e re  a  le a fh o p p e r , E u sce lis  o b so le tu s ,  a  h e rb iv o ro u s  
g ra ssh o p p e r , C h o rth ip p u s  a lb o m a rg in a tu s , a n  o m n iv o ro u s  g ra ssh o p p e r , 
C o n o cep h a lu s d o rsa lis ,  a n d  a  p re d a to ry  d a m se l b u g , D o lich o n a b is  
linea tus. T h e  firs t th re e  a p p e a re d  to  b e  fe e d in g  o n  S. a n g lica ,  a lth o u g h
C. dorsa lis  fe d  a lso  on  E . o b so le tu s ,  as d id  D . lin ea tu s. T h is  ra th e r  
sk e le ta l in se c t fo o d -c h a in  m ir ro rs , b u t  is less rich  th a n ,  S. a ltern iflora  
m arsh es . O th e r  in sec ts  fo u n d  in  P o o le  H a r b o u r  S. anglica  m arsh es  
in c lu d ed  th r e e  sp ec ie s  o f  sh o re b u g  (S a ld id a e )  a n d  se v e ra l sp id e r  sp ec ie s , 
in c lud ing  A rg io p e  b ru en n ich i.

Ja c k so n  a n d  h is c o lle ag u e s  (Ja c k s o n , 1984; J a c k so n  et a l . ,  1985, 1986) 
also fo u n d  re la tiv e ly  few  sp ec ie s  o f  m a c ro in v e r te b ra te s  in  th e  S. anglica  
can o p y  o f  a  m a rsh  a t  S ea fie ld  B a y  in  E a s t  A n g l ia — 13 ta x a  in  a ll, an d  
only  six o c c u rr in g  re g u la r ly . O f  th e s e ,  o n ly  o n e , th e  sa p -fee d in g  sp ittle -  
bug P h ila en u s  sp u m a r iu s ,  w as a  s ig n ifican t c o n su m e r  o f  liv e  S. anglica  
m ate ria l, an d  th e  c o n su m p tio n  o f  th is  sp e c ie s  w as a  v e ry  sm a ll frac tio n  
o f th e  p la n t’s a n n u a l p ro d u c tio n . T h e  to ta l  a n n u a l a ss im ila tio n  by all 
c an o p y  in v e r te b ra te s  a m o u n te d  to  less th a n  0 .3 %  o f  th e  to ta l  an n u a l 
a b o v e -g ro u n d  n e t  p r im a ry  p ro d u c tio n , w ith  P. sp u m a r iu s  assim ila tin g
0.4 g o f  a can o p y -sp e c ie s  to ta l  o f  0 .5  g c m ~ 2y e a r -1 ) . A s  in  N o rth  
A m e ric an  m a rs h e s , th e  a ss im ila tio n  o f  S p a rtin a  m a te r ia l  w as d o m in a te d  
by s e d im e n t-a s so c ia te d  d e tr i t iv o re s  (a ss im ila tin g  m o re  th a n  
40 g e m “ 2 y e a r -1 ) ,  o f  w h ich  th e  d o m in a n t  sp e c ie s  w as th e  p o ly c h a e te  
w orm  N ere is  d ive rs ic o lo r ,  a cc o u n tin g  fo r  m o re  th a n  85%  o f  all S. 
anglica  m a te r ia l  a ss im ila te d . A lth o u g h  d o m in a te d  q u a n tita tiv e ly  by  N . 
d iversico lor, th e  in v e r te b ra te  fa u n a  a sso c ia te d  w ith  th e  se d im e n ts  in th is 
m arsh  w as su rp ris in g ly  rich  in  sp e c ie s , a t  le a s t  in  th e  lo w e r  z o n e s , w ith  a 
to ta l o f  15 sp e c ie s  o f  w h ich  12 o c c u rre d  re g u la r ly . A lth o u g h  th is is a 
s im ilar lev e l o f  d iv e rs ity  to  S . a lte rn iflo ra  m a rs h e s , J a c k so n  e t a l.  (1985) 
suggest th a t  th e  in e q u ita b le  d e n s ity  d is tr ib u tio n s , in  w h ich  o n e  sp ec ies 
d o m in a ted , re fle c ts  th e  re c e n t  o rig in  o f  S. an g lica  m a rsh es . O b se rv a tio n s  
e lsew h ere  (M illa rd  a n d  E v a n s , 1984; S. M c G ro r ty ,  p e rs . c o m m .)  in d i
cate  th a t  th e  b e n th ic  fa u n a  o f  a d v an c in g  o r  s ta b le  S. ang lica  m a rsh e s  is 
g en era lly  d e p le te d  in re la tio n  to  th e  n e a rb y  tid a l  f la ts , a n d  th a t  a lth o u g h  
ep ib e n th ic  sp e c ie s  m ay  b e  p re s e n t  in  S. anglica  sw a rd s , th e  S ea fie ld  B ay  
site  m ay  n o t  b e  c h a ra c te ris tic .

