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ABSTRACT Physical factors, such as local geomorphology and hydrology, are the primary determi- 
nants of b~ological pattern and process in a salt marsh. The increased topographic relief associated with 
the creekbank region is thought to control the unique chemistry and productivity found there. This 
study was designed to examine the role that tidal creeks play during the natural development of a bar- 
rier island Spartina alterniflora marsh ecosystem on the Eastern Shore of Virginia, USA. A salt marsh 
chronosequence, resulting from a 1962 overwash event, was used as a 'space-for-time' substitution in 
order to define the changes that take place within this marsh over a successional time scale. The 
chronosequence of marshes is largely attributed to the variation in elevation across the overwash plat- 
form: younger marshes are higher relative to sea level. We used a principal components analysis on a 
suite of physico-chemical and biological variables. A single principle component explained 53'51 of the 
variability in the data and is used to describe the functional trajectory along which these marshes 
develop. This component is associated with an increase in sediment organic matter and nitrogen con- 
tent (O~ON), porewater nutrients, S. alterniflora height, weight, ":.flowering and %N, and a decrease in 
grain size and redox potential The factor scores from this analysis, which were used as a proxy for the 
functional maturity of the marsh, increased from creek edge to Interior marsh for young marsh sites 
Thus, the marsh nearest the creek most resembles the mature marsh. The temporal patterns of creek- 
water physico-chemistry vary between different aged creeks, suggesting that due to their small slze 
and shallow depth younger creeks act to retain nutrients and particulates within the marsh. The hydro- 
logical, chemical and biological processes within the creeks themselves and at the creekbank are 
important in controlling the overall rate of marsh development. While creeks act to accelerate the rate 
of maturation, our results also indicate that not all marshes follow the same developmental trajectory 
and that the regional landscape may be a more Important factor. With the increased interest in marsh 
restoration and creation for the mitigation of coastal wetland loss, there is a need for a greater func- 
tional understanding of the factors that control marsh development. The results of this study suggest 
that increasing creek frontage will increase the rate at which created marshes achieve functional 
equivalence with mature marshes. 
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INTRODUCTION 

In recent years, the creation and restoration of 
coastal wetlands has increased, and there is an even 
greater need for a n  understanding of natural marsh 
development in order to assure the success of these 
restoration projects. Indeed, one of the greatest needs 
in wetland mitigation projects is a better understand- 
ing of wetland function (Mitsch & Wilson 1996) and the 

relationship between physical factors, such as geomor- 
phology and hydrology, and marsh development 
(Haltiner et  al. 1997). Although the function of mature 
marshes has been addressed in scientific research for 
many decades, the function of natural salt marshes 
during the early stages of development has not been as 
fully addressed. Knowledge of the factors controlling 
the natural development of marshes will further under- 
standing of how these systems can be preserved, 
restored and created. 

Salt marshes are  physically driven systems (Mitsch & 
Gosselink 1993). In such systems, the landscape dic- 
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tates the hydrology, which in turn controls the chem- 
istry and biota. As biotic feedbacks are weak relative 
to the main physical driving forces, it follows that the 
developmental trajectory of salt marshes is controlled 
to a great extent by physical forces. Because of the 
unique geomorphology of the creekbank region, we 
predict the development of this zone to proceed along 
a different trajectory and at a different rate than the 
interior marsh. Tall form Spartina alterniflora is gener- 
ally associated with the creekbank; this relationship 
has been attributed to the increased porewater move- 
ment in this region (Wiegert et al. 1983). Increased 
flushing has, in turn, been linked to several environ- 
mental factors which are thought to control S. alterni- 
flora growth, including increased sediment aeration 
(Agosta 1985), increased nutrient supply (Valiela et  
al. 1978, Osgood et al. 1995, Osgood & Zieman 1998), 
decreased salinity (Phleger 1971) and decreased suI- 
fide concentration (King et al. 1982). The steady-state 
relationship between the tidal creek and some biotic, 
geochemical, and hydrological processes has been 
described, the geomorphological evolution of tidal 
creek networks has been extensively studied (e.g. 
Pestrong 1965, Garofalo 1980, French & Stoddart 1992, 
Knighton et al. 1992, Shi et al. 1995), and the relation- 
ship between tidal creeks and marsh utilization by 
macrofauna has been established (Mine110 et al. 1994). 
However, the relationship between the tidal creek and 
the physico-chemical development of the vegetated 
portion of the marsh has not been examined previ- 
ously. 

Traditional models of natural marsh development 
based on the classification set out by Chapman (1960) 
have described the developmental trajectories of 
'transgressive', 'degrading', or 'Mudge' marshes, 
where a rise in sea level causes the invasion of low 
marsh vegetation into the high marsh (e.g. Dame et al. 
1992, Childers et al. 1993, Dame & Gardner 1993, Brin- 
son et  al. 1995), and 'prograding', 'Shaler' marshes, 
where increasing sediment deposition causes the 
gradual transformation of low marsh into high marsh 
(e.g. Redfield 1972, Frey & Basan 1978, de Leeuw et al. 
1993). A third type of development, as described by de 
Leeuw et al. (1993), occurs on island marshes, where 
the geomorphology of the initial sand platform dictates 
the development. This type of development is analo- 
gous to the development of artificially created marshes 
and the barrier island overwash marshes described 
in the present study, where a new sediment surface 
is established within the intertidal zone. Regardless 
of the developmental trajectory, the broad patterns of 
species distribution in a salt marsh are determined pri- 
marily by the elevation of the sediment surface relative 
to sea level (Frey & Basan 1978, Bertness 1991, Gray 
1992). 

In the low marshes of the Atlantic Coast of the 
United States, salt marsh cord grass Spartina alterni- 
flora grows predominantly in monospecific stands. 
This species is both the pioneer and the climax species 
unless there is a change in the relative positions of the 
sediment surface and sea level. In a study of marsh 
succession in The Netherlands, Roozen & Westhoff 
(1985) found that the species composition in the low 
marsh, although comprised of different species than in 
the U.S., remained more or less constant over time, 
while there was a predictable change in species com- 
position higher in the intertidal zone. The dominance 
of S. alterniflora throughout low marsh maturation pro- 
hibits the use of changes in species composition to 
characterize stages in marsh development. Therefore, 
low marsh development must be defined by changes in 
other parameters. Physico-chemical properties have 
been used to describe developmental changes in a 
variety of ecosystems for nearly a century (Cowles 
1901, Olson 1958). It has also been suggested that 
developmental patterns may be characterized more 
adequately by organismal or physiological parameters 
rather than by changes in species composition 
(Shelford 191 1, Drury & Nisbet 1973). 

