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ABSTRACT: In Louisiana, salt marshes are being created in art effort  to offset  the large loss of  such habitat that has 
occurred over the last 5(t }~: Primary productivity is an important  function and indicator of success for  sadt marsh creation 
and restoration projects. The aim of  this s tudywas  to determine whether  the aboveground and helowgrmmd produeti~,i~- 
of  the dominant  sMt marsh grass 8parti~a M~er~d]lora in created marshes  in southwest  Louisiana beg~an m approximate 
produet ivi~ levels in natural marshes  over time. Net annual agoveground pr imary  prodi~etivi D, (NAPP) was measured  
by a harvest technigue~ while the ingrowth core method, was used to e.stiinam *mr annum belowground, pr imary produc- 
tivity (NBPP). NAPP D v d s  were similar to those found  in other Louisiana salt marshes,  while NBPP leveJswere similar 
to or  higher than the repor ted range for  S, alter~dflo,'a studied along the Atlamie arJd Gulf of  Mexico coast~. NAPP 
tended to decrease as the created marM~es aged, but the levels ir~ the oldes% 19 year old, created n~arsh were stiU wall 
above values measured  in the natural marshes.  It was estimated that it would take 35 yr after marsh creation for  NAPP 
in the created marshes to become equip,aleut to that in natural marshus. NBPP in the created marshes  became equivalent 
to levels fomld in the naturad marshes  after 6-8 yr, but  then beJowground product ion inereasedwith marsh age~ reaching 
an asymptote that surpassed ~mtural marsh levels. EquivalenQ- in pr imary pmdue t iv i~  has not  been reached in these 
marshes.  Elevation also affected productivity; as higher eJevationa! sites with greater topographic heterogenei~- had 
signaificantly lower aboveground arid belowground biorna~s levels than t |mse with ele,eations closer to r~man sea levd. 
This underscores  the need ~o construct marshes so that their mean elevation a*ld degree of topographic heteroge~mity 
are similar to natural n~arshus. 

In t roduc t ion  

Coastal wetlands in Louisiana. have been,  an d are 
cont inuing  to be, lost at a h igh rate. As a result of 
bo th  natural  and h u m a n  factors, 3,460 km z of Lou- 
isiana coastal wetlands have conver ted  to open  wa- 
ter since 1056 (Chabreck  l OO4; 'Turner  1997; Day 
e t a [ .  2001; Gossel ink 2001). This  loss accoun ted  
for 80% of coasta.l wedand  losses in the cotermi-  
nous  Uni ted  States dur ing this per iod (Boesdh et 
al. 1094; Chabreck  1904; Bourne  2000). Local gov- 
e rnments ,  the state of  Louisiana, and the U.S. gov- 
e r n m e n t  have developed p rog ram s  to prevent  fur- 
ther  losses of  these coastal wetlands and res tore  
some of the lost ihabitats, P rograms  such as Coast 
2050 and the Coastal Wetlands Pla_,-m.ing, Protec- 
tion and Restorat ion Act (C~2)P~-\ ,  also knowna as 
the Breaux Act) provide m o n e y  (e.g., $40 rnillion 
pe r  year  :flora C ~ < P P ~ )  for wetland res torat ion 
projects  in Louis iana a lone (Raynie et al. ~2000). 
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hemia Branigovska 31, CZ-37005 Cesk6 Bud{jovice, Czech Re- 
public; teie: 420/38-777-2259; fax: 420/38-777-2368; e-mail: 
kredw a.rdsSOQTahoo, corn 

The  use of dredged  mater ial  has become  an in- 
creasingly i m p o r t a n t  tool fbr  wetland creation and  
restorat ion a long the n o r t h e r n  Gulf  of' Mexico 
coast, T h e  creat ion of r e p l a c e m e n t  wetlands is con- 
s idered to be a beneficial  use of d redged  mater ial  
(Craft et al. 1988; Land in  et al. 1989; Streever 
2000). The  dredged  mater ial  is e i ther  p lan ted  with 
the desired species (Broome  et al. 1988; Craft  et 
al. 1988, 1999; Streever 9000) or const ructed to 
allow natural  colonizat ion (Chabreck  1989, 1994; 
Streever 2000). Natura l  colonizat ion of d redged  
sediments  is the m e t h o d  used in mos t  salt marsh  
creation projects  a long the Louis iana  coast (Cha- 
breck 1989; Proffitt  and Young 1999), 

Trajectories  of ecological [unct ions ihave been 
used by some researchers  to de t e rmine  the success 
of marsh  creat ion projects  (Simenstad and T h o m  
1996; Zedler  and Calla_wa_y 1999, 9000; Morgan  and  
Short  9009; Edwards and  Proffi t t  200S). T h e  main 
assumpt ion  beh ind  the use of  the trajectories is 
that, as the created marshes  age, the ecological 
:functions in them should a p p r o x i m a t e  those m 
natural  re fe rence  marshes.  In this app roach ,  sev- 
eral funct ions  should be chosen that  would best 
indicate success (Short  et al. 2000). One  of these 
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impor tan t  ecological funct ions is pr imary produc-  
tivity. 

~'W; compare  the aboveground  and be lowground 
pr imary productivity of  5~artina alterr@qora Loisel 
between natural  and created salt marshes in south- 
west Louisiana. S. a[lerr@%ra is the dominan t  plant  
of  tidal coastal salt marshes along the Atlantic and 
n o r t h e r n  Gulf of  Mexico coasts of  the U.S. and is 
very impor tan t  to the trophic structure and eco- 
logical fhnct ioning of  estuaries (Morris and Haskin 
1990; t lwang and Morris 1992; Mitsch and Gosse- 
link 2000; Proflitt et M. 2003). It can comprise up 
to 98% of the plant  cover in our  study marshes 
(Edwards and Proflitt 2003). This work was part  of  
a long-term cont inuing study compar ing  created 
marshes, fo rmed  with dredged  material, to natural  
salt marshes. Other  published work fi 'om this study 
include comparisons of  the structural characteris- 
tics of  the created and natural  marshes (Proffitt 
and Young 1999; Edwards and Proffitt 2003), de- 
scription of  the genetic structure and diversiV of  
S. alterr~iflora (Travis et al. 2002; Proffitt et al. 
2003), and the effect of  facilitation by & alterrzi/lora 
on species diversi V and succession within the study 
marshes (Egerovfi et al. 2003). 

There  are numerous  studies of  S. altevrlijlova pro- 
ductivity but  only a few compare  productivity be- 
tween natural and created salt marshes (e.g., W>bb 
and Newling 1985; Craft et al. 1999). No such com- 
parative studies have been done  in Louisiana. Our  
objective was to de termine  whether, over time, net  
aboveground  and belowground annual  pr imary 
productivity and biomass levels in the created 
marshes becmne similar to levels in the natural  
marshes. 

