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ABSTRACT: Spartina species tend to exhibit a range of phenotypes, often with short and tall growth forms. Such 
differences have been atlributed variously to environmentally induced phenotypic plasticdty and genetic differentiation 
between populations. This work examines the basis of height variation in Spartina maritima (CulfiS) Fernald at Odiel salt 
marshes, soulhwest Spain. Populations from sites wilh lower sediment redox potentials tended to have significantly taller 
shoots. Thilty-four natural populations wilh an 8-fold range of shoot height were lransplanted to a common environment on 
an unvegetated, intertidal plain and shoot height was measured annually for 3 yr. There was a striking convergence in height 
across populations after ~ransplant ation and the change in height in each year of a population was linearly related to iN initial 
height. Most populations grew taller after lransplantation, suggesting environmental limitation in their natural habitats. 
Populations that were originally tall t ended to become shorter. The  change in shoot height was negatively related to the 
difference in surface sediment redox potential between their natural sites and the common lransl~lant site. Hypoxic 
sediments may s~imulate stem growth, resulting in improved photosynthetic gas exchange and internal aeration of roots and 
shizomes. Although height variation in S. maritima appears mainly to be a resaflt of phenotypic plaslicity, a genetic component 
cannot be luted out. This study emphasizes the impoltance of long-term studies, preferably longer than turnover time of 
shoot populations. The  highly plastic growth form of S. maritima allows it to colonize a wide range of habitats in 
environmentally heterogeneous salt marshes. 

Introduction 

Several species of  Spartina clearly show distin- 
guishable tall and short growth forms (Shea et al. 
1975; Mende l s sohn  1979; Howes et al. 1986; 
Pezeshki and DeLaune 1991). Some studies have 
concluded that the observed variability in growth 
forms among  Spartina populations may be the result 
of  genetic differentiation (Gallagher et al. 1988; 
Sanchez et al. 1997; Proflitt et al. 2005), identify-ing 
ecotypes with different canopy heights (Seliskar et 
al. 2002). Othe r  studies have attributed different 
growth forms to phenotypic plasticity- in response to 
differences in environmental  factors (Anderson and 
Treshow 1980), such as the availability of nutrients 
(Dai and Wiegert  1997; Wigand et al. 2003) or 
salinity- (Phelger et al. 1971; Trnka  and Zedler 
2000). The  consequence is that the different growth 
forms are only ecophenes. Variation in canopy 
height  of  a dominant  Spartina species can influence 
ecological functions and the SmlCture of  plant  and 
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animal communit ies  in a marsh (Seliskar et al. 
2002). 

Spartina maritima is all important  p ioneer  and 
ecosystem engineer  in salt marshes on the Atlantic 
coast of  southern Europe (Castellanos et al. 1994; 
Castillo et al. 2000). It produces extensive stands, in 
a range of  marsh environments  (Castellanos et al. 
1998), that also differ greatly in their  shoot height. 
Collateral transplantation to a c o m m o n  environ- 
men t  has proved a particularly informative ap- 
proach to investigating the origins of such morpho-  
logical variation in a large number  of local popula- 
tions and has been used in other  species of  Spartina 
(Thompson et al. 1991). 

The  work described in this paper  a imed to assess 
the importance of plasticity- in response to environ- 
menta l  variation and  genetic  differentiat ion as 
de tem,  inants of  shoot he ight  in a large sample of 
local populations of  S. maritima with a wide range 
of  phenotypes.  The  specific objectives were to 
examine  the environmental  correlates of  shoot 
he ight  and the response of  shoot height  in these 
populations after transplantation to a generally 
favorable c o m m o n  environment.  
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Fig. 1. Location of Odiel  marshes on  the Atlantic coast of  
southwest Spain, showing the sites of 34 natural  populat ions of  
Spartina maritima and  the  intertidal plain t ransplant  site (T) within 
Odiel  marshes. 

Materials and Methods 

STUDY LOCATION 

The study was can-led out at Odiel marshes, in the 
jo in t  estuary- of the Odiel and Tinto rivers at Huelva, 
on the Atlantic coast of southwest Spain (Fig. 1). 
This coast is mesotidal; tides are semidiurnal with 
a mean range of 2.10 m and a mean spring tidal 
range of 2.97 m, representing 0.40-3.37 m above 
Spanish Hydrographic Zero (SHZ). Mean sea level 
at Huelva is +1.85 m relative to SHZ. 