Previous research in both naturally developing and 
restored salt marshes has shown that the developmen- 
tal trends during the early stages of marsh develop- 
ment (<50 yr) are somewhat predictable, despite the 
fact that there is little change in the species composi- 
tion. Table 1 is a summary of some of the past research 
that has been done in naturally developing, restored 
and created marshes. This list is not meant to be an 
exhaustive survey of marsh development and has been 
limited to studies of early marsh development on 
newly established substrate. Because there have been 
so few studies of primary succession in naturally devel- 
oping marshes, the list is dominated by studies in cre- 
ated or artificial marshes. 

The majority of the studies cited in Table 1 were con- 
ducted in created or restored marshes and have com- 
pared created marsh properties with those of a mature 
'reference' marsh in order to establish a 'functional 
equivalency trajectory' of marsh development (Brinson 
& Rheinhardt 1996, Simenstad & Thom 1996, Piehler et 
al. 1998). Despite problems with choosing the appro- 
priate reference marsh (Brinson & Rheinhardt 1996) 
and the extreme variability present in natural marshes 
(Simenstad & Thom 1996), natural reference marshes 
delimit the 'end-point' of developmental processes and 
can aid in an assessment of the time necessary for 
nascent marshes to reach functional maturity. These 
studies have illustrated that (1) different functional 
attributes reach mature levels at different times and 
(2) the developmental trajectories depend on the initial 
conditions. For example, in transplanted marshes in 
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Table 1. Summary of some of the past work on developmental trends in marshes. The different types of trends listed are: n In- 
crease, 4 decrease, 0 no distinct trend. The types of marshes are: C, created, N, natural 

Parameter Trend Location Type Sources 

Biota 
Vascular plant biornass 'l? N. Carolina C Cammen (1976a), Seneca et al. (19761, Broome et al. (1986), 

Piehler et al. (1998) 
fl S. California C Langls et al. (1991) 

Virginia N Walsh (1998) 
0 Washington C Simenstad & Thom (1996) 
3 Virginia C Havens et al. (1995) 

Virginia N Osgood & Zieman (1993a) 
? Massachusetts N Redfield (1972) 
1 England C Underwood (1997) 

Vascular plant %N n S. California C Langis et al. (1991) 
Virginia N Osgood & Zieman (1993a) 

Microalgae (chl a) I? England N Barnes et al. (1976) 
? Washington C Simenstad & Thom (1996) 
l? England C Underwood (1997) 
lt N. Carolina C Piehler et al. (1998) 

Infaunal density 0 England N Barnes et al. (1976) 
l? Texas C Mine110 & Zimmerman (1992) 
l? N. Carolina C Sacco et al. (1994) 

Epifaunal density l? Virginia N Walsh (1998) 
l? N. Carolina C Moy & Levin (1991), Levin et al. (1996) 
l? Washington C Simenstad & Thom (1996) 

Fish utilization fl Texas C Minello & Zimmerman (1992), Mine110 & Webb (1997) 
1: Washington C Simenstad & Thorn (1996) 
l? Californ~a C Haltlner et al. (1997) 

Bird util~zation n Virginia C Havens et al. (1995) 
fl Washington C Simenstad & Thom (1996) 
fi Texas C Melvin & Webb (1998) 

Substrate 
Grain size U Massachusetts N Redfield (1972) 

U England N Barnes et al. (1976) 
U Virginia N Osgood & Zieman (1993a,b), Walsh (1998) 
0 Washington C Sirnenstad & Thom (1996) 
0 N. Carolina C Carnrnen (1976a,b) 

Permeability I? England N Barnes et al. (1976) 

Biogeochernistry 
Organic content l? 

7 

Nutrient reservoirs l? 
l? 

Redox potential U 
II 
II 

Denltrification l? 
N fixation n 

U 

England 
Virglnla 
N .  Carohna 

Texas 
S. California 
Texas 
Virginia 
Washington 

N. Carolina 
Virginia 
S. California 
Texas 

Virginia 
S. California 
N. Carollna 

N. Carolina 
S. California 
N. Carolina 

Barnes et al. (1976) 
Osyood & Zieman (1993a,b), Walsh (1998) 
Cammen (1976a), Seneca et al. (1976), Craft et al. (1988), 
Sacco et al. (1994). Piehler et al. (1998) 
Lindau & Hossner (1981) 
Langis et al. (1991) 
Minello & Zimmerman (1992) 
Havens et al. (1995) 
Simenstad & Thom (1996) 

Craft et al. (1988), Thompson et al. (1995) 
Osgood & Zieman (1993a,b), Walsh (1998) 
Langis et al. (1991) 
Lindau & Hossner (1981) 

Osgood & Zieman (1993a.b), Walsh (1998) 
Langis et al. (1991) 
Thornpson et a1 (1995) 

Thompson et a1 (1995) 
Langis et al. (1991) 
Currin et al. (1996). Currin & Paerl (1998). Piehler et al. (1998) 
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North Carolina, USA, aboveground Spartina alterni- 
flora production reached mature levels in 3 to 10 yr 
(Seneca et al. 1976, Broome et al. 1986), while organic 
carbon reservoirs may take an estimated 4 to 25 yr to 
develop (Seneca et al. 1976). In naturally developing 
marshes the sediment grain size generally decreases 
over time (Redfield 1972, Barnes et al. 1976, Osgood & 
Zieman 1993a,b, Walsh 1998). However, initial condi- 
tions, such as substrate type and geomorphology, are 
important in dictating the developmental trends. 
Simenstad & Thom (1996) in a Washington, USA, 
marsh and Cammen (1976a,b) in a North Carolina 
marsh found that the shift in grain size depends on the 
initial grain size of the dredge spoil on which the artifi- 
cial marsh is established. Lindau & Hossner (1981), in 
an  artificially created marsh in Texas, USA, found that 
the rates of nitrogen and organic matter increase 
varied depending on the relative height wi.thin the 
1,ntertidal zone. Thus, we expect the trajectories of 
creekbank development to vary depending on the 
parameters studied and the locally important govern- 
ing conditions. 

A salt marsh chronosequence on Hog Island, Vir- 
ginia, USA, where marshes ranging from 1 to 150+ yr 
exist side by side, was selected for this study. This site 
provides a natural experiment where instantaneous 
observations of successional changes can be made 

through a 'space-for-time' subst~tution (Pickett 1991) 
In institut~ng this 'space-for-time' substitution, we must 
assume that the 'snap-shots' of ecosystem pattern and 
process at difference ages represent real trends, and 
that all of the marshes in this chronosequence are fol- 
lowing the same developmental trajectory. Walsh 
(1998) has described the development of the interior of 
these marshes based on the Spartina alterniflora 
height zones. The current study uses a similar 
approach to describe the rate of development of the 
marsh at the creekbank, and attempts to determine 
how creeks influence the developmental trajectory. 
We examine physico-chemical and biological attnb- 
utes of the creekbank and the physico-chemistry of 
creek water over a tidal cycle in the different aged 
marshes. We hypothesize that the aging process will 
be accelerated in the creekbank region due to the 
unique physico-chemistry associated with proximity to 
the creekbank and an enhancement of the biotic-abi- 
otic feedbacks between the primary producers and 
their environment. 