In te re s tin g ly , b e c a u se  it  is th e  o n ly  C 4 sp e c ie s  p re s e n t ,  J a c k so n ’s s tu d y  
of th e  fa te  o f  S. anglica  in  th e  fo o d  c h a in  w as a b le  to  ex p lo it th e
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d iffe re n ce s  in  c a rb o n  iso to p e  u til iz a tio n  b e tw e e n  C 3 a n d  C 4 sp ec ie s  a n d  
th e  te n d e n c y  fo r  a n im a ls  to  re fle c t th e  13 C / 12C  ra tio  o f  th e ir  fo o d  
so u rc es  (T e e r i  a n d  S c h o e lle r, 1979). H is  f in d in g  th a t  fe w  o f  th e  c an o p y  
sp ec ie s  u tiliz e  S . anglica  as a m a jo r  fo o d  so u rc e  m ay  re fle c t th e  re la tiv e  
in d ig e s tib ility  o f  C 4 sp ec ie s  as a  w h o le  (C asw e ll a n d  R e e d ,  1976) o r  th e  
re la tiv e ly  r e c e n t  o rig in  o f  th e  sp ec ie s . O f  th e  a n n u a l n e t  p r im a ry  
p ro d u c tio n  o f  S. anglica  a t  S ea fie ld  B a y , b e tw e e n  14%  a n d  2 0 %  w as 
a ss im ila te d  by  in v e r te b ra te s  ( >  85%  o f  th a t  by  N . d ive rs ic o lo r ) ,  m o stly  
as d e tr i tu s  in  s itu ,  a b o u t  30%  w as d is s ip a te d  by  m ic ro -o rg an ism s  an d  
m e io fa u n a , a n d  o f  th e  re s t  a ro u n d  1 5 -2 2 %  is e x p o r te d  aw ay  f ro m  th e  
s ite  as d e tr i tu s  o r  live  m a te r ia l  a n d  is a v a ila b le  fo r  in c o rp o ra tio n  in to  
e s tu a r in e  fo o d -ch a in s  (Ja c k s o n , 1984).

4. Spartina anglica and the Decline o f  the Dunlin. Calidris 
alpina
W h a te v e r  its  rich n e ss  a n d  d e n s ity , th e  in v e r te b ra te  f a u n a  o f  S. anglica  
sw a rd s  is m u c h  less a v a ilab le  a s  fo o d  to  w a d in g  b ird s  (C h a ra d r i i)  th a n  
th a t  o f  th e  n e a rb y  tid a l f la ts . In d e e d ,  th e  m a jo r  th r e a t  w h ich  S. anglica  
is p e rc e iv e d  to  p o se  in  E u ro p e a n  e s tu a r ie s  is its  in v as io n  o f  b ird  
fe e d in g -g ro u n d s—e ith e r  th e  ee lg ra ss  ( Z o s te ra  s p p .)  a n d  a lg a l ( E n te ro 
m o rp h a  s p p .)  b e d s  u tiliz e d  by  h e rb iv o ro u s  w ild fo w l su c h  as th e  B re n t 
g o o se , B ra n ta  b ern ic la , a n d  w id g e o n , A n a s  p e n e lo p e , o r  th e  in v e r te 
b ra te - r ic h  m u d fla ts  u se d  by  w a d e rs  (D o o d y , 1990; N a irn ,  1986; R a n w e ll 
an d  D o w n in g , 1959). D e sp ite  th is  p e rc e p tio n , d o c u m e n te d  e v id e n c e  o f 
an  e ffec t o n  b ird s  is r a re ,  a n d  th e  o v e rw in te r in g  p o p u la t io n s  o f  m o st 
sp ec ie s  o f  w a d e rs  h a v e  re m a in e d  c o n s ta n t  o r  h a v e  in c re a s e d  in  size  since  
n a tio n w id e  c o u n ts  b e g a n  in  th e  early -1 9 7 0 s (G o s s -C u s ta rd  a n d  M o se r ,
1988). A  n o ta b le  e x c e p tio n  is th e  d u n lin , C alidris a lp in a , th e  o v e rw in t
e r in g  n u m b e rs  o f  w h ich  h a d  d e c lin e d  u p  to  1988 by  a lm o s t a  h a lf  since  
1973/74 (S a lm o n  a n d  M o se r , 1985).