ENVIRONMENTAL CHARACTERISTICS OF 

NATURAL POPULATIONS 

Elevation and sediment data were obtained, 
befbre transplantation, fbr 29 monospeciflc stands 
representing natural populations of S. maritima. 
Elevation relative to SHZ was determined using 
a theodolite (Leica NA 820). Redox potential of the 
sediment was determined in the field with a portable 
meter and electrode system (Crison p H / m V  p-506). 

Sediment salinity- was measured as conductivity- of 
the interstitial water (conductivity- meter, Crison- 
522) in the laboratory. Five replicate measurements 
were made of all sediment characteristics, at two 
depths (0-2 and 3-10 cm) during June  and July 
1999. 

TRANSPLANT EXPERIMENT 

Thirty-four natural S. maritima populations (in- 
cluding the 29 fbr which environmental data were 
obtained) were selected to represent the range of 
shoot height at various sites at Odiel (Fig. 1). Two or 
three clumps with homogeneous shoot height were 
removed fl-om each populat ion and transplanted to 
a common environment in the same marsh system 
during October 2001. Clumps were planted in rows 
paral lel  to the t idal line, 1 m apart,  on an 
unvegetated and gently sloping intertidal plain 
(mean elevation +1.62 m SHZ) that faces southeast 
at the edge of the principal channel of the estuary- 
(Fig. 1). This position is within the normal eleva- 
tional range of X maritima and where conditions are 
generally favorable fbr its growth and survival 
(Castillo et al. 2000). Clumps were chosen primarily 
to have similar amounts of underground reserves as 
rhizomes and roots and 20-40 shoots extracted 
where possible fl-om different tussocks in the 
natural populations.  No at tempt was made to 
remove local sediment adhering to the clumps. 
Individual clumps were planted to a depth of 10- 
15 cm. 

H E I G H T  MEASUREMENTS 

Shoot height was measured fi-om the base of the 
shoot to the tip of the tallest leaf. Measurements 
(n 30) were taken in the natural S. maritima 
populations befbre transplanting and in the trans- 
planted clumps after 1, 2, and 3 yr during October 
(10 shoots in each clump, chosen at random among 
the populat ion of mature, taller shoots without 
a flowering spike; n 20-30). The median sulwival 
time of S. maritima shoots has been estimated at 9- 
12 months (Castellanos et al. 1998), so shoots alive 
2 yr after transplantation were likely to be new 
reci~lits in the common environment of the in- 
tertidal plain. 

STATISTICAL ANALYSIS 

Analysis was carried out using Statistica release 5.1 
(Statsofl Inc. Tulsa, Oklahoma). Analysis of variance 
(ANOVA) was used to compare heights in different 
planting rows to determine whether the planting 
scheme affected the height  response. Pearson 
correlation coes and regressions were calcu- 
lated between shoot heights befbre and after 
transplanting to examine relative changes in height 



TABLE 1. Mature shoot height (cm) of Spartina maritima in 34 
natural populations from Odiel marshes, southwest Spain, and in 
plants from the same populations 1, 2, and 3 yr after 
transplantation to a common environment. Values are means 
(+ SE). n 20-30. 

Shoot  H e l g h t  (cm) 

Populat ion Natural Populat ion year 1 Year 2 Year 3 

1 8.5 (0.4) 26.4 (0.7) 38.5 (1.0) 43.7 (0.7) 
2 13.3 (0.6) 23.2 (0.3) 30.0 (0.9) 33.9 (0.8) 
3 14.2 (0.5) 33.4 (0.9) 42.0 (0.8) 41.5 (0.9) 
4 14.8 (0.6) 25.9 (0.8) 38.2 (1.5) 45.8 (1.2) 
5 15.3 (0.6) 22.3 (0.7) 28.0 (0.6) 30.7 (0.8) 
6 15.5 (0.5) 21.2 (0.6) 34.5 (h0) 39.0 (0.6) 
7 15.5 (0.7) 21.2 (0.7) 32.9 (0.7) 36.3 (0.6) 
8 15.6 (0.6) 20.8 (0.9) 35.9 (1.8) 36.7 (0.9) 
9 16.7 (0.8) 34.4 (0.6) 40.3 (0.8) 48.0 (0.9) 

