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Abstract 

We are using a 20+ year photographic history of relatively undisturbed and formerly diked sites to predict 
the restoration trajectories and equilibrium size of a 4,050 ha salt marsh on Delaware Bay, New Jersey 
(USA). The project was initiated to offset the loss of finfishes fl'om once-through cooling at a local power 
plant. We used a simple food chain model to estimate the required restoration size. This model assumed 
that annual macrophyte detritus production and benthic algal production restilted in production of finfish- 
es, inchiding certain species of local interest. Because the marsh surface and intertidal drainage system 
are tised by many finfishes and are the local points for exchange of detrital materials, the restoration plan- 
ning focused on both vegetational and hydrogeomorphological parameters. Recolonization by Sl)artina spp. 
and other desirable taxa will be promoted by returning a natural hydroperiod and drainage configuration 
to two types of degraded salt marsh: diked salt hay (Sl)artina t)aten.v) farms and brackish marsh dominat- 
ed by Pllragmilex auxtl'ali.s'. The criteria t\~r success of the project address two questions: What is the 
"'bound of expectation" for restoration success, and how long will it take to get there? Measurements to 
be made are macrophyte production, vegetation composition, benthic algal production, and drainage features 
including stream order, drainage density, channel length, bifurcation ratios and sinuosity. A method for 
combining these individual palameters into a single success index is also presented. Finally, we developed 
adaptive management thresholds and corrective measures to guide the restoration process. 

Introduction 

The restoration of 4.050 hectares of degraded salt 
marshes within the Delaware Bay is required by a 
permit isstied to operate the Salem Generating 
Station (Fig. 1). The restoration area was deter- 
mined fi-om the relationship between net above- 
ground primary production and secondary produc- 
tion of fotir species of finfishes affected by the 
station, assurning that n-iarsh macrophytes and 
algae contributed to the detrital food web of the 
estuary and support finfish production (Teal 1962, 
Haines 1979, Odum 1980, Nixon 1980, Deegan 
1993). The ti~od-chain model tised neglected 

underground plant biomass and did not assess tile 
habitat value of the restored nlal'shes {\~r fishes and 
invertebrates. Further. the area calculated to pro- 
duce an equivalent biomass of finfish reduced be- 
cause of the power plant operations was increased 
by a factor of about four to provide a margin of 
safety for the estimates. 

Two kinds of degraded wetlands will be re- 
stored as part of this project. One is diked salt hay 
(SI)arUml patens) farms and the other is brackish, 
non-impounded salt marshes dominated by PDrag- 
miles au.~w'ali.v (Fig. 1). The nearly 1780 hectares 
of salt hay farms are surrounded by perimeter 
dikes at approximately 1.5 m North American 
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I.i~. 1. Location of  the Salem Generating Station, re l ish  restoration areas, and llltll-sh i-efereilcc sites. 

Vertical Datum (NAVD). Within the salt hay 
farms, the marsh plain has subsided or l;ailed to 
accrete over the years so that artificially main- 
tained high marsh vegetation is present. Much of  
tile original marsh plato now ranges from about 
mean tide level to mean high water. At one loca- 
tion, the dikes were breached by storms in the fall 
o f  1992. Tides have since inundated tile site and 
most higher plants are either absent or dead, We 
expect similar mortality when the other diked 
/irons are opened to the tides. This will result in 

a lag period before a site is recolonized by low 
marsh species. 

The salt hay farms have been ill continuous 
agriculture since tile early 1950s but include some 
parcels diked as early as the 1700s. Most of  the 
2145 hectares of  P. australis degraded wetlands to 
be restored were diked early ill this century. These 
dikes were previously breached at unknown times. 

Tile broad outline of  the approach is to reintro- 
duce tidal inundation at diked wetlands, and to en- 
hance drainage by re-excavating higher order 



channels that filled in during the diked period. A 
program of herbicide spraying and controlled 
burning along with selected hydromodifications 
will be used to reduce undesirable dominance of 
Phragmiles australia in non-impounded wetlands 
This will enhance the exchange of detrital materi- 
als with the estuary and permit unrestricted marsh 
access by marine and estuarine fishes. This paper 
describes the intent, rationale and criteria used in 
this restoration program to measure success and 
make management changes due to unforeseen re- 
suits. 

Measures of  restoration success 

To judge whether the restoration effort will be suc- 
cessful, perfonnance criteria (Kentula et al. 1993) 
were developed that serve to predict marsh thnc- 
tion in situ, o1" the coupling of marsh-estuarine px'o- 
cesses. The criteria are also embedded in an adap- 
tive management framework (National Research 
Council 1992) designed to guide the general re- 
storation process. 

