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ABSTRACT I

WEINSTEIN, M.P,; LITVIN, S.Y. and GUIDA, V.G., 2005. Considerations of habitat linkages, estuarine
landscapes, and the trophic spectrum in wetland restoration design. Journal of Coastal Research, S1(40),
51-63. West Palm Beach (Florida), ISSN 0749-0208.

Wetland restoration designs do not frequently consider functional linkages among habitats in the estuarine
landscape, nor do they focus sufficient attention on the role of marsh morphology in promoting the efficient
exchange of materials and organisms between the intertidal and subtidal water column. These features
should be considered, because many marine organisms may benefit from trophic subsidies from adjacent

habitats without ever entering them. Stable isotopes were used to examine trophic linkages between pri-
mary producers and marine finfishes to highlight the importance of individual life history traits and to
punctuate the argument for promoting habitat connectivity (exchange of materials and organisms) in res-
toration planning. We demonstrate that the trophic spectrum of an estuarine resident, the Morone ameri-
cana (white perch), and two marine transients, Anchoa mitchilli (bay anchovy) and Cynoscion regalis (weak-
fish), are largely functions of locally available organic matter distributed along a gradient of estuarine
resources. In both salt marshes and open waters, there was a transition in whole-body isotopic composition
in all three species associated with the estuary-wide gradient in nutrient availability ranging from macro-
phytes and benthic microalgae in marshes, to phytoplankton (as suspended particulate matter) in the open
estuary. As anticipated, phytoplankton contributed more to bay anchovy and weakfish biomass, especially
in open waters, than to white perch. Our results also suggest that marine transients benefit from the
presence of salt marshes without necessarily occupying them. Thus the estuarine “commissary” serves up
different recipes in different regions, and the many estuarine-dependent species apparently take full ad-
vantage of these varied sources of primary production at the base of the food web when seeking energy for

rapid growth and survival.

ADDITIONAL INDEX WORDS: Estuarine landscapes, trophic spectrum, wetland restoration design.

INTRODUCTION

At the core of habitat restoration is the desire to
return an ecosystem to a close approximation of
its undisturbed state (NRC, 1992). Restoration sci-
ence, and its recent manifestation, sustainability
science (KATES et al, 2001), are partly rooted in
ecological fidelity; i.e., those restoration goals char-
acterized by structural replication, functional suc-
cess, and durability (self-sustainability) (HIGGS,
1997). What has been generally missing in resto-
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ration designs, however, is consideration of the
functional linkages among habitat units in the es-
tuarine landscape and the connectivity among sys-
tem components. This is a form of ecological fidel-
ity that has not received much attention but
should, as many organisms benefit from functional
processes of a habitat without ever occupying it.
Marine transients that utilize estuaries and the
products of tidal salt marshes during their first
year of life may fit the pattern of benefiting from
an area without occupying it. Some are highly mo-
bile, and tend to cross habitat boundaries in their
quest for food and shelter. They are generally not
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habitat specialists but rather are opportunistic in
utilizing the resources of the estuarine landscape.
Restoration planners should and must, therefore,
view restoration goals in the context of the habitat
mosaic and the exchange of materials and organ-
isms between adjacent habitats (e.g., salt marshes
and the open waters of the estuary). Stated simply,
salt marshes do not function in isolation when sup-
porting estuarine secondary production, but rather
are integrated components of larger systems.
Moreover, the open waters of the estuary may be
donor-controlled systems, i.e,, systems in which the
rate of import, availability, or dynamics of allo-
chthonous resources (such as products of the salt
marsh), is controlled by external donor systems
rather than by consumers. Indeed, consumers may
be more abundant when supported by allocthonous
resources than if supported solely by the in situ
resources of open waters (POLIS et al., 1995). The
latter concept is critical in restoration ecology, be-
cause failure to account for trophic subsidies in the
open estuary may result in restoration designs
that have negative feedback on the recruitment
success of numerous marine transients.

CHILDERS et al. (2000) captured these concepts
in their description of the interaction among es-
tuarine habitats in the support of fisheries. Their
conceptual model posits integrated subsystems
linked by an overlying water column that mediates
functional processes across subsystem boundaries.
Nutrient and organic matter flux associated with
the movements of animals, especially juvenile ma-
rine transients, were also recognized as important
vectors transcending system boundaries. The
question of whether specific habitats confer dis-
proportionate survival advantage to young marine
transients is still rigorously debated (BECK et al.,
2001). In our view, trophic subsidies to donor-con-
trolled systems may confer survival advantages on
young nekton that depend on exported products
from donor habitats. Thus the definition of nursery
habitat by BECK et al. (2001) as places where the
“contribution per unit area to the production of in-
dividuals that recruit to adult populations is great-
er, on average, than production from other habi-
tats in which juveniles occur” may be a special
case. Both the movements of animals and the flux
of nutrients and organic matter by tidal action (in-
cluding pulsed events) creates regionally specific
nutrient “recipes” that marine transients can ac-
cess virtually throughout the estuary. On a land-
scape scale, some marine transients appear to
treat estuaries as fine-grained and readily utilize