10 16.7 (0.8) 24.6 (0.9) 38.0 (0.9) 44.8 (0.9) 
11 16.7 (0.7) 25.4 (0.8) 33.1 (0.7) 34.4 (0.4) 
12 17.6 (0.9) 24.0 (0.6) 29.4 (0.5) 35.3 (0.8) 
13 17.9 (0.6) 31.0 (1.2) 39.8 (1.4) 45.0 (0.8) 
14 18.1 (0.7) 23.0 (1.0) 39.0 (1.3) 43.9 (1.0) 
15 21.5 (1.0) 28.9 (0.6) 42.0 (0.6) 47.1 (h l )  
16 22.0 (0.9) 29.8 (0.8) 41.0 (0.8) 43.8 (0.9) 
17 25.0 (0.8) 22.9 (0.6) 31.5 (0.7) 30.6 (0.6) 
18 26.5 (1.2) 32.0 (0.4) 43.7 (0.7) 44.9 (0.9) 
19 28.8 (0.9) 30.4 (0.7) 40.7 (0.6) 44.7 (0.9) 
20 30.3 (0.7) 33.5 (1.0) 40.9 (1.5) 51.9 (1.6) 
21 30.7 (0.8) 34.6 (0.7) 40.5 (1.2) 43.4 (1.3) 
22 31.1 (0.7) 30.7 (0.8) 48.7 (1.4) 53.3 (1.1) 
23 31.9 (1.4) 32.5 (0.8) 44.9 (0.8) 50.0 (0.9) 
24 33.9 (0.8) 24.6 (0.7) 33.0 (0.9) 37.8 (1.0) 
25 34.6 (1.1) 25.5 (1.0) 39.5 (0.9) 46.5 (0.8) 
26 35.8 (0.8) 25.3 (0.9) 37.5 (1.6) 34.3 (0.9) 
27 36.5 (1.5) 24.0 (1.4) 35.2 (0.5) 37.1 (0.6) 
28 46.9 (1.0) 36.1 (1.0) 44.9 (1.3) 46.2 (1.3) 
29 48.2 (1.3) 38.4 (1.6) 50.4 (1.5) 54.0 (0.6) 
30 48.4 (1.3) 25.4 (1.3) 46.1 (2.5) 42.2 (1.9) 
31 49.7 (0.9) 24.3 (0.8) 43.6 (1.0) 42.7 (1.5) 
32 52.9 (0.7) 27.0 (1.0) 49.4 (h0) 50.0 (h l )  
33 60.3 (1.1) 28.9 (1.0) 49.9 (0.6) 43.4 (0.9) 
34 66.9 (0.9) 22.5 (0.7) 37.9 (0.8) 36.0 (0.7) 

Mean 28.8 (2.6) 27.5 (0.8) 39.4 (1.0) 42.3 (1.1) 

a n d  b e t w e e n  c h a n g e s  i n  s h o o t  h e i g h t  a n d  c h a n g e s  
i n  ab i o t i c  e n v i r o n m e n t a l  f ac to r s  a f t e r  t r a n s p l a n t i n g  
to identify- e n v i r o n m e n t a l  f ac tm~ r e l a t e d  to s h o o t  
h e i g h t .  S t u d e n t ' s  t-test f b r  d e p e n d e n t  s a m p l e s  was 
u s e d  to c o m p a r e  m e a n  s h o o t  h e i g h t  b e t w e e n  years.  