METHODS 

Fig. 1. (a) The southern tip of the Delmarva Peninsula, USA, with the Vir- 
ginia Coast Reserve designated by the heavy line, (b) Hog Island, and 
(c) the study area showing each of the sites. Y1 and Y2: young creek- 
bank sites, I: intermediate aged site, 0: mature site and L: young lagoon 

edge site. Shading: extent of the Spartina alterniflora marsh in 1995 

Site description. This study takes place on Hog 
Island (Fig. la ,b) ,  a barrier island off of the coast of the 

Delmarva Peninsula, Virginia. The island, 
which is part of the Virginia Coast Reserve 
Long Term Ecological Research (LTER) pro- 
ject, is a highly dynamic environment subject 
to frequent disturbances (Hayden et al. 1991). 
For example, Broadwater, a town with nearly 
250 inhabitants at the turn of the century is 
now underwater some distance east of the cur- 
rent shoreline (Badger & Kellam 1989). In 
March 1962 a large and powerful coastal storm 
caused an overwash event which deposited up 
to 1 m of sand over the back-barrier marshes 
on the southern end of the island (Stewart 
1962) and extended the island -1.5 km to the 
South (Fitch 1991). The northern extent of the 
overwash is just south of Broadwater Creek, 
and a patch of marsh at the edge of the creek 
was left undisturbed (Fig. lc) .  We have used 
this site (0 in Fig. lc) as our 'reference' or 
'mature' marsh. The age of this marsh is not 
known precisely, but it is present on maps dat- 
ing back to 1853 and so is at least 150 yr old. 
We presume that the marsh platform was laid 
down by an earlier overwash event. The tidal 
range in Hog Island Bay is 1.3 m. 

Since the 1962 storm, the fringing marshes 
have gradually regrown on the overwash fan. 
By inspection of aerial photographs, we have 
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determined the time at which Spartina alterniflora 
recolonized the new sediment platform. For the pur- 
poses of this study, we are defining 'marsh age' as the 
amount of time that has passed since S. alterniflora was 
visible on these photographs; it is therefore the 'eco- 
logical' age of the marsh. We selected 2 young creek- 
bank sites (Yl ,  Y2), an intermediate aged creekbank 
site (I), and 1 site at the edge of the lagoon (L; Fig. lc). 
All of the young marsh sites are underlain by the 
mature marsh that was buried in the 1962 storm. In 
1996 the approximate ages of Sites L, Y1, Y2 and 1 
were 2, 5, 6 and 15 yr, respectively. All of the creeks 
run approximately perpendicular to the shoreline and 
the 3 younger creeks, Y1, Y2, and I, lack the meanders 
characteristic of mature marshes. Y1 and Y2 are each 
0.5 to 0.75 m across and 20 to 30 m in length. In these 
creeks, the water becomes discontinuous with the 
lagoon on the ebb tide once the water has fallen below 
the level of the mudflat. Y1 drains a catchment area 
with an ephemeral, brackish pond, while Y2 drains an 
unvegetated salt flat. I is 1 to 1.5 m across, is 50 m long, 
and becomes discontinuous with the lagoon on the 
majority of tides. The old creek (0) is 5 to 8 m across 
and branches into tributaries; it remains continuous 
with the lagoon throughout the tidal cycle. 

At each of the creeks, we established two 3 m tran- 
sects perpendicular to the creek approximately 10 m 
upstream from the confluence with the lagoon. The 2 
transects were on opposite sides of the creek at Y1, Y2 
and I, and on the same side at 0 because of difficulty 
crossing the creek. Similar transects were established 
perpendicular to the shoreline at the lagoon site. Past 
studies indicate that the influence of creekbank mor- 
phology on the subsurface hydrological processes 
extends approximately 2.5 (Agosta 1985, Harvey et  al. 
1987, Nuttle 1988, Howes & Goehringer 1994) to 15 m 
(Nuttle 1988, Nuttle & Hemond 1988) from the creek- 
bank. Four sites were established along each transect 
at 0.5, 1, 2 and 3 m, yielding 8 sites in each of the 5 
marshes. The elevation relative to mean sea level 
(MSL) of each site was determined using Pentax Total 
Station survey equipment. The survey was tied into 
5 benchmarks that are part of the LTER benchmark 
system. These were established using Trimble Survey 
Grade GPS receivers and are tied to USGS bench- 
marks on the mainland. The reference datum is the 
USGS 1967 reduction level. The overall accuracy of the 
survey is within 0.03 to 0.04 m of the 1967 USGS reduc- 
tion level and the within-survey accuracy is 0 . 0 1 5  m 
in the z-direction. 

Creekbank study. Sediment characteristics: The 
surface sediment nitrogen content (%N) was deter- 
mined in April, June,  August and October of 1995 and 
1996. Three replicate, 1 cm diameter X 1 cm deep cores 
were taken from each site using a 5 cm3 syringe corer 

and combined into a single sample. The samples were 
lyophilized and ground to homogeneity using a mortar 
and pestle. Prior to grinding, visible shell fragments, 
large roots and rhizomes were removed. Nitrogen con- 
tent was determined using a Carlo Erba NA1500 Ele- 
mental Analyzer. Samples for grain size and organic 
content analysis were collected in September 1995. 
Three replicate, 2.5 cm diameter X 10 cm deep cores 
were taken from each site and combined. The fractions 
of sand, silt and clay were determined using the 
method of Brower & Zar (1984). The organic content 
was determined gravimetrically by loss on combustion 
at 450°C. 

Porewater chemistry: A suction lysimeter (Cham- 
bers & Odum 1990) was installed to a depth of 10 cm at 
each site. Porewater was collected from the lysimeters 
monthly from June to October 1995 and April to Octo- 
ber 1996. All samples were collected on a rising tide. 
Porewater was extracted from the sipper under anoxic 
conditions using a syringe. Redox potential and pH 
were determined immediately following collection by 
injecting the sample into an anoxic chamber fitted with 
Corning electrodes and a temperature probe attached 
to a Beckman Q12 pH/ISE meter. Salinity was mea- 
sured using a temperature compensating hand-held 
refractorneter. Samples for NH,' and PO," analysis 
were immediately filtered through 0.45 pm membrane 
filters into vacutainer tubes containing 6 N HC1, added 
to prevent the volatilization of NHAt, and kept on ice. 
The samples were brought back to the field laboratory 
and analyzed within 6 h. Each sample was bubbled 
with N:, gas in order to drive off the H2S. Immediately 
prior to addition of the color reagents, the pH was 
readjusted with 6 N NaOH. Both NH,' and PO," were 
determined spectrophotometrically as described in 
Grasshoff e t  al. (1983). Nitrate + nitrite (hereafter 
referred to as nitrate) was analyzed using the method 
of Jones (1984). Nitrate was consistently less than 
2 pm01 1-' in 1995 and was not measured in 1996. Sul- 
fide concentration was determined using a method 
described by Cline (1969) as modified by Otte & Morris 
(1994). 