T h e  d u n lin  w as am o n g  th e  sp e c ie s  w h ich  fed  p a r tic u la r ly  a t  th e  tid e  
e d g e  a n d  o n  th e  h ig h e r  p a r ts  o f  th e  f la ts  in  th e  D y fi e s tu a ry  a n d  w h o se  
n u m b e rs  d e c lin ed  d u rin g  th e  p e r io d  o f  S. anglica  e x p a n s io n  th e re  in  th e  
e a rly  a n d  m id-1970s (D a v is  a n d  M o ss , 1984). (T h e  o th e r  sp e c ie s  w ere  
o y s te rc a tc h e r , H a e m a to p u s  o stra leg u s, r in g e d  p lo v e r , C h a ra d riu s h ia 
ticu la , a n d  sa n d e rlin g , C alidris a lb a .)  M illa rd  a n d  E v a n s  (1984) a lso  
n o te d  th a t  d u n lin , a n d  o th e r  f lo ck -fe ed in g  sp e c ie s , p re fe r  to  fe e d  on 
o p e n  m u d  a n d , u n lik e  re d s h a n k ,  T rin g a  to ta n u s ,  w e re  ra re ly  fo u n d  
a m o n g  S . anglica  c lu m p s o r  in  th e  sw ard  a t L in d is fa rn e  in  n o r th e rn  
E n g la n d . G o ss -C u s ta rd  a n d  M o s e r  (1988 , 1990) c o m p a re d  th e  d iffe re n t 
r a te s  o f  d e c lin e  o f  d u n lin  n u m b e rs  in d if fe re n t  B ritish  e s tu a r ie s  to  th e  
c h an g e s  in  a b u n d a n c e  o f  S . ang lica  in  th o se  e s tu a r ie s  d u rin g  th e  p e r io d  
1971/72 to  1985/86. N u m b e rs  h a d  d e c lin e d  a t  th e  g re a te s t  r a te  in
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e s tu a r ie s  w h e re  S. anglica  h a d  e x p a n d e d  m o s t  d u r in g  th a t  p e r io d  a n d , 
w ith  so m e  e x c e p tio n , h a d  h a rd ly  c h a n g e d  in  th o se  w h e re  S. anglica  
p o p u la tio n s  w e re  s ta tic . I t  is su g g e s te d  th a t  S. anglica  b o th  rem o v es 
fe ed in g  a re a s  a n d  re d u c e s  fe e d in g  tim e , b o th  o f  w h ich  w o u ld  in c rease  
ra te s  o f  e m ig ra tio n  a n d  m o r ta lity . H o w e v e r ,  as th e  a u th o rs  p o in t  o u t, 
th e  d e c lin e  o f  d u n lin  a n d  th e  sp re a d  o f  S. anglica  m ay  h a v e  o c cu rre d  
in d e p e n d e n tly , o r  m ay  b e  lin k e d  by  a  th ird  fa c to r  su ch  as se d im e n ta ry  
o r  n u tr it io n a l  ch an g es in  th e  e s tu a r ie s . T h e  re m o v a l o f  S. anglica  u sing  
h e rb ic id es  h a s  re su lte d  in  th e  r e tu rn  o f  w a d e rs , in c lu d in g  d u n lin , to  
fo rm erly  v e g e ta te d  a rea s  a t  L in d is fa rn e  (C o rk h ill ,  1984; E v a n s ,  1986), 
b u t a re a s  f ro m  w h ich  th e  g ra ss  h a d  d ie d  b a c k  a lo n g  th e  E n g lish  so u th  
co ast a re  n o t  b e in g  e x p lo ite d . T h is  m ay  b e  b e c a u se  th e s e  se d im e n ts  a re  
u n su itab le  fo r  in v e r te b ra te s  to  c o lo n ize  o r  a r e  c o v e re d  w ith  m a ts  o f  
a lgae (T u b b s , 1977).

E. Die-back, Control and Conservation
A lth o u g h  S . anglica  s p re a d  ra p id ly  in  th e  e a r ly  d e c a d e s  o f  th is  c e n tu ry  
an d  c o n tin u e s  to  sp re a d  in w e s te rn  a n d  n o r th e r n  e s tu a r ie s , th e  d e 
g e n e ra tio n  o f  sw ard s  a lo n g  th e  so u th  c o a s t o f  E n g la n d  w as n o te d  as 
early  as th e  m id -1920s. P a tc h y  d e g e n e ra t io n  w as re p o r te d  fro m  th e  
B e au lieu  e s tu a ry  in  1928 a n d  by  th e  m id -1 9 5 0 s a b o u t  60 h a  o f  S. anglica  
m arsh  h a d  b e e n  lo s t in  th e  H a m p sh ire  B a sin  (M a n n e rs , 1975). D ie -b a c k  
b eg an  in  P o o le  H a rb o u r  in  th e  m id -1 9 2 0 s , w h e re  S. anglica  w as first 
re c o rd e d  in  1890, h a d  sp re a d  to  c o v e r  m o re  th a n  775 h a  by  1924. b u t 
h ad  d e c lin ed  to  a ro u n d  415 h a  by  1980 (G ra y  a n d  P e a rso n , 1984). O th e r  
d e ta ile d  s tu d ie s  o f  d e c lin e  h a v e  b e e n  m a d e  f ro m  L a n g s to n e  H a rb o u r  
(H ay n es  a n d  C o u lso n , 1982) a n d  fro m  M ilfo rd  H a v e n  in  S o u th  W ales  
(D a lb y , 1970; B a k e r ,  1976; B a k e r  et a l . ,  1990). D e c lin e  in  a re a  o f  S. 
anglica  sw ard s h a s  b e e n  re c o rd e d  f ro m  m a n y  E n g lish  so u th  a n d  e a s t 
co as t e s tu a r ie s  a n d  fro m  so m e  in  so u th  w e st B r i ta in ,  f ro m  n o r th e rn  
F ra n c e  a n d  fro m  th e  so u th  w e st N e th e r la n d s .

In v e s tig a tio n s  in to  d ie -b a c k , m a in ly  c a r r ie d  o u t a t  S o u th a m p to n  
U n iv e rsity  b e tw e e n  1953 a n d  1965, d id  n o t  co n clu siv e ly  p ro v id e  a 
p ro x im a l c au sa tiv e  a g e n t b u t  c lea rly  c h a ra c te r iz e d  th e  c o n d itio n s  u n d e r  
w hich d ie -b a ck  o ccu rs  (G o o d m a n , 1960; G o o d m a n  a n d  W illiam s, 1961; 
G o o d m a n  et a l . ,  1959; S iv a n eso n  a n d  M a n n e rs ,  1972). T h e s e  in c lu d e  
b ad ly  d ra in e d , u su a lly  w a te r lo g g e d , h ig h ly  a n a e ro b ic  soils w ith  a h igh 
p ro p o rtio n  o f  f in e  p a r tic le s  a n d  a h ig h  su lp h id e  c o n te n t .  T h e  h igh  
o rg an ic  leve ls w h ich  re su lt fro m  in itia l S. ang lica  d e c a y  m ay  in c re a se  th e  
ra te  o f d ie -b a ck  b y  in c re a s in g  th e  w a te r - re ta in in g  a b ility  o f  th e  m u d s. 
B o th  to x ic  lev e ls  o f  su lp h id e  (G o o d m a n  a n d  W illiam s, 1961) a n d  an o x ia



4 6 A . J .  G R A Y  E T  A L .

in  th e  rh iz o m e s  (B a rk e r ,  1963) h av e  b e e n  d irec tly  im p lic a te d  in  th e  
d e a th  o f  p la n ts  in  d ie -b a c k  a rea s .