all habitats. Others, including estuarine residents,
may be obligate marsh dwellers that treat the
landscape as increasingly coarse-grained (LEVINS,
1968; LiTviN and WEINSTEIN, 2003). In this paper,
we discuss the integration of life history strategy
and landscape scale considerations into restora-
tion planning based on our previous research on
marine transients and estuarine resident finfish in
Delaware Bay, USA.

From a restoration ecology perspective, we pose
two questions:

® Which geomorphological characteristics of tidal
salt marshes promote exchange of material and
organisms?

® Does the marsh invader Phragmites australis
interfere with exchange processes in tidal salt
marshes?

Addressing these questions will help focus fu-
ture wetland restoration designs not only on func-
tional elements of the habitat itself, but also on
promoting exchange of materials and organisms
between the habitat being restored and the adja-
cent estuary. Because our research has also fo-
cused on the invasive plant, Phragmites australis,
and because this species has gained widespread
attention in restoration projects, we use Phrag-
mites to highlight certain restoration principles
that apply to brackish wetland habitats.

Stable isotope data for marine transients from
Delaware Bay are used to highlight the impor-
tance of individual life history strategies and to
punctuate the argument for habitat connectivity in
restoration designs. To illustrate this premise, we
investigate the trophic spectrum of three species:
an estuarine resident, Morone americana (white
perch), and two marine transients, Anchoa mitch-
illi (bay anchovy) and Cynoscion regalis (weak-
fish). We included the marine transients to high-
light the flow of nutrients from marsh primary
producers to estuarine-dependent species on an es-
tuary-wide (landscape) scale. The concept of the
trophic spectrum was first described by DARNELL
(1961) and reintroduced by PoLiS and STRONG
(1996) who commented that, with increasing di-
versity and reticulation in food webs, species often
feed at multiple trophic levels rather than at in-
dividual levels, thereby blurring the latter into tro-
phic spectra.

Finally, we ask the question, where do we go
from here? In suggesting an answer, we will set
forth some restoration design criteria that treat
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Figure 1.

Classic geomorphology for a relatively undisturbed mature tidal salt marsh. Photograph courtesy of R.T. Kneib,
University of Georgia.

tidal salt marshes as part of interacting estuarine
subsystems as depicted by CHILDERS et al. (2000).

WHICH GEOMORPHOLOGICAL
CHARACTERISTICS OF TIDAL SALT MARSHES
PROMOTE EXCHANGE OF MATERIAL
AND ORGANISMS?

Several components of the geomorphological set-
ting in Atlantic coast salt marshes are believed to
be critical to the transfer of primary production to
consumers and in determining the rates at which
secondary productivity occurs in open waters of
the estuary:

® The “classic” marsh drainage is a fourth- or
fifth-order system characterized by high drain-
age density and high bifurcation ratios, exten-
sive sinuosity, long stream lengths, and open
water to intertidal marsh ratios of about 4:1
(Figure 1). The marsh surface is highly reticu-
lated with plant tussocks interspersed with
first-order streams (ZIMMERMAN et al., 2000).

The small streams function much like a capil-
lary network in the efficient exchange of mate-
rials (detritus, nutrients, dissolved organic mat-
ter [DOM], phytoplankton, fauna, etc.). Addi-
tionally, small nekton have access to virtually
the entire vegetated marsh surface via first-or-
der rivulets (RozAS et al., 1988).

About 2% of the marsh surface in many Atlantic
coast marshes consists of standing water in
pools and ponds (RUBINO, 1991) and provides
important nursery areas for marsh resident spe-
cies (LITVIN and WEINSTEIN, 2003).
Microtopography associated with high drainage
density, sinuosity, and marsh surface reticula-
tion is equated with extensive “edge,” thus en-
hancing material exchange and trophic relays
(i.e, the role of nekton in the transport of pro-
duction across marsh landscapes to the open es-
tuary; KNEIB, 1997).

Depositional creek banks are common features
of undisturbed marshes that may serve as pre-
dation refugia for the earliest life stages of nek-
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ton (McIvor and OpuM, 1998) and may be crit-
ical substrates for benthic microalgal produc-
tion, especially during the summer and early
fall when shading by the macrophyte canopy is
at a maximum.