Spartina alterniflora biomass and tissue element 
composition: End-of-season S. alterniflora biomass 
was determined in September 1995 and 1996. At each 
site three 0.0625 m2 quadrats were thrown randomly 
and all of the aboveground S. alterniflora was clipped. 
Each stem was cleaned of sediment and all dead leaves 
removed. Each stem was measured to the tallest point 
(leaf or flower), oven dried and weighed. Leaf samples 
were collected from each site in June,  August and 
October 1995 and 1996 for tissue %N. Ten to fifteen 
leaves from different plants were collected and com- 
bined into a single sample from each site. The leaves 
were washed free of sediment and frozen. The samples 
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were lyophilized and ground to homogeneity using an 
electric coffee mill. The % N  of the tissue was analyzed 
using a Carlo-Erba NA1500 Elemental Analyzer. 

Data analysis: Between-marsh compansons were 
made using the SPSS General Linear Model-General 
Factorial function. When significant differences were 
found between marshes at  p < 0.05, post-hoc tests were 
run. When variances were equal, Tukey's HSD was 
used; when variances were unequal, the Games-How- 
ell test was used. A principal components analysis 
(PCA) was run on the variables shown in Table 3 using 
SPSS. Biomass was not included in the PCA because it 
was calculated from other variables used. Elevation 
was also excluded. Between- and within-marsh com- 
parisons were made on the factor scores generated 
by the PCA using SPSS and post-hoc tests run as 
described above. 

Tidal cycle study. Creek water was sampled on 2 
spring tides (14 July and 23 August, 1995) and 2 neap 
tides (16 September and 15 October, 1995). Samples 
were collected from each creek and the flooding 
lagoon at hourly intervals over an  entire tidal cycle 
(12 h) on each date. Salinity and pH were measured in 
the field as described above. Particulate carbon and 
nitrogen were measured by filtering water through 

pre-combusted 13 mm glass-fiber filters. The filters 
were inserted into tin capsules, dried at 60°C, and ana- 
lyzed using a Carlo-Erba NA1500 Elemental Analyzer. 
Particulate matter was determined by filtering creek 
water through pre-weighed, pre-combusted 47 mm 
glass-fiber filters. The filters were dried at 60°C and 
weighed. The organic content of the particulates was 
determined gravimetrically by loss on combustion at 
450°C. Nutrient samples were filtered as described for 
the porewater samples and stored on ice. The samples 
were analyzed for NH,', N03-+N02- and ~ 0 ~ ~ -  as 
described above. Data from the 4 tidal cycles were 
pooled, and averages were made at hourly intervals 
based on the time since high tide. 

RESULTS 

The lagoon site was scoured considerably during the 
winter of 1995-1996. Destruction of the belowground 
Spartina alterniflora biomass was evident in the early 
spring of 1996, and there appeared to be elevational 
changes. After the winter scouring the mature marsh 
that was buried in 1962 was much closer to the surface 
of the new marsh. Old marsh material probably sup- 

Table 2. Overall mean salt marsh characteristics for each site. Numbers in parentheses are the standard error of the mean. Val- 
ues m t h  the same letter are not significantly different from each other (p < 0.05). Sampling frequency: geomorphology-once; 
porewater characteristics-monthly; sediment characteristics-once, except %N,  which was sampled b~monthly; salt marsh cord 

grass characteristcs-yearly, except ?'ON and C:N, which were sampled b~rnonthly 

Y1 

Geomorphology 
Elevation (m rel. to MSL) 0.56 (0.01)" 
Creekbank slope (X 10-') 4.9 (0.6)" 

Porewater 
Salinity (ppt) 26.8 (0.8)" 
Eh (mV) 106.9 (7.2)" 
PH 6.9 (0.03)d 
S2- (pm01 l-') 22.8 (6.0)" 
~ 0 , ~ -  (pmol 1-1) 15.9 ( 1 . 6 ) ~  
NH4+ (pm01 I-') 11.1 (2.lIa 

Sediment 
"/" N 0.02 (0.01)% 
4; organic matter 0.7 (0 . ly  
9: clay 9.5 (0.6)" 
Sb sand 88.0 (0.8)" 
% silt 2.3 (0.4)' 

Spartina alterniflora 
%N 1.21 (0.08)' 
C:N 44.80 (1.75)" 
Biomass ( g  m-') 805.8 (143.7)" 
Density (stems m-') 401 (22)' 
?A flowering 15 (1) 
Weight ( g  stem-') 1.8 (0.2)" 
Height (cm stem-') 40.9 (2.7)" 
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d i n t  properties pore water chemishy 

Fig. 2. Sediment percent sand, 
percent silt, percent clay, 
organic content, percent total - 
nitrogen, and porewater salin- U Q 
ity, redox potential, and sulfide, + 20 

0 
phosphate, and ammonium 

0 I 2 3 3 
concentrations at the salt marsh 
sites. Error bars represent the 
standard error of the mean. See 
Fig. 1 legend for site abbrevia- 

tions 

distance k m  creek (m) distance from creek (m) 

plied high concentrations of to the porewater. In 
addition, at the sites 0.5 m from the edge of the lagoon, 
the redox potential was very low, most likely due to the 
high organic content of the buried marsh. For these 
reasons, this site was not included in the majorlty of the 
data analyses presented here. It was, however, used in 
the PCA for comparison between marshes developing 
with and without creeks. 

Geomorphology 

The sediment elevation relative to MSL and the 
creekbank slopes are listed in Table 2. The 2 youngest 
creeks were approximately 0.5 m above MSL, I was at 
MSL, and 0 was 0.20 m below MSL. The slopes of the 
3 younger marshes are comparable, and are not as 
steep as the old marsh creekbank. The differences 
between sites are not significant, probably because the 
slope was calculated for only 2 transects at each creek- 

bank. Elevation is significantly correlated with age (r2 
= 0.83, p < 0.001). 