W h a te v e r  th e  im m e d ia te  c au se  o f  d ie -b a c k , its  in te re s t  f ro m  a  b ro a d e r  
p e rsp e c tiv e  c o m e s f ro m  th e  se r ie s  o f  p h y s io g ra p h ic a l a n d  ph y sica l 
c h a n g e s  w h ich  fo llo w  th e  in v as io n  o f  S .a n g lica ,  p a r tic u la r ly  th e  c re a tio n  
b y  ra p id  se d im e n t a c c re tio n  o f  a  se rie s  o f  b a d ly  d ra in e d  m a rs h e s ,  o f te n  
w ith  a c o n ca v e  p ro f ile . R e p la c in g  m o re  g ra d u a lly  s lo p in g  m u d f la ts , th e se  
m a rsh e s  re m o v e  fro m  c irc u la tio n  e x tre m e ly  la rg e  v o lu m e s  o f  se d im e n t. 
D e p th s  o f  u p  to  1 .8  m  o f  a c c re te d  se d im e n t h a v e  b e e n  re c o rd e d  b e lo w  
S. anglica  m a rsh e s  in P o o le  H a rb o u r  (H u b b a rd  a n d  S te b b in g s , 1968). 
T h u s , w h e n  d ie -b a c k  b e g in s , th e  se d im e n ts  (a n d  p re su m a b ly  n u tr ie n ts )  
re le a s e d  a re  lik e ly  to  h a v e  a  m a jo r  im p a c t o n  th e  in te r t id a l  a r e a  to  
se a w a rd . T h is  is i l lu s tra te d  by  th e  c h an g e s  in  th e  b e d  lev e ls  o f  m a jo r  
n a v ig a tin g  c h a n n e ls  w ith in  P o o le  H a rb o u r  b e tw e e n  1849 a n d  1980, 
d u rin g  w h ich  p e r io d  S. anglica  in v ad e d  a n d  su b s e q u e n tly  d ie d  b a c k  (F ig . 
12).

D ie -b a c k  c an  th e re fo re  b e  v iew ed  as a ‘n a tu ra l ’ p ro c e ss  in  w h ich  a 
n ew ly  ev o lv e d  sp ec ie s  h a s  d ra m a tic a lly  a lte re d  th e  s e d im e n ta ry  a n d
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Fig. 12. T he percentage change in bed levels of four m ajor channels in Poole 
H arbour. D orset, betw een the A dm iralty Surveys of 1849 and those of 1934, 
1954 and 1980. ( - ■ -  W ytch L ake, - o -  M iddlebere L ake, - a -  W areham  
C hannel, South D eep). A lso shown is the  change in area o f  S. anglica 
m arsh (. . - A ■ • •)• M odified from  G ray et al., 1990a.
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d ra in a g e  c h a ra c te ris tic s  o f  th e  m a rsh e s , a n d  c re a te d  th e  a n a e ro b ic , 
w a te rlo g g ed  co n d itio n s  w h ich  le d  to  its o w n  d e s tru c t io n . W h e th e r  th is 
p ro cess  will o c c u r  o n  th e  g e n e ra lly  sa n d ie r  m a rs h e s  in  th e  w e st an d  
n o r th , a n d  w h e th e r  it  w ill b e  a cyclic  p ro c e ss  in  th e  so u th ,  S. anglica  
re in v a d in g  n ew ly  a c c re te d  m u d f la ts ,  a r e  e x tre m e ly  in te re s t in g  q u e s tio n s  
(th e  lack  o f  re in v a s io n  th u s  f a r  m ay  b e  b e c a u se  m u d f la t  lev e ls  a re  to o  
low  o r  u n s ta b le ) . T h e  a n sw ers to  th e m  will d e te rm in e  th e  e v e n tu a l  n ich e  
w hich th e  sp ec ie s  o ccu p ies .