Results 

T h e  m e a n  m a t u r e  s h o o t  h e i g h t  i n  34  n a t u r a l  S. 
mari t ima p o p u l a t i o n s  f i -om d i f f e r e n t  p a r t s  o f  O d i e l  
r a n g e d  f r o m  8.5 to 66 .9  c m  (nea r l y  &fo ld )  a t  t h e  
t i m e  o f  c o l l e c t i o n  ( T a b l e  1). M e a n  m a t u r e  s h o o t  
h e i g h t  p e r  p o p u l a t i o n  was nega t i ve ly  r e l a t e d  to 
su r face  ( 0 - 2  c m )  s e d i m e n t  r e d o x  p o t e n t i a l s  a t  t h e  
n a t u r a l  p o p u l a t i o n  si tes  (r  - 0 . 3 8 ,  p < 0 .04) .  
P o p u l a t i o n s  o n  s e d i m e n t s  o f  l o w e r  r e d o x  p o t e n t i a l  
t e n d e d  to have  ta l l e r  shoo t s .  S h o o t  h e i g h t  s h o w e d  
n o  s i g n i f i c a n t  c o r r e l a t i o n s  w i th  s e d i m e n t  salinity- o r  
e l e v a t i o n  o v e r  S HZ .  
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Fig. 2. Relationship between mean net change in mature 
shoot height of 34 populations of Spartina ma~itima from Odiel 
marshes, 3 yr after transplantation to an intertidal plain, and 
initial mature shoot height in their namrM populations. 

T h e  p l a n t i n g  s c h e m e  at  t h e  t r a n s p l a n t  s i te  h a d  n o  
s i g n i f i c a n t  e f fec t  o n  s h o o t  h e i g h t  at  t h e  e n d  o f  t he  
e x p e r i m e n t  ( A N O V A ,  p 0 .84) .  A f t e r  t r a n s p l a n t a -  
t i o n  to a c o m m o n  e n v i r o n m e n t ,  t h e r e  was a n  overa l l  
t e n d e n c y  fb r  h e i g h t  to  i n c r e a s e ,  as t h e  in i t i a l  m e a n  
o f  28 .8  + 2 .6  c m  i n c r e a s e d  to 42 .3  + 1.1 c m  a f t e r  
3 yr. T h e  v a r i a t i o n  b e t w e e n  p o p u l a t i o n s  also de-  
c l i n e d  a f t e r  t r a n s p l a n t a t i o n .  A t  t h e  e n d  o f  t he  
e x p e r i m e n t  m e a n  m a t u r e  s h o o t  h e i g h t  r a n g e d  f i -om 
30 .6  + 0 .6  to 54 .0  + 0.6 c m  ( T a b l e  1). T h r e e  years  
a f t e r  t r a n s p l a n t a t i o n  i t  was c l ea r  tha t ,  a l t h o u g h  
in i t i a l ly  s h o r t  p o p u l a t i o n s  h a d  b e c o m e  ta l le r ,  t h e  
p o p u l a t i o n s  t h a t  h a d  b e e n  tal l  in i t i a l ly  h a d  t e n d e d  
to  b e c o m e  s h o r t e r .  T h e r e  was n e g a t i v e ,  l i n e a r  
r e l a t i o n s h i p  b e t w e e n  n e t  c h a n g e  i n  h e i g h t  a n d  
in i t i a l  p o p u l a t i o n  h e i g h t  (Fig.  2) .  

T h i s  p a t t e r n  o f  c h a n g e  d i d  n o t  o c c u r  g r a d u a l l y  o r  
p r o g r e s s i v e l y  ove r  t h e  3 yr (Fig.  3) .  T h e  g r e a t e s t  
a c c o m m o d a t i o n  t o o k  p l a c e  d u r i n g  yea r  1 a f t e r  
t r a n s p l a n t a t i o n ,  w h e n  9 5 %  o f  t h e  p o p u l a t i o n s  w i th  
a n  in i t i a l  m e a n  m a t u r e  s h o o t  h e i g h t  ove r  30  c m  
s u f f e r e d  a s i g n i f i c a n t  r e d u c t i o n  i n  t h e i r  h e i g h t  
( m e a n  c h a n g e  - 1 3 . 6  + 3 .6  c m ) .  I n  c o n t r a s t ,  9 0 %  
o f  p o p u l a t i o n s  w i t h  s h o o t s  in i t i a l ly  s h o r t e r  t h a n  
30  c m  i n c r e a s e d  i n  h e i g h t  ( m e a n  c h a n g e  8 .4  + 
1.3 c m ) .  T h e r e  was a h i g h l y  s i g n i f i c a n t  n e g a t i v e  
r e l a t i o n s h i p  b e t w e e n  n e t  c h a n g e  i n  h e i g h t  a n d  
in i t i a l  h e i g h t .  D u r i n g  yea r  2, every  p o p u l a t i o n  g r e w  
t a l l e r  a n d  t he  i n c r e a s e  i n  h e i g h t  was pos i t ive ly  
c o r r e l a t e d  w i th  t h e  in i t i a l  s h o o t  h e i g h t  i n  n a t u r a l  
p o p u l a t i o n s .  D u r i n g  yea r  3, a n e g a t i v e  r e l a t i o n s h i p  
b e t w e e n  n e t  c h a n g e  in  h e i g h t  a n d  in i t i a l  h e i g h t  in  
t h e  n a t u r a l  p o p u l a t i o n  r e a s s e r t e d  i tself;  a l t h o u g h  
w i t h  a m u c h  g e n t l e r  s l o p e  t h a i ,  in  yea r  1. D e s p i t e  
th is ,  68% o f  t he  p o p u l a t i o n s  i n c r e a s e d  t h e i r  s h o o t  
h e i g h t  i n  yea r  3 ( m e a n  c h a n g e  2.9 + 0 .6  c m ) .  
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Fig. 3. Relationship between annual net  change in mature 
shoot height of 34 populations of ~arti*~a maritima from Odiel 
marshes in the 3 yr after transplantation to an intertidal plain and 
initial mature shoot height in their natural populations. 