Initially, three categories of performance crite- 
ria were presented to regulatory agencies and be- 
came conditions of the project permit: (1) percent 
coverage of the marsh by vegetation, (2) reduction 
in Phragmites auslralis coverage, and, (3) percent 
open water. We expanded these criteria to include 
others specific to the project's central objective, 
which is to enhance finfish production m the 
Delaware Bay. A method for combining the crite- 
ria into a single index is also proposed. 

A monitoring program initiated in 1995 will 
provide data for estimating the values for these 
additional criteria and will refine the measures of 
project success. Although these are not permitted 
conditions of the project they form the technical 
(not regulatory) basis for judging project success. 

A framework  for addressing restoration success 

O11 the New Jersey side of Delaware Bay there are 
a number of "sell-restored" salt marshes. Some 
that were diked for farming between the 1700s to 
the 1950s, have been restored by storms breach- 
ing the dikes. Others were restored after small 
openings were excavated in the dikes. In none of 

113 

these restoration projects was there any active de- 
velopment of tidal channels in the marsh. In our 
project, we used the historical record to develop 
criteria to judge the progress and ultilnate success 
of the restorations in which tidal channels will be 
re-established to speed up the restoration process. 

Froln a practical standpoint, two questions must 
be addressed to judge restoration success: ( 1 ) how 
long will it take to restore the marshes, i.e., what 
are the restoration trajectories? and, (2) what are 
ti~e bounds that define the ultimate goal of the 
restorations? Kentula el al. (1993) noted that suc- 
cess should be defined in terms of the project ob- 
jectives, i.e., what is acceptable for a particular 
project in a specific locale. 111 our case, the objec- 
tive is to enhance fisheries production in the 
Delaware Bay by restoring degraded marshes with 
as many aspects as possible of a natural system. 
The bounds we refer to are defined in terms of 
structural and functional characteristics of salt 
lnarshes that promote the production of finfishes, 
particularly the young of marine species using 
marshes during their early life history. 

It would be a hopeless task to attempt to address 
all wetland fimctions comprehensively as part of 
this restoration program and most others. We can- 
not consider all of the t\mctions associated with 
biogeochemical cycling and storage, hydrology, 
biological productivity, decomposition, comnmnity 
and wildlife habitat, etc. (Zedler 1992, Richardson, 
1994). However, certain principles act as "'unify- 
ing themes" that can be used to establish the spe- 
cific restoration goals. There are features within 
all marsh landscapes that act as corridors to focus 
the movement of materials and energy among 
other elements of the system (Turner 1989). The 
marsh can be viewed as a network landscape 
(Forman and Godron 1986, Forman 1990) com- 
posed of two major elements: the vegetated inter- 
tidal marsh and open water. Hydrology appears to 
be a key forcing function (Mitsch and Gosselink 
1993, Richardson 1994) that will reconfigure the 
drainage pattern of the restored sites and promote 
the growth of smooth cordgrass (Spartina alterni- 
Jlora) and other plant taxa. Drainage density, sinu- 
osity and other geoinorphological characteristics 
of the restored marsh are also critical for maxi- 
mizing wetland edge, and optimizing the exchange 
pathway between the marsh surface and the estu- 
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ary. Finally, reduction of Phragmite.v auxt#'alis 
coverage and its replacement by other more desir- 
able vegetation that degrades rapidly to detritus is 
a desired end-point of the restoration. 

Thus, restoring functional salt marshes that pro- 
motes quality fish habitat and secondary produc- 
tion requires re-establishing desirable vegetation on 
the marsh plain, restoring a natural hydroperiod, 
and reproducing to the extent possible the entire 
mosaic of interactive structural elements of marsh 
habitat: tidal creeks, fiats, vegetated areas, and 
ponds/pannes. We have determined the "bound of 
expectation" and restoration trajectories flom the 
naturally restored and undisturbed marshes in the 
region, the "reference lnarshes". When the trajec- 
tories for a given restoration site fall within the 
bound, that site will be considered to be func- 
tionally equivalent to the reference marshes. 

The role of vegetation in the salt marsh is well- 
known. Vegetation stabilizes the marsh surtiice, 

f'ornls the basis of the detrital food web, and con- 
tributes detritus to the open waters of the estuary. 
The marsh surface and intertidal drainage system 
represented by tidal creeks and other open waters 
are utilized by many finfish and shellfish (Mclvor 
and Odum 1988, Rozas et al. 1988). They are the 
local point lot fish foraging, and tk-u + exchange of 
detrital material and suspended sediments. Fish 
display much greater use of high density versus 
low density drainage habitats (Kneib 1994). The 
natural t\mction of the salt marsh is thus tied not 
only to primary production on the marsh plain, but 
also to a well-developed dendritic pattern of tidal 
creeks. Wiegert and Pomeroy (1981) summarized 
this critical relationship by COlnmenting that: "'Our 
present view of the food web of the marsh and 
estuary suggests that the preservation of fisheries 
depends as mucl~ upon the protection of the 
smaller tidal creeks as upon protection of the 
marsh and its St)artiml production." 
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fT,<,'. 3. Mad t lorsc ('reek marsh, a rclalixeh undislurbcd 17() c) ha ielL-rence site Iocaled in the meso-oligohaline portion of lhe eslu- 
s.I F \ ' ,  