Creekbank study 

Porewater chemistry 

With the exception of salinity, the between-year and 
between-month differences for all variables were 
slight, so we pooled all temporal replicates. Compar- 
isons were made both between different aged marshes 
(Table 2)  and within each marsh (Fig. 2). Porewater 
salinity was higher in August and September, most 
likely due to the increased evapotranspiration result- 
ing from higher temperatures and greater Spartina 
alterniflora biomass. There was no difference in mean 
salinity between I and 0, but there was a significant 
10 ppt difference between Y1 and Y2 (Table 2; p < 
0.001). The mean pH at Y2  was 6.6 and at all other sites 
was approximately 7. There was no difference in redox 
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- 
Fig. 3. Spartina alterniflora end 
of season biomass, stem den- 

1.3 
A sity. individual stem he~ght .  

individual stem weight, per- 
E 
M O centage of p1.ants flowering at .- 
Q, 0 I 2 3 0 l 2 3 
C 

the end of the growing season, 

distance from creek (m) and tissue nitrogen at the salt distance from creek (m) marsh sites. Error bars repre- 
sent the standard error of the 
mean. See Fig. 1 legend for site 

abbreviations 

potential between Y1 and Y2, or between I and 0; 
however, these 2 groupings were significantly differ- 
ent from each other (p < 0.05). While there was an 
increase in Eh with distance from the creek in the 2 
young marshes, the maximum Eh occurred at 1 m from 
the creek in the older marshes (Fig. 2). The sulfide con- 
centration in the old marsh was inversely related to the 
redox potential, and was highest where the redox was 
lowest further from the creek. Mean NH4+ and 
concentrations (Table 2) increased with marsh age. 
There was no trend within each marsh for NH,' 
(Fig. 2 ) ,  but in the younger marshes Pod3- decreased 
with increasing distance from the creek (Fig. 2). Nitrate 
was consistently less than 2 pM (data not shown). 

Sediment characteristics 

For all of the sediment properties measured, there 
were no significant differences between Y1 and Y2, 
while I and 0 are each significantly different from all 
others (p < 0.05; Table 2). With increasing age, the 
sand fraction decreased, while silt, clay, organic mat- 
ter, and N content (%N) increased. The % organic mat- 
ter was positively associated with increasing distance 
from the creek edge in the old marsh, and negatively 
associated in the 3 younger marshes (Fig. 2 ) .  There is 
an lnverse relationship between % N  and distance from 
the edge for all marshes (Fig. 2). 

Spartina alterniflora biomass and tissue composition 

The aboveground biomass increased with age, but 
only Y2 was significantly different from the others (p  < 
0.05; Table 2). Y2 had significantly lower biomass, 
plant weight, and plant height when compared to all 
other marshes. The old marsh had the tallest plants 
and these plants were more likely to be flowering. In 
all 3 of the immature marshes, the biomass per m2 and 
the average weight per stem declined with increasing 
distance from the creek (Fig. 3) .  This trend was not 
observed in the old marsh, where there was no appar- 
ent relationship between distance and biomass. Over- 
all, at 0.5 m from the creekbank, Y1 had the highest 
biomass (1689.3 g m-*), and the highest weight per 
stem (3.2 g plant-'), and I had the greatest density 
(695 stems m-2). Stem height decreased with distance 
in Y1 and Y2, but was constant in I and 0 .  There was 
no difference in sexual reproduction (percent of plants 
flowering) with respect to the distance from the creek- 
bank. The very high biomass 0.5 m from the creekbank 
at Y1 causes the grand mean for that marsh to be very 
high. 

Spartina alterniflora tissue %N increased signifi- 
cantly with age (p < 0.05). Thus, in the older marsh, 
there was a greater amount of aboveground nitrogen 
both per gram of plant tissue, an.d overall, due to the 
higher biomass. For all marshes there was a decrease 
in %N for plants growing farther from the creek. There 
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is a significant relationship (p < 0.001) between S. Table 3. Variables used in the principal components analysis 

alternjflora tissue N and porewater NH,+ concentra- and the factor loadings associated with each variable for prin- 
ciple component 1 (PC1) and principle component 2 (PC2). tion. 
Factor loadings in italics show a strong (loading > 0.5) rela- 

tionship with the principal component 

Principal components analysis 

The principal components analysis resulted in 4 sig- 
nificant principal component vectors. The first 2 princi- 
pal components, PC1 and PC2, explained 53.4 and 
12.5% of the variability in the data set. The factor load- 
i n g ~  associated with each variable for PC1 and PC2 are 
shown in Table 3. PC1 is positively associated with 
organic content, sediment N, silt and clay, porewater 
NH,', Pod3-  and S2-, Spartina alterniflora stem height, 
weight% flowering and %N, and negatively associated 
with sand and redox potential, as shown in Fig. 4c. 
There is a significant relationship between the factor 
scores for PC1 and both age and elevation (p < 0.001). 
The mean factor scores are -0.52, -0.54, -0.89, 0.15, 
and 1.79 for L, Y1,  Y2, I and 0, respectively (Fig. 4a). 
These values are all significantly different from each 
other for all of the creek sites (p < 0.001); L is signifi- 
cantly different (p  < 0.001) from all sites but Y1. Fig. 4b  
shows the relationship between mean factor score for 
PC1 for each site and distance from the creek. For the 
lagoon site and the old marsh, there is no pattern in 
factor scores with increasing distance. In the immature 
marshes there are significant differences between dis- 
tances (p c 0.05). In all cases, the factor score, which 
we will use as a proxy for the ecological or successional 
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maturity of the site, increases as one approaches the 
creek. It follows, therefore, that the marsh more closely 
resembles a mature marsh closer to the creekbank 
than further from the creekbank. For example, the 
mean factor score 0.5 m from the creekbank at Y1 is 

Sediment 

L 
0 
U 
2 Porewater 

Spamina 
ahernipom 

1 0.5 1.0 2.0 3.0 0.5 1.0 2.0 3.0 0.5 1.0 2.0 3.0 0.5 1.0 2.0 3.0 0.5 1.0 2.0 3.0 distance from creek 

L Y 1 Y2 I 0 

Fig. 4. Factor scores from PC1 in the principal components analys~s. (a) Overall mean factor score for each marsh site. (b) Means 
for each site. (c) Trends associated with a positive increase in factor score. All site abbreviations as in Fig. 1 legend, except: L, 

lagoon site. Bars with similar shading are not significantly different (p  c 0.05). Error bars are the standard error of the mean 
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the same as the mean factor score 3 m from the creek- 
bank at I, indicating that these 2 sites have a similar 
functional maturity. 
PC2 is associated with low Spartina alterniflora stem 

density, low pH and high salinity. The factor scores for 
PC2 are not correlated with elevation or age (p > 0.9) 
and this set of variables describes a different trajectory. 
The conditions descnbed by this vector are met at Y2, 
where the PC2 factor scores are significantly different 
(p < 0.001) from all other young marshes, including L. 

Tidal cycle study 

Owing to the variability in some of the creek water 
measurements, statistical analysis of the trends was 
not possible. However, there were some distinct and 
relevant patterns observed. The pH of the lagoon 
showed a slight depression around low tide, an.d all of 
the creeks had a large depression in pH during low 

tide (Fig. 5). At high tide all creeks had the same pH as 
the flooding water (-8). In all but Y2, the salinity 
remained fairly close to the salinity of the lagoon 
(33 ppt; Fig. 5). Y2 had salinities of 50 to 60 ppt at low 
tide, suggesting that salty water is being discharged 
into the creek from the adjacent salt flat. While the 
nutrient concentrations in the lagoon and the old creek 
remained relatively constant over the tidal cycle, the 3 
developing marshes showed a marked increase in 
NH,+ and PO4" concentrations during the falling tide 
and a subsequent dilution as the creeks flooded. 
Nitrate increased in all creeks and in the lagoon during 
low tide (Fig. 5). 