® Spartina spp. and many other marsh plants de-
compose relatively quickly and may be available
to consumers by the end of the first growing sea-
son (FRY et al., 1992; NEWELL, 1993). Benthic mi-
croalgae and many phytoplankton, with their
high palatability and food chain efficiency, are
also readily assimilated by many consumers
(CURRIN et al., 1995; SULLIVAN and MONTCREIFF,
1990).

® Typically, the intertidal low marsh is flooded for
about 4-5 h during mean tides, thus allowing
for extended access to the marsh plain by nek-
ton and other consumers, and for the effective
removal of toxins and the exchange of nutrients
to support macrophyte growth. Alternatively,
during low tides, the surface of the marsh sed-
iments are exposed and aerated.

All of these traits of the intertidal marsh surface
and the associated drainage network are critical to
the efficient exchange of nutrients to the open es-
tuary, where the preponderance of marine tran-
sients reside during their first year of life.

DOES PHRAGMITES AUSTRALIS INTERFERE
WITH EXCHANGE PROCESSES IN
TIDAL SALT MARSHES?

Phragmites australis (Cav.) Trin ex Steud, or
common reed, is native to North America, but an
introduced, highly invasive variety, most likely the
“M” haplotype (SALTONSTALL, 2002), now occupies
wetlands in large parts of the northeastern U.S.
and all 48 conterminous states (CHAMBERS et al.,
1999). The introduced form of P. australis has dra-
matically expanded its range since the turn of the
century and is now the dominant macrophyte in
many brackish marshes, often forming extensive
monocultures in the mid-Atlantic and New Eng-
land states and along the Mississippi Delta region.
Invasion success has appeared to accelerate in the
past 40 years, and in many areas P. australis is
now expanding its range at ~ 1-6% y~'. Where
extensive monocultures of P. australis cover the in-
tertidal marsh surface, it is believed that changes
in drainage density and other geomorphic features
affect hydrology and hydroperiod. Over time, the
marsh surface configuration departs more and
more from the classic form described earlier (Fig-

ure 1), and perhaps with it, a deterioration of nat-
ural exchange processes. The near monocultures of
P australis in many meso-oligohaline marshes
may have at least three physical effects on marsh
function: 1) the normal hydroperiod of the marsh
may be altered (WINDHAM, 1995, 1999), 2) reduced
tidal exchange allows P. australis to extend its
range into lower elevations and replace other mac-
rophytes (WINDHAM and LATHROP, 1999), and 3) ex-
pansion of Phragmites results in isolated “islands”
of remaining Spartina stands and other native
species with diminished function (WEINSTEIN and
BALLETTO, 1999). Stands of P. australis that sur-
round extensive portions of the marsh appear to
restrict both sheet flow and the free movement of
aquatic organisms into the marsh so that some
portions of the marsh surface become virtual ex-
tensions of the uplands. The literal drying out of
the marsh plain due to increased elevation tends
to eliminate the smallest standing pools and riv-
ulets that are critical habitat for larvae and early
juveniles of marsh resident finfishes (ABLE and
HagaN, 2003). Because Phragmites is such a high-
ly successful competitor it tends to form monocul-
tures over extensive areas of marsh, reducing bio-
diversity and habitat complexity (CHAMBERS et al.,
1999). All of these factors have the potential to se-
verely impact habitat quality in a Phragmites-
dominated marsh and are in direct conflict with
the perceived function of an undisturbed marsh
system. Phragmites control, therefore, has become
a central issue in the management and restoration
of brackish marshes along much of the Atlantic
seaboard.

PATTERNS OF NUTRIENT FLUX IN THE
TROPHIC SPECTRUM OF ESTUARINE
RESIDENT AND MARINE TRANSIENT

FINFISHES IN DELAWARE BAY, A STABLE

ISOTOPE APPROACH

In several respects, Delaware Bay (Figure 2) is
an ideal system in which to investigate landscape-
level trophic linkages between primary producers
and consumers. Strongly light-limited (PENNOCK
and SHARP, 1986), the Bay is largely devoid of sub-
merged aquatic vegetation, and standing crops of
macroalgae are low. Phragmites australis, a C,
plant with a unique stable isotope signature, oc-
curs in vast monocultures in brackish wetlands
covering approximately 32,000 ha of intertidal
marsh in the meso-oligohaline zone. Because ur-
banization and commercialization of much of the
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Figure 2. Fish collections were made at randomly selected
stations in lower and upper Delaware Bay open water zones
and in Spartina-dominated (Dennis Creek and Mad Horse
Creek), and Phragmites-dominated (Alloway Creek) marsh-
es. At each location, an attempt was made to capture Cy-
noscion regalis (weakfish), Anchoa mitchilli (bay anchovy),
and Morone americana (white perch).