Mature shoot height 3 3a- after transplanting had 
decreased only in the 5 tallest natural populations 
(t-test, p < 0.05). Mean height change in these 
populations was -12 .6  + 5.6 cm. Shoot height 
did not change significantly in 3 populations. It 
increased significantly in the other 26 populations 
(t-test, p < 0.05), with a mean change of +20.2 + 
1.6 cm. 

The transplant site at +1.62 m above SHZ had 
a sediment surface (0-2 cm) redox potential of 
- 1 2 4  + 7 mV and a redox potential of -171 + 
5 mV at 3-10 cm depth 3 3a- after transplantation. 
There was a striking negative relationship (r 
-0.53,  p < 0.003) between the mean change in 
shoot height of a populat ion and the difference in 
surface redox potential between its natural site and 
the transplant site (Fig. 4). The greatest decreases in 
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Fig. 4. Relationship between change in shoot mature height 
after transplantation for 3 yr to a common environment, and the 
difference between natural site and transplant site in surface 
sediment redox potential (0-2 cm) for 29 namral populations of 
Sparti*la maritima at Odiel marshes. 

sediment redox potential were associated with the 
greatest increases in shoot height and vice versa. 

Discussion 

Large height differences have been ~bund be- 
tween populations within several of the species of 
Sparti*~a that ~brm monospeciflc stands on salt 
marshes. The relative importance of genetic and 
environmental factors influencing such differences 
has been the subject of much controversy (Ander- 
son and Treshow 1980; Pros et al. 2003). 
Considerable evidence has accumulated fbr ecotypic 
and other  genetically de termined variation in 
height, particularly between the distinct short-form 
and tall-form plants of S. alterniflora (Gallagher et al. 
1988; Daehler et al. 1999; Seliskar et al. 2002) in 
North An, erica. There are many environmental 
influences on height, and they have been shown 
to be the dominant  effect in S. joliosa (Trnka and 
Zedler 2000) and S. a*~glica (Thompson et al. 1991). 
S. ,r~aritima shows a wide range of growth ~brms in 
European marshes. 

The 34 local populations of S. maritima that were 
examined displayed a range of mean shoot height 
of 58.4 cm in their natural habitats but  a range of 
only- 23.3 cm 3 yr after transplanting. There was 
a striking convergence between populations in 
shoot height after transplantation. Collateral trans- 
plantation to a common intertidal environment at 
Odiel marshes suggests the dominance of environ- 
mental conditions in influencing their shoot height; 
most of the S. maritima populat ions in Odiel 
marshes (77%) were demonstrably limited in their 
shoot height by environmental conditions in their 
natural  habitats, and the shortest populat ions  



tended to respond most to transplantation. This 
considerable plasticity- of  growth ibrm is in agree- 
men t  with that ibund  in S. anglica (Thompson et al. 
1991) and S. jbliosa (Trnka and Zedler 2000). 