The concentration of particulates remained low in 
the lagoon over the tidal cycle (Fig. 5). Despite some 
inconsistent measurements, the average concentration 
of particulates and the percentages of organic matter, 
N and C in the particulates increased as the tide ebbed 
in the younger creeks. At all sites, but especially Y1, 
the C:N of the particulate matter was higher as the tide 
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was falling. This could be explained by plant material 
being flushed from the marsh surface into the creek as 
the tide went out. The SPM concentration was highest 
at low tide in all of the creeks. 

DISCUSSION 

Hydrogeomorphology is generally thought to be the 
primary factor controlling salt marsh function. A con- 
founding factor in this study, and for the future useful- 
ness of the Hog Island marsh chronosequence, is the 
fact that the different aged marshes vary so greatly in 
elevation. The statistical relationship between eleva- 
tion and ecological age is significant (p < 0.001), and 
the old marsh is substantially lower than the younger 
marshes. This is to be expected given that the sedi- 
ment platform for the younger marshes was deposited 
on top of a mature marsh that was, at  one time, con- 
tiguous with our mature, reference marsh. We there- 
fore need to determine whether the observed variation 
across the chronosequence is due solely to elevation or 
if age is also an important factor. However, the correla- 
tion between age and elevation precludes a direct 
comparison of age and elevation effects, so it may 
prove difficult to determine the relative influence of 
these factors. 

An idea that is fundamental to understanding marsh 
development is the relationship between elevation and 
the timing of vascular plant establishment. In a sum- 
mary of work on developing marshes in England, Gray 
(1992) states that elevation is the primary determinant 
of niche boundaries between SpartLna anglica and high 
marsh plants. Bertness (1991) demonstrated that the 
lower intertidal limit for S. patens is set by its tolerance 
to waterlogging. The lower elevation at the creekbank 
creates more waterlogged, anoxic conditions that ex- 
clude S. patens and permit the establishment of S. 
alterniflora. The lower intertidal limits for S. alterni- 
flora are also set by the inundation time (Mitsch & Gos- 
selink 1993). The 3 young creek/marsh systems in this 
study are narrow bands (15 to 50 m) of S. alterniflora 
surrounded by a patchwork of high marsh vegetation 
(S. patens, Distichlis spicata, Lirnoniurn carolinianurn 
and Salicornia spp.) and unvegetated sand flats. 
Inspection of the time series of aerial photographs indi- 
cates that the high marsh develops before the low 
marsh. It is probable that the formation of creek chan- 
nels by tidal scouring (i.e. the lowering of the sediment 
surface) in the high marsh promoted the invasion and 
subsequent dominance of S. alterniflora, as observed 
by Roozen & Westhoff (1985). 

On the Hog Island overwash we have also observed 
small drainage channels which form through unvege- 
tated sand flats during storm and extreme high tide 

events. These channels expand laterally over time and 
the edges are eventually colonized by Spartina alterni- 
flora. Sandy creekbanks migrate and erode more 
rapidly than muddy creekbanks due to the lower cohe- 
siveness of sandy sediments (Shi et al. 1995), and veg- 
etation controls the erosion of the creekbanks (Garo- 
fa10 1980). Thus, in the early stages of creek 
development, the sandy substrate and lack of vegeta- 
tion allows for rapid channel expansion. The size of the 
creek is thereby related to its age; young creeks are 
small and in this study are at higher elevations. The 
lower elevation of the creekbanks relative to the sur- 
rounding sediment platform will increase the tidal 
inundation time, and increase the deposition of finer 
grained sediments. Erosion of the less cohesive sand 
fraction and the subsequent change in the relative pro- 
portions of silt, clay and sand may cause a continued 
decrease in marsh elevation by compaction of pore 
spaces, although in general we expect back-barrier 
marshes to increase in elevation (Godfrey & Godfrey 
1976). It appears that there is a threshold combination 
of elevation and slope that is necessary for S. alterni- 
flora colonization, such that lower elevations will 
become vegetated earlier, but that elevation probably 
doesn't continue to decrease with age. In this fashion, 
elevation determines when the developmental clock is 
set. In this study we have examined elevational effects 
between and within marshes. The between-marsh 
comparison results from the fact that the different aged 
marshes are at different elevations, which prevents us 
from drawing conclusions on developmental processes 
based solely on marsh age. The within-marsh compar- 
ison results from the local slope associated with the 
creekbank, and can be used to illustrate the effect that 
creekbank morphology has on the aging process. 

General developmental trajectories 

Fig. 6 is a conceptual model illustrating the processes 
involved in marsh development following the estab- 
lishment of vegetation. Spartina alterniflora con- 
tributes organic matter to the sediment in the form of 
wrack and dead roots and rhizomes (Fig. 6, arrow 10), 
which increases organic C, N and P in the substrate. N 
fixation, which is fueled by organic C (Langis et al. 
1991) and remineralization lead to increased N and P 
in the porewater (arrow 14) .  Oxidation of reduced car- 
bon compounds lowers the porewater redox potential, 
leading to anaerobic degradation pathways and 
increased porewater S2- (arrow 15). Waterlogging at 
low elevations also decreases the redox potential. Low 
redox potential may eventually have a negative effect 
on plant growth (arrow g), but may increase the avail- 
ability of reactive P. Increases in N and P promote 
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additional S. alterniflora growth and tissue N (arrow 7) opment of the marsh along the creekbank. The overall 
which completes the positive feedback loop described surface elevation influences the establishment of the 
by arrows 10, 14 and 7. Over time fine grained sedi- marsh and thereby its age, and also influences such 
ments are deposited on the marsh, and the rate of processes as sediment deposition, sediment aeration, 
deposition is determined by a combination of elevation redox potential and decomposition. The age of the 
(arrow 3, Pethick 1992) and plant density (arrow 11, marsh is integral in determining the magnitude of 
Stumpf 1983). The change in the relative proportions many of the parameters described above. For example, 
of grain size fractions decreases the hydraulic conduc- it takes time to accumulate the large organic matter 
tivity, K (arrow 12, Freeze & Cherry 1979). Lower K reservoirs found in mature marshes. Thus, a parameter 
decreases nutrient flushing and loss during ebb tide such as organic matter is controlled by a combination 
(arrows 13 and 4) and decreases the redox potential by of age and elevation and we cannot realistically sepa- 
limiting the sediment aeration (arrow 6). The above rate out the relative contributions of each. For this rea- 
feedback processes are controlled to varying extents son, we can only discuss our observed trends along this 
by marsh age, surface elevation and slope. The effects chronosequence as they relate to the combined factor 
of the slope will be discussed in relation to the devel- of age and elevation. 