W h ils t e x te n s iv e  d ie -b a ck  o c cu rs  in  th e  so u th  (a n d  se v e ra l loca l 
agencies re sp o n s ib le  fo r  sea  d e fe n c e  c o n te m p la te  re p la n tin g  S. anglica  to  
p ro te c t sea  w a lls ) , e lsew h ere  th e  c o n tin u e d  sp re a d  o f  th e  p la n t  has 
p ro m p te d  a tte m p ts  to  c o n tro l it. O f  te n  c o n tro l p ro g ra m m e s  re v ie w e d  
by W ay  (19 8 7 ), fo u r  w e re  to  p re v e n t  e n c ro a c h m e n t o n to  a m en ity -  
b e ac h es , th re e  w e re  to  p re v e n t  c o lo n iz a tio n  o f  b ird - fe e d in g  a re a s ,  tw o 
w ere  to  p re se rv e  th e  flo ris tic  d iv e rs ity  o f  a d ja c e n t  sa lt m a rs h , a n d  o n e  
was to  c le a r  a h a r b o u r  p r io r  to  th e  c re a tio n  o f  an  a m e n ity  b e a c h . M o st 
p ro g ra m m e s  in v o lv e d  a  c o m b in a tio n  o f  p h y sic a l re m o v a l (b y  d ig g in g  o r 
b u lld o z in g  tu sso ck s  a n d  c lu m p s) a n d  h e rb ic id e  sp ra y in g , e ith e r  w ith  a 
b a ck p a ck , a tra c to r -m o u n te d  b o o m , o r  a e r ia l  sp ray in g . T h e  m o s t  c o m 
m only  u se d  h e rb ic id e  h a s  b e e n  g ly p h o sa te  (R o u n d u p ® ), a n d  th e  m o st 
f re q u e n tly  re c o m m e n d e d  h a s  b e e n  D a lap o n ® , a  so d iu m  sa lt  o f  d ich lo ro - 
p ro p io n ic  ac id . W ay  (1987) su g g ests  th e r e  is a n e e d  to  c o n d u c t tr ia ls  
using  lo w  d o sag es  o f  m o re  m o d e rn  h e rb ic id e s . O n ly  p a r tia l  su ccess in 
co n tro llin g  th e  p la n t  is re p o r te d  fro m  m o s t  a r e a s ,  a n d  e ra d ic a tio n  o nce  
it has b e c o m e  e s ta b lish e d  is e x tre m e ly  d ifficu lt a n d  co stly . H o w e v e r , 
p ro v id in g  a lo n g -te rm  c o m m itm e n t is m a d e , S. anglica  c a n  u su a lly  be 
c o n ta in e d  b y  r e p e a te d  sp ray in g .

S ig n ifican tly , h a lf  o f  th e  re a so n s  g iv en  a b o v e  fo r  c o n tro ll in g  S. anglica  
re la te  to  a sp e c ts  o f  n a tu re  c o n se rv a tio n . In  d e c id in g  w h e th e r  th e  sp ec ies 
was h a rm fu l o r  n o t to  n a tu re  c o n se rv a tio n  in te re s ts . D o o d y  (1990) lists 
its b en efic ia l e ffec ts  as:

1. p re v e n tin g  c o as ta l e ro s io n  a n d  s ta b iliz in g  m u d fla ts ;
2. a id in g  re c la m a tio n  fo r  a g r ic u ltu re ;
3. its h ig h  p ro d u c tiv ity  in  th e  e s tu a r in e  eco sy stem ;
4. th e  c re a tio n , v ia  su ccess io n , o f  g ra z in g  m a rsh ; an d
5. its  v a lu e  fo r  re se a rc h .

A g a in st th is , h e  b a la n c e s  th e  h a rm fu l e ffec ts  o f

1. in v ad in g  in te r t id a l  f la ts  rich  in  in v e r te b ra te s  a n d  u tilize d  by 
o v e rw in te r in g  w a d e rs  a n d  w ild fow l;

2. re p la c in g  m o re  d iv e rse  p la n t  c o m m u n itie s ;
3. p ro d u c in g  d e n se , m o n sp e c ific  sw ard s  w h ich  a lte r  su ccess io n  an d
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a re  re p la c e d  in  u n g ra z e d  a re a s  by  eq u a lly  sp e c ie s -p o o r  c o m m u n i
tie s ; an d

4 . p ro m o tin g  a g ric u ltu ra l re c la m a tio n , a n d  th u s  th e  d e s tru c t io n  o f 
sp e c ie s -r ich , h ig h -le v e l sa lt  m a rsh .

O n  b a la n c e , D o o d y  c o n c lu d e s  th a t  S. anglica  m u st b e  re g a rd e d  as a 
th re a t  in  e s tu a r ie s  o f h ig h  w ild life  in te re s t ,  b o th  to  b ird  p o p u la t io n s  an d  
to  ‘n a tu r a l ’ sa lt m a rsh  su ccess io n .

VII. THE FUTURE OF SPARTINA ANGLICA

H u m a n  in te rv e n tio n  h a s  p la y e d  a  k e y  ro le  in  th e  in it ia l  sp é c ia tio n  
p ro c e ss  w h ich  c re a te d  S . anglica  a n d  in  th e  su b s e q u e n t  su ccess o f  th e  
sp e c ie s  th ro u g h  e x te n siv e  p la n tin g . I t  is a lso  c le a r  th a t  th e  in te rv e n tio n  
o f  m a n , b o th  d ire c t  a n d  in d ire c t ,  is lik e ly  to  h a v e  a m a jo r  e ffe c t o n  th e  
im m e d ia te  fu tu re  o f  S. ang lica  a n d  o n  its lo n g - te rm  e v o lu tio n a ry  
su rv iv a l. H u m a n  in te rv e n tio n  a p a r t ,  it  is like ly  th a t  th e  tw o  m a in  fa c to rs  
th a t  w ill d e te rm in e  th e  lo n g - te rm  su ccess o f  th e  sp ec ie s  a re  its o c c u p a 
t io n  o f  a v a c a n t n ich e  w h ich  ex is ts  o n  th e  s e a w a rd  e d g e  o f  sa lt  m a rsh e s  
a n d  its  h ig h  lev e ls  o f  p h e n o ty p ic  p la s tic ity  (T h o m p s o n , 1989).