tidal fresh reach of the Delaware River shoreline
results in greatly reduced terrestrial inputs from
forested lands, P. australis serves as a primary
source of nutrients in brackish areas of the estu-
ary, and hence can be a critical biomarker for de-
tecting the flow of nutrients from C, macrophytes
to local consumers in oligohaline waters. Although
we have occasionally detected anthropogenic in-
puts of carbon and nitrogen, most likely from sew-
age, isotope signatures of finfish in Delaware Bay
are primarily products of macrophyte (Spartina
spp., P australis), benthic microalgae and phyto-
plankton production (WAINRIGHT et al., 2000; WEIN-
STEIN et al., 2000; CURRIN et al., 2003; LITVIN and
WEINSTEIN, 2003).

During 1998 and 1999, bay anchovy, white
perch, and juvenile weakfish were captured with
otter trawls at various locations throughout the
Delaware Bay in salt marsh creeks and open wa-
ters (Figure 2). Because bay anchovy and white

perch were collected in a separate study from ju-
venile weakfish, it should be noted that not all spe-
cies were targeted for collection at each location.
Salt marsh habitats sampled included Dennis
Creek, located in polyhaline waters; Mad Horse
Creek, a meso-oligohaline site adjacent to the up-
per bay; and Alloway Creek, a meso-oligohaline
Phragmites degraded marsh in the upper bay. Two
open water areas were also sampled, designated
Lower Bay and Upper Bay (Figure 2), and demar-
cated by the polyhaline-mesohaline transition
zone. Primary producers, including dominant mac-
rophytes, benthic microalgae, and phytoplankton,
were also collected in spring and fall (during se-
nescence) in both years. Details of the fish and
vegetation collections and analyses have been re-
ported previously and are not repeated here
(WAINRIGHT et al., 2000; WEINSTEIN et al., 2000; LIT-
VIN and WEINSTEIN, 2003).

The Use of Stable Isotopes in
Salt Marsh Research

The elements carbon, nitrogen, and sulfur occur
in multiple forms in nature, commonly as '2C, "N,
and #2S, but much more rarely as stable '“C, »N,
and *S. The ratios of “heavier” isotopes to the
common, lighter forms, *C/'2C, '"N/**N, and #*S/
32§ in plant and animal tissues have been used to
study the structure of terrestrial and aquatic food
webs. Because of differences in photosynthetic
chemical pathways and species-specific discrimi-
nation between the two isotopic forms of each el-
ement, some plants are “heavier” due to the pres-
ence of a greater proportion of the heavy isotope,
while others are “lighter” by virtue of a smaller
proportion of the heavy isotope. Consequently,
plant or animal tissues are described as either “en-
riched” or “depleted” in their relative ratios of
heavy-to-light isotopes.

It is also known that the ratios are either con-
served or fractionated in predictable ways as these
elements move through food webs to higher tro-
phic levels (MICHENER and SHELL, 1994). Thus, the
isotopic composition of an animal feeding at any
level in the food web can be traced back to the
primary producers at the base of the food web. If
more than one food is available (the typical case),
consumers will have isotopic signatures that are
intermediate between the proportions of foods they
eat.

The stable isotopes of C, N, and S have been
used to advance our understanding of food-web re-
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lationships and energy flow in estuaries, and to
examine trophic linkages between producers and
consumers. Despite the physical mixing of end
members, the conservative nature of isotopic ra-
tios allow for discrimination among carbon and
other nutrient sources, and helps determine the
origin of organic matter in natural systems (FRY
and SHERR, 1984; CIFUENTES et al., 1988; PHILLIPS
and GREGG, 2001).

Isotopic composition for carbon, nitrogen, and
sulfur is generally expressed in & notation where
a negative sign (—) indicates depletion and a pos-
itive sign (+) enrichment of the heavy isotope rel-
ative to the lighter isotope according to the follow-
ing relationship:

SX = [(Rsample/Rstandard) - 1] X 103

where X = 13C, 3¢S, or N, and R = 3C/12C, 345/
325, or 15N/™N of the samples and the standards.

Because measurements are subject to day-to-day
variations in sample preparation and instrument
performance, the isotopic ratio in a given sample
is typically compared to a “reference standard.”