There are clearly general patterns 
associated with increasing age and 
decreasing elevation in the marshes 
on Hog Island. These trends are 

MORPHOLOGY described by PC1, as illustrated in 
Fig. 4 .  There is an increase in sedi- 
ment organic content, %N,  and fine 
grained particles. The porewater has 
higher nutrient concentrations and 
lower redox status. These trends are 
consistent with the trends reported in 
the literature, as outlined in Table 1 

HYDROLOGY for young versus old marshes. In gen- 
eral, mature marshes at higher eleva- 
tions have higher organic content than 
lower elevation marshes (Mitsch & 
Gosselink 1993). This implies that the 
difference we have observed in the 
chronosequence marshes on Hog 
Island can be attributed to age. 

Spartina alterniflora biomass is not 
CHEMISTRY clearly associated with either age or 

elevation in this system, probably due 
1 to the myriad of factors (e.g. salinity, 

redox potential, N availability) that 
control S. alterniflora production and 
the variability in these factors across 
the chronosequence. Despite the vari- 

ALTERNIFLORA ability in biomass, there is a clear 
BIOLO(;Y trend of increasing tissue % N  across 

the sites. The increased % N  with age 
is consistent with the results of Langis 
et al. (1991) in a comparison of restored 
and natural marshes in Southern Cali- 
fornia, USA, but contrasts with the 
results of Osgood & Zieman (1993a) 

Fig. 6 .  Schematic diagram illustrating biot~c-abiotic interactions in the creek- in other different aged back-barrier 
bank zone of a salt marsh. + indicates that an increase in the donor box causes 
an increase in the recipient box. I indicates that a n  increase in the donor box marshes within the Virginia Coast 

causes a decrease in the recipient box. The numbers are referred to in the text. Reserve. The porewater NH4' concen- 
K. hydraulic conductivity; ET: evapotranspiration tration in Osgood and Zieman's young 
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marsh was higher (39.4 + 8.3 pM) than in either this 
study (range: 9.5 + 1.1 p M  at Y2 to 21.8 * 2.2 pM at I) or 
that of Langis et al. (range: 7.9 + 0.7 pM to 20.0 * 5 FM). 
Osgood & Zieman attributed the lower tissue N of old 
marsh plants to inhibition of N uptake at low redox 
potential (Osgood & Zieman 1993a). Given the low 
porewater N in the young marshes in this study, we 
suggest that the low tissue N in the younger marshes is 
due to direct N limitation. Plants in the old marsh are 
also more likely to reproduce sexually relative to 
plants in a young marsh, and have greater stem height 
and weight. The physiological and structural variation 
present in this species over the chronosequence is evi- 
dence that even though the biomass does not change 
predictably, some aspects of the physiology and repro- 
duction show distinct developmental trends. 

Developmental trajectories a t  the creekbank 

In the young marshes the region closest to the creek- 
bank appears to be more functionally mature because 
it has a higher mean factor score for PC1 relative to 
regions farther from the creek edge (Fig. 4 ) .  In the 
lagoon marsh, there is no trend in the factor scores 
with relation to the edge, suggesting that the creek is 
important in determining the spatial patterns of func- 
tional maturity found at the creek edge. Many of the 
variables associated with PC1, and hence with marsh 
maturity, show similar trends when contrasted with 
distance from the creek. In a sense, a mini-chronose- 
quence is formed at the edge of the creek. 

The Spartina alterniflora biomass is highest closest 
to the creekbank in the younger marshes, even though 
the porewater nutrient concentration is low. Osgood & 
Zieman (1998) postulated that in young marshes the 
hydraulic gradient established by the creekbank slope 
and relatively high K results in a greater flux of nutri- 
ents through the root zone, which augments the rate of 
nutrient supply to the plants (Fig. 6, arrows 2 and 4).  
This may explain the higher tissue N content in plants 
growing closer to the creek. Higher flushing rates also 
control the build-up of salts and toxins (arrows 5 and 6) 
that may otherwise limit growth (arrows 8 and 9). 
Higher biomass at the creekbank probably results in 
greater organic matter contribution and sediment 
accumulation (arrows 10 and 111, in accord with Lin- 
dau & Hossner (1981), who found that organic content 
and total N were higher lower in the intertidal zone in 
a young, transplanted marsh. Owing to the importance 
of local geomorphology, the magnit.ude of the feed- 
back processes associated with marsh development 
varies spatially, even within a single marsh. These 
feedback processes can lead to an acceleration of the 
rate of development, such that development occurs 

more rapidly closest to the creekbank. In addition, 
there are processes within the creek that act to accel- 
erate the maturation of the marsh in the immediate 
vicinity of the creek. 

Mature salt marshes exhibit tightly coupled, recy- 
cling based nutrient cycles (Aziz & Nedwell 1986, 
Anderson et al. 1997) in comparison to young marshes 
(Thompson et al. 1995). According to general theories 
of ecosystem development, young ecosystems tend to 
import nutrients and are inherently leaky due to poorly 
developed nutrient cycles in comparison to mature sys- 
tems (Odum 1969, Vitousek & Reiners 1975). The 
exchange of nutrients between marshes and estuaries 
has been intensively studied (e.g. Wolaver & Spurrier 
1988, Wolaver et al. 1988, Craft et al. 1989, Dame et al. 
1992, Childers et al. 1993, Dame & Gardner 1993, 
Childers 1994). In immature marshes the fluxes of 
nutrients are high in comparison to mature marshes 
(Childers et  al. 1993); in young marshes with a tidal 
range of more than -1 m, the marshes should take up 
nutrients and organic matter from the flooding water 
(Childers 1994). In a study of exchanges in trans- 
planted marshes in North Carolina, Craft et  al. (1989) 
observed export of DOC and DON (dissolved organic 
carbon and nitrogen) and import of DIN and DIP (dis- 
solved inorganic nitrogen and phosphorus). Tidal 
creeks are the conduits within which the exchange of 
materials between the marsh and the surrounding 
estuary takes place. 