Material  and  M e t h o d s  

STUDY SITES 

The study sites were located in the Hog  Island 
a rea  of' the  Sabine  N a t i o n a l  Wildl ife  Re fuge  
(NWR) in southwest Louisiana (Fig. 1). The  Hog  
Island area is borde red  on the east by Calcasieu 
Lake and the Calcasieu ship channel  and to the 
west by Louisiana Highway 27. It is 8 km south of  
the town of  Hackber ry  (30~ 92~ The sed- 
iments in this area, and in all of  southwest Louisi- 
ana (the Chenier  Plain), are reworked river de- 
posits that were carried by longshore  t ransport  
weslsvard f rom the Mississippi delta. These have a 
h igher  clay conten t  than the more  sandy direct riv- 
er deposits in the deltaic plain of  southeast Loui- 
siana (Chabreck 1989, 1994; Edwards and Proftitt 
2003). Plant species diversity is usually low in these 
marshes, with the low elevation zones being dom- 
inated by & alterr, iflora, and Spardna patens (Air.) 
Muhl. and Distichgs @icata (L.) Greene dominat ing  
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Fig. 1. Locat ion of  the  study sites in the  Hog  Is land Gully 
area of  the  Sabine National Wildlife Refuge (NWR), southwest  
Louisiana. 

in file h igher  marsh zones (Bertness 1991; Proffitt 
et al. 2003). 

Four  marshes were created in the Sabine N~P ,  
in 1983, 1993, 1996, and 1999 (ref~rred to as C83, 
C93, C96, and C99, respectively) using material 
f rom regular  main tenance  dredging activities on 
the Calcasieu ship channel.  The  sites chosen fbr 
these new marshes were open  water areas that had  
been previously vegetated salt marsh. Marsh crea- 
tion was done  not  only to reestablish habitat, but 
also to reduce  erosion of  still-existing natural 
marshes border ing  the ship channel  (Craft et al. 
1999; Proffitt and Young 1999; Penland 2001 ). 

The new marshes were constructed by building 
con ta imnen t  dikes a round  the per imeter  of  sites 
to contain the dredge slurr> A discharge pipe was 
placed at various locations in the interior of  each 
site and the dedicated dredge material p u m p e d  as 
a slurry into these areas and allowed to spread, 
covering the entire site. The dredge slurry was 
p u m p e d  to max imum heights of' between 100 and 
130 cm Na t iona l  G e o d e t i c  "v~rtical D a t m n  
(NGVD), with later dewatering and subsidence ex- 
pected to result in final elevations similar to those 
found in nearby natural salt marshes (Penland 
2OOl). 

Elevations in the four  created and nearby natu- 
ral marshes were measured using a closed-loop, 
traverse survey with a Spectraphysics 750 laser level 
in summer  2000 and ref?~renced to the NGVD. The 
constructed sites were relatively flat with mean  site 
elevations ranging f rom about  40 to almost 80 cm 
NGu Mean elevation of  the natural  sites ranged 
f rom 32 to 65 cm NGVD (Table 1). The eastern 
ends of  the C93 and C96 marshes were h igher  and 
had greater  topographic  heterogeneiW (measured 
as elevation range) than the o ther  created sites. 
These topographic  highs were probably associated 
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TABLE 1. Character is t ic  featta 'es of the created and  natta-al salt marshes  sites in  the Hog  Is land area of  tile Sabine Nat ional  D,rilctlffe 
Refuge, s~uthwest  L,oui~ia~m. Elevations are meta ls  • 1 SD, with elevation range  in parentheses .  

Sites Crea~vad/Nat,aea! 3~e 0 v) Eievgmon (r NCVD) Size (tla) 

C83 Created (in 1985) 19 39.27 + 5,44 (19.81) 40 
C9,BE Created (in 1993) 9 64,12 :t: 7,84 (50.90) ~s 
C93W Created (m 1993) 9 57.70 + 5,78 (17.68) 
C96E Created (m 1996) 6 76.54 :t: 11.79 (42.06) -150 
C96W Created (m 1996) 6 48,44 • 3,09 (7.62) 
C99 Created (m 1999) 3 43.42 :!: 6.83 (19.05) ~160 
NAT1 Natm'al >50 52.65 + 5.69 (17.87) 15 
NAT52 NaturM >-50 65.56 • 3.20 (8.84} 40 

with placemen t of the discharge pipe during marsh 
creation (Proffitt arid Young 1999). All of the sites 
fell within the reported elevational range of S M- 
ter~df?ora (Ellisoa et al. 1986). 

Vegetation was allowed to colonize naturally into 
the created marshes, eit[her from vegetat ion rafts 
floating into the marshes, vegetative expansion, or 
seed from adjacent natural marshes; this is the 
c o m m o n  practice with coastal marsh restoration 
and  c rea t ion  p ro jec t s  in Lou i s i ana  ( G h a b r e c k  
1989; Proffitt and Young 1999). S. Mtr be- 
came tlhe dominan t  plant species m all of the 
marshes. The exception was the h igher  elevation 
eastern end of the G96 marsh, wl.,ich, a l though 
originally domina ted  by 5'. Mter~t{f?ora and the op- 
portunistic ~'a//cornfa b~gdovff Torn,  even tually be- 
came dominated by high marsh and shrub species 
(Edwards and Proffitt 2008). 

The  creation of marshes in different years, but  
with the same source material, p roduced  a chron- 
osequence of sites, which allowed for a "space for 
time substitution" analysis (Morgan and Short  
2002, p. 462). Due to the general  dorninance of S_ 
Mter,~ff/Zora in most  locations, the productMty  study 
was limited to this species. 

A b o v e g r o u n d  and  b e l o w g r o u n d  p roduc t iv i ty  
were sampled in 7 sites m the 4 created marshes 
and in 2 natural marshes (referred to as NAT1 and 
NAT2), for a total of 9 study sites. All sampling sites 
were located in the interior por t ion  of each marsh. 
Marsh descriptions are given m Prof~itt and ~bung 
(1999), Proffitt et al. (2003), and Edwards and 
Proffitt (2008). The  age and size of each created 
marsh are given in Table 1. The C93 and C96 cre- 
ated marshes were dMded  into eastern and west- 
ern haNes (C93E, C93W, C96E, and G96W) based 
on the observed differences in elevation and veg- 
etation structure in these marshes. The CSS m ~ s h  
was sampled in two diffhrent zones, labeled C83- 
60 m and C83-green. The  C83 marsh suffered flora 
a dieback event that affected Louisiana coastal 
marshes in 2000 (Stewart et al. 2001), and resulted 
in the death of at least the aboveground port ions 
o fS .  altev~Zora over large areas, In the C83 site, 
the 60-m zone (being 60 m in from the southern  

edge of the marsh, see Edwmds eL al. 2001) was 
the part  of the marsh most affected 'toy the dieback 
event, while the green zone was visually unaffected. 

ABOVEGROUND PRIMARY PRODUCTWTFY 

Sampling for aboveground  primary productivity 
of ~q'. Mternifiora occurred frolTi.June 2001 to Sep- 
tember  2002, except for the C99 site, in which sam- 
pling cont inued th rough  Decernber 2002 due to 
difficulties in collecting samples earlier in the 
study period. No sampling occurred in October  
and November  2001 because of mechanical  prob- 
lems~ Measurements  of aboveground pr imary pro- 
ductMty closely followed the iharvest methods  of 
Shew et al. (1981) and Kaswadji et al. (1990)~ The 
method  used for study plot selection depended  on 
the growth form of X Mterra{/Zora in a particular 
marsh. 5'. atterr~{J?ora grew as large, h o m o g e n e o u s  
(by visual inspection) stands m the two natural and 
oldest created marshes (C83 and C93), while only 
isolated clones were found in tlhe C96W, C96E, and 
G99 sites. These isolated clones covered frorn 30% 
to 50% of the total area in these younger  marshes 
at the time of the study. In sites with large homo-  
geneous  stands (NAT1, NAT2, G83-60 m, C83- 
Green, C93E, C9SW), a grid with mete>wide tran- 
sects was laid within each of the S. Mter~{flor~ 
stands. Adjacent transects were separated by 1.0-m 
wide buffer strips. One  transect was chosen at ran- 
dom for each sampling period with 4-6 quadrats 
(1.0 m 2 each) selected randomly along the chosen 
transect for the actual productivity sampling. Each 
quadrat  was dMded  into four plots, measuring 
0.0625 m z (25 >( 25 cm) aad located in each co> 
ner of the quadrat,  with a 50 cm buffer between 
each plot. 