The 83C range is generally widest among phy-
toplankton and algae that depend on variable
sources of dissolved inorganic carbon (MABERLY et
al, 1992; LAJTHA and MARSHALL, 1994). Benthic
microalgae tend to be enriched in *C because of
boundary layer effects and the greater diffusional
resistance of CO, or HCO,~ in water (FRANCE,
1995a), whereas marsh macrophytes and terres-
trial plants are more tightly constrained because
their primary source of 3CO, is atmospheric. In
contrast, variability in %S is highest in macro-
phytes (ranging from —10%c to +13.05%¢) because
they utilize S from variable sources including the
pool of lighter sulfur in marsh sediments (STRI-
BLING and CORNWELL, 1997).

Taken together, 3*C and 3%*S can distinguish
phytoplankton signatures from among terrestrial,
marsh, and benthic algal signatures. Although
marsh-derived isotopic signatures from organic
matter sources are generally distinct, seasonal
overlap in the signatures can sometimes be a con-
founding factor, especially in brackish reaches of
the estuary (FOGEL et al., 1992; CURRIN et al., 2003;
but see LiTvIN and WEINSTEIN, 2003). Variability
of 334S is observed to be lowest in macroalgae and
phytoplankton (3%4S = +18%0) because they use
seawater sulfate. 8%*S values for microphytoben-
thos are intermediate (4 to 14%0) depending upon
the proportions of reduced sulfur and seawater
sulfate at the sediment/water interface (SULLIVAN

and MONTCRIEFF, 1990; CURRIN et al., 1995; STRI-
BLING and CORNWALL, 1997). Thus, stable sulfur
and carbon isotopes can be used to differentiate
between benthic versus pelagic nutrient sources,
and rooted macrophyte versus algal nutrient
sources.

The degree of discrimination among nutrient
sources can be further refined by use of stable iso-
topes of nitrogen, with the recognition that shifts
(and variability) in isotope ratios of N occur with
each trophic step (~ 2 to 4% for 8'°N versus <1%o
for 313C) (PETERSON and FRy, 1987; MICHENER and
SHELL, 1994). Dual isotope plots of C and N are
particularly useful in distinguishing among terres-
trial plants and in situ sources of plant matter in
estuaries (FRY and SCHERR, 1984; FRANCE,
1995a,b). In earlier studies, it was noted that the
natural range of 8'°N in plants is smaller than
that of 33C (GEARING, 1988) and that within es-
tuaries the difference in 8’N between primary
producers are relatively small while terrestrial or-
ganic matter signatures are significantly lighter
(~ 0 % 2%o).

Life History Traits of Species
that Utilize Estuaries

We have previously defined four life history
strategies among the nekton that utilize tidal salt
marshes directly or appear to otherwise benefit
from primary production in marshes (LITVIN and
WEINSTEIN, 2003). Type I species are marsh resi-
dents who spend their entire life cycle within the
confines of the marsh, which consists of the inter-
tidal marsh surface and intertidal and subtidal
marsh creeks (MINELLO et al, 2003). Common
mummichog (Fundulus heteroclitus) and sheeps-
head minnow (Cyprinodon variegatus) do not have
marine life stages and may be marsh obligates.
Type 1II species are marine-transient or estuarine-
resident species, such as the spot (Leiostomus xan-
thurus) and white perch, which take up seasonal
residence in subtidal marsh creeks for extended
periods and exhibit some of the highest rates of
seasonal production measured for estuarine fauna
(WEINSTEIN, 1983). Type III species include juve-
nile weakfish, which we have studied extensively.
They are marine transients that are seasonally
abundant in salt marshes but appear to be rela-
tively short-term residents in marshes compared
to Type II taxa. Finally, Type IV species are the
larger marine nekton that are mostly or entirely
marine as adults, but which may periodically
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make feeding forays into estuaries and benefit in-
directly from marsh production (e.g., via “trophic
relays”, KNEIB, 1997) or export of marsh products
into coastal food webs. Obviously, these categories
are artificial constructs, and their distinctions are
matters of degree rather than strictly exclusive
classifications. Nevertheless, they provide a con-
venient way of tracking the nature and duration
of trophic linkages between the marsh and the
consumers that benefit from them.

While all of the taxa studied (and others) appear
to take advantage of the organic matter produced
in salt marshes, we will demonstrate that the rel-
ative contribution to their diet varies as a function
of their relative mobility, ontogenetic factors, feed-
ing strategy, and seasonal patterns of habitat use.
Type III marine transients, for example, appear to
use the entire estuary without specific ties to a
particular habitat type. They are abundant
throughout Delaware Bay during their first year—
in tidal creeks, shoals, and open waters. From a
life history perspective, this makes sense, because
these highly mobile taxa can readily “sample” hab-
itat units for abundant food or suitable refuge and
move on to the next habitat patch when an area
becomes unsuitable or when food supplies are re-
duced or exhausted. However, there seems to be a
general pattern of movement superimposed upon
the more random sampling of habitat patches.
Early in the year some marine transients tend to
accumulate in upper or lateral (i.e, tributary)
reaches of the estuary, and as they grow (to some
critical size?), tend to move down estuary to the
lower reaches (CHAO and MUSICK, 1977; LITVIN and
WEINSTEIN, in press, but see PAPERNO et al., 2000).
The latter authors noted that the primary nurs-
eries for juvenile weakfish in Delaware Bay were
located at salinities < 20 psu where density,
growth, and survival were generally at a maxi-
mum. Juveniles tended to remain in this region of
the estuary until August, when down-bay emigra-
tion ensued.