In the young creeks on Hog Island we have observed 
very high concentrations of nutrients and particulates 
(Fig. 5), indicating a potentially substantial nutrient 
export. As the tide falls, nutrients and ot.her solutes are 
leached out of the sediments and into the creeks. 
Given the higher elevation and hydraulic conductivity 
of young creek sediments, it is likely that more water 
and hence more nutrients are lost per unit area of 
creekbank in younger compared to older marshes 
(Harvey et  al. 1987, Howes & Goehringer 1994, Os- 
good unpubl.). These processes correspond to arrows 2 
and 4 in Fig. 6. However, because of the high elevation 
and shallow depth of the young creeks in this study, 
once the tide is lower than the creek bottom, all dis- 
solved nutrients and particulates leaching from the 
creekbank or coming from the marsh surface are 
trapped. This could be true of small creeks in an older 
marsh as well, but due to the lower overall elevation of 
the old marshes on Hog Island, this process has not 
been observed. Given the low tide disconnection 
between the young creeks and the lagoon, and the 
extreme variability in the data, it is difficult to quanti- 
tatively estimate material fluxes from the marsh. On 
the rising tide, nutrients and particulates in the creeks 
mix with the flooding water and are returned to the 
vegetated portion of the marsh by over-bank flooding 



174 Mar Ecol Prog Ser 

and infiltration Into the subsurface (arrows 1 a.nd 3, 
Fig. 6). Small creeks increase the nutrient supply to the 
plants directly by retaining nutrients within the system 
and indirectly by increasing the flow past the roots. 
Reed. (1988) showed that creeks retain particulates 
during 'normal' tides, but particulates are deposited in 
the marsh during storm events and extreme tides. The 
grain size of the region closest to the creekbank should 
attain values characteristic of an older marsh more 
rapidly than areas further towards the marsh interior. 

Rates of development 

For most of the variables that are associated with 
age, Y1 and Y2 tend to be grouped together. For sedi- 
ment characteristics such as grain size, organic matter 
and N content, I is at an intermediate stage between 
the young marshes and the older marsh. However, for 
NH4+ concentration, I groups with the young marshes, 
and, for PO," concentration and Eh, I groups with 0. 
In the latter case, the redox status of the sediment may 
be controlling the pod3-  availability. It appears that dif- 
ferent variables reach their 'mature' levels at different 
points in the aging process. This is consistent with 
Walsh (1998), who demonstrated that Spartina alterni- 
flo.ra biomass achieves 'mature' levels before physico- 
chemical parameters or marsh epifaunal density in the 
interior marshes of the Hog Island chronosequence. 
This is also consistent with several studies in created 
marshes, where, for example, development of organic 
content (Piehler et al. 1998), macrofaunal community 
structure (Levin et al. 1996), and sediment nutrient 
reservoirs lag behind vascular plant biomass. 

The factor scores from PC1 can be used as a proxy 
for the maturity of the marsh, and can therefore be 
used to gauge the rate of development at each site. 
Using these factor scores, the sequence of functional 
maturity of these marshes is: Y2, L, Y1, I and 0, from 
youngest to oldest (Fig. 4). Thus, Y1 appears to be 
developing faster than Y2. The rate at which develop- 
ment proceeds varies spatially within the marsh, with 
the highest rates closest to the creekbank. There is a 
positive feedback between the geomorphology associ- 
ated with the creek'bank, which acts to promote 
Spartina alterniflora growth, and the rate of develop- 
ment of the marsh. The marsh becomes functionally 
more mature in areas where the production is higher. 
In addition, the hydrological processes within the 
creek itself, which are associated with the rising and 
falling of the tides, act to accelerate the development of 
the marsh by preventing the loss of nutrients and par- 
ticulates. In this fashion, a small chronosequence is 
developed at the edge of the creek, and the marsh 
spreads from the creekbank outwards. 

In using a chronosequence of marshes to estimate 
rates of development, we have assumed that all of the 
marshes are following the same developmental trajec- 
tory. It is evident that this assumption has been vio- 
lated in 2 ways. First, as we have discussed several 
times previously, geomorphology is the main factor 
that structures marsh function. The marshes in this 
study are at different elevations, which we presume is 
related to the ecological age of the marsh and which 
also undoubtedly has an effect on the rate of develop- 
ment of the marsh after vegetation is present. We 
therefore cannot assume that all of these marshes are 
developing at the same rate. 

A second potential violation of our 'space-for-time' 
assu~nption comes forward in a comparison of our 2 
youngest creeks, Y1 and Y2. Although these 2 marshes 
have approximately the same ecological age, elevation, 
and local geomorphology, it is evident that there are 
other factors controlling the relative rates of develop- 
ment. Y2 has much lower Spartina alterniflora biomass 
than all of the other marshes. In contrast, Y1 has higher 
biomass and appears to be 'aging' more rapidly. The 
primary difference between these 2 sites was the ele- 
vated porewater salinity at Y2 (26.8 0.8 ppt at Y1 vs 
36.6 + 0.4 ppt at Y2),  which has a detrimental effect on 
S. alterniflora growth (Phleger 1971). This substantial 
variation in salinity is derived from a significant differ- 
ence in groundwater influx between the 2 marshes, 
which results from the geomorphological differences 
between the marshhpland complex within which each 
creek resides. Y1 receives a freshwater influx from a 
pond situated in the upland, while Y2 is down-gradient 
from a salt flat and receives little to no freshwater influx 
(Tyler 1997). In the case of Y2, it appears that the salin- 
ity, as moderated by the reglonal morphology of the 
marsh/upland complex (arrows 16 and 17, Fig. 6), is the 
dominant factor controlling the rate of development. 
That Y2 is on a different developmental trajectory 
than the other inarshes in this study is also evidenced 
by the fact that it has significantly different factor 
scores for PC2. 

Conclusions and management implications 

Several predictable trends take place along our 
chronosequence. The sediments grade from a sandy 
substrate to a more highly organic, muddy substrate. 
The porewater becomes enriched in nutrients and the 
sulfide concentration increases. The plants are taller 
and more robust, and they exhibit different reproduc- 
tive patterns and tissue element composition. Similar 
trends are seen as the creekbank is approached, such 
that within each young marshithe areas in the vicinity 
of the creek are relatively more mature than those dis- 
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tan t  from t h e  creek.  However ,  w e  h a v e  also demon-  
strated that  not all marshes a r e  created equa l  a n d  that 
t h e  developmental  trajectory c a n  b e  determined by 
t h e  larger  landscape properties of t h e  m a r s h h p l a n d  
complex. 

M a n y  mitigation projects fail because of a lack of 
communication be tween  the  engineers  w h o  design 
a n d  restore wetlands a n d  t h e  ecologists w h o  study 
them. In a n  evaluation of t h e  function of a restored 
marsh,  Moy & Levin (1991) a n d  Minello e t  al. (1994) 
suggested that  increased c reek  frontage may increase 
marsh  utilization by macrofauna. However ,  inappro-  
priate c reek  construction can cause  failure of restora- 
tion efforts (Haltiner e t  al. 1997). This s tudy suggests  
that  in  a naturally developing marsh the  c reekbank  
plays an important  role i n  enhanc ing  both primary pro- 
duction a n d  t h e  ra te  of development .  If, indeed ,  tidal 
c reeks  d o  accelerate development ,  restoration efforts 
should b e  designed such  that  the  ratio of c reek  b a n k  to 
marsh  interior maximizes t h e  rate  of marsh  develop- 
ment .  This  type  of 'ecotechnological' method  for esca- 
lating marsh development  is important in  achieving 
early functional equivalency of created marshes 
(Zedler 1992). 
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