The process 

The ecological criteria tised :.ire related to the pro- 
duction of macrophytes and are designed to ad- 
dress hydroperiod and hydrology characteristics of 
natural marshes by (1) restoring a flooding-drain- 
ing cycle (hydroperiod) that promotes recoloniza- 
tion by 5"par/ina spp. and other desirable taxa. and, 
(2) providing high quality fish habitat as intertidal 
drainage channels and fiats connected to subtidal 
channels and other open water. As an example, the 
range of  time-trajectories and the bound of expec- 
tation t\->r revegetation rates are depicted by hypo- 
thetical curves in Fig. 2. Rexegetation rates can be 
determined flom published values (Bongiorno ~'t 
a/. 1974, Slavin and Shisler 1983, Roman ~_'! i:/]. 
1984, Bertness and Ellison 1987, Sinicrope e; a]. 

1990), and by ex'aluating the natural restorations 
of  forlncrly diked areas in Delax\aro Bay. How- 
OVel, re\\ d~.lu.I LIFe available :.llld none ill the scale 
of  ]O00s of  ]la restored. The illost nleaning|'tl] val- 
tic:,; wil l  thus be ultimately derived froth the pro- 
.ject itself 

It is likely that the upper limit of the anticipated 
bound fbr most parameteis wil l  be represented 
by a relatively undisturbed lel'Olenco marsh. The 
structural similarity between the undisturbed 
nlarshes and the natural restoration sites suggests 
thai the latter nlay he used to establish reasonable 
lower limits for many palailletoi'$. They \\ i l l  also 
pro\'idc an iillpol'tant opportunity for deternlinin 7 
the likely trajectory for each restoration. 

Most of tile salt marshes in the Delaware Bay 
have undergone varying degrees of disturbance in- 
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Fig. 4. Moore's Beach marsh, a 383 ha formerly diked marsh where "'self restoration" was initiated in 1975, and where a major 
storm in 1980 appears to have fully compromised the perimeter dikes. 

cluding diking and invasion by Phrugmi tes  uu.vtru- 
/is. Even without disturbance, not all salt marshes 
in the estuary have the same physiography, geo- 
morphology or relative areas of  vegetation, drain- 
age, open water, and tidal flats and bars. This vari- 
ability must be acknowledged and, to the extent 
practicable, understood early in the process of  
restoration planning. We anticipate that the estab- 
lished bounds will encompass a wide range of  
measured results. 

Reference  mur.vhe.~' estuDli.vhing 1lie "houmt  ~1 
e_vt}ecl~,lio n " 

Three reference marshes were selected that brack- 
et the range of  salinities and geomorphological 
characteristics (expected to develop) at the restora- 
tion sites to develop a monitoring program that can 
track restoration success. The total area is more 
than 2630 ha, which also places logistical con- 
straints on sampling and analysis. Data compiled 

flom these sites during the monitoring program 
will be used to establish the measurable end-points 
of  the restorations. Mad Horse Creek (Fig. 3) is a 
relatively undisturbed marsh located in the oligo- 
mesohaline (0.5-8.5%0) portion of  the estuary in 
New Jersey. Several portions of  two previously 
diked areas where fhmaing has been abandoned, 
Moore 's  Beach (Fig. 4) and Wheeler 's  Farm (Fig. 
5), have undergone natural restoration (multiple 
planned or unplanned breaches of  dikes) since 
1980, and 1972, respectively. The latter are meso- 
polyhaline systems (8.5 16%o). 

The reference sites differ in their ratios of  the 
area of  marsh plain:open water, and in drainage 
patterns. The Mad Horse Creek site has a typically 
sinuous drainage of  relatively undisturbed marshes. 
The Moore 's  Beach site has more open water than 
at Mad Horse Creek, but also a general physiog- 
raphy resembling the undisturbed condition. Al- 
though crossed by many drainage ditches (which 
need to be considered when evaluating geomor- 
phology of  the channel system), the Wheeler 's  
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Fig. 5. \Vheelcr Farm marsh, a 56 t) ha fcu-merlv diked marsh where "'self-restoration'" was initialed in 1972. 

Farm site appears to have less open water than tile 
others. 

Tile expected range of  variability (Fig. 2) is tile 
difference between tile characteristics of  natural 
marshes and the best examples of  tile self-restored 
systems. Because tile planned restoration prc!iects 
will be f:acilitated by excavating higher order chan- 
nels, we believe they will recover more rapidly 
than tile self-restored marshes. 