I t  a p p e a rs  lik e ly  th a t  th e  sp e c ie s  w ill c o n tin u e  to  e x p a n d  its to ta l  a re a  
in  B r i ta in  a n d  n o r th e rn  E u ro p e  to  o c cu p y  m u c h  o f  th e  p o te n t ia l  sa lt 
m a rsh  h a b ita t  th a t  is a v a ilab le  to  it, su b je c t o n ly  to  th e  c o n tin u e d  lo ss  o f  
sa lt  m a rsh  re su ltin g  fro m  e s tu a r in e  d e v e lo p m e n t o r  ris in g  se a  lev e ls . O n  
th e  b as is  o f  c u r re n t  e v id e n c e , a tte m p ts  to  l im it th is  sp re a d  o n  a  la rg e  
sc a le , o r  e v en  to  to ta lly  e ra d ic a te  S . anglica  b y  e x te n s iv e  t r e a tm e n t  w ith  
h e rb ic id e s , a re  fu tile . O n c e  th e  sp ec ie s  is e s ta b lish e d  th e re  a p p e a rs  to  be 
lit t le  th a t  c an  b e  d o n e  to  e ra d ic a te  it to ta lly  f ro m  an  e s tu a ry ,  a n d  th e  
d e v e lo p m e n t o f  a m a n a g e m e n t p la n  fo r  sa lt m a rsh  h a b ita ts  a n d  e s tu a r ie s  
w h ich  ta k e s  a c c o u n t o f  its  p re se n c e  w o u ld  a p p e a r  to  b e  th e  o n ly  
eco n o m ica lly  se n s ib le  s tra te g y . T h e  full e x te n t  o f  th e  p o ss ib le  ra n g e  th a t  
is a v a ilab le  fo r  c o lo n iz a tio n  by  S. ang lica  r e m a in s  to  b e  d e te rm in e d . T h e  
success  o f  in tro d u c tio n s  in  n o r th e rn  E u ro p e  a n d  as fa r  a f ie ld  as 
A u s tra l ia  (R a n w e ll ,  1967) a n d  C h in a  (C h u n g , 1990) su g g ests  th a t  th e  
sp ec ie s  h a s  th e  p o te n tia l  to  o c cu p y  a n d  d o m in a te  th e  e q u iv a le n t  n ich e  
o n  m u d f la ts  in  e s tu a r in e  e n v iro n m e n ts  th ro u g h o u t  th e  co o l te m p e ra te  
re g io n s  o f  th e  w o rld , su b je c t o n ly  to  c o m p e tit io n  f ro m  o th e r  Sp a rtin a  
sp e c ie s  a n d  c lim atic  l im ita tio n s . T h o u g h  th e  p h y s io lo g ica l e v id e n c e  
s tro n g ly  su g g e s ts  th a t  th e r e  w ill b e  a  c lim a tica lly  d e f in e d  lim it to  its 
n o r th e rn  e x p a n s io n  th ro u g h  th e  in f lu e n ce  o f  co o l sp r in g  te m p e ra tu re s  
w h ich  lim it e a r ly  se a so n  g ro w th  (L o n g , 1 983), th e re  is as y e t n o  c le a r 
in fo rm a tio n  a v a ilab le  w ith  w h ich  to  p re d ic t  th e  e x te n t  o f  its so u th e rn
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ex p an s io n  in to  w a rm e r  c lim a te s , a lth o u g h  R a n w e ll (1967) d o e s  suggest 
th a t w in te r  te m p e ra tu re s  m ay  b e  im p o r ta n t.

T h e  ra te  a t  w h ich  fu tu re  e x p an s io n  o f  S . anglica  m ay  ta k e  p lac e  is 
d ifficu lt to  p re d ic t .  W h ils t d ire c t h u m a n  in te rv e n tio n  h as b e e n  th e  m a jo r  
fac to r in  its lo n g -d is ta n c e  d isp e rsa l w ith in  th e  s h o r t  tim e sc a le  o v e r  w h ich  
it has e x is te d , th e re  is c le a r  e v id e n ce  th a t ,  o n c e  e s ta b lish e d , th e  sp ec ies 
is ab le  to  s p re a d  e ffic ien tly  a n d  o ccu p y  a n  in d iv id u a l e s tu a ry  (a lth o u g h  
th e re  m ay  b e  a  sig n ifican t lag  p h a se  fro m  its  o r ig in a l c o lo n iz a tio n  to  its 
full o c c u p a tio n  o f  a ll th e  a v a ilab le  s ite s ) . B e c a u se  o f  th e  w id e sp re a d  
p lan tin g  o f  th e  sp e c ie s  th ro u g h o u t  th e  B ritish  Is le s , it  is n o t  y e t  a p p a re n t  
how  e ffic ie n t it  is a t  in d e p e n d e n t  d isp e rsa l b e tw e e n  e s tu a r ie s  th ro u g h  
seed  o r  c lo n a l f ra g m e n ts  u n less  th e  e s tu a r ie s  a re  a d ja c e n t  o r  a re  l in k e d  
by in te rm e d ia te  a re a s  o f  sa lt  m a rsh . H o w e v e r , it  d id  s p re a d  su ccessfu lly , 
a p p a re n tly  u n a id e d , m o re  th a n  150 k m  e a s tw a rd s  a lo n g  th e  c o a s t an d  
m o re  th a n  100 k m  ac ro ss  th e  E n g lish  C h a n n e l  f ro m  its p o in t  o f  o rig in  in  
th e  ea rly  p a r t  o f  th e  c e n tu ry . T h e  e ffic ien cy  o f  su ch  “ in d e p e n d e n t  
d isp e rsa l”  w ill b e  im p o r ta n t  in  d e te rm in in g  th e  ra te  a t  w h ich  th e  sp ec ies 
can  e x p a n d  to  c o lo n ize  a v a ilab le  h a b ita ts  a n d  w ill b e  a m a jo r  fa c to r  in 
th e  fu tu re  s p re a d  o f  th e  sp e c ie s  fro m  in tro d u c e d  s ite s  th ro u g h o u t  th e  
w orld.