Superimposed upon the patterns described
above are the proximate uses of the water column
by each species. Whereas white perch tend to be
mainly demersal, weakfish appear to feed
throughout the water column, and bay anchovy ap-
pear to be the most pelagically oriented of the
three species (ABLE and FAHAY, 1998; LITVIN and
WEINSTEIN, 2003). As will be demonstrated below,
these behavioral traits are directly linked to the
contributions of specific primary producers to the
food webs of each species.

Trophic Linkages in White Perch, Bay Anchovy,
and Juvenile Weakfish

A comparison of stable isotope signatures in the
tissues of white perch, bay anchovy, and juvenile
weakfish (Figure 3a, b; for detailed statistical
analyses of the data, see LiTvIN and WEINSTEIN
2003; LiTvIN and WEINSTEIN, in press) suggests
that local sources of organic matter are the pri-
mary drivers of nutrient flux in the food webs of
these species (see also DEEGAN and GARRITT, 1997).
Moreover, the consistency of the signatures sug-
gest that there is considerable site fidelity exhib-
ited by these taxa in that their isotopic composi-
tion, on average, reflected the unique recipe of nu-
trients in the habitats in which they were cap-
tured.

Several patterns emerged in the data. In salt
marshes, there was a transition in whole-body iso-
topic composition in all three species that could be
associated with the change in the dominant mac-
rophytes from Spartina spp. in the lower bay
through a transition zone to the upper bay where
Phragmites australis formed virtual monocultures
over extensive areas (Figure 2; Figure 3A). Super-
imposed on the vegetation dominance pattern was
the relative contribution of benthic microalgae in
the order of white perch > juvenile weakfish >
bay anchovy. This pattern mirrored the increasing
benthic-to-water column orientation of the three
taxa. Conversely, and as expected, phytoplankton
(as SPM) contributed more to bay anchovy and
weakfish biomass than did benthic microalgae, al-
though the latter appeared to make a greater con-
tribution to weakfish than to bay anchovy (Figure
3a). These patterns generally held in open waters
with bay anchovy and weakfish separated by the
relative contributions of Spartina spp. and Phrag-
mites australis in the transition from lower to up-
per Bay. (White perch were not collected in the
open bay.) However, juvenile weakfish appeared to
be less dependent on benthic microalgae when in
open waters where they utilized phytoplankton to
approximately the same degree as bay anchovy
(Figure 3b).

It is clear from the results described above, and
our earlier work (WAINRIGHT et al, 2000; WEIN-
STEIN et al., 2000; CURRIN et al., 2003; LITVIN and
WEINSTEIN, 2003), as well as that of others (DEE-
GAN and GARRITT, 1997), that marine transients
benefit from the presence of salt marshes without
necessarily having to occupy them. Thus the es-
tuarine “commissary” serves up different recipes
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Figure 3. Dual isotope plots for 'S on 8'C for a) Cynoscion regalis (juvenile weakfish) (triangles), Anchoa mitchilli (bay
anchovy) (circles) and Morone americana (white perch) (squares) collected in salt marshes (Dennis Creek (open symbols), Mad
Horse Creek (half filled symbols), and Alloway Creek (filled symbols)), and b) Cynoscion regalis(juvenile weakfish) (triangles)
and Anchoa mitchilli (bay anchovy) (circles) collected in lower (open symbols) and upper (filled symbols) Delaware Bay open
waters. All error bars shown are * one standard deviation (LitviN and WEINSTEIN, 2003). Primary producers collected in salt
marshes are presented as = one standard deviation ellipses (suspended particulate matter [SPM], benthic microalgae [BMA],
Phragmites australis |Pa), and Spartina alterniflora [Sal; WEINSTEIN et al., 2000). Arrows indicate primary direction of nutrient
flux influence from each primary producer category to the three finfish species.