T h e  m e a s u r e n l e n t  o f  succes s  

The role of the mar.vh eh'aimlge ,vv,vtem 

Most salt marshes are typically dissected by tidal 
creeks that meander and form a dendritic pattern 
similar in appea.-ance to riverine systems. A rela- 
tively good understanding of  tile tidal drainage 
system rise by postlarval and juvenile fishes has 
emerged in recent years. Many fishes will occupy 
tile marsh fl-inge or marsh plain during high tides. 
They will congregate in subtidal channels during 
low tides (Cain and Dean 1976, Shenker and Dean 
1979, Weinstein 1979, I983, Weinstein el a/. 

1980, 1984, Reis and Dean 1981, Hodson e t a / .  
1981, Rozas 1993, Rozas and Hackney 1983, 
Rozas ~,t a/. 1988, Smith e,/ a/. 1984, Mclvor and 
Odtlnl I988, Hettler 1989. Kneib 1991, 1994, 
Rountree and Able 1992). The nlovement of  fishes 
between the intertidal marsh plain, marsh edge, 
and shallow and deep channels is a tome'a /behav-  
ior for those animals. 

Thus, marsh ponds and t idal  creeks are v i ta l  

componel l tS o f  a l \mct iona l  salt marsh because 

they create aquatic habitat, and increase "edge". 
This is where critical exchan,,es occur between tile 
marsh surface, particularly tile low rnarsh, and 
open water. Most importantly, tile creeks act as 
conduits between tile estuary and the primary 
production thai takes place oil tile marsh plain. 

Creeks also provide subtidal rel\lges, and serve 
as a key pl'inlary nursery for early life stages of  
fish and shellfish (Boesch and Turner 1984). 
Ponds m the mid to upper reaches of  tile marsh 
serve the same timctions t'or early life stages of  
resident, li~rage species (Fumhdus" spp., Cyprin- 
eden i'arA-ga/ux, etc.) that provide a source of  re- 
cruits to tile low marsh and tidal creeks. Creeks 
and ponds acl to create local gradients of  marsh 
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l:i,<.,,. 6. Olanoakcl l  Crock marsll, a IC)7 ha lbrmer lv  diked marsh wherc "scl l - rcslorat ion'"  was inilicited m the early 1970s. 

types, cutting across the general marsh zonation, 
and adding to the mosaic of plant assemblages 
\~ithin each zone. The evolution of a stable dy- 
namic equilibrium between marsh channels and 
plains is thus a prime consideration in wetland 
restoration efl'orts (Shreffler and Thorn 1993). 

Slrllc'lllva/ a l ld . / i l l lc l iona/  Hlea,s'llve,~ qi.s'a/l nlar.s'/le,s' 

In increasing aquatic productivity, especially of 
finfishes that benefit flom marshes, the t\~llowing 
marsln features/processes are important: 

1. Geolnorphology and Hydrology. Tidal creeks 
that are subtidal at the highest stream order, 
and that display sinuosity and high drainage 
density. 

2. Low Marsh. Regularly flooded marsh where 
exchange processes with adjacent tidal creeks 
(and ultimately the nearby estuary) are great- 
est, and where foraging species can readily 
reach the marsh surface. 

3. Hydroperiod. A flooding-draining cycle that 
facilitates air entry into the marsh surface, and 
reduces the extent of standing water. However, 
small shallow ponds comprising about 1-2% 
of the marsh area are often found in Delaware 
Bay marshes (Rubino 199I). 

4. Plant Coverage and Diversity. &)arlina alter- 
n(llora, other macrophytes, benthic algae and 
epiphytes that colonize the marsh surtace, 
creek banks, and mudflats are important con- 
tributors of carbon and other nutrients to estu- 
arine consumers. The mosaic of natural plant 
assemblages also contributes to habitat com- 
plexity and diversity which in turn positively 
influences thunal diversity. 

As noted above, the success of the program is 
closely tied to direction of restoration success 
(Fig. 2). Because conditions will undoubtedly 
differ flom site to site both spatially and tempo- 
rally, early success should not be measured in 
absolute terms but rather as a progression along a 
predictable trNectory that defines the desired char- 
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Tahh, I. Photointerpretation or" historical photographs for "sclfres tored '"  marshes  that were previously diked. The "'Other" catego- 

ry. included Pht'a,.,,mitcx, australi.v covera,,co, and land features such as roadx~ays, buildings, etc. "'Open Water" included ponds, 
pannes,  tidal creeks and intertidal mudflats.  