In  th e  lo n g e r  te rm  it a p p e a rs  lik e ly  th a t  th e  p ro c e ss  o f  g lo b a l w a rm in g  
m ay h a v e  a  m a jo r  e ffe c t o n  th e  fu tu re  o f  S. a n g lica . T h e re  a re  tw o  m ain  
co n seq u en ces o f  g lo b a l w a rm in g  w hich  m ay  h a v e  a  d ire c t  im p a c t. T h e  
p re d ic te d  r ise  in  se a  lev e ls  w ill re su lt  in  th e  d e s tru c t io n  o f  so m e  coasta] 
h a b ita ts  th ro u g h  in u n d a tio n , a n d  a lth o u g h  n e w  o n e s  w ill re p la c e  th e m , a 
long tim e  m ay  p a ss  b e fo re  n ew  s ta b le  h a b ita ts  b e c o m e  e s tab lish e d  
(R o w n tre e , 1990). T h e  se c o n d  lik e ly  c o n se q u e n c e  o f  g lo b a l w a rm in g  is 
th at S. anglica  ( in  c o m m o n  w ith  m an y  o th e r  sp e c ie s , e .g . s e e  G rim e
(1990)) m ay  a lte r  its  g e o g ra p h ic a l ra n g e  a n d  b e c o m e  o f  in c reas in g  
im p o rta n ce  in  n o r th  E u ro p e a n  e s tu a r ie s  as te m p e ra tu re s  in c re a se  an d  
allow  im p ro v e d  e a r ly  se a so n  g ro w th  a t n o r th e r n  la ti tu d e s . T h e  like ly  
tim escale  o f  su ch  p re d ic te d  c h an g e s  in  g lo b a l te m p e ra tu re  a n d  e ro s io n  o f 
salt m arsh  in  th e  face  o f ris in g  se a  lev e l w ill b e  im p o r ta n t  in  d e te rm in in g  
how w ell S. anglica  is a b le  t o  re p e a te d ly  re c o lo n iz e  a v a ilab le  h a b ita ts  in  
the face  o f  su c h  d y n a m ic  c h an g e s  to  th e  e n v iro n m e n t.  T h e  su ccess o f  S. 
anglica  so  fa r  is d u e  in  p a r t  to  its g re a t  flex ib ility , its h ig h ly  p las tic  
p h e n o ty p e  e n a b lin g  it to  to le r a te  a w id e  r a n g e  o f  su b s tra te s  an d  
co n d itio n s, in c lu d in g  h ig h  a c c re t io n  ra te s . I t  is a t  le a s t  te m p tin g  to  
sp ecu la te  th a t  th is  flex ib ility  m ay  in  p a r t  b e  d u e  to  th e  h igh  lev e ls  o f  
fixed h e te ro zy g o s ity  w h ich  ex ist in  su ch  a  h ig h  p o ly p lo id  o f  h y b rid  
origin.

A lth o u g h  su c h  flex ib ility  m ay  a c c o u n t fo r its  s h o r t - te rm  su ccess , th e  
ev o lu tio n ary  su ccess o f  th e  sp ec ie s  o n  a  m u c h  lo n g e r  tim e sc a le  will
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d e p e n d  g re a t ly  o n  its a b ili ty  to  g e n e ra te  g e n e tic  v a r ia tio n . S u ch  v a r i
a tio n s  w ill b e  re q u ire d  to  e n a b le  it to  ev o lv e  a d a p tiv e ly  in  re sp o n se  to  
e v o lu tio n a ry  p re ssu re s  fro m  p e s ts  a n d  p a th o g e n s . S ince all th e  c u rre n t 
e v id e n c e  su g g e s ts  th a t  th e  ex is tin g  lev e ls  o f  v a r ia tio n  a r e  e x tre m e ly  low  
as a d ire c t c o n se q u e n c e  o f  th e  g e n e tic  b o ttle n e c k  th a t  o c c u rre d  d u rin g  
th e  sp é c ia tio n  p ro c ess  (R a y b o u ld  et a l . ,  1 9 90b), S. anglica  is fa ce d  w ith  
a  m a jo r  e v o lu tio n a ry  p ro b le m . T h e  c o n v e n tio n a l p ro c e ss e s , su ch  as 
m u ta t io n , w h ich  c re a te  su ita b le  a d a p tiv e  v a r ia tio n  fo r  a sp e c ie s , o c cu r 
o v e r  a re la tiv e ly  lo n g  tim e sc a le , th o u g h  in S. anglica  th e re  is so m e  
p o te n tia l  fo r  th e  g e n e ra tio n  o f  v a r ia tio n  b y  e ith e r  th e  b re a k d o w n  o f 
p re fe re n tia l  p a ir in g  o r  by  b ack c ro ss in g  w ith  o n e  o r  o th e r  p a re n ta l  
sp ec ie s  (se e  a b o v e ) . S. anglica  is n e v e r th e le s s  fa c e d  w ith  th e  e v o lu tio n 
a ry  r isk  o f  su rv iv in g  th ro u g h  a p e r io d  o f  se v e re ly  r e d u c e d  g e n e tic  
re so u rc e s . T h e  c u r re n t  d o m in a n c e  o f  S . anglica  sw a rd s  b y  w h a t a p p e a rs  
to  b e  a s in g le  g e n o ty p e  m ay  b e  an  in h e re n tly  u n s ta b le  s i tu a t io n  s in ce , 
lik e  m a n y  a g r ic u ltu ra l  c ro p s , it  w ill b e  v u ln e ra b le  to  e p id e m ic s  (B u rd o n  
an d  C h ilv e rs  1982). In d e e d , it m ig h t b e  a rg u e d  th a t  th e  c u r re n t  v ig o u r 
a n d  d o m in a n c e  o f  S. anglica  in  sa lt m arsh  h a b ita ts  m ay  in  p a r t  b e  th e  
re su lt o f  th e  re la tiv e  a b se n c e  o f  a  n a tu ra l  c o m p le m e n t o f  a d a p te d  
h e rb iv o re , p e s t  a n d  d is e a s e  o rg a n ism s , as h a s  b e e n  su g g e s te d , fo r  
e x a m p le , to  ex p la in  th e  v ig o u r o f E u c a ly p tu s  sp e c ie s  in  a lie n  h a b ita ts  
(P ry o r ,  1976).