in different regions, and the many estuarine-de- the estuary, Phragmites australis tends to supply
pendent species apparently take full advantage of a greater proportion of the nutrition of marine
these varied combinations of primary producers transients in and near brackish salt marshes,
when seeking energy for rapid growth and surviv- whereas Spartina alterniflora and benthic microal-
al. Of course, the estuary as a whole is character- gae dominate the nutrition of these taxa in and
ized by gradients in available organic matter, a near marshes in the mid and lower estuary (at sa-

boundary-less state, rather than sharp transitions linities greater than about 10%c). Yet there is rare-
from one food source to the next (Figure 4). For ly a time when the signatures of virtually all pri-
bay anchovy and juvenile weakfish, both marine mary producers are not detected in most taxa
transients, we have observed a gradual change in whether they are marsh resident (WAINRIGHT et al.,
whole body stable isotope composition, trending 2000; CURRIN et al, 2003), estuarine resident, or
from higher proportions of marsh macrophytes marine transient (WEINSTEIN et al., 2000; LITVIN
and benthic microalgae in and near tidal creeks to and WEINSTEIN, 2003). We are not fully certain of
higher proportions of phytoplankton organic sourc- the specific export routes for salt marsh primary
es as one moves towards open waters (LITVIN and production—as tidal flux of particulate organic
WEINSTEIN, 2003). Similarly, along the long axis of ~ matter, as dissolved organic carbon (especially in

-

Figure 4. Conceptual diagram of nutrient gradients developed from data on primary producer sources in Delaware Bay.
Primary colors (blue, red, yellow) are used to depict the main local source of organic matter: blue, Spartina spp.; red, Phrag-
mites australis; yellow, phytoplankton; and diagonal hatching, benthic microalgae (PETERSON et al., 1985; DEEGAN and GARRITT,
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Figure 4. Continued. 1997; Cuantox and Lewis, 2002). Each organic matter source is “blended” with the others to depict the
gradients of general availability to secondary consumers in the food web as reflected in the results of this study. Nutrient flux

and the establishment of the gradients likely result from a combination of pulsing events, trophic relays, spawning migrations,
dissolved organic matter export, and detrital infusion.
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those portions of the estuary where the marsh:
open water ratio > 0.8 (ELDRIDGE and CIFUENTES,
2000), as allochthonous inputs, in pulsed events,
or in the tissues of emigrating marine transients
themselves. It is clear that by whatever route, nu-
trients from the marsh are reaching marine tran-
sients whether or not they spend time in the marsh.

We appear to have come full circle. Perhaps
TEAL (1962) was correct all along when he sug-
gested that 45% of the primary production in Geor-
gia salt marshes was available to estuarine con-
sumers. However, rather than detrital export driv-
ing the mechanics of the process, as Teal suggest-
ed, we postulate the process is far more complex,
and as noted earlier, these considerations need to
be incorporated into restoration planning and de-

signs.

WHERE DO WE GO FROM HERE?

A daunting challenge in modern ecology is to de-
termine how changes through time and space in-
fluence population and community dynamics. Like
other natural systems, salt marshes are open en-
tities and may be influenced substantially by fac-
tors from outside the local system, i.e, influences
between habitats can exceed internal, within-hab-
itat factors (PoLIS et al., 1995). This argues for the
whole estuary, or landscape scale, approach that
we have adopted in our research to examine multi-
habitat dynamics (LITVIN and WEINSTEIN, in press).
If we consider a Type III species like the weakfish
in salt marsh restoration designs, it quickly be-
comes obvious that we are dealing with a species
that lives in a dynamic mosaic of different patches
and habitats that varies in productivity and in the
composition and abundance of resources (the “rec-
ipes” that we have alluded to). Moreover, as man-
ifested in isotopic signatures of the three taxa
studied, the production and availability of resourc-
es change depending on scales. They change
through space on scales from meters (within the
water column in tidal creeks) to kilometers (in the
marsh transition from Spartina-dominated to
Phragmites-dominated plant communities and in
the open estuary from the lower to upper bay) (Fig-
ures 3 and 4; LITVIN and WEINSTEIN, in press), and
they change temporally on diel, seasonal, and in-
ter-annual scales (LITVIN and WEINSTEIN, in press).
Weakfish survival during their first year is likely
influenced by spatial dynamics of the entire estu-
arine mosaic and the resources therein, rather
than on habitat specialization. Except for a rela-

tively brief period (~ 30 days) early in recruitment
where there is measurable site fidelity based on
stable isotope signatures unique to certain areas
of the estuary (LITVIN and WEINSTEIN, 2003), larger
juveniles seemed to have little direct dependence
on salt marshes. Thus, juvenile weakfish may do
well in various combinations of habitat patches,
taking advantage of the trophic resources therein
and then moving on to other segments of the mo-
saic where suitable food (and perhaps refuge from
predators) is found. The Type III strategy is likely
common in marine transients that have evolved
life history strategies adapted to rapid temporal
and spatial changes in resource availability and
environmental harshness (WINEMILLER and ROSE,
1992). The metapopulation dynamics of Type III
marine transients suggests that estuaries, not nec-
essarily the specific habitats therein, are impor-
tant to these species, and that salt marshes do not
necessarily function as primary nurseries (WEIN-
STEIN, 1979; BECK et al., 2001). Instead, salt marsh-
es simply provide trophic subsidies to increase es-
tuary-wide secondary production. Future research
should focus on the means by which salt marsh
production reaches open waters; in this sense we
have indeed come full circle to the importance of
marshes as exporting systems.