Oranoaken ('reek I'egclalcd Open Water Other 
)'ear ",, Total Mal:vh % Tnml 3hH'xl7 % Tom/ klalwh 

1972 ( Pro-breach ) 77 20 2 
1978 (Post-breach) 38 62 0 

1986 54 46 0 

1991 57 43 0 
1992 71 28 1 

Aloore',~' Beach l't'gwlalCd Olk'n Jf)tt~.'l" Ol/lt'l" 
)car % 7)~tal Mar.~'tl ",, Total Mar,~h % Total .llarsll 
1972 ( Pre-breach I 56 42 2 
1978 ( Pre-breach } 58 4(I 2 

1986 (Post-breach) 60 39 0 

1991 65 34 I 
1992 78 16 7 

l171celcr Farnl I "Q.,ctult'd Open II'att,r Oilier 
}'~'ar ",, Total .llar.vh % Tolal .IhtrM1 ",, Tolal ,llardl 

1971 (Pre-breach) 78 23 0 
1977 ( Post-breach ) 74 26 0 

1986 85 14 I 
1991 84 16 0 

1992 87 11 2 

acteristics of  that particular marsh. Features that 
will be measured in the reference marsh include: 

1. Geomorphology. The area of  creeks and ponds 
relative to total drainage area, the relative area 
of  unvegetated (by macrophytes)habitat  on the 
marsh plain, and intertidal fiats and bars (as 
measured within the resolution limits of  aeri- 
al photography): Drainage features inchiding 
stream order, stream length, drainage density, 
biffircation ratios and measures of  sinuosity. 

2. Vegetation Species composition of  dominant 
macrophytes, measured as per cent cover and 
biomass; Area covered by desirable plant spe- 
cies, and their biomass: and, Productivity and 
biomass of  benthic algae in vegetated and un- 
vegetated areas on the marsh plain, and on 
creek banks and fiats. 

Ranges for these parameters can be graphed as a 
"'family" of  performance curves (Kentula el al. 
1993), or, as discussed below, as COlnposite vari- 
ables. The rate of  progress will be influenced by 
the disturbance history of  the restoration area, and 
other factors. If the progress of  the restoration is 
not satisfactory, pre-established adaptive manage- 

ment protocols (National Research Council 1992) 
will be implelnented. 

Revegelalicm (~/the ma#'.vh ~)lain 

There are few restoration projects where the rate 
and areal extent of  plant recolonization have been 
measured. The available data suggest that where 
land elevation and tidal inundation are appropri- 
ate, recolonization of  the marsh plain occurs at a 
rate of  about 4%-12% per year (Bongiorno et al. 
1974, Slavin and Shisler 1983; Roman et al. 1984, 
Bertness and Ellison 1987, Sinicrope et aL 1990). 
If a one or two year lag before vegetation is re- 
established is inchided, then we estimate that 16% 
to 48% of  the total marsh will be capable of  sup- 
porting Stmrtina spp. and other desirable vegeta- 
tion within 5 to 6 growing seasons. We anticipat- 
ed that there will be a temporary loss of  vegeta- 
tion until the root mat is partly decomposed and 
suitable numbers of  propagules reach the area. 
This delay will occur over about one growing sea- 
son at Phragmite,v degraded sites, and after two 
growing seasons in diked wetlands. 

As part of  the design for this project, we 
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measured marsh plain elevation and tidal heights 
at the restoration sites and found that most of  the 
marsh plain is at an appropriate elevation to sup- 
port s spp. growth. Thus, the recoloniza- 
tion rates cited above will also apply at our sites. 

To supplement these data, and to determine 
realistic restoration goals for each site, we exam- 
ined historical aerial photography for our reference 
sites. False color infl'ared historical aerial photo- 
graphs were evaluated for four locations: the mini- 
really disturbed system at Mad Horse Creek, and 
three previously diked sites - Oranoaken Creek 
where dikes were breached in the early 1970s 
(Fig. 6), Moore's  Beach, and Wheeler Farm. These 
locations overlap both the range of  salinity and the 
physical locations of  the restoration sites (Fig. 1). 
For each previously diked location, photographs 
were available for pre-breach conditions, and for 
at least three or four post-breach intervals span- 
ning up to twenty years. The photomterpreted data 

included plant coverage, open water, and upland 
features including dikes, roads, etc. (Table 1). Be- 
cause the level of  tidal inundation varied among 
photographic dates, "open water" was defined as 
the Stilll o f  tidal channels, ponds, pannes, and flats, 
some of  which are intertidal. 

The post-breach dates shown in this table were 
superimposed on the hypothetical revegetation 
curves (Fig. 2) to determine if the projected trajec- 
tories and asymptotes were realistic (Fig. 7). Be- 
cause the exact number of  growing seasons post- 
dike breaching was not precisely known, the data 
were plotted in year four (the approximate aver- 
age period between breach dates and the first post- 
breach photographs analyzed). The following con- 
clusions result: 

( 1 ) There is generally good agreenlent between tile 
photointeq~reted data and the projected trajec- 
tories and asymptotes (background of  Fig. 7): 



Tahle 2. Measured values for selected marsh parameters at 
Mad Horse Creek and three "'self-restored" marshes: desirable 
vegetation coverage, open water, and Phragmites coverage. 
The mean and range for the self-restored sites are shown, and 
all parameters are expressed as percent coverage from 1992 
aerial photointerpretation. Desirable vegetation inchlded S/~ar- 
tina spp. and oilier taxa. 