T h is  te m p o ra ry  e sc a p e  fro m  e n e m ie s  m a y  m e a n  th a t  n o t  o n ly  th e  S. 
anglica  sw a rd s  th em se lv es  b u t  a lso  th e  e n ti re  sa lt m a rsh  c o m m u n itie s  
w h ich  th e y  p ro te c t  f ro m  e ro s io n , m ay  in  th e  lo n g - te rm  b e  v u ln e ra b le  to 
th e  e v o lu tio n  a n d  s p re a d  o f  S p a rtin a  p e s ts  o r  p a th o g e n s .  T h e  p o te n tia l  
d a n g e r  o f  su c h  e p id e m ic s  is w e ll i l lu s tra te d  by  th e  r e c e n t  d ra m a tic  
s p re a d  o f  e rg o t  fu n g u s th ro u g h  m an y  U K  S. ang lica  sw a rd s  s in c e  th e  
e a r ly  1960s (s e e  S e c tio n  V I  a b o v e ) .  A p a r t  f ro m  i ts  im m e d ia te  e f fe c t,  th is 
p a th o g e n  m ay  h a v e  a  d ire c t b e a r in g  o n  th e  e v o lu t io n a ry  fu tu re  o f  the 
sp ec ie s  by  se v e re ly  lim itin g  se e d -se t. T h e  re su ltin g  r e d u c tio n  in  sexual 
r e p ro d u c t io n , th o u g h  o f  c o m p a ra t iv e ly  m in o r  s ig n ifican ce  in  th e  s h o r t 
te rm  su rv iv a l o f  a sp e c ie s  su c h  a s  S. a n g lic a , w h ich  e ffic ien tly  re p ro d u c e s  
i tse lf  a se x u a lly , m ay  d ra s tic a lly  lim it th e  r a te  a t w h ich  th e  sp e c ie s  can 
ev o lv e  to  c o m b a t su ccess fu lly  th is  a n d  a n y  f u tu re  p e s t  a n d  d isease  
e p id em ics .

T h e  fu tu re  o f  S. anglica  w ill th e re fo re  n o t  o n ly  p ro v id e  us w ith  a 
u n iq u e  o p p o r tu n ity  to  s tu d y  m a n y  im p o r ta n t  e co lo g ica l p ro c e sse s  as th e  
sp ec ie s  a n d  its  n ich e  d e v e lo p  to g e th e r ,  b u t  a lso  will p ro v id e  us w ith  an 
im p o r ta n t  e v o lu tio n a ry  la b o ra to ry  to  in v e s tig a te  th e  in itia l p ro c esse s  in 
th e  success o r  fa ilu re  o f  a n e w  sp ec ie s . T h e  k e y  e le m e n ts  in th e  second  
c e n tu ry  o f  th is  e co lo g ica l a n d  e v o lu tio n a ry  d ra m a  a re  lik e ly  to  b e  the 
ro le  o f  h u m a n  in te rv e n tio n , b o th  d ire c t  a n d  in d ire c t,  a n d  th e  a b ility  of
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th e  sp e c ie s  t o  r e sp o n d  to  e v o lu tio n a ry  p re s su re s  in  th e  fa c e  o f  its  c u r re n t  
sev ere ly  lim ite d  g e n e tic  v a ria b ility .
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I. SUMMARY

Fitness is d e te rm in e d  by  su rv iv a l r a te  a n d  fe c u n d ity  a t  d if fe re n t  ages. 
L ife -h is to ry  th e o ry  is c o n c e rn e d  w ith  h o w  c o n s tra in ts  le a d  to  o p tim a l 
c o m b in a tio n s  o f  ag e-sp ec ific  su rv iv a l a n d  fe c u n d ity , th a t  is c o m b in a tio n s  
w hich m ax im ize  f itn e ss  in  a  g iv en  e n v iro n m e n t.  T h e  o p tim iz a tio n  
a p p ro ac h  e m p h a s ize s  c o n s tra in ts  o f  re so u rc e  a llo c a tio n , o f te n  d esc rib e d  
as p h y sio lo g ica l tra d e -o ffs . E x p e r im e n ta l  e x a m in a tio n  o f  tra d e -o ffs  h as
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