Based on our previous experience with one of the
largest estuarine wetland restoration projects ever
undertaken (more than 8000 ha) (WEINSTEIN et al.,
1997; TEAL and WEINSTEIN, 2002; WEINSTEIN et al.,
2001; WEINSTEIN and WEISHAR, 2002), we offer the
following design parameters to facilitate tidal ex-
change and access by fauna between the marsh
and adjacent open waters.

(1) A fourth- or fifth-order drainage system char-
acterized by high drainage density and sin-
uousity should be engineered to maximize edge
(WEINSTEIN et al., 2001).

(2) Average marsh plain elevations should lie
slightly below mean high tide so that the
marsh surface hydroperiod is characterized by
an inundation cycle of approximately 4.5 h and
areas above mean tide are flooded approxi-
mately 50% of the time (TEAL and WEINSTEIN,
2002).

(3) Ideally, sites should be selected where a ready
supply of plant propagules are located nearby.
If such conditions exist, and the marsh plain
elevations are suitable, rapid recolonization
will be realized without the expensive neces-
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sity of planting desirable vegetation (WEIN-
STEIN et al., 2001).

(4) Subtidal creeks should be constructed in a way
that provides refugia for Type I and Type II
species (marsh residents and marsh faculta-
tive marine transients; LITVIN and WEINSTEIN,
2003).

(5) An intertidal marsh-to-subtidal water ratio of
about 4:1 should be constructed, with the
marsh surface inundated by approximately 2—
4% standing water in shallow pools.

(6) In brackish marshes, a management plan
should be developed to break up any Phrag-
mites australis monocultures, and restore first-
order tidal creeks to at least 80% of the marsh
plain.

We also strongly recommend that the initial res-
toration plan include adaptive management fol-
low-up of at least five years, with funding for this
activity included in the project permit. Similarly,
multidisciplinary teams of ecologists, fishery sci-
entists, and botanists, geologists, and engineers
should be established early in the restoration de-
sign phase and perhaps be made mandatory. The
combined experience of the team will help ensure
the most relevant set of design criteria for the spe-
cific project under development.

If tidal elevation and surface elevations are cor-
rect, much will follow that will ensure efficient ex-
change of organisms and materials to and from the
marsh. The importance of the drainage system and
its components cannot be overly emphasized, and
was recognized long before marsh restoration be-
came the vogue:

“The true nursery ground of the estuary is not
so much the large open water rivers and
sounds as the salt marshes and narrow tidal
creeks (HAINES, 1979).”

“Our present view of the food web of the
marsh and estuary suggests that the preser-
vation of fisheries depends as much upon the
protection of the smaller tidal creeks as upon
protection of the marsh and its Spartina pro-
duction (WEIGERT and POMEROY, 1981).”

These early observations were ultimately sup-
ported by subsequent research conducted on first-
order drainages. For example, KNEIB (1997) used
flume weirs to focus on access to forage sites by
young nekton and demonstrated that not only
were fish densities at high tide greater at high-
drainage-density sites, but that fish were also sig-

nificantly more abundant in high- than in low-in-
tertidal habitats at high-drainage-density sites.
Similarly, Rozas et al. (1988) noted that fishes
were on average three times more abundant in riv-
ulets (first-order streams) than at creek bank ac-
cess sites. Also, marsh residents (Type I) used the
intertidal marsh extensively, arriving with an av-
erage of < 10% of their stomach volume filled, but
leaving with between 60% and 80% gut fullness
(Rozas et al., 1988). The importance of edge has
been cited by numerous authors (see TEAL and
WEINSTEIN, 2002; recently summarized by MINEL-
LO et al., 2003).

We hope that future wetland restoration designs
will reverse the earlier problems inherent in the
Clean Water Act, Section 404 program (TURNER et
al., 2001), and gone forever will be success criteria
like “85% survival of planted vegetation after
three years.” The field of restoration science has
progressed far beyond the woefully inadequate res-
toration design criteria of most Section 404 per-
mits.
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