Desirable Open Phragmites 
Vegetation Water Coxerage 
Coverage 

Mad Horse Creek 77 19 1 
"Self-restored" Mean 79 18 <1 

Sites 
Range 71 87 II 28 0 1 

(2) Assmning the degree of marsh subsidence at 
these sites was similar to that measured at tile 
restoration sites, it appears that more vegeta- 
tion survived the reintroduction of tidal flows 
than expected: 

(3) All vegetation coverage estimates tell within 
or close to the bound of  expectation by approx- 
imately year twelve. However, since there 
were eight years between the last two photo- 
graphs, this coverage may have been reached 
SOOller. 

Ill tile 1992 photographs (tile most recent avail- 
able), average conditions and ranges tot" vegetated 
marsh plain, and open water (including intertidal 
fiats) were measured at all sites (Table 2). Along 
with tile values for Mad Horse Creek, tile range 
of  values was used to establish tile bound of  ex- 
pectation for desirable vegetation coverage. The 
photographs were also used to estimate the extent 
of open water including inter-tidal fiats that would 
be expected at tile end-point of restoration (see 
below). 

Phragmites australis coverage varied significant- 
ly between sites and over time. Because ground- 
truth was not available tot" the aerial photographs, 
we could not distinguish P. australis coverage in 
some mixed stands. It was also difficult to distin- 
guish it from stands of Spartiml cvnosuroides. A 
range of  P. australis coverage l-'rom <1% to 15~ 
was estimated, with reduced values in recent pho- 
tographs. The average covet for all years was 
2.2%. 
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Restoration endt)oinlx 

These values in Table 2 were used to suggest rea- 
sonable end-points both for the permitting (regu- 
latory) goals of  the restoration program. At the end 
of the restoration process: 

(1) open water constituents of the restored sites 
will be <_ 20% of the total marsh area. "Open 
water" in this instance includes tidal creeks 
(intertidal and subtidal), natural ponds, pannes, 
and intertidal fiats: 

(2) Phragmites coverage will be <_ 4~ of the total 
marsh area (5 5% of tile vegetated area of tile 
marsh plain: There is considerable uncertainty 
in tile measured values using photo interpreta- 
tion alone because of the lack of available 
grotmdtruthing. For this reason, approximate- 
ly 5% coverage has been established as a rea- 
sonable '~target" value): and, 

(3) no less than 76% of tile area of the total marsh 
will be colonized by desirable vegetation (95% 
of the vegetated area of  the marsh plain). 

A proposal for a composite criterion for 
measuring restoration success 

Tile permitting goals cited above can be supple- 
mented and extended by considering the overall 
project objective of enhancing aquatic production 
in the Delaware Bay. To optimize fisheries pro- 
duction requires a more refined consideration of 
success criteria. By modifying the habitat suit- 
ability approach of tile United States Fish and 
Wildlife Service (Bovee 1982), it is possible to 
combine all of tile relevant criteria into a single 
index. Like the example for vegetation coverage 
(Fig. 2), these values and their ranges will be plot- 
ted to establish the overall bound of expectation. 
Tile index is comprehensive in that it represent all 
of the desired aspects of this restoration project 
and its objective to promote quality fish habitat. 

The approach requires two steps: first a compo- 
nent index (CI) is calculated for each parameter 
(P) of interest (e.g., pet cent coverage by Sparli- 
ml spp.). A single habitat value (HV) is then calcu- 
lated by combining tile CI scores. In_ this example, 
the critical habitat values revolve around the abil- 
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ity of  the marsh to produce fish. A weighting pro- 
cedure is employed to emphasize the most i m p o f  
tant habitat variables. We weighted the CI scores 
toward the presence of  &)arfina spp. (density and 
biomass), and the drainage features that maximize 
ed,,e~ . This approach also recognizes compensato- 
ry relationships arnong the parameters, i.e., a para- 
meter with a low suitability can be offset by the 
hi,,h~, suitability of  other parameters. 

We combined variables that recognize the value 
of  the rnarsh plain {includirtg creek banks) as the 
tn~,\ior source of  primary production, while at the 
same time serving (especially the low rnarsh domi- 

hated by Sparfina a/tern(flora ) as a nursery and 
refuge from predators (Kneib 1994). 