It was not  possible to establish sampling grids in 
the younger  created marshes (G96E, C96W, G99), 
so 4-6  clones were selected haphazardly in each of 
these sites for each sampling period. Sample plots 
(0,0625 m ~') were placed linearly in the oute~; liv- 
ing por t ion of each clone and separated by- a 50 
cm buffer, Plots were not  chosen as part  of a 
square because of the increased density of dead 



stems in the clone centers  due to clonal senes- 
cence (p rob lem of nonhom ogene i t y ) .  

The  sampl ing  pro tocol  was the same for all sites. 
A r r a n g e m e n t  of  t rea tments  was d e t e r m i n e d  ran- 
domly for each plot  witlhm a quadra t  or within 
each isolated clone. The  t rea tments  were t ime 1 
and t ime 2. T ime  I inc luded Plot A: cut to g round  
level and  removal  of  all s tanding 1Ne and dead 
stems and littet; Plot 7g: cut and  removal  of  all 
s tanding live stems; Plot C: cut and  removal  of all 
s tanding dead stetns and  litter; and  Plot D: no 
t rea tment .  T ime  2 inc luded Plot A: uo t rea tment ;  
Plot B: cut and removal  of  all s tanding dead stems 
and litter; Plot C: cut and  removal  of all s tanding 
live and  dead stems and  litter; and Plot D: cut and 
removal  of all s tanding live and dead sterms and 
iitter. 

The  second t r ea tmen t  sampl ing (time 2) oc~ 
cur red  4 wk a k e r  the first sampl ing  (time 1). The  
standing live, s tanding dead,  and litter mater ia l  for 
each plot  in each sampling per iod  were placed in 
separate ,  m a , k e d  p a p e r  bags in the field and trans- 
por t ed  back to the laboratory,  T h e  plant  materia[  
was dried at 75~ for 48 h and  weighed.  The  data 
were conver ted  to a 1,0 m ~- basis for later data  anal- 
yses. 

'The a r r a n g e m e n t  of  the plots allowed fbr pro- 
duct ion to be de t e rmined  by- several dif ferent  
me thods  (peak s tanding crop,  Wiegert-Evans, and 
Lomnicki) .  In  this study, the Lomnicki  m e t h o d  
(Lomnicki  et al. 1968) was tlhe p re fe r r ed  m e t h o d  
for calculating net  annua l  aboveground  p r imary  
p roduc t ion  (NAPP) because it has been. found  to 
give a m o r e  accurate  estimate of NA.PP than the 
o ther  harvest  metlhods (Shew et al. 1981; Kaswac[ji 
et al. 1990), In  the Lomnicki  me thod ,  ne t  p r imary  
p roduc t ion  for  a gb 'en sampling per iod (NPP~) was 
calculated by s um m i ng  the growth of five mater ia l  
and the produc t ion  of  dead mater ial  (standing 
dead -- litter). T h e  growth of live mater ia l  dur ing 
a given sampling per iod was calculated by subtract- 
ing the dry weight mass (in grams) of  the s tanding 
iive stems in plot  A (t ime 1) f>om the same dry 
weight  mass found  in plot  D (t ime 2), or 5b, - 
DLi~ -- ALi,,~, P roduc t ion  of' dead mater ia l  dur ing 
the san~pling per iod  was de t e rmined  by- adding  the 
dry weights of  s tanding dead s tems and litter found  
in plot  C at t ime 2 (d~ - C~a~d~,~ .... + C~,l~,,,,. ), NPP~ 
was the sum of these two factors (NPP~ - 5b~ + d 0. 

All of  the sites were sampled  six times dur ing a 
1-yr per iod,  with each sampling per iod lasting for 
4 wk, f rom a first (time 1) to a second (t ime 2) 
harvest.  T h e r e  were a total of" 6 sampl ing periods,  
each having a dura t ion  of roughly  1 mo (total di- 
rect  sampl ing  of productivi ty - 6 too).  NAPP for 
each site was est imated by s um m i ng  the NPP~ for 
the six sampl ing per iods  in which product ivib '  was 
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measured  directly and  mult iplying that sum for 
each site by 2 (NAPP - ~NPPi  X 2), Tu rnov e r  rate 
for each site was calculated as the es t imated NAPP 
divided by the peak  s tanding live crop (Shew et al. 
1981), 

}~ELOWGROUND PRIMARY PRODUCTi%TFY 

Belowground productivi ty of  S. atter'aiflorc~ w ~  
measured  using the ingrowth core bag technique  
dur ing 2002 (Steen 1984; Vogt et al. 1998; Finer 
and Laine 2000). Belowground p roduc t ion  w~s 
measured  also in fall 2001, but  did no t  include the 
C88 sites due to mechan ica l  problems;  only- the 
2002 data were used in subsequen t  analyses. In 
each site, three cores, consisting of burlap mesh  
bags (7,6 cm d iamete r  /: 80 cm depth) filled with 
sed iment  [i~orn a still unvege ta ted  area  in the youn-  
gest created site (C99), were placed haphazard ly  
within h o m o g e n e o u s  stands or a long the outer  
edge of isolated clones (see above) of S. altera~flora. 
T h e  sed iment  put  into the core bags was the same 
dredge  mater ia l  used in fo rming  the created sites 
(Proffitt  and Young 1999; Penland  2001) and had 
similar s tructural  characteristics (high clay and low 
sand contents)  as the soils in the natural  sites (Ed- 
wards and Proffitt  200S). It was assumed that pos- 
sible differences  in roo t  growth pa t te rns  caused *to t, 
core installation were rninimized by the similarity 
between site soils a a d  that  used in the core bags, 
T h e  core bag sed imen t  was not  sieved pr ior  to fill- 
ing tlhe bags (Ste ingrobe et al. 2000). 

Soil cores SO cm deep  ( m a x i m u m  observed root  
depth)  were extracted in the sites by use of a corer. 
T h e  sediment-fi l led mesh  bags were then placed 
into the holes  and left for 2 rno~ After 2 rno, the 
bags were retr ieved az~d t r ~ s p o r t e d  back to the 
l abora to r>  where  the cores were separa ted  into 
three  10-cm intervals (0-10, 11-20, and  21-S0 
cm).  Each interval  was washed over a sieve (2.0 
mm~-), the be lowground  s t ructures  placed into 
marked  p a p e r  bags, dried at 750( -, for  72 h, and 
weighed.  Total be lowground  dry weight  (DW) for 
each core was calculated by- s u m m i n g  the DW f rom 
the three dep th  intervals. Belowground DW was 
conver ted  to a 1.0 m ~ basis for use m subsequen t  
analyses. The  pe rcen tage  of be lowground  DW per  
dep th  interval  was d e t e r m i n e d  by dMding  the DW 
of mater ial  in a given interval  toy total be lowground  
DW for that core and mult iplying by 100~ T h e  val- 
ues f rom the three  cores were averaged to calculate 
be lowground biomass (g DW m ~) in each site for 
each sampling period.  