The  idea  of envi ronmenta l  de te rmina t ion  is 
iur ther  supported by the relatively- close association 
of  height  with sediment  redox potential in the 29 
populations ibr  which data were obtained, both in 
the natural populations and in their  responses to 
transplantation. An increase in shoot he ight  is 
a commonly  r e p m t e d  growth strategy- ibr  increased 
water depth in emergen t  plants (Grace 1989; Sorrel 
et al. 2002) including the genus Spartina (Lessmann 
et al. 1997). Our  results suggest  that oxygenation 
level of the surface sediment  may- be a major  
environmental  influence on shoot he ight  of  S. 
maritima at Odiel marshes. Shoots might  grow taller 
in response to sediment  anoxia, a response possibly 
signalled by ethylene (Pezeshki et al. 1993), or in 
response to increased nutr ient  mobilization in the 
sediment  under  more  reducing conditions (Lenssen 
et al. 1999). Our  results do not agree with Sanchez 
et al. (1997) who did not find any relationship 
between shoot he ight  and sediment  redox potential 
in 3 natural populations of  S. maritima in nmthwest  
Spain. Previous studies have ident i f ied  plastic 
responses that increase shoot he ight  with longer  
f looding periods and anoxic sediments in other  
wetland species (Vandersman et al. 1991; Insausti 
et al. 2001). This could be a phenotypic adaptation 
to low elevation in tidal fi-ame. It would increase the 
effective photoper iod  (i.e., average leaf emergence  
fi-om tidal waters dur ing daylight hours), a potent  
environmental  factor in limiting the smMvorship of  
S. maritima clumps on low marshes,  where a iew 
centimeters of  elevation in the tidal fi-ame de- 
te rmine  its lower distribution limit (Castillo et al. 
2000). Taller shoots may- play- a role in improving 
the oxygenation of  rhizomes and roots via aeren- 
chyma in anoxic environments,  as in certain non- 
tidal wetland species (Sorrel et al. 2002); such 
internal ventilation might  be associated with in- 
ternal pressurization, as has been described ibr & 
alterniflora, a salt marsh cordgrass that colonizes 
habitats similar to S. mariti,na (Hwang and  Morris 
1991). It is perhaps surprising that we fiJund no 
significant correlation of shoot he ight  with elevation 
in the tidal f rame but  local drainage conditions also 
have substantial effects on sediment  redox potential 
(Castellanos et al. 1994; Crooks et al. 2002). 

The adjustment  of the shoot height  in trans- 
planted clumps of S. maritima to the new location 
with different  sediment  and hydrodynamic condi- 
tions was slow, taking more  than 3 yr, a per iod long 
enough  to allow substantial turnover and replace- 
men t  of the shoot populations at Odiel  marshes 
(with median  shoot smMval times of  9-12 mo, see 
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Castellanos et al. 1998). This might  also have been 
the result of long-term can T over effects, f rom the 
nutr ient  and carbohydrate reserves in the trans- 
planted clumps. 

Although environmental  conditions appear  large- 
ly to de termine  shoot height  in S. mariti,na, a genetic 
componen t  influencing this trait cannot  be exclud- 
ed, since substantial differences in shoot height  
after 3 yr in a c o m m o n  envi ronment  were still 
evident. The  transplant site with an intermediate 
envi ronment  may- not necessarily have provided 
condi t ions  ib r  d i f fe ren t  genotypes  to express  
d i s t inc t  s h o o t - h e i g h t  p h e n o t y p e s  ( T h o m p s o n  
1991). The  convergence in shoot he ight  between 
popula t ions  af ter  t ransplanta t ion  does sugges t  
a relatively low level of genetic variation ibr  this 
trait in S. maritima populations, in agreement  with 
previous studies that recorded high genetic similar- 
ity between S. maritima populations (Ayres and 
Strong 2001; Yannic et al. 2004). Our  study- also 
emphasizes the importance of  long-term studies, 
prelerably longer  than turnover  t ime of  shoot 
populations,  to investigate the genetic basis of  
Spartina growth ibmas. Knowledge of  the effects of 
parental  growth ib rm on ramets introduced to new 
sites has broad implications far  ecological restora- 
tion, since it would allow selection of  genotypes to 
achieve the particular goals of  marsh creation and 
restoration projects. Although we provide a basis ibr  
predict ing an important  aspect of the outcome of S. 
maritima transplantations, more  detailed studies to 
identiiy- the de te rminan ts  of  growth i b r m  are 
needed.  
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