Similarly, those features of  the marsh drainage 
that maximize edge and serve as conduits for the 
exchange of  materials were combined: 

(1) Macrophytes and Algae on the Marsh Plain 
and/or Creek Banks 
(a) Pi Percent covet + by Spartina a/tern(flora 

in the love marsh 
(a) P++ Percent covet by other deshable taxa 

(u44., Dixtic/di.v .~yficata, S. patvJ~x) in the 
high tnars]1 
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T<~I~I<, :7 Pi'cl imii lary moriik~l-illg results frolri 1905 l]cld stir\cys. Mcasufcs o f  dispcrsitm arol.iild i'llcans for plIoduclion csth'm.ilCs 
{gdw iri 2 ciilcl mg (" ifi 2 d I I'or maci'ol~hVlcs nlld tl]gac, rcspcciivclx I CllC slandard dexialitms..'qurfacc ellCOl of  crocks, ptmds Cilld 
I]als are Slal ldaldi icd per hcc'lai'o bocatlb;C o [  difl'crcnccs in the afe:.i o f  rc, fcrcrlco sites. 

|:k?rcclil Pt?lCCltl Ncl S ur I;.lce .q, t l r l )cc Suilacc 
( o v e r  ( ' o \o r  Producliol l  (;ross ,;\ fca ikfoa A l-COl Di-a iil:.tgc 

(,S'l~m'tino ()thor Macro- Pfodtlclioll ( 'recks Ptulds I:lals Dcnsiix' 
Site sppl. Taxa phytcs It \ Igac) 1ha) Ilia) (11:.1 I) 1111 Ila I) Sinuousit\ 

Mad llorsc % 28 369!22 544tJ:34 c) 0.1564 0.01113 (I.11001 52 "? 
0 . l l _ l l _  43 I ._S'> ' Xloorc's B. 76 13 53(~:41 1171• c) ll.O(~(~,'4 11.0247 "~ "~ 

\Vhcclcr Pal-ill 78 5 485::52 l(~C)3=10 t) 0.0711 0.11c)45 0.(}1)(~3 3(~ 1.23 

(a) P;~ Production f'or <c,'/)ar;iJm spp. and other 
desirable taxa. 

(at P4 Production of  benthic algae and epi- 
phytes 

(2) Tidal Creek System Developmellt (Oeolnor- 
phology) 
(a) P5 Surlilce acreage of  tidal creeks 
(a) P~, Surface acreage of  ponds 
(a) P-~ Surf'ace acreage of  t.lnvegetated pannes, 

bars and fiats 
(a) Ps Drainage Density (length of  all channels 

divided by marsh area} 
(a) P,~ Sinuosity (total sinuous len,,th~ of the 

channel segment divided by straight line 
distance between its end-points) 

ltaDilal l ' a l lw  (ttl ") ,Tcorin~ 

tlabitat Value (HV) scores were used to define tile 
larger for restoration success for each restoration 
site. Because vegetation co\'erage.,'produclion and 
a well-de\eloped (dendri t ic) t idal  creek drainage 
are equally important components of  quality fish 
habitat, we gave equal \veight to both factors. Sim- 
ilarly, tile parameter (P) values colnprising each of" 
tile HV variables were weighted according to their 
iml:lortance in marsh function. Individual P values 
\~ele combined as follows (f'or simplicity, other 
parameters that may be measured such as stream 
order, stream length, arid bif'urcation ratio, are not 
included in tile calculations): 

('4J#II])OIIC#II ('OIII])IJIIClll ]ndc.v I']t/llUtlOll 

Macrophyics  and Algae _Pi . , 
on the lvlarsh Plain 

Tidal (.'reck P~ + ll.5P,, ~ II._'~P_ + -"[Ps + P,,] 
[)c\ clopmcilt 

The key marsh components were then combined 
as the square root of" their product: 

t lV  [Vegetation ('onlpollCllt x Tidal ( reck  ( 'onlptmcll t ]  t ]  

Iil this way, nlaxii11tllll in|luence is placed on low 
values of a given conlponent and a zero value of" 
any conlponenl renders tile entire habitat al zero 
value. Thus, either a "lawnscape'" of  S/)arlhm spp. 
co\era,,e \vithout oh\ ious diaina,,e features, or, an 
i_llr<gelaled bul \veil-drained inLldf]ai is afi ullde- 
sirable endpoint. 

A simple scoring system to convci-t each para- 
i l l e t e r  into a dimensionless habitat suitability index 
makes it easy to report resloration progress. Two 
examples follow (Pig. 8). In both graphs, points A 
and B represent the riliililnl.llll and l'llaxifilui-n ral- 
Lies |'Of P IlleaStlfed ill tile fel'efence illafshes, and, 
therefi~ie, will represent the boLind of  expectation 
for the sal]]e P in the restoration illarshes. Tile tra- 
jectories t o w a r d s  t h e s e  b o u l l d s  a r e  obviously lime 
dq)endent and can be monitored by adaplive man- 
agement techniques. Tile HV scores for tile ref- 
erence l l l a f s h e s  represents tile COlll/JfJ,fih_" c)[" all 
asymptotic \alues of the indi\idual P estimates. 
Rcsloration is considered successl\il when pro- 
gress litlls within this range. 