Cores were put  into the sites at quarterly- inter- 
vals (once every ,~ too),  bu t  were left in the g round  
for 2 rmo dur ing each interval, T h e  2-too per iod 
was d e e m e d  to be sufficient for  adequa te  roo t  
growth into the bags but  not  too long for s ignif-  
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cant death  and decompos i t ion  to occur  (Steen 
1984). An individual sampl ing  per iod  lasted 2 mo.  

In  order  to estimate net  annual  be lowground  
p r imary  productivi ty (NBPP) for each site, the four  
quar ter ly  measures  of  be lowground  DW were add- 
ed together.  This  sum for the 8 mo in which be- 
lowground productivi ty was measured  direcdy was 
ext rapola ted  to an anaua l  est imation of NBPP by 
rnultiplying the sum in each site by 1,5. 

STATISTICAL ANALYSES 

Diff ) rences  in the a m o u n t  of aboveground  and 
be lowground  biomass  (g DW m 'z)  between the 
natural  and  created sites were de t e rmined  by" nest- 
ed analysis of variance (ANOVA), ~4th sites nested 
within the type of site, being ei ther  natural  or cre- 
ated. Square root  or natural  logar i thm data trans- 
fo rmat ions  were done  to achieve homogene i ty  of 
variance,  These  tests were conduc ted  for all four  
sampl ing per iods  of' the be lowground  data, but  
only fbr the aboveground  data f rom August  and  
D e c e m b e r  2001, and  February,  April, and J u n e  
2002; only data Dora plot  As were used in. the 
aboveground  analyses. This  was done  to de t e rmine  
whether  there were any seasonal effects. Differen c- 
es be tween the two natural  sites were aualyzed by 
#tests, wt,ile one-way ANOVAs were f u n  to test for 
significant differences mnong  the created sites. Tu- 
key's mul t ip le  compar i son  of means  test was run  if 
significant differences were found  in the one-way 
ANOn,'5\. 

Two-way AMOVAs were run  to test for differenc- 
es in. the p r o p o r t i o n  of be lowground  s t ructures  m 
each I0-cm depth  interval  a m o n g  sites and be- 
tween types (natural  versus created) ,  ~ t h  site type 
and  depth  interval being the i n d e p e n d e n t  factors. 
If  significant differences were found,  then  a similar 
analytical p r o c e d u r e  to that  used to test for differ- 
ences in aboveground  and be lowground  biomass  
(see above) was conduc ted  for each 10-cm growth 
bag interval. Analyses were conduc ted  for each 
sampl ing period.  

Relat ionships  be tween site age and the various 
aboveground  biomass  c o m p a r t m e n t s  (living, stand- 
ing dead, litter, and total) were d e t e r m i n e d  by re- 
gression analysis, fbllo~v~qng square root  transfor- 
rnation to correc t  for normal i ty  problems,  This  al- 
lowed for evaluation of whe the r  the biomass  levels 
in the created sites a p p r o a c h e d  natural  ones  as 
they aged. One-way _&NO\(~_s were run  on a data 
set including all of the sites to de t e rmine  whether  
aboveground  biomass  levels were similar be tween 
the natural  sites and the oldest created sites, 

Differences  m NAPP and NBPP a m o n g  the sites 
appea red  to be inf luenced by both site age and  
elevation. To test these observations,  regression 
equat ions were calculated for these data following 

natural  log t ransformat ion .  A stepwise p r o c e d u r e  
was used to de t e rmine  which i n d e p e n d e n t  factors 
(site age, m e a n  site elevation, site elevation range)  
were most  i m p o r t a n t  in. affect ing the two produc-  
tivity measures ,  Age of the natural  sites was given 
as 50 yr, which co r responds  to the creat ion of the 
Calcasieu Ship Channel .  This  open ing  to the Gulf  
of Mexico increased salt water  intrusion, into the 
Hog  Island area, t ransforming  the previous brack- 
ish marsh  sT/sterns into salt marshes  (Proffltt  and  
Young 1999; Penland 2001). 

Relativized compar i sons  were conduc ted  sepa- 
rately for NAPP ~ d  NBPP, [ o l l o ~ n g  Zedler  and  
Callaway (1999). T h e  productivi ty values in the cre- 
ated marshes  were divided by the m e a n  value of 
the two natural  marshes.  'The relative NAPP and 
NBPP values were each regressed against age of tlhe 
created sites using the N O N L I N  p r o g r a m  in SYS- 
TAT (SYSTAT 2002). The  t ime in. years for the cre- 
ated marshes  to have similar productivi ty levels as 
in the natural  marshes  was est imated f rom these 
regressions. 

Unless stated, at1 statistical analyses were run  us- 
mg  the genera l  l inear  mode l  p r o g r a m  in SYSTea;F, 
version 10.2 for P~qndows (SYS~D~T 2002). An al- 
pha  level of 0,05 was used for de te rmina t ion  of 
significant differences in all cases~ 

ResMLs 

ABOVEGROLIND BIOMASS 

Living S Mterrdflora biomass  (g DW m -~-) was 
presen t  t h r o u g h o u t  the year  in all of the sites, with 
.maximunt levels occurr ing  m the s u m m e r  (usually 
July or August) and  m m i r n a  in winter, usually Feb- 
rua ry  (Fig. 2). T h e r e  was an opposi te  pa t t e rn  for 
dead material ,  w4th the peak a m o u n t  of s tanding 
dead mat t e r  occurr ing  in winter~ T h e r e  was a dis- 
tinct, short-lived peak  (2-4 too) in the a m o u n t  of 
standing dead mater ial  in the younges t  and oldest 
created sites (C8S-green, C96E, C96~ \  C99). High  
levels of  s tanding dead were found t h r o u g h o u t  
mos t  of the year  in the natural  and  middle-aged 
created sites. The  rapid p roduc t i on  of new live ma- 
terial began  in April or May in all sites~ 

Aboveg round  biomass levels for s u m m e r  2001 
and 2002 were similar in the NAT2, C83-green, 
C93W, and bo th  C96 sites, T h e r e  was m o r e  living 
aboveground  material  in the NAT1 and C93E sites 
in 2001 than 2002, while the opposi te  was the case 
for the C8g-60 m and C99 sites. The re  were indi- 
cations that the NAT1 site was degrading,  which 
may explain tlhe tower biomass  p roduc t i on  mea- 
sured in 2002. In s u m m e r  2001, the C8,%60 m site 
was just  beg inn ing  to recover  f rom the previous 
year ' s  dieback of S. atter~a~jlor~, result ing in low live 
biomass levels~ Recovery had progressed m u c h  fur- 
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Fig. 2. A b o v e g r o u ~ d  b i o m a s s  (g DW m --~) al location in ~11 m o n t h s  (x axes)  fo r  which samples  were  
Site aca'onyms are as rnent lormd in the  text. Closed ckc te ;  = live shoots ,  o p e n  e t r d e s =  dead  skaztciJ:ng 
t r iangles  = li t ter 

col lected fo r  all s tudy sites. 
sh.oots, a n d  c losed invel"ted 

thor by summer  900~, ~esutting m the subsequent  
greater  live biemass. The  differences in bien-,ass 
levels for the c g s E  and C99 sites may be age re- 
lated (see below). 

Differences in total (live + dead) aboveground 
biomass of S. aE.e'r'~'ifiorca between the natural and 
created sites were not  significant, based on the re- 
sults from the nested ANO\%~,s. q"he amoun t  of 1No 
biomass differed significantly in most  of the sam- 
plmg periods tested (August and December  2001 
and February, April, and June  2002). Except fnr 
August  2001, ~here wc~s significantly greater  two 
aboveground  b/omass in the created marshes corn- 
pared to the natural marshes (Fig. 2). The  plots in 
the natural[ s~tes co~tained more  dead material. In 
cases where the two natural sites differed slgmfi- 
cantly, NAT2 > NAT1 in a11 situations (t-tests, p < 
0 . 0 2 )  o 

The  amoun t  o~' live stem material in the tree, ted 
sites was negatively related to site age. This was best 
expressed as an exponential  relationship (lwe bio- 
nTlacss ---- ae b~,.; a :- Dintercept,  b = slope) >,,ith r ~ 
> 0.50 except m December  (r e - 0,22), probably 
as a result of s~em senescence producing more  

eqc~a] corldiUw~s amo~g the s~:es (Fig, Z). Lw~ blo- 
m<ss levels in the older C83 and C9S sites were 
smxilar to those of t he  natural sites, except in Feb- 
ruary  and April 9002, when live biomass levels in 
~he NAT1 site were mgnit~candy lower than m the 
others. 

There  were s ight ,cant  quadratic relationships 
between the amoun t  of standing dead and titter 
biomass ~ith site age of the created marshes. The 
rn idd le -aged  C9[" a/id C96 sites had  g rea [e r  
a l T l o u n t s  o f  dead raatertal than either the oldest or 
youngest  sites, Standing dead and litter biomass 
lex, e~s were sim~tar between the n~.turat m~d (38. 9, 
.~ites : [or  alI of the mor~ths a,~atyzed. 

ABOVEOROUND PRODUCTIVITY 

NAPP ranged from about  1640 to 3570 g DW 
m # yr -l, when estimated usmg the Lomnicki  
me thod  (Fig. 4). Tile C9SW site was most  produc-  
tive, followed by C96V7 and C99. The  eastern 
halves of' the C9S a~d C96 created sites, a,s well as 
the NAT1 natural marsh, were the least, productive,  
with NAPP < 2,000 g DW m -z yr 1, The  other nat- 
ural site (NAT9) and the two CSS sites were inter- 
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Fig. 4. Estimated net a.bovegrotmd pdma.ry productivity 
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fied Lonmicki method. Esgmiated annual producd~ib/ ~as cal- 
culated by summing the net productivity of rite sLx sm~plmg 
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m e d i a t e  (Fig.  5).  T h e  e s t i m a t e d  N A P P  f o r  t h e  
C 9 3 W  si te  was  h i g h  b e c a u s e  o f  h i g h  s t e m  mor ta l i ty ,  
w i t h i n  s eve ra l  o f  t he  s a n p l i n g  p e r i o d s .  T h i s  m o r -  
tal i ty was m o s t  l ike ly  f o l l o w e d  by t h e  g r o w t h  o f  n e w  
l ive s h o o t s ,  as s h o ~ J ,  by t h e  h i g h  t u r n o v e r  r a t e  fo r  
th is  s i te  ( T a b l e  2).  

N A P P  was s ign . i f icant ly  an.d n e g a t i v e l y  a f f e c t e d  by 
b o t h  s i te  a g e  a n d  si te  e l e v a t i o n  r a n g e  ( l n N A P P  - 
8 . 3 1 1 - 0 . 0 1 5  / ,  t t adNGE 0.011 / ,  A G E ,  r ~- - 0 .735,  
F~.. 6 - 152.11, p - 0 .008) .  T h e  y o u n g e s t  s i tes  w e r e  
m o s t  p r o d u c t i v e  w i t h  t h e  o l d e s t  c r e a t e d  si tes  hav-  
i n g  t h e  s a m e  p r o d u c t i v i t y  as a t  [east  t h e  N A T 2  site,  
N A P P  was s i g n i f i c a n t l y  l o w e r  in  t h o s e  c r e a t e d  s i tes  
w i th  a m o r e  h e t e r o g e a e o u s  t o p o g r a p h y  ( C 9 S E  a n d  
C 9 6 E ) ,  

A f u r t h e r  r e g r e s s i o n  ana lys i s  was c o n d u c t e d  on  
si tes  w i t h  e l e v a t i o n a l  r a n g e s  < 2 0  c m  ( e x c l u d i n g  
C 9 3 E  a n d  C 9 6 E ) ,  T h i s  was d o n e  to d e t e r m i n e  
w h e t h e r  s i te  a g e  i n f l u e n c e d  N A P P  a m o n g  s i tes  w i t h  
e q u i v N e n t  e [ e v a t i o n a l  r a n g e s .  M o s t  o f  t h e  s i tes  also 
h a d  s i m i l a r  m e a n  e l e v a t i o n s  ( T a b l e  1). T h e r e  was 
a b o r d e r l i n e  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  b e t w e e n  
N A P P  a n d  si te  a g e  ( I n N A P P  - 8 , 0 5 8 - 0 . 0 1 0  ~ A g e ,  
r 2 - 0 .521,  F1. ~; - 7 .53,  p - 0 .041) .  T h e r e  was a 
t r e n d  t o w a r d s  d e c r e a s e d  N A P P  as si tes  w i t h  s i m i l a r  
e l e v a t i o n s  a g e d .  

]~ELO'WORO UND DROD UCTI'%qTY 

N B P P  f o r  S. Mter~t~fiora r a n g e d  f r o m  less t h a n  
1,900 to a l m o s t  ,3,600 g D W  m -e y r  - i  (Fig,  5) ,  T h e  

4, 

Fig. 3. Regression analyses reladng living abo,~egromid bio- 
mass (g D\,V m 2) in the created sites to theh- age ~ince being 
constructed. Square root transforms done to achieve :homoge- 
neige of -vaiimlce. Bit,mass data were the same data used in the 
nested ANO%&s (see Fig. 4). 
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Fig. 5. Estimated ne t  belowgrotmd pr imary productivity 
(NBPP) of Spartiraa dte~Y4tgora in the study sit<-s calctAated f rom 
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re la t ion betwee:n NAPP and  N B P P  ( roo t : shoo t  ra- 
tios) for  each site is given m Tal01e B. For  the  mos t  
p ~ t ,  NBPP was greates t  in the  oldest  c rea ted  sites, 
with C83 and  C93E sites be ing  ~he only marshes  
with N B P P  > 5,000 g D W  m ~ y r  i while NAT1 
had  an  NBPP jus t  below" that  level. T h e  y o u n g e r  
C96 sites p r o d u c e d  the least a m o u n t  of  below- 
g r o u n d  s t ructures ,  ~ t h  NBPP levels <2 ,000  g D W  
m -~ yr--L T h e  y o u n g e s t  site (C99) was m o r e  pro-  
duct ive b e l o w g r o u n d  than  the o lder  NAT2 site. 
Site age  did n o t  s ignif icantly in f luence  N B P E  even 
t h o u g h  there  was an  observable  inc reas ing  t rend  
in NBPP with crea ted  site age (Fig, 5). T h e r e  was 
a significant,  a lbei t  weak, relationslhip to m e a n  site 
e levat ion ( l n N g P P  - &522 0,009 ~,, M e a n  Ele- 
vat ion,  r ?- ----- 0.544, FLy ----- 9.34, p - 0.022) fol lowing 
remova l  o f  a possible out l ier  site (C96W).  

As with NAPP, N B P P  was analyzed  fu r t he r  to test 
w h e t h e r  p r o d u c t i o n  os b e l o w g r o u n d  s t ruc tures  m 
sites with equ iva len t  elevations c h a n g e d  as they 

TABLE 2. Shoot  b_a-nover rate of Spartina agaernifiora in the Sa- 
bine National Wildlife Refuge study sites, southwest Louisimla. 
Tt~rnover rate net  abovegro~nd prhnary  product ion (NAPP 
g DW m-~ yr-~) /peak stmading crop (g DW m--~-), as given in 
Shew et al. (1981). 

Peak $~z.~dJa 8 Turnover 
;St~s I'4P~P C',r op Rata 

NL~I'I 1642,56 561,74 2.92 
NAT2 2399.82 607,44 3.95 
C88-60m 2554.46 768.47 8.06 
C83-Oreen 2373,40 627.59 3.78 
C98E 1808.68 572.94 8.15 
C93W 3573.82 754,91 4,7B 
C96E 1966.02 1168.03 1.68 
C96W 3112.16 2036.16 1.53 

C99 2 8 1 Z 8 5  2406,81 1.17 

aged.  T h e  same  sites were used in this analysis as 
were  i n c l u d e d  for  the N A P P  analysis, excep t  for  
C96W, which  was f o u n d  to be an out[ier. C o n t r a r y  
to the  results fo r  N A P E  no  signif icant  re la t ionsh ip  
was f o u n d  be tween  N B P P  and  site age  ( lnNBPP - 
8.171 0.004 /x Age,  r 2 - 0.028, F~. 4 - 1.15, p - 
0.S45). 

T h e r e  were  few signif icant  d i f fe rences  m N B P P  
levels be tween  e i ther  the na tu ra l  and  c rea ted  sites 
or  a m o n g  the  sites within each  ca t egory  [or  any of  
the quar te r ly  sampl ing  per iods.  Any  d i f fe rences  oc- 
c u r r e d  early m the year. Na tu ra l  sites p r o d u c e d  
g rea te r  b e l o w g r o u n d  b iomass  than  the crea ted  
sites in the first q u a r t e r  of  2002 ( J a n u a r y - M a r c h :  
nes ted  :~NO\,IA, F1. 16 - 9~77, p - 0.007),  due  to 
the ve ry  h igh  p r o d u c t i o n  seen in the  NAT1 site, 
T h e  reverse was t rue  in the s econd  qua r t e r  (Apr i l -  
, june: nes ted  ANO~v~k, }71, 16 - -  19.46, p < 0~0005), 
with the C83-green  and  C93E sites p r o d u c i n g  al- 
mos t  1,000 g D W  m '2 du r ing  this pe r iod  while 
t tmre was little p r o d u c t i o n  in e i ther  of  the na tu ra l  
sites, T h e  only s ignif icant  d i f fe rence  f b u n d  a m o n g  
the sites was in the first quar ter ,  w h e n  b e l o w g r o u n d  
p r o d u c t i o n  in NAT1 > NAT2 (T - S.BT, p - 

TABLE 5, Roo t : shoo t  ratios (R: S) of ,Spartfna egterfdfiera, for the nat taal  (N/~2I') and created (C) sites at Sabine National WildKfe 
Refuge, southwest Louisiana. R : S ratios for each ske were caJcula~ed by dividing the net  aboveground primary producti-vigr (NAPP) 
by the net  be lowground p rmmry  productiv[b/ (NBPP) foI the respectba-: sites. The 2002 be lowgrouad  ~alues were estimated fl'om data 
collected f rom sampling periods in 2002 only, while the 2001-2002 vahles were esflraa.ted including data f rom the Oc tober -December  
2001 smnpling period, The C83 sites were no t  measm'ed in the October -December  2001 per iod because (of mechanical  proMemo, 
See text for details. 

Site ]~4P~PP IqQPP 20 )2 R :S 2002 NBPP 2001 2002 R $ 200! 2002 
............................................................................................................................................... .......................... .......................................... ___ 

NAT1 1642,56 ~ 7 ~ -  1.78 11247.78 6.85 
NAT2 2~,. 9,8~ 2331.76 0.97 504~.98 2.10 
C83-60m 2354.46 3141.24 1.33 -- -- 

(185-gseen 2373.40 3589.48 1.51 - -  - -  
C93E 1803.68 3349.28 1.86 4754.69 2.64 
C95W 3578.82 2888.29 0.81 5472.09 1.55 
C96E 1966.02 1937.98 0.98 4974.93 2.53 
C96W 5112.16 1888.41 0.61 8373,17 1,08 

C, D 2817.85 2799.86 0.99 3636.41 1.~9 
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0.04,3); differences were never significant arnong 
the created sites. 

Al though  not  included in the statistical analyses 
of NBPP, because not  all sites were sampled, the 
measurements  f rom the earlier Oc tober -Decem-  
ber 9001 sampling per iod showed some interesting 
contrasts ~ith those from the same time period in 
2002. Belowground product ion  was much  higher  
in all of the sites sampled compared  to the 2002 
measures f rom the same quar ter  and in some cases 
equaled or surpassed NBPP for the entire 2002 
sampling period (data no t  shown). The  NAT1 site 
was significandy more  productive than. the other  
sites, with an estimated be lowground productwity 
for the 2-too period of 5,800 g DW rn ~. 

Belowground structures of ~5'. alternf/Zora were 
found in all three depth  intervals for all sites, ,Mth 
the majority of biomass occurr ing below 10 cm 
depth. There  were few significant differences in 
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Fig, 7. Relativized comparison of NBPP of @artists d~e?niflc~ 
re in differently aged created salt marshes to mean productivity 
values for rite ~vo natm-al refh-rence marshes. The regression 
curve (dotted line) is relative NBPP = 0.583 + 0.523 ~ [og~0 
Age. 

the root  and rhizome deptlh profiles between the 
created and natural sites or among  sites within 
each site type (Fig, 6). There  was a significant site 
type (created versus natural) by depth interaction. 
for the Apri l -June sampling period due to the sig- 
nificantly greater p ropor t ion  of be lowground bio- 
mass at the intermediate  depth interval (11-20 
cm) in plants growing in the created sites, No sig- 
nificant differences were found in p ropor t ion  lev- 
els between the two natural sites in all sampling 
periods. For the created sites, plants in the C93W 
and C96W sites had a significantly greater p r o p o >  
tion (FG, 13 - 5.89, p - 0.005) of belowground 
structures in the uppermos t  (0-10 cm) interval 
during the first sampling period ( January-March  
2002). The  propor t ion  of be lowground structures 
m tlhe deepest interval (21-30 cm) was significantly 
greater for plants in the C96E site than in the oth- 
er created sites during the Ju ly-Sep tember  2002 
period. 

PtEL&TIVtZED ~OMP_&RISONS 

There  was a decreasing linear trend m relative 
NAPP as the created marshes aged. The decrease 
w a s  no t  significant ( F 1 ,  ~ - -  0 . 2 5 ,  p - -  0 , O 4 ,  r 2 - -  

0.05), meaning that there has been little change 
in the aboveground productivity- (rn ~- basis) of the 
created marshes as they age, relative to the natural 
marshes, At this rate, it would be 35 yr before the 
created marshes had NAPP levels similar to those 
found in tlbe natural marshes~ 

Relative NGPP increased exponentially m the 
:first few years after site creation, but then reached 
an asymptote starting in year 9 (Fig. 7). The  re- 
sulting nonl inear  regression curve was significant 



(F~., ~ - 81.80, p < 0.001; r 2 - 0.35). The slope of 
the asymptotic part  of the curve was not  signifi- 
cantly different from zero, but  there was still an 
increasing trend (relative NBPP - 1.10 + 0.01 X 
Age). Equivalence for belowground productivity 
was reached between 6 and 8 yr a.f'ter site creation, 
but  then exceeded levels m the natural marshes. 

Di.scussio~a 

The main assumption behind the idea of trajec- 
tories in terms of ecological restoration projects is 
that the structure and functions of the created sites 
should begin to approximate  those in natural ref- 
erence habitats over time (Simenstad and Thorn 
1996; Zedler and Callaway 1999; Morgan an.d Short 
2002). Indicator  factors, such as pr imary produc-  
twity, may be chosen and measured to determine 
whether  a particular creation or restoration project  
is successful (Short et al. 2000; Streever 2000). The  
objective of this study was to determine whether  
net  aboveground  and belowgroun d productivity of 
~5' alter~zifLora m created and natural reference salt 
marshes in the Sabine NWR became similar as the 
created marshes aged, 

Both a.boveground and belowground productw- 
i~  in the created and natural salt marshes became 
more  similar over time. There  was a trend of de- 
creasing NAPP as the created marshes aged, but  
these levels were still well above the mean NAPP 
values of the natural marshes, a,s shown toy the rel- 
ativized comparison.  Equivalency in NAPP has no t  
been reached after almost 20 yr since marsh crea- 
tion. At the same time, NBPP increased from the 
younger  to the older created sites, reaching levels 
equivalent to those in tlhe natural sites after 6-8 yr 
since marsh creation, but then surpassed levels 
found in. the natural marshes. The  lack of equiva- 
iency in pr imary productivit3~, and the estimated 
decades-long time (35 yr) for equivalency to occur 
for NAP.P, is similar to the lack of equivalency 
found for certain soil structural clharacteristics, es- 
pecially percent  organic matter, measured in these 
same sites (Edwards and Proffitt 2003). Such a re- 
lationship between S. agter~a~/Ter~ productivity and 
soil organic matter  development  h~s been ob- 
served m other salt marsh :restorations (e.g., Webb 
and Newlmg 1985; Craft et al. 1999), 

One  possible reason for the slow rate at which 
the created rnarshes in our  study attain equivalency 
with the natural marshes regarding NAPP may be 
that the Lomnicki  me thod  incorporates  both live 
and dead biorna~s when estimating net pr imary 
productivity- (Lomnicki et al. 1968). Live above- 
g round  biomass in the created sites became similar 
to those in the natural n,arshes 19 yr after marsh 
creation. No such relationship was evident for the 
dead (standing dead and litter) biomass, with the 
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natural sites always having higher  levels of dead 
aboveground biomass. The  incorporat ion of the 
dead biomass in the Lomnicki  calculations may 
have offset the effect of the live b i o m ~ s  relation- 
ship vdth age, resulting m the perceived lack of 
equivalency to date. 

To test this, NAPP was reestimated using the 
Wiegert-Evans method  (Wiegert and Evans 1964), 
ano ther  harvest technique that does not  include 
dead biomass in its calculations. The resulting neg- 
ative cubic  relat ivized r e l a t i onsh ip  (data  n o t  
shown) was different from that estimated by the 
kornnicki method.  Similar to the Lomnicki  results, 
no equivalency was found 19 yr after marsh crea- 
tion when N~YPP was estimated by the Wiegert- 
Evans method,  

The  m a n n e r  in which the relativized compari-  
sons were de termined  may not  have shown an 
equivalent trajectory in NAPP between the created 
and natural marshes because, while 3'. Mtern~flora 
was clearly the dominan t  in the natural and older 
(C88 and C9g) created marshes, there were only 
isolated clones in the younger  (C96 and C99) 
marshes. ~ o l e - s i t e  productivi ,ty would be less in 
these younger  sites than calculated. Relative NAPP 
was recalculated after dividing the NAPP far the 
C96 and C99 sites by 2 to represent  S. alter'niflo'ra 
covering at most  only" 50% of the area of tlhese 
marshes. 7'his p roduced  a quadratic curve (data 
not  showw,) but still no  equivalence 19 yr after the 
created marshes were formed.  Al though there 
were specific differences among the methods  of" 
calculating NAPP equivalent T, in general  all of the 
methods  used showed that NAPP still differed be- 
tween the created and natural marshes 19 yr after 
marsh creation. 

NAPP levels of S. alte~a~jqor~ in our study sites 
were similar to those found in other  natural Lou- 
isiana salt marshes (Kirby and Gosselink 1976; 
White et al. 1978; Hopkinson  et al. 1980; Kaswa@i 
et al. 1990). NAPP in these studies ranged Dorn 
750 to 2,600 g DW m -~ yr --t , depend ing  on the 
me thod  used. Kaswadji et al. (1990), using tlhe 
Lomnicki  me thod  as in our  stud),, estimated NAPP 
m a natural Louisiana marsh to be 2,050 g DW m -2 
yr 1, which is similar to the mean  NAPP value of 
the two natural sites in our  study. This was the val- 
ue used in de termining the relativized produc t ion  
comparison.  

In contrast to our sites, pr imary productivity in 
created salt marshes became similar to that in nat- 
ural marshes in Nor th  Carolina within g yr after 
marsh construct ion (Craft et al. 1999). Above- 
g round  biomass of S. alte~w!flor(~ in these marshes 
ranged from ahnost 650 to 870 g rn -~-, which were 
within the range of living aboveground biomass in 
our  sites. The  faster tirne to equivalence in the 
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Nor th  Carol ina  salt marshes,  c o m p a r e d  to our  
sites, may be because ~'. MteraiSora was t ransplanted 
in the Nor th  Carol ina  sites (Craft et al. 1988) while 
it established by natural  colonizat ion in the Sabine 
NP~N sites (Edwards aud Proffitt  200S). Transplant-  
ing should lead to m o r e  rapid marsh  deve lopmen t  
than natural  colonization,  the rates of  which can 
wtry widely (Broome  et al, 1988), Usually, 8. cdter= 
~770"ra colonized the mn.er por t ions  of our sites 1-  
2 yr after marsh  creat ion and becam e  dominator 
after  5 yr (Edwards and Proffitt  200g). 

T h e  majori ty of be lowground  biomass was found  
below the 0-10 cm dep th  interval  m our  study 
sites, which is similar to the results of o ther  studies 
f rom the sou the rn  U,S. (Schubauer  and Hopkin-  
son 1984; Seliskar et al. 2002). Clones f rom m o r e  
n o r t h e r n  lati tudes have m o r e  shallow depth  pro- 
files (Valiela et al. 1976) ; this difference appea r s  to 
be genet ic  and not  jus t  a response  to different  en- 
v i ronmenta l  condit ions (Seliskar et al. 2002). 

Belowground p roduc t i on  in our  sites was within 
the range  of NBPP repor t ed  for  other  studies of  S. 
Mterrt~fltrra, f rom the Atlantic and Gulf  of  Mexico 
coasts (Gal lagher  1974; Valiela et al. 1976; Howes  
et al. 1985; Blum 1998; 'Turner  et al. 2004). Many 
of these studies included both live and dead ma- 
terial wl~en calculating be lowground  produc t ion ,  
while only live mater ial  was used m our  est imations 
of NBPP. I f  only live mater ial  is compared ,  then 
our  natural  and created sites had  grea ter  below- 
g round  p roduc t ion  c o m p a r e d  to the marshes  of  
these o ther  studies. This  is especially evident  when  
the 2001 data are included in our NBPP calcula- 
tions, Most of  the o ther  studies are Dorn m o r e  
n o r t h e r n  areas v~qth cooler  clinm.tic condit ions,  re- 
sulting in lower biomass  product ion .  Belowground 
p roduc t ion  in rnost of' the Sabine sites were m o r e  
similar (albeit still h igher)  to those f rom heal thy 
Louis iana salt marshes  studied by T u r n e r  et al. 
(2004), 

T h e r e  was an a p p a r e n t  elevadona[ effect on. S 
attern~Zora productivi W in the study sites, vdth 
NAPP being negatively related to the a m o u n t  of  
topograph ic  he te rogene i ty  m a site while there  was 
a n.egat[ve relat ion between mean  site elevation 
and  NBPP. Based on their  elevations, the Sabine 
sites would be classified as occurr ing in the low 
marsh  zone,  with grea ter  productivi ty than plants 
growing in the high marsh  zone  (E11ison and Bert- 
hess 1986). NAPP in these sites was similar to that  
in low marsh  areas of  o ther  marshes ,  except  for 
the NAT1, C9gE, and C96E sites. The  low produc-  
tivity of the NAT1 site may be due to marsh  deg- 
radat ion  (Edwards and Ford personal  observa- 
tion). Various other  ecological factors may act to 
r educe  S. Mte~@tora productivi ty in C93E and 
C96E. Grea te r  topograph ic  heterogeneity- would al- 

low for a larger n u m b e r  of  species to colonize and 
establish in the marsh.  T h e  i m p o r t a n c e  of small 
changes  in elevation in affecting p lant  species com- 
posit ion is well knovm for coastal marshes  (Gosse- 
link 1984; ~Vebb and Newling 1985; Landin  et al. 
1989; Chabreck  1994; Dawe et al. 2000), It is p o ~  
sible that some of these species may- ou t compe te  
S. ~ltern{~rr~ reduc ing  that  species '  productivi ty 
unde r  the part icular  site condit ions,  The  high 
marsh  species, S. pc~te~s and D. @{cc~t~ as well a.s 
the shrubs  .Ira ]}"utesc~'rt.s L, and .Bacctt~r{s t~5~/55~ 
L., are codominan t s  with X ~Iterrd~o'ra, in bo th  sites 
(Edwards and  Proffitt  2008). The  low nut r ien t  con- 
ditions of the created sites (Mills unpubl i shed  
data) may" also decrease the competi t ive ability of" 
X agterrdflor~ in favor of o ther  species (ger tness  
1001). 

Abiotic stressors, such as salinity or lower soil 
mois ture  levels, may interact  with biotic factors m 
depressing the p roduc t ion  of be lowground  struc- 
tures m C96E (Turne r  et a.1. 2004). Flood events, 
wMch remove  accumula ted  salts (Gosselmk 1984; 
Mitsch and Gosselmk 2000), were less c o m m o n  in 
this site than in C93E (Edwards unpub l i shed  data) 
because of its h igher  elevation. Increased  stress 
f lora high salinity levels w411 lead to r educed  
growth of 5'. ~lterr~/7o~re and decreased productivity 
(Bradley and Morris  1991; Morris  et al. 200~2). 

It  is possible that site age ~< elevation interac- 
tions may be impor t an t  in affecting S. Mter~,~flor~ 
productivity. This  would be i m p o r t a n t  in fo rmat ion  
needed  for predic t ing  the success of  [uture resto- 
rat ion projects. Such an. in teract ion could no t  be 
~scertained frorn this par t icular  study, 

CONCLUSION 

Physical characteristics of  a salt marsh,  such as 
soft type, elevation, and hydrology, provide the 
templa te  on which cornmunit ies  develop and eco- 
systems function.  Once  the templa te  is set, then 
biotic f:actors, in teract ing with these physical f;ac- 
tors, strongly d e t e r m i n e  ecosystem s t ructure  and 
functioning (Roberts  1987; Allen and Hoeks t r a  
1992), Over  the tong term, biotic processes inter~ 
act with physical factors, such as sed iment  accre- 
tion rates, to affect marsh  elevation, which may re- 
sult in. a stable marsh  sNstem in relat ion to relative 
sea. level rise (Morris et al. 2002). At shor te r  t ime 
scales, cu r ren t  marsh  elevation can aKect biotic 
factors, such as plant  zona t ion  (Bermess  1991) and 
p r imary  productivi ty (Mendelssohn and Morr is  
2000; Morr is  et al. 2002). In addi t ion to these, salt 
marsh  s t ructure  and funct ions  are affected by- biota. 
X biota  interactions,  such as compet i t ion  (Bertness 
1991) and facilitation (Egerov5 et al. 200g). 

T h e  dif ferences  in NAPP and NBPP between the 
natural  and created salt marshes  suggest that  equiv- 



alency has not  been reached even after almost 20 
yr since the oldest created marsh was constructed.  
Several decades (an estimated g5 yr) may be re- 
quired after marsh creation for aboveground  pro- 
ductivity to be similar in natural and created 
marshes, based on the relativized comparison anab 
yses. ge lowground  productivity appears as though  
it may remain higher  m the created marshes as 
they age, compared  to the natural salt marshes. Fu- 
ture productivity measurements  will be needed,  at 
a max imum 5-yr interval, to determine whether  or 
when equivalency is attained, 

Space-fo>time substitution is a commonly  used 
me thod  for evaluating the success a t  restoration 
and creation proiects (Michener 1997; Molnar  and 
Botta-Dukat 1998), This me thod  is not  appropriate  
where the sites being evaluated have different life 
histories. All a t  the created sites in the Sabine 
NWR were constructed in previously open water 
areas by- the p lacement  of dredged material, Which 
was supplied from the same source, so space-fo> 
time substitution is a suitable evaluation me thod  
for these created marshes. In sites with similar el- 
evations, aboveground  produc t ion  decreased as 
the created sites aged, approaching  levels faun d in 
natural marshes, The lower productivity of S a l t e~  
r~ific, ra found m some of the created marslhes of 
the same age was due to their having higher  final 
elevations. This underscores  the importance,  wheu 
creating or restoring salt marshes, of having phys- 
ical traits that are similar to those of natural ref- 
erence marshes in order  for the restoration to be 
successful (Vance eta l .  2008), Even then, decades 
may need to pass before equivalency between the 
created and natural marshes is reached.  
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