Tills model will be tested and \eril]ed when the 
results of  tile mollitoril~g program become avail- 
able. However, preii lnii lary data fronl the 1995 
surveys ;_tfe p r e s e n t e d  here (Table 3) to dcn'lon- 
strate dif'ferences among the reference sites and the 
variability of  the data. 
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A d a p t i v e  M a n a g e m e n t  P r o c e s s  

I NJDEP approves wetland restoration site management plan I 

I 
A 

Initial restoration activities completed I 

I 
A 

Routine monitoring of wetland restoration sites 

I "  
I 

Compare monitoring results against adaptive mgmt. triggers: 

Hydrologic parameter 
1) <25% of marsh plain retaining water at low tide (two year lag) 
2) No unanticipated flooding of upland areas outside of restoration area 
3) No closure or adverse sedimentation of tidal inlets or creeks 
4) No premature erosion of internal or region berms(If included in design) 

Vegetation 
5) >9% increase in Spartina per year in last two years (two year lag for diked 

sites & one year lag for unimpounded sites) 
6) >10% reduction in Phragmites per year in last two years (unimpounded 

sites) 

PASS 

I initiate detailed data collection I 

I Eva,uate da,~and ,dent~ prob,em I 

I Determine if corrective action required I 

NO 

L Evaluate aitematives J 

r 
I Determine corrective action to be implemented ] 

{ 
I implement corrective action I 

t-i~, cZ The adtlpti,.e nlanagement process. 



Adaptive management and corrective actions 

Adaptive management is a process by which devi- 
ations fl'om expectations can be evaluated and, 
when necessary, con'ected {National Research 
Council 1992). The foundation of adaptive man- 
agement is an understanding of tidal marsh ecol- 
ogy based on current literature and historical ob- 
servations. In ,vim observation of critical parame- 
ters, comparisons, and actions are all undertaken 
on an ongoing, interactive basis. 

The aght/)tive mdJ,dgement /)#'oc'ex,v 

The adaptive management process is illustrated in 
Fig. 9. Management and monitoring activities are 
identified that require regular site visits, including 
both on-ground activities and aerial surveys. When 
specific thresholds are not met. a series of assess- 
ment and management steps follows that includes 
quantitative data collection, problem identifica- 
tion, and 'go/no go' decisions to takc corrective 
actions. 

Threshoht imticating the need /or corrective 
mea.s'tH'e.s" 

Thresholds set for hydrology and vegetation 
include: 

(1) Hydrology Threshoht 1: Evcessive Pomling. 
Excessive ponding consistently present on 
more than 25% of the marsh plain during nor- 
real low tide. 

(2) Hydrology Threshoht 2. Llphmd Flooding. Re- 
peated and consistent severe flooding of up- 
land areas outside the restoration areas. 

(3) /q.wtro/ogv Thre.vhold 3: Ti&d Occlusion. Per- 
sistent closure of existing or engineered 
creeks, that impairs tidal exchange. 

Relatively rapid recolonization of the marsh plain 
with desirable species and mininlal coverage by 
Phragmites attstralis are primary goals. In general. 
re-establishment of Sl)artina spp. is expected to 
occur at approximately 9% per year after a one or 
two year lag. A reduction in Phragmites atlstralis 
coverage of 10% per year would also assure effec- 
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tive recolonization by Slmrtiml spp. Departures 
fronl these expected rates could trigger corrective 
action: 

( 1 ) Vegetation Threshold 1: Sparti,m Re-establish- 
ment. Recolonization rate threshold for Sparti- 
na spp. was not met m two consecutive years 
after the initial lag period. 

(2) Vegetation Threshold 2: Phragmiles ausl#'ali.~" 
loss. Failure to reduce Phragmites auslrali.v 
covera<,ee by 10% per year m two consecutive 
years. 

Potential corrective measures for hydrologic prob- 
lems include: 

(1) excavating additional higher order channels; 
(2) enlarging existing higher order channels: 
(3) excavating smaller order channels: 
(4) providing additional breach sites on existing 

dikes: 
(5) filling existing tidal channels (where tidal ex- 

change is detrimental to vegetation recoloniza- 
tion): and 

(6) stabilizing existing breaches. 

Other actions may also be developed as the resto- 
rations go on. Potential biological responses in- 
clude: 

(1) additional herbicide applications in previously 
sprayed Phragmites areas: 

(2) herbicide applications in areas not previously 
treated: 

(3) planting Spartimt species (seeding, phigging, 
or sodding) on portions of the restoration sites. 

Together, these biological response activities pro- 
vide effective means for corrective action should 
intervention be necessary (Fig